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Abstract 

Polymer electrolytes (PEs) are expected to overcome most drawbacks of conventional organic 

liquid electrolytes, hence enabling a safer operation of next generation lithium batteries. In this 

regard, especially poly(ethylene oxide) (PEO) as part of solid polymer electrolytes (SPEs) is of 

high interest due to its low glass transition temperature (Tg), good chain flexibility, remarkable 

electrochemical stability against lithium-metal, low comparable costs and great solubility for 

conductive lithium salts. However, despite these important attributes, PEO-based SPEs often 

suffer from high crystallinity, which results in low ionic conductivities below its melting point 

due to the fact that ion transport is mainly taking place in the amorphous regions. Several 

approaches have been introduced to reduce crystallization and thus increase the ionic 

conductivity such as the introduction of plasticizers or nanofillers, or blending with other 

polymers. Further, alteration of the polymers’ molecular architecture constitutes a sophisticated 

way to reduce crystallization and, therefore, displays a merging of the field of synthetic polymer 

chemistry and battery chemistry. Consequently, the present thesis deals with well-thought 

architectural approaches for PEO-based PEs as general topic while using the gained knowledge 

for further outgoing studies. 

In a first approach, the synthesis of a systematic library of vinyl ether-based PEO side chain 

copolymers in order to reduce the crystallization of PEO is covered. The influence of different 

grafted PEO side chain lengths, the grafting density and the [Li+]:[EO] ratio after mixing with 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) on the Tg, the crystallinity and the 

resulting ionic conductivity was thoroughly examined. Herein, copolymers bearing longer PEO 

side chains and higher grafting densities showed higher crystallization tendencies while their 

Tg was reduced at the same time. Furthermore, the addition of LiTFSI reduced the 

crystallization, but inversely increased the Tg. Since these effects are directly impacting the 

ionic conductivity, it was demonstrated that these parameters need to be carefully adjusted in 

order to balance their influence appropriately. In this way, a fundamental view enlightening 

PEO side chain copolymers for their application as polymer electrolytes could be provided, 

laying the foundation for further studies within this thesis. 

The second topic arose as a side project from the first one being based on living cationic 

polymerization of vinyl ethers. This technique is known for a good control over chain growth 

yielding polymers with well-defined molar mass distributions and low dispersities. However, 

the practical challenges involved in the synthesis of poly(vinyl ether)s using cationic 

polymerization techniques limited suitable post-polymerization modifications (PPM) via 
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chemoselective click reactions. Within this project, the successful controlled cationic 

polymerization of vinyl ethers bearing pendant C=C double and C≡C triple bonds using a 

single-component initiation and control agent under ambient conditions was achieved. 

Furthermore, the PPM via thiol-ene/-yne and copper(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC) reaction of the obtained polymers was successfully realized demonstrating the 

straightforward synthesis of unprecedented functional poly(vinyl ether)s. 

In the third project, for the first time the gram-scale synthesis of a four-arm cage-shaped PEO 

and its pioneering application as PE is discussed. The obtained PEs comprising low lithium salt 

loadings ([Li+]:[EO] 1:25) showed good ionic conductivities at low temperatures due to their 

well suppressed crystallization by the cage architecture, thus without any further addition of 

plasticizer or structural solvent. Overall, this project could consequently contribute to unveil 

the great toolbox of polymer chemists to overcome crystallization issues in PEO-based PEs.  

The fourth approach builds on the results of the first project dealing with the design of styrene-

based PEO side chain block copolymers featuring a microphase separation and their application 

as SPE in high voltage lithium-metal batteries. A straightforward synthesis was established 

overcoming typical drawbacks of PEO block copolymers prepared by anionic polymerization 

or ester-based PEO side chain copolymers. Both the PEO side chain length as well as the LiTFSI 

content were varied and the underlying relationships were elucidated in view of polymer 

compositions with high ionic conductivity. Subsequently, a selected composition was subjected 

to further analyses including phase separated morphology, providing not only excellent self-

standing films with intrinsic mechanical stability but also the ability to suppress lithium dendrite 

growth as well as flexibility, wettability and good contacts with the electrodes. Furthermore, a 

high thermal and electrochemical stability was demonstrated. To do so, linear sweep and cyclic 

voltammetry, lithium plating/stripping tests and galvanostatic overcharging using high voltage 

cathodes were conducted unveiling stable lithium-metal interfaces and a high oxidative stability 

of around 4.75 V. Consequently, cycling of Li||NMC622 cells did not exhibit commonly 

observed rapid cell failure or voltage noise typically associated with PEO-based electrolytes in 

Li||NMC622 cells, attributed to the high mechanical stability. Thus, a comprehensive view is 

provided highlighting that the combination of PEO and high voltage cathodes is not impossible 

per se. 

The fifth project expands the findings of the fourth project. Here, an advanced design for PEs 

based on the previously studied microphase separated styrene-based PEO side chain block 

copolymers is described. Usually, such block copolymers are characterized by a high 
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mechanical stability provided by the PS domain, while the PEO-based domain features decent 

ionic conductivities, however, mostly only at elevated temperatures. To guarantee suitable 

conductivities at lower temperatures, two ionic liquids (ILs) as model plasticizers for the PEO 

domain were selectively implemented. Since those ILs are non-miscible with PS, the latter 

domain is unaffected, thus still providing a great mechanical stability. To maintain the 

necessary ability to form a self-standing film, the size of the PS domain was adjusted to match 

with the conducting PEO-based domain. For this, a series of four block copolymers with 

different block ratios was synthesized, thus enabling the study on the influence of different 

amounts of IL. Further, all derived polymer electrolytes were thoroughly characterized by 

thermal, morphological and electrochemical analyses. The microphase separated morphology 

with long-range order and a good thermal and mechanical stability, as well as the selective 

mixing of the ILs within the conducting domain was proven. Consequently, electrochemical 

impedance spectroscopy (EIS) revealed a significant increase in ionic conductivity up to two 

orders of magnitude in comparison to the non-plasticized control sample of project four. Even 

more, exhaustive studies of the lithium-ion transference number showed not only the 

importance of such detailed analysis for IL-containing PEs, but also the actual increase of the 

raw lithium-ion conductivity. Finally, full cycling in Li||LiFePO4 (LFP) cells was conducted to 

clearly demonstrate the applicability of this approach. 

In summary, the importance of macromolecular approaches within the field of battery 

chemistry, in particular polymer-based electrolytes, could not only be successfully 

demonstrated, but they were also used to overcome critical problems associated with PEO-

based PEs in a sophisticated fashion, i.e., crystallization issues, the dilemma regarding 

mechanical stability/ionic conductivity and the combination of PEO and high-voltage cathodes. 

Consequently, novel and groundbreaking conclusions regarding trends and behavioral 

tendencies of PEO-based PEs could be drawn and based upon this, the performance of 

respective battery materials could be significantly improved. Especially in times of raw material 

shortages, an ever-growing demand of energy storage materials and the trend in society towards 

battery-powered vehicles, smart and effective solutions for the latter could be identified, 

developed and realized in a straightforward fashion. 
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Zusammenfassung 

Polymerelektrolyte (PEe) sollen die meisten Nachteile konventioneller, organischer 

Flüssigelektrolyte überwinden und so einen sicheren Betrieb der nächsten Generation von 

Lithiumakkumulatoren ermöglichen. Hierbei ist im Speziellen Poly(ethylenoxid) als fester 

Polymerelektrolyt von hohem Interesse auf Grund der niedrigen Glasübergangstemperatur (Tg), 

der guten Flexibilität, einer außerordentlichen Stabilität gegenüber metallischem Lithium, 

vergleichbar geringen Kosten und einer guten Löslichkeit gegenüber leitenden Lithiumsalzen. 

Trotz dieser hervorragenden Eigenschaften leiden PEO-basierte PEe häufig unter hoher 

Kristallinität, was sich in geringen ionischen Leitfähigkeiten unterhalb des Schmelzpunktes 

widerspiegelt, da der Transport der Ionen hauptsächlich in amorphen Regionen stattfindet. Aus 

diesem Grund wurden viele Ansätze entwickelt, um die Kristallinität zu verringern und somit 

die ionische Leitfähigkeit zu erhöhen, wie beispielsweise die Implementierung von 

Weichmachern oder das Mischen mit anderen Polymeren. Des Weiteren stellt die Modifikation 

der molekularen Architektur der Polymere mittels synthetischer Polymerchemie eine besonders 

ausgeklügelte Methode dar, um die Kristallinität zu verringern und schafft es dabei die Felder 

der Polymerchemie und Batteriechemie gekonnt zu vereinen. Dementsprechend beschäftigt 

sich die vorliegende Dissertation mit gut durchdachten Ansätzen für verschiedene 

Architekturen von PEO-basierten PEen als generelles Thema, während der erlangte 

Wissensschatz für weitere, hiervon ausgehende Studien genutzt wird. 

In einem ersten Ansatz wurde eine systematisch aufgebaute Bibliothek von vinyletherbasierten 

PEO-Seitenkettencopolymeren synthetisiert, um so die Kristallinität von PEO zu reduzieren. 

Hierbei wurde der Einfluss der Seitenkettenlänge, der Propfdichte und des [Li+]:[EO] 

Verhältnisses nach dem Mischen mit Lithiumbis(trifluormethylsulfonyl)amid (LiTFSI) auf den 

Tg, die Kristallinität und die daraus resultierende ionische Leitfähigkeit eingehend untersucht. 

Hierbei zeigen Copolymere mit längeren PEO-Seitenketten sowie höheren Propfdichten 

größere Kristallisationstendenzen, jedoch einen verringerten Tg. Gleichzeitig verringert die 

Zugabe von LiTFSI die Kristallinität, aber erhöht wiederum den Tg. Da diese Effekte jedoch 

direkt die ionische Leitfähigkeit beeinflussen, wurde gezeigt, dass diese Parameter genauestens 

abgestimmt werden müssen, um deren Einfluss entsprechend zu balancieren. Auf diese Weise 

konnte eine grundlegende Sicht auf PEO-Seitenkettencopolymere und deren Anwendung als 

PE ermöglicht werden und so die Basis für weitere Studien in dieser Thesis gelegt werden. 

Das zweite Thema wurde als Nebenprojekt aus dem Ersten, basierend auf der kontrollierten 

kationischen Polymerisation von Vinylethern, entwickelt. Diese Technik ist bekannt für eine 
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gute Kontrolle über das Kettenwachstum, um so Polymere mit definierten molaren Massen und 

niedrigen Dispersitäten zu erhalten. Allerdings limitierten die praktischen Herausforderungen 

der üblichen Synthese von Poly(vinylether)n)mittels kationischer Polymerisation die 

Anwendung von Post-Polymerisationsmodifikationen (PPM) beispielsweise durch 

chemoselektiven Click-Reaktionen. Innerhalb dieses Projekts konnte die erfolgreiche 

kontrollierte kationische Polymerisation von Vinylethern mit anhängenden C=C 

Doppelbindungen und C≡C Dreifachbindungen unter Verwendung eines Einkomponenten-

Initiator- und Kontrollmoleküls gezeigt werden. Des Weiteren konnte die PPM durch Thiol-

En/In und CuAAC-Reaktionen und dadurch erfolgreich die unkomplizierte Synthese von 

neuartigen Poly(vinylether)n demonstriert werden. 

Der dritte verfolgte Ansatz beschäftigt sich mit der erstmaligen Beschreibung der Synthese von 

vierarmigem, käfigförmigem PEO im Grammmaßstab und der wegweisenden Anwendung als 

PE. Die so erhaltenen PEe mit niedrigen Lithiumsalzmengen ([Li+]:[EO] 1:25) zeigten gute 

ionische Leitfähigkeiten bei Raumtemperatur auf Grund der effektiv unterdrückten 

Kristallisation durch die käfigförmige Architektur; und das ohne den Zusatz von Weichmachern 

oder Lösungsmittel. Insgesamt konnte dieses Projekt dazu beitragen die großartige 

Werkzeugkiste von Polymerchemiker zu demonstrieren, um Probleme mit der Kristallinität von 

PEO-basierten PEen zu lösen. 

Der vierte Ansatz baut auf dem ersten Projekt auf und beschäftigt sich mit dem Design von 

styrolbasierten PEO-Seitenkettenblockcopolymeren, die eine Mikrophasenseparation 

aufweisen, und deren Anwendung als PE in Hochvolt-Lithiummetallakkumulatoren. Eine 

unkomplizierte Synthese wurde entwickelt, die die üblichen Nachteile von PEO-

Blockcopolymeren, welche mittels anionischer Polymerisation hergestellt wurden, oder 

esterbasierten PEO-Seitenkettencopolymeren löst. Beides, die PEO-Seitenkettenlänge und die 

LiTFSI-Menge wurden variiert und die zugrundeliegenden Zusammenhänge offenbart, um 

Zusammensetzungen mit hoher ionischer Leitfähigkeit zu erhalten. Anschließend wurde eine 

ausgewählte Zusammensetzung für weitere Analysen ausgewählt, inklusive phasenseparierter 

Morphologie, die nicht nur exzellente selbststehende Filme mit intrinsischer mechanischer 

Stabilität, sondern auch die Eigenschaft Lithiumdendritenwachstum zu unterdrücken, sowie 

Flexibilität und einen guten Kontakt zu den Elektroden ermöglicht. Des Weiteren wurden die 

gute thermische wie auch elektrochemische Stabilität demonstriert. Dazu wurden Lineare-

Sweep-Voltammetrie und Cyclovoltammetrie, Lithiumabtragung/-abscheidungtests und 

galvanostatisches Überladen mit Hochvoltkathoden durchgeführt, um eine stabile Grenzfläche 

gegenüber metallischem Lithium und eine hohe oxidative Stabilität von ~ 4.75 V zu beweisen. 
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Konsequenterweise zeigten Zyklisierungen in Li||NMC622 Zellen weder das für PEO-basierte 

PEe typische schnelle Zellversagen noch Spannungsrauschen. So konnte ein umfassendes 

Verständnis erlangt werden, das gezeigt hat, dass die Kombination von PEO und 

Hochvoltkathoden nicht per se unmöglich ist. 

Das fünfte Projekt erweitert die Ergebnisse des vierten Projekts. Hierzu wird ein 

fortgeschrittenes Design für PE beschrieben, welches auf den zuvor beschriebenen 

mikrophasenseparierten, styrolbasierten PEO-Seitenkettenblockcopolymeren besteht. 

Üblicherweise zeigen solche Blockcopolymere eine hohe mechanische Stabilität, welche von 

der Polystyrol (PS)-Domäne bereitgestellt wird, während die PEO basierte Domäne akzeptable 

ionische Leitfähigkeiten ermöglicht, allerdings nur bei höheren Temperaturen. Um brauchbare 

Leitfähigkeiten bei niedrigeren Temperaturen zu erreichen, wurden zwei ionische Flüssigkeiten 

(IFen) als Modellweichmacher selektiv in die PEO-Domäne eingebracht. Weil diese IFen nicht 

mit PS mischbar sind, bleibt diese Domäne davon unbeeinflusst und kann immer noch eine 

hervorragende mechanische Stabilität garantieren. Um jedoch die notwendige selbststehende 

Filmbildungseigenschaft beizubehalten, wurde die Größe der PS-Domäne entsprechend 

angepasst, um der leitenden, PEO-basierten Domäne zu entsprechen. Hierzu wurde eine Serie 

von vier Blockcopolymeren mit verschieden Blockverhältnissen synthetisiert, um den Einfluss 

von verschiedenen Mengen an IFen zu untersuchen. Weiter wurden alle so erhaltenen PEe 

eingehend mittels thermischer, morphologischen und elektrochemischer Analysemethoden 

untersucht. Die mikrophasenseparierte Morphologie mit Fernordnung sowie eine gute 

thermische und mechanische Stabilität, wie auch die selektive Mischung der IFen mit der 

leitenden Domäne konnte demonstriert werden. Konsequenterweise zeigte elektrochemische 

Impedanzspektroskopie einen signifikanten Anstieg der ionischen Leitfähigkeit um bis zu zwei 

Größenordnungen im Vergleich zur Referenz aus dem vierten Projekt. Des Weiteren konnten 

umfassende Studien der Lithiumionentransferzahl nicht nur die Wichtigkeit so detaillierter 

Untersuchungen für IF-enthaltende PEe beweisen, sondern auch den tatsächlichen Anstieg der 

Lithiumionenleitfähigkeit. Schlussendlich konnten Zyklisierungen in Li||LiFePO4 Zellen klar 

die Anwendbarkeit des Ansatzes demonstrieren. 

Zusammenfassend konnte die Signifikanz von Ansätzen zur Modifikation der 

Polymerarchitektur im Feld der Batteriechemie, im Besonderen bei polymerbasierten 

Elektrolyten, nicht nur erfolgreich gezeigt werden, sondern sie wurden auch dazu genutzt 

kritische Probleme von PEO-basierten PEen auf ausgeklügelte Art und Weise zu lösen, d.h. 

Probleme auf Grund der Kristallinität, das Dilemma zwischen mechanischer Stabilität und 

ionischer Leitfähigkeit, sowie die Kombination von PEO und Hochvoltkathoden. 
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Konsequenterweise konnten neue und wegweisende Schlüsse in Bezug auf Trends und 

Verhalten von PEO-basierten PEen gezogen werden und darauf aufbauend die Performanz von 

entsprechenden Batteriematerialien signifikant verbessert werden. Insbesondere in Zeiten von 

Rohstofflimitierungen, einem wachsenden Bedarf an Energiespeichermaterialien und dem 

Trend zu batteriebetriebenen Fahrzeugen konnten clevere und effektive Lösungen identifiziert, 

entwickelt und unkompliziert realisiert werden.   
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1 Introduction 

The rising awareness for climate change and thus the search for environmental-friendly energy 

solutions is currently resulting in an enormous demand for a battery-driven society that range 

from mobile devices to electrical vehicles.1,2 However, most state-of-the-art batteries still 

employ lithium-ion batteries (LIBs) that feature organic liquid electrolytes (OLEs) which 

manifests a drawback in several perspectives. On the one hand, these organic liquids are 

flammable, toxic and prone to leakage thus generating a huge safety issue.3,4 On the other hand, 

the limited electrochemical stability and the unrestricted dendrite-growth does not allow for the 

use of metallic lithium electrodes, although the latter would drastically increase the available 

energy density.5,6 In this regard, solid-state electrolytes (SSEs) are beneficial in terms of 

mechanical strength, toxicity, electrochemical stability and thermal tolerance, thus potentially 

eliminating the safety issues of OLE-based batteries.7 In principle, these SSE materials can be 

divided into inorganic solid electrolytes and polymer electrolytes (PEs),8 whereas the latter will 

be covered in the present thesis. 

Even though many different advanced PEs have been introduced,9–11 poly(ethylene oxide) 

(PEO) as ion conducting matrix for alkali metal salts is still among the most studied PEs despite 

its first report nearly 50 years ago.12–16 PEO offers a good chain flexibility, low glass transition 

temperature (Tg), remarkable electrochemical stability against lithium-metal, great solubility 

for conductive lithium salts and comparable low costs.17 Indeed, the first commercial PE (and 

also SSE) system was introduced by the Bolloré Group during the last decade featuring a cell 

setup consisting of a lithium-metal anode, a PEO-based polymer electrolyte and a LiFePO4 

cathode.18,19 This milestone impressively demonstrates the reason for the ongoing research in 

PEO-based PEs. 

However, despite these important attributes and great achievements, PEO-based PEs often 

suffer from high crystallinity, resulting in low ionic conductivities below its melting point since 

ion transport is mainly taking place in the amorphous domains.20,21 Therefore, to improve the 

ionic conductivity at lower temperatures, different approaches can help to manufacture 

completely amorphous materials for enhanced ion transport, such as cross-linking,22 the 

implementation of plasticizer23,24 or nanofillers,25 or blending with other polymers.26 

Furthermore, approaches to alter the molecular architecture, such as attaching PEO as side chain 

or even more complex architectures, successfully showed to inherently reduce crystallization 

in the absence of any additives.27–29 Thus, this elegant route is of particular interest from a 

polymer chemists’ point of view and, therefore, for the present thesis. 
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Although these approaches readily increase the ionic conductivity, polymer/battery chemists 

face an additional challenge, namely a dilemma regarding the correlation between ionic 

conductivity and mechanical stability. Generally, a higher ionic conductivity is achieved by 

lowering the Tg of the polymer, however resulting in a loss of mechanical stability due to the 

softer structure.8,30 Conversely, a higher Tg increases the mechanical stability, but decreases the 

ionic conductivity. Unfortunately, a high mechanical stability is not less important than a high 

ionic conductivity since it is responsible for the suppression of lithium dendrite growth and 

prevention of short-circuits within the cells.31 

To solve this dilemma, it is necessary to tune both properties independently from each other. 

For this purpose, block copolymers have demonstrated to successfully realize both a low Tg of 

one block being responsible for the ionic conductivity and a high mechanical stability by 

another block which provides rigidity.32 Thus, this approach once more displays the great 

possibilities of synthetic polymer chemistry to solve challenges within PEs by adjusting the 

molecular architecture in a sophisticated manner. Consequently, this thesis will give an insight 

into the great toolbox of polymer chemists providing solutions for challenges within the field 

of polymer electrolytes for solid-state batteries. 
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2 Theoretical Background 

The current chapter provides a brief introduction to the polymerization techniques used in this 

thesis, lithium batteries in general and polymer electrolyte-based lithium batteries in particular, 

while further setting the focus on PEO-based PEs. 

2.1 Cationic Polymerization 

These days, polymers have a broad field of application ranging from simple plastic bags or 

packaging to highly specialized fields such as tissue engineering, artificial joints or as 

component in batteries.33–35 Thus, being able to gain control over molar mass and dispersity (Đ) 

can be crucial especially with respect to tailored applications. Among others ionic 

polymerization methods, namely anionic and cationic polymerization (AP and CP), are able to 

achieve this goal. Both are usually described as ‘living polymerization’ when certain conditions 

are met. This term of a ‘living polymerization’ was first introduced by Szwarc in 1956 and 

describes a polymerization with absent transfer or termination reactions as well as an initiation 

rate that is faster than the propagation rate enabling the creation of well-defined polymers.36,37 

Thus, the only ‘truly living’ polymerization technique is AP, since all other techniques only 

suppress transfer or termination reactions but cannot eliminate it completely. Nonetheless, CP 

can be also considered as ‘living’ or ‘controlled’ when conditions are adjusted accordingly. 

Meeting these conditions however requires highly purified solvents, monomers and an inert 

atmosphere. Besides the mentioned excessive purification steps, low or moderate temperatures 

are usually used to suppress undesired termination or transfer reactions. Consequently, CP is 

usually tedious and not very practical in comparison to other polymerizations methods.38 

As the term already specifies, CP describes a chain-growth polymerization bearing a carbon 

centered cation as the reactive species. To form this species, the choice of monomers is crucial, 

since only a few are able to stabilize a carbon centered cation and can thus be polymerized by 

this technique. Therefore, vinyl monomers featuring electron-donating substituents attached to 

the C=C double bond, e.g. alkoxy, alkyl and alkenyl groups as well as aromatic substituents are 

among the polymerizable monomers (Scheme 1a).38 
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Scheme 1. a) Commonly employed monomers for CP.38 b) Exemplary stabilization of the 

carbocation formed during the CP of a vinyl ether by delocalization of the positive charge over 

the carbon and the oxygen atom. 

 

Similar to other chain growth polymerization techniques, CP of vinyl monomers can be 

subdivided into four different steps, i.e. initiation, propagation, termination and chain transfer 

reactions (Scheme 2). 

 

 

Scheme 2. General mechanism of a CP. a) Initiation through addition of a cation to the double 

bond. b) Propagation by addition of new monomers to the active center. c) Termination of the 

growing chain e.g., by interaction with the counter ion. d) Exemplary transfer reaction: β-proton 

transfer from the polymer chain to monomer. 
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Initiation of a CP can be induced by different methods, all of them eventually resulting in the 

formation of a carbon-centered cation (Scheme 3). Often strong protic acids or Lewis acids are 

used as initiators.39,40 While the proton of protic acids is directly added to the C=C double bond 

and thus initiates the CP, Lewis acids react with impurities such as water or other molecules 

(e.g. alkyl halides) forming in-situ a cation being able to start the polymerization.38,40 Further, 

carbenium salts display an elaborated method for initiation due to their easy handling as well 

as characteristic structure which facilitates subsequent analyses.41 

 

 

Scheme 3. Different initiators for CP by addition of a cation to the monomer. 

 

Due to the cationic propagating species, termination/transfer processes are different from the 

ones observed with other polymerization techniques. While radical polymerization (RP) suffers 

from recombination due to the radical nature of the propagating species, the latter is not possible 

in CP due to the repulsion of equally charged cations. However, other termination reactions 

have been observed: Impurities like water for instance are able to create anions that can interact 

with the cationic propagating species, consequently resulting in the termination of the polymer 

chain. Further, β-proton elimination or the combination of the cationic active center with the 

counter ion or fragments of it are additional common termination reactions typical for CP 

(Scheme 2c and 2d).42 
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2.1.1 Controlled Cationic Polymerization 

As already mentioned above, CP can be considered as ‘controlled’ or ‘living’ when certain 

conditions are met. This means, transfer or termination reactions need to be absent or 

suppressed and the initiation needs to be faster than the propagation assuring simultaneous 

growth of all chains. Even more, the number-average molar mass (Mn) of the polymerization 

should increase linearly with the conversion. The absence of termination reactions ensures 

active chain ends, even after completed monomer consumption. Thus, further addition of 

monomer leads to the continuation of the polymerization and allows for the preparation of block 

copolymers and other architectures.38,42 Noteworthy, e.g. the previously described, simple BF3 

initiated CP does not result in a controlled polymerization, therefore more elaborated systems 

were developed.  

Herein, the key to achieve a controlled polymerization is the establishment of an equilibrium 

between an active ionic and dormant covalent species (Scheme 4), while the latter is 

predominant, therefore suppressing termination/transfer.  

 

 

Scheme 4. The equilibrium between a dormant, covalent species and an active, ionic species 

enables a controlled CP. 

 

Generally, three commonly employed methods are available to establish an equilibrium and 

consequently achieve a controlled CP: a) The combination with nucleophilic counter anions, b) 

added bases (nucleophiles) and c) added salts.38 However, a fast and efficient initiation is at 

least of equal importance in order to ensure a controlled CP. Thus, so-called cationogens are 

often used as initiator, releasing carbocations which resemble the structure similar to that of the 

monomer upon reaction with the Lewis acid.43 

The historical first description of a controlled CP was reported by Higashimura and Sawamoto 

in 1984.44,45 They achieved a successful living polymerization of isobutyl vinyl ether (IBVE) 

by using a hydrogen iodide/iodine system to synthesize homo and block copolymers with 

controlled molar masses and low dispersities. As shown in Scheme 5a, hydrogen iodide as 

strong acid adds to the double bond of the vinyl ether forming a dormant adduct. Then, upon 
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reaction with I2 a carbocation is released (which is able to propagate) and I3
- is formed, which 

can reversibly react with the active center forming the dormant species once again. Thus, the 

targeted equilibrium is established enabling the synthesis of poly(vinyl ether)s in a controlled 

manner. This general procedure can be found in numerous systems, as also shown in Scheme 

5b. Here, HCl is responsible for the initiation while ZnCl2 as Lewis acid acts as activator.46 In 

contrast to this, the ‘base-assisting system’ usually employs a beforehand synthesized 

cationogen as initiator. As mentioned above, this cationogen displays a stable adduct of the 

monomer that is targeted to be polymerized and an acid such as HCl or acetic acid. Then, upon 

reaction with a strong Lewis base such as EtAlCl2 or other metal chlorides (e.g. FeCl3, SnCl4, 

TiCl4 etc.) the cation able to propagate is formed (Scheme 5c). Additionally, a Lewis base 

(usually ethers or esters) is required in order to adjust the Lewis acidity of the metal complex 

as well as stabilize the carbocation.47 Generally, all these systems are able to produce well-

defined polymers, however, they need to be adjusted to the specific demands of a certain 

monomer. As already mentioned before, these techniques require even more reactants to be 

perfectly dried and thus result in a huge effort to conduct a controlled CP. 

 

 

Scheme 5. Different initiation/control systems that are suitable to yield a controlled CP. a) After 

addition of HI to the double bond an adduct is formed, which can reversibly react with iodine 

to form an active species which is able to propagate. b) Analogous to the HI/I2 system, HCl 

adds to the double bond forming an adduct which can be activated by ZnCl2. c) The base-

assisting system uses a beforehand synthesized cationogen (e.g. adduct of vinyl ether and acetic 

acid) which is activated by a Lewis acid to form an active species. Further, a Lewis base is 

required, helping to stabilize the cationic species as well as adjusting the Lewis acidity of the 

metal complex. 
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In 2019, Kottisch et al.48 reported on a remarkable advancement in the controlled CP of vinyl 

ethers. They showed that pentakis(methoxycarbonyl)cyclopentadiene (PMCCP) (Scheme 6) as 

a strong organic acid49 enables the single-component initiation and control over the CP of a 

series of alkyl vinyl ethers in bulk under ambient atmosphere (mechanism shown in Scheme 

6). The conducted polymerizations resulted in polymers with low Đ ranging from 1.06 to 1.33 

with predictable experimental molar masses. They recently expanded their studies, showing 

that an additional hydrogen bond donor molecule stabilizes the formed complex during 

polymerization and thus enables the synthesis of high molar mass alkyl-based poly(vinyl 

ether)s.50 However, they did not investigate the polymerizations of vinyl ethers bearing any 

functional group, which would be of high interest for subsequent modification reactions. 

 

 

Scheme 6. Initiation and propagation of the polymerization of vinyl ethers using PMCCP as 

single-component initiation and control agent as well as the proposed transition state. The 

polymerization is initiated by the addition of PMCCP to the monomer. Afterwards, an 

equilibrium between a predominant, dormant (covalently bound) and an active species 

(cyclopentadienyloxocarbenium salt) is formed. Further addition of monomer to the active 

species (salt) leads to the propagation of the polymerization.48  
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2.2 Reversible-Deactivation Radical Polymerization  

Among all the polymerization techniques, radical polymerization (RP) processes are used to 

produce around 50% of all synthetic polymers.51 There are various reasons for this huge 

success, such as the straightforward polymerization conditions, and the low demand for high 

purities of solvents or reagents. In contrast to the before mentioned CP, RP is tolerant to protic 

impurities such as water and the high tolerance of radicals to many functional groups leads to 

a wide range of monomer structures. In conventional free radical polymerization (FRP) high 

molar masses are reached at early stages of the polymerization, so neither high conversions nor 

resulting long reaction times are necessarily required as opposed to step-growth 

polymerization.52 

However, there is one major disadvantage of conventional RP especially in comparison with 

AP processes. As described before, AP can yield so-called ‘living polymers’ with a perfect 

control over molar mass, dispersity and architecture, due to the absence of chain breaking 

reactions i.e., termination or transfer. While transfer is not a big issue in RP (in comparison to 

CP), termination is simply not avoidable due to the nature of radicals. Two ions with the same 

charge cannot combine and terminate because of charge repulsion, but two radicals will 

terminate eventually. Thus, it is only possible to minimize termination reactions in RP, but not 

to eliminate them completely.52 

To solve the problems of conventional FRP new polymerization techniques were developed. 

They have been summarized under the initial term CRP (controlled/living radical 

polymerization). Due to the fact that ‘living’ is per se wrong, because termination reactions can 

never be eliminated in radical processes, the term RDRP (reversible-deactivation radical 

polymerization) is nowadays used in most cases and also recommended by the IUPAC, since it 

describes the actual situation more accurately.53 

In general, there are two main mechanisms in RDRP minimizing termination. On the one hand, 

an equilibrium between a dormant species and an active species, the propagating radical chains, 

is established. When the equilibrium is on the side of the dormant species, the number of free 

radicals able to undergo termination is drastically decreased. Thus, this principle resembles 

living cationic polymerization. On the other hand, however, the second general mechanism is 

based on a continuous radical transfer between all chains. This means that radical chain transfer 

to other chains, by usage of a chain-transfer agent (CTA), is favored over termination.54 

The RDRP protocols allow to reach low Đ with a linear increase of the molar mass with 

conversion. The achieved control allows to synthesize polymers with many different 
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architectures, e.g. (block) copolymers55, different topologies such as brush shaped polymers,56 

stars,57 or dendrimers58 and side or end group functionalization.  

Based on the RDRP methods mentioned above there are mainly three techniques which are 

commonly used: reversible addition-fragmentation chain-transfer (RAFT) polymerization, 

atom transfer radical polymerization (ATRP) and nitroxide-mediated polymerization (NMP).  

