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Abstract

The demographic progress and the related increase in energy consumption force the development of
efficient and long-lasting energy storage technologies. In this context, solid-state batteries establish the
possibility of improved energy and power densities in combination with thinner components using
novel separator and electrode technologies. Looking into standard electrolyte classes, single ion-con-
ducting polymer electrolytes (SICPEs) combine classical polymer advantages with enhanced cell per-
formance. The immobilization of the anions on the respective polymer backbone permits a facilitated
lithium migration behavior and prevents polarization effects during cycling. In the scope of this work,
the architecture of standard SICPE matrices is enlarged by establishing a new monomer concept. The
herein-designed monomer structure 1 offers a terminal epoxide and a protection group strategy that
allows the anionic ring-opening-polymerization of the epoxide functionality towards the respective pol-
yether. After post-polymerization functionalization, the target SICPE presents the first example of an
immobilized anionic charge directly linked to a flexible PEO backbone. Every repetition unit presents
one charge carrier that can be transported through the solid electrolyte. New polymer geometries are
unlocked via copolymerization with styrene oxide and poly (ethylene glycol) diglycidyl ether. The ther-
mal properties of the homo- as well as the copolymers are analyzed via thermogravimetric analysis and

differential scanning calorimetry and discussed regarding their electrochemical performance.

The design of alternative monomer structures and the post-polymerization functionalization of poly
(styrene oxide) open the discussion platform for additional reaction pathways to achieve the target
SICPE. Their advantages and challenges are exemplified based on the feasibility of their synthesis pro-

tocols.
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Zusammenfassung

Der demografische Fortschritt und der damit einhergehende Anstieg des Energieverbrauchs fordern
die Entwicklung effizienter und langlebiger Energiespeichertechnologien. In diesem Zusammenhang
eroffnen Festkorperbatterien die Moglichkeit besserer Energie- und Leistungsdichten durch neuartige
Separator- und Elektrodentechnologien und diinnere Verarbeitungsschritte. Einzelionenleiter kombi-
nieren klassische Polymervorteile mit einer insgesamt verbesserten Zellleistung. Die Immobilisierung
der Anionen auf dem entsprechenden Polymerriickgrat ermoglicht ein erleichtertes Wanderungsver-
halten der Lithiumkationen und verhindert Polarisationseffekte wahrend dem Zellbetrieb. Im Rahmen
dieser Arbeit wird der Aufbau und die Architektur gangiger Einzelionenleiter durch die Etablierung ei-
nes neuen Monomerkonzeptes erweitert. Das hierbei entworfene Monomer 1 bietet eine endstandige
Epoxidgruppe und eine Schutzgruppenstrategie, die die anionische Ring6ffnungspolymerisation der
Epoxidfunktionalitdt zu dem jeweiligen Polyether ermdglicht. Nach der Durchfiihrung einer polymer-
analogen Funktionalisierung stellt der in dieser Arbeit synthetisierte Einzelionenleiter das erste Beispiel
fiir eine immobilisierte anionische Ladung dar, die direkt an ein flexibles PEO-Riickgrat gebunden ist.
Jede Wiederholungseinheit beherbergt einen Ladungstrager, der durch den Festelektrolyten transpor-
tiert werden kann. Durch die Copolymerisation mit Styroloxid und Poly(ethylenglykol)-diglycidylether
werden neue Polymergeometrien erschlossen. Die thermischen Eigenschaften der Homo- sowie der
Copolymere werden mittels thermogravimetrischer Analyse und dynamischer Differenzkalorimetrie

analysiert und hinsichtlich ihrer elektrochemischen Leistungsfahigkeit diskutiert.

Das Design alternativer Monomerstrukturen und die Postpolymerisationsfunktionalisierung von
Poly (styroloxid) eréffnen die Diskussionsplattform fiir zusatzliche Reaktionswege, den gewlinschten
Einzelionenleiter zu realisieren. lhre Vorteile und Herausforderungen werden anhand der Durchfiihr-

barkeit ihrer Syntheseprotokolle veranschaulicht.
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Lithium all-solid-state batteries: a historic way to next-generation energy storage systems

1. Lithium-ion batteries: a historic way to next-generation energy
storage systems

Ever since human life has developed on this planet, energy has played a pivotal role in the evolution of
civilizations. Daily tasks such as generating heat, cooling, transportation, or communication require a
profitable energy supply. The population is steadily growing, and the demand for energy storage
in portable electronics, smart grids, and electronic vehicles (EVs) is rapidly increasing. Monitoring the
global car sales market, EVs show more than a tenfold increase in their market share from 9% (sales in
2021) to 14% (sales in 2022) with rising potential. Besides Europe and the United States, China, as a

global player, holds the most EV market shares (see Figure 1, data from 2023).™
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Figure 1: Overview of global market shares based on the top 10 battery-only and plug-in hybrid (battery can be additionally
charged via combustion engines) EV producers in the first half of 2023; Chinese vendors: BYD Auto, SAIC Motors, Geely, GAC

Group.

To cope with the ambitious demands of progress in our worldwide technological visions and people’s
current living standards, the principle behind energy storage has to be elevated to next-generation
applications. Two main factors are mostly known to decide the success and consistency of a technology:
secular safety and a sustainable, high-energy output.”?! Safety is guaranteed by preventing side reac-
tions between all incorporated components, ensuring a secured technology implementation and oper-
ation over an elongated period.?! To achieve storage systems with an outstanding energy density, each

module's enhanced quality and power must be ensured to create a fruitful working environment.
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With all these goals in mind, Whittingham started to revolutionize in the 1970s the nature of recharge-
able batteries. By investigating the advantaged crystal structure-ion intercalation relationship of lay-
ered titanium disulfide, it was possible to bypass classical lead-acid batteries and molten salt systems
based on molten lithium or sulfur.*>! He established a light and easily accessible cathodic intercalation
system with low lattice expansion. Due to its nature as a metallic conductor, further addition of electri-
cally conductive additives was not necessary.!®” Coupled with a metallic lithium anode, the Li/TiS; sys-
tem could retain capacity over many working cycles. Even today, batteries of this type stored in the
Nobel-Prize Museum in Stockholm show more than 50% of their original capacity.'® Exxon, responsible
for commercializing this battery type, switched to Li-Al alloys as a lower voltage alternative to pure Li
anodes.”! The reason was the deposition of thin dendrites on the lithium surface. Combined with lig-
uid, non-aqueous electrolytes that could not prevent this growth, the batteries started shortening and

catching fire.l:

Aiming for higher energy densities and decreasing production costs, Goodenough left the field of sul-
fides by starting to take a deeper look into related, oxide-layered structures.™™! In this context, he pos-
tulated for the first time ternary transition-metal oxides with the chemical formula LiIMO, (with M =V,
Cr, Co, Fe, and Ni) after lithium cobalt oxide (LiCoO,) showed up to be a promising, cathodic insertion
candidate. 213! |t outperformed TiS, about the measured open-circuit voltages and exhibited a theo-
retical energy density of 1.1 kWh kg™.[*? The oxidic cathode enabled the building of a rechargeable
Li/LiCoO, battery with a power of already 4 V.** The ability to deintercalate lithium at high potentials
reversibly allowed the battery design to be loosened from using unsafe lithium metal as an anode.*>
161 Cobalt provides stabilization effects on the cathode that support the consistency of LiCoO, cathodes
till today.”? However, mining and refining metal and related social and environmental concerns have
raised attention to diminishing the amount of metal in the electrode.!’®**! The trend nowadays is going

towards nickel, aluminum, and manganese oxides like LiNig.sC00.15Alo.0502 (NCA) or LiNio.76Mno.14C00.1002

(NMC)Po21,

Nevertheless, while the progress on cathode materials and technologies seemed to be evolving in a
fast and effective manner, finding suitable anodes turned out to be more complicated. Side reactions
between the liquid electrolyte and metallic lithium continued to support dendrite growth, and the bat-
tery security started to be questioned. In the 1980s, the focus of research was shifted towards novel
anode designs.?? In early work about carbonaceous materials, graphite was highlighted as negative
intercalation side.®! Yazami and his group at Grenoble were the first to prove that lithium-graphite
intercalation was reversible while using polyethylene oxide in combination with lithium perchlorate as

a solid organic electrolyte.?*?%! |ts wide availability, the manifold possibilities of shape transformation
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(particle size/shape), and its high capacity of 372 mAh g made graphite an attractive material for lith-
ium-ion batteries aiming for high energy densities.?®! However, the usage of graphite could not entirely
prevent electrode fading or disruption of the carbon structure. These effects were caused by the small
lithium cations intercalating into the regular stacking of carbon flat layers and the larger counter anions,
leading to a widening of the structure.l?”? Therefore, investigating the interfacial situation between an-

ode and electrolyte was intensified.

Interphases are generated when the electrolyte cannot remain thermodynamically stable in the pres-
ence of the extreme potentials predominant in lithium-ion batteries (LIBs).?® It is possible to protect
graphite from exfoliation by forming a stable solid-electrolyte interface (SEl) via aggregating the de-
composed electrolyte parts on the anode surface.?3! But not every electrolyte has the potential to
create a stable SEI. Propylene carbonate (PC), which is still used as a common electrolyte in lithium-ion
batteries, is one of the negative examples of destabilizing decomposition products.'*? In collaboration
with the Japanese battery supplier Asahi Kasei, Yoshino focused on carbonates as electrolytes but short-
ened the carbon framework to end up with ethylene carbonate (EC).*3! Even though propylene and
ethylene carbonate differ with only one carbon atom, there is a huge difference in stability.l?®! The thin
insulating layer formed on the graphite surface, consisting of the ethylene carbonate decomposition
products, enabled a reversible and efficient lithium intercalation/deintercalation.?* Although research

is always searching for alternative anode materials, graphite remains dominant.

In 1991, Sony commercialized the concept of LIBs and boomed the progress in battery technologies
and materials by applying all these carefully adjusted and well-designed components in one battery.*"
Their set-up consisted of graphite as anode, LiCoO, as cathode, and a diethylene carbonate/propylene
carbonate (DEC/PC) mixture with lithium hexafluorophosphate (LiPFs) as electrolyte.2®! A volumetric
energy density of 200 Wh dm™ and a gravimetric energy density of 80 Wh kg was reached.?” In 2019,
for pathing the way to functional batteries, the founding fathers of this technology — Whittingham,
Goodenough, and Yoshino - received the Nobel Prize “for the development of lithium-ion batteries”.[*
221 Their research was mainly motivated to create a future independent of fossil fuels. Figure 2 depicts
a schematic representation of the first commercialized “Sony battery” and the essential material classes

that made this development possible.
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Figure 2: Milestones in the development of the first commercialized LIB by Sony.38]

After establishing this first rudimentary and well-working concept of a LIB, the journey's end has not
yet been reached. Continuous development is ongoing, addressing the questions of price, sustainabil-
ity, power supply, and innovation.® As the production costs are effectively managed, LIBs can be con-
sidered the leading technology in rechargeable batteries.*”! Unfortunately, the growing market, espe-
cially in the e-mobility sector, demands more and more innovation power from the manufacturer. The
biggest bottleneck with liquid LIBs is their low energy density, which is limited by the choice of suitable
anodes that do not decompose with the electrolyte.*! Pure lithium metal as a hostless material is the
perfect candidate to unlock the potential of increased specific capacity on the anode side. It has a
theoretical capacity of 3860 mAh g and the lowest electrochemical potential of —3.04 V (versus stand-
ard hydrogen electrode) in the galvanic series.*?! This extremely high negative electrochemical poten-
tial enables, on the one side, the rise of energy and power density.**! On the other hand, it is also the
reason why nearly every applied electrolyte can be reduced on its surface, causing inhomogeneous

lithium deposition, dendrite growth, and safety risks.!***!

To overcome this issue, a long-lasting and resilient alternative to liquid electrolytes must be invented.
The SEI between electrolyte and electrode experiences stabilization effects by replacing common or-
ganic solvents with solid compounds.® In a liquid electrolyte-lithium interphase, the solvents and salts
of the electrolyte decompose directly upon contact with the metal surface to form Li,COs;, ROLi,
ROCO,Li, and LiF (in the presence of LiPF¢).*”) The resulting SEI is mostly uneven and not robust enough
to compensate volume changes during cycling.”® In contrast, the solid electrolyte-anode interphase is
not formed by decomposition but by structural transformation of the electrolyte. The resulting SEl ben-

efits in dendrite suppression and problems concerning electrolyte consumption disappear.!*”

In the last few years, incorporating only solid components into a battery has gained much attention.

These so-called “all-solid-state batteries” (ASSBs) use different classes of electrolytes, mainly oxide,
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sulfide, polymer, and halide electrolytes.®>3 Leaving critical anode-liquid electrolyte interactions be-
hind, ASSBs offer increased intrinsic safety and feasible higher energy densities.® By incorporating
lithium instead of a graphite anode, the specific energy is theoretically increased by 35%, opening up
new horizons regarding our current energy use and storage. Besides all the material classes that can
be considered for ASSBs, solid polymer electrolytes (SPEs) show an innovative package of promising
properties such as low density, low cost, and excellent processability.® In the following chapters, their
function as both separators and solid electrolytes will be discussed in relation to different battery chem-

istries and compared with leading set-ups.
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2. The implementation of polymers in batteries

Batteries are an efficient and intelligent answer to how we manage to store energy efficiently and long-
lasting, ready to be used on the spot. Our daily lives would be significantly different if we were forced
to bypass battery-driven technologies like smartphones, tablets, smartwatches, or laptops.”! By sup-
porting e-mobility in terms of the consistent development of EVs or e-bikes, the first milestones to-

wards a more sustainable future, accompanied by a neutral CO, footprint, are set.>’-8

Every battery cell component has a valuable input on the battery composition and, in reverse conclu-
sion, the power and energy density. While the role of the anodic and cathodic materials is already
strictly determined, polymers present a huge innovation portfolio concerning their electrochemical ap-
plication.® They bear several advantages (see Figure 3), namely excellent thermal, mechanical, and
electrical properties, low density, easy processability, high safety, and low production costs, that
match various requirements demanded from the respective devices.®® Polymers are present in nearly
every commercial lithium-ion battery on the market, where their functions range from acting as elec-
trode binders and porous separators to solid electrolytes and composite material supplements.>”-5% 6%

831 To get an inside into their diversity, the following chapters will highlight key polymer technologies

and their battery applications.
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Figure 3: General merits of polymers that make them attractive candidates for battery application.
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2.1. Polymers: a multitool in all types of batteries