2.2.1 Atom Transfer Radical Polymerization 

The principle of atom transfer radical polymerization (ATRP) is based on a dynamic 

equilibrium between a dormant species (Pn-X) and a propagating radical chain (Pn
) (Scheme 

7). The dormant species, at the beginning an alkyl halide and later during the polymerization a 

macromolecular halide species, is activated through a reaction with a transition metal complex 

in a lower oxidation state (Mm/L). Therefore, a radical species able to propagate is formed and 

the metal species is oxidized to the oxidation state m+1. The reverse reaction of the activation 

forms the dormant species again. It is crucial that the rate of deactivation is order of magnitudes 

higher than the rate of activation, meaning that the equilibrium is primary on the side of the 

dormant species. This ensures a low termination rate since the termination is proportional to the 

concentration of radical species squared ( ~ [Pn
]2).59 

 

 

Scheme 7. General mechanism of an ATRP with the reversible catalytic redox equilibrium 

between an alkyl halide (dormant species, left) and a radical (active species, right) which can 

undergo chain extension with present monomer.59 

 

The commonly used metal system for ATRP is CuI/CuII, but other metals like Ru, Fe, Mo, or 

Os are also possible.60 However, the usage of a redox metal system generally leads to a high 

sensitivity against oxygen and additionally requires the removal of the metal after the 

polymerization in most cases due to toxicity reasons.  
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2.2.2 Nitroxide-Mediated Polymerization 

Nitroxide-mediated polymerization (NMP) is based on nitroxides, which are N,N-disubstituted 

radicals of the NO type. In general, they are designed to be stable at room temperature, enabled 

by delocalization of the single electron between the nitrogen and the oxygen atom.61 Due to the 

persistent radical effect, nitroxides cannot initiate a radical polymerization by themselves.62 In 

opposite, they react with carbon radicals to form thermolabile alkoxyamines as dormant species, 

which again can dissociate into a carbon centered radical (active species) and nitroxide radical 

at a certain temperature depending on the exact structure.63 

Scheme 8 shows the mechanism of NMP. The left side of the equilibrium represents the 

dormant species while the right side represents the active species, which is able to propagate. 

 

 

Scheme 8. Activation-deactivation equilibrium in NMP with the predominant dormant 

alkoxyamine species on the left and the nitroxide as well as the active radical species on the 

right side. Bicomponent initiating system a) and monocomponent initiating system b).64 

 

As shown in Scheme 8 there are two possible pathways to initiate NMP. For pathway a), a 

nitroxide and a conventional initiator like AIBN can be used. Thus, such a system is called a 

two-component initiating system. Pathway b) on the other hand only employs an alkoxyamine, 

representing a monocomponent system. Here, upon heating of the reaction mixture the 

dissociation temperature of the alkoxyamine is reached, causing a homolytic bond cleavage to 

form a carbon-centered radical and a nitroxide radical. Since the ratio of radical:nitroxide 

should be 1:1 in order to gain control over the polymerization, pathway b) (monocomponent 

initiating system) is more commonly used, because it inherently fulfills this requirement.64 
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Caused by the highly stable alkoxyamine bond, NMP features rather slow reaction rates and 

requires high reaction temperatures. However, this ensures well-defined polymers with low 

dispersities. Nonetheless, there is no need for an additional component like a metal ion as in 

ATRP, which would need to be removed again afterwards. 

2.2.3 Reversible Addition-Fragmentation Chain-Transfer Polymerization 

As mentioned before, there are two general categories of RDRP techniques. In opposite to NMP 

and ATRP, which are both based on a reversible termination mechanism, reversible addition-

fragmentation chain-transfer (RAFT) polymerization relies on a continuous degenerative 

radical transfer between chains enabled by so-called RAFT agents. This results in a constant 

radical concentration, which leads to higher polymerization rates in comparison to both other 

techniques.65 

Those RAFT agents are particularly designed molecules with a reactive C=S double bond, while 

the most frequently used ones are based on a dithioester or trithiocarbonate structural motif, as 

depicted in Scheme 9. The selection of a proper stabilizing Z group is essential, since it has to 

ensure a sufficient reactivity of the C=S bond towards radicals on the one hand and an adequate 

stabilization of the formed intermediate radical on the other hand. Further, the R group displays 

the so-called leaving group, which is released from the RAFT agent as a radical species, after 

the first radical (chain) was added to the latter. Thus, it must be able to efficiently initiate the 

propagation of new chains in order to continue the polymerization. In general, there is a wide 

range of different chain-transfer agents suitable for a broad field of monomers.66 

 

 

Scheme 9. General structure of RAFT agents. a) Represents a dithioester while b) is a 

trithiocarbonate. R = leaving group; Z = stabilizing group. 

 

Analogous to FRP, conventional initiators are necessary in common RAFT polymerizations. 

However, initiation can occur by all thinkable ways (thermally, photoinitiation, etc.) as long as 

radical species are formed, which are able to start a polymerization (Scheme 10a). In the next 

step the propagating radical chains react with the RAFT agent b), releasing the leaving group 

R via a stable radical intermediate. As mentioned before, the formed radical R must be able to 

initiate polymerization of the monomer c), in order to create new growing chains. Afterwards, 
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a continuous radical transfer among all growing chains through reaction with the RAFT agent 

d) is established. Termination e) occurs, as in every RP, via radical-radical recombination or 

disproportion of two growing chains.67 

 

 

Scheme 10. General mechanism of the RAFT process including two equilibria that are 

responsible for the continuous degenerative radical transfer which is responsible for the control 

over the reaction. Since the reaction of radicals with the RAFT agent is favored over the reaction 

of two active chains, termination is minimized.67 

 

The advantages of RAFT are the possibility to control nearly all monomers with a suitable 

agent, the high tolerance towards functional groups, a high compatibility to different reaction 

conditions (bulk, (mini-)emulsion, organic or aqueous medium etc.), and the higher reaction 

rates in comparison to ATRP and NMP.68 
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2.3 Post-Polymerization Modification 

Modification of polymers is known since the early days of polymer science. The vulcanization 

of natural rubber using elemental sulfur in 184069 or the nitration of cellulose for the production 

of nitrocellulose in 184770 are two commonly known examples. Generally, post-polymerization 

modification (PPM) enables to obtain a broad variety of functional polymers from numerous 

precursor polymers, the former being, in some cases, not even accessible by direct 

polymerization of the respective monomers.71 While PPMs had been around ever since, they 

received particular attention when combined with the previously addressed RDRP techniques, 

which allowed for the synthesis of well-defined polymers with numerous elaborated structural 

motifs.72,73 However, to fully benefit from the controlled character of RDRP techniques, the 

reaction employed as PPM method should be efficient and ideally feature quantitative 

conversion without the formation of side products. The development of so-called click 

reactions74–76 such as thiol-ene reactions77 or copper(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC)78 as chemo-selective and highly efficient reactions was therefore essential for the 

huge success of PPM methods. Moreover, transesterifications or amidations of poly(active 

ester)s79 or ring-opening reactions of epoxides such as poly(glycidyl methacrylate)80 have 

proven their viability as efficient techniques to modify polymers after polymerization.  

In general, the thiol-ene reaction describes a hydrothiolation of a C=C double bond and 

proceeds via a radical or a nucleophilic mechanism.81 The actual nature of the mechanism 

depends on the electron density of the C=C double bond: Electron-deficient C=C double bonds 

react under the catalyzed Michael addition, while the radical addition constitutes a possible 

pathway for any C=C double bond.81 Concerning the latter, the reaction can be started for 

instance by a thermal radical initiator or by a photoinitiator82 and is followed by propagating 

chain reaction and termination as shown in Scheme 11.83 Due to its numerous advantages over 

other PPM contenders, such as the simple synthetic procedure, high atom economy, easy 

purification and the high yield under mild reaction conditions, thiol-ene click reactions are in 

many cases the first choice to modify polymers in an efficient and straightforward fashion.83 
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Scheme 11. Mechanistic pathway of the radical thiol-ene reaction with initiation, propagation 

and termination.83 

 

The frequently used copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) represents a 

variation of the Huisgen 1,3-dipolar cycloaddition84 which was independently reported by 

Tornøe et al.85 and by Fokin and Sharpless86 in 2002. In contrast to the non-catalyzed 

cycloaddition, i.e. the Huisgen cycloaddition, which produces a mixture of 1,4 and 1,5-

disubstituted products, CuAAC yields selectively 1,4-disubstituted triazoles (Scheme 12).78 

Besides this selectivity, the reaction rate of the catalyst-assisted reaction is found to be 7 to 8 

orders of magnitude higher than the reaction without catalyst87 with quantitative yields in most 

cases.88 It is compatible with different organic solvents as well as water/alcohol (e.g. methanol, 

ethanol or butanol) mixtures89 and features a high tolerance towards functional groups.78 Thus, 

CuAAC reactions have a broad field of application, ranging from PPM in polymer chemistry 

to drug development and biochemistry.89 

 

 

Scheme 12. Comparison of the uncatalyzed 1,3-dipolar cycloaddition and the catalyzed 

CuAAC reaction. Huisgen’s 1,3-dipolar cycloaddition leads to a mixture of 1,4 and 1,5-

disubstituted products, while the CuAAC reaction is selectively forming the 1,4-cycloadduct.  
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2.4 Graft Polymers 

In general, the toolbox of the previously described controlled polymerization techniques as well 

as PPM methods allows for the synthesis of macromolecules with well-defined structures and 

topologies such as cyclic polymers,90 star polymers,91 dendrimers,92 hyperbranched polymers93 

and graft polymers.94 These sophisticated macromolecular architectures often come along with 

unique properties, thus making them highly interesting for both academia as well as industry.  

In the scope of the present dissertation, especially graft polymers are of interest: They are a 

class of branched polymers with one end of the polymer chains attached to a linear polymer 

backbone (1D), to a planar surface (2D) or to a particle (3D) (Figure 1).95,96 Their architecture 

and properties can be adjusted by changing different parameters such as the grafting density, 

the nature and thus e.g. the flexibility of the backbone and side chains as well as the choice of 

monomers. Depending on the grafting density, 1D graft polymers are often differentiated 

between comb polymers, which have a lower grafting density, and brush polymers with a higher 

density of grafted side chains.97 Especially the latter are of high interest, as the high grafting 

density and thus the steric hindrance of the side chains forces the backbone from the normal 

gaussian random coil conformation into an elongated chain formation resulting e.g. in wormlike 

conformations, compact molecular dimensions or remarkable chain end effects.98 In 2D and 3D 

graft polymers, the side chains are densely attached to a matrix and can therefore provide 

materials with remarkable properties making them promising candidates for application 

purposes such as lubricants,99 anti-fouling coatings,100 micelles which function as drug 

carriers,101 or in the field of tissue engineering.102 

 

Figure 1. Depiction of different kinds of graft polymers which can be distinguished between 

one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) graft polymers. 
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However, the present dissertation will focus solely on 1D graft polymers. As mentioned before, 

these advanced structures can be synthesized by the already explained controlled 

polymerization techniques such as CP, RAFT, ATRP or NMP, while several techniques can be 

distinguished: grafting onto, grafting through and grafting from (Scheme 13).  

The grafting onto approach can be realized by tethering the polymer side chains to a linear 

polymer backbone e.g. via nucleophilic substitution or coupling reactions such as ‘click 

chemistry’.103 In this case, the linear backbone as well as the side chains are prepared (and 

characterized) separately and the polymerization method can thus be customized in accordance 

to the used monomers. This allows for a high degree of control over the graft architecture and 

straightforward characterization prior to the grafting process. However, high grafting densities 

can be hard to realize, especially when long side chains need to be attached due to steric 

hindrance. Hence, in most cases an excess of side chains is used which makes in turn the 

removal of excess side chains necessary.104  

 

Scheme 13. Depiction of different approaches to obtain graft polymers via ‘grafting onto’, 

where polymer side chains can be attached to a linear backbone with functional groups, 

‘grafting through’ by employing monomers and macromonomers that contain both side chain 

polymer and a polymerizable functionality and ‘grafting from’ by adding monomers to the 

polymer backbone macroinitiator. The orange arrows denote the reactive sides, respectively. 

 

The grafting through approach represents another technique to obtain graft polymers. For this, 

a polymer backbone featuring polymerizable side groups is utilized in the polymerization of 

monomer, which allows the growing polymer chain to insert a polymerizable side group and 
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thereby attaching a polymer chain onto the polymer backbone. Further, polymerization of solely 

macromonomers (as special case of the grafting through approach) can be used to graft 

polymers.105 Generally, one advantage is the independent synthesis of the macromonomer 

which can be purified and characterized prior to the polymerization. Further, the grafting 

density and the length of the side chains can be easily tuned beforehand. At the same time 

however, the practically achievable grafting density of the polymer is dependent on the 

reactivity of the polymerizable group and the steric hindrance of the side chain. Even more, if 

full conversion is not reached, it can be difficult to remove the unreacted macro monomers from 

the final graft polymer.  

The grafting from method is based on a polymerization process from a linear polymer backbone 

comprising suitable functionalities.106 Therefore, the steric hindrance during the grafting 

process is significantly reduced, because the smaller monomers can easily access the active 

polymer sites to promote chain growth. In this case e.g., ATRP and NMP offer the best 

conditions since the concentration of free radicals is kept very low in order to prevent 

termination via intramolecular macrocyclization of the side chains or intermolecular 

crosslinking between different macromolecules. Furthermore, in contrast to the other above-

mentioned methods, the removal of unreacted side chains/macromonomers is not necessary.  
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2.5 Lithium-Ion Batteries 

As result of the continuously growing demand of fossil resources which are fairly limited, the 

necessity for alternative energy resources and their storage is getting more and more urgent.2 

Among these energy storage technologies that are highly sought after, especially lithium-ion 

batteries (LIBs) are from great interest because of various advantages such as light weight, high 

voltage, high energy density, small self-discharge, no memory effect, excellent cycle life and a 

longer lifespan compared to other battery technologies.107 Thus, the introduction of the first 

rechargeable lithium-ion battery by the Sony Corporation in 1991 enabled their 

commercialization and exploitation in numerous technical applications such as portable 

electronic devices and electric vehicles.108 In 2019, the enormous importance of these findings 

were appreciated by awarding John B. Goodenough, M. Stanley Whittingham and Akira 

Yoshino for their contributions to the development of LIBs with the Noble Prize in chemistry. 

Nonetheless, the battery sector is still constantly growing due to an massively expanding 

demand in rechargeable batteries and extensive research in this area.2  

In general, a conventional LIB consists of an anode, a cathode, and an electrolyte (Figure 2). 

In state-of-the-art cells, the employed electrolytes are organic liquids, thus making the use of a 

separator, which physically separates the anode from the cathode to prevent them from a short-

circuit, essential. Further, commercialized LIBs are usually operated based on lithiated graphite 

as anode and cathode materials such as LiCoO2 (LCO), LiFePO4 (LFP), LiMn2O4 (LMO) or 

Li(NixMnyCo1-x-y)O2 (0 ≤ x ≤ 1, 0 ≤ y ≤ 1, and 0 ≤ x + y ≤ 1) (NMC).107 

 

 

Figure 2. General depiction of a lithium-ion battery with a liquid electrolyte and a separator 

which separates the anode and cathode from each other. The charging process occurs through 

lithium-ion transport from the cathode to the anode and discharging through the opposite 

direction.30 
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However, the use of organic liquid electrolytes (OLEs) in LIBs has significant drawbacks since 

they are in most cases toxic, volatile and flammable,109,110 potentially resulting in fire or 

explosion in case of mechanical, thermal or electrical impact.111 Moreover, fulfilling the 

growing requirements to batteries due to the expanding market, new active materials which 

provide higher energy densities than state-of-the-art LIBs need to be commercialized.108 Thus, 

higher specific capacities as well as higher anode/cathode potential differences are to be 

targeted.112 In comparison to lithiated graphite, lithium-metal offers a significantly higher 

specific capacity (372 vs. 3860 mAh g-1)113,114 and a slightly lower redox potential , its use 

however is limited due to safety concerns in particular when paired with usual OLEs. This 

mainly originates from an instable solid electrolyte interphase (SEI) and lithium dendrite 

growth during cycling, eventually leading to short-circuits.115 To solve this problem solid-state 

electrolytes (SSEs) could provide sufficient mechanical strength to suppress lithium dendrite 

penetration.8 Moreover, they are generally beneficial in terms of toxicity, electrochemical 

stability and thermal tolerance, thus potentially overcoming the safety issues of OLE-based 

batteries.7 These SSE materials can in principle be divided into inorganic solid electrolytes and 

polymer electrolytes (PEs), with the latter being further discussed in the following chapter. 
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2.6 Polymer Electrolytes 

As stated before, PEs represent a promising alternative to commonly employed OLEs, with the 

potential to overcome the drawbacks of the latter. Generally, they can be further categorized 

into solid polymer electrolytes (SPE) and gel polymer electrolytes (GPE).8  

SPEs are defined as lithium salt dissolved in a polymer host, where the ions can move in the 

free volume of the polymer matrix and thus enable ionic conductivity mainly above the Tg.
21,116 

SPEs are therefore also known as ‘dry systems’, since there is no liquid component involved. 

Generally, they feature numerous advantages such as their mechanical properties, flexibility, 

low cost and safety, i.e., low flammability and no leakage. However, the reason why SPEs have 

not been widely commercialized so far is mainly due to their low ionic conductivity in 

comparison to OLEs, problems regarding the interfacial interactions between the electrode and 

electrolyte as well as the provided electrochemical stability window especially with respect to 

high-voltage cathode materials.1 

In this regard, GPEs combine the advantages, but also to some extent the disadvantages of liquid 

electrolytes and SPEs, by featuring better ionic conductivities than SPEs and higher mechanical 

stability than OLEs. They are usually obtained by the addition of solvents or other liquid 

plasticizers into the polymer-salt system, thus enhancing the polymer mobility and 

consequently creating more mobility for the lithium ions as well as enabling transport solely by 

the solvent. Further, an improved contact between the electrode/electrolyte interface can usually 

be found because of a good wetting. However, due to the integration of liquids into the system, 

safety concerns regarding flammability and rapid decomposition are still valid and the 

mechanical stability is generally not as high as in SPE systems.117,118 

A brief summary of the different properties of OLEs, SPEs and GPEs is given in Table 1. 

Although there might be some exceptions, it can generally be stated that SPEs and OLEs behave 

complementary to each other, while GPEs feature properties in between.  
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Table 1. Comparison of the properties for OLEs, SPEs and GPEs.119 

Electrolyte properties OLE SPE GPE 

Ionic conductivity + - o 

range at RT > 1 mS cm-1 < 0.1 mS cm-1 > 0.1 mS cm-1 

Contact/interfacial 

properties 
+ - o 

Electrochemical stability - + - 

Thermal stability - + - 

Dimensional Stability - + o 

Safety - + o 

 

Concerning the actual application of PEs in LIBs, several properties are required to achieve an 

optimal performance: As such, high ionic conductivity at ambient temperature is of essential 

interest. Generally, OLEs with lithium salts can achieve an ionic conductivity of 1 mS cm-1 to 

10 mS cm-1, whereas PEs should reach at least an ionic conductivity of 0.1 mS cm-1, which is 

already a challenge in most cases.35 Furthermore, a large Li+ transference number (tLi
+), 

describing the fraction of Li+ movement vs. the movement of all ions and thus corresponding 

to a high Li+ mobility in comparison to the anion, is preferable. Generally, the tLi
+ value for salt-

in-polymer PEs is below 0.5, meaning the anions are more mobile than the lithium ions.120 

During the discharge process those anions will accumulate on the anode resulting in 

polarization due to concentration gradients.121 A high transference number close to 1 (equally 

to almost no anion mobility) however will lower the concentration polarization of electrolytes 

during the charge/discharge process, thus resulting in higher achievable energy densities.122 

Smart approaches to achieve a limited anion mobility are based on chemically tethering them 

to the polymer backbone creating so-called single-ion conducting polymer electrolytes.123 

Moreover, the introduction of anion receptors that can selectively complex anions in the 

electrolyte and therefore reduce their movement have successfully shown to increase tLi
+.30 

Additionally, the polymer electrolytes should provide good mechanical strength in order to 

suppress lithium dendrite growth and be suitable for large scale production.124 A good flexibility 

in opposite to brittleness is preferred, in order to resist stress during the manufacturing process, 

cell assembly, storage and usage. Further, a sufficient electrochemical stability window (ESW) 

denoting the difference between the oxidation and reduction potential of the electrolyte needs 
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to be provided. Hence, the oxidation potential must be higher than the Li+ potential in the 

cathode and the reduction potential should be lower than the Li metal potential in the anode, 

usually resulting in required ESWs around 4 – 5 V depending on the used anode/cathode 

materials.125 Lastly, excellent chemical inertness towards other battery components and thermal 

stability to ensure the safe handling of batteries are important factors for the use of PEs.  
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2.7 Poly(ethylene oxide) as Polymer Electrolyte 

Although poly(ethylene oxide) (PEO) as ion conducting matrix for alkali ions (Scheme 14) was 

already discovered nearly 50 years ago16 and numerous other PEs were advertised to replace it, 

it is still among the most studied candidates.12–15 For good reasons: PEO features a good chain 

flexibility, a low glass transition temperature (Tg), good electrochemical stability against 

lithium-metal, great solubility for conductive lithium salts, great film-forming ability and is 

comparably affordable. However, it still suffers from low ionic conductivities of 

10−5 to 10−1 mS cm−1 at temperatures below its melting point (~ 65°C).17 Nevertheless, its 

potential for solid state battery application in electric vehicles was successfully demonstrated 

by Bolloré,126 introducing the Lithium Metal Polymer (LMP) battery technology in 2011, and 

to date, more than 8000 vehicles are operated based on the LMP technology, illustrating that 

PEO and variants thereof are not only of contemporary interest but also practically extremely 

relevant.127,128  

 

Scheme 14. Chemical structure of poly(ethylene oxide) and the schematic depiction of Li+ 

coordination by several oxygen atoms. 

 

The different ion transport mechanisms in PEO-based PEs are displayed in Figure 3. Transport 

can occur through continuous breakage and formation of lithium-oxygen bonds either along the 

polymer chain (intrachain hopping, Figure 3b) or between the polymer chains (interchain 

hopping, Figure 3a). These processes are mainly dominant at low temperatures or within 

crystalline phases.17,129 At temperatures above the melting temperature or in completely 

amorphous PEs however, the chain segmental motion is mainly responsible for the ionic 

conduction by assisting both before mentioned processes significantly and further enabling 

movement of the ion with the chain (Figure 3c).130 Furthermore, the Li+ ions can form ion 

clusters with their corresponding anions depending on the salt concentration, but still relying 

on the same types of transport.  
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Figure 3. Ion transport mechanism in PEO-based PEs through either interchain hopping a), 

intrachain hopping b) or segmental motion c). All mechanisms can also appear in the case of 

ion clusters. 

 

Moreover, the employed lithium salt constitutes a crucial factor for PEO-based PEs, because 

not all lithium salts show a strong dissociation and thus high ion mobility (e.g. LiCl features a 

low degree of dissociation and consequently really low ionic conductivities131). Therefore, a 

delocalized negative charge and low basicity are important criteria for the selection of a suitable 

salt. Traditionally, compounds such as LiClO4,
132 LiAsF6,

133 LiPF6
134 and LiBF4

135 have been 

used as salts in PEO. However, alternative lithium salts have been explored due to various 

safety concerns such as the explosive potential of LiClO4 in organics,136 the arsenic in LiAsF6 

that can form poisonous compounds, as well as the formation of toxic and corrosive HF under 

moist conditions of LiPF6 and LiBF4.
137 Perfluoro alkyl sulfonic-type conducting salts like 

lithium trifluoromethanesulfonate (LiTF),138 lithium bis(fluorosulfonyl)imide (LiFSI),139 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)140 (Scheme 15) exhibit high solubility, 

ionic conductivity and electrochemical stability. These lithium salts have large anions that can 

easily dissociate in the PEO matrix and release free lithium cations, thus increasing the ionic 

conductivity. Further, the fluorinated moieties display a strong electron-withdrawing effect 

which enhances the acidity of the corresponding proton which stabilizes their conjugated base 

as a result of the delocalization of the negative charge. Even more, a big steric hindrance of the 

anion such as the TFSI- anion suppresses crystallization within the PEO matrix, thus indirectly 

enhancing the ionic conductivity due to an increased amorphous phase. 

  



Theoretical Background 

26  

 

 

Scheme 15. Structures of lithium trifluoromethanesulfonate (LiTF), lithium 

bis(fluorosulfonyl)imide (LiFSI) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI).  

 

As described in the beginning of this subchapter, the partial crystalline nature of PEO and the 

resulting low ionic conductivities display one of the biggest challenges within this class of 

materials. Therefore, increasing the amorphous phase and thus improving the ionic conductivity 

of PEO, its inherent crystallization can be reduced by different approaches such as the addition 

of plasticizer,141,142 nanofillers,143 blending with other polymers144 or by crosslinking.145,146 All 

these approaches interrupt chain alignment by the introduction of disturbing molecules/particles 

and consequently reduce crystallization. One additional approach consists of the synthesis of 

polymers bearing grafted PEO side chains, in which the crystallization of the latter is reduced 

due to being anchored to the backbone chain, eventually resulting in superior ionic conductivity 

at lower temperatures.28,147 Here, Itoh et al. for instance studied a series of vinyl ether-alt-

vinylene carbonate-148 and pure vinyl ether29-based PEO side chain PEs with different side 

chain lengths ranging from two to 23.5 EO units in 2013 and 2017, respectively (Scheme 16). 

Despite the vinylene carbonate moiety incorporated in the former, the authors observed the 

ionic conductivity to be the highest (e.g. 0.12 mS cm-1 at 30 °C) with the longest side chain 

length of 23.5 units above a temperature of 20 °C. Further, Rosenbach et al.28 synthesized PEO 

side chain copolymers with two different side chain lengths (23 and 45 EO units) and two 

different backbone structures in 2019 (poly(methacrylate) and poly(norbornene), Scheme 16). 

In general, they observed higher ionic conductivities for the PEO side chain copolymer based 

on a poly(methacrylate) backbone (~ 0.13 mS cm-1 at 30 °C) in comparison to 

poly(norbornene)-based ones (~ 0.07 mS cm-1 at 30 °C) as a result of the higher relative PEO 

content in those polymers due to the lower molecular weight of the methacrylate structural 

motif in comparison to norbornene. Furthermore, PEs with longer side chains (45 EO units) 

featured higher ionic conductivities (~ 0.13 mS cm-1 at 30 °C) than their counterparts with 

shorter side chains (23 EO units, ~ 0.07 mS cm-1 at 30 °C) independent of the employed 

backbone chemistry, which is in accordance with the results of Itoh et al.  
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Scheme 16. PEO side chain copolymers bearing different side chain lengths and backbone 

chemistries as published by Itoh et al. 2013,148 Itoh et al. 201729 and Rosenbach et al.28 

 

Unfortunately, completely amorphous PEO results in a loss of dimensional stability at room 

temperature due to the low Tg at around -65 °C.17,149 Consequently, the before mentioned PEO 

side chain copolymers are all highly viscous fluids. High molar mass polymers are able to solve 

this problem partially by providing substantial chain entanglement and therefore a 

macroscopically stable material. Though, the soft matrix characterized by the low Tg does not 

provide sufficient resistance against lithium dendrite penetration. A compromise can be found 

when a limited amount of plasticizer is implemented and the polymer matrix is cross-linked 

simultaneously for instance, providing both decent ion transport due to the plasticizer and 

decent mechanical stability due to the cross-linking.22 However, the adjustable range of the ratio 

of polymer and plasticizer is limited around a narrow ‘sweet spot’ and still remains only a 

tradeoff. In addition, it was just recently shown that lithium dendrite penetration as a 

consequence of insufficient mechanical stability and not as commonly assumed insufficient 

oxidative stability might also be the reason why PEO-based SPEs cannot be used in 

combination with high voltage cathode materials such as NMC622, which is essential in order 

to achieve high energy densities.14,15,150,151 

In this regard, a tradeoff is established where a low Tg and therefore a high chain mobility 

provides better ionic conductivity but insufficient mechanical stability for PEO-based SPEs 

whereas a high Tg affords better mechanical stability, but at the expense of a reduced ionic 

conductivity. To solve this dilemma, it is necessary to tune both properties independently from 

each other. For this purpose, block copolymers have demonstrated to be a valuable candidate 

to overcome this issue by introduction of one PEO-based polar block, as well as a high Tg non-
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polar block, such as polystyrene (PS).32 By self-assembly of these block copolymers, e.g. via 

slow solvent evaporation, phase separated polar and non-polar micro domains are formed, 

where one domain (usually the polar PEO domain) contributes to the ion transport whereas the 

other domain (usually the non-polar high Tg domain) provides mechanical stability, hence, 

when properly balanced, yielding macroscopically solid block copolymer films.152,153 Here, one 

of the most studied examples is PS-b-PEO (Scheme 17) which is synthesized by sequential AP. 

In 2007 Singh et al.154 for instance reported ionic conductivities of 0.36 mS cm-1 at 90 °C and 

high storage moduli of 106 to 107 Pa in comparison to 100 Pa for pure PEO. Further, Wang et 

al.155 in 2003 studied a PS-b-(PS-graft-PEO)-b-PS triblock copolymer (Scheme 17) which 

featured an ionic conductivity of 0.1 mS cm-1 at 60 °C, however no rheological or other 

mechanical data were provided. Zhang et al.156 also studied a PS-b-PEO-b-PS triblock 

copolymer (Scheme 17) with different polystyrene block lengths. They reported an ionic 

conductivity of 0.23 mS cm-1 at 70 °C for a composition with a decent film forming ability, but 

no data proving the mechanical stability were provided. Even more, those type of block 

copolymers were paired with the previously described commercially available methacrylate-

based PEO side chain copolymers giving PS-b-POEGMA. Here, Rolland et al.147 observed 

ionic conductivites up to 0.1 mS cm-1 at 60 °C and storage moduli up to 104 Pa whereas pure 

POEGMA showed the properties of a free-flowing newtonian fluid.  

 

 

Scheme 17. Structure of selected PEO-based block copolymers as published by Singh et al.,154 

Wang et al.,155 Zhang et al.156 and Rolland et al.147 

 

However, all of the before-mentioned systems suffer from different drawbacks: The synthesis 

of PS-b-PEO, which is prepared by AP, is both tedious and highly dangerous since ethylene 

oxide gas is used as monomer.154,157,158 Further, crystallization is still an issue in such linear 
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PEO block copolymers. Here PS-b-POEGMA for instance features a reduced crystallinity due 

to the side chain approach, however the ester moieties of the methacrylate represents a chemical 

weak point in terms of thermal and electrochemical stability as well as against nucleophilic 

impurities.159,160 All in all, while numerous (block) copolymers of PEO have been studied as 

PEs for LIBs, all still suffer from at least one particular deficit.  
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3 Motivation and Goal 

As stated before, PEO-based PEs are of great interest due to their typical advantages such as a 

low Tg, chain flexibility, electrochemical stability against lithium-metal and great solubility for 

conductive lithium salts. Further, it is readily available and straightforward to use due to its 

great film forming ability. However, the provided ionic conductivity (especially at room 

temperature) does not meet the high demands due to its tendency to crystallize. Herein, polymer 

chemists are able to address this challenge by architectural approaches, inherently reducing the 

crystallinity within the PEO-based materials by changing its molecular structure; e.g. polymers 

bearing grafted PEO side chains represent a facile method of overcoming crystallinity issues. 

Because of being anchored to the polymer backbone, the PEO side chains feature a less 

pronounced crystallization tendency (Figure 4a) resulting in superior ionic conductivity at 

lower temperatures. Thus, in the frame of the present dissertation such architectural approaches 

should be explored: Side chain PEO copolymers should be synthesized and subsequently 

thoroughly analyzed to determine optimal parameters such as side chain length, lithium salt 

content or grafting density. Furthermore, other architectural approaches should be taken into 

account, providing a view of the great toolbox of synthetic polymer chemistry. 

 

 

Figure 4. Schematic depiction of the intended concept of the present thesis. a) Architectural 

approaches such as the synthesis of side chain PEO should be followed to reduce the inherent 

crystallinity. b) Further, block copolymers bearing the previously explored PEO side chain 

polymers and a second block possessing mechanical stability should be introduced, thus 

providing a possible solution for the mechanical stability/ionic conductivity dilemma. 

 

Moreover, block copolymers have demonstrated their versatility as PEs from a practical point 

of view. Their inherent property to form a microphase separated morphology on the nanometer 

scale ensures the decoupling of domains providing mechanical stability from domains 

guaranteeing ionic conductivity. Thus, they represent one possibility of solving the mechanical 

stability/ionic conductivity dilemma, as explained in Chapter 2.7 of this thesis. Combining the 
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advantage of previously addressed PEO side chain copolymers and block copolymers, 

respective block copolymers should be synthesized and their corresponding PEs should be 

characterized by thermal, morphological and electrochemical properties, providing a 

comprehensive view onto the underlying structure-properties relationships. 
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4 Results and Discussion 

The current chapter provides an insight into the work and achievements of this dissertation. To 

do so, subchapters each discuss a specific issue in a rounded manner providing the reader with 

a comprehensive view onto the specific topic. Nonetheless, the different chapters are structured 

chronologically as well as logically, giving a continuous deeper understanding of PEO-based 

architectures.  

In the first part, vinyl ether-based PEO side chain copolymers were synthesized and thoroughly 

characterized by thermal and electrochemical means elucidating the influence of side chain 

length, LiTFSI content and grafting density on the Tg, the crystallinity and the resulting ionic 

conductivity. 

The second chapter arose from the first project and deals with the first report of the PPM of 

defined functional vinyl ethers that were synthesized by controlled cationic polymerization 

using a novel single-component initiation and control agent. 

The third chapter describes the use of a novel four-arm cage-shaped PEO polymer as PE and 

its thermal and electrochemical characterization, a study that had been conducted jointly with 

Dr. Martin Gauthier-Jaques, who was responsible for the cage polymer synthesis. 

The fourth chapter deals with styrene-based PEO side chain block copolymers as PEs. Here, a 

comprehensive view regarding the synthesis, a brief look onto the ideal side chain length and 

LiTSFI content, thermal, morphological and electrochemical properties, is provided. 

Ultimately, it was shown that the provided mechanical stability of this SPEs enables operation 

in high voltage lithium-metal batteries. 

The fifth chapter extends the previous one by elucidating a strategy, that enables to plasticize 

microphase separated block copolymers without loss of mechanical stability, thus giving an 

advanced solution for the mechanical stability/ionic conductivity dilemma. 

All projects were previously published in peer-reviewed journals by the author (Andreas J. 

Butzelaar) as disclosed in the beginning of each subchapter. 
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4.1 A Systematic Study of Vinyl ether-based Poly(ethylene oxide) 

Side Chain Polymer Electrolytes 

As described in Chapter 2.7, Itoh et al.29 described the ionic conductivity of pure vinyl ether-

based ethylene oxide side chain homopolymers with (O-CH2-CH2)n side chain lengths of n = 3, 

6, 10 and 23.5 units, corresponding to a side chain molecular weight of ~ 160, 300, 470 and 

1000 g mol-1 respectively. They found the highest ionic conductivity when using LiTFSI with 

a ratio of [Li+]:[EO] 1:20 and the longest side chain (23.5 units/1000 g mol-1) at temperatures 

above 20 °C. However, the majority of their employed side chains were relatively short (10 

units or less), and they did not use a PEO side chain longer than 23.5 units (1000 g mol-1), 

although their findings show a clear trend that longer side chains might be beneficial above 

room temperature.  

Therefore, the area of vinyl ether-based PEO side chain structures was expanded in this study 

in order to draw a comprehensive picture of how different parameters such as PEO side chain 

length, LiTFSI content and grafting density influence the thermal properties as well as the ionic 

conductivity of those PEs (Figure 5). This provided an important and fundamental 

understanding of the structure-property relationship that is valuable for various PEO side chain 

PEs, independent of the nature of their polymer main chain backbone.  

 

 

Figure 5. Intended concept: Examination of the influence of PEO side chain length, LiTFSI 

content and grafting density on the thermal properties as well as the ionic conductivity. 

 

Parts of this chapter and the corresponding parts in the experimental section were adapted with 

permission from a publication written by the author (Andreas J. Butzelaar).27 
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4.1.1 Synthesis Strategy 

Motivated by the previously referenced results of Itoh et al.29 different vinyl ether-based PEO 

side chain copolymers with different grafting densities were synthesized. In doing so, the focus 

was laid on side chain lengths above 10 EO repeating units (up to 54 units) since longer side 

chains showed promising ionic conductivities according to the as-mentioned study. 

Simultaneously, a relatively low grafting density of 20% ([comonomer]:[PEO side chain] 4:1) 

was targeted to ensure a significant spatial distance between each PEO side chain, thus possibly 

suppressing crystallization. 

To fulfill this goal, poly(ethylene oxide) methyl ethers (mPEOz; z is hereby defined as the 

corresponding average molar mass as indicated by the supplier) were used for the synthesis of 

a series of five different vinyl ether-based copolymers (polymer series Az; z is defined as the 

molar mass of the corresponding mPEOz) bearing PEO side chains via the ‘grafting-to’ 

approach described by Gao and Matyjaszewski.161 For this, a precursor polymer 3 was 

synthesized by cationic copolymerization of cyclohexyl vinyl ether 1 and diethylene glycol 

vinyl ether tosylate 2. Herein, 1 was chosen to ensure a spatial separation of the PEO chains by 

its bulky cyclohexyl motif while featuring comparable oxidative stability to PEO17 (Figure 88). 

Afterwards, post-polymerization modification (PPM) based on a nucleophilic attack of in-situ 

generated mPEOz-alkoxides was conducted in order to obtain the desired PEO side chain 

copolymers 4 (see Scheme 18). 

 

 

Scheme 18. Route for the synthesis of vinyl ether-based PEO side chain copolymers. Starting 

from cyclohexyl vinyl ether (1) and diethylene glycol vinyl ether tosylate (2), a precursor 

polymer (3) was synthesized via cationic polymerization using the base-assisted initiating 

system162. Afterwards, this precursor polymer was functionalized using post-polymerization 

modification via nucleophilic substitution with in-situ generated mPEO alkoxides yielding the 

final polymers (4). All PPMs featured quantitative conversions.  
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The successful and quantitative PPM was proven by SEC (exemplary Figure 6a, Table 15) and 

1H-NMR spectroscopy (Figure 6b). Here a significant shift of the polymers’ molar mass as 

well as the disappearance of the tosyl (δ = 7.75, 7.32 and 2.45 ppm) and the appearance of the 

PEO side chains signals (δ = 3.55 and 3.37 ppm) were visible. Further, the thermal properties, 

as discussed in the following, also supported the successful PPM. 
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Figure 6. Successful and quantitative post-polymerization modification shown by a) SEC 

(exemplary polymer A1000) and b) 1H-NMR spectroscopy (exemplary polymer A400). 
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4.1.2 Thermal Characterization 

After the successful synthesis of the targeted PEO side chain copolymers, their thermal 

properties of the PEO side chain vinyl ethers were analyzed via DSC and TGA (summary given 

in Table 2). While precursor A showed 5% weight loss (Td5) at 190 °C, the functionalized 

PEO side chain polymers A400 – A2000 were stable up to Td5 ~ 340 °C showing a good 

thermal stability as wells as proving once more the clean post-polymerization modification 

(Figure 7). Furthermore, the thermal stability after the addition of LiTFSI ([Li+]:[EO] 1:10) 

was examined, since this is more representative for the real application of these polymers. Only 

a negligible shift towards lower decomposition temperatures was observed, most probable due 

to the decreased Td of pure LiTFSI (333 °C163) as compared to pure polymers A400 – A2000. 
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Figure 7. TGA thermograms of the precursor A (Td5 = 190 °C, black line), polymer A750 

(Td5 = 356 °C, blue line) as an example of the PEO side chain copolymers and the polymer 

electrolyte obtained after blending of polymer A750 and LiTFSI ([Li+]:[EO] 1:10; 

Td5 = 328 °C, red line). 

 

Generally, DSC measurements of PEO-based polymer electrolytes are of particular interest 

since the results are closely related to the ionic conductivity.164,165 While the precursor polymer 

A had a Tg of around 5 °C, the series of modified polymers A400 – A2000 showed the usual 

characteristics of PEO-based materials owing to their semi-crystalline structure (Table 2, 

exemplary Figure 8).166,167 Therefore, regarding their side chain length, a Tg and/or a melting 

point Tm of the PEO side chains was observed. For polymers bearing shorter PEO side chains 

(polymers A400 – A750) a Tg at around -65 °C was detected, which is in accordance with the 

typical temperature reported in the literature168. However, for longer side chain lengths 



 Results and Discussion 

37 

(polymers A1000 and A2000 corresponding to around 24 & 54 EO repeating units, 

respectively) a Tg could not be observed under the measuring conditions used, owing to their 

higher degree of crystallinity. Instead, prominent melting points were detected. It has to be 

mentioned that although polymers A400 – A750 featured a Tg, they still featured melting points 

due to the as-mentioned semi-crystalline structure.  

 

Table 2. Summary of the glass transition temperature Tg, the melting temperature Tm, and the 

temperature at 5% weight loss Td5 with and without added LiTFSI ([Li+]:[EO] 1:10) for 

polymer A400 – 2000 as well as the precursor A.  

n.d. = not detectable, *Calculated by 1H-NMR integration. 
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Figure 8. Exemplary depiction of the difference in the thermal behavior before the attachment 

of PEO side chains (black), after the attachment (blue) and after blending with LiTFSI 

([Li+]:[EO] 1:10, red). 

 

Entry Polymer 
EO 

units* 

Tg 

[°C] 

Tm 

[°C] 

Tg + LiTFSI 

[°C] 

Tm + LiTFSI 

[°C] 

Td5 

[°C] 

Td5 + LiTFSI 

[°C] 

1 
Precursor 

A 
- 5 n.d. - - 190 - 

2 
Polymer 

A400 
11.3 -66 -1 -35 n.d. 350 320 

3 
Polymer 

A550 
15.8 -67 14 -41 n.d. 336 306 

4 
Polymer 

A750 
19.8 -65 27 -40 n.d. 356 328 

5 
Polymer 

A1000 
24.3 n.d. 34 -41 n.d. 346 286 

6 
Polymer 

A2000 
54.0 n.d. 50 -43 n.d. 351 306 
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One key point is the fact that EO side chain length, melting point Tm and required energy per 

mass to melt the crystalline phases ΔHmelt (equals to the integral of Tm) are directly correlated. 

Polymer A400 with a side chain length of around 11 EO repeating units only showed a barely 

detectable melting point at around -1 °C. However, with increasing side chain length, the 

melting point shifted towards higher values while also the peak integral (ΔHmelt) increased 

(Figure 9a and b). Since ΔHmelt is directly correlated to the degree of crystallinity, the reduction 

of the latter in comparison to pure PEO (196.4 J g-1)169 could be calculated (Figure 9b). It is 

remarkable that polymer A400 showed a reduction in crystallinity of around 98%, while a 

reduction of around 81% was found for polymer A550. Interestingly, even polymer A2000, 

which contained around 54 EO repeating units, still featured a remarkable reduction in 

crystallinity of 48%. Overall, these results showed the successful approach of side chain 

architectures in order to reduce the crystallinity of such PEO-based materials by a significant 

degree. 
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Figure 9. a) Depiction of the increasing value as well as the area of the melting points Tm of 

the polymers bearing different PEO side chain lengths. b) Development of the melting points 

with increasing side chain length and corresponding percental reduction of crystallinity in 

comparison to pure PEO (see also Table 22). 

 

Additionally, the thermal behavior of the polymer materials after mixing with LiTFSI was 

examined. As shown in Table 2, the polymer electrolytes did not show any melting point after 

mixing with LiTFSI in a ratio of [Li+]:[EO] of 1:10. Instead, they featured a glass transition 

temperature that was shifted to higher temperatures in comparison to the pure materials. Both 

effects, the reduction in crystallinity as well as the shift of the Tg, are typical for blends of PEO-

based materials with LiTFSI.170 On the one hand, this is caused by the so-called quasi-ionic 
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cross-linking, which describes the physical linking of different PEO chains by polar interaction 

originating from the coordination of lithium ions, thus decreasing mobility and therefore 

increasing the Tg. On the other hand, the quasi-ionic cross-linking and the bulky TFSI- anion 

are suppressing crystallization of PEO chains by hindering their alignment. Generally, as 

reported in literature,29,148 especially short PEO side chains suffer from a huge increase in the 

glass transition temperature after mixing with lithium salts, probably due to the higher number 

of inter chain cross-links in comparison to intra chain cross-links. Since the shortest side chain 

used in this work already consists of around 11 EO repeating units, this effect was not very 

prominent, but yet polymer A400 showed a noticeable higher Tg than the longer polymer 

derivatives A550 – A2000 (Table 2). 

Furthermore, polymer A1000 (average PEO side chain length within polymer series A) was 

chosen to be candidate to present the influence of LiTFSI concentration onto the glass transition 

temperature (Figure 10). Four different blends employing [Li+]:[EO] ratios of 1:5, 1:10, 1:15 

and 1:20 were prepared and DSC measurements were conducted. All four ratios were sufficient 

in completely suppressing the crystallization of PEO side chains, while the corresponding Tg 

increased nearly linearly with increasing LiTFSI concentration from -51 °C ([Li+]:[EO] = 1:20) 

up to -33 °C ([Li+]:[EO] = 1:5). This can be explained by the fact that the number of quasi-

ionic cross-linking points increases with each added lithium ion up to a saturation limit where 

each oxygen atom already coordinates to one Li+ ion.  
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Figure 10. Dependency of the glass transition temperature Tg of polymer A1000 on different 

[Li+]:[EO] ratios. The nearly linear trend can be explained by the direct correlation of lithium 

ions and quasi-ionic cross-linking points.  
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4.1.3 Ionic Conductivity 

After thoroughly examining the thermal properties, the ionic conductivity was studied and the 

relationship between both properties was elaborated in great detail. Thus, temperature-

dependent electrochemical impedance spectroscopy (EIS) was conducted to elucidate the 

impact of the PEO side chain length and the LiTFSI salt content on the ionic conductivity. In 

this regard each polymer A400 – A2000 was used to obtain four different polymer electrolytes 

featuring [Li+]:[EO] ratios of 1:5, 1:10, 1:15 and 1:20, respectively. All ionic conductivity plots 

comprising the different LiTFSI ratios are shown in Figure 11.  

As generally known for PEO-based polymer electrolytes, a strong dependency of the LiTFSI 

content on the ionic conductivity was observed, reflecting trends that were already discussed 

for the evaluation of the DSC data. As shown in Figure 9d, high contents of Li+ ions lead to a 

high number of quasi-ionic cross-linking points, thus reduce the side chains mobility resulting 

in a high Tg. However, low Tg values are generally preferred, since segmental motion of PEO 

chains significantly assist ion transport in such materials and consequently the value of Tg can 

be used as an indication of the (side) chain mobility.171,172 In addition, very high amounts of Li+ 

ions hinder ion transport via inter/intra-chain hopping17,173 since most oxygen atoms are already 

occupied limiting the free volume. As a result, the highest LiTFSI content of [Li+]:[EO] of 1:5 

lead to the lowest ionic conductivity (~ 10-3 mS cm-1 and lower at 20 °C) among all polymers 

studied being one order of magnitude lower in comparison to lower contents (~ 10-2 mS cm-1 at 

20 °C), respectively (Figure 11a – 11e).  
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Figure 11. a) – e) Temperature-dependent ionic conductivity derived from EIS measurements 

of the copolymer systems bearing different PEO side chain lengths. The LiTFSI content was 

varied with respect to EO units. f) Depiction of the best performing polymer:LiTFSI 

combinations (1:20 for polymers A400 – A1000 and 1:15 for polymer A2000).  

 

It has to be further considered that there are several parameters which influence the ionic 

conductivity of PEs in different ways analogous to the impact on the thermal properties. It is 

well known that the TFSI- anion decreases the crystallinity as well as the Tg due to its bulky 

structure, thus acting as plasticizer and therefore having a positive impact on the ionic 
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conductivity.174 However, since LiTFSI is introduced as a salt, the number of Li+ ions is 

equivalent to the number of TFSI- anions and since the Li+ ions drastically increase the Tg 

(quasi-ionic cross-linking), the total amount of LiTFSI has to be adjusted carefully. 

Furthermore, longer PEO side chain lengths increase the crystallinity as result of chain 

alignment in the pure polymer, but also decrease the Tg showing higher side chain mobility as 

discussed previously for the DSC data (Table 2 and Figure 9). The combined effects of these 

different parameters are reflected in the ionic conductivity behavior. Polymers A400 – A1000 

(i.e. polymers with a side chain length of up to 24 EO repeating units) exhibited the highest 

ionic conductivity with a low content of LiTFSI of 1:20 in comparison to higher amounts, since 

the crystallinity was already drastically reduced by the side chain architecture and the drawback 

of using more Li+ ions outweighed the positive influence of the TFSI- anion (Figure 11a-d). 

On the contrary, polymer A2000 bearing the longest PEO side chain showed that the ionic 

conductivity at [Li+]:[EO] of 1:20 suffered from a significant drop below 40 °C due to a 

beginning partial crystallization (Figure 11e). Since the increasing side chain length also 

increased the chain alignment and therefore the crystallinity, a higher LiTFSI content of 1:15 

was beneficial due to the absent of crystallinity caused by the additional TFSI- anions. This 

general trend is summarized in Table 3.  

 

Table 3. Influence of the PEO side chain length, Li+ and TFSI- ions onto the crystallinity/chain 

alignment tendency, the Tg as well as the ionic condcuctivity. 

Entry Influence Effect 
Crystallinity/Chain 

alignment 
Tg Ion. conductivity 

1 
Increasing side chain 

length 
 ↑ ↓ 

Temperature-

dependent 

2 TFSI- Plasticizer ↓ ↓ ↑ 

3 Li+ 
Quasi-ionic cross-

linking 
(↓) ↑↑ ↓ 

 

When comparing the highest obtained ionic conductivity for polymers A400 – A1000, longer 

side chains perform better (24 > 20 > 16 > 11 units, corresponding to a factor of 3-5 between 

24 and 11 units) at all measured temperatures as shown in Figure 11f and more precisely in 

Figure 12. However, when comparing polymer A1000 (24 units) with polymer A2000 (54 

units), it is noticeable that a tradeoff between the ionic conductivity at higher and lower 

temperatures is established. While the longer side chain (54 units) showed a higher ionic 

conductivity at higher temperatures (30 °C and above; e.g. 7.4 × 10-2 mS cm-1 vs. 
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4.0 × 10-2 mS cm-1 at 40 °C), the shorter side chain (24 units) resulted in superior ionic 

conductivity at lower temperatures (20 °C and below; e.g. 1.2 × 10-3 mS cm-1 vs. 

0.8 × 10-3 mS cm-1 at 0 °C). This effect can be explained by the previously described 

circumstances that the suppression of crystallization and the influence on the Tg cannot be 

addressed individually. Therefore, polymers with shorter side chains show a well-suppressed 

chain alignment enabling superior ionic conductivity at lower temperatures, but the 

disadvantage regarding their Tg and thus their low side chain mobility results in lower ionic 

conductivities at higher temperatures, where suppression of chain alignment does not play any 

role. Further, polymers with longer side chains show a lower Tg (higher side chain mobility) 

and thus featuring higher ionic conductivity at higher temperatures, but their lack in suppression 

of chain alignment results in comparable lower ionic conductivities at lower temperatures. 
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Figure 12. Depiction of the ionic conductivity with respect to EO side chain length for the 

different polymers A400 – A2000. The best performing [LiTFSI]:[EO] ratio taken from Figure 

11f is displayed. For polymers with side chains of 24 repeating units and less, a longer side 

chain is preferable at each measured temperature. This changes in the transition from 24 to 54 

repeating units. At 30 °C and higher the longer side chain shows a higher ionic conductivity, 

while at temperatures below 30 °C shorter side chains show higher ionic conductivity. 
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4.1.4 Influence of the Grafting Density 

In the next step, the view onto the relationship between different side chain lengths, lithium salt 

content, thermal properties and ionic conductivity was expanded with respect to the grafing 

density. Therefore, statistical copolymers with a grafting density of 50% (polymer series B; 

Scheme 19, Table 16) were synthesized for comparability with polymers A400 – A2000, 

which featured a grafting density of 20%. While doing so, the focus was set on the shortest 

(~ 11 EO units) and the longest side chains (24 and 54 EO units) as wells as [Li+]:[EO] ratios 

of 1:15 and 1:20 for the EIS measurements as a consequence of the previously discussed results.  

 

 

Scheme 19. Three statistical copolymers (polymers B400 – B2000) were synthesized featuring 

a higher grafting density (monomer ratio 1:1; grafting density 50%) in comparison to polymers 

A400 – A2000 (monomer ratio 4:1; grafting density 20%). 

 

Table 4. Overview of the three different synthesized copolymers featuring a grafting density of 

50%. Tg and Tm were obtained by DSC measurements. Samples with added LiTFSI featured a 

[Li+]:[EO] ratio of 1:10. 

*Calculated by 1H-NMR integrals (difference to polymer series A within the error), n.d. = not detectable. 

 

When comparing the DSC results of polymer series B (Table 4) with series A (Table 2), it 

became obvious that a higher grafting density resulted in a higher melting point (10, 5 and 3 °C 

increase for polymers B400, B1000 and B2000, respectively) going hand in hand with a higher 

degree of crystallinity (Table 22). Still, polymers B400, B1000 and B2000 featured remarkable 

reductions in crystallinity of 75, 51 and 39% in comparison to pure PEO, respectively (Figure 

Entry Polymer EO units* 
Tg 

[°C] 

Tm 

[°C] 

Tg + LiTFSI 

[°C] 

Tm + LiTFSI 

[°C] 

1 Polymer B400 11.7 n.d. 9 -42 n.d. 

2 Polymer B1000 25.2 n.d. 39 -42 n.d. 

3 Polymer B2000 52.2 n.d. 53 -44 n.d. 
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13a). However, at the same time, the Tg of polymers B400, B1000 and B2000 after mixing 

with LiTFSI was noticeable lower for each polymer (Table 4) in comparison to their 

counterparts featuring lower grafting densities (Table 2; also summarized in Table 5). 

Furthermore, different amounts of LiTFSI were mixed with polymer B1000 analogously to its 

counterpart polymer A1000 revealing a lower Tg for each composition (Figure 13b). All these 

phenomena are direct results of the higher grafting density. Since there are more chains present 

and the distance between the chains is decreased in polymers with higher grafting densities, 

crystallization occurs more readily. Moreover, there are also more side chains per main chain, 

resulting in smaller number of chains taking part in the inter chain quasi-ionic cross-linking by 

Li+ ions and thus lowering the Tg. 
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Figure 13. a) Development of the melting points of polymer B400 – B2000 with increasing 

side chain length and corresponding percental reduction of crystallinity in comparison to pure 

PEO. b) Dependency of the Tg of polymer B1000 in regard to different [Li+]:[EO] ratios. As 

comparison the Tg of polymer A1000 (see also Figure 10), which features the same side chain 

length but a lower grafting density, is shown.  
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Figure 14. Temperature-dependent ionic conductivity derived from EIS measurements of 

polymer B400 – B2000 comprising [Li+]:[EO] ratios of 1:15 and 1:20. 

 

As already stated for the discussion of the ionic conductivities of polymers A400 – A2000, the 

DSC results of polymers B400 – B2000 are in line with the results of the EIS measurements 

(Figure 14, Figure 15 and Table 5). Although, the initial suppression of crystallization by the 

side chain architecture was lower for copolymers featuring a higher grafting density in 

comparison to the copolymers featuring a lower grafting density (Table 5), it was still sufficient 

to suppress crystallization in combination with added LiTFSI for polymers B400 and B1000 

(11 and 24 EO repeating units). At the same time, a lower Tg was observed resulting in higher 

chain mobility and thus in higher ionic conductivities at all measured temperatures in 

comparison to polymers A400 and A1000, respectively (Figure 15 and Table 5). For polymer 

B2000 the trend of a temperature-dependent tradeoff, which was already observed for its 

counterpart polymer A2000, continued. Here, the higher grafting density resulted once more 

in a reduced suppression of chain alignment but a slightly lower Tg, which consequently led to 

an even greater tradeoff between high and low temperatures (Figure 15 and Table 5). When 

summarizing these findings, it can be stated that an increasing grafting density results in the 

same effect as increasing side chain length.  
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Figure 15. Depiction of the ionic conductivity with respect to EO side chain length for the 

different polymers B400 – B2000 (—■—). The best performing [LiTFSI]:[EO] ratio taken 

from Figure 14 is displayed (B400 & B1000: [Li]:[EO] 1:20; B2000: [Li]:[EO] 1:15) . As 

comparison the ionic conductivity of polymers A400, A1000 and A2000 (□) comprising the 

same lithium salt contents (taken from Figure 12) is shown. 

 

Table 5. Summarizing comparison of the reduction of the crystallinity (RC) of the copolymers 

relative to pure PEO, the Tg ([Li+]:[EO] ratio 1:10) of the polymer electrolyte and the ionic 

conductivity at 0 as wells as 60 °C. 

*Taken from Figure 15 

  

Entry Polymer 
RC 

[%] 

Tg + LiTFSI 

[°C] 

σ0°C
* 

[mS cm-1] 

σ60°C
* 

[mS cm-1] 

1 Polymer A400 98 -35 0.26 × 10-3 0.35 × 10-2 

2 Polymer B400 75 -42 1.72 × 10-3 1.67 × 10-1 

3 Polymer A1000 70 -41 1.17 × 10-3 1.07 × 10-1 

4 Polymer B1000 50 -42 2.79 × 10-3 2.14 × 10-1 

5 Polymer A2000 48 -43 0.80 × 10-3 2.19 × 10-1 

6 Polymer B2000 39 -44 0.36 × 10-3 3.07 × 10-1 
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4.1.5 Recapitulation 

A series of different vinyl ether-based PEO side chain copolymers was synthesized and the 

corresponding polymer electrolytes featuring different PEO side chain lengths, different 

grafting densities and varying LiTFSI salt contents were studied. Consequently, a detailed 

picture of the influence of these different parameters on the thermal behavior and the ionic 

conductivity was drawn. Herein, it was shown that the PEO side chain approach is capable of 

reducing the degree of crystallinity of PEO phases dramatically, ranging from a reduction by 

98% (polymer A400) to 39% (polymer B2000) in comparison to pure PEO. Furthermore, it 

was precisely described that copolymers bearing longer PEO side chains and higher grafting 

densities showed higher crystallization tendencies but lower Tgs. Also, the addition of LiTFSI 

reduced the crystallization due to the TFSI- anion acting as plasticizer, while the Li+ cations 

increased the Tg as a result of quasi-ionic cross-linking of PEO chains. When summing up all 

these effects, it is obvious that each parameter has positive and negative influences on the 

thermal behavior. Since this is directly reflected in the ionic conductivity, a ‘sweet spot’ has to 

be found in order to minimize chain alignment, while at the same time maintaining a low Tg. 

However, this seems to be only partially possible, because at one point a tradeoff between high 

and low temperature ionic conductivity is established. Consequently, the best achieved ionic 

conductivity at room temperature (20 °C) was 2.19 × 10-2 mS cm-1 using polymer B1000 (50% 

grafting density, 24 units side chain) and a [LiTFSI]:[EO] ratio of 1:20, while at 60 °C polymer 

B2000 (50% grafting density, 54 units side chain) showed the best results (3.07 × 10-1 mS cm-1) 

when employing a [LiTFSI]:[EO] ratio of 1:15. Overall, a fundamental and detailed view of the 

strong relationship between structure and ionic conductivity was provided, thus acting as 

guidance for future studies on PEO-based side chain architectures for application as solid 

polymer electrolytes within this dissertation. 
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4.2 Synthesis and Post-Polymerization Modification of Defined 

Functional Poly(vinyl ether)s 

This project originated as a side project of the first one. Since the vinyl ethers used in Chapter 

4.1 were polymerized by CP, different systems to do so were evaluated. In this regard, the novel 

single-component initiation and control system48 described in Chapter 2.1.1 was examined, 

but it was not possible to control the vinyl ether systems employed in Chapter 4.1. Nonetheless, 

the system generally displayed a facile method for the synthesis of poly(vinyl ether)s. Because 

the latter as electron rich monomers are typically polymerized by CP (as explained in Chapter 

2.1) pendant side groups featuring isolated C=C double or C≡C triple bonds do not interfere 

with the CP itself in comparison to radical side reactions in RP.38 Yet, it is surprising to note 

that until now not many studies of PPM of poly(vinyl ether)s bearing functional groups 

consisting of C=C double or C≡C triple bonds have been reported. This might be due to the 

general requirements of CCPs such as highly purified and dried reactants and solvents, the 

demand for a perfectly inert atmosphere and usually low reaction temperatures, as previously 

described.175–177 Additionally, the limited scope of commercially available vinyl ethers is 

possibly also a consequence of their rare use in PPMs and vice versa. Therefore, the 

straightforward CP using PMCCP displayed an intriguing method as it allows for 

unprecedented PPMs of poly(vinyl ether)s. Thus, a series of four different functionalized vinyl 

ethers was synthesized and their polymerization and subsequent modification was investigated 

in order to provide a fundamental insight into the synthesis of functional poly(vinyl ether)s to 

broaden potential application areas of this polymer class (Figure 16) 

 

 

Figure 16. Strategy for the synthesis of functional poly(vinyl ether)s P1 – P4 bearing C=C 

double- or C≡C triple-bonds and their subsequent post-polymerization modification via click 

chemistry. 

 

Parts of this chapter and the corresponding parts in the experimental section were adapted 

with permission from a publication written by the author (Andreas J. Butzelaar).178  
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4.2.1 Monomer Synthesis 

In order to combine the novel single-component initiation system by Kottisch et al.48 using 

PMCCP with the prominent and highly efficient thiol-ene/-yne and CuAAC reactions for PPMs, 

two types of monomer classes bearing pendant C=C double or C≡C triple bonds, respectively, 

were investigated. Both functional groups were linked either by an alkyl spacer or an 

ethyleneglycol spacer to the vinyl ether monomer to investigate the potential influence of the 

spacer on the polymerization and subsequent PPM.  

Monomer M1 and M2 were synthesized by nucleophilic substitution employing deprotonated 

ethylene glycol vinyl ether and allyl bromide or propargyl bromide, respectively (Scheme 20). 

Monomer M3 and M4 were synthesized from tosylated tetramethylene glycol vinyl ether using 

either an in-situ generated organocuprate (monomer M3) derived from allyl magnesium 

bromide and copper(I) bromide or with lithium acetylide (monomer M4) (see Chapter 6.4 for 

synthesis details). 

 

 

Scheme 20. Synthesis of functional vinyl ether monomers M1 – M4 bearing either C=C double 

or C≡C triple bonds starting from ethylene glycol vinyl ether (x = 1) or tetramethylene (x = 3) 

glycol vinyl ether. 
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4.2.2 Controlled Cationic Polymerization 

After the successful synthesis of the functional monomers, their cationic polymerization using 

PMCCP as single-component initiator and control agent was studied. Herein, for each monomer 

three polymerizations yielding polymers with targeted degrees of polymerization (DP) of 25, 

50 and 100 were conducted in order to show the controlled character of the polymerization. In 

general, the targeted molar masses were reached in most cases within the tolerance of the molar 

mass determination by SEC while maintaining low dispersities (Table 6, exemplary Figure 

17a). Further, all functional groups remained untouched as proven by 1H-NMR spectroscopy 

(exemplary Figure 17b; Figure 69 – Figure 72). 

 

Table 6. Overview of the polymerizations of the different monomers 1 – 4 using PMCCP as 

single-component initiator and control agent. 

Entry Monomer Eq. Atmosphere Time 
[h] 

Mn,theo
§ 

[g mol-1] 
Mn,exp

* 
[g mol-1] 

Đ* 
[1] 

1 M1 25 Air 2 3200 3400 1.25 

2 M1 50 Air 2 6400 5700 1.14 

3 M1 100 Air 3 12800 3700 1.56 

4 M1 100 N2 3 12800 7500# 1.33 

5 M2 25 Air 1 3150 4000 1.16 

6 M2 50 Air 2 6300 7100 1.19 

7 M2 100 Air 3 12600 5100 1.45 

8 M2 100 N2 3 12600 11000 1.36 

9 M3 25 Air 3 3500 3000 1.07 

10 M3 50 Air 3 7000 5200 1.06 

11 M3 100 Air 6 14000 10500 1.11 

12 M4 25 Air 3 3100 3000 1.07 

13 M4 50 Air 4 6200 6000 1.05 

14 M4 100 Air 8 12400 9800 1.10 

*Determined by SEC with PMMA standards. #Mp = 11700 g mol-1 (Showing that in principle the targeted molar 

mass is reached, but the broad dispersity results in a comparably low Mn) §Mn,theo = M(monomer) × eq. 
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Figure 17. a) SEC traces of the polymerization of monomer M3 targeting DPs of 25, 50 and 

100 using PMCCP as single-component initiator and control agent. b) 1H-NMR of polymer P3 

(DP50) proving the intact vinyl group after polymerization. 

 

However, several trends were observed: Within each polymer series, polymers with the largest 

DP = 100 exhibited the highest dispersity. This is most probably due to the prolonged reaction 

time and less PMCCP present, which increased the chance for side reactions. Nevertheless, it 

appeared that the monomers without an additional oxygen atom in the spacer (i.e. monomer M3 

and M4) allowed for a better control over the polymerization in comparison to the ones with an 

additional oxygen atom in the spacer (i.e. monomer M1 and M2). This becomes obvious when 

comparing the dispersities of the respective polymers P3 and P4 (Đ = 1.05 – 1.11) with 

polymers P1 and P2 (Đ = 1.14 – 1.36) and is further supported by the fact that it was not 

possible to synthesize polymers P1 and P2 with a DP of 100 in a controlled manner without 

changing the atmosphere to nitrogen (Figure 18a; Table 6 entry 3/4 and 7/8), while the 

polymerization of monomers M3 and M4 did not suffer from this issue under ambient 

conditions. Furthermore, it was noticed that polymerizations conducted under air atmosphere 

resulted in polymers with broader distributions when the atmosphere was frequently changed, 

for example by removing the lid of the reaction vessel during polymerization (Figure 18b). It 

therefore seems on the one hand that the PMCCP system can handle a certain amount of air, 

but not an unlimited exposure to ambient air. On the other hand, the control over the 

polymerization is apparently suffering if additional oxygen atoms are present in the monomer 

structure, probably due to an interaction of the second oxygen with the transition state 

complex,48 thus weakening the interaction with the vinyl ether oxygen, or an overall higher 

polarity of the monomer. Both effects result in more possibilities for side reactions to take place 

therefore eventually increasing the dispersity. This outcome is also in accordance with the 
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observation that PEO-based vinyl ethers of Chapter 4.1 could not be polymerized with this 

system. Nonetheless, a straightforward polymerization of functional vinyl ethers could be 

successfully realized under air atmosphere in most cases. 
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Figure 18. a) Comparison of the polymerization results of M1 targeting a DP of 100 under air 

(blue) and nitrogen (black) atmosphere. b) SEC results of the polymerization of M2 targeting 

a DP of 50 where the vial was opened frequently (blue) or kept closed (black). 