2.1.1 Rechargeable, liquid LIBs

The most common and well-established polymer applications related to energy storage are found in
secondary, rechargeable LIBs. Since the commercialization of the Sony battery in 19918, the general
working principle of this battery type has not changed significantly. It is an electrochemical cell that
converts stored chemical energy into electrical energy. This requires only four main components: an
anode, a cathode, a liquid electrolyte with a dissolved lithium salt, and a separator (see Figure 4).1°4 As
mentioned above, a typical anode is made of graphite, as the layered structure allows the reversible
intercalation and deintercalation of lithium cations without disrupting the material.l®® Common cath-
odes are often based on LCO due to its stabilizing effects during cycling, ease of synthesis, high initial
Coulombic efficiency, and compact density.[*”! Cobalt-free and, thus also, cheaper and more sustain-
able cathode alternatives are spinel-type structures such as lithium manganese oxide (LiMn;04, LMO)
or phosphates such as lithium iron phosphate (LiFePO,, LFP).[®® This olivine structure type has a lower
open circuit potential but a higher capacity than LCO."! Based on their different redox potentials, the
anode and cathode generate an electric field and internal electrochemical reactions, forcing the pre-
sent charge carriers to move from one electrode to the other.®®®7* During charging, the lithium cations,
stored in the cathode, de-intercalate from the cathode material and diffuse into the liquid electrolyte.
The electrolyte transports the lithium cations to the separator, where they can migrate through the
pores to reach the anode side. There, the lithium cations are intercalated again. The electrons are cy-
cled through the external electrical circuit. The process is reversed during discharging, meaning the
lithium cations migrate from the anode to the cathode.l”? The following equations show the reactions

during the charging of the battery (cathode: LCO, anode: graphite):

Cathode: LiCoO; = Lij1C00; + xLi* + xe (1)
Anode: 6C + xLi* + xe” = LixCe (2)
Overall Reaction: LiCoO; + 6C = Li;1.9Co0O> + LixCs (3)

A liquid electrolyte that acts as a lithium-ion carrier is needed to enable ion transfer within the LIBs.
The electrolyte is an essential part of the secondary battery, as it influences parameters like the overall
thermal stability and the ongoing processes at the interphases (e.g., SEl formation).”*) While the chem-
ical nature of the electrodes defines the energy output, the electrolyte controls the mass flow and its
velocity within the battery.”” The choice of a liquid electrolyte is affected by several requirements,

focusing on electrochemical stability and intrinsic electrolyte properties. The dielectric constant must
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have a specific value to dissolve the added lithium salt. The viscosity of the electrolyte-salt solution
should be kept at a minimum level to facilitate the migration of the lithium cations. To avoid interfacial
instabilities between the electrolyte and the anode or cathode, the solvent must have sufficient com-
patibility with the electrodes within the operating range of the battery. This stability is often challenged
by the cathode and anode's strong oxidizing and reducing properties. That’s why liquid electrolytes are
forced to have a wide electrochemical stability window. The intrinsic properties of the solvent should
include a low melting, high boiling, and flash point. Additionally, safety should be guaranteed by using

only non-toxic and harmless reagents.[**
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Figure 4: General set-up of a liquid LIB!®¥ during the discharge process, consisting of a negative anode (here: graphite), a
positive cathode (here: LiCo0,), a liquid electrolyte (here: cyclic carbonate) with a dissolved salt (here LiPFg), and a porous,

polymeric separator.

The chemistry behind the used electrolytes has also changed as technology constantly evolves. When
Volta established his first concept of an “artificial electrical organ”, or his so-called “pile” in 1799, water
was the solvent of choice as an electrolyte, because it easily dissolves most kind of salts.”>7%! Following
the battery history, subsequent technologies picked up this trend. In 1860, Planté demonstrated the
first practical rechargeable lead-acid battery.[’”! Besides using large lead sheets as electrodes, the elec-
trolyte was found to be based on sulfuric acid diluted in water.”® Aqueous potassium hydroxide or
acids were standard electrolytes in alkaline batteries, including nickel-cadmium, nickel-metal hydrides,
or zinc-manganese dioxides.”?®! Aqueous electrolytes already formed the basis for many important
battery working principles that are still used and researched today. Nevertheless, a switch from aque-
ous to non-aqueous electrolytes prevailed in the 1960s to 1980s. Water encountered restrictive cell
potential barriers, manifesting in an intrinsic limit about the battery's respective volumetric and gravi-
metric energy density.”> 8% With the increasing demand for energetically more prosperous energy stor-

age systems, the incorporation of lithium as an anode made water as an electrolyte nearly impossible.




The implementation of polymers in batteries

Non-aqueous electrolytes gained interest when Yoshino highlighted carbonates in their role as working
electrolytes.3! They also facilitated the way to lithium-enriched anode concepts because they could
form a stable and passivation layer on the anode side.®? Dahn et al. were among the first groups to
investigate that PC and EC exhibit irreversible reactions only at the first discharge, producing the anode-
protecting SEI (see Figure 5).[8% As far as the composition of the SEl is understood, in the case of PC, it
is formed out of lithium alkyl carbonates, alkenes, and a complicated mixture containing lithium oxa-

late, oxide, alkoxides, and reduction products based on the added salts. %8¢

) before cycling initial SEI formation SEl development
D = negative electrode

D = electrolyte

. = inorganic carbonate
accumulation

Electrolyte
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. = liquid electrolyte
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products
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Figure 5: SEI formation between the negative electrode and the non-aqueous electrolyte in a LIB during the first cycling; the
electrolyte decomposes to yield liquid electrolyte decomposition products; the added salt decomposes as well and produces,

for example, LiF (in the case of LiPFs as conductive salt).[8% 84

Lithium electrolytes are a mixture of one or two non-aqueous electrolytes with one lithium-conducting
salt. To create a good solubility of the salt, the electrolyte needs to offer polar groups such as carbonyl
(C=0), nitrile (C=N), sulfonyl (S=0), or an ether linkage (-0-).1** Besides cyclic carbonates like PC and EC
or cyclic ethers like tetrahydrofuran (THF), linear carbonates can also be applied as co-solvents.®”!
Prominent examples are dimethylcarbonate (DMC) or DEC.[®8%% The stability of carbonate electrolytes
has a major bottleneck, which lies in their instability against the anodes.® Other classes of liquid elec-
trolytes have been invented to counteract the capacity fading that is regularly observed as a conse-
guence. Figure 6 gives an overview of standard carbonates and the respective alternatives, such as

sulfones, fluorinated carbonates, isocyanates, and dinitriles.®*94
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Figure 6: Conventional liquid electrolytes for LIBs; left: cyclic (EC and PC) and linear carbonates (DMC and DEC); right: sulfones
(tetramethylene sulfone (TMS) and 8-fluorinated sulfone (TFPMS)), isocyanates (fluorosulfonyl isocyanate (Fl)), fluorinated

carbonates (bis(2,2,2-trifluoroethyl) carbonate (HFDEC)), and dinitriles (CN(CH3),CN)).[21-24]

The charge carriers in a LIB are the lithium cations, which move contrary to their counter anions. Their
movement balances the external electron flow observed between the cathode and the anode. To be
applicable as an efficient conducting salt, lithium salt must have a high solubility in organic solvents
and a high conductivity within the medium.”3 The degree of solubility is often dictated by the dissoci-
ation properties of the salt, meaning that the lithium cations should be able to move freely within the
media with high mobility. The anions and the cations should exhibit high thermal and chemical stability
towards all cell components, including the electrodes and the separator. At this juncture, the anion
should offer increased stability against oxidative decomposition at the cathode side and an inert be-
havior against the electrolyte solvent. As mentioned above, the formation of the SEl between the elec-
trolyte and the electrodes plays a critical role in the battery's lifetime and safety. Therefore, the lithium

salts should also be able to contribute to the formation of a stable and less-resistive SEI.®>!

Over the years, several lithium salts were established as familiar applicants in LIBs, which use different
settings of the anionic structure motif. A well-known example is lithium perchlorate (LiClO,4), the salt
of a strong acid with high solubility and good ionic conductivity in non-agueous solvents (approximately
9 mS cm™ in EC or DMC at room temperature).®® Due to its strong resistance against hydrolysis and its
strengthened ability to form films on carbonaceous and lithium metal anode surfaces, it is a famous
model salt for testing electrolytes under various laboratory conditions. Nevertheless, as a daily candi-
date in LIBs, LiClO4 is hardly applicable. Due to the nature of the chlorine and its high oxidation state of

+VII, the perchlorate likely reacts with organic species at higher temperatures. During cycling, the side

10
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product LiClO3 can form, and its hygroscopic character leads to moisture absorption, which can result

in the cell's explosion.[®> 97-%]

Leading over to fluoro-type anions, three commonly used salts are known to be used in a majority of
LIBs: lithium tetrafluoroborate (LiBF,), lithium hexafluoroarsenate (LiAsFg), and lithium hexafluorophos-
phate (LiPFs). Compared to perchlorate-based salts like LiCIO,4, these salts have a lower risk of explosion,
although they are still susceptible to hydrolysis. The side product that is formed when fluoro-type ani-
ons are hydrolyzed is hydrofluoric acid (HF). It is critical for trapping the lithium cations and decompos-
ing the transition-metal elements in the cathode.!® The fluoroborate anion BF4 is a relatively small
anion that shows a high association with the lithium cation based on its localization of the negative
charge and its size. This fact can be seen as the reason for low conductivity, as the cations are firmly
bound to the anionic counterpart.®® Comparing the ionic conductivity of 10 mS cm™ of the related
LiPFs, LiBF4 only exhibits a moderate ionic conductivity of 5 mS cm™ in an EC/DMC mixture. 29001 Ag-
ditionally, fluoroborate does not form stabilizing products on the anode surface, as its symmetric struc-
ture provides intrinsic stabilization. This fact impedes the battery's cycling, leading to self-discharging
and capacity fading.!*%? Nevertheless, the good thermal stability still keeps LiBF4 in the pool of regularly

applied lithium salts.

An extensively studied and also nowadays one of the most dominant fluoro-type anions in lithium salts
is LiPFs.1'% The advantages of fluorophosphate lie in its high ionic conductivities at room temperature,
its ability to form a stable SEl on the anodic side, and its flame-retardant properties due to the presence
of phosphate groups.[1%*1%! The chemical structure of LiFPs is formally composed of a fluoride anion
complexed by the Lewis acid PFs, enabling effective delocalization of the anionic charge. This structure
enhances the dissociation of lithium cations from anions, thereby promoting efficient ion mobility."*"
As is seen for almost every technology, LiPFsais0 has some drawbacks. The P-F bond is highly susceptible
to moisture, leading to salt decomposition, forming POFs, LiF, and HF.* These side products dissolve
cathode active materials, like, for example, in the spinel oxide LMO.%”! Not only do water traces de-
stroy the salt, but temperature can have the same effect. Due to its elevated thermal instability, LiPFg
can produce PFs, which is capable of further reacting with the electrolyte. Gaseous products are the
consequence, that accelerate the ongoing thermal decomposition. Even though the salt can form sta-
ble SEls on the anode, the proposed operating conditions of a LIB in combination with LiPF¢ is in a low
moisture electrolyte and at low to moderate temperature (< 60 °C).[1°% 1% | jAsF¢ exhibits slightly higher
ionic conductivity than LiPFs (11 mS cm™ in comparison to 10 mS cm™in a EC/DMC mixture at room
temperature), a very high anodic stability up to 6.3 V (vs. Li/Li*), and consists an average cycling effi-

ciency of > 95%.110% 1051101 The stable SEI formed during cycling is mainly based on lithium alkyl
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carbonates and not LiF, as seen for its related fluoro-type anions.*'*!2l As the As-F bond is less prone
to undergo hydrolysis, the formation of HF inside the battery is prevented. However, LiAsFg has a ten-
dency to react with ether-based solvents, producing gaseous side products that can lead to cell rup-
ture.l!*® This safety risk is accompanied by the high toxicity of arsenic side products in the oxidation
states +lIl and 0, making LiAsFs less favorable for commercial application.[***) Comparing these four
standard lithium salts to their ionic conductivities, the following row can be established (with decreas-

ing ionic conductivities):[”®

LiAsFg > LiPFg > LiClO4 > LiBF4
Lithium salts, that are conventionally used in LIBs, graded with decreasing ionic conductivities.

To continuously improve the battery performance, researcher put a lot of effort into the development
of new lithium salts and the performance of combined lithium salt mixtures. Thereby, two main bot-
tlenecks of the salts are addressed: poor solubility in organic solvents and the association interferences
of the cations with the anions. By introducing perfluorinated alkyls to the salt, their solubility in com-
mon organic solvents can be increased.'¥ Starting with lithium trifluoromethanesulfonate
([Li(CF3S0s3]), the [CF3SOs]” group demonstrates on one side a hydrophobic character that can resist
hydrolysis, such as it is seen in the perchlorate and fluoro-type based anions. On the other side, the
fluorination facilitates the solubility tremendously, due to its electron-withdrawing effect.*** Even
though the sulfonate moiety generates high thermal stability and insensitivity towards moisture, the
elaborated corrosion of the aluminum current collector by producing aluminum triflate (AlI(CFsSOs))
hinders practical usage in LIBs. In 1984, Foropoulos and DesMarteau stayed with the concept of per-
fluorinated anionic structure motifs but incorporated an enhanced delocalization of the negative
charge over the whole molecule.** They modified Li(CF3SO3) by combining two trifluoromethane sul-
fonyl groups over an imide functionality. This salt is called lithium bis(trifluoromethanesulfonyl)imide
([Li(CF3S0,),] or with the short name LiTFSI) and was commercialized for research and industrial pur-
poses.*y The oxidation potential of 4.3 V (vs. Li/Li* in EC/DEC solution) is far higher than for LiClOa,,
LiBF4, or LiPFs, meaning the LIB can be operated in a large electrochemical stability window. Even
though a slightly lower conductivity compared to LiPFs or LiAsFs is observed, its thermal stability up to
360 °C, the facilitated dissociation in solvents with a low dielectric constant, and the active participation
in the formation of stable SEls via the NSO, group strongly highlight LiTFSI in its role as a powerful

lithium salt in LIBs.> The progression in salt design does not have a limit. The imide structure type can
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also be fused with phosphates, borates, or for example longer alkyl chains as functional groups.®! Fig-

ure 7 gives an overview of the commonly used salts.

— perchlorates fluoro-type salts
LiCIO4 LiBF, LiPFg LiAsFg
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Figure 7: Lithium-salt examples for the usage in LIBs; classified in perchlorate, fluoro-type salts, and perfluorinated salts.