 

In addition, an exemplary kinetic study of the polymerization was conducted using monomer 

M2 in order to further investigate its controlled character. For a controlled or ‘living’ 

polymerization a linear increase of ln([M] 0/[M]) with time as well as a linear correlation of the 

molar mass Mn and the conversion is characteristic.177,179,180 As shown in Figure 19a and b both 

characteristics were fulfilled proving the first order kinetics of the polymerization as well as the 

linear increase of Mn with conversion, in accordance with the theoretically expected values of 

Mn. Therefore, it can be stated that side reactions are well suppressed and that a living character 

of the polymerization can be assumed for the functional vinyl ethers M1 – M4 in analogy to 

the alkyl vinyl ethers described by Kottisch et al.48 

 



Results and Discussion 

54  

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

1

2

3

4

5

6
ln

([
M

] 0
/[

M
])

 /
 1

Time / h

0 20 40 60 80 100

0

2000

4000

6000

8000

10000

 exp

 theo

M
n
 /
 g

 m
o

l-1

Conversion / %
 

Figure 19. a) Kinetic study of monomer M2 (DP = 50) proving the controlled character of the 

reaction by the linear development of ln([M]0/[M]) vs time as well as b) the linear development 

of the molar mass Mn with conversion, which is in good agreement with the theoretically 

calculated development. 
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4.2.3 Post-Polymerization Modification 

Next, the synthesized polymers P1 – P4 with a DP of 50 were used for a subsequent post-

polymerization modification via thiol-ene reaction of P1 and P3, or thiol-yne and CuAAC 

reaction of P2 and P4. Herein, thiol-ene reactions of the vinyl groups in P1 and P3 were 

conducted using three different substrates, i.e. 1-dodecanethiol (DDT), 4-tert-butylbenzylthiol 

(TBBT) and mercaptoethanol (ME). The alkyne group containing polymers P2 and P4 were 

functionalized using DDT and TBBT for thiol-yne reactions as well as benzyl azide (BzN3) for 

the CuAAC reaction (Table 7).  

 

Table 7. Overview of the post-polymerization modification reactions of polymers P1 – P4. 

Entry Polymer PPM Reactant 
Mn,before

* 

[g mol-1] 
Đbefore

* 

[1] 
Mn,after

* 

[g mol-1] 
Đafter

* 

[1] 

1 P1 Thiol-ene DDT 5700 1.14 14600 1.13 

2 P1 Thiol-ene TBBT 5700 1.14 10100 1.14 

3 P1 Thiol-ene ME 5700 1.14 7400 1.12 

4 P2 Thiol-yne DDT 7100 1.19 19200 1.22 

5 P2 Thiol-yne TBBT 7100 1.19 15500 1.33 

6 P2 CuAAC BzN3 7100 1.19 9900 1.11 

7 P3 Thiol-ene DDT 5200 1.06 10500 1.07 

8 P3 Thiol-ene TBBT 5200 1.06 8700 1.07 

9 P3 Thiol-ene ME 5200 1.06 6500 1.08 

10 P4 Thiol-yne DDT 6000 1.05 15000 1.06 

11 P4 Thiol-yne TBBT 6000 1.05 12200 1.10 

12 P4 CuAAC BzN3 6000 1.05 7400 1.05 

*Determined by SEC with PMMA standards. All PPMs featured quantitative conversion of the respective 

functional group as determined by 1H-NMR spectroscopy. 
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Figure 20. Exemplary FT-IR spectrum before a) and after b) the PPM of polymer P2 with 

DDT showing the disappearance of the C≡C triple-bond. 

 

Generally, all PPM reactions proceeded quantitatively in both the consumption of their 

functional group as well as the attachment of the substrate (Table 7), with the disappearance 

and appearance of the corresponding signals in the 1H-NMR spectra of the successfully formed 

products (see Chapter 6.4). Moreover, FT-IR as well as ESI-MS measurements were used to 

further prove the successful reaction and quantitative conversion of the functional groups 

(Figure 20 and additionally Figure 90 – Figure 100). Further, a shift of the polymers’ molar 

masses Mn as indicated by SEC confirmed the efficient PPM using the employed click reactions 

(exemplarily shown in Figure 21 for the thiol-ene reaction of polymer P1 with TBBT).  
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Figure 21. PPM of polymer P1 using TBBT as shown by a) the clear shift of the SEC elugram 

while maintaining a low dispersity and a symmetrical signal and by b) the conversion of the 

double bond as well as the appearance of the corresponding signal of the tert-butylbenzylthio 

ether as determined by 1H-NMR spectroscopy (bottom: before, top: after). 
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Also, the dispersity of the post-modified poly(vinyl ether)s remained mostly constant with some 

minor exceptions showing a slight increase in dispersity after functionalization (e.g. Table 7 

entry 5). Probably, this is a result of an excessive radical concentration causing minor radical 

coupling reactions of carbons next to the formed thioether moieties. The influence of the 

amount of AIBN and thiol moiety on the outcome of the thiol-yne reaction was exemplarily 

demonstrated using P2 with TBBT in order to prove that the broadening can be minimized by 

optimization of the reaction parameters (Figure 22). A lower amount of AIBN resulted in a less 

pronounced shoulder, but using 0.125 equivalents of AIBN was not sufficient in reaching full 

functionalization. Furthermore, the equivalents of TBBT were increased, both with and without 

a reduction of the overall concentration. The former did not reach full conversion, but by using 

0.25 equivalents of AIBN, 8.00 equivalents of TBBT per alkyne group and the standard 

concentration a satisfying peak shape (shoulder barely visible) as well as full functionalization 

was reached. Therefore, successful optimization of the reaction conditions could be eventually 

demonstrated.  
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Figure 22. SEC results of the optimization of the thiol-yne reaction of P2 and TBBT.  
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4.2.4 Recapitulation 

In summary, a series of four different vinyl ether monomers M1 – M4 bearing pendant C=C 

double or C≡C triple bonds as functional groups were successfully employed in the controlled 

cationic polymerization via the PMCCP single-component initiation system under air 

atmosphere. It was found that the PMCCP only tolerates certain disturbing factors, such as 

variations in the chemical monomer structure and targeted molar mass. Yet, a nitrogen 

atmosphere is beneficial for the outcome of the controlled polymerization, especially with 

respect to high targeted molar masses of the functional poly(vinyl ether)s. Subsequently, the 

successful and quantitative PPM of the poly(vinyl ether)s P1 – P4 via thiol-ene/yne or CuAAC 

reactions using different substrates was demonstrated. Overall, the synthesis of diversely 

functionalized poly(vinyl ether)s was advanced by successfully combining the PMCCP-

controlled cationic polymerization of poly(vinyl ether)s with the efficient PPM via different 

click reactions, hence minimizing the synthetic complexity. 
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4.3 The Power of Architecture – Cage-shaped PEO and its 

Application as a Polymer Electrolyte 

In this chapter, the gram scale synthesis of a four-arm cage-shaped PEO and its application as 

PE is discussed. The well suppressed crystallization by the cage architecture significantly 

improved the ionic conductivity at lower temperature in comparison to control samples with 

other architectures, thus proving the great toolbox of polymer chemists to overcome 

crystallization issues in PEO-based PEs. 

 

 

Figure 23. Ionic conductivity as function of PEO molecular architecture. The cage architecture 

shows an increased ionic conductivity at temperatures below 40 °C due to the well suppressed 

crystallization. 

 

Parts of this chapter and the corresponding parts in the experimental section were adapted with 

permission from a publication written by the author (Andreas J. Butzelaar).181 

The synthesis of the cage-shaped PEO was developed and conducted by Dr. Martin Gauthier-

Jaques and is covered in detail in his dissertation,182 while the thermal characterization as well 

as all PE-related parts were done by the author (Andreas J. Butzelaar). 
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4.3.1 Synthesis 

As stated above, the synthesis was developed and conducted by M. Gauthier-Jaques, thus only 

a brief overview will be given. For more details, the reader is referred to the corresponding 

publication and dissertation.181,182 

 

 

Scheme 21. Schematic summary of the gram scale synthesis of PEOcage by semi-batch CuAAC 

reaction. 

 

As starting material, a commercially available four-arm star-shaped PEO polymer (PEOstar), 

with a Mn of 5.0 kg mol-1 and a dispersity below 1.05 was used. The functional end-group 

3-azido-5-ethynylbenzoic acid (AEBA) was synthetized beforehand in accordance with the 

previous study of M. Gauthier-Jaques.183 Subsequently, esterification of PEOstar with AEBA 

was successfully conducted under mild conditions by EDC coupling, yielding end-

functionalized star-shaped PEO (PEOend-func). Then, a topological conversion of the end-

functionalized star-shaped polymer into the cage-shaped PEO was performed by adapting 

conditions from a previous report183 and expanded to the gram-scale in order to obtain a 

sufficient quantity of material for the intended application as PE. To do so, the synthetic closing 

step was performed in a semi-batch process guaranteeing a steady-state concentration of the 

reactive species throughout the reaction (Scheme 21), thereby efficiently suppressing undesired 

intermolecular reactions that would yield a cross-linked material. In detail, the topological 

conversion of the star-shaped PEOend-func into its cage-shaped counterpart (PEOcage) was 

achieved by CuAAC and resulted in an isolated yied of 43% (i.e. 1.55 g) after subsequent 

chromatography column purification (Table 8). The structure was confirmed by in-depth 

analysis as covered in the dissertation of M. Gauthier-Jaques.182  
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Table 8. Overview of the main characteristics PEO polymers by SEC and 1H-NMR analysis. 

Entry Polymer 
Mn

* 

[g mol-1] 

Mn
# 

[g mol-1] 

Đ 

[1] 

Yield 

[%] 

1 PEOstar 5700 7200 1.04 - 

2 PEOend-func 6400 8000 1.05 94 

3 PEOcage 6400 4700 1.14 43 

*Obtained by 1H-NMR. #Obtained by SEC. 
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4.3.2 Polymer Electrolytes  

The thermal properties of the cage-shaped PEO were characterized by DSC and compared to 

the unfunctionalized star-shaped PEO. As discussed beforehand, PEO-based materials are 

commonly comprised of both crystalline and amorphous domains in variable ratios. Thus, their 

semi-crystalline nature can be characterized by their Tm and Tg as well as the related 

enthalpies.184 As mentioned before, within this thesis PEO-based PEs are of primary interest, 

which should preferably exhibit a completely amorphous phase, i.e a non-existing 

crystallization, in order to enable ionic conductivity in the created free volume.185 Additionally, 

a low Tg ensures a maximal chain mobility and an optimal ion transport by segmental 

motion.23,186  
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Figure 24. Comparison of DSC thermograms of PEOstar, PEOcage and PEcage1:25 samples, 

showing the reduced/suppressed crystallization as consequence of architecture change and 

lithium salt addition. Subscripted numbers correspond to the [LiTFSI]:[EO] ratio. 

 

The predominant crystalline nature of PEOstar was confirmed by the prominent Tm located at 

47.5 °C, the high fusion enthalpy ΔHmelt of 121.0 J g-1 and the absence of a noticeable Tg 

(Figure 25a, Table 9). In comparison, literature values for high molar mass linear PEO are 

reported as Tm ~ 65 °C187–189, ΔHmelt = 196.4 J g-1 169, indicating an influence of the PEO 

architecture on the crystallization, yet not suppressing it completely. A further suppression of 

the crystallization was observed after the topological conversion into PEOcage, with Tm and 

ΔHmelt reduced to 30.3 °C and 51.6 J g-1, respectively, and a clearly detectable Tg of -45.9 °C 

(Figure 25a, Table 9). These values correspond to a reduction of crystalline domains by 58% 
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or 74% in comparison to PEOstar or pure PEO,190 respectively, and represent an impressive 

reduction of crystallinity induced via a topological conversion into a cage-shaped architecture. 

In comparison, the reduction of crystallinity observed in the comb-shaped polymer architecture 

(Chapter 4.1), consisting of comparable 24 and 54 ethylene oxide (EO) repeating units per side 

chain, was only 51% and 39% (Table 5), respectively, relative to pure PEO. Furthermore, the 

thermal properties of different PEs prepared from PEOcage (thus denoted as PEcage) as well as 

PEOstar by addition of Li+-salt (PEstar) for comparison were examined considering that the 

addition of LiTFSI salt impacts the crystallinity substantially due to its plasticizing character. 

While lithium salt loadings of [Li+]:[EO] of 1:20 and 1:25 completely suppressed crystallization 

of the PEOcage, these loading values were not sufficient to suppress the crystallization for the 

comparable PEstar samples with ΔHmelt = 38.6 J g-1 and 61.6 J g-1 for [Li+]:[EO] of 1:20 and 

1:25, respectively, as shown in Table 9. Notably, significantly higher LiTFSI loadings 

comprised of [Li+]:[EO] between 1:6 – 1:12 are usually necessary to ensure a completely 

amorphous PEO.190 Moreover, in both PEstar and PEcage samples, the Tg values decreased when 

the [Li+]:[EO] ratio was reduced from 1:20 to 1:25, due to a lower amount of quasi-ionic cross-

linking between the PEO chain segments.191 On the contrary, higher Tg values were 

systematically observed for PEcage in comparison with PEstar arising from the architecture-

induced restriction of the polymers’ segmental motion. Nonetheless, the thermal 

characterization showed quite impressively that the topological conversion into a cage-based 

architecture not only reduces crystallinity, but also allows for lower LiTFSI loadings than usual. 

 

Table 9. Overview of the thermal properties obtained by DSC analysis for PEOstar and 

PEOcage and their related PEs. 

Entry Polymer / PE [Li+]:[EO] 
Tm 

[°C] 

ΔHmelt 

[J g-1] 

Tg 

[°C] 

1 PEOstar - 47.5 121.0 n.d. 

2 PEstar1:20 1:20 35.0 38.6 -42.5 

3 PEstar1:25 1:25 39.0 61.6 -44.2 

4 PEOcage - 30.3 51.6 -45.9 

5 PEcage1:20 1:20 n.d. n.d. -40.8 

6 PEcage1:25 1:25 n.d. n.d. -41.3 

n.d. = not detectable. 
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In addition, the thermal stabilities of PEOstar, PEOcage and PEcage1:25 were examined by TGA 

measurements. All materials showed a good thermal stability up to over 280 °C with a 

decomposition temperature at 5% weight loss Td5 of around 334 °C for PEOstar, 299 °C for 

PEOcage and 288 °C for PEcage1:25 (Figure 25b). Here, the presence of thermally more labile 

ester moieties might induce a small reduction in thermal stability when comparing PEOstar with 

both other samples. Further, the remaining char above 500 °C of ~12% (for PEOcage) and ~15% 

(for PEcage1:25), could be correlated to the theoretical content of [34]-triazolophane within 

PEOcage (11.8%) and the remaining lithium species within PEcage1:25. 
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Figure 25. Comparison of TGA thermograms displaying the degradation profile of PEOstar, 

PEOcage and PEcage1:25. Subscripted numbers correspond to the [LiTFSI]:[EO] ratio. 

 

Finally, the ionic conductivities of both PEcage samples were measured within a temperature 

range of 70 °C to 0 °C by EIS and compared to the values obtained from PEstar and a linear 

PEO-based electrolyte (PElinear with 5 Mg mol-1) (Figure 26). In accordance with the DSC 

results, the complete crystallization suppression of the PEcage samples led to a typical Vogel-

Tammann-Fulcher behavior regarding their ionic conductivity. In addition, PEcage1:25 

performed slightly better than PEcage1:20 over the whole temperature range, as predicted by the 

difference in Tg of 0.5 °C noticed between their respective DSC thermograms resulting from 

the lower LiTFSI salt loading, which reduced the quasi-ionic cross-linking and thus increased 

the segmental motion. Instead, EIS analyses of PEstar and PElinear showed the known and 

eminent drop in ionic conductivity as soon as PEO crystallization occurred in the range from 

50 °C to 30 °C depending on the respective topology and the LiTFSI content. However, the 
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higher chain mobility of PEstar and PElinear above their melting points resulted in a slightly 

enhanced ionic conductivity compared to PEcage. Yet, PEcage exhibited a superior ionic 

conductivity below 40 °C, leading to ionic conductivity values of 1 × 10-2 mS cm-1 at 20 °C, 

therefore outperforming the PEstar and PElinear by a factor of 10. Nonetheless, it has to be stated 

that these obtained ionic conductivities are still relatively low in a practical point of view 

(compared to the usually targeted 1 × 10-1 mS cm-1 at 20 °C), though showing what 

architectural approaches taken by polymer chemists are capable of. 
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Figure 26. Temperature-dependent ionic conductivity of PEcage compared to PEstar and PElinear 

samples with different LiTFSI loading ratios. Subscripted numbers correspond to the 

[LiTFSI]:[EO] ratio. 
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4.3.3 Recapitulation 

In conclusion, the gram scale synthesis of a four-arm cage-shaped PEO was successfully 

accomplished, opening the possibility for applicational studies. For this, PEOcage was 

investigated as a potential PE for LIBs. In this regard, addition of a low amount of lithium salt 

to the PE resulted in purely amorphous samples with superior ionic conductivity below 40 °C. 

Notably, the ionic conductivity gap recorded at 20 °C exceeded the values of the PE control 

samples by 10 times. Besides being a significant step ahead in the research of applications for 

cage-shaped polymers, the present study clearly underlines the importance of topology and 

architecture when designing polymer materials for specific applications. Lastly, the exciting 

opportunities offered by architectural approaches might contribute to the conception of next 

generation PEs to advance electric energy storage. 
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4.4 Styrene-Based Poly(ethylene oxide) Side Chain Block 

Copolymers as Solid Polymer Electrolytes for High-Voltage 

Lithium-Metal Batteries 

This chapter covers styrene-based PEO side chain block copolymers as SPE. Based on Chapter 

4.1 which already dealt with PEO side chain architectures, the impact of different PEO side 

chain lengths and the LiTFSI content onto the thermal properties as well as the ionic 

conductivity of the derived microphase separated SPEs was briefly examined. The block 

copolymer composition providing the highest ionic conductivity was selected to proceed with 

further detailed thermal, mechanical and electrochemical characterization, eventually 

illustrating a successful long-term cycling in lithium-metal||NMC622 full cells. 

 

 

 

Figure 27. The optimized PEO-based block copolymer structure suppressed lithium-dendrite 

growth and thus enabled cycling with NMC622 without commonly observed rapid cell failure. 

 

Parts of this chapter and the corresponding parts in the experimental section were adapted with 

permission from a publication written by the author (Andreas J. Butzelaar).192 

The electrochemical experiments were conducted in close cooperation by Philipp Röring from 

Helmholtz Institute Münster. 
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4.4.1 Strategy 

As described in Chapter 2.7, block copolymers have demonstrated to be capable of solving the 

mechanical stability/ionic conductivity dilemma through introduction of one PEO-based polar 

block, as well as a high Tg non-polar block, such as PS.32 However, the synthesis of frequently 

used PS-b-PEO, prepared by AP, has the drawback of being both tedious and highly dangerous 

due to the employed ethylene oxide gas.154,157,158 Moreover, in other systems such as PS-b-

POEGMA, the ester moieties of the methacrylate represent a chemical weak point in terms of 

thermal and electrochemical stability as well as against nucleophilic impurities.159,160 Thus, a 

synthetic approach toward block copolymers was developed overcoming both before 

mentioned drawbacks by exploiting styrene and styrene monomers featuring PEO side chains, 

resulting in block copolymers with a thermally and (electro)chemically stable backbone. PS 

was chosen as the non-conducting block to provide a good mechanical stability due to its Tg of 

around 100 °C,193 affordable price and exceptional compatibility with common polymerization 

techniques such as RAFT, thus avoiding AP. Furthermore, the side chain approach reduces the 

inherent crystallinity as already shown in Chapter 4.1. In comparison to the previously 

described study however, the PEO side chains were attached to styrene in order to keep perfect 

compatibility with the unfunctionalized styrene during the polymerization. Finally, the 

microphase separation of the block copolymers allows for the preparation of a macroscopically 

self-standing, truly ‘dry’ SPE having both good flexibility as well as intrinsic mechanical 

stability.  
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4.4.2 Synthesis  

Block copolymers were prepared affording flexible, self-standing films of dry PEO-based 

polymer electrolytes, which feature sufficient mechanical stability to prevent lithium dendrite 

growth and reasonable ionic conductivity. A key point is the ability of both blocks to form so-

called microphase separated domains on a nanoscale level driven by their polarity difference, 

i.e. difference in their mixing parameter .194–196 Thus, block copolymers were synthesized by 

firstly polymerizing the macromonomers vinyl benzyl mPEOz ether (VBmPEOz), which 

feature a styrene functionalized mPEOz chain, using 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid (DDMAT) as RAFT agent to achieve perfect control over the radical 

polymerization (Scheme 22). Consequently, a macro-RAFT agent197 based on styrene repeating 

units with grafted PEO side chains was obtained (PVBmPEOz). Subsequently, PVBmPEOz 

was used for the chain extension with styrene as exemplarily shown in Figure 28 to eventually 

obtain the block copolymer PVBmPEOz-b-PS (hereinafter denoted as BPz).  

 

 

Scheme 22. Sequential block copolymerization by a) RAFT polymerization of VBmPEOz 

giving a so-called macro-RAFT agent (PVBmPEOz) followed by b) chain extension with 

styrene eventually yielding PVBmPEOz-b-PS (BPz). 
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Figure 28. Exemplary a) 1H-NMR and b) SEC spectrum of the chain extension of 

PVBmPEO2000 with styrene forming PS-b-PVBmPEO2000 (BP2000). The shift of the 

polymers’ molar mass as well as the appearance of the PS proton signals confirm the successful 

formation of a block copolymer. 

 

Three different PEO side chain lengths were employed featuring 8, 22 and 45 EO units 

corresponding to a mPEOz side chain molar mass of z = 400, 1000 and 2000 g mol-1, 

respectively. Thus, the degree of polymerization (DP) of PVBmPEOz was predefined to be 30 

(z = 400), 15 (z = 1000), and 9 (z = 2000) with respect to their different molar mass and their 

different reactivity. Furthermore, the length of the second block, i.e. the PS block, was adjusted 

to feature a mass fraction of 50% of the final block copolymer, to obtain flexible, self-standing 

films. This is of particular interest due to the facilitated processing as well as the fact that a 

dimensionally stable film in principle yields more robust electrode interfaces.10,147 

Consequently block copolymers with total molar masses Mn of ~ 25, 29 and 38 kg mol-1 (as 

determined by SEC with PS standards, see Table 10) for BP400, BP1000 and BP2000 were 

obtained, respectively.  

 

Table 10. Overview of the different block copolymers. 

Entry Polymer 
EO 

units* 

Mn, PVBmPEOz
§ 

[g mol-1] 
ĐPVBmPEOz

§ 
Mn, BPz

§ 

[g mol-1] 
ĐBPz

§ wVBmPEOz
# ϕVBmPEOz

$
 

1 BP400 9.4 10100 1.11 24900 1.22 0.56 0.53 

2 BP1000 25.5 10400 1.08 28600 1.25 0.52 0.49 

3 BP2000 48.4 17600 1.10 38300 1.16 0.49 0.46 

*Average per PEO side chain. Calculated by 1H-NMR integrals. §Measured by SEC with PS standards. #Calculated 

by 1H-NMR integrals $Calculated using the densities of PS (1.07 g cm-3) and PEO (1.21 g cm-3). Note that this 

calculation is not 100% correct, since PEO is attached as side chain.  
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4.4.3 Polymer Electrolytes 

The previously synthesized block copolymers BPz were used to prepare SPEs with 

self-standing film properties in order to study the impact of different side chain lengths as well 

as the LiTFSI content onto the thermal properties and ionic conductivity. Although a detailed 

description of all the relationships has been elaborated in previous works,27,28 the influence of 

different parameters was briefly explored since it was not clear whether block copolymers 

would behave in analogy to the previously examined homopolymers. 

To begin with, BP1000 with a side chain length of around 22 EO units was chosen to examine 

the influence of different LiTFSI concentrations, since this side chain length showed promising 

ionic conductivities in previous studies and features a medium length among the three different 

side chains.27–29 SPEs with [Li+]:[EO] ratios of 1:5, 1:10, 1:15 and 1:20 were produced and 

investigated using EIS as well as DSC. The latter showed that all LiTFSI concentrations in 

combination with the side chain approach were sufficient in rendering the PEO-based domain 

completely amorphous (Table 11), which is of particular importance, since ion transport is 

suspected to be mainly possible within amorphous domains.198,199 Furthermore, the Tg increased 

with increasing LiTFSI content due to a higher number of quasi-ionic cross-links, lowering the 

overall segmental motion of the side chain (Table 11, Figure 29c).190  

 

Table 11. Overview of the thermal properties of the PEO domains of the different SPEs. 

Entry Polymer [LiTFSI]:[EO] 
Tg PEO domain 

[°C] 

Tm PEO domain 

[°C] 

1 BP400 1:15 -42.2 n.d. 

2 BP1000 1:5 -32.8 n.d. 

3 BP1000 1:10 -43.2 n.d. 

4 BP1000 1:15 -47.2 n.d. 

5 BP1000 1:20 -49.5 n.d. 

6 BP2000 1:15 -47.6 n.d. 

n.d. = not detectable. 

 

Upon inspection of the corresponding ionic conductivities (Figure 29a), it became obvious that 

the [Li+]:[EO] ratio of 1:5 showed by far the worst ionic conductivity among the different 

LiTFSI contents over the whole temperature range. However, all other employed ratios resulted 
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in higher but very similar conductivities over the whole temperature range. A ratio of 1:10 was 

beneficial at higher temperatures, while ratios of 1:15 and 1:20 were better at lower 

temperatures. Overall, it was decided to continue the characterization of the SPEs with a 

[Li+]:[EO] ratio of 1:15 in the following, since it exhibited the best overall performance over 

the whole measured temperature range. 
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Figure 29. a) Ionic conductivities of SPEs derived from BP1000 and different LiTFSI 

concentrations and b) comparison of the ionic conductivities of BP400, BP1000 and BP2000 

featuring a LiTFSI ratio of [Li]:[EO] of 1:15. c) Corresponding Tgs to a) and b). d) Exemplary 

depiction of the flexible character of the SPE derived from BP2000 with LiTSFI forming a self-

standing film. 

 

Next, the ionic conductivities of BP400, BP1000 and BP2000 with a [Li+]:[EO] ratio of 1:15 

were compared. An increasing ionic conductivity with increasing number of EO units from 

BP400 to BP2000 was observed (Figure 29b). Taking BP400 as an example, around 20 wt% 

of the PEO-based domain consists of styrene from the backbone due to the fact that each side 
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chain with around 400 g mol-1 features one styrene functionality with around 100 g mol-1. This 

results on the one hand in a lower fraction of the PEO-based domain being actually able to 

conduct ions and on the other hand an increase in Tg due to the significantly higher Tg of styrene 

in comparison to PEO (Table 11, Figure 29c). These relationships become quite visible, when 

BP1000 and BP2000 are included in this consideration. They exhibited a styrene content of 9 

and around 5 wt%, respectively, and therefore the percental fraction of styrene content as well 

as the Tg of the PEO-based domain is decreasing within this series (Table 11, entry 1, 4 and 6, 

Figure 29c). Furthermore, longer PEO side chains statistically lead to less inter molecular 

quasi-ionic cross-linking in comparison to short side chains, which also affects the Tg.
27,28 

Comparing consistent LiTFSI ratios, a lower Tg results in higher segmental motion at the same 

temperature and thus in higher ionic conductivity, as can be seen in Figure 29b. Another further 

explanation for this behavior might be a better phase separation of PS and PEO-based domains 

due to a higher difference in polarity when less ‘backbone PS’ contributes to the PEO-based 

domain. However, this aspect is difficult to quantify and beyond the scope of this project. 

Furthermore, it was noticed that in contrast to Chapter 4.1 there was no tradeoff established 

between PEO side chain lengths of 1000 and 2000 g mol-1, where the former showed higher 

ionic conductivity at higher temperatures and the latter at lower temperatures.27 This might be 

attributed to the formation of domains on a nanoscale level caused by the block copolymer 

architecture, hence potentially hindering chain alignment within these domains (thus boosting 

ionic conductivity for longer chains at lower temperatures). Therefore, this contrasts with the 

previously considered homopolymers, where the whole bulk material forms a single 

macroscopic domain. 

Still, it has to be noted that the measured ionic conductivities of 1.6 × 10-2 mS cm-1 at 25 °C 

and 1.8 × 10-1 mS cm-1 at 65 °C are relatively low from a practical point of view, but very 

competitive considering that a truly ‘dry’ PEO-based microphase separated block copolymer 

having about 50 wt% PS incorporated was used.155,156,159 In addition, it has to be mentioned that 

ionic conductivity is only one important feature of a SPE. Other properties such as flexibility 

(Figure 29d) and wettability and thus better interfacial contact to the electrodes, a sufficient 

electrochemical stability towards the electrodes as well as sufficient high limiting currents are 

also highly important for a stable battery performance. Moreover, a high mechanical stability 

of the SPE and a high limiting current density influence the dendritic growth and thus the cell 

safety.200–202 Overall, based on the conductivity results, the SPE prepared from BP2000 and 

LiTFSI with a ratio of [Li+]:[EO] = 1:15 (in the following denoted as BPE2000) was further 

characterized.  
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4.4.4 In-depth Characterization of BPE2000 

One reason for choosing PS as the backbone as well as the block providing the mechanical 

solidity was due to its high thermal stability.203 To verify this, a TGA measurement of BPE2000 

was conducted, showing a highly stable SPE with a 5% weight loss at a temperature of 331 °C 

(Td5) (Figure 30). The single degradation suggests a simultaneous decomposition of PS, PEO 

as well as LiTFSI, which are all known to degrade around this temperature.163,203,204  
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Figure 30. TGA thermogram of BPE2000 showing a single degradation step. 

 

Furthermore, the morphology of BPE2000 was investigated in more detail. DSC measurements 

confirmed the microphase separation by showing two distinct Tgs for both PS- and PEO-based 

domains at 100°C and -47°C, respectively (Figure 31a). Furthermore, the ionic conductivities 

as shown in Figure 29 can only be achieved if phase separation occurred, since a non-separated 

structure would decrease the ionic conductivity significantly because the conductive domain 

would contain a substantial amount of a non-conducting polymer (i.e. PS), which would 

increase the Tg and thus decrease the mobility. To further elucidate the morphology, small-angle 

x-ray scattering (SAXS) measurements were conducted (Figure 31b). Herein, the presence of 

a primary maximum at a scattering vector (q) of q* = 0.23 nm-1 confirmed the microphase 

separation, whereas the presence of additional maxima at 2q* and barely visible at 3q* revealed 

a high degree of ordering, since non-ordered microphase separated polymers only show the 

main maximum.205 In addition, it is indicative for a lamellar, long-range ordered morphology,206 

as anticipated for a block copolymer with a block ratio in the range of 50/50.158  
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Figure 31. a) DSC thermogram of BPE2000 revealing the phase separation by simultaneously 

showing the Tg of the PEO-based and the PS domain and b) SAXS spectrum suggesting a long-

range ordered, lamellar morphology. 

 

Moreover, the average domain spacing (d) of around 27 nm was calculated by Equation 1, 

which is in agreement with comparable PS-b-PEO or PS-b-POEGMA structures featuring a 

similar molar mass of the blocks (~ 19 kg mol-1 per block).196,207 However, these values are not 

straightforward to compare, because the LiTFSI content and the macromolecular architecture 

(linear vs. grafted) influence the domain size.158,208–210 

 
d = 

2π

q*
 (Equation 1) 

In addition, rheological measurements of BPE2000 and the corresponding homopolymer 

electrolyte (i.e. without the PS block) were conducted (Figure 32). While the homopolymer 

electrolyte was a viscous liquid as shown by the low storage modulus G’ and loss modulus G’’, 

BPE2000 was a self-standing film with G’ of around 1 MPa and G’’ of around 0.1 MPa. 

However, it has to be noted that these measured values describe the rheological behavior for 

the bulk material comprising both PS and PEO domains. Thus, due to the phase separation of 

the block copolymer it can be expected that PS domains with their Tg at 100°C are 

predominantly contributing to the mechanical stiffness, which is characterized by a G modulus 

of around 1 GPa.211 This high mechanical stiffness is even in the range of metallic lithium (G 

modulus of 3.4 GPa) and essential for the use of BPE2000 as SPE in lithium-metal batteries in 

order to suppress lithium dendrite growth.124,200,202 Srinivasan et al. proposed that in PEO-based 

polymer electrolytes a G modulus higher than 3.4 MPa (GSPE > 10-3 GLi) leads to plastic 
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deformation of the lithium-metal dendrite, thus decreasing the height of the dendrite protrusion 

and therefore additionally decreasing the concentration/overpotential contribution to dendrite 

growth.200 Further, PEO-based domains are characterized by a low Tg and also a high flexibility 

and wettability, which is shown for the homopolymer, therefore providing an optimal contact 

towards the electrodes. 
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Figure 32. Oscillatory rheology of BPE2000 and the corresponding homopolymer electrolyte 

(PVBmPEO2000) showing the improved bulk mechanical stability of the former. 
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4.4.5 Electrochemical Characterization 

Since the ionic conductivity of a dual-ion conducting SPE is a combination of anion (TFSI-) 

and cation (Li+) mobility and thus only points out the overall ion movement, it is necessary to 

determine the transference number of such a SPE to obtain an insight in the actual lithium ion 

mobility. For this, the combined potentiostatic polarization and complex impedance 

measurement proposed by Evans et al.212 was used to determine the transference number of 

BPE2000 (Figure 33). As explained in Chapter 6.1.11, the transference number of BPE2000 

was calculated to 0.13, which is in the typical range of PEO-based SPEs28,156,213,214 and thus 

underlines the assumption of a successful microphase separation and the ion conduction within 

the PEO-based domain. 
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Figure 33. Chronoamperometry and EIS for the measurement of the transference number for 

BPE2000. 

 

In the next step, the electrochemical stability of BPE2000, which is an essential information 

for the practical application as SPE, was evaluated. The intrinsic reductive stability was tested 

using linear sweep voltammetry (LSV) with copper as working electrode in a range from 

3.0 – -0.5 V vs. Li|Li+. As shown in Figure 34a, a small peak at ~ 1.5 V as well as a tiny, broad 

peak at ~ 0.3 – 0.5 V was observed, followed by lithium plating below 0 V. Especially, the peak 

at ~ 1.5 V is a known phenomenon, yet its origin is not fully understood, but reported to be a 

one-time event.215,216 In fact, cyclic voltammetry (CV) from 3.0 V – -1 V vs. Li|Li+confirmed 

the presence of this peak during the first cycle only (Figure 34b). In addition, the peak at 0.3 V 

seemed to decrease during cycles.  
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Figure 34. Determination of the electrochemical stability of BPE2000 by a) LSV in a range 

from -0.5 – 7.0 V vs. Li|Li+ (0.1 mV s-1) and b) CV in a range from -1.0 – 3.0 V V vs. Li|Li+ 

(0.1 mV s-1) 

 

Moreover, the intrinsic oxidative stability of the SPE using an anodic sweep from 3.0 – 7.0 V 

was determined as 5.1 V vs. Li|Li+ with platinum serving as working electrode (Figure 34b). 

However, these values are highly dependent on the set limits. Often, 0.01 or 0.015 mA cm-2 are 

chosen217, corresponding to even higher values. Still, the electrochemical stability window 

measured on inert materials such as platinum or copper does not reflect a realistic behavior in 

a lithium-metal battery. High surface area cathodes and chemical reactive lithium-metal often 

support electrochemical degradation during cycling.150,215 Therefore, to further investigate the 

compatibility with high voltage cathode materials, galvanostatic overcharging of the positive 

electrode was performed to determine limiting potentials in a more realistic way (Figure 35). 

Commonly employed LNMO as well as NMC622 were used as high voltage cathode materials 

to determine the onset of oxidation. Independent of the different mechanisms of lithium 

de-/intercalation a characteristic voltage plateau at 4.75 V vs. Li|Li+ was observed for both 

LNMO and NMC622 cathodes. This voltage plateau reflects parasitic reactions originating 

from oxidative decomposition of either the SPE itself, the present poly(vinylidene fluoride) 

PVdF in the composite cathode or both.218 As mentioned above, the onset of oxidative 

decomposition of the SPE against active materials can differ from the decomposition against 

inert materials such as platinum or copper. Nonetheless, there is no apparent current 

(< 0.01 mA cm-2 for potentiodynamic and no obvious voltage plateau for galvanostatic 

measurement) evolving from electrolyte oxidation below 4.3 V vs. Li|Li+ for both 

potentiodynamic and galvanostatic measurements and therefore an application of this SPE 

using high voltage cathode materials such as NMC622 appears very likely. 
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Figure 35. Determination of the electrochemical stability of BPE2000 by galvanostatic 

overcharging (0.1 C) using LNMO and NMC622 as high voltage cathode materials. 

 

Since one of the major advantages of SSBs is the use of lithium-metal resulting in an increased 

energy density, it is essential that the solid state electrolyte is suitable for use against lithium-

metal electrodes.115,219 Moreover, the increased mechanical stability attributed to the PS block 

(vide supra) is beneficial for the inhibition of lithium dendritic growth. Therefore, lithium 

plating stripping experiments were conducted at a current density of 0.1 mA cm-2 to examine 

the interfacial long-term stability on lithium-metal and the ability to reduce lithium dendrite 

growth. As shown in Figure 36, the overvoltage (initial overvoltage ~ 0.075 V) increased 

within the first cycles reflecting an increase of the resistance, presumably originating from the 

formation of an additional SEI by insignificant electrolyte decomposition. Once the SEI layer 

was formed completely, the overvoltage remained nearly stable at ~ 0.15 V over thousand 

hours. In general, this long-term overvoltage of ~ 0.15 V is a common value for similar 

PEO-based SPEs, whereas the initial overvoltage of ~ 0.075 V is rather low156,220 However, 

overvoltages in Li|SPE|Li cells are strongly related to several polymer properties such as film 

dimensions, interface resistances or mechanical properties and are thus of a complex nature, 

making it difficult to compare. Moreover, the shape of the voltage profiles (see inset of Figure 

36) rapidly reached a plateau implying a reduced cell polarization due to ionic concentration 

gradients.215 These findings indicated a stable and homogeneous lithium deposition behavior 

and consequently no short-circuit by dendrite penetration was observed over thousand hours, 
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whereas comparable PS-PEO block copolymers already underwent a short-circuit after 240 h156 

and pure PEO even within < 40 h220 under the same current density. 
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Figure 36. Lithium plating stripping experiments. Conditioning using 0.05 mA cm-2 for 10 

cycles. Afterwards, lithium was constantly plated and stripped with a current density of 

0.1 mA cm-2 for one hour over a total of 1000 hours. 

 

To further investigate the lithium dendrite growth, plating and stripping experiments were 

performed with a longer plating and stripping time as well as alternating current densities.  

As shown in Figure 37 the plating and stripping time with a current density of 0.1 mA cm-2 

was extended to four hours to evaluate the influence of a longer plating/stripping time. Similar 

to Figure 36 the voltage plateau at ~ 0.1 V was rapidly reached and remained nearly constant 

for around three hours and thus no cell polarization could be found implying a stable lithium 

deposition behavior. Afterwards, a small increase in overvoltage was observed (see inset of 

Figure 37) which probably resulted from kinetic limitations, possibly leading to a slow growth 

of lithium dendrites. However, this polarization seems to be reversible and does not result in a 

rapid cell failure or short circuit as can be seen from the stable long-term overvoltage, which 

showed only a small increase over ~ 300 hours (see also the corresponding EIS data Figure 

103). 
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Figure 37. Conditioning using 0.05 mA cm-2 for 10 cycles. Afterwards, lithium was constantly 

plated and stripped with a current density of 0.1 mA cm-2 for four hours over a total of 296 

hours. 

 

Moreover, the influence of different current densities (Figure 38) was evaluated by gradually 

increasing the latter from 0.1 to 0.3 mA cm-2 in intervals of 10 cycles. In addition, the cell was 

allowed to cycle for 10 cycles at 0.1 mA cm-2 between two intervals. As summarized in Figure 

38, it was found that the application of a current density of 0.3 mA cm-2, led to a swift increase 

of the overall overvoltage and to a severe polarization during one cycle (see inset of Figure 

38), whereas a stable voltage plateau at 0.1 V and 0.25 V was reached for current densities of 

0.1 and 0.2 mA cm-2, respectively. This polarization originated from concentration gradients 

within the electrolyte as a result of an insufficient Li+ transport and resulted in a considerable 

dendrite growth that cannot be suppressed by the morphology, hence, leading to a cell failure 

for current densities higher than 0.3 mA cm-2. However, compared to a pure PEO-based SPE, 

for which a short circuit is quickly observed at 0.2 mA cm-2, the limiting current density shown 

here is significantly increased with an even lower ionic conductivity.221 
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Figure 38. Lithium plating stripping with alternating current densities with 10 cycles at 

0.1 mA cm-2 in between. 

 

To corroborate the current density limitations derived from plating and stripping experiments, 

LSV was conducted with symmetrical Li|SPE|Li cells (Figure 39). The plateau at a current 

density of ~ 0.3 mA cm-2 is assumed to be the limiting current density and is in good agreement 

with the current density limitations previously identified in plating and stripping experiments. 

As indicated before, the limiting current density is higher compared to literature-known 

PEO-based SPEs comprising comparable or even significant higher ionic conductivities, thus 

underlining the beneficial interplay between mechanical stability provided by the PS domain, 

resulting in suppression of dendritic growth, and the ion conduction derived from the PEO-

based domain once more.221–223 
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Figure 39. LSV measurement in a Li||Li cell with a sweep rate of 0.02 mV s-1 to identify the 

limiting current density derived from the plateau.  
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4.4.6 Galvanostatic Cycling and Rate Capability 

After the promising results regarding the electrochemical stability against high voltage cathodes 

as well as stable Li|SPE interfaces, long-term constant current cycling and rate capability tests 

were conducted in Li||NMC622 full cells. Constant current cycling was performed at 60 °C and 

a rate of 0.1 C (Figure 40a, corresponding EIS data Figure 104). Remarkably, neither a rapid 

cell failure nor a commonly described voltage noise, both usually associated with the 

combination of PEO-based PEs and NMC62214,15,150 was observed over the course of 100 

cycles (Figure 40b). These results strongly support the recent findings regarding the 

compatibility of the use of PEO-based electrolytes in combination with NMC cathodes. 

Homann et al. showed that the voltage noise/rapid cell failure might not be caused by an 

insufficient oxidative stability, but rather reflect an insufficient mechanical stability and 

eventually Li-dendrite penetration.14 However, if sufficient mechanical stability15,150 or 

electrolyte thickness (e.g. 800 µm)14 is provided, dendrite penetration (and thus voltage noise 

and rapid cell failure) are suppressed or prolonged, respectively. Although, the employed 

BPE2000 films featured a thickness of only ~ 100 µm, the provided mechanical stability 

(G’ = 1 MPa for the bulk material, up to G’ = 1 GPa within the PS domain) due to the PS 

domain allowed for the successful cycling in Li||NMC622 full cells, which supports the 

statement that PEO-based SPEs can be used with NMC622 as long as a sufficient mechanical 

stability is guaranteed. Nonetheless, the cells did still show a noticeable capacity fading in 

comparison to other reports on non-PEO-based SPE classes in combination with NMC.217 

However, each SPE class features their own advantages and disadvantages in terms of 

performance, but also availability and affordability, thus complicating a direct comparison. 

Still, the origin of the capacity fading needs to be evaluated in more detail in upcoming studies 

in order to target an efficient cycling of PEO-based SPEs in Li||NMC622 cells. 
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Figure 40. a) Constant current cycling at 0.1 C of Li|BPE2000|NMC622 cells at 60 °C. 

b) Selected charge and discharge profiles of different cycles. Notably no voltage noise or rapid 

cell failure was observed. 

 

In addition, the rate capability was evaluated by variation of the charge rate, while the discharge 

rate was kept constant at 0.1 C. At 0.5 C, the cells retain 80% of the initial specific capacity and 

a severe decrease of the capacity retention merely occurred at C-rates higher than 0.66 C 

(Figure 41a and 41b), which is in good agreement with the measured limiting current density, 

resulting in sufficient capacity retention until a current density of ~ 164 mA g-1 

(180 mA g-1 = 1 C). The provided ionic conductivity of the PEO-based electrolytes was too low 

to enable a sufficient Li+ transport at higher C-rates. Here, probably kinetic limitations resulted 

in a blocking type polarization and thus a massive decrease in available capacity.223 This 

behavior can be seen in Figure 41b where a steep voltage increase is visible for 1, 2 and 5 C 

without a noticeable gain in capacity. Nevertheless, even at those high C-rates neither voltage 

noise nor rapid cell failure were observed as shown in Figure 41b, which is another proof for 

the enormous potential of BPE2000. 
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Figure 41. a) Rate capability tests (varying charge rate; 100% corresponds to ~ 172 mAh g-1) 

of Li|BPE2000|NMC622 cells at 60 °C. b) Selected charge and discharge profiles of different 

C-rates. Notably no voltage noise or rapid cell failure was observed. 

 

To overcome the capacity fading as well as the limited C-rate capability in a first instance, it is 

necessary to enhance the ionic conductivity of BPE2000. For this, the implementation of 

additives such as plasticizers is one of the most commonly applied approaches.17,23,24,215 

However, for bulk materials, plasticizers do not only increase the mobility of chains (and thus 

decrease the Tg), but also decrease the mechanical stability as a consequence, resulting again in 

issues with accelerated lithium dendrite growth. In this regard, block copolymers such as 

BP2000 can be designed in a sophisticated way to allow for the selective implementation of 

plasticizers into the PEO domain, while maintaining an untouched PS domain, thus – when 

properly balanced – resulting in an increased ionic conductivity without a decreased mechanical 

stability. This possibility in combination with the straightforward synthesis of the styrene-based 

PEO side chain block copolymers shows once more the huge potential of this type of material, 

since it allows for a simple decoupling of the implementation of additives and mechanical 

stability, which is hard to achieve by other methods. Thus, further studies will focus on 

optimizing the here presented SPE using non-volatile additives in order to enhance the ionic 

conductivity while still featuring a ‘dry’ SPE. 
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4.4.7 Recapitulation 

Herein, the straightforward synthesis of an inexpensive and fully ‘dry’ polymer electrolyte 

based on styrene featuring PEO side chains was introduced, overcoming both common 

drawbacks of comparable systems, namely on the one hand the tedious synthesis of PS-b-PEO 

as well as on the other hand the insufficient stability of PS-b-POEGMA block copolymers. The 

sophisticated architecture allowed to a) reduce crystallization, b) enable a microphase 

separation with long-range order, resulting in c) a good mechanical stability (G’ = 1 MPa for 

the bulk material, up to G’ = 1 GPa within the PS domain) and d) a good ionic conductivity 

decoupled from the mechanical stability. First, the impact of different LiTFSI ratios as well as 

different side chain lengths on the ionic conductivity and the thermal properties were briefly 

examined, showing that a [LiTFSI]:[EO] ratio of 1:15 and a relatively long side chain with 

around 45 EO repeating units exhibited a reasonably high ionic conductivity of 

1.6 × 10-2 mS cm-1 at 25 °C. Subsequently, the SPE comprising the highest ionic conductivity 

was further analyzed in detail. It was shown that the PS and PEO-based domains are separated 

on a microscopic level forming a long-range ordered, most probably lamellar block copolymer 

morphology as suggested by SAXS data, allowing for the preparation of an overall flexible, 

self-standing film featuring a good mechanical stability provided by the high modulus PS 

domains as well as a good wettability provided by the low modulus PEO domains (Figure 42).  

 

 

Figure 42. Schematics of dendrite suppression by microphase separation of block copolymers. 

As soon as a dendrite is in contact with the mechanically rigid block, its growth is stopped or 

significantly slowed down, depending on mechanical or local electric field effects. 
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A sufficient oxidative stability at voltages beyond 4.75 V was found using both potentiostatic 

and galvanostatic techniques as well as different electrodes and active materials, which 

demonstrated relevant compatibility with high voltage cathode materials such as NMC622. A 

stable Li|SPE interface was proven from LSV/CV as well as lithium stripping/plating tests over 

1000 hours and a comparable high limiting current density of 0.3 mA cm-2 was derived with 

respect to the provided ionic conductivity as consequence of improved mechanical stability. 

Full cell cycling in Li||NMC622 cells did not show any indication of rapid cell failure or the 

presence of voltage noise, unlike previously associated with the combination of PEO-based 

SPEs and NMC622, thus supporting the recently proposed opinion that sufficient mechanical 

stability is necessary for PEO-based SPEs to be applicable in combination with high voltage 

cathodes, such as NMC622 (Figure 42). Moreover, it was shown that such microphase 

separated PEO-based SPEs are of high interest for the next generation of high voltage lithium-

metal batteries, providing a straightforward and inexpensive approach for polymer-based 

energy storage solutions. In contrast to Bolloré’s state-of-the-art LMP® technology, the 

replacement of LFP with high voltage cathodes such as NMC622 increases the SSBs 

performance in terms of energy density and costs and thus might promote the applicability of 

SPEs in SSB.18 Nonetheless, the present SPE is still limited by its ionic conductivity in a 

practical point of view and noticeable capacity fading in combination with NMC622. To 

overcome this issue, further studies focusing on enhancement of the ionic conductivity, while 

maintaining all the other beneficial properties, are covered in the following chapter. This will 

not only allow for higher C-rates but also enable long-term cycling at lower temperatures, 

thereby circumventing parasitic processes. Moreover, the origin of capacity fading should be 

examined to drive forward the application of inexpensive PEO-based SPEs in high voltage 

lithium-metal batteries. 
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4.5 Advanced Block Copolymer Design for Polymer Electrolytes: 

Prospects of Microphase Separation 

This chapter deals with the improvement of the PEs established in Chapter 4.4. To do so, a 

strategy was developed based on the inclusion of plasticizers into the conducting phase of the 

PE without affecting the mechanical stability, thus offering a potential solution to the 

mechanical stability/ionic conductivity dilemma. This was achieved by selectively plasticizing 

only the conducting domain of the previously synthesized block copolymers with ionic liquids 

(ILs) while synthetically adjusting the PS domain accordingly to provide mechanical stability. 

The prepared PE films and membranes were characterized by thermal and electrochemical 

methods, corroborating microphase separation, the selective implementation of ILs, the 

enhanced ionic conductivity and thus the intended concept.  

 

 

Figure 43. The selective implementation of ILs as plasticizer allows for an enhanced 

mechanical stability of PEs in contrast to common plasticized PEs. 

 

Parts of this chapter and the corresponding parts in the experimental section were adapted with 

permission from a publication written by the author (Andreas J. Butzelaar).224 
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4.5.1 Strategy 

Herein, the microphase separation of block copolymers was utilized to selectively plasticize the 

conductive domain, thus maintaining the mechanical stability provided by the other domain. 

Taking advantage of this principle, the PS-based PEO side chain block copolymers 

(PVBmPEO2000-b-PS)192 introduced in Chapter 4.4 were employed and block copolymers 

with four different PS:PVBmPEO2000 ratios were synthesized. To do so, PVBmPEO2000-b-

PS was chosen as starting point and the length of the PS block was simply increased, while the 

degree of polymerization of the PEO side chain block (i.e., PVBmPEO2000) was retained 

constant. Afterwards, a defined amount of plasticizer was implemented into the 

PVBmPEO2000 phase (creating the ‘conducting phase’) in order to reach a final ratio of PS to 

conducting phase that enabled the formation of self-standing films (Figure 44).  

 

 

Figure 44. Schematics of the selective implementation of plasticizer into the conducting PEO 

side chain phase, while adjusting the PS phase synthetically. The retained block volume ratio 

(ϕ) of around 1:1 ensures great self-standing film properties, while the microphase separation 

guarantees enhanced ionic conductivity and good mechanical stability due to the unaffected PS 

phase. 
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As model compounds for the implemented plasticizer, two ionic liquids (ILs), namely Pyr14TFSI 

and PyrO7TFSI (structures shown in Scheme 23), were employed because of their high ionic 

conductivity, high thermal stability, large electrochemical window, their negligible vapor 

pressure and their known non-miscibility with PS.127  

 

 

Scheme 23. Chemical structures of 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide (Pyr14TFSI) and 1-oligo(ethylene oxide)-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (PyrO7TFSI). 
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4.5.2 Synthesis  

Block copolymers with different block ratios were synthesized to obtain a series of polymers 

featuring the inherent property to show microphase separation due to the difference in their 

mixing parameter .225 To do so, PVBmPEO2000-b-PS with a block ratio of around 

20 kg mol-1: 20 kg mol-1 was taken as starting point and the PS domain was incrementally 

increased. Thus, using the same macro-RAFT agent approach as in Chapter 4.4 a simple 

increase of the amount of styrene for the chain extension was sufficient (Scheme 24).  

 

 

Scheme 24. Block copolymer synthesis by a) polymerization of VBmPEO2000 giving 

PVBmPEO2000 as macro-RAFT agent. Subsequently, an increasing amount of styrene was 

used for the chain extension b) yielding PVBmPEO2000-b-PS comprising different block 

ratios (denoted as BPw where ‘w’ refers to w(PVBmPEO2000); see Table 12). Molar ratios 

were calculated by comparison of the integrals in 1H-NMR spectroscopy. 
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Hence, the application of straightforward RAFT polymerization allows for a fast and efficient 

synthesis of all these different compositions in a controlled manner with low dispersities (Đ ~ 

1.1 – 1.2) (Figure 45, Table 12), showing once more the synthetic advantage of this approach 

in comparison to e.g. PS-b-PEO synthesized by AP.  
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Figure 45. SEC traces of the macro-RAFT agent PVBmPEO2000 as well as the respective 

block copolymers BP49, BP39, BP31 and BP23 after chain extension with styrene. SECs were 

measured in THF, using PS as calibration standard. 

 

1H-NMR spectroscopy was employed to determine the block ratios with respect to its 

composition and, as a result, its molar mass as depicted in Scheme 24 and Table 12. Block 

copolymers with a block weight ratio of PVBmPEO2000:PS of 0.49 (being identical to BP2000 

in Chapter 4.4), 0.39, 0.31 and 0.23 were obtained, respectively. These specific ratios were 

chosen to ensure a sufficient difference between all compositions, thus emphasizing the change 

in properties for subsequent analyses. The lowest ratio was 0.23 (i.e., the block copolymer with 

the longest PS chain) because reaching even higher molar masses is challenging using RAFT 

polymerization on the one hand, while a ratio of 0.23 already enables the implementation of an 

enormous amount of plasticizer on the other hand. In order to calculate the volume ratio (ϕ) of 

both blocks, the densities for PS as well as PEO were used (Table 12). However, this calculation 

is not 100% correct because PEO is attached as side chains to PS and thus the density may 

differ slightly to that of pure PEO. Hence, it was decided to denote the block copolymers as 

BPw, where ‘w’ is referring to the respective weight ratio of PVBmPEO2000 in the block 

copolymer as shown in Table 12.  
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Table 12. Overview of the different PVBmPEO2000-b-PS block copolymers (denoted as BPw 

where ‘w’ refers to w(PVBmPEO2000)). 

Entry Polymer 
Mn

§ 

[g mol-1] 
Đ§ w(PVBmPEO2000)* ϕ(PVBmPEO2000)# 

1 PVBmPEO2000 17 700 1.10 1 1 

2 BP49 38 300 1.16 0.49 0.46 

3 BP39 50 600 1.17 0.39 0.36 

4 BP31 66 000 1.15 0.31 0.28 

5 BP23 90 600 1.20 0.23 0.21 

§Determined by SEC in THF using PS standards. *Calculated by integration of the respective signals in 1H-NMR 

spectroscopy. #Calculated using the densities of PS (1.07 g cm-3) and PEO (1.21 g cm-3). Noteworthy, this 

calculation is not 100% correct because PEO is attached as side chain. 
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4.5.3 Polymer Electrolytes 

Next, the block copolymer series BPw was used to prepare PE films showing microphase 

separation by addition of LiTFSI as conductive salt. Moreover, the addition of plasticizer should 

increase the ionic conductivity, the weight and thus the volume of the conducting phase, while 

still guaranteeing self-standing films by targeting an appropriate volume ratio of the two phases. 

This ability to form self-standing films facilitates the manufacturing of battery cells, but is also 

necessary to create stable interfaces and a resistance against lithium dendrite growth. 

Furthermore, the choice of the implemented plasticizer is of essential interest. Obviously, the 

plasticizer should decrease the Tg of the conducting PEO phase, thus enhancing segmental 

motion and consequently increasing the ionic conductivity.118,226 However, in this particular 

case it also is essential that the plasticizer is selectively infiltrating the conductive phase only, 

since plasticization of the PS phase would be counterproductive. Additionally, the plasticizer 

should be non-volatile, since it is necessary to control the optimized ratio of all ingredients 

exactly to form self-standing films. Thus, ILs were chosen as the candidate of choice because 

they fulfill all required demands: high ionic conductivity, high ability to plasticize PEO, no 

volatility and no miscibility with PS.227 

Subsequently, Pyr14TFSI was selected as one of the ILs of choice, due to the before-mentioned 

properties, its frequent application and readily availability.151,216 Recently however, it has been 

reported that the incorporation of Pyr14TFSI drastically decreases the lithium-ion transference 

number (tLi+) of a pure cross-linked PEO-based PE. To overcome this drawback, the butyl chain 

attached to the pyrrolidinium cation was replaced by a PEO chain bearing around 7 EO 

repeating units, thus giving PyrO7TFSI. Using this IL, not such a drastic drop in tLi+ was 

detected, therefore providing an overall superior electrochemical performance.215 Nevertheless, 

both PyrO7TFSI and Pyr14TFSI were investigated as potential IL candidates, since it was 

possible to incorporate much higher amounts of Pyr14TFSI in the PEO graft block copolymers 

in comparison to linear PEO reported in the literature.215,216,228 It was therefore hypothesized 

that tLi+ would rise again once a certain threshold concentration of IL is exceeded due to the 

formation of IL-dominated channels inside the PEO phase.127 

First, the series of block copolymers BPw was investigated semi-empirically to determine the 

maximum amount of IL that can be incorporated while retaining the ability to form flexible but 

self-standing films (Figure 46). To do so, the [LiTFSI]:[EO] ratio was fixed to 1:10, which was 

a slightly higher LiTFSI content than in Chapter 4.4 (1:15), because a slight increase was 

expected to be necessary to compensate for the addition of IL, which would lower the overall 
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concentration again. Additionally, this allows for a better comparison to other literature studies, 

in which a ratio of 1:10 is frequently used. Consequently the obtained PEs of polymer series 

BPw are denoted as BPEwIL,[LiTFSI]:[EO], where ‘w’ corresponds to the weight ratio of 

PVBmPEO2000, ‘IL’ to the type of IL used (either ‘14’ = Pyr14TFSI or ‘O7’ = PyrO7TFSI) and 

‘[LiTFSI]:[EO]’ to the ratio between lithium ion and the EO repeating units. 

 

 

Figure 46. Exemplary pictures of the self-standing films (10 mm diameter, 100 µm thickness) 

derived from block copolymer electrolyte BPEO7,1:7.5 showing its great flexibility. 

 

As shown in Table 13, different amounts of 50, 150 and 288 wt% of both ILs were incorporated 

with respect to the weight of the PVBmPEO2000 phase for BPE39IL,1:10, BPE31IL,1:10 and 

BPE23IL,1:10, respectively. Interestingly, the weight ratio of the resulting conductive phase 

featured a value of around 0.58 for all different compositions. Having in mind that the density 

of PS is slightly lower (1.07 g cm-3), than the density of PEO, LiTFSI and the ILs (all with 

densities ~ 1.2 – 1.4 g cm-3) it seems that the volume ratio of both phases must be still in the 

range of 0.5, providing a good ratio of volume and mechanical stability of each domain in order 

to form overall flexible self-standing films as exemplary shown in Figure 46. Furthermore, the 

molar contents of LiTFSI were increased for the highest amount of PyrO7TFSI introduced 

(BPE23O7), since here each ion pair of IL already adds seven more EO units into the conductive 

phase, thus decreasing the overall [LiTFSI]:[EO] ratio. 
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Table 13. Overview of the incorporated amount of LiTFSI, the added amount of IL and the 

resulting conductive phase of the different polymer electrolytes BPEwIL,[LiTFSI]:[EO]. 

Entry PE [LiTFSI]:[EO]* IL w(added IL)# w(resulting cond. 

phase)§ 

1 BPE491:15 1:15 - 0 0.58 

2 BPE3914,1:10 1:10 Pyr14TFSI 0.50 0.58 

3 BPE39O7,1:10 1:10 PyrO7TFSI 0.50 0.58 

4 BPE3114,1:10 1:10 Pyr14TFSI 1.50 0.58 

5 BPE31O7,1:10 1:10 PyrO7TFSI 1.50 0.58 

6 BPE2314,1:10 1:10 Pyr14TFSI 2.88 0.57 

7 BPE23O7,1:10 1:10 PyrO7TFSI 2.88 0.57 

8 BPE23O7,1:7.5 1:7.5 PyrO7TFSI 2.88 0.58 

9 BPE23O7,1:5 1:5 PyrO7TFSI 2.88 0.60 

*With respect to EO units in the polymer. #With respect to the weight of the PVBmPEO2000 phase. §Calculated 

by 𝑤 =
m(PVBmPEO2000) + m(LiTFSI) + m(IL)

m(PVBmPEO2000) + m(LiTFSI) + m(IL)+ m(PS)
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4.5.4 Thermal and Morphological Characterization  

In the next step, DSC measurements of all PE films were conducted (Figure 47). Although this 

technique is often only used to report thermal phase transitions for a polymer, it represents in 

this case an essential and powerful tool to reveal multiple essential properties with just one 

measurement. First, fully amorphous PEs were obtained for all studied combinations as 

observed by the absence of any melting point. Next, the microphase separation itself was also 

proven for all PE films by detection of a Tg for the PEO-based conductive phase in the range of 

-50 to -75 °C as well as a Tg for the PS phase at around 105 °C. The high and constant Tg of the 

PS phases, which was equal to the Tg of pure PS in all cases,193 evidenced substantial phase 

separation and the selective mixing of the IL only within the conductive phase. Moreover, an 

increase of the IL content was found to significantly decrease the Tg of the PEO-based phase, 

starting from a Tg of around -47 °C for the non-plasticized BPE491:15 (see Figure 32b), over 

~ -53 °C for both BPE39 and ~ -62 °C for both BPE31 IL combinations (Figure 47a and b). 

The Tg of the Pyr14TFSI-based PEs were observed to be generally slightly lower than its 

PyrO7TFSI-based counterparts. This behavior was in particular visible when comparing both 

ILs using BPE23. Here, an significant increase of Pyr14TFSI (~ 2 times) when comparing 

BPE3114,1:10 and BPE2314,1:10 lowered the Tg from -62 °C to -74 °C (Figure 47a), whereas for 

PyrO7TFSI only a decrease from ~ -61 °C to ~ -65 °C was observed (Figure 47b). This can be 

explained by incrementally reaching the inherent Tg of pure PyrO7TFSI itself which was 

reported to be at around -69 °C.215 Due to the lower molar mass and thus higher number of 

equivalents of Pyr14TFSI compared to PyrO7TFSI, when the same weight ratios are employed, 

a higher ‘plasticizing effect’ and thus lower Tgs were observed for Pyr14TFSI. Further, the two 

compositions of BPE23O7 with higher LiTFSI contents (BPE23O7,1:7.5 and BPE23O7,1:5) 

featured higher Tgs in comparison to their counterpart BPE23O7,1:10 as a result of a higher 

number of quasi-ionic cross-links among PEO chains due to coordination of additional lithium 

ions and thus a slight immobilization.27,29 

  



 Results and Discussion 

99 

 

-80 -60 -40 -20 0 20 40 60 80 100 120 140 160

Pyr14TFSI

E
x
o

th
e
rm

Temperature / °C

 BPE3914,1:10

 BPE3114,1:10

 BPE2314,1:10

 

Tg,PS ~ 105 °C

Tg ~ -53.9 °C

Tg ~ -62.0 °C

Tg ~ -74.0 °C

-80 -60 -40 -20 0 20 40 60 80 100 120 140 160

E
x
o

th
e
rm

Temperature / °C

 BPE39O7,1:10

 BPE31O7,1:10

 BPE23O7,1:10

 BPE23O7,1:7.5

 BPE23O7,1:5

Tg,PS ~ 105 °C

Tg ~ -58.7 °C

Tg ~ -61.0 °C

Tg ~ -64.8 °C

Tg ~ -61.2 °C

Tg ~ -52.3 °C

PyrO7TFSI

 

Figure 47. DSC analyses of all manufactured polymer electrolytes using either a) Pyr14TFSI or 

b) PyrO7TFSI as IL. All polymer electrolytes show a microphase separated morphology by 

showing a Tg for the conductive, PEO-based phase as well as the Tg of the PS phase.  