The separator is the last component necessary to make a LIB run. This is the part, where the main focus
of polymer applications lies in a liquid battery. The function of the separator is to ensure free flow of
the Li ions between the electrodes while inhibiting electron movement from one electrode to the
other.['*®! |t operates as a spacer between the anode and the cathode and prevents their physical con-
tact. The structure and the internal properties of the separator can have a strong influence on the
battery capacity, its safety, polarization, and cycle life, although it does not chemically participate at
the cell processes. Decreasing for instance the thickness of a separator, the overall energy and power
density of the battery can be increased, but often the mechanical strength suffer as a consequence.**”!
To fabricate a high performance separator, some requirements have to be fulfilled: The separator
should be porous enough to be able to exhibit a high wettability in liquid electrolytes, while maintaining
a robust mechanical strength. Showing infinite electronic resistance, the internal ionic resistance
should come closer to the lowest point as possible. As it should be given for all cell components, a
uniform thickness of the separator and a sufficient thermal stability is mandatory.[**®! Separators for
liquid LIBs can be divided in three groups, namely polyolefin microporous separators, heterochain pol-

ymer microporous separators, and non-woven separators (see figure 8).1*”)

Separators for LIBs

microporous polyolefins microporous heterochain polymers non-woven
v \ \ \ v v
PE PP BPPO PS-PP blend PET-PP blend glass fibers/ cellulose

Figure 8: Separator classes that are used in LIBs; classification into microporous polyolefins (PE, PP), microporous heterochain

polymers (BPPO, PS-PP blend, PET-PP blend), non-woven (glass fibers, cellulose) separators.
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The most represented class is separators made of polyolefins like polyethylene (PE) or polypropylene
(PP). The pore size and shape can be finetuned depending on the manufacturing process.**?! [f the
porous separator is dry processed, the melt-extruded polymer films are annealed at temperatures
where the crystallization starts. After stretching at low and high temperatures, the pores are fixed,
ending up with straight-through and slit-like shapes. In the wet process, plasticizers with low molecular
weight are inserted into the polymer before the extrusion takes places. Calendaring is necessary to
densify the polyolefin, then the plasticizer is removed with the help of solvent. After the solvent is
completely removed as well, round-shaped pores are the result of this manufacturing route.[*6-1%7]
Generally, the inserted separator is usually a composite of different multilayers, to address mechanical
stability and related to this, also safety assurance./**”! A prominent example is the sandwiched separa-
tor made out of PE and PP, where PE with a lower melting point (135 °C) controls the thermal shut-
down of the battery and PP with its higher melting point (165 °C) retains the mechanical integrity and
rigidity of the separator.[!?”- 12% Besides that, the surface of the polyolefin films can be modified via
surface coating with polar components, gel polymer electrolytes, or nanoparticles. The aim is to im-
prove the wettability and the thermal stability of the separator itself. Addressing the hydrophobicity of
the polyolefin separators, surface grafting with hydrophilic agents like methyl methacrylate (MMA) or
poly (methyl methacrylate) (PMMA) can mainly increase the uptake of liquid electrolytes up to
380%.1117 121122 Grafting changes the polarity of the separator by attaching functional groups directly
on the surface through the formation of covalent bonds.[*?3! Heterochain polymer microporous sepa-
rators exhibit a multitude of different polymer compositions and geometries. Well-known examples in
this context are brominated poly(phenylene oxide) (BPPO), isotactic poly (4-methyl-1-pentene), poly-
oxymethylene, poly styrene (PS)-PP blend, and poly (ethylene terephthalate) (PET)— PP blend poly-
mers.!''”] The advantages of non-woven separators over alternative traditional polyolefin separators
include lower processing costs, high porosities, and lower masses. The related manufacturing routes
are generally based on wet processing, such as paper-making, solution extrusion, or wet-laid meth-
o0ds.'*”! However, their performance is not compatible with standard polyolefin separators, as their
pore shapes and sizes differ drastically. Non-woven separators like glass fibers or, for instance, cellulose
have such large pores that internal shirt circuits, lithium dendrite growth, self-discharge, and perfor-
mance fading occur.*?**?%! |n summary, polyolefins remain the dominant choice for separators in com-
mercial LIBs due to their combination of electrochemical stability, balanced pore structure, and good
mechanical strength. Via surface modification, disadvantages as thermal shrinkage or a hydrophobic

nature can be easily compensated.
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In a LIB, polymers can show their importance for battery performance not only in their function as
separators. They can also be supporting components such as redox polymers, conductive polymers, or

polymeric binders within the cathode (see Figure 9).
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Figure 9: Overview of polymer application fields in LIBs: polymers as porous separators between the electrodes, redox active

material/conductive-polymer/polymeric binder as cathode additives.

During intercalation of the lithium cations into the layered cathode structure, the size of the ion can
lead to volume expansion or phase transition of the cathode materials.!*?®! Redox-active polymers can
provide a platform for a smoother and milder intercalation reaction while keeping a high battery ca-
pacity. Conjugated polymers stand out in this category, as they depict optimized ionic diffusion and
accommodation of the inserted ions. Since their discovery in 1977, a multitude of different geometries
were invented.™?”! The base is preferably a n-delocalized core structure that can undergo redox reac-
tions in rechargeable batteries. The delocalized polymers can form +1/-1 charged states by accepting
and realizing electrons. A lithium cation or optional anion can be bonded to the charged anchor points,
making conjugated polymers an accessible material for LIB cathodes. This so called “doping” of these
polymers describes the transfer of a neutral polymer into its oxidative (p-doped) or reductive (n-doped)
state by offering counterions or anions as binding partners. Depending on the underlying constitution
of the polymer (nitroxide radical polymer, organosulfur polymer, carbonyl polymer, polymers based on
unsaturated C-N or C-C bonds, arylamines), varying chemical species can be formed. The doping has a
main influence on the final capacity of the LIB, although side reactions or instabilities at certain doping
levels limit the total consumption of the theoretical capacity.!*2® 128 For LIB application, four conjugated
polymers in particular are known for LIB application: polyaniline (PANI), polypyrrole (PPy), polythio-
phene (PTh), and poly(3,4-ethylenedioxythiophene) (PEDOT) (see Figure 10).[*2%-132]
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— conjugated and 1T-conductive polymers
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Figure 10: Chemical structures of established conjugated polymers used in LIBs as cathode additives; from left to right: PANI,

PPy, PTh, PEDOT.

Examining PANI as a model system, the advantages of applying conjugated polymers in cathodes can
be directly seen in the resulting cell capacity. Using a polyacid route to manipulate the three redox
states that PANI can adopt, the PANI/polyacid electrode delivers a capacity of 230 mAh g over 800
cycles. Additionally, the n-doped PANI reaches an energy density of up to 460 Wh kg™ and a coulombic
efficiency greater than 99%.1*33 Also, PEDOT has the potential to act in place of conventional, non-redox
polymer-based cathodes. When PEDOT as cathode material is combined with LiN(CF3SO); as salt and
1,2-dimethoxyethane/1,3-dioxopentane as an electrolyte mixture, it can afford an even higher specific
capacity than PANI of 330 mAh g. The redox mechanism is proposed to be stated on a 4-electron redox

process, where the sulfur atom changes its oxidation state proportional to the electron uptake.*3?

Looking back to Figure 9, the one point that has not yet been discussed is polymers' function as polymer
binders in LIBs. Via its adhesive properties, the binder acts as the glue between the active materials of
the electrode, yielding an interconnected electrode structure and mechanical integrity during cycling.
Therefore, it has a significant impact on the battery performance and serviceability. A polymer that
offers good chemical resistance in common carbonate-based solvents like EC, DEC, or DMC is polyvinyl-
idene fluoride (PVDF). It dissolves in N-methylpyrrolidine (NMP) and allows the preparation of cathode
slurries with tunable viscosities.[*** Nevertheless, it has to face several limitations. The non-polar struc-
ture of PVDF prevents intermolecular solid interactions between the active material and the current
collector. During the charging/discharging cycles, contact loss can occur due to the disruption of the
cathode composite from the current collector.3* In addition, its electronically insulating nature makes
the addition of carbon additives unpreventable. Even though it is expected to add active carbon into

the cathode, its tendency to form agglomerates is one reason researchers try to prevent its usage.!*3*

137

For this reason, several alternative polymer binders were investigated. The main focus was their ability

to build strong adhesion with the active material and the current collectors to prevent internal contact
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losses and exfoliation during cycling. The volume changes during the intercalation/deintercalation must
be balanced, while the overall polymer binder should electrochemically and chemically withstand the
reaction conditions that are predominant in a battery.[*3®! To fulfill all these requirements simultane-
ously, conductive polymers are again the material of choice. As described above, doping the n-conju-
gated polymers changes the nature of these polymers from semiconductors to metal-like behavior, en-
abling the movement of charge carriers along the polymer backbone.3® Although the low thermal
stability of conductive polymers makes their processing difficult, several groups have already presented
applicable synthesis and processing concepts. An example of an elegant combination of a conductive
polymer structure and feasible processability is PEDOT: poly (styrene sulfonate) (PEDOT: PSS). PEDOT
represents the conductive moiety, while PSS increases wettability and processability due to its hydro-
philic character. Besides PSS, more hydrophilic additives such as formic or sulfuric acid can also drasti-
cally enhance the electrical conductivity of the composite in a secondary doping step.[3*14% The elec-
trochemical stability over a sufficiently wide operating potential window allows PEDOT: PSS to be used
as a binder in a variety of cathode materials like LFP or NCM and, to some extent, also as additives and
coatings in the anode itself.'*) PEDOT: PSS composites' competitiveness over conventional PVDF bind-

ers can be shown by setting a conductive and robust framework.[*3¢!

Other binder concepts focusing on lower production costs start with conjugated polymers like PANI,
PPy, or PTh as a conductive matrix. Carboxylate-containing polymers such as carboxymethyl cellulose
or sodium alginate serve as dopants and dispersing agents and can be mechanically mixed or in situ
polymerized inside the conductive matrix. The resulting binders are known to form strong hydrogen
bonds with their surroundings. This concept is preferably used in silicon-nanoparticle anodes, where
the carboxylate groups click with the hydroxy group on the nanoparticle surface.'*? Instead of mixing
the conjugated polymers with hydrophilic components, they can be intrinsically modified without es-
tablishing a polymer blend. By grafting, hydrophilic monomers can directly be linked to the side chains
of the conductive polymers. With this setup, an LFP cathode with sodium alginate-modified PEDOT

achieved a capacity of 170 mAh g* without significant capacity reduction over 400 cycles.*3!
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2.1.2 Lithium-sulfur batteries

As it is impressively demonstrated in their application in LIBs, conjugated polymers can be an interdis-
ciplinary allrounder for all sorts of applications inside a battery setup. In the case of lithium-sulfur bat-
teries, conjugated organosulfur polymers could support or replace the pure sulfur electrode to a certain
extent. In a classical lithium-sulfur battery, the electrodes consist of a pure lithium anode on one side
and a pure sulfur cathode on the other. This constitution would promise a battery with the highest
possible theoretical energy density outcome, as the sulfur itself has a very high theoretical specific
capacity of 1673 mAh g* and pure lithium is the favorable anode material.***! Between the electrodes,
similar to the setup in liquid LIB, an organic solvent and a separator divide the battery into two half-
cells (see Figure 11). As organic solvents, mostly 1,2-dioxolane, 1,3-dimethoxyethane, or fluorinated
ethers are used.!*! Despite their promising theoretical capacity values, lithium-sulfur batteries still
struggle to enter the commercial market. This can be reasoned with inherent issues of low conductivity
of sulfur, the so-called “shuttle effect” of polysulfides, and material deformation based on significant

sulfur expansions. 146!
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Figure 11: Schematic representation of a lithium-sulfur battery and its components.

The lithium anode is oxidized during charging to form Li* cations that move through the electrolyte
from the negative to the positive electrode. The cations combine with sulfur at the sulfidic cathode side
to form polysulfides (Li,Sx, with x = 1-8) in various reactions. When the discharging starts, the ring-
structural octasulfur Sg is stepwise reduced to form in the first place high-order polysulfides like Ss%,
SeZ, and S4%, that are soluble in the electrolyte. In the second process, insoluble low-order polysulfides
like Li»S; and Li,S are generated. The formation of soluble and insoluble sulfur species can be easily

monitored by two distinct voltage plateaus at 2.4V and 2.15V, respectively. [**”) As the high-order
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polysulfides dissolve in the electrolyte, they move toward the lithium anode, triggered by an internal
concentration gradient. They are converted to insoluble, low-order polysulfides at the negative elec-
trode and migrate back to the cathode, forming longer-chain polysulfides.[**®! This shuttling of the pol-
ysulfides between the electrodes has several severe consequences: The cathode constantly loses active
material, reducing overall capacity. In addition, the shuttled polysulfides tend to react with pure lith-
ium, provoking lithium corrosion and enhancing dendrite growth from the lithium and the sulfur side.
As the low-order polysulfides accumulate at the interfaces between electrolyte and electrodes, the
formation of densified polysulfide films tremendously increases the battery's impedance. In the worst

case, the surfaces are covered to such an extent that the battery stops working.!'4*!

Conjugative binders like PEDOT: PSS can address the problem of sulfur delamination and shuttling of
the polysulfides, but an overall replacement alternative to pure sulfur cathodes is wished. This is where
the organosulfur compounds come into account. In 1988, Visco and DeJonghe started to use organo-
sulfide compounds as cathode materials.**" They have the same storage mechanism as lithium-sulfur
batteries, meaning they can reach nearly the same specific capacities.*?®! The essential advantages lie
in their higher stability, mainly if the polymer is constructed so that the S-S bonds are not directly in-
corporated in the main core of the polymer backbone. Figure 12 depicts several examples of possible
organosulfur geometries divided into main-chain-type, side-chain-type, p-type organosulfur polymers,

and organosulfur polymers containing polysulfide bonds.[*2¢!
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Figure 12: Overview of applied organosulfur polymers in lithium-sulfur batteries, categorized into four main groups.
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2.1.3 Lithium-air batteries

Switching from sulfur to oxygen, we end up with lithium-air batteries. In recent years, they gained in-
terest, as it is possible to reach a high theoretical specific energy of 3505 Wh kg! and a theoretical
energy density of 3436 Wh L.1*Y |n general, four different geometries of this battery type exist. Three
use liquid electrolytes (aprotic, agueous, or a mixed system), while the last approach is based on a solid
electrolyte. Since Abraham and Jiang discovered the aprotic lithium-air battery, this setup can still be
considered the most typical one.>? |t contains a lithium metal anode in direct contact with an electro-
lyte, forming a stable SEI. The electrolyte consists of an aprotic solvent, like EC or PC, that dissolves
lithium salts such as LiPFs, LiAsFe, or LiN(SO,CFs),. As a counterpart to the anode, a highly porous O,-

breathing cathode is necessary (see Figure 13).
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Figure 13: Schematic representation of a lithium-air battery and its components.

Usually, a mesh is applied, to which large surface area conductive carbon and catalyst particles are
bonded and supported by a polymeric binder. During discharge, the lithium is oxidized at the anode,
producing lithium cations and an external circuit electron flow. The ions reduced the oxygen on the
cathode side to superoxide radical anions, leaving Li.O and Li,O, as cathode products. This process
generates an average voltage of 2.96 V. When the battery is charged again, the processes are reversed

(see following equations). Lithium metal is plated out on the anode, and oxygen is released.™*>3!
Discharge: 2Li + O, = Li,0; (4)
Charge: Li;0; = 2Li + 0, (5)

Also, polymers play a decisive role in the function of cathode binders in this type of battery. As the

catalyst particles are held on a mesh that is flowed through by oxygen, it is even more critical that all
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components are tightly glued together. The difficulty in lithium-air batteries is the high reactivity of the
superoxide radicals formed during the battery operation.™*>* Not only are carbonate-based electrolytes
attacked and decomposed by radicals, but polymers also show instabilities and battery failures. In this
context, PVDF is a good example, as its backbone is dehydrofluorinated in the presence of LiO,, gener-
ating lithium fluoride at the interfaces of the lithium-air battery.*>*! Other representatives such as poly
(acrylonitrile) (PAN), poly (vinyl chloride) (PVC), copolymers of PVDF, and hexafluoropropylene (PVDF-
co-HFP), or poly (vinylpyrrolidone) (PVP) are not stable against the attack of the oxygen-based radicals.
The halogenated polymers in this row present a labile hydrogen atom near the halogen substituent
that can easily be abstracted in a dehydrohalogenation reaction. To reduce the potential for side reac-
tions and hydrogen abstraction, the geometry of the polymers must be adjusted. Incorporating worse
leaving groups like fluorides in poly (tetrafluoroethylene) (PTFE) and Nafion® or introducing methyl or
methoxy functionalities, as seen in PMMA, increases the polymeric stability behavior. Poly (ethylene
oxide) (PEO) can be seen as a semi-stable polymer in lithium-air batteries, which can undergo cross-
linking reactions.*>3 Figure 14 depicts an overview of polymer types commonly used in lithium-air bat-

teries, divided into stable and unstable categories.