 

Additionally, exemplary TGA measurements were conducted to verify the solid character and 

non-volatility of the films and their ingredients. For this, BPE2314,1:10 and BPE23O7,1:10 were 

investigated, both comprising the highest relative amount of IL and thus possibly showing the 

biggest difference in comparison to the non-plasticized reference BPE491:15. As displayed in 

Figure 48, the reference PE BPE491:15 showed a decomposition temperature at 5% weight loss 

(Td5) of 331 °C. Both plasticized PEs featured decomposition temperatures in the same range: 

BPE2314,1:10 had a slightly higher Td5 of around 353 °C whereas BPE23O7,1:10 featured a slightly 

lower Td5 of around 317 °C, yet both PEs showed a high thermal stability and are in accordance 

with the literature.215 
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Figure 48. a) Exemplary TGA thermograms of BPE491:15 (Td5 = 331 °C), BPE2314,1:10 

(Td5 = 353 °C) and BPE23O7,1:10 (Td5 = 317 °C). 

 

Next, the microphase separated structure was further corroborated by SAXS measurements of 

all films. Figure 49a displays an exemplary spectrum of BPE2314,1:10. The detection of a 

primary peak at a scattering vector (q) of q* = 0.101 nm-1 confirmed the microphase separation. 

Moreover, the presence of additional maxima at 2q* 3q* and 4q* revealed a long-range 

ordering, which is indicative for a lamellar morphology.229 As seen in Figure 105 - Figure 109, 

all films featured these characteristic scattering peaks of a microphase separated, lamellar 

morphology. Thus, all films behaved exactly as intended, taking into account that the volume 

ratio of both domains was fixed at around 1:1 over the course of the series of polymers in order 

to guarantee the formation of self-standing films.  

Furthermore, the average domain spacing (d) was calculated for all films using Equation 1 (see 

Chapter 4.4.4). Since the domain spacing of BPE491:15 was found to be ~ 28 nm, all other 

films were expected to feature larger domain spacings due to the higher molar mass and thus 

volume of the domains.154 As shown in Figure 49b, the measured domain spacing increased as 

a function of IL content, which corresponds to an increase in domain size for both the PS 

domains as well as the conducting domains. Further, PEs with PyrO7TFSI seemed to feature a 

slightly larger domain spacing in comparison to their Pyr14TFSI-based counterparts, probably 

as a result of the slightly different density. 
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Figure 49. a) Exemplary SAXS spectrum of BPE2314,1:10 revealing the microphase separation 

as well as indicating a lamellar long-range order. b) Domain spacing of all BPEIL,1:10 samples 

as obtained by SAXS measurements. 

 

Moreover, exemplary rheological measurements of BPE23O7,1:7.5 were conducted (Figure 50). 

For the non-plasticized BPE491:15 values of G’ of around 1 MPa and G’’ of around 0.1 MPa 

were already reported in Chapter 4.4. However, the measurement of BPE23O7,1:7.5 revealed a 

G’ of around 0.5 MPa and G’’ of around 0.06 MPa, indicating that the PE films were slightly 

more flexible in comparison to the non-plasticized one. Nonetheless, these results were in line 

with the expectations since the volume ratio of both domains and the Tg of the PS domain 

remained constant, whereas the Tg of the conducting domain was slightly lower corresponding 

to a ‘softer’ behavior, consequently resulting in a slightly more flexible film. Nonetheless, it 

shall be noted that these findings do only show the bulk material properties and not the 

properties of each domain itself. As for BPE491:15, a rigid PS domain characterized by the high 

Tg of ~ 105 °C with a G modulus of around 1 GPa211 can be expected, which is typical for 

amorphous, non-oriented polymers below their Tg, providing the required resistance towards 

lithium dendrite growth.124,202 
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Figure 50. Exemplary oscillatory rheology measurement of BPE23O7,1:7.5 showing the bulk 

rheological behavior. 
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4.5.5 Ion Transport 

After successfully demonstrating the concept of selective mixing of plasticizers into microphase 

separated block copolymers by thermal and morphological analyses, in-depth analyses of the 

ion transport in the above-described PEs were conducted. Thus, EIS measurements were 

performed for all PEs in a temperature range from 0 to 70 °C using blocking-type stainless steel 

electrodes to determine the IC. Figure 51a and b show the results of the series of block 

copolymer electrolytes with [LiTFSI]:[EO] ratios of 1:10 comprising either Pyr14TFSI or 

PyrO7TFSI. The introduction of ILs significantly increased the IC over the whole temperature 

range even at low IL loadings, reflecting the lowered Tg in comparison to the non-plasticized 

sample on the one hand, as well as the increased amount of charge carriers on the other 

hand.228,230,231 Secondly, higher IL loadings led to higher ICs, but the additional benefit 

decreased with higher IL contents: While the increase of ICs between 0 wt%, 50 wt% and 

150 wt% was significant, it was not as pronounced between 150 wt% and 288 wt%, although 

the amount of IL was nearly twice as high (compare Figure 51a and b). This could be observed 

especially for PyrO7TFSI, where the difference between BPE31O7,1:10 and BPE23O7,1:10 was 

small. Such a trend was anticipated as the IC is approaching a ‘limit’ given by the inherent IC 

of the pure IL. Further, especially for PyrO7TFSI the difference in Tg was small, because the 

inherent Tg of the IL itself was approached at such high contents, meaning that no additional 

mobility is gained by the introduction of even higher amounts of IL.  

Moreover, the ICs of the samples comprising Pyr14TFSI as plasticizer were significantly higher 

than the ICs of PEs at 40 °C with PyrO7TFSI, e.g. 0.18 mS cm-1 for BPE3914,1:10 vs. 

0.10 mS cm-1 for BPE39O7,1:10 or 0.90 mS cm-1 for BPE2314,1:10 vs. 0.28 mS cm-1 for 

BPE23O7,1:10, respectively. Again, this was one the one hand attributed to the lower Tg and thus 

higher chain mobility of samples with Pyr14TFSI and on the other hand to the fact that 

Pyr14TFSI exhibited more charge carriers in the same mass due to the lower molecular weight. 

Even more, the implementation of those IL was found to improve the IC especially at lower 

temperatures. For Pyr14TFSI a maximum improvement (BPE491:15 vs. BPE2314,1:10) of a factor 

of ~ 13 was reached at 70 °C while a factor of ~ 120 was reached at 0 °C. PyrO7TFSI showed 

the same trend, but resulted only in a factor of ~ 4.5 at 70 °C and a factor of ~ 20 at 0 °C. 
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Figure 51. Ionic conductivity plots derived from EIS measurements of the series of polymer 

electrolytes using a) Pyr14TFSI and b) PyrO7TFSI as plasticizers. Multiple visible data points 

show the slight difference between measurements during heating and cooling. 

 

Furthermore, the ICs for BPE23 with PyrO7TFSI comprising different [LiTFSI]:[EO] ratios 

were compared. Since the initial [LiTFSI]:[EO] ratio was fixed at 1:10 corresponding to the EO 

units in the polymer, the overall concentration of LiTFSI decreased during the introduction of 

additional PyrO7TFSI since each ion pair of IL adds seven more EO units to the conducting 

domain. As shown in Figure 52, BPE23O7,1:10 and BPE23O7,1:5 showed either higher IC at high 

or at lower temperatures, respectively, whereas BPE23O7,1:7.5 exhibited a higher IC than both 

other samples at all measured temperatures. Although BPE23O7,1:7.5 featured a higher Tg 

(~ -61 °C) in comparison to the Tg of BPE23O7,1:10 (~ -65 °C), the increased amount of charge 

carriers seemed to lead to an overall improved IC due to an optimized overall [LiTFSI]:[EO] 

ratio. 
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Figure 52. Comparison of the ionic conductivity of BPE23O7,1:10, BPE23O7,1:7.5 and 

BPE23O7,1:5. Multiple visible data points show the slight difference between measurements 

during heating and cooling. 

 

Next, the impact of different compositions on the Li+ transference number (tLi+) was evaluated. 

This is of particular interest since the implementation of ILs into PEO often not only drastically 

increases the IC but also decreases the tLi+.215,232 Thus, a lot of ‘unproductive’ ion movement of 

all charge carrying ions is detected, while only a small fraction actually contributes to the 

overall battery performance. By determining the tLi+ and subsequently calculating the overall 

Li+-IC (σLi+) an overall picture can be drawn, revealing the actual benefit of the implementation 

of ILs. It should be mentioned that the literature concerning ternary PEs comprising PEO, 

LiTFSI and ILs often do not report transference numbers rendering unambiguous comparison 

of the results difficult. Nonetheless, recently Atik et al. highlighted the importance of tLi+ by 

revealing a superior performance of PyrO7TFSI in comparison to Pyr14TFSI, mainly attributed 

to the higher transference number despite the lower overall IC.215  

The method of Evans et al.212 was employed to determine the tLi+ of all PEs at a temperature of 

40 °C. As shown in Figure 53, the non-plasticized BPE491:15 showed a tLi+ of ~ 0.127, which 

is in the typical range for PEO-LiTFSI-based PEs.28,156,215 However, an introduction of 50 wt% 

of IL (sample BPE39IL,1:10) resulted in a decrease of tLi+ to 0.035 and 0.081 for Pyr14TFSI and 

PyrO7TFSI, respectively. Already at this low content, a large difference between both ILs in 

terms of their impact on the tLi+ became evident. For PEs bearing even higher amounts of IL, 

this remarkable gap became even more pronounced, i.e. tLi+ = 0.015 vs. 0.060 for BPE3114,1:10 
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vs. BPE31O7,1:10 and finally tLi+ = 0.009 vs. 0.059 for BPE2314,1:10 vs. BPE23O7,1:10, 

respectively. Similar observations were reported previously, but not for compositions featuring 

that high IL contents compared to PEO.215 Thus, it was assumed that once a certain threshold 

would be reached, tLi+ would rise again for Pyr14TFSI likely due to formation of ‘IL-dominated 

channels’ where a higher transference number similar to the reported transference number of 

pure Pyr14TFSI127,233–235 could possibly be achieved. This, however, was not the case. Instead, 

tLi+ was reduced by a factor of ~ 14 when comparing BPE2314,1:10 with the initial non-

plasticized BPE491:15. Interestingly, tLi+ of BPE31O7,1:10 and BPE23O7,1:10 remained nearly 

constant (0.060 vs. 0.059) although the amount of IL was nearly doubled, suggesting that tLi+ 

of PyrO7TFSI was approached and became a dominating factor at such high IL contents. 

Furthermore, the tLi+ for both PEs with higher LiTFSI contents (BPE23O7,1:7.5 and BPE23O7,1:5) 

were examined. A higher [LiTFSI]:[EO] ratio reduced the tLi+ from 0.059 at 1:10 over 0.057 at 

1:7.5 to 0.046 at 1:5, probably as a result of different coordination and ion-pairing effects. 
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Figure 53. Results of the tLi+ measurements for all PEs at 40 °C. 

 

Next, the effective Li+-IC (σLi+) at 40 °C using the measured IC as well as the measured tLi+ 

were calculated (Figure 54, Table 14). As reference the σLi+ of the non-plasticized PE 

(BPE491:15) was determined at 40 °C as well as 60 °C, whereas all other data were collected at 

40 °C. Generally, the σLi+ of all PEs with IL surpassed the non-plasticized reference PE at the 

same temperature. Thus, the benefit of the increased IC overcompensates the reduction of tLi+ 

regarding σLi+. Though, there are significant differences visible when comparing PEs 
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comprising Pyr14TFSI and PyrO7TFSI: The former did only show slight improvements in σLi+ 

and a maximum σLi+ for BPE3114,1:10, only almost twice as high as the reference 

(9.2 × 10-3 mS cm-1
 vs. 5.8 × 10-3 mS cm-1). Moreover, BPE2314,1:10 featuring an even higher 

amount of incorporated Pyr14TFSI showed a lower σLi+ in comparison to BPE3114,1:10, meaning 

that the benefit of the even higher IC was vanished because of the lower tLi+.  

A different picture is drawn upon inspection of PEs bearing PyrO7TFSI as plasticizer. Here, a 

constant increase of σLi+ was obtained for all combinations. Further, the difference in σLi+ 

between Pyr14TFSI and PyrO7TFSI became even more prominent with higher IL contents, 

resulting in a difference of 22% for 50 wt% IL content up to a difference of 110% for 288 wt% 

IL content and a constant [LiTFS]:[EO] ratio of 1:10. Although PEs featuring Pyr14TFSI as IL 

showed much higher ICs, the higher tLi+ of PyrO7TFSI-based PEs made up for the lower IC, 

resulting in a substantially higher σLi+. Furthermore, BPE23O7,1:7.5 even surpassed BPE23O7,1:10 

due to the higher IC and a comparable tLi+. Eventually, this combination outperformed the 

reference at 40 °C by a factor of 3.8 and even the reference at 60 °C by a factor of 1.4 despite 

being determined at 20 °C lower temperature. 
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Figure 54. Li+ ion conductivity (σLi+) of all PEs derived from the overall IC and the tLi+ values. 

All data were collected at 40 °C except for the additional, marked data point of BPE491:15 at 

60 °C being added as comparison. 

 

Further, the area specific Li|PE interfacial resistance of the charge-transfer as well as the SEI 

(ASRCT + SEI) for all PEs as derived from the measurements of the transference number at 40 °C 

was compared (Table 14). Here, BPE491:15 showed by far the highest ASR of 464 Ω cm2 while 
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all PEs containing ILs showed significant reduced values by a factor between two and four 

probably due to a better surface wetting and an improved SEI formation. Moreover, PEs 

containing Pyr14TFSI showed higher ASRs than their counterparts with PyrO7TFSI (210 vs. 

156 Ω cm2, 206 vs. 99 Ω cm2 and 259 vs. 134 Ω cm2), again probably due to an improved SEI 

formation or charge-transfer taking place when using the functionalized IL. Noteworthy, PEs 

containing 150 wt% of ILs showed a slightly lower ASRCT + SEI than their counterparts featuring 

288 wt% of IL. Therefore, it seems that the ratios of polymer, IL and LiTFSI has a major impact 

on the nature of the SEI. Concluding these findings, BPE31O7,1:10 featured a lower ASR but also 

lower σLi+, while BPE23O7,1:10 featured a higher ASR but a higher σLi+, thus quite impressively 

demonstrating that different parameters need to be balanced accordingly and always seen in the 

bigger context of improving the final performance. Therefore, a closer look at the composition 

as well as the long-term development of the SEI needs to be taken into account for future studies 

in order to gain a deeper insight into the processes taking place. 

 

Table 14. Overview of the Tg of the conductive phase, ionic conductivity (σ), transference 

number (tLi+), resulting calculated Li+ conductivity (σLi+) and the area specific resistance 

(ASRCT + SEI), all at 40 °C. 

Entry PE 
Tg,cond 

[°C] 

σ(40 °C) 

[mS cm-1] 
tLi+(40 °C) 

σLi+(40 °C) 

[mS cm-1] 

ASRCT + SEI (40°C)  

[Ω cm2] 

1 BPE491:15 -47 4.6 × 10-2 0.127 5.8 × 10-3 464 

2 BPE3914,1:10 -53.9 1.9 × 10-1 0.035 6.6 × 10-3 210 

3 BPE39O7,1:10 -52.3 1.0 × 10-1 0.081 8.1 × 10-3 156 

4 BPE3114,1:10 -62.0 6.1 × 10-1 0.015 9.2 × 10-3 206 

5 BPE31O7,1:10 -61.2 2.2 × 10-1 0.060 1.3 × 10-2 99 

6 BPE2314,1:10 -74.0 9.0 × 10-1 0.009 8.1 × 10-3 259 

7 BPE23O7,1:10 -64.8 2.9 × 10-1 0.059 1.7 × 10-2 134 

8 BPE23O7,1:7.5 -61.0 3.9 × 10-1 0.057 2.2 × 10-2 161 

9 BPE23O7,1:5 -58.7 3.4 × 10-1 0.046 1.6 × 10-2 145 

 

Overall, these results confirm the intended concept quite impressively by significantly 

increasing the IC of microphase separated block copolymer-based PEs, demonstrating the 

presence of sophisticated approaches to overcome the dilemma regarding the mechanical 

stability/IC correlation. Moreover, the importance of a detailed analysis regarding the 
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implementation of ILs, evaluating the ‘true’ benefit of the described strategic avenue, was 

shown. Consequently, a substantial increase of σLi+ was achieved even surpassing the reference 

at 20 °C higher temperature.  
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4.5.6 Constant Current Cycling 

Ultimately, these advanced block copolymer electrolytes did not only show improved IC and 

σLi+ and thus appear highly promising from a theoretical point of view, but should also be 

practically usable in full cells. Therefore, BPE23O7,1:7.5 was exemplary chosen due to its highest 

σLi+ among all studied PEs and was accordingly employed in Li||LFP full cells. As seen in 

Figure 55 cycling at 40 °C as well as 60 °C was performed. Within the measured 50 cycles, a 

marginal capacity fading was observed, though a successful operation over 50 cycles could be 

achieved without any special adjustments or optimizations using standard LFP cathodes. In 

summary, the successful implementation of ILs as plasticizers in block copolymer PEs in its 

intended area of application was shown, opening the door for follow-up performance-oriented 

studies. These include the investigation of other plasticizers, possibly revealing even better ICs 

and full cell cycling stabilities as well as in-depth electrochemical characterization, thus making 

an application more viable. 

 

-5 0 5 10 15 20 25 30 35 40 45 50 55
0

25

50

75

100

125

150

175

200

 60°C

 40°C

S
p

. 
D

is
c
h

a
rg

e
 C

a
p

a
c
it

y
 /
 m

A
h

 g
-1

Cycle Number

Li|BPE23O7,1:7.5|LFP

0.1 C

 

Figure 55. Constant current cycling at 0.1 C of Li|BPE23O7,1:7.5|LFP cells at 40 °C (blue dots) 

and 60 °C (black dots). 
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4.5.7 Recapitulation 

Although block copolymers have proven their successful application in lithium-metal batteries, 

their practical exploitation at lower temperatures was quite limited due to their low IC. Herein, 

a principle for the selective implementation of plasticizer into microphase separated block 

copolymers was utilized, thereby increasing the IC without affecting the domain which is 

responsible for the mechanical stability. To do so, a series of four block copolymers with a 

constant DP of the styrene-based PEO side chain block was synthesized as well as a varying 

DP of the PS block, thus resulting in different weight/volume ratios for both blocks. Then, 

roughly maintaining a volume ratio of PS:conducting phase of 1:1, plasticizer and LiTFSI were 

added to the different block copolymers leading to flexible, self-standing PE films. Here, two 

ILs (Pyr14TFSI or PyrO7TFSI) were selected as plasticizer due to their high IC, good thermal 

stability, good electrochemical windows and their negligible vapor pressure. Further, the 

thermal and morphological properties of the resulting films were examined by DSC, TGA, 

SAXS and rheological measurements, not only revealing the microphase separation with a 

lamellar long-range order and the successful incorporation of the ILs selectively into the 

conductive phase, but also a good thermal and mechanical stability. 

Moreover, all derived films were thoroughly characterized by measurements of their ICs as well 

as transference numbers. Here, it was generally shown that the addition the ILs significantly 

increased the IC in comparison to a non-plasticized reference sample by up to two orders of 

magnitude (e.g. up to 1 mS cm-1 at 40 °C). In this regard, PEs employing Pyr14TFSI showed a 

higher IC, but a lower tLi+ than PEs comprising PyrO7TFSI, which showed a comparably lower 

IC, but a higher tLi+. Consequently, the effective σLi+ was calculated showing a significant 

increase from 5.8 × 10-3 mS cm-1
 for the non-plasticized block copolymer (BPE491:15) up to 

2.2 × 10-2 mS cm-1 for BPEO7,1:7.5 at 40 °C, which even surpassed the σLi+ of BPE491:15 at 60 °C 

(1.5 × 10-2 mS cm-1). An exemplary full cell cycling in Li|PE|LFP cells was also conducted, 

which ultimately evidenced the practical applicability of these advanced block copolymer 

electrolytes. Consequently, the stage was set for further research not only transferring the 

gained knowledge onto the implementation of other types of plasticizers into block copolymer 

electrolytes, but also conducting performance-oriented studies that will focus in more detail on 

the actual electrochemical properties, the cell optimization as well as the application.   
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5 Conclusion and Outlook 

The present dissertation dealt with PEO-based polymer architectures, their synthesis in general 

and their application as polymer electrolytes in LMBs. An insight should be given, 

demonstrating synthetic challenges polymer chemists face to overcome common challenges 

within the field of polymer electrolytes such as crystallization issues or the dilemma regarding 

mechanical stability vs. ionic conductivity. 

Firstly, the synthesis of a systematic library of vinyl ether-based PEO side chain copolymers to 

reduce the crystallization tendency of PEO was covered. Herein, the influence of different PEO 

side chain lengths, the grafting density and the [Li+]:[EO] ratio after mixing with LiTFSI on the 

Tg, the crystallinity and the resulting ionic conductivity was thoroughly examined. In this 

regard, copolymers bearing longer PEO side chains and higher grafting densities showed higher 

crystallization tendencies and a lower Tg at the same time. Furthermore, the addition of LiTFSI 

reduced the crystallization, but increased the Tg. Since these effects are directly affecting the 

ionic conductivity, it was demonstrated that the different parameters need to be carefully 

adjusted in order to balance their influence appropriately. Overall, a fundamental view 

enlightening PEO side chain copolymers for their application as polymer electrolytes was 

provided, thus laying the baseline for following projects of this thesis. 

The second topic was developed as a side project from the first one being based on controlled 

cationic polymerization of vinyl ethers. This technique is known for a good control over chain 

growth, thus yielding polymers with well-defined molar mass distributions and low dispersities. 

However, the practical challenges involved in the synthesis of poly(vinyl ether)s by cationic 

polymerization techniques so far limited suitable post-polymerization modifications (PPM) via 

chemoselective click reactions. Within this project, the successful controlled cationic 

polymerization of vinyl ethers bearing pendant C=C double and C≡C triple bonds using a 

single-component initiation and control agent (PMCCP) under ambient conditions was 

reported. Subsequently, the PPM via thiol-ene/-yne and CuAAC reaction of the obtained 

polymers was successfully realized laying the foundation for the straightforward synthesis of 

unprecedented functional poly(vinyl ether)s. 

In a third project, the gram-scale synthesis of a four-arm cage-shaped PEO and its pioneering 

application as PE is described for the first time. The obtained PEs comprising low LiTFSI 

loading ([Li+]:[EO] 1:25) showed good ionic conductivities at low temperatures due to their 

well suppressed crystallization by the cage architecture, thus overcoming the necessity to add 

any further plasticizer or structural solvent. Therefore, this project expanded the findings of the 
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first project and further prove the great toolbox of synthetic polymer chemistry to overcome 

crystallization issues in PEO-based PEs.  

The fourth approach dealt with the design of styrene-based PEO side chain block copolymers 

(based on the results of the first project) featuring a microphase separation and their application 

as solid polymer electrolyte in high voltage lithium-metal batteries. A straightforward synthesis 

route was established overcoming typical drawbacks of PEO block copolymers prepared by 

anionic polymerization or ester-based PEO side chain copolymers. Both, the PEO side chain 

length as well as the LiTFSI content were varied and the underlying relationships were 

elucidated in view of polymer compositions with high ionic conductivity. Subsequently, a 

selected composition was subjected to further analyses including the prove of the phase 

separated morphology, providing not only excellent self-standing films with intrinsic 

mechanical stability but also the ability to suppress lithium dendrite growth as well as good 

flexibility, wettability and good contacts with the electrodes. Additionally, the good thermal 

and electrochemical stability was demonstrated. To do so, linear sweep and cyclic voltammetry, 

lithium plating/stripping tests and galvanostatic overcharging using high voltage cathodes were 

conducted demonstrating stable lithium-metal interfaces and a high oxidative stability of around 

4.75 V. Consequently, cycling of Li||NMC622 cells did not exhibit commonly observed rapid 

cell failure or voltage noise associated with PEO-based electrolytes in Li||NMC622 cells, due 

to the high mechanical stability. Thus, a comprehensive view is provided highlighting that the 

combination of PEO and high voltage cathodes is not impossible per se. 

The fifth project enhances the system established in the fourth project. Here, an advanced design 

for PEs built on the previously investigated microphase separated styrene-based PEO side chain 

block copolymers was introduced. Usually, such block copolymers are characterized by a high 

mechanical stability provided by the PS domain, while the PEO-based domain features decent 

ionic conductivities, however, mostly only at elevated temperatures as shown in project four. 

To enable suitable conductivities at lower temperatures, two ILs as model plasticizers for the 

PEO domain were selectively implemented. Since those ILs are non-miscible with PS, the latter 

domain is unaffected, thus still providing a great mechanical stability. To maintain the 

necessary self-standing film forming ability, the size of the PS domain was adjusted to match 

with the size of the conducting PEO-based domain. For this, a series of four block copolymers 

with different block ratios was synthesized, enabling the study of the influence of different 

amounts of IL on the thermal and electrochemical properties. Further, all derived polymer 

electrolytes were thoroughly characterized by thermal, morphological and electrochemical 

analyses. The microphase separated morphology with long-range order and a good thermal and 
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mechanical stability as well as the selective mixing of the ILs within the conducting domain 

was proven. Consequently, EIS revealed a significant increase in ionic conductivity up to two 

orders of magnitude in comparison to the non-plasticized control sample of project four. 

Further, exhaustive studies of the lithium-ion transference number not only showed the 

importance of such detailed analysis for IL containing PEs, but also the actual increase of the 

raw lithium-ion conductivity. Finally, full cycling in Li||LFP cells was conducted which clearly 

demonstrated the applicability of the present approach. 

In summary, the results impressively demonstrated the importance of sophisticated approaches 

towards smart polymer designs as solutions to commonly observed crystallization issues of 

PEO-based PEs and the dilemma of mechanical stability and ionic conductivity. Here, structure-

property relationships were clearly identified and thoroughly described. Beyond this, advanced 

approaches for the enhancement of ionic conductivity in block copolymer electrolytes without 

losing their mechanical stability were elaborated and further, it was shown that molecular 

architectures could be used to overcome common issues regarding the compatibility of PEO-

based PEs with high voltage cathodes. Thus, in times of ever-growing demands of energy 

storage, a comprehensive view both from a theoretical and practical viewpoint on the symbiosis 

of battery and polymer chemistry was provided, laying the foundation for further advanced 

studies and a potential evolution or even revolution of polymer-based battery materials. 
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6 Experimental Section 

Herein, instrumentation details used for characterization, the materials employed in the frame 

of the present thesis, as well as experimental procedures and analytical results are given. The 

procedures of the previously discussed projects are addressed in the respective subchapter. 

6.1 Instrumentation and General Procedures 

All instruments as well as general procedures are listed below, while syntheses procedures and 

further information are given in the respective subchapter. 

6.1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H-NMR and 13C-NMR spectra were recorded on a Bruker Ascend III 400 MHz spectrometer 

at a frequency of ν = 400 MHz and ν = 101 MHz, respectively. All samples were dissolved in 

deuterated solvents; chemical shifts are reported relative to the residual solvent signals. 

6.1.2 Size Exclusion Chromatography (SEC) 

6.1.2.1 SEC using THF as Eluent I 

Size exclusion chromatography was carried out in THF on a Tosoh Bioscience HLC-8320GPC 

EcoSEC system equipped with an autosampler, 3 PSS SDV columns 5 μm (100 Å, 1000 Å, 

100000 Å) (8 × 300 mm), a UV and a differential refractive index (RI) detector. The operation 

temperature was set to 35 °C with a flow rate of 1 mL min-1. The system was calibrated using 

poly(styrene) or poly(methyl methacrylate) standards ranging from 800 to 2.2 × 106 g mol-1. 

Typically, 50 μL of a filtered 2.0 mg mL-1 sample solution was injected onto the columns.  

6.1.2.2 SEC using THF as Eluent II 

Size exclusion chromatography was carried out in THF 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 columns 

(300 × 7.5 mm) and a PLgel 3 μm Mixed E column (300 × 7.5 mm). The operation temperature 

was set to 35 °C with a flow rate of 1 mL min-1. The system was calibrated using linear 

poly(styrene) or poly(methyl methacrylate) standards ranging from 800 to 2.2 × 106 g mol-1. 

Typically, 100 μL of a filtered 2.0 mg mL-1 sample solution was injected onto the columns. 

6.1.3 Attenuated Total Reflection (ATR) Fourier-Transform (FT) Infrared 

(IR) Spectroscopy (ATR FT-IR) 

ATR FT-IR spectra were recorded on a Bruker Vertex 80 from 500 - 4000 cm-1 at 25 °C. 
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6.1.4 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry was conducted using a DSC Q200 (TA Instruments) in ranges 

from -85 – -75 °C to 130 – 160 °C with a scan rate of 5 or 10 K min-1. 

6.1.5 Thermal Gravimetric Analysis (TGA) 

Thermal Gravimetric Analysis (TGA) was carried out using a TGA 5500 (TA Instruments) at 

a heating rate of 10 K min-1 under nitrogen or air atmosphere up to 800 °C. 

6.1.6 Electrospray Ionization Mass Spectrometry (ESI-MS) 

Electrospray ionization mass spectra were recorded on a Thermo Fisher Q-Exactive Orbitrap 

mass spectrometer. As sample preparation, a polymer concentration of 0.05 mg ml-1 was 

prepared in a mixture of DCM/MeOH 3:1 enriched with 100 μM sodium trifluoroacetate as 

cation source. 

6.1.7 Small-Angle X-Ray Scattering (SAXS) 

2D-SAXS measurements were performed on a Hecus S3-Micro X-ray system using a point 

microfocus source, 2DX-ray mirrors, and a two-dimensional CCD detector from Photonic 

Science. Low background scattering was ensured by the use of a block collimation system. 2D 

spectra were radially averaged using self-developed plugins for ImageJ, corrected for 

absorption and primary beam intensity. Normalization of the q-range was done using crystalline 

silver behenate as standard. 

6.1.8 Oscillatory Rheology 

Rheological measurements were performed on a strain-controlled ARES G2 (TA Instruments) 

rheometer by small amplitude oscillatory shear experiments from 0.1 to 100 rad s-1 at 25 °C and 

40 °C under nitrogen atmosphere using an 8 mm parallel plate geometry and a strain of 0.1%. 

Samples were prepared from the films obtained by the PE preparation with 8 mm in diameter 

and 0.5 mm in thickness.  
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6.1.9 Polymer Electrolyte (PE) Preparation 

Prior to the PE preparation, the respective polymer was dried at 80 °C under vacuum 

(10-3 mbar) overnight.  

6.1.9.1 PE preparation I – Project 1 and 3 

The polymer as well as the corresponding amount of LiTFSI with predefined ratios of 

[Li+]:[EO] 1:5, 1:10, 1:15, 1:20 or 1:25 were both separately dissolved in acetone. 

Subsequently, both solutions were combined to yield a homogenous mixture. Acetone was 

removed slowly under reduced pressure at 50 °C, followed by drying the polymer electrolytes 

under reduced pressure (10-3 mbar) at 80 °C for 24 h. 

6.1.9.2 PE preparation II – Project 4 

The polymer as well as the corresponding amount of LiTFSI with predefined ratios of 

[Li+]:[EO] 1:5, 1:10, 1:15 or 1:20 were dissolved in acetonitrile (MeCN). Subsequently, the 

solution was poured into a Teflon mold. The mold was covered with a bigger mold and MeCN 

was allowed to evaporate slowly at ambient conditions enabling microphase separation. 

Subsequently, the obtained PE film was dried and simultaneously annealed at 120 °C under 

vacuum (10-3 mbar) for 24 h. The derived films featured a thickness of around 100 µm and were 

used for all measurements. 

6.1.9.3 PE preparation III – Project 5 

The polymer, the corresponding amount of IL (either Pyr14TFSI or PyrO7TFSI) with respect to 

the weight of the PVBmPEO2000 block and LiTFSI with predefined ratios of [Li+]:[EO]polymer 

of 1:5, 1:7.5 or 1:10 were dissolved in THF. Subsequently, the solution was poured into a Teflon 

mold. The mold was covered with a bigger mold and THF was allowed to evaporate slowly at 

ambient conditions enabling microphase separation (overnight). Subsequently, the obtained 

SPE film was dried and simultaneously annealed at 120 °C under vacuum (10-3 mbar) for 24 h. 

The derived films featured a thickness of around 100 µm and were used for all measurements. 

6.1.10 Electrochemical Impedance Spectroscopy (EIS) 

6.1.10.1 EIS I – Project 1 and 3 

For EIS measurements, coin cell-type cells (CR2032) were assembled, where the previously 

prepared polymer electrolytes were sandwiched between two stainless steel electrodes using a 

Mylar foil spacer ring (thickness l = 100 µm, inner diameter = 8 mm). Subsequently, these cells 

were 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 in 10 °C steps 
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while maintaining each temperature for 2 h. 1 h 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 Equation 2. For each PE three coin cells were prepared and 

measured. Subsequently, the mean average ionic conductivity of these three measurements was 

derived and discussed. 

 
s = 

1

Rb

 ∙ 
l

A
 (Equation 2) 

with Rb being the bulk electrolyte resistance that can be accessed from the Nyquist plot, l the 

film thickness and A the film area. 

6.1.10.2 EIS II – Project 4 

The samples were prepared by placing the polymer electrolyte film between two stainless steel 

electrodes (2 setups with cells of 8 mm and 10 mm diameter) in a Swagelok-type cell setup. All 

samples were preconditioned overnight, in a temperature chamber (testequity model 115A) at 

65 °C, in order to improve the interfacial contact between electrodes and electrolyte. The 

measurements were carried out using a VSP, SP-200 and SP-300 potentiostat (BioLogic 

Science Instruments) in a temperature range between 5 °C to 85 °C. An impedance 

measurement was conducted over a frequency range from 1 MHz to 500 mHz (and reverse) 

with an amplitude of 20 mV. A heating cycle consisted of a gradual temperature increase in 

10 °C steps from 5 °C to 85 °C. The temperature was increased with a heating/cooling rate of 

60 °C/h over 10 min, after which the temperature was held constant for another 50 min to 

acquire impedance spectra. At a temperature of 85 °C, the heating profile was reversed and 

gradually cooled down to 5 °C in similar temperature steps. The ionic conductivity s was 

calculated according to Equation 2. 

6.1.10.3 EIS III – Project 5 

For EIS measurements, coin cell-type cells (CR2032) were assembled, where the previously 

prepared PEs were sandwiched between two stainless steel electrodes. The measurements were 

carried out using a VMP-300 potentiostat (BioLogic Science Instruments) in a temperature 

range between 0 °C to 70 °C. An impedance measurement was conducted over a frequency 

range from 5 MHz to 1 Hz with an amplitude of 10 mV. The heating cycle was comprised of a 
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gradual temperature increase in 10 °C steps from 0 °C to 70 °C. At a temperature of 70 °C, the 

heating profile was reversed and gradually cooled down to 0 °C. The temperature was increased 

with a heating/cooling rate of 60 °C/h over 10 minutes, after which the temperature was held 

constant for another 60 minutes to guarantee a stable temperature for acquiring impedance 

spectra. The ionic conductivity s was calculated according to Equation 2. 

6.1.11 Measurement of the Li+ Transference Number (tLi+) 

6.1.11.1 tLi+ Measurement I – Project 4 

The measurement of the transference number was performed on a VMP3 potentiostat (BioLogic 

Science Instruments) at 60 °C. For the measurements symmetrical Li|SPE|Li cells were 

assembled. After the cells were conditioned for one hour, impedance measurements were 

conducted every four hours for a total of 20 h to guarantee a stable interface between the SPE 

and lithium-metal (Honjo Metal, thickness of 300 µm). Impedance data were collected between 

a frequency of 1 MHz to 100 mHz with an amplitude of 10 mV. Direct current polarization was 

applied with a polarization voltage of ∆V = 10 mV while the impedance was measured directly 

before and after the polarization, respectively. The data were evaluated using an equivalent 

circuit model as depicted in Figure 35a consisting of one resistor corresponding to the 

electrolyte resistance, two RC elements reflecting the charge transfer as well as the SEI and the 

Warburg element showing diffusion processes from/to the electrodes. The transference number 

tLi+ was calculated using Equation 3 where Is is the steady state current, ∆V is the polarization 

voltage and R0 and Rs are the electrode resistance (RCT and RSEI) before and after the 

polarization, respectively.  

 
tLi

+= 
Is (∆V- I0 R0 )

I0 (∆V- Is Rs)
 (Equation 3) 

 
I0= 

 ∆V

Rb + R0 

 (Equation 4) 

The initial current I0 is calculated using Equation 4. Rb is the resistance of the polymer 

electrolyte and is determined by the impedance spectrum before polarization. Note that the 

initial current I0, which is calculated by Equation 4, is equal to the experimental value, which 

can be derived from the polarization plot. 
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6.1.11.2 tLi+ Measurement II – Project 5 

The measurement of the transference number was performed on a VMP-300 potentiostat 

(BioLogic Science Instruments) at 40 °C. For the measurements symmetrical Li|PE|Li cells 

were assembled. After the cells were conditioned for one hour, impedance measurements were 

conducted every four hours for a total of 20 – 40 hours to follow the interface formation 

guaranteeing a stable SEI between the SPE and lithium-metal (Honjo Metal, thickness of 

300 µm). Impedance data were collected between a frequency of 1 MHz to 100 mHz with an 

amplitude of 10 mV. Afterwards, direct current polarization was applied with a polarization 

voltage of ∆V = 10 mV while the impedance was measured directly before and after the 

polarization, respectively. The transference number tLi+ was calculated using Equation 3 where 

Is is the steady state current, ∆V is the polarization voltage and R0 and Rs are the initial and 

steady-state electrode resistance (RCT and RSEI), respectively. The initial current I0 is calculated 

using Equation 4. Rb is the resistance of the polymer electrolyte and is determined by the 

impedance spectrum before polarization. Note that the initial current I0, which is calculated by 

Equation 4, is equal to the experimental value, which can be derived from the polarization plot. 

6.1.12 Potentiodynamic Experiments 

The electrochemical stability was measured in a Swagelok-type three electrode setup by 

conducting linear LSV and CV on a VSP potentiostat (BioLogic Science Instruments) at room 

temperature. Lithium was used as counter and reference electrode and copper or platinum as 

working electrode for the measurement of reductive or oxidative stability, respectively. LSV 

was conducted within a potential range of -0.5 and 7.0 V vs. Li|Li+ and a sweep rate of 0.1 mV s-

1. For CV measurements three cycles were measured on copper as working electrode between 

a potential range of -1.0 and 3.0 V vs. Li|Li+ and a scan rate of 0.1 mV s-1.  

For the measurement of the limiting current density, LSV was conducted in symmetrical 

Li|SPE|Li coin cells with a sweep rate of 0.02 mV s-1 until a cut-off voltage of 0.35 V vs. Li|Li+. 

The reached plateau indicated the limiting current density. 

6.1.13 Cathode Preparation 

For the preparation of the cathodes 0.9 g of NMC622 (BASF Toda, 90wt%) or 0.9 g of 

Li[Ni0.5Mn1.5O4] (LNMO) (kindly provided by J. Binder236, 90 wt%) or 0.9 g of LFP (kindly 

provided by the Fraunhofer institute for silicon technology (ISIT), 90 wt%), 0.07 g conductive 

carbon (Super P, Imerys, 7 wt%) and 0.03 g binder (PVdF 1100, Kureha, 3 wt%) were weighed 

in a sample container and 2 mL of NMP was added. The container was transferred to a Thinky 
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centrifugal mixer and stirred twice for five minutes at 1700 rounds per minutes. Then, the 

resulting homogeneous slurry was casted onto an aluminum current collector using the doctor 

blade technique with a gap width of 50 µm. The coating was dried in an oven at 80 °C overnight. 

To obtain a homogeneous thickness and surface the cathode sheets were roll-pressed to a final 

total thickness of ~ 40 µm (20 µm aluminum current collector, 20 µm electrode coating) 

resulting in a mass loading of ~ 1.8 mg cm-2. Round disks with a diameter of Ø = 12 mm were 

punched out and dried at 120 °C under vacuum (10-3 mbar) prior to use. 

6.1.14 Constant Current Cycling Experiments 

6.1.14.1 Constant Current Cycling Experiments I – Project 4 

All constant current cycling experiments were performed in a coin cell-type two electrode setup 

using a Maccor series 4000 battery cell test system. The cells were conditioned at 60 °C in a 

climate chamber (Binder KB 400). Lithium plating and stripping experiments were performed 

in a symmetrical lithium cell. Prior to long-term plating/stripping the cells were conditioned 

with a current density of 0.05 mA cm-2 for 10 cycles. Afterwards, lithium was constantly plated 

and stripped with a current density of 0.1 mA cm-2 for one hour over 500 cycles (1000 h) or for 

four hours over 37 cycles (296 h), respectively. 

For the plating and stripping experiments with alternating current densities 30 cycles with a 

current density of 0.1 mA cm-2 were conducted before the current density was increased 

stepwise for 10 cycles each with 10 cycles at 0.1 mA cm-2 in between until a short circuit was 

observed or the safety limits were reached. 

Galvanostatic overcharging was conducted (upper voltage limit of 6 V) with a specific current 

of 14.7 mA g-1 or 18.0 mA g-1 (~ 0.1 C) for LNMO or NMC622 cathodes, respectively. The 

discovered voltage plateau was taken as indication for the onset of the oxidative decomposition 

of the polymer electrolyte against cathode active materials. 

Full cell cycling experiments were performed between 3.0 V and 4.3 V vs. Li|Li+ at a C-Rate 

of 0.1 C. For rate performance experiments alternating charge rates were used whereas the 

discharge rate was maintained at 0.1 C. Three cycles at 0.05 C were conducted as formation 

prior to cycling.  

The corresponding impedance data of the symmetrical lithium cells or full cells were collected 

using an Autolab PGSTAT204 potentiostat in a frequency range of 1 MHz to 10 mHz with an 

amplitude of 10 mV. The EIS measurements were performed at a cell voltage of 0 V for 
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symmetrical lithium cells and in a discharged state (3 V) for full cells. Data were collected 

before and after the formation and after cycling of the corresponding cells. 

6.1.14.2 Constant Current Cycling Experiments II – Project 5 

Constant current cycling experiments were performed in a coin cell-type two electrode setup 

using an Arbin Laboratory Battery Testing system. The cells were conditioned at 40 or 60 °C 

in a climate chamber (Binder BF 56). Full cell cycling experiments were performed between 

3.0 V and 3.8 V vs. Li|Li+ at a C-rate of 0.1 C. A formation procedure consisting of two cycles 

at 0.05 C, two cycles at 0.1 C and two cycles at 0.05 C was performed prior to long-term cycling 

at 0.1 C. 
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6.2 Materials 

Acetic acid (100%, Carl Roth), allyl bromide (97%, Sigma Aldrich), allyl magnesium bromide 

(1 M solution in diethyl ether, Acros Organics), ammonia solution (NH4OH(aq.), 30% ACS, Carl 

Roth), 4-arm star-shaped poly(ethylene oxide) 5000 g mol-1 (PEOstar, >95%, Jenkem 

Technology), 1,1′-azobis(cyclohexanecarbonitrile) (ABCN, 98%, Sigma Aldrich), 2,2′-

azobis(2-methylpropionitrile) (AIBN, 98%, Sigma Aldrich), benzyl bromide (98%, Sigma 

Aldrich), calcium carbonate (CaCO3, ≥98.5%, Carl Roth), calcium hydride (CaH2, 95%, Sigma 

Aldrich), copper(I) bromide (CuBr, 98%, Alfa Aesar), copper(I) iodide (CuI, 98%, Acros 

Organics), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, ≥99%, Merck), diethylene glycol vinyl 

ether (98%, TCI), 4-dimethylaminopyridine (DMAP, 99%, Acros Organics), 2,6-di-tert-

butylpyridine (DtBP, >97%, Sigma Aldrich), 1-dodecane thiol (DDT, ≥98%, Sigma Aldrich), 

2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT, 98%, Sigma Aldrich), 

ethylaluminum sesquichloride (0.4 M in hexane, Acros Organics), ethylene glycol monovinyl 

ether (>98%, TCI), hydrochloric acid (HCl(aq), 37%, Carl Roth), isobutyl vinyl ether (IBVE, 

99%, Sigma Aldrich), 2-mercaptoethanol (ME, ≥99.0% Sigma Aldrich), lithium acetylide 

ethylenediamine complex (90%, Sigma Aldrich), magnesium sulfate (MgSO4, ≥99%, Carl 

Roth), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC-HCl, ≥99%, 

Carl Roth), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDTA, >99%, TCI), 

pentakis(methoxycarbonyl)cyclopentadiene (97%, Sigma Aldrich), poly(ethylene oxide) 

monomethyl ether (mPEOz, Mn ~ 400, 550, 1000, 2000 g mol-1, TCI), poly(ethylene oxide) 

monomethyl ether (mPEOz, Mn ~ 750, Sigma Aldrich), propargyl bromide (80 wt% in toluene, 

Sigma Aldrich), p-toluenesulfonyl chloride (TsCl, 99%, Aldrich), sodium azide (NaN3, 

≥99.5%, Sigma Aldrich), sodium hydride (NaH, 60% dispersion in mineral oil, Sigma Aldrich), 

sodium hydroxide (NaOH, >98%, Carl Roth). 4-tert-butylbenzyl thiol (TBBT, ≥98%, Sigma 

Aldrich), tetramethylene glycol monovinyl ether (>97%, TCI), triethylamine (Et3N, 99%, 

Sigma Aldrich), 4-vinylbenzyl chloride (90%, Sigma Aldrich), were used as received.  

Cyclohexyl vinyl ether (>98%, TCI) and styrene (99%, Acros) were passed through basic 

alumina oxide prior to use.  

Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, 99.95%, Sigma Aldrich) was dried at 

80 °C under vacuum for 2 days and subsequently stored inside a glove box (MBraun Unilab, 

<0.1 ppm H2O, <0.1 ppm O2) under inert argon atmosphere. 

All other solvents and reagents were of analytical grade or higher and were used without further 

purification.  
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6.3 Procedures for ‘A Systematic Study of Vinyl ether-based 

Poly(ethylene oxide) Side Chain Polymer Electrolytes’ 

The adduct of IBVE and acetic acid (i.e. the cationogen) was synthesized as described in 

literature.43  

6.3.1 Synthesis of Diethylene glycol vinyl ether tosylate 

 

 

 

Diethylene glycol vinyl ether (4.84 g, 36.6 mmol, 1.00 eq.) and triethylamine (4.07 g, 

40.3 mmol, 1.10 eq.) were given into a round-bottom flask and taken up with 50 mL of 

dichloromethane (DCM). The reaction mixture was cooled to 0 °C and tosyl chloride (7.33 g, 

38.5 mmol, 1.05 eq.) was added under stirring. After 1 hour, the ice bath was removed, and the 

reaction mixture was stirred for additional 20 hours. The solution was washed twice with 1 M 

HCl(aq.), once with 1 M NaOH(aq.) and once with water. The combined aqueous phases were 

extracted twice with DCM. The combined organic phases were then dried over CaCO3/MgSO4, 

filtered, and the solvent was removed under reduced pressure yielding a slightly yellow oil. 

Subsequently, the crude product was purified by column chromatography using DCM:petrol 

ether in a ratio of 3:1. The obtained product was dried over CaH2 and filtered through basic 

alumina to yield 4.51 g (81%) of a colorless oil. 
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Figure 56. 1H-NMR spectrum of diethylene glycol vinyl ether tosylate. Solvent: DMSO-d6. 

1H-NMR (400 MHz, DMSO-d6) δ / ppm = 7.78 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H), 

6.47 (dd, J = 14.3, 6.8 Hz, 1H), 4.16 (dd, J = 14.3, 1.8 Hz, 1H), 4.12 (t, J = 4.4 Hz, 2H), 3.97 

(dd, J = 6.8, 1.8 Hz, 1H), 3.70 (t, J = 5.0, 4.4 Hz, 2H), 3.59 (t, J = 4.2 Hz, 2H), 3.54 (t, J = 4.9, 

4.4 Hz, 2H), 2.42 (s, 3H). 
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Figure 57. 13C-NMR spectrum of diethylene glycol vinyl ether tosylate. Solvent: DMSO-d6. 

13C-NMR (101 MHz, DMSO-d6) δ / ppm = 151.79, 144.89, 132.38, 130.12, 127.62, 86.93, 

69.92, 68.74, 67.90, 67.08, 21.09. 
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6.3.2 Synthesis of Precursor Polymer A/B 

 

 

 

Cyclohexyl vinyl ether (A: 8.81 g, 69.84 mmol, 100.00 eq.; B: 1.76 g, 13.96 mmol, 60.00 eq.), 

diethylene glycol vinyl ether tosylate (5.00 g, 17.46 mmol, 25.00 eq.; B: 4.00 g, 13.96 mmol, 

60.00 eq.), the cationogen (A: 0.112 g, 0.70 mmol, 1.00 eq.; B: 0.037 g, 0.23 mmol; 1.00 eq.), 

THF (A: 2.83 mL, 2.52 g, 34.92 mmol, 50.00 eq.; B: 0.944 mL, 0.839 g, 11.64 mmol, 

50.00 eq.), DtBP (A: 0.668 g, 3.49 mmol, 5.00 eq.; B: 0.222 g, 3.49 mmol, 5.00 eq.) and A: 100 

mL/B: 30 mL of dry toluene were mixed in a pre-dried round-bottom flask and closed air-tight. 

Subsequently, the flask was placed in an ice bath and the polymerization was started via 

addition of Et3Al2Cl3 (A: 0.864 g, 3.49 mmol, 5.00 eq.; as 0.4 M solution in 8.73 mL of n-

hexane; B: 0.288 g, 1.16 mmol, 5.00 eq.; as 0.4 M solution in 2.91 mL of n-hexane). After 

2 hours the reaction was quenched by addition of 10 mL of a 1% NH4OH in MeOH solution. 

Subsequently, most of the methanol was removed under reduced pressure and ethyl acetate 

(EtOAc) and brine were added to separate the phases. The organic phase was washed three 

times with 1 M HCl(aq) and the combined aqueous phase was extracted once with EtOAc. The 

combined organic phases were dried over MgSO4, filtered and most of the solvent was removed. 

Then, the polymer was further purified by precipitating it three times from THF into MeOH. 

Subsequently, the resulting white solid was dried at 40 °C under vacuum overnight.  

Yield: A: 10.8 g (78%) / B: 4.3 g (79%). 
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Figure 58. 1H-NMR spectrum of precursor A. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 7.87 – 7.69 (m, 2H), 7.38 – 7.28 (m, 2H), 4.25 

– 3.98 (m, 2H), 3.70 – 3.37 (m, 11H), 3.37 – 3.18 (m, 4H), 2.52 – 2.37 (m, 3H), 2.01 – 0.94 (m, 

50H). 

SEC (THF): Mn = 21200 g mol-1, Đ = 1.43. 

  



Experimental Section 

128  

9 8 7 6 5 4 3 2 1 0

d / ppm

CHCl3

C

E

F

G

A
B

F

C

D

AA

BB

D

D D

DD

E

GG

G G

GG
G

 

Figure 59. 1H-NMR spectrum of precursor B. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 7.87 – 7.69 (m, 2H), 7.38 – 7.28 (m, 2H), 4.25 

– 3.98 (m, 2H), 3.70 – 3.37 (m, 8H), 3.37 – 3.18 (m, 1H), 2.52 – 2.37 (m, 3H), 2.01 – 0.94 (m, 

14H). 

SEC (THF): Mn = 17200 g mol-1, Đ = 1.52. 
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6.3.3 Synthesis of PEO Side Chain Copolymers A/B 

 

 

 

General procedure: Sodium hydride (60% dispersion in mineral oil, 3.20 eq. with respect to 

tosyl groups in the precursor copolymer A/B, final concentration = 0.134 mol L-1) was placed 

into a round-bottom flask and the atmosphere was changed to N2, before being suspended in 

dry THF. While stirring, poly(ethylene oxide) monomethyl ether (mPEOz); z = 400, 550, 750, 

1000, 2000; 3.00 eq., final concentration: 0.126 mol L-1) dissolved in dry THF was slowly 

added. After the H2 formation stopped (~ 30 min), the precursor copolymer A/B (1.00 eq., 

final concentration: 0.042 mol L-1) in THF was added and the reaction mixture was heated to 

40 °C and stirred for 24 hours. The reaction was stopped by addition of H2O and the solvent 

was removed under reduced pressure. Subsequently, the remaining crude mixture was taken up 

in a small amount of methanol and dialyzed against methanol to remove the excess of mPEOz. 

Spectra/PorTM 6 dialysis tubing with a molecular weight cut-off (MWCO) of 2 kD was used for 

the removal of mPEOz = 400, 550 and 750, 3.5 kD for the removal of mPEO1000 and 8 kD for 

the removal of mPEO2000, respectively. After the completed dialysis, the solvent was removed 

under reduced pressure and the resulting polymer was dried at 40 °C under vacuum overnight. 

Yields are listed in Table 15 and Table 16.  
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Table 15. Synthesis overview of polymer series A. 

Entry 
Mn (mPEOz) 

[g mol-1] 
EO units* 

Mn
§ 

[g mol-1] 

Đ§ 

[1] 

MWCO for 

Dialysis# 

[kD] 

Conversion* 

[%] 
Yield 

Precursor 

A 
- - 21200 1.43 - - - 

Polymer 

A400 
400 11.3 29700 1.36 2 100 

3.7 g 

61% 

Polymer 

A550 
550 15.8 31500 1.31 2 100 

3.0 g 

72% 

Polymer 

A750 
750 19.8 33800 1.27 2 100 

2.8 g 

69% 

Polymer 

A1000 
1000 24.3 34000 1.20 3.5 100 

3.2 g 

74% 

Polymer 

A2000 
2000 54.0 38800 1.11 8 100 

3.5 g 

79% 

*Calculated by 1H-NMR integrals. §Measured by SEC with PMMA standards. #Spectra/PorTM 6 dialysis tubing; 

MWCO: Molecular weight cut-off. 

 

Table 16. Synthesis overview of polymer series B. 

Entry 
Mn (mPEOz) 

[g mol-1] 
EO units* 

Mn
§ 

[g mol-1] 

Đ§ 

[1] 

MWCO for 

Dialysis# 

[kD] 

Conversion* 

[%] 
Yield 

Precursor 

B 
- - 17200 1.52 - - - 

Polymer 

B400 
400 11.7 25700 1.27 4 100 

2.5 g 

74% 

Polymer 

B1000 
1000 25.2 31000 1.31 8 100 

1.9 g 

73% 

Polymer 

B2000 
2000 52.2 34800 1.12 8 100 

1.8 g 

62% 

*Calculated by 1H-NMR integrals. §Measured by SEC with PMMA standards. #Spectra/PorTM 6 dialysis tubing; 

MWCO: Molecular weight cut-off. 
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6.4 Procedures for ‘Synthesis and Post-Polymerization 

Modification of Defined Functional Poly(Vinyl ether)s’ 

Benzyl azide (BzN3) was synthesized as described in the literature.237 

6.4.1 Allyl ethylene glycol vinyl ether (M1) 

 

 

 

6.94 g of a 60% sodium hydride dispersion in mineral oil (equals to 4.17 g pure NaH, 

0.174 mmol, 1.50 eq.) was given into a two-neck round-bottom flask and the atmosphere was 

immediately changed to nitrogen. Afterwards, it was taken up with 300 mL of dry THF. While 

stirring, ethylene glycol vinyl ether (15.3 g, 0.174 mmol, 1.50 eq.) was added. Then, allyl 

bromide (14.0 g, 0.116 mmol, 1.00 eq.) in 20.0 mL of dry THF was slowly added and the 

reaction was stirred for 24 hours at 40 °C. A sand colored precipitate was formed overnight. 

Water was carefully given into the reaction solution to quench unreacted NaH and THF was 

removed under reduced pressure. Afterwards, ethyl acetate and brine were added. 

Subsequently, the phases were separated, the organic phase was washed four times with 

water/brine and the aqueous phase was reextracted two times with ethyl acetate. The product 

was purified by column chromatography with DCM. After removal of the solvent under reduced 

pressure, 11.0 g (74%) of a yellowish liquid was obtained. 
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Figure 60. 1H-NMR spectrum of allyl ethylene glycol vinyl ether. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 6.50 (dd, J = 14.4, 6.8 Hz, 1H), 5.92 (ddt, J = 

17.2, 10.4, 5.7 Hz, 1H), 5.29 (ddt, J = 17.3, 1.7, 1.7 Hz, 1H), 5.20 (ddt, J = 10.4, 1.8, 1.7 Hz, 

1H), 4.19 (dd, J = 14.3, 2.2 Hz, 1H), 4.05 (dd J = 5.7, 1.5, 1.3 Hz, 2H), 4.01 (dd, J = 6.8, 2.1 

Hz, 1H), 3.89 – 3.82 (m, 2H), 3.72 – 3.65 (m, 2H). 
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Figure 61. 13C-NMR spectrum of allyl ethylene glycol vinyl ether. Solvent: DMSO-d6. 

13C-NMR (101 MHz, DMSO-d6) δ / ppm = 151.87, 135.09, 116.41, 86.87, 71.03, 68.03, 67.27.  
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6.4.2 Propargyl ethylene glycol vinyl ether (M2) 

 

 

 

3.23 g of a 60% sodium hydride dispersion in mineral oil (equals to 1.94 g pure NaH, 

80.7 mmol, 1.60 eq.) was given into a two-neck round-bottom flask and the atmosphere was 

immediately changed to nitrogen. Afterwards, it was taken up with 150 mL of dry THF. While 

stirring, 6.79 mL ethylene glycol vinyl ether (6.67 g, 75.7 mmol, 1.50 eq.) was added. Then, 

7.02 mL of a propargyl bromide solution in toluene (equals to 6.00 g, 50.4 mmol, 1.00 eq.) was 

added slowly and the reaction was stirred for 24 hours at 40 °C. A sand colored precipitate was 

formed overnight. Water was carefully given into the reaction solution and THF was removed 

under reduced pressure. Afterwards, ethyl acetate and brine were added. Subsequently, the 

phases were separated, the organic phase was washed four times with brine and the aqueous 

phase was reextracted two times with ethyl acetate. The product was purified by column 

chromatography with DCM. After removal of the solvent under reduced pressure, 5.89 g (93%) 

of a yellowish liquid was obtained. 
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Figure 62. 1H-NMR spectrum of propargyl ethylene glycol vinyl ether. Solvent: DCM-d2. 

1H-NMR (400 MHz, DCM-d2) δ / ppm = 6.47 (dd, J = 14.3, 6.8 Hz 1H), 4.19 (dd, J = 14.3, 

2.1 Hz, 1H), 4.19 (d, J = 2.4 Hz, 2H), 4.01 (dd, J = 6.8, 2.1 Hz, 1H), 3.86 – 3.82 (m, 2H), 3.75 

– 3.72 (m, 2H), 2.49 (t, J = 2.4 Hz, 1H). 
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Figure 63. 13C-NMR spectrum of propargyl ethylene glycol vinyl ether. Solvent: DMSO-d6. 

13C-NMR (101 MHz, DMSO-d6) δ / ppm = 151.80, 86.97, 80.14, 77.3, 67.59, 66.97, 57.52.  
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6.4.3 4-(Vinyloxy) butyl 4-methylbenzenesulfonate 

 

 

 

Tetramethylene glycol mono vinyl ether (9.50 g, 81.7 mmol, 1.00 eq.) and triethylamine 

(9.93 g, 98.2 mmol, 1.20 eq.) were given into a round-bottom flask and taken up with 100 mL 

of DCM. The reaction mixture was cooled to 0 °C and p-toluenesulfonyl chloride (17.15 g, 

90.0 mmol, 1.10 eq.) was added while stirring. After 1 hour, the ice bath was removed, and the 

reaction mixture was stirred for additional 20 hours before it was stopped. The solution was 

washed twice with 1 M HCl(aq.), once with 1 M NaOH(aq.) and once with pure water. The 

combined aqueous phases were reextracted twice with DCM. The combined organic phases 

were then dried over CaCO3/MgSO4, filtered, and the solvent was removed under reduced 

pressure yielding 20.3 g (92%) of a slightly yellow oil. 
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Figure 64. 1H-NMR spectrum of 4-(vinyloxy) butyl 4-methylbenzenesulfonate. Solvent: 

DMSO-d6. 

1H-NMR (400 MHz, DMSO-d6) δ / ppm = 7.79 (d, J = 8.4 Hz, 1H), 7.49 (d, J = 8.0 Hz, 1H), 

6.44 (dd, J = 14.3, 6.8 Hz, 1H), 4.12 (dd, J = 14.3, 1.7 Hz, 1H), 4.05 (t, J = 6.2 Hz, 1H), 3.94 

(dd, J = 6.8, 1.7 Hz, 1H), 3.59 (t, J = 6.2 Hz, 1H), 2.42 (s, 2H), 1.73 – 1.46 (m, 2H).  
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6.4.4 7-(Vinyloxy)hept-1-ene (M3) 

 

 

 

Copper(I) bromide (0.716 g, 4.99 mmol, 0.15 eq.) was filled into a round-bottom flask and the 

atmosphere was changed to nitrogen. Subsequently, 120 mL of dry diethyl ether were added 

and the mixture was cooled to -78 °C. Then, 39.9 mL of allyl magnesium bromide in diethyl 

ether solution (equals to 5.80 g, 39.9 mmol, 1.20 eq. pure allyl magnesium bromide) were 

added, followed by the slow addition of 4-(vinyloxy) butyl 4-methylbenzenesulfonate (9.00 g, 

33.3 mmol, 1.00 eq.). The mixture was allowed to warm to room temperature and stirred for 

24 hours before being quenched by the addition of 10 mL of water. The solution was washed 

three times with 1 M HCl(aq.), once with 1 M NaOH(aq.) and once with pure water. The combined 

aqueous phases were reextracted twice with diethyl ether. The combined organic phases were 

then dried over CaCO3/MgSO4, filtered, and the solvent was removed under reduced pressure 

yielding a slightly yellow liquid. The product was further purified by column chromatography 

with pure petrol ether. After removal of the solvent under reduced pressure, 1.96 g (42%) of a 

colorless liquid were obtained. 
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Figure 65. 1H-NMR spectrum of 7-(vinyloxy)hept-1-ene. Solvent: DCM-d2. 

1H-NMR (400 MHz, DCM-d2) δ / ppm = 6.37 (dd, J = 14.4, 6.8 Hz, 1H), 5.74 (ddt, J = 16.9, 

10.1, 6.7 Hz, 1H), 4.92 (ddt, J = 17.4, 3.0, 2.3 Hz, 1H), 4.85 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H), 

4.07 (dd, J = 14.3, 1.8 Hz, 1H), 3.86 (dd, J = 6.8, 1.8 Hz, 1H), 3.58 (t, J = 6.6 Hz, 2H), 2.05 – 

1.89 (m, 2H), 1.68 – 1.51 (m, 2H), 1.43 – 1.26 (m, 4H). 
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Figure 66. 13C-NMR spectrum of 7-(vinyloxy)hept-1-ene. Solvent: DCM-d2. 

13C-NMR (101 MHz, DCM-d2) δ / ppm = 151.99, 138.96, 114.05, 85.81, 68.06, 33.66, 28.91, 

28.65, 25.48. 
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6.4.5 6-(Vinyloxy)hex-1-yne (M4) 

 

 

 

Lithium acetylide ethylenediamine complex (4.09 g, 4.43 mmol, 1.25 eq.) was given into a 

round-bottom flask and the atmosphere was changed to nitrogen. Subsequently, 40 mL of dry 

dimethyl sulfoxide (DMSO) were added followed by the slow addition of 4-(vinyloxy) butyl 

4-methylbenzenesulfonate (9.60 g, 35.5 mmol, 1.00 eq.). The mixture was stirred for 24 hours 

before being quenched by the addition of 8 mL of water. 100 mL of brine and 100 mL of diethyl 

ether were added to separate the phases. The aqueous phase was extracted four times with 

diethyl ether and the combined organic phases were washed once with brine. Then, the organic 

phase was dried over CaCO3/MgSO4, filtered, and the solvent was removed under reduced 

pressure yielding a slightly yellow liquid. The product was further purified by column 

chromatography with pure petrol ether. After removal of the solvent under reduced pressure, 

1.50 g (34%) of a colorless liquid were obtained. 
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Figure 67. 1H-NMR spectrum of 6-(vinyloxy)hex-1-yne. Solvent: DCM-d2. 

1H-NMR (400 MHz, DCM-d2) δ / ppm = 6.38 (dd, J = 14.3, 6.8 Hz, 1H), 4.08 (dd, J = 14.3, 

1.9 Hz, 1H), 3.88 (dd, J = 6.8, 1.9 Hz, 1H), 3.61 (t, J = 6.3 Hz, 2H), 2.15 (td, J = 7.0, 2.7 Hz, 

2H), 1.90 (t, J = 2.7 Hz, 1H), 1.77 – 1.62 (m, 2H), 1.59 – 1.51 (m, 2H). 
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Figure 68. 13C-NMR spectrum of 6-(vinyloxy)hex-1-yne. Solvent: DCM-d2. 

13C-NMR (101 MHz, DCM-d2) δ / ppm = 152.47, 86.56, 84.67, 68.84, 68.02, 28.67, 25.65, 

18.61. 
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6.4.6 Polymerization Procedures 

 

 

 

Pentakis(methoxycarbonyl)cyclopentadiene (PMCCP) (1.00 eq.) was given into a 10 mL 

crimp-cap vial under ambient conditions. Afterwards, the corresponding vinyl ether (25, 50 or 

100 eq.) was added and the vial was closed. The polymerization was stopped after a specific 

time (see Table 17) by addition of MeOH/NH4OH. The product was purified by dissolving the 

polymer in ethyl acetate, washing the organic phase with water/brine and reextracting the 

aqueous phase with ethyl acetate. In the end, the solvent was removed under reduced pressure 

at 50 °C (yields ~ 80%). 

For polymerizations under nitrogen atmosphere the vials were closed prior to the vinyl ether 

addition, the atmosphere was purged with a nitrogen flow for 10 minutes and subsequently the 

corresponding vinyl ether was added with a syringe. 