—— unstable polymers in lithium-air batteries —
F. F R _CFs o
CN o £ F N
120 T U S ] : 4,
n n n F F n
PAN PVC PVDF PVDF-co-HFP PVP
FF E FF
n
F F F
ON
| c-F
0.__0 FF ous RF /%
3 CF o
*J\j\ % F F ° F i /{/\/ }F
n F F
PMMA PTFE Nafion PEO
stable and semi-stable polymers in lithium-air batteries —

Figure 14: Unstable (PAN, PVC, PVDF, PVDF-co-HFP, PVP), stable (PMMA, PTFE, Nafion), and semi-stable (PEQO) polymer types

in lithium-air batteries; instabilities are evoked due to the superoxide radical formation during cycling.
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Although polymeric binders can effectively support the maintenance and performance of lithium-air
batteries, their commercialization still needs to be slowed down. Researchers today shed light on the
poorly understood internal electrochemical reactions that influence battery cycling and efficiency. On
the material side, the development points towards oxidation-resistant electrolytes and cathode com-
pounds, the optimization of transport properties of all reactants, and the establishment of robust SEls.
As the high reactivity of the superoxide radicals will always stay a bottleneck in this type of battery,

stable battery compounds will be the key to success.*>®
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2.1.4 Organic radical batteries

The organic radical battery is another battery type in which polymers are prominently represented.
When polymer-based batteries were developed, the aim was to get away from dependencies, availa-
bilities, and accessibilities. Regarding LIBs or any battery type that uses lithium, cobalt, or rare earth
metals in any treatment, the question of mining and the life span of natural resources remains.!*>”!
Substituting conventional metals for organic and polymeric materials facilitates access to energy stor-
age. A milestone was set in the 1970s when poly (acetylene) transformed from an insulator to a semi-
conducting or conducting material. After doping the polymeric film with chlorine, bromine, and iodine
vapor, the ionic conductivity at room temperature remarkably increased.™*?”! Research was then mainly
focused on conjugated polymers like PPy or PTh in their function as electrode materials, as the rt-delo-
calized systems can successfully store electric energy via the delocalization of charge carriers. However,
one major problem of these systems is that their resulting redox potential is always dependent on the
state of doping. Due to the degree of doping changes during charging and discharging, it is impossible

to create distinct redox sites with defined cell voltages.*>®
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Figure 15: Schematic representation of an organic radical battery and its component; left: mixed electrodes (radical poly-

mer/Li metal), right: uniform electrodes (only radical polymers as anode and cathode).

Radical polymers with defined electrochemically active moieties were designed to overcome this issue.
The polymeric electrode structure comprises two parts: a non-conjugated or conjugated polymer back-
bone and a radical unit that is grafted onto the backbone.*?®) The most famous and well-known nitrox-
ide radical in this setting is 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO). In 2001, TEMPO was linked
to a PMMA backbone and applied as cathode active material in a rechargeable battery. By stacking the
organic radical polymer cathode with an EC/DEC liquid electrolyte and a lithium anode, an average
discharge voltage of 3.5V and a discharge capacity of 77 Ah kg was achieved, even after cycling the

battery for over 500 cycles with a high current density of 1.0 mA cm2.[**¥ If the battery is to contain
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electrodes that are metal-free, that means being fully polymer-based, then both electrodes must be

built up on organic radicals (see Figure 15).¢%

This is possible due to the nitroxide radical exhibiting a perfect redox couple. P-doping implies the oxi-
dation of TEMPO to reversibly form an oxoammonium cation, while n-doping means the reversible
reduction to an aminoxyl anion (see Figure 16). In an organic battery based exclusively on polymers,

the bifunctionality of TEMPO can, therefore, be used both on the cathodic and the anodic side.!**”)

redox couple of TEMPO
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Figure 16: Representation of the TEMPO redox behavior; oxidation leads to the oxoammonium cation (left) and reduction to

the aminoxyl anion (right); both reactions are reversible upon electron uptake.

In relation to metal-based cathodes, organic radical cathodes containing TEMPO do not rank behind in
cell voltages, as they achieve values between 1.2 to 3.6 V. [*5Y] Coulombic efficiencies are in the range
of 95 to 97%.1%? Due to the possibility of linking the TEMPO radical to various polymeric backbones,

organic radical batteries leave an impressive space for molecular design tailoring.

This chapter took the opportunity to first introduce multiple applications that polymers can exploit in
different setups of batteries. Their fields of operation can incorporate polymers as binders, cathode
additives, cathode and anode materials, and a lot more. The following chapters should open the hori-
zon to another working principle. The polymer experiences an entirely new function: a polymer as

a solid electrolyte.
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2.2 Road to a solid future: solid electrolyte representatives

Batteries are in a constant mode of development. The historic pathway started with the idea to convert
chemical into electric energy. Multitude battery concepts passed, always aiming to construct a safe,
robust setup with higher energy and power densities than the previous ones. As described above, many
technologies already exist that present approaches that can be widened to future applications. Never-
theless, improvements are often accompanied by new bottlenecks. Current battery research tries to

address three main challenges:

1) increased battery performance, meaning maximal efficiency regarding energy and power den-
sities, to fulfill our demanding electrical future visions;
2) ahigh intrinsic safety without the need for particular safety regulators;

3) sustainability, which should be reached with easily processable and long-living components.

Research is questioning which new technology could combine all these requirements. The battery
types discussed in the previous chapter all use polymers in different parts of their setting. May it be as
porous separators in LIBs, conductive redox-polymers in cathode additives, binders for cathode active
materials, cathode replacement in organosulfur batteries, or anodic or cathodic electrode material for
organic-based batteries. One function still missing from this list will be discussed in this chapter: poly-

mers acting as solid electrolytes between the electrodes.

Visualizing a LIB again, the main components are an anode, a cathode, a liquid electrolyte, and a sepa-
rator. Since the processing and working principle of LIBs are well-established nowadays, a significant
part of portable electronics bear LIBs due to their inherent advantages over other battery systems.[1¢3!
However, their implication in EV applications could be improved. One reason for this is the safety prob-
lem, that comes along with the liquid electrolyte. Flammable organic electrolytes can leak if the cell is
damaged, causing the battery pack to catch fire. These thermal runaways and fire ignitions make con-
ventional LIBs unfavorable in applications with high currents.*®* Additionally, looking at a LIB's power,
there is always a limitation present. Incorporating lithium metal as the anode is nearly unavoidable to
reach increased energy and power densities. Safe cycling against lithium metal is challenging with a
liquid electrolyte. Due to unpredictable side reactions, the lithium deposits unevenly on the negative
electrode, forming dendritic structures (see Figure 17).[*** Theoretically, the porous polymeric separa-
tor, which splits the battery into cathodic and anodic half cells, should block the growth of dendrites. 66!
Nevertheless, it is often the case that the polymer shear modulus is insufficient to suppress the pene-
tration of the dendrites. Internal short circuits occur, where the mechanical integrity of the cell is main-

tained, but the stored electrochemical energy continues to be converted into internal heat.[**”]
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Preventing this safety risk is one primary reason to consider a battery without an organic solvent as

a liquid electrolyte.
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Figure 17: Schematic representation of the uneven deposition of lithium on the lithium anode side; continuous formation of

lithium dendrites and “dead lithium”.[168]

Besides the thermal safety issues, the inability to incorporate a lithium anode in the presence of a liquid
electrolyte is also another significant disadvantage. Lithium has the lowest electrochemical potential
of —3.04 V (versus standard hydrogen electrode) in the galvanic series and one of the highest theoreti-
cal capacities of 3860 mAh g.[4? These properties enable the building of an extremely powerful bat-
tery when the anode is combined with a high-voltage cathode. As our requirements for EV power with
longer distances and faster charging continuously increase, conventional LIB with graphite intercalation

anodes can no longer compete with these obligations.

The answer to this problem is simple. As the significant bottleneck of LIBs is the liquid electrolyte, this
part of the battery needs to be replaced by a safer alternative. This is how the concept of all-solid-state
batteries (ASSBs) was born. The idea of a battery, where all components are solid, was already discov-
ered in the 1830s by Faraday. He found the first motion of mobile ions in the solid compounds Ag.,S
and PbF; by observing the transition from poorly conduction to conduction materials under the influ-
ence of heat.['®*17% |n 1914, the archetype of the solid electrolyte was born. Tubandt and Lorenz first
looked into silver halides, namely AgCl, AgBr, and Agl. Especially the a-Agl showed an extraordinarily

high ionic conductivity comparable to the best conducting liquid electrolytes.l*” ] The silver cations'
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transport mechanism inside the crystallographic network kept the research community discussing for
a long time. It was found that the ionic transport was mainly based on the degree of disorder inside the
body-centered cubic structure of the iodine ions.™’? In this context, the concept of point defects was
mainly established and explored by Frenkel, Schottky, and Wagner.[***! Their work facilitated the visu-
alization of ionic and electronic transport in ionic crystals. In the meantime, other compounds such as
a-Cul, a-/B-CuBr, as well as the high-temperature phases of Ag,S, Ag.Se, and Ag,Te, which also belong
to the same structural family, followed the example of a-Agl. As this battery type needed silver as anode

material, only low cell voltages of around 0.5 to 1.0 V and low energy densities were achieved.*’?

Over the years, the crystalline materials with their defects were replaced by ion-conducting glasses.
The advantages seen here were their physical isotropy, a variable tunable composition, and the ab-
sence of grain boundaries, which can produce high impedances.[*’! A usually applied composition was
made out of a network former, like SiO; or B,0s, supported by a network modifier, such as Na,O or
Ag,0. The doping of the glass with halide-based salts, for example, NaCl or Agl, enabled the rise of ionic
conductivities. Glass compositions like Na,O x 3 SiO, mainly dictated the field of ion-conducting glasses

in the direction of sodium as mobile ion and charge carrier.[*%”

The search for energetically richer solid-state batteries favored the switch to lithium-ion conducting
materials. Also, in this case, Lil or Li,S glasses based on ternary compositions were representatives for
high ionic conductivity compounds. The breakthrough for ASSBs was reached when Fenton and Wright
proposed the first ion-conducting polymers.*’¥ PEO was mixed with sodium iodide and sodium, potas-
sium, and ammonium thiocyanates. At different temperatures, Wright investigated the behavior of ac-
tivation energies of the polymer-salt complexes. He was already able to figure out that the cations are
coordinated with the oxygen atoms in the polyether backbone and that the amorphous phase of the
polymer must significantly influence the polymer transitions and the cation movement.!*”! So far, the
history of solid-state batteries has evolved, and many different battery concepts have been presented.
The following listing should give an overview of the most popular ones (also including chemistries that

were not discussed in detail) (see Figure 18):172
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— historical beginnings of solid-state batteries

crystalline ionic solid electrolytes: Agl
\

double salts: RbAgyls
v

dispersed phase electrolytes: Lil-Al,O4

v

ceramic compounds: Na-B-Al,04

v

glass electrolytes: Lil, Li»S

v

polymer ectrolytes: salt-in-PEO complexes

Figure 18: Overview of the historical development of solid-state electrolytes.

Immediately after the salt-in-polymer electrolyte discovery, Armand recognized the potential of this
finding and proposed its application in electrochemical cells. In the beginning, the ionic conductivities
that Armand reported with its PEO-salt electrolytes were not very high, only about 10° S cm™ at 40 to
60 °C.[7% Even though the ionic conductivities were lower than for previously reported glassy alterna-
tives, researchers worldwide saw the benefits that polymers offer with their properties. In contrast to
brittle glass-based electrolytes, mechanically soft and flexible polymers were the ideal candidates to

provide excellent interfacial contact between all the solid components.[*6°!

Since the prototypes for polymer-based ASSBs started to be realized, time has passed. New technolo-
gies and cell chemistries were developed. The upcoming chapters will discuss the most popular ones
(sulfidic, oxidic, polymer, halide, and other electrolyte classes). What all ASSBs have in common are
their advantages over conventional LIBs (see Figure 19). Regarding safety, ASSBs offer an intrinsically
safe concept, as no volatile components are incorporated. Based on the possible integration of a pure
and light lithium anode and the thinner processing of the solid electrolytes compared to the liquid part,
the volumetric and gravimetric energy densities are increased by 70% and 40%, respectively.[*’”! As the
polymeric separator is not needed anymore in the ASSB setup, the material and processing costs can
be reduced. The packing process can also be simplified by stacking bipolar electrodes and solid elec-

trolytes. [

28



The implementation of polymers in batteries

- (e flow| > -« |e flow| >
|

2 el I 2 3 2
NGk LAY 5| — |t 5
liquid LIB setup ASSB setup
s 1o [—=
““ higher intrinsic safety higher energy and power density ~| flexible cell design
—
[] = electrodes @ = jithium cation
|:| = current collectors ~  =liquid electrolyte
. = separator/solid elctrolyte > = flow direction of ions

Figure 19: Replacement of rechargeable, liquid LIBs against ASSBs; transition from LIB limitations to higher energy and power

densities by incorporating only solid components and lithium as anode material.
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2.2.1 Sulfidic electrolytes

The so-called sulfidic electrolytes are the first solid-electrolyte class conventionally used today in larger-
scale applications. They belong to the group of inorganic electrolytes and can be separated into crys-
talline and amorphous sulfides. The examples of the most common crystalline compounds, namely
thio-lithium ion superconductors (LiSICONs) such as LiioGeP,S1; (LGPS) or the argyrodite-type LigPSsX (X
=Cl, Br, I) (LPS), and the amorphous sulfidic compounds such as Li,S-SiS; (see Figure 20), are discussed

in detail below.”8!

Inorganic electrolytes

Sulfidic electrolytes

Crystalline sulfides Amorphous sulfides
\/ v \/ \/
thio-LiSICON LGPS LPS Li»S-SiS,

Figure 20: Classification of the sulfidic electrolytes into the solid-state electrolyte overview; sulfidic electrolytes are composed

of crystalline and amorphous sulfides, whereas the most important examples (thio-LiSICON, LGPS, LPS, Li,S-SiS,) are listed.

The element sulfur forms relatively large ions in size, evoking a polarizable character. This fact favors
the lithium ion mobility, pushing the ionic conductivities to values around 102 S cm™.[*7®! Crystalline
sulfides of the thio-LiSICON family consist of the general formula LixM'1-sM?sS4, with M* that can be
occupied by Si, Ge, Sn and M? by P, Ga, Al or Zn.™*® Within this family, the most famous representatives
are LGPS and LPS. LGPS, with its formula LiioGeP,S1,, exhibits a room temperature ionic conductivity of
1.2 x 102 S cm™.8U |ts structure is a 3D framework whose core comprises three different types of tet-
rahedra (GeosPos)Ss, PSs, and LiSa) fused with LiSe octahedra. The high ionic conductivity in this system
can be traced back to the formation of 3D diffusion pathways constructed along the c-axis and in the
a-b plane.[8218] pye to its high electrochemical stability and neglectable electronic conductivity, it can
be applied with various common cathode materials like LCO or NMC.!"8) A battery with LCO as a cath-
ode, LGPS as an electrolyte, and lithium as a metal anode can exhibit a discharge capacity of 120 mAh g’
1 [1841The challenge in using LGPS is more on the anodic side, as it is labile to elemental lithium at specific
potentials. Some of the decomposition products formed at this contact, like LisP or Li,S, are considered
to support ionic conductivity. Others, like LixGe alloys, evoke drastic volume changes at the anode

side.['®*IThe battery performance losses that are a consequence of this decomposition can be lessened
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when protective layers between the anode and LGPS are used. One example is LiH,PO4, with which

LGPS/Li-cells can reliably cycle up to 500 cycles with a discharge capacity of 113 mAh g*.118¢!

Argyrodites also take part in the crystalline classification of sulfidic electrolytes. Via milling and anneal-
ing of the starting materials Li,S, P2Ss, and LiX (with X = Cl, Br, 1), the cubic lithium argyrodites with the
general formula LigPSsX (LPS) are obtained with different ionic conductivities at room temperature de-
pending on the choice of halide.*®”! LisPSsCl (LPSCI) and LisPSsBr (LPSBr) have the highest values of
103 S cm™, whereas LisPSsl (LPSI) only reaches an ionic conductivity of 107 S cm™.18”! The reason is
found again in the crystal structure of the materials. All LPS consist of low-energy local pathway
cages essential for the lithium movement but slightly differ from each other. In LPSCl and LPSBr, a direct
in-between connection across the cages builds up a 3D extended-range pathway network that can sup-
port an efficient movement of the lithium cations. However, in LPSI, the setting of the disordered lith-
ium cation distribution changes, and with this, the activation energies for the long-range transport are
also unfavorable.*®”! As the high ionic conductivities nevertheless classify LPS as preferred solid elec-
trolytes at room temperature, Samsung used the chance to integrate them in an intelligent cell setup.
A silver-carbon interlayer substitutes lithium to suppress contact losses and dendrite formation at the
LPS/lithium anode interface. Therefore, the only lithium source is the cathode itself, and the lithium
deposits directly on the current collector. Energy densities greater than 900 Wh I over 1000 cycles

were achieved.88!

Switching from crystalline to amorphous sulfidic electrolytes, the material properties change entirely.
Amorphous or so-called glassy electrolytes have the advantage of showing isotropic ionic conduction,
not having to handle grain-boundary resistances, and their conductivities usually are slightly higher
based on their structural alignment. (819 |n j,S-SiS,, ionic conductivities up to 10 are reached. 1°%
Their conductivities can be tuned by mixing lithium halides, ortho-oxo salts, and network modifiers like
Se0; into the glass.'®Y Therefore, it has to be noted that the modifier amount does not exceed a spe-
cific value, as it increases the crystallization of the glass. Consequently, higher temperatures during cell

assembly are required to preserve their glassy state.!*??

In summary, sulfidic electrolytes present robust ionic conductivities at room temperature, reaching
102 S cm™ with their best-performing crystalline compounds. Their ductile character facilitates energy-
saving cold-pressing techniques, where the separator and the electrode ingredients can be perfectly
densified. 1% Nevertheless, the remaining challenges lie on the one hand in the interfacial instabilities
against metallic lithium. On the other hand, sulfides present the problem of heavily reacting with hu-

midity to form H,S.%3% The necessity of handling all the components for each step under an inert
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atmosphere tremendously increases manufacturing costs. The main advantages and disadvantages of

sulfides are shown in Figure 21.

Sulfidic electrolytes

advantages disadvantages

« very high ionic conductivities « interfacial instabilities against lithium
of 102 S cm™

+ production of H,S upon contact
 ductile character with water

* high production costs

Figure 21: Summary of advantages and disadvantages of sulfidic electrolytes for ASSB application.
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2.2.2 Ceramic electrolytes

The second well-known class of solid electrolyte representatives are the ceramic electrolytes. Figure 22
depicts a schematic overview of the existing classification inside of this material class. In general, they
can be divided into garnet-(Li;LasZr,01 (LLZO)), perovskite-(LisxLag/z)—V (1/3-TiO3 (with V' = vacancy
and 0 < x<0.16) (LLTO)) type, glass-type (LiA,"(PO,)s (with AV = Ti, Zr, Ge, Hf) (NASICON)) and amor-
phous ceramic electrolytes (LixPOyN, (with x = 2 y + 3z-5) (LiPON)).!*8Yl “Ceramic” means that the main
core of the compounds is based on oxidic structure motifs. Their characteristic properties are mani-
fested in relatively high ionic conductivities and, in most cases, a distinctive stability against lithium

metal.[181]

Inorganic electrolytes

Ceramic electrolytes

Garnet-type Perovskite-type Glass-type Amorphous
\/ \/ \/ \/
LLZO LLTO NaSICON LiPON

Figure 22: Classification of the ceramic electrolytes into the solid-state electrolyte overview; ceramic electrolytes are com-

posed of garnet-, perovskite-, NaSICON-, and glassy-type oxidic compounds.

Starting with the most prominent ceramic class, the garnet electrolyte LLZO gained much attention
since its discovery in 2007.1%! The cubic LLZO structure consists of dodecahedrons of eight oxygen
atoms coordinated to one La center. The Zr coordinates six oxygen atoms and builds up an octahedron.
The polyhedrons construct a 3D lattice framework through which the lithium ions can migrate.[**® The
challenge concerning using LLZO is the material's phase transition, which occurs at higher sintering
temperatures. Besides the cubic phase, LLZO can also be present in a tetragonal phase that shows two
orders of magnitude lower ionic conductivity than its cubic relative.**” To use the ionic conductivity of
10-4 S cm-1 of cubic LLZO, stabilization techniques like doping the structure with AlI** ions can be ap-
plied.**®! Owing to the combination of moderate to high ionic conductivities, a wide electrochemical
stability window, and an established resistance against lithium metal, LLZO is likely to be implied in

ASSBs.[1%7]
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Perovskite-type electrolytes like the lithium-lanthanum-titanate LLTO exceed the bulk conductivity of
LLZO with 103 Scm™ at room temperature (for x = 0.11).2% perovskites have the general formula
ABO;s, whereas B-cations (substitutional for titanium in the case of LLTO) coordinate six oxygen atoms,
forming corner-shared octahedra. The A-cations (in the case of LLTO lithium or lanthanum) are regularly
filled into the voids generated by this 3D network. LLTO offers a mixture of cubic a- and tetragonal 8-
phases, whereas the tetragonal one can explain the high conductivity by a large concentration of A-
cation vacancy sites. These allow an effective movement of the lithium cations based on a vacancy
mechanism.?%! Even though LLTO exhibits stability over a wide temperature range, against humidity,
and high potentials (up to 8 V), two bottlenecks make its practical application in ASSBs difficult. It has
a low grain boundary ionic conductivity of 10°S cm™, evoking higher impedances during cycling.[2%?

Additionally, it is unstable against lithium. This instability can cause the reduction of the titanium cati-

ons and, therefore, increase the electronic conductivity.!?%!

Similar to the sulfidic electrolytes, oxides also consist of glass-type electrolytes. The most popular and
studied systems for oxides are the NASICON electrolytes with the basic formula of A\MM’(XO4)s. They
are known for their fast ion conduction and their structural flexibility, as the positions of A, M, and M’
can variably be occupied (e.g., A = Li, Na, K, Mg, Ca; M or M’ =Fe, V, Ti, Zr, Sc, Mn, Nb, In; X =S, P, Si,
As). Depending on the choice of metals, the crystal structures of the compounds can vary between
rhombohedral and monoclinic structure types. Nevertheless, the main core of NASICON is based on
MOg and M’Og octahedra, which share corners with XO4 tetrahedra. The number of alkali ions in the
interstitial spaces depends on the respective oxidation states.!?”! Glass ceramics can be easily manu-
factured out of their mother glasses. Their size and shape can be finetuned via sintering, and the mi-

crostructure is readily densified.!2%]

Liz+xAlxTiz-x(PO4)s (LATP) is a well-known member of the NASICON family. It is made out of Li,O-Al,0s-
TiO,-P,0s glasses that are heat-treated at 700-1000 °C for 12 h.[2%! |ts bulk ionic conductivity is around
10 S cm™ at room temperature.?%! The presence of titanium ions favors the increase in conductivity,
as the size of the lithium cation matches well with the framework established by the TiOs octahedra.!?*”!
To reduce the increase in impedance and influence grain-boundary ionic conductivity (approximately
10° S cm™), LATP can be mixed with Li;sAlosGe1s(POs)s (LAGP). LAGP is also a NASICON-type electro-

lyte, so the high bulk ionic conductivities can be preserved. Only the grain boundary conductivity can

be finetuned by the ratio between LATP and LAGP.12¢!

Although amorphous ceramic electrolytes like LIPON show high stability in contact with lithium metal,

their ionic conductivities of 10® S cm™ are still too low to be competitive with other material classes.!2%®!
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Compared to sulfidic compounds, oxides have higher stability in air and water. No toxic gases will be
released upon the contact with air. Hence, their cell assembly is less dependent on inert atmosphere
conditions than when using sulfidic solid electrolytes.?%! Nevertheless, the processing of oxidic elec-
trolytes can be challenging. Depending on their low fracture toughness, garnet, perovskite, and glass-
type ceramic electrolytes exhibit fragile and brittle behavior.?*”! Considering only solid-solid interfaces
in ASSBs, volume changes during cycling cannot be smoothly balanced. This could lead to contact
losses, increased impedance, and a worse overall battery performance. To compensate for the disad-
vantages of sulfides and oxides, the next chapter will lead to soft polymer electrolytes and their effec-

tiveness in solid batteries. The main advantages and disadvantages of oxidic electrolytes are shown in

Figure 23.
Ceramic electrolytes
advantages disadvantages
* robust framework « high sintering temperatures
* high electrochemical stability * Drittle character
A : + grain-boundary issues
* ionic conductivities up to 10™ S cm”

Figure 23: Summary of advantages and disadvantages of oxidic electrolytes for ASSB application.
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2.2.3 Polymer electrolytes

In addition to inorganic electrolytes, in which sulfidic and ceramic electrolytes are widely represented,
solid electrolytes are divided into a second class of materials: polymer electrolytes. As described in the
previous chapters, polymers can be commonly applied in all battery setups. These include liquid LIBs,
lithium-sulfur or lithium-air batteries, organic radical batteries, and others not covered in this work.
Their widespread application is mainly based on their intrinsic flexibility, which sets them apart from
crystalline materials. Especially in their use as solid electrolytes in ASSBS, their adaptability creates a
perfect glue between solid components, preventing contact losses, lithium dendrite growth, and the
increase of interfacial resistances during lithiation.[** 2% |n addition, polymers are lightweight. Hence,
the weight of the finally assembled ASSBs will not depend tremendously on the selected polymer elec-
trolyte. Their soft nature often allows reasonable thickness control using simple preparation techniques
such as extrusion or pressing.“”! Solid polymer electrolytes can be divided into three main categories:

polymer-salt-complexes, gel polymer electrolytes, and composite polymer electrolytes (see Figure 24).

Polymer electrolytes

Polymer-salt Gel polymer Composite polymer
complexes electrolytes electrolytes

Figure 24: Classification of the polymer electrolytes into the solid-state electrolyte overview; polymer electrolytes comprise

polymer-salt complexes, gel polymer electrolytes, and composite polymer electrolytes.

Independent of the polymer category, the story of almost every solid polymer electrolyte starts with
PEO. The exploration of the polyether in its function as an ion-conducting polymer happened stepwise.
After the discovery that PEO can dissolve lithium salts, Armand considered, via nuclear-magnetic-reso-
nance (NMR) and differential-scanning-calorimetry (DSC) measurements, that the movement of the
lithium cations must be related to the segmental motion of the polymer.[?*? Since then, the transfer of
the lithium cation through the solid polymer electrolyte can be visualized in three steps. First, the lith-
ium cation is coordinated by five neighboring oxygen atoms located on one strand of the polyether
backbone. Secondly, the polymer backbone switches into a five-membered, empty oxygen pocket
when a chain is near the coordinated lithium-ion. The coordination of the cached lithium cation is loos-
ened so that it can jump from one strand to the other into a new oxygen pocket. The last step is the
coordination of the cation in the new pocket via the development of oxygen-lithium coordination bonds

(see Figure 25).223!
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Figure 25: An assumed mechanism for the lithium-ion hopping through the PEO solid electrolyte; five oxygen atoms coordi-
nate the cation by forming a pocket-shape, then the lithium cation jumps from one pocket to the next along the polymer

backbone.

PEO is the ideal host material for lithium salts, as it exhibits high polarity that enables to easily dissolve
a variety of different salts like LiClO4, LiBF,, LiPFg, LiAsFg, LICF3SOs, or LiTFSI. The most-studied polymer-
salt combination is PEO-LiTFSI due to the unique delocalized character of the TSFI anion.242%%) Ajt-
hough PEO can be classified as a rather soft and flexible material, the ionic conductivities of these pol-
ymer-salt complexes at room temperature are relatively low, ranging around 107 S cm™. For the re-
searchers in the early days, this was the first hint that some process must hinder lithium mobility. The
answer can be found in the semi-crystalline character of PEO. Under 60 to 70 °C, the polymer compo-
sition is dominated by crystalline spherulites embedded inside amorphous regions./?') NMR studies
found that the ion motion takes place preferably in the amorphous regions of the polymer.[?*”) This
implies that the lack of segmental motion of the polymer chains slows down or rather prevents cation
movement. Suppose the temperature is below the glass transition (Tg) or melting temperature (Tm) of
the polymer-salt complex. In that case, the amorphous polymer chain segments are too rigid to guide

the cation from the anode to the cathode and vice versa (see Figure 26).
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Figure 26: Schematic representation of the possible lithium migration pathways through PEO as a semi-crystalline polymer;

crystalline domains hinder the cation passing, and amorphous domains support the movement.

That’s why the overall aim, when working with PEO solid electrolytes, is always to reduce or suppress

the crystallization of the polyether. Raising the temperatures over the Tg increases the amorphous
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regions of the polymer but provokes a loss of mechanical strength of the whole solid electrolyte.?'%
Furthermore, operating a battery pack at temperatures over 80 °C reduces battery safety, as dendrites
can occur.!?8l Adding bulky lithium conducting salts can also decrease the Ty, as the anions disturb the
regular alignment of the polymer chains.?**! Thereby, the salt concentration significantly influences the
resulting thermal properties and ionic conductivities (salt-in-polymer versus polymer-in-salt com-

plexes).?29) Other efforts that have been devoted to creating amorphous enriched PEO-states include

1) blending of polymers

2) copolymerization to simultaneously finetune the ionic conductivity and the mechanical prop-
erties of the solid electrolyte

3) introduction of side chains on the PEO backbone or the formation of comb-shaped polyether
matrices

4) addition of plasticizers, e.g. a small amount of organic liquids to form gel polymer electrolytes.