Samples were taken with a syringe if necessary and quenched with MeOH/NH4OH. 
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Table 17. Overview of the polymerizations of the different monomers 1 – 4 using PMCCP as 

single-component initiator and control agent. 

Entry Monomer Eq. Atmosphere Time 
[h] 

Mn,theo
§ 

[g mol-1] 
Mn,exp* 

[g mol-1] 
Đ* 
[1] 

1 M1 25 Air 2 3200 3400 1.25 

2 M1 50 Air 2 6400 5700 1.14 

3 M1 100 Air 3 12800 3700 1.56 

4 M1 100 N2 3 12800 7500 1.33 

5 M2 25 Air 1 3150 4000 1.16 

6 M2 50 Air 2 6300 7100 1.19 

7 M2 100 Air 3 12600 5100 1.45 

8 M2 100 N2 3 12600 11000 1.36 

9 M3 25 Air 3 3500 3000 1.07 

10 M3 50 Air 3 7000 5200 1.06 

11 M3 100 Air 6 14000 10500 1.11 

12 M4 25 Air 3 3100 3000 1.07 

13 M4 50 Air 4 6200 6000 1.05 

14 M4 100 Air 8 12400 9800 1.10 

*Determined by SEC with PMMA standards. §Mn,theo = M(monomer) × eq. 
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Figure 69. 1H-NMR spectrum of poly(allyl ethylene glycol vinyl ether) (P1). Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 5.96 – 5.82 (m, 1H), 5.29 – 5.21 (m, 1H), 5.18 

– 5.11 (m, 1H), 4.06 – 3.96 (m, 2H), 3.79 – 3.44 (m, 5H), 1.97 – 1.47 (m, 2H). 
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Figure 70. 1H-NMR spectrum of poly(propargyl ethylene glycol vinyl ether) (P2). Solvent: 

CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 4.23 – 4.15 (m, 2H), 3.80 – 3.46 (m, 5H), 2.53 

– 2.42 (m, 1H), 1.95 – 1.48 (m, 2H). 
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Figure 71. 1H-NMR spectrum of poly(7-(vinyloxy)hept-1-ene) (P3). Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 5.78 – 5.66 (m, 1H), 4.95 – 4.83 (m, 2H), 3.53 

– 3.21 (m, 3H), 2.02 – 1.93 (m, 2H), 1.88 – 1.68 (m, 1H), 1.59 – 1.16 (m, 7H). 
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Figure 72. 1H-NMR spectrum of poly(6-(vinyloxy)hex-1-yne) (P4). Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 3.56 – 3.24 (m, 3H), 2.20 – 2.09 (m, 2H), 1.92 

– 1.87 (m, 1H), 1.81 – 1.68 (m, 1H), 1.68 – 1.33 (m, 5H). 
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6.4.7 Thiol-ene/yne Reaction Procedures 

 

 

 

The respective poly(vinyl ether) (1.00 eq., 0.250 mol L-1*) was given into a crimp-cap vial and 

dissolved in THF. Afterwards, the corresponding thiol (DDT, TBBT or ME, 4.00 eq. per 

repeating unit, 1.00 mol L-1) followed by AIBN (1.00 eq. per repeating unit, 0.250 mol L-1) 

were added to the reaction solution and the vial was sealed. The atmosphere was changed to 

nitrogen by purging for 10 minutes and the flask was placed into an oil bath at 60 °C. The 

solution was stirred overnight. Afterwards, the solution was precipitated into methanol (TBBT), 

ethanol (DDT) or diethyl ether (ME), centrifuged and washed three times with the respective 

precipitation liquid. Subsequently, the polymers were dried under vacuum at 40 °C overnight. 

*equivalents and concentration with respect to each repeating unit 
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Table 18. Overview of the post-polymerization modification reactions of polymers P1 – P4. 

Entry Polymer PPM Reactant Conversion# 
Mn,before* 

[g mol-1] 
Đbefore* 

[1] 
Mn,after* 

[g mol-1] 
Đafter* 

[1] 

1 P1 Thiol-ene DDT Quant. 5700 1.14 14600 1.13 

2 P1 Thiol-ene TBBT Quant. 5700 1.14 10100 1.14 

3 P1 Thiol-ene ME Quant. 5700 1.14 7400 1.12 

4 P2 Thiol-yne DDT Quant. 7100 1.19 19200 1.22 

5 P2 Thiol-yne TBBT Quant. 7100 1.19 15500 1.33 

6 P3 Thiol-ene DDT Quant. 5200 1.06 10500 1.07 

7 P3 Thiol-ene TBBT Quant. 5200 1.06 8700 1.07 

8 P3 Thiol-ene ME Quant. 5200 1.06 6500 1.08 

9 P4 Thiol-yne DDT Quant. 6000 1.05 15000 1.06 

10 P4 Thiol-yne TBBT Quant. 6000 1.05 12200 1.10 

*Determined by SEC with PMMA standards. #Quantitative conversion of the respective functional group as 

determined by 1H-NMR spectroscopy. 
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Figure 73. 1H-NMR spectrum of P1 after the thiol-ene reaction with TBBT. Solvent: DCM-d2. 

1H-NMR (400 MHz, DCM-d2) δ / ppm = 7.35 – 7.16 (m, 4H), 3.65 – 3.61 (m, 2H), 3.61 – 3.41 

(m, 7H), 2.49 – 2.43 (m, 2H), 1.89 – 1.74 (m, 2H), 1.65 – 1.48 (m, 1H), 1.30 – 1.22 (m, 9H). 
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Figure 74. 1H-NMR spectrum of P1 after the thiol-ene reaction with DDT. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 3.74 – 3.45 (m, 7H), 2.59 – 2.46 (m, 4H), 1.87 

– 1.79 (m, 2H), 1.64 – 1.52 (m, 4H), 1.39 – 1.22 (m, 18H), 0.90 – 0.85 (m, 3H). 
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Figure 75. 1H-NMR spectrum of P1 after the thiol-ene reaction with ME. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 3.68 – 3.62 (m, 2H), 3.62 – 3.37 (m, 7H), 2.68 

– 2.61 (m, 2H), 2.60 – 2.52 (m, 2H), 2.44 – 2.31 (m, 1H), 1.88 – 1.72 (m, 3H), 1.69 – 1.39 (m, 

1H). 
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Figure 76. 1H-NMR spectrum of P2 after the thiol-yne reaction with TBBT. Solvent: DCM-d2. 

1H-NMR (400 MHz, DCM-d2) δ / ppm = 7.31 – 7.07 (m, 8H), 3.65 – 3.61 (m, 2H), 3.74 – 3.41 

(m, 11H), 2.87 – 2.80 (m, 1H), 2.76 – 2.56 (m, 2H), 1.98 – 1.50 (m, 1H), 1.30 – 1.19 (m, 18H). 
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Figure 77. 1H-NMR spectrum of P2 after the thiol-yne reaction with DDT. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 3.73 – 3.46 (m, 7H), 2.99 – 2.82 (m, 2H), 2.61 

– 2.52 (m, 4H) 1.87 – 1.79 (m, 2H), 1.65 – 1.52 (m, 5H), 1.45 – 1.19 (m, 37H), 0.91 – 0.85 (m, 

6H). 
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Figure 78. 1H-NMR spectrum of P3 after the thiol-ene reaction with TBBT. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 7.28 – 7.09 (m, 4H), 3.62 – 3.54 (m, 2H), 3.48 

– 3.13 (m, 3H), 2.37 – 2.30 (m, 2H), 1.80 – 1.65 (m, 1H), 1.55 – 1.35 (m, 5H), 1.32 – 1.13 (m, 

9H). 
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Figure 79. 1H-NMR spectrum of P3 after the thiol-ene reaction with DDT. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 3.55 – 3.16 (m, 3H), 2.46 – 2.38 (m, 4H), 1.81 

– 1.66 (m, 1H), 1.55 – 1.39 (m, 7H), 1.35 – 1.13 (m, 24H), 0.85 – 0.77 (m, 3H). 
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Figure 80. 1H-NMR spectrum of P3 after the thiol-ene reaction with ME. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 3.69 – 3.60 (m, 2H), 3.55 – 3.15 (m, 3H), 2.68 

– 2.57 (m, 2H), 2.50 – 2.38 (m, 2H), 2.02 – 1.89 (m, 2H), 1.86 – 1.68 (m, 1H), 1.62 – 1.16 (m, 

9H). 
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Figure 81. 1H-NMR spectrum of P4 after the thiol-yne reaction with TBBT. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 7.28 – 7.02 (m, 8H), 3.53 – 3.42 (m, 4H), 3.58 

– 3.15 (m, 3H), 2.62 – 2.50 (m, 2H), 2.49 – 2.37 (m, 1H), 1.84 – 1.57 (m, 3H), 1.54 – 1.30 (m, 

5H), 1.25 – 1.12 (m, 18H). 
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Figure 82. 1H-NMR spectrum of P4 after the thiol-yne reaction with DDT. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 3.62 – 3.15 (m, 3H), 2.79 – 2.71 (m, 1H), 2.70 

– 2.52 (m, 2H), 2.49 – 2.38 (m, 2H), 1.83 – 1.66 (m, 1H), 1.62 – 1.38 (m, 9H), 1.37 – 1.12 (m, 

38H), 0.87 – 0.74 (m, 6H). 
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6.4.8 CuAAC Reaction Procedures 

 

 

 

Copper(I) bromide (0.20 eq. per repeating unit, 0.037 mol L-1) was given into a crimp-cap vial, 

the vial was closed and the atmosphere was changed to nitrogen. The respective poly(vinyl 

ether) (1.00 eq., 0.184 mol L-1*), benzyl azide (3.00 eq per repeating unit, 0.553 mol L-1) and 

PMDTA (0.4 eq. per repeating unit, 0.074 mol L-1) were dissolved in THF and added into the 

crimp-cap vial with a syringe. The reaction was stirred at room temperature overnight. 

Afterwards, the solution was precipitated in methanol and washed three times with methanol. 

Subsequently, the resulting polymers were dried under vacuum at 40 °C overnight. 

*equivalents and concentration with respect to each repeating unit 

 

Table 19. Overview of the post-polymerization modification reactions of polymers P2 and P4. 

Entry Polymer PPM Reactant Conversion# 
Mn,before

* 

[g mol-1] 
Đbefore

* 

[1] 
Mn,after

* 

[g mol-1] 
Đafter

* 

[1] 

1 P2 CuAAC BzN3 Quant. 7100 1.19 9900 1.11 

2 P4 CuAAC BzN3 Quant. 6000 1.05 7400 1.05 

*Determined by SEC with PMMA standards. #Quantitative conversion of the respective functional group as 

determined by 1H-NMR spectroscopy. 
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Figure 83. 1H-NMR spectrum of P2 after the CuAAC reaction with BzN3. Solvent: DCM-d2. 

1H-NMR (400 MHz, DCM-d2) δ / ppm = 7.61 – 7.50 (m, 1H), 7.36 – 7.16 (m, 5H), 5.47 – 5.37 

(m, 2H), 4.58 – 4.44 (m, 2H), 3.66 – 3.36 (m, 5H), 1.85 – 1.37 (m, 2H). 
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Figure 84. 1H-NMR spectrum of P4 after the CuAAC reaction with BzN3. Solvent: CDCl3. 

1H-NMR (400 MHz, DCM-d2) δ / ppm = 7.37 – 7.06 (m, 6H), 5.43 – 5.24 (m, 2H), 3.57 – 3.10 

(m, 3H), 2.65 – 2.42 (m, 2H), 1.94 – 1.76 (m, 1H), 1.74 – 1.30 (m, 5H). 
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6.5 Procedures for ‘The Power of Architecture – Cage-shaped 

PEO and its Application as a Polymer Electrolyte’ 

The synthesis of the cage-shaped PEO was accomplished by Dr. M. Gauthier-Jaques and is 

therefore covered in his dissertation and/or the respective publication.181,182 

The PE preparation and all other measurements were conducted accordingly to the general 

procedures. 
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6.6 Procedures for ‘Styrene-Based Poly(ethylene oxide) Side 

Chain Block Copolymers as Solid Polymer Electrolyte for 

High-Voltage Lithium-Metal Batteries’ 

6.6.1 Macromonomer Synthesis (4-Vinylbenzyl mPEOz ether, VBmPEOz) 

 

 

 

Sodium hydride (60% dispersion in mineral oil, 1.5 eq. pure NaH, 0.075 mol L-1) was placed 

in a round-bottom flask with a corresponding amount of dry THF and purged with dry N2 for 

15 min while stirring. Afterwards, mPEOz (1.00 eq., 0.05 mol L-1) was added dropwise (solid 

mPEOz was dissolved in dry THF prior addition) and the mixture was stirred until the H2 

formation stopped (~ 30 min). Then, 4-vinylbenzyl chloride (3.00 eq., 0.15 mol L-1) was slowly 

added. The reaction was stirred overnight. Afterwards, the reaction was quenched with 10 mL 

of water and concentrated under reduced pressure. Water and DCM were added to separate the 

phases. The organic phase was washed with water four times and the aqueous phase was 

reextracted once with DCM. The combined organic phases were dried over MgSO4, filtered 

and the solvent was concentrated under reduced pressure. Subsequently, the product was 

precipitated four times from THF into cold diethyl ether and centrifuged. The product was 

obtained as slightly yellow liquid (z = 400) or as slightly yellow/white solid (z = 1000/2000) 

and dried at 40 °C under vacuum overnight. Yields: 80 – 95%  
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Figure 85. Exemplary 1H-NMR spectrum of VBmPEO1000. Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1) δ / ppm = 7.39 – 7.28 (m, 4H), 6.74 – 6.67 (dd, J = 17.6, 

10.9 Hz, 1H), 5.75 – 5.71 (d, J = 17.6 Hz, 1H), 5.24 – 5.21 (d, J = 10.9 Hz, 1H), 4.54 (s, 2H), 

3.68 – 3.52 (m, xH), 3.37 (s, 3H). 

Integrals: z = 400: x = 38, z = 1000: x = 101, z = 2000: x= 194.  
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Figure 86. Exemplary 13C-NMR spectrum of VBmPEO1000. Solvent: CDCl3. 

13C-NMR (400 MHz, Chloroform-d1) δ / ppm = 138.01, 137.04, 136.69, 128.03, 126.30, 

113.82, 73.04, 72.04, 70.74, 69.49, 59.12.  
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6.6.2 Homopolymerization of VBmPEOz 

 

 

 

2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT, 1.00 eq.) was dissolved 

in a 1:1 mixture of water and dioxane in a round-bottom flask. VBmPEOz (z = 400: 30.0 eq, 

0.65 mol L-1, z = 1000: 15.0 eq., 0.45 mol L-1, z = 2000: 9.00 eq., 0.35 mol L-1) and AIBN 

(0.50 eq.) were added subsequently. The solution was purged with N2 for 20 minutes and the 

polymerization was conducted at 80 °C for 23 hours. Subsequently, the polymerization was 

stopped by placing the flask in the freezer. Then, the solvent was removed under reduced 

pressure. Poly(VBmPEO400) was obtained as a highly viscous, yellow liquid, 

poly(VBmPEO1000) and poly(VBmPEO2000) were obtained as a solid product and used 

directly as macro RAFT-agents for the block copolymerization. Yields: 100% 

6.6.3 Block Copolymerization 

 

 

 

The previously obtained macroRAFT-agent (poly(VBmPEOz), 1.00 eq., z = 400: 

0.014 mol L-1, z = 1000: 0.013 mol L-1, z = 2000: 0.009 mol L-1) was dissolved in dioxane and 

styrene (z = 400: 200 eq, 2.88 mol L-1, z = 1000: 200 eq., 2.54 mol L-1, z = 2000: 500 eq. 

4.37 mol L-1) as well as AIBN (0.5 eq.) were added. The reaction was purged with N2 for 
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10 min and polymerized at 80 °C for 23 hours. Subsequently, the product was precipitated into 

diethyl ether, redissolved in THF and reprecipitated in diethyl ether for three times. The 

resulting polymer was dried at 50 °C under vacuum overnight. Yields: 80 – 90%  

 

Table 20. Overview of the different block copolymers. 

Entry 
Mn,mPEOz 

[g mol-1] 

EO 

units* 

Mn, PVBmPEOz
§ 

[g mol-1] 
ĐPVBmPEOz

§ 
Mn, BPz

§ 

[g mol-1] 
ĐBPz

§ wVBmPEOz
# ϕVBmPEOz

$
 

BP400 400 9.4 10100 1.11 24900 1.22 0.56 0.53 

BP1000 1000 25.5 10400 1.08 28600 1.25 0.52 0.49 

BP2000 2000 48.4 17600 1.10 38300 1.16 0.49 0.46 

*Average per PEO side chain. Calculated by 1H-NMR integration. §Measured by SEC with PS standards. 
#Calculated by 1H-NMR integration. $Calculated using the densities of PS (1.07 g cm-3) and PEO (1.21 g cm-3). 

Note that this calculation is not 100% correct, since PEO is attached as side chain. 
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Figure 87. Exemplary 1H-NMR spectrum of PS-b-VBmPEO400 (BP400). Solvent: CDCl3. 

1H-NMR (400 MHz, Chloroform-d1): δ / ppm = 7.22 – 6.18, 4.54 – 4.30, 3.71 – 3.49, 3.39 – 

3.35, 2.00 – 1.16. 
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6.7 Procedures for ‘Advanced Block Copolymer Design for 

Polymer Electrolytes: Prospects of Microphase Separation’ 

6.7.1 Block Copolymer Synthesis (PVBmPEO2000-b-PS) 

 

 

 

The poly(VBmPEO2000) (PVBmPEO2000) macro-RAFT agent was prepared as described in 

Chapter 6.6.2. 

PVBmPEO2000 (1.00 eq., BP49: 0.0087 mol L-1, BP39: 0.0073 mol L-1, 

BP31: 0.0069 mol L-1, BP23: 0.0039 mol L-1) was dissolved in dioxane and styrene (BP49: 

500 eq., BP39: 770 eq., BP31: 1050 eq., BP23: 2000 eq.) as well as AIBN (BP49/BP39: 0.5 eq., 

BP31/23: 0.6 eq.) and possibly 1,1′-azobis(cyclohexanecarbonitrile) (ABCN) (BP31: 0.1 eq., 

BP23: 0.2 eq.) were added. The reaction was purged with N2 for 20 min and polymerized at 

80 °C for 23 hours. Subsequently, the product was precipitated into diethyl ether, redissolved 

in THF and reprecipitated in diethyl ether for three times. The resulting polymer was dried at 

60 °C under vacuum overnight. Yields: 80 – 90%  
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Table 21. Overview of the different block copolymers (denoted as BPw where ‘w’ refers to 

w(PVBmPEO2000)). 

Entry 
Mn

§ 

[g mol-1] 
Đ§ n(PS)* w(PVBmPEO2000)* ϕ(PVBmPEO2000)# 

PVBmPEO2000 17 700 1.10 - 1 1 

BP49 38 300 1.16 205 0.49 0.46 

BP39 50 600 1.17 282 0.39 0.36 

BP31 66 000 1.15 408 0.31 0.28 

BP23 90 600 1.20 613 0.23 0.21 

§Determined by SEC in THF using PS standards. *Calculated by integration of the respective signals in 1H-NMR 

spectroscopy. #Calculated using the densities of PS (1.07 g cm-3) and PEO (1.21 g cm-3). Noteworthy, this 

calculation is not 100% correct because PEO is attached as side chain. 
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7 Abbreviations 

7.1 List of Abbreviations 

%   Percentage 

°C   Degree Celsius 

ABCN   1,1′-Azobis(cyclohexanecarbonitrile) 

AEBA   3-Azido-5-ethynylbenzoic acid 

AIBN   2,2′-Azobis(2-methylpropionitrile) 

AP   Anionic polymerization 

Aq.   Aqueous 

ASSB All-solid-state battery 

ATR FT-IR Attenuated total reflection fourier-transform infrared spectroscopy 

ATRP Atom-transfer radical polymerization 

a.u. Atomic unit 

b Block 

BPz PS-b-PVBmPEOz, where ‘z’ refers to the employed mPEOz 

BPw  PS-b-PVBmPEO2000, where ‘w’ refers to w(PVBmPEO2000) 

BPEw Polymer electrolytes derived from BPw 

BPEwIL,[LiTFSI]:[EO]  Polymer electrolyte derived from BPw, where ‘IL’ corresponds to the 

type of IL used and ‘[LiTFSI]:[EO]’ to the ratio between lithium ion and 

the EO repeating units 

CCP Controlled cationic polymerization 

CH Cyclohexane 

CP Cationic polymerization 

CTA Chain-transfer agent 

CuAAC Copper-catalyzed alkyne-azide cycloaddition 

CV Cyclic voltammetry 

Đ Dispersity 
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DCM Dichloromethane 

 Delta 

d Chemical shift in NMR spectroscopy 

d Day 

DDMAT  2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid 

DDT   1-Dodecanethiol 

DMSO   Dimethyl sulfoxide 

DP   Degree of polymerization 

DSC   Differential scanning calorimetry 

e.g.   Exempli gratia 

EDC   1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EIS   Electrochemical impedance spectroscopy 

EO   Ethylene oxide 

ESI-MS Electrospray ionization mass spectrometry 

et al.   Et alii  

EtOAc   Ethyl acetate 

Et3N Triethylamine 

FRP Free radical polymerization 

g Gram 

GPE Gel polymer electrolyte 

h Hour 

HCl Hydrochloric acid 

Hz Hertz 

IBVE Isobutyl vinyl ether 

IC Ionic conductivity 

i.e. Id est 

IR Infrared 
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J Joule 

K Kelvin 

kg Kilogram 

LCO LiCoO2 

LFP LiFePO4 

LIB Lithium-ion battery 

LiFSI Lithium bis(fluorosulfonyl)imide 

LiTF   Lithium trifluoromethanesulfonate 

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 

LNMO LiNi0.5Mn1.5O4 

LMO LiMn2O4 

LSV Linear sweep voltammetry 

M Molar 

M1 Allyl ethylene glycol vinyl ether 

M2 Propargyl ethylene glycol vinyl ether 

M3 7-(Vinyloxy)hept-1-ene 

M4 6-(Vinyloxy)hex-1-yne 

Mn Number-average molar mass 

Mw
 Weight-average molar mass 

mA Milliampere 

ME Mercaptoethanol 

MeCN Acetonitrile 

MeOH Methanol 

mg Milligram 

MHz Megahertz 

mHz Millihertz 

mL Milliliter 
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mm Millimeter 

mM Millimolar 

mmol Millimole 

mol Mole 

mol% Mole percentage 

mPEOz Methoxy poly(ethylene oxide) with Mn = z 

MWCO Molecular weight cut-off 

m/z Mass divided by charge 

NaOH Sodium hydroxide 

nm Nanometer 

NMCXYZ Li(NixMnyCoz)O2  

NMP Nitroxide-mediated polymerization 

NMP N-methyl-2-pyrrolidone 

NMR Nuclear magnetic resonance 

OEGMA Oligo(ethylene glycol) methyl ether methacrylate 

P1 Poly(allyl ethylene glycol vinyl ether) 

P2 Poly(propargyl ethylene glycol vinyl ether) 

P3 Poly(7-(vinyloxy)hept-1-ene) 

P4 Poly(6-(vinyloxy)hex-1-yne) 

PE Polymer electrolyte 

PEx Polymer electrolyte derived from PEOx, ‘x’ can be linear, star or cage 

PEO Poly(ethylene oxide) 

PEOcage Cage-shaped PEO 

PEOend-func End-functionalized star-shaped PEO 

PEOstar Four-arm star-shaped PEO with Mn = 5.0 kg mol-1 

Polymer A/Bz Poly(cyclohexyl vinyl ether-co-mPEOz vinyl ether), where ‘z’ refers to 

the employed mPEOz 
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PPM Post-polymerization modification 

ppm Parts per million 

PS Polystyrene 

Pyr14TFSI 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

PyrO7TFSI 1-Oligo ethylene oxide-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide 

PVBmPEOz Poly(vinyl benzyl methoxy PEOz ether), where ‘z’ refers to the employed 

mPEOz 

PVdF Poly(vinylidene fluoride) 

q Scattering vector 

r.t. Room temperature 

RAFT Reversible addition-fragmentation chain-transfer 

RDRP Reversible-deactivation radical polymerization 

RI Refractive index 

ROP Ring-opening polymerization 

RP Radical polymerization 

σ Ionic conductivity  

σLi+ Lithium-ion conductivity 

SAXS Small-angle x-ray scattering 

SEC Size exclusion chromatography 

SEI Solid electrolyte interphase 

SPE Solid polymer electrolyte 

SSB Solid-state battery 

SSE Solid-state electrolyte 

T Temperature 

TBBT 4-tert-Butylbenzylthiol 

Td5 Decomposition temperature at 5% weight loss  
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Tg Glass transition temperature 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

tLi+ Lithium-ion transference number 

TLC Thin-layer chromatography 

Tosyl Toluenesulfonyl 

VBmPEOz Vinyl benzyl mPEOz ether  

vs. Versus 

𝜈   Wavenumber 
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11 Appendix 

Additional information and spectra for the different projects are given in the following. 

11.1 Additional Results for ‘A Systematic Study of Vinyl ether-

based Poly(ethylene oxide) Side Chain Polymer Electrolytes’ 

11.1.1 Cyclic Voltammetry of Poly(cyclohexyl vinyl ether) 

-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

0

1

2

3

4

5

C
u

rr
e
n

t 
/ 
µ

A

E vs. Ag/AgCl / V 
 

Figure 88. Cyclic voltammogram of poly(cyclohexyl vinyl ether) (0.01 mol L-1) in DCM, using 

tetrabutylammonium perchlorate (0.1 mol L-1) as electrolyte, glassy carbon as working 

electrode, platinum-wire as counter electrode and Ag/AgCl as reference electrode at 25 °C on 

a Metrohm Autolab PGSTAT128N (0 – 1.75 V, 50 mV s-1). Oxidation onset at ~ 0.75 V 

corresponding to 4.59 V vs Li|Li+. 
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11.1.2 Calculation of Crystallinity 

 

Table 22. Calculation of the crystallinity of polymer series A and B. 

Entry Polymer 
Tm 

[°C] 

ΔHmelt 

[J g-1] 

Crystallinity* 

[%] 

Reduction of 

crystallinity* 

[%] 

1 Polymer A400 -1.3 3.92 2.00 98.0 

2 Polymer A550 14.4 35.8 18.2 81.8 

3 Polymer A750 27.2 51.9 26.4 73.6 

4 Polymer A1000 34.3 58.8 29.9 70.1 

5 Polymer A2000 50.4 102.7 52.3 47.7 

6 Polymer B400 8.7 50.0 25.4 74.6 

7 Polymer B1000 38.8 96.4 49.1 50.9 

8 Polymer B2000 53.3 119.9 61.0 39.0 

*Calculated using ΔHmelt(PEO) = 196.4 J g-1 (169) 

 

11.1.3 Electrochemical Impedance Spectroscopy  

1000 2000 3000 4000 5000
0

1000

2000

3000

4000

5000

6000

7000
Polymer B2000 20°C

[LiTFSI]:[EO] 1:15

-Z
''

im
g
 /
 Ω

Z'rel / Ω

Rb

 

Figure 89. Exemplary EIS spectrum (Nyquist plot) of polymer B2000 at 20 °C with a 

[Li+]:[EO] ratio of 1:15.  
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11.2  Additional Results for ‘Synthesis and Post-Polymerization 

Modification of Defined Functional Poly(Vinyl ether)s’ 

11.2.1 FT-IR Measurements 

Exemplary FT-IR spectra of P1 and P2 including all their functionalized polymers were 

recorded in order to further confirm the successful PPM. As shown below, P1 and P2 did show 

the characteristic signals of their respective functional group (C=C double or C≡C triple bond) 

before, but not after the PPM, indicating once more their successful quantitative conversion. 
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Figure 90. ATR FT-IR spectrum of poly(allyl ethylene glycol vinyl ether) (P1). 
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Figure 91. ATR FT-IR spectrum of P1 after the thiol-ene reaction with TBBT. 
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Figure 92. ATR FT-IR spectrum of P1 after the thiol-ene reaction with DDT. 
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Figure 93. ATR FT-IR spectrum of P1 after the thiol-ene reaction with ME. 
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Figure 94. ATR FT-IR spectrum of poly(propargyl ethylene glycol vinyl ether) (P2). 

 

4000 3500 3000 2500 2000 1500 1000 500

0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
s
m

it
ta

n
c
e

n
o

rm
.

Wavenumber / cm-1

 

Figure 95. ATR FT-IR spectrum of P2 after the thiol-yne reaction with TBBT. 
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Figure 96. ATR FT-IR spectrum of P2 after the thiol-yne reaction with DDT. 
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Figure 97. ATR FT-IR spectrum of P2 after the CuAAC reaction with BzN3. 
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11.2.2  ESI-MS Results 

Exemplary ESI-MS measurements were conducted to further verify the polymer structure. P1 

before and after functionalization with DDT revealed the appearance of the expected signal 

spacing. P2 before functionalization did also show the expected signal spacing, but it was not 

possible to measure the functionalized polymers, probably because of their exceeding molar 

mass and/or their insufficient ability to stabilize a sodium ion. 
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Figure 98. ESI-MS spectrum of P1. The signal spacing clearly confirmed the monomer 

structure. Multiple charged chains could be identified. 
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Figure 99. ESI-MS spectrum of P1 after the thiol-ene reaction with DDT. The peak spacing 

clearly confirmed the successful PPM.  
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Figure 100. ESI-MS spectrum of P2. The peak spacing clearly confirmed the monomer 

structure. 
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11.3  Additional Results for ‘Styrene-Based Poly(ethylene oxide) 

Side Chain Block Copolymers as Solid Polymer Electrolyte for 

High-Voltage Lithium-Metal Batteries’ 

11.3.1  Additional TGA Thermograms 
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Figure 101. TGA thermogram of BP2000. Atmosphere: N2. 
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Figure 102. TGA thermogram of BPE2000. Atmosphere: Air. 
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11.3.2  EIS data of Li|BPE2000|Li cells 
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Figure 103. Corresponding EIS data (Figure 37) of Li|BPE2000|Li symmetrical cells before 

cycling, after the initial formation cycles (0.05 mA cm-2 for 10 cycles) and after constant plating 

and stripping with a current density of 0.1 mA cm-2 for four hours over a total of 350 hours. 

 

A small decrease in the electrolyte resistance (first intercept) after formation in comparison to 

the fresh cell was visible, probably as a result of an improved contact. Further, the overall cell 

resistance (second intercept) was slightly increasing due to SEI formation. After 350 hours of 

plating and stripping with a current density of 0.1 mA cm-2 for four hours, the electrolyte 

resistance remained constant, whereas the overall cell resistance increased, implying an 

increasing SEI. 
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11.3.3  EIS data of Li|BPE2000|NMC622 cells 
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Figure 104. Corresponding EIS data (Figure 41a) of Li|BPE2000|NMC622 full cells before 

cycling, after the initial formation cycles, after 10 cycles and after 100 cycles. 

 

A small decrease in the electrolyte resistance as well as the appearance of the semi-circle 

attributed to the charge-transfer resistance could be detected after the initial formation cycles 

probably as a result of the optimized contact after these first cycles. After 10 and even more 

prominent after 100 cycles, the electrolyte resistance seemed to be slightly increased in 

comparison to the resistance of the fresh cell and the cell after formation, which is assumed to 

correspond to minor electrolyte degradation. In contrast, the charge-transfer resistance was 

barely observable and surprisingly lower than before. Potentially, this behavior can be attributed 

to a penetration of the cathode by the PE over time (which was also seen by the observation 

that it is not possible to remove the cathode from the PE after cycling), thus an increased contact 

area is formed resulting in a better interface and consequently a decreased resistance. However, 

parasitic processes are possibly present, explaining the decrease in capacity as seen in Figure 

41a. 
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11.4  Additional Results for ‘Advanced Block Copolymer Design 

for Polymer Electrolytes: Prospects of Microphase 

Separation’ 

11.4.1  Additional SAXS Measurements 
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Figure 105. SAXS measurement of BPE39O7,1:10 revealing the microphase separation as well 

as indicating a lamellar long-range order. 
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Figure 106. SAXS measurement of BPE31O7,1:10 revealing the microphase separation as well 

as indicating a lamellar long-range order. 
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Figure 107. SAXS measurement of BPE23O7,1:10 revealing the microphase separation as well 

as indicating a lamellar long-range order. 
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Figure 108. SAXS measurement of BPE3914,1:10 revealing the microphase separation as well 

as indicating a lamellar long-range order. 
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Figure 109. SAXS measurement of BPE3114,1:10 revealing the microphase separation as well 

as indicating a lamellar long-range order. 

 

11.4.2  Exemplary Measurement of the Li+ Transference Number  
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Figure 110. EIS of Li|BPE23O7,1:7.5|Li before and after applying a potential of 10 mV at 40 °C. 
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Figure 111. Chronoamperometry of Li|BPE23O7,1:7.5|Li applying a potential of 10 mV at 40 °C. 

 

 