Blending is the most straightforward approach, as two respective polymers are separately dissolved
and mixed. A second kind of molecular chain destroys the regularity of the PEO arrangement, inhibiting
crystallization. Blending PEO in an 8:2 ratio with poly ethylenimine (PEI) and mixing the blend with

LiClO,4 results in an ionic conductivity increase of up to 10> S cm™ (at 30 °C).22%

Via copolymerization, an optional number of polymers are covalently linked to each other. In a system
with two polymer species, one component is often responsible for the mechanical stabilization of the
copolymer, while the other exhibits more soft and ion-conducting properties.l??? The distribution of
the monomers inside the copolymer decides, in the end, the thermal, mechanical, and electrochemical
performance of the copolymer. The A-B copolymer of poly (acrylonitrile) (PAN) and PEO comprises PAN
as hard component A and PEO as rubbery and soft segment B. PAN strengthens the dimensional stabil-
ity of the copolymer by acting as reinforcing fillers, PEO dissolves the lithium salts and supports the ion
movement through the electrolyte. This mélange pushes the ionic conductivity to a value of 104 S cm"
! (at room temperature ) and assures electrochemical stability up to 4.8 V vs. Li/Li*.1??3! Alongside A-B
block copolymers, also B-A-B triblock copolymers are commonly used polymer architectures. The hard
segments like poly (styrene) (PS) surround the soft and ion-conducting polymer part to build up a strong
and stable core. This strategy can achieve excellent mechanical and electrochemical stability without
sacrificing the polymer chain mobility and ionic diffusion pathways.!??*! Figure 27 shows a classical A-B-

type block-copolymer compared to B-A-B-type copolymers.
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A-B-type copolymers B-A-B-type copolymers

N o~k
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A B B A B
soft block |hard block hard block| soft block | hard block

Figure 27: PEO-copolymer types with A = soft, ion-conducting fragment and B = hard, mechanically stable fragment; left: A-B-

type copolymer with A = PEO and B = PAN; right: B-A-B- type copolymer with A = PEO and B = PS.

Another useful method to suppress the crystallization of PEO is to introduce side chains that disturb
the alignment of the PEO main chains by intercalating in their regular setting. If the side chains exhibit
polar functionalities, as is the case for ether moieties, they can contribute to the ion solvation and,
subsequently, the ion transport.?**! Therefore, oxyethylene units are preferable for this modification.
The macromolecules can get comb or bottlebrush shapes depending on the magnitude of side chain
functionalization. Either the PEO moieties form the main polymer backbone, or they are grafted on a
bigger alliance. An example of the first case is poly (ethylene oxide-co-2-(2-methoxyethoxy)ethyl glyc-
idyl ether) (PEO/MEEGE) (see Figure 28). The ether chains in MEEGE are highly mobile and enable a
more efficient and faster ion transport. That’s why the ionic conductivity with 10*S cm™ is already

much higher than pure PEQ.1?%°!

MEEGE side chain

OV\O/\/O\

oo Lot}

PEO backbone

Figure 28: Structure of PEO/MEEGE macromolecule; PEO acts as the main backbone, and MEEGE is covalently bonded as

a side chain to support the ion transport.[2?]

An example of a bottlebrush-type macromolecule, where PEO is not part of the main backbone but of
the side chains, is poly 2-((propionyloxy)-methyl) lithium acrylate graft PEGgesg (PPMALi-g-PEGgso) cast
on a PVDF-HDF mold. Through a combination of atom transfer radical polymerization (ATRP) and re-

versible addition-fragmentation chain transfer (RAFT) polymerization techniques, precise and well-
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controlled structures of various molecular brushes can be synthesized. The densely grafted PEO chains
are located at the end of the brushes, and their superior position enables high chain mobility. The
rigidity in the aliphatic backbone provides stable thermal and mechanical performance for a battery

with high capacity and robust cycle performance.2¢!

Plasticizers can be all sorts of molecules or compounds that have the ability to intercalate into the
polymer chain network to soften the whole matrix. Low molecular weight poly (ethylene glycol) (PEG)
can, for example, effectively plasticize blends made out of starch, poly (lactic acid) (PLA), and PEG.??”!
In the context of solid electrolytes, it was reported that the ionic conductivities of a PEO-LiICF3SO3; com-
plex increase with decreasing molecular weight of PEO.[2%8] Another simple approach to produce a plas-
ticizing effect is the addition of salts like LiCF3SOs or LiTFSI. The intrinsic change in thermal properties
of the polymer-salt complexes influences the ionic conductivities, forcing them to increase.??! This
effect can be reinforced, when additionally the salt dissociation is optimized. This is where the gel pol-
ymer electrolytes come into play. By adding a certain amount of liquid, such as EC, PC, dimethyl sulfox-
ide (DMSO), DMC, or DEC, a macromolecule that is trapped between liquid and solid state is in-
vented.[?3>231 The concept of gel polymer electrolytes was first introduced to the market in 1975 by
Feuillade by mixing a solution of aprotic solvent and an alkali metal salt into a polymer matrix.?*? The
transport of the ions in such a gel polymer electrolyte is no longer dominated by the polymer segmental

motion. It takes place in the swollen gelled or liquid phase (see Figure 29).23%

rare percolation high percolation
= crystalline polymer regions

. = amorphous polymer regions ./'\ @@@

@ = mobile lithium cation

® addition of
(’ . plasticizer @
® . ) ‘ @
™\ =ion hoping pathway C I \_/@
O = solvent swollen amorphous

polymer regions

—» = jon percolation pathway

Figure 29: Changing ion transport from a dry solid polymer electrolyte to a swollen gelled one; the swelling with liquids leads

to a growing amount of amorphous polymer regions, building up augmented percolation pathways for the lithium cation.[33!

The requirement for gel polymer electrolytes is to keep mechanical strength, even though a certain
amount of liquid is added. Furthermore, they should be able to hold the liquid electrolyte and not
release it during cycling to prevent electrochemical instability against the electrodes. High ionic con-

ductivities are supported by the more free movement of the lithium cations flowing through the gel
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polymer electrolyte.?3? Not only PEO can be used as host matrix, also other polymeric frameworks are
reported as common gel polymer electrolytes. PVC, PAN, PMMA, PVDF, the copolymer PVDF-HFP, and
polysiloxanes have been widely studied and applied as skeleton materials.[?°® 232 As an alternative to
organic liquids, ionic liquids can be applied. They are room-temperature molten salts that are assem-
bled of a bulky organic cation and a large delocalized inorganic anion. Common cations can be based
on pyridinium, imidazolium, piperidinium, or quaternary ammonium. The anion choice matches the
anion of the applied lithium salt in most cases due to better solubility issues. Therefore, [BF4], [PFs],
[N(CF3S0,)2],, [CF3SO3]", [CaF9SOs], [N(CN),],, or [CF3CO,] are often suitable choices.!?*? Compared to
liquid electrolytes, ionic liquids have much higher electrochemical stability against the lithium metal
anode, thus facilitating the application in ASSBS.[?*4 lonic conductivities of polymer electrolytes that

are swollen with ionic liquids can be found in the range between 10 to 103 S cm™.[232]

Coming back to the classification of solid polymer electrolytes into three main categories (see Fig-
ure 24), composite polymer electrolytes have not yet been discussed. A composite is a mixture of a
polymer framework with some filler. Usually, ceramics are applied as they exhibit robust mechanical
properties and can, therefore, be the counterpart to the softness of the polymeric framework.?** Es-
pecially at elevated temperatures, when the polymer matrix gets softened, a secondary mechanical
stability provider can be the key to healthy and long-lasting battery cycling. By adding the fillers to the
polymer, the question remains: how does this additional component affect the cation transport mech-
anism? To clarify this open question, fillers must be classified into active and passive fillers (see Figure

30).

Ceramic fillers for composite polymer electrolytes

Active fillers Passive fillers

Y Y

participation in ion conduction no participation in ion conduction

Figure 30: Schematic overview of the two types of ceramic fillers in composite polymer electrolytes; the active fillers partici-

pate in ion conduction; the passive fillers do not participate.

Examples of inert fillers are Al,Os, SiO,, TiO,, or MgO, while passive fillers consist of materials like Li;N,
LiAl,0s, LLTO, or LATP.226237I Independent of the filler choice, composite polymer electrolytes, in gen-
eral, provide increased ionic conductivities, valuable electronic insulation, and stability in mechanical,

chemical, and thermal belongings.!?*® The increase in conductivity can be traced back to the inhibition
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of polymer crystallization, favoring the amorphous phases in the polymer state. Passive fillers do not
actively contribute to the amelioration. That means they do not build migration pathways for the ions
or act as a source of charge carriers. In contrast, active fillers offer their particle surface or interfacial
regions for ionic transport. Thus, an additional hopping mechanism for the lithium cations is invented.
They can now move via the segmental motion of the polymer chains and hop along the surface of the
active fillers.!?>®) The amount of added fillers has to be gently balanced, as fillers tend to aggregate to

form huge particle aggregations.!?*” These can hinder the ion percolation pathways (see Figure 31).1241

. = filler particles ‘\' increasing '
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Figure 31: Schematic representation of the filler influence on the ion transport inside of a composite electrolyte; left: ion
percolation pathway formation at small filler contents; right: destroyed ion percolation pathways after the agglomeration of

filler particles at high filler contents.

Adding, for example, 1% of LGPS-nanoparticles to a PEO-based solid electrolyte, the ionic conductivity
increases from 10 to 10 S cm™. Increasing the amount of LGPS to 5 or 10% leads to decreased con-
ductivity. To counter this trend, the surface of the nanoparticles can be modified with molecular
brushes to enhance the present surface and increase the ionic conductivity to a value up to

10*S cm™.[242
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2.2.4 Summary and future perspective of solid electrolytes

Having an overview of the three main classes of solid electrolytes — the sulfidic-, the oxidic-, and the
polymer electrolytes, it can be summarized that every material has advantages and disadvantages. Ox-
idic electrolytes can be categorized as robust materials with high mechanical stability and stable elec-
trochemical stability performance. Unfortunately, due to their brittleness, they can hardly be used as a
pure solid electrolyte. Their usage is more often dedicated to protective coatings. Rating ionic conduc-
tivities, sulfidic electrolytes are the candidates of choice, as they possess the highest conductivities of
all three representatives. Importantly, the conductivity can compete with liquid LIBs, which should
drive commercialization in the current market. Their downsides are the high instability against humidity
and lithium metal and the consequently high costs when considering scalable manufacturing technol-
ogies. As the H,S production needs to be strictly controlled, every processing step must be under an in-
ert atmosphere. This requires a complete restructuring of the already established LIB manufacturing
lines. The challenge of polymer electrolytes is their low ionic conductivities, which can almost exclu-
sively be increased by raising the operating temperature of the cells. The consequent loss of mechanical
stability can be critical but can also be avoided with a good concept of adding stabilizing fillers. In ad-
dition, the polymer softness can easily balance volume changes during cycling, and their lightweight
and low production costs define them as promising candidates. In the long run, ASSBs will need flexible
components that are able to tackle the challenge of high solid-solid interface resistances. The following
chapter will highlight a strategy and how researchers are currently trying to improve the polymer elec-

trolyte properties to make them even more suitable for application in ASSBs.
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2.3 Single ion-conducting polymer electrolytes

The polymer electrolytes discussed in Chapter 2.2.3 generally all have one major characteristic: they
are all dual ion-conducting systems. That means a lithium salt, consisting of lithium cations and counter
anions, is dissolved in a polymer matrix. The polar groups of the polymer support the salt dissociation
and manage to coordinate the cations. Consequently, the anions can freely move inside the electrolyte
and preferably migrate to the anode. The accumulation of an anionic layer on the negative electrode
initializes concentration gradients. The resulting polarization leads to worsened ionic conductivity and
increased cell performance.?**! In addition, the anionic movement is 5-10 times faster than the cationic
one due to the strong coupling of the lithium cations to the Lewis basic sites on the polymer chain.!?%
2441 Thus, it can be assumed that the anions contribute more to the overall conductivity than the cations.
This fact is reflected in the lithium transference number (t*), a prominent tool for measuring how many
lithium cations are actively participating in the ion conduction. Dual ion conductors usually exhibit t;*
lower than 0.5. Single ion-conducting polymer electrolytes (SICPEs) are invented to prevent polariza-
tion effects. They theoretically exhibit a t;;* of 1 and improve the battery cycling performance by pre-

venting polarization gradients. The general aims of this new technology can be seen in Figure 32.1244
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Figure 32: Schematic representation of the main goals, that SICPEs are aiming for: hindering of anion movement through the

polymer electrolyte, improvement of lithium ion transport, and optimization of lithium salt dissociation.
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The anions must be immobilized to hinder and restrict the anionic movement. Three methods can be

applied to create a SICPE:[2*4

1) Immobilization of the anionic structure motif on the respective polymer backbone via covalent
bonding

2) Introducing an anion receptor concept

3) Increasing the ion pair dissociation in the respective lithium salts by a higher degree of anionic

charge delocalization

For the immobilization of the anion on the respective polymer backbone, mostly carboxylates (-CO>-),
sulfonates (-SOs-), sulfonyl imides (-SO2NSO;-), and borates (-B-) are studied in their function as poly-
anionic matrices.[?*>?*’] Figure 33 depicts some common SICPE architectures in their homopolymer
form. They all contain aliphatic backbones, meaning only C-C bonds without incorporating other het-

eroatoms.
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Figure 33: Overview of commonly used polyanions for ASSBs categorized into four groups: carboxylate (PLA, Poly (Li-Sorb))-,

sulfonate (LIPAMPS, PLVS)-, sulfonyl imide (LiPSTFSI, LiPFSI)-, and borate (LIOPAAB, LiPVPPB)-based.

Starting with the carboxylate- and sulfonate-based polyanions, /to et al. synthesized poly (lithium acry-

late) (PLA) and poly (lithium vinylsulfonate) (PLVS) as SICPE proposals. Under 50 °C, the SICPEs show
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nearly no conversion due to an extended crystallization behavior. In a range between 60 to 130 °C, the
highest ionic conductivities reached values of 10° S cm™. The addition of BFs'OEt, (with Et = ethyl) was
able to support lithium migration, but elevated temperatures were still necessary to achieve high ionic
conductivities and t,;*.?*®! The electrochemical performance of poly (lithium sorbate) (poly(Li-Sorb))
likewise shows that carboxylate-based SICPEs can barely reach lithium ion conductivities that are com-
petitive with dual-ion conducting polymer electrolytes without the help of an additive.’?*® The reason
can be traced back to the strong coordination of the lithium cation to the anion.?**! If the dissociation
of the lithium salt is not strong enough, the lithium cations are hindered in their mobility. Hence, lower
ionic conductivities and t;* are observed as a consequence. Similar behavior is seen for sulfonate-based
polyanions like poly (2-acrylamido-2-methylpropanesulfonic acid) (LIPAMPS). Even though the SICPE
shows high thermal stability up to approximately 300 °C and a robust dimensional and electrochemical
stability up to 4.4 V (vs Li/Li*), ionic conductivities of 10> S cm™ can primally be reached if organic lig-

uids like EC or DMC are added.?*

Therefore, research focused on a better dissociation behavior between anion and cation by strength-
ening the delocalization of the anionic charge over a broader structure range. Meziane et al. intercon-
nected a sulfonyl imide anionic group to a PS-main chain, resulting in the synthesis of lithium poly (4-
styrenesulfonyl(trifluoromethylsulfonyl)imide) (LiPSTFSI). This approach reported a rise in t;* close to
unity and ionic conductivity of about 10° S cm™ (above the melting temperature of pure PEO).?>" The
polymerized version of an anion similar to the TFSI-motif is observed in the SICPE lithium poly (per-
fluoroalkyl sulfonyl)imide (LiPFSI). Blended with different ratios of PEO, the polyimide anion exhibits

ionic conductivities of 10* S cm™ (at 80 °C), high t.;*, and excellent electrochemical stability.!?>?!

The last material class of SICPEs based on an aliphatic backbone are polyanions, that depict borates as
immobilized anions. Figure 33 shows two examples, lithium oxalate polyacrylic acid borate (LIOPAAB)
and lithium poly (4-vinylphenol) phenolate borate (LiPVPPB). While LIOPAAB only exhibits an ionic con-
ductivity of 10°S cm™ (at room temperature after absorbing liquid PC)?>3, LiPVPBB demonstrates a
nice concept of how charge delocalization can positively influence the electrolyte performance. Due to
the phenol rings promoting charge delocalization via m-conjugation, the ionic conductivity can be

pushed up to the region of 10* S cm™ at room temperature.?*”!

The comparison of the different polyanion frameworks shows that one bottleneck of SICPEs is their low
ionic conductivity. Via copolymerization, this issue was tried to be neglected, as the mixing of two dif-

ferent polymers can be an efficient tool to combine multiple polymer properties. As was already
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reported in the previous chapter, the sequence of structure motifs can be varied in the copolymer.

Figure 34 depicts an A-B- and a B-A-B-type copolymer that are well-established SICPEs.

— A-B-type SICPE B-A-B-type SICPE =
n O m n
0=S=0 @o:§:o
@ @ | .
Li i N© i N©
0=S=0 O=§=O
|
CF; CF;
Li(PSTFSI-co-MPEGA) P(STFSILi)-b-PEO-b-P(STFSILi)

Figure 34: SICPE copolymers based on different copolymer frameworks; left: A-B-type Li(PSTFSI-co-MPEGA); right: B-A-B-type
P(STFSILi)-b-PEO-b-P(STFSILi).

Zhou et al. were able to synthesize the A-B-type SICPE Li(PSTFSI-co-MPEGA) by combining the well-
established LiPSTFSI SICPE with a methoxypolyethylene glycol acrylate (MPEGA). The idea was to intro-
duce PEG-side chains into the second monomer to expand the lithium anchoring point density and the
softness of the material. Despite the nice concept, the ionic conductivities at room temperature
were kept at 10° S cm™ and could not be further increased.?> Bouchet et al. used the sandwich prin-
ciple for constructing a B-A-B-type P(STFSILi)-b-PEO-b-P(STFSILi) SICPE. The LiPSTFSI units are the hard
B-units, while the PEO A-segments act as polymer plasticizers. The resulting properties were observed
as t;* close to unity, an ionic conductivity of 10° S cm™ (at 60 °C), excellent mechanical properties,
and high electrochemical stability up to 5 V.1?!¥ These results promise a huge innovation potential con-

cerning new SICPE copolymer designs.

The immobilization of anions on the polymer backbone is the major concept behind SICPEs due to their
advantages in improving the overall battery performance. Nevertheless, the lack of high ionic conduc-
tivities at room temperature still remains a challenge in the current situation. Instead of classical SICPE
frameworks, there is also the possibility of introducing anion receptors into the polymer electrolyte.
They trap the anions, promote ion dissociation, and thus increase the independence of the lithium-ion
mobility. The results can be a rise in conductivity and t;;i*.*? Since in these systems, only the lithium
cation can be seen as the actively moving species, they can be classified as SICPE. Without going into

further details, Figure 35 reveals how such a potential anion receptor might look like.!?>!
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—  SICPE anion receptor i

Figure 35: Structure of a potential anion receptor as an alternative to polyanion-based SICPEs.
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3. Aim of this thesis

The wide and expressive presence and representation of polymers in a huge variety of battery setups
clearly show that they are inevitable components for safe and smooth cycling. Especially when ASSBs
come into play. With our current demographic evolution and our demanding technological visions, we
are forced to work on the development of efficient and long-lasting energy storage solution systems.
In this context, ASSBs can fulfill most of the general expectations. On the one side, they exhibit a very
high intrinsic safety. If the battery gets damaged, no liquid and flammable electrolytes will leak out, as
only solid components take place in the internal current provision. The risk that a battery cell package
in an EV can spontaneously catch fire is, therefore, drastically reduced. Conversely, the simple setup of
three main components - an anode, a cathode, and a solid electrolyte - reunites several advantages
that tackle the question of energy density and production cost. Incorporating a pure lithium metal an-
ode pushes the battery performance and directs its application to prospective high energy and power
densities. High-capacity cathode designs enable the creation of the perfect opponent for the negative
electrode. Changing the liquid against a solid electrolyte, much space can be saved concerning cell
design. A thin processing of the solid electrolyte supports the fact that there is more energy available
in less space. In addition, one component less than for LIBs is needed, conversely implying a decrease

in production cost.!%

Nevertheless, by switching from a solid-liquid to a solid-solid interface, new challenges are unlocked.
At the anode side, bad contact with the solid electrolyte provokes the uneven deposition of lithium on
its surface. With continuous cycling, more and more lithium will be deposited till the formed dendrites
are big enough to spark an internal short circuit. At the cathode side, serious physical contact problems
can arise due to the hard texture of the active material and the solid electrolyte (when sulfidic or oxidic
solid electrolytes are applied). Contact loss always produces electrochemical instability at the inter-
faces. In many cases, this results in the increase of impedance and the worsening of battery perfor-

mance.?%%

That’s why ASSBs depend on soft and flexible materials such as polymers, which can act like glue be-
tween the solid components. Not only in cathode composite, they are ubiquitous as well-established
binder components. Also, in their function as solid electrolytes, they can unfold their potential. The
interplay of two solid electrodes that are separated by a soft solid polymer electrolyte intensifies the
interfacial connection. The volume changes of the electrodes, occurring during lithium plating and

stripping, can easily be compensated.?*!
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Nowadays, a huge variety of polymer matrices exist that show good flexibility, robust electrochemical
stability, and tolerant compatibility with common ASSB components. At this juncture, especially PEO
can be seen as the most-studied and -examined polymer electrolyte. Its low T, and excellent ability to
dissolve all kinds of lithium salts make it suitable for ASSB battery application. Unfortunately, it has to
deal with the same challenge that a lot of solid polymer electrolytes have to face: low ionic conductiv-
ities at room temperature. Due to its semi-crystalline nature, the dissociated lithium ions mostly in-
crease their mobility when the temperature exceeds the Ty, of PEO.?** As raised temperatures bear
disadvantages for the mechanical stability of the electrolyte, researchers invented the concept of
SICPEs. In contrast to dual ion-conducting polymer electrolytes, immobilizing the anionic charge on the

polymer backbone neglects the anion movement through the electrolyte (see Figure 36).

D = electrodes dual ion-conducting single ion-conducting
D = polymer solid
electrolyte
~w = polymer chain
\
S A® A® A ® )
@ = lithium cation PN N
A @ A® A ® A @
A" =free anion
—A" = immobilized anion

Figure 36: Schematic comparison of dual ion-conducting and single ion-conducting polymer electrolytes (SICPEs); left: anions
and cations can move through the polymer electrolyte; right: anions are immobilized on a polymer matrix, only the lithium

cations migrate through the electrolyte.

Less polarization effects and dendrite growth occur, and the t,*s increase, showing that the concept is
able to lead to a more effective battery status. Nevertheless, the ionic conductivities of SICPE nowadays
can hardly compete with the conductivities of liquid batteries of about 102 S cm™.1*% A reason for this
can be found in the lithium-ion transport mechanism inside solid polymer electrolytes. Lithium cations
move along the amorphous polymer domains. The presence of crystalline domains hinders their move-
ment. Therefore, sufficient lithium ion mobility is usually primally to be observed, when the tempera-
ture of operation is above the T; of the polymer. Then, the segmental motion of the polymer chains is

enhanced, and the cations have to face fewer barriers.[?*4

Considering literature-known SICPEs, the thermal transitions of homopolymerized polyanions are, in
some cases, strikingly high. Taking the sulfonyl imide SICPE published by Meziane et al. as an example,
its melting temperature is close to that of pure PEO (around 60 °C).?>¥ By knowing that a more amor-

phous character can have a huge impact on ion mobility, literature approaches generally try to lower
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the crystalline fractions in the polymer and the Tgs by adding plasticizers, creating composites, or co-

polymerizing polyanions with soft PEG segments.

In this work, a solid polymer electrolyte is designed that is able to combine two leading polymer trends

in one repetition unit:

1) ASICPE structure motif that shows one charge carrier per repetition unit;

2) A soft and flexible polymer backbone that can outperform regularly used aliphatic backbones.

The flexible backbone should soften the SICPE and lower its T, so that the battery cell could be cycled
at moderate temperatures. Figure 37 demonstrates what the target SICPE and the respective monomer

structure should look like.

1\/\01; PEO backbone 0
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| é monomer
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Figure 37: Structure of the target SICPE, combining a sulfonate-based SICPE and a flexible PEO-backbone, and its respective

monomer structure, proposed via retrosynthesis.

To realize the SICPE setting, the research has to begin with the smallest unit of the polymer, namely the
monomer moiety. In the first part of this thesis, a kind of retrosynthetic approach towards the herein-
designed monomer 1-((4-(oxiran-2-yl)phenyl)sulfonyl)-1H-pyrrole (1) is depicted. The synthesis in-
cludes three steps, where every step is questioned after the right parameter choice (e.g., temperature,
reaction time, reagent choice, and equivalents) and the based reaction mechanism. Both the chal-
lenges that occurred during the process, as well as the applied solutions, will be discussed in detail.
Furthermore, thoughts are discussed, that relate to the ability to polymerize this monomeric structure

or alternative structural frameworks.

The second part of this thesis will focus on the ring-opening-polymerization (ROP) of the terminal epox-
ide group that is generated as part of the monomer structure. Different catalyst designs with varying
metal centers and ligand surroundings will be examined. In a broad screening, the perfect fit between
monomer and catalyst is explored. Via gel permeation chromatography (GPC), molecular weight devel-

opment can be monitored along the process of adjusting polymerization conditions.
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Due to the specific monomer design, a post-polymerization modification is necessary to yield the struc-

ture of the target SICPE. In this context, different working techniques and reagents to achieve post-

polymerization functionalization are discussed. The focus is thereby set on a mild treatment of the

polymer and polymer preservation. This thesis should highlight the difficulties of the polymer analo-

gous reaction and clear the points that have to be considered when working with high polarity changes.

In addition, it is investigated, if also alternative synthetical pathways could lead to the target SICPE.

Therefore, different approaches concerning the post-polymerization functionalization of poly (styrene

oxide) (PSO) are analyzed and evaluated, related to their practicability and conditions of polymer treat-

ment. Figure 38 gives a schematically overview of the pathways, that are aiming to realize the target

SICPE.
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Figure 38: Overview of the working packages that are in the scope of this work to achieve the target SICPE; three different

approaches are presented, starting from varying initial points (the herein-designed monomer 1, alternative monomers, or

styrene oxide (SO)).

52



Aim of this thesis

Besides investigating the homopolymer of the target SICPE, copolymerization is also outlined in this
thesis. After screening for suitable comonomers, two comonomers — SO and poly(ethylene glycol) di-
glycidyl ether (PEG 2000) — are selected, and the respective copolymers are tested regarding their struc-
tural and thermal properties. Similar to literature attempts, copolymerization, in this case, aims to fuse

a multitude of properties in one solid copolymer electrolyte.

To conclude this thesis and to establish the connection back to solid-state batteries, the herein synthe-
sized homo- and copolymers are prepared for electrochemical characterization. The process of polymer

film-making and first electrochemical impedance spectroscopy (EIS) measurements are recorded.
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5. Results and discussion

This results and discussion part is split into four main subchapters. The first part will talk about the
development of the monomer synthesis pathway and its related parameter variations. The herein-de-
signed monomer will be abbreviated in the following with 1. In the second part, the focus is set on
homopolymerizations. It includes the screening of suitable catalysts that support the anionic ROP of 1.
Furthermore, post-polymerization functionalizations are shown and related to two different types of
homopolymers (the first homopolymer is based on polymerization of 1, the second one on PSO). Addi-
tionally, modified monomer structures that could enable alternative polymerization routes are pro-
posed and critically questioned. The chapter closes with comparing the thermal properties of all ho-
mopolymers that are synthesized as part of this thesis. The results, which are shown in the first two
chapters, take part in already published work.”?*” The third chapter demonstrates the copolymerization
of 1 with SO and PEG 2000 (M, = 2000 g mol?), respectively. Again, at the end of the chapter, the ther-
mal characteristics of all copolymers are related to each other. The main part is closed by displaying

the polymer film-making process and evaluating the primal electrochemical results.

5.1 Establishment of monomer 1

Looking at the structure of 1 (see Figure 38), it can be seen that the main core consists of an aromatic
ring that is substituted in two positions. The first substituent is a terminal epoxide, located in para
position to the second substituent, a sulfonyl group in the form of a sulfonamide. Thinking about the

later application as a solid electrolyte, this setup combines three advantages:

1) The terminal epoxide can be polymerized to get a flexible polyether backbone. With this fea-
ture, low Tgs are pursued.

2) The sulfonamide can be modified to give a free sulfonate group that can act as an immobilized
anchoring point for the lithium cations, giving the resulting homopolymer the right to be clas-
sified as SICPE.

3) The incorporation of an aromatic ring guarantees a certain amount of rigidity inside the struc-
ture, which can have a positive influence on the mechanical stability of the resulting solid elec-
trolyte. Similar styrene structure motifs can already be found as established and stable polymer

electrolytes in solid-state batteries.?>"

Concerning the second point of the listing, it could be questioned why the sulfonamide is introduced

into the monomer structure instead of a free lithium sulfonate. It makes further post-polymerization
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functionalization inevitable (detailed discussion see Chapter 5.2.3). The underlying protection group
strategy is designed in relation to the following polymerization purposes and will be discussed in detail

in the next chapter.

The synthesis of 1 consists of three steps (see scheme 1) that can be divided into a chlorosulfonation

reaction, a protection and elimination step, and a classical epoxidation of a vinylic double bond.

0
Br
—
OSO 0=58=0
oso N
0 W
A B 1

Scheme 1: Sketch of the three-step synthesis to achieve 1; the three steps exhibit chlorosulfonation, protection and elimina-

tion, and epoxidation.

Starting with 2-bromoethylbenzene, adding a chlorosulfonyl in the para position is known as classical
chlorosulfonation.?*® Chlorosulfonic acid is added in excess at cold temperatures, and the reaction is
kept at room temperature for several hours before it is quenched. The mechanism involves an electro-
philic aromatic substitution reaction, undergoing a Wheland-intermediate formation and the reconsti-
tution of the ring aromaticity. After this step, a para-substituted sulfonyl-intermediate is generated.
Due to the excess of chlorosulfonic acid, the sulfonyl can finally be converted into a chlorosulfonyl by
splitting of sulfuric acid (see scheme 2). Besides the secondary substitution in para-position, the posi-
tive inductive (+1) effect of the alkyl substituent conducts the chlorosulfonyl also in ortho-position to
the primary substituent. The localization of the chlorosulfonyl group in ortho-position would disturb
during the advancing synthesis progress, as it could induce sterically repulsion in the subsequent epox-
idation reaction. Therefore, it is removed via column chromatography to yield 4-(2-bromoethyl)-ben-
zene sulfonylchloride (A) (*H- and *C-NMR of A see appendix). As the steric conducts the secondary

substituent with a major percentage into para-position, high yields of 76% are the outcome.
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Scheme 2: Reaction mechanism for the chlorosulfonation of 2-bromoethylbenzene, yielding para-sulfonyl substituted A.

During the second step of the overall synthesis, the above-mentioned protection group strategy of the

sulfonyl group is introduced. Via Sy2 reaction, deprotonated and, as a nucleophile-activated pyrrole,

induces the cleavage of the halide from the chlorosulfonyl group. A sulfonamide is formed.?** Due to

the excess of deprotonated pyrrole in the solution, elimination leads to the release of hydrogen bro-

mide and the generation of a vinylic double bond (see scheme 3). The excess of pyrrole is removed by

column chromatography. To ensure perfect purity for the following epoxidation step, the raw material

was sublimated twice (*H-NMR of B see appendix).

The efficiency of the 1-[(4-vinylphenyl) sulfonyl]-pyrrole (B) synthesis is not only shown in its high yields

of 78% but also in the fact that two reactions,

1) theintroduction of an amide protecting group

2) and the generation of a vinylic double bond

take place in one reaction step.
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Scheme 3: Reaction mechanism for forming B, involving a protection group strategy and the generation of a vinylic double

bond via elimination.

The structure after this synthesis resembles styrene, which is functionalized with a sulfonamide group.

Literature attempts to replace the sulfonyl group against a TFSI-moiety and subsequently polymerize

the terminal double bond via radical polymerization (see LiPFTFSI, Figure 33). The resultant SICPE is

based on an aliphatic backbone that exhibits a rather rigid character. Thus, often unfavourable high

thermal transition temperatures and impeded ionic conductivities at room temperature result from

the lack of polymer chain flexibility.[?>!!

5.1.1 Epoxidation strategies and related side reactions
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To decrease the temperature of thermal transitions, a flexibility input into the resulting polymer is nec-
essary. That is why the vinylic double bond is converted in the last step of the monomer synthesis into
a terminal epoxide group. The epoxide is able to be ring-opened to yield a polyether backbone that

should exhibit a similar low Tg and enhanced segmental polymer chain mobility like PEO.

The definition of epoxidation indicates the transfer of an oxygen atom in a [2+1] cycloaddition in the
presence of a peracid (see scheme 4).12°Y Electron-rich double bonds facilitate the transfer. These can

be adjusted, for instance, by an electron-donating nature of the alkene substituents.

alkene peracid [2+1] cycloaddition oxirane acid
R R H--O R R o R R
A N oy R (R
N~ PN PAVI ~
/C\ © R /C\’/ 0 R / \/ HO/ R
R R R R R R
with R = rest

Scheme 4: Schematic reaction mechanism for a [2+1] cycloaddition.

In the case of B, both the aromatic ring and the sulfonamide exhibit electron withdrawing effects, as
the sulfonyl can delocalize energy density on its oxygen atoms. Hence, a terminal, electron-deficient
double bond is created. Initially, conventional and well-established epoxidation reagents are tested for
their function as feasible reagents. Table 1 gives an overview of the respective outcomes per tested

reagent.

Table 1: Overview of the applied epoxidation reagents and the relative yields of 1.

reagent eq. T[°C] t[d] yield [%]
m-CPBA (purified) 2.0-5.0 —78 °Cto RT 1 -
H;0; (35%) 1.5-2.0 0°C to RT 1-5 -
NaOCl 1.5-2.0 0°Cto40°C 1-5 -
performic acid 0.5-2.0 0°Cto45°C 1-3 -
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Approaches that use meta-chloroperoxybenzoic acid (mCPBA), hydrogen peroxide (H>0,), sodium hy-
pochlorite (NaOCI), or performic acid end with no conversion. In the *H-nuclear magnetic resonance
(NMR) spectra, no distinct epoxide signals can be detected. In fact, the presence of plenty of unspeci-
fiable signals (for example, for m-CPBA entry, see appendix) leads to the conclusion that the host struc-
ture is destroyed during the reaction.

To balance the difficult energetic situation, the search for a more powerful epoxidation reagent directs
dimethyldioxirane (DMDO) into the focus of investigation. DMDO is the oxirane of acetone, hence, it
can be prepared via oxidation of acetone with potassium peroxymonosulfate KHSOs in the presence of
NaHCOs. The non-metallic, organic oxidant is known for its high tolerability with various functional

groups such as sulfides, sulfoxides, amines, or carbon double bonds (see scheme 5).1260

DMDO synthesis

('s)' O\\S//O
R""R , RT°R

R/S\R sulfoxides

R3C-OH

nitroxides R-NO3 R3C-H alcohols

Scheme 5: Transfer of various functional groups in their oxidized form via epoxidation with DMDO.

The preparation and usage of DMDO have to be carefully adjusted. The ring tension inside of the per-
oxide is high, increasing the molecule's reactivity. Therefore, DMDO solutions are usually kept at cold
temperatures, both during the preparation and when applied to a substrate.!?*! The scale-up of the
epoxidation reagent is difficult. Using standard laboratory equipment, a maximum of 350 mL of DMDO
solution can be synthesized with a concentration < 100 mM. As the stability of the solution is only valid
for a maximum of one week, the consumption should immediately follow after the preparation.!?%%!
Nevertheless, its usage bears many advantages. As DMDO decomposes to form acetone, the solvent
can simply be evaporated and reused. Compared to other peroxides like m-CPBA, the respective acids
(in this case, benzoic acid) have to be separated from the reaction mixture in an additional purification

step. The yields of DMDO epoxidation are generally quantitative and accompanied by high purities.
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Mild reaction conditions support a selective epoxidation of acid- as well as base-sensitive substrates

without destroying core structures.?¢%!

To create a reference for the following screening conditions, a standard experiment is set. It contains
the application of 1.3 eq. of freshly prepared DMDO solution (concentration was assumed to be
100 mM) in relation to B in an acetone/DCM (10/1) mixture. The epoxidation reagent is added at 0 °C
and the reaction mixture is slowly warmed up to room temperature over the period of one day. After
the evaporation of the solvent, a *H-NMR spectrum is taken from the crude product to monitor the
conversion of the vinylic double bond signals translating into epoxide signals. The ratio of vinyl-
sulfonate/epoxide content can be calculated based on the integrals of the respective 'H-proton signals

(see Figure 39).
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Figure 39: 'H-NMR spectrum of standard DMDO experiment (taken from raw material, not purified); comparison of vinyl-

sulfonate *H-NMR signal against epoxide signal gives ratio of B converted to 1.

The *H-NMR clearly indicates that 20% of vinylic groups of B are successfully converted into epoxide
functionalities by using DMDO as an epoxidation reagent. Aiming to increase this ratio, a set of param-
eters is screened. Table 2 depicts an overview of the performed variations, where the standard exper-

iment is marked in blue as a reference.
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Table 2: Executed parameter variations in the epoxidation of B with DMDO and their reaction outcomes; the ratio of B/1 is

calculated based on the 'H-NMR signals of the respective non-purified reaction mixtures.

parameter variation eq. T t solvent ratio B/1
(DMDO) [°C] [d]
standard experiment 1.3 0°CtoRT 1 acetone/DCM 80/20
eq. 3.0t0 5.0 0°CtoRT 1 acetone/DCM 80/20
reaction time 3.0t0 5.0 0°CtoRT 5 acetone/DCM 40/60
acetone or 80/20
solvent 3.0to 5.0 0°CtoRT 5
acetone/MeCN
temperature 3.0t0 5.0 RT to 35 °C 5 acetone/DCM 80/20
water content 3.0to 5.0 0°Cto RT 5 dry DMDO 80/20
solution

With the variation of parameters, several goals were pursued. The increase in DMDO content could
offer more active reagents participating in the epoxidation of the vinylic double bond. Increasing the
reaction time generally supports the diffusion of the molecules. Changing the solvent to pure acetone
or an acetone/acetonitrile (MeCN) mixture should eliminate the probability that DCM can act as a dis-
ruptive factor related to the stability of DMDO. The temperature increase up to 35 °Cis aiming to influ-
ence the reaction kinetics and lower the activation energies. As it is literature-known, that water can
have an effect on the DMDO driven epoxidation depending on the substrate that is used, 2! the last
attempt tries to exclude water by drying the DMDO solution over molecular sieve for 2 days. The equiv-
alent increase of DMDO in the range of 3.0 to 5.0 eq. did not reach an increase of 1 in the raw reaction
mixture. The same results were achieved for the solvent switch to pure acetone or a mixture of acetone
and MeCN, the temperature increase to 35 °C, or the utilization of a dried DMDO solution. Only the
elongation of reaction time shows a ratio shift to 40/60 (B/1). Based on these results, it can be as-
sumed that the kinetics of the epoxidation of B are slow, which can probably be reasoned with the
electron-deficient double bond. The standard protocol was aligned to longer reaction times for further

experiments, keeping equivalents, temperature, reaction time, and solvents fixed.
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After the purification of the raw solid mixture of B/1 via column chromatography, only low yields (15
to 20%) of epoxide are obtained. The switch from acidic silica to neutral aluminum oxide as column
material excludes the destruction of the epoxide moiety within the scope of ring-opening events. Look-
ing deeper into the 'H-NMR spectrum of the non-purified solid mixture, the reason for the low yields

can be found in side reactions that occur during epoxidation (see Figure 40).

overoxidation signals
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Figure 40: 'H-NMR spectrum of standard DMDO experiment with new reaction conditions (taken from raw material, not pu-

rified); undetermined signal appearance in the region from 10.5 to 9.94 ppm and 3.95 to 2.76 ppm.

Three phenomena occur in the *H-NMR spectrum: downfield shifted multiplets at 10.5 and 9.94 ppm,
the multiplication of the aromatic signals, and splitting of the epoxide signals into six instead of three
proton responses. Owing to 3C- and 2D-NMR experiments, the side products are identified as phenyl
acetaldehyde and benzaldehyde, which occur due to isomerization of the epoxide and overoxidation.
Similar behavior can be found when aqueous H,0; is used in the epoxidation of styrene. In the presence
of highly polar water, the acid-catalyzed isomerization to phenylacetaldehyde is facilitated.!?%? It can be
assumed that longer reaction times favor the conversion of B to 1 and the occurrence of side reactions.

To prevent these, finding a more efficient pathway for the epoxidation of B is inevitable.
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5.1.2 Parameter optimization and up-scaling

After figuring out, that the previously selected reaction conditions and the instability of the terminal
epoxide can lead to side reactions and loss in yield, the idea of epoxidation has to be reconstructed. To
support the reaction kinetics, catalysts are brought into play. For the epoxidation of styrene to SO,
various catalytic frameworks already exist. Widely represented are transition metal complexes that
consist of a distinct ligand surrounding. Examples are, for instance, cobalt phthalocyanines or manga-
nese porphyrins, which are combined with classical epoxidation reagents like m-CPBA, H,0,, or tert-
butyl hydroperoxide. These systems highlight mild reaction conditions, short reaction times, and high
yields.[263-2641 |n the 1990s, Jacobsen et al. postulated a highly enantioselective and low-temperature
epoxidation of styrene with a (R,R)-(-)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanedia-

minomanganese(lll) chloride ((salen)Mn(lll)) catalyst (see Figure 41). 126

— Jacobsen catalyst =

t-Bu

t-Bu

Figure 41: Structure of (salen)Mn(lll) catalyst developed by Jacobsen et al.

The chiral environment of the catalyst, in combination with an excess of N-methylmorpholine-N-oxide
(NMO) as co-catalyst and low temperature, enables the enantioselective oxo transfer with an enantio-
meric excess (ee) up to 91% in relation to SO.1%! Transferring this (salen)-based catalyst to B, the same
reaction conditions are adopted as described by Jacobsen et al. The epoxidation reagent m-CPBA and
the co-catalyst NMO are added in excess (2.0 and 5.0 eq.) at —78 °C to a solution of B and 4 mol% of
(salen)Mn(lll) catalyst in DCM. After a short reaction time of 45 min, the excess remaining m-CPBA is
guenched with NaOH, and the crude product is purified via extraction and subsequent column chro-
matography. The yield of 50 to 55% after purification drastically differs from the results obtained by the
epoxidation with DMDO. It justifies that the catalytic input can support and fasten the cycloaddition.
The structure of 1 is confirmed by *H- and *C-NMR spectra (see appendix). Aiming for increased yields,
different parameter variations are screened (see Table 3). The parameters, that are adapted from the
enantioselective epoxidation of Jacobsen et al., are set as standard conditions and marked in blue. In

this context, the temperature is not varied to prevent side reactions like isomerization or overoxidation.
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Besides m-CPBA, other epoxidation reagents like H,0, or NaOCI are tested. As they did not show any

conversion, these approaches are not listed in Table 3.

Table 3: Parameter screening of the catalytically supported epoxidation of B by utilizing 4 mol% of (salen)Mn(lll) Jacobsen

catalyst.
parameter variation  eq. (m-CPBA) eq. (NMO) T[°C] t [min]  yield of 1 [%]
standard experiment 2.0 5.0 -78°C 45 min 50 to 55
m-CPBA content 2.0t0 5.0 5.0 —78°C 45 min 50 to 55
NMO content 2.0 0.5-2.0 -78 °C 45 min 40 to 45
reaction time 2.0 5.0 —78°C 360 min 50 to 55

Increasing the m-CPBA content or its purity does not positively influence it, probably because the sol-
ubility level is reached at cold temperatures in DCM. The same results are observed for the elongation
of the reaction time or the doubling of the catalyst amount. To exclude an influence of enantioselectiv-
ity that could be induced by using the R,R-enantiomer of the (salen)Mn(lll) catalyst, the epoxidation is
one time performed with the S,S-enantiomeric and the other time with the achiral catalyst version. All
approaches show a similar conversion of 50 to 55%. Thus, it can be assumed that the enantioselectivity
of the catalyst is not decisive for the epoxidation. Lowering the NMO content leads to a worsening of
yield of about 10%, which can be traced back to the function of NMO in the catalytic system. Adding

NMO as a co-catalyst to the reaction mixture induces two processes:

1) the change of the (salen) ligand structure via the coordination of the co-catalyst

2) the suppression of the Lewis acidity of the manganese complex

As Lewis acidity can be a bottleneck concerning the decomposition of sensitive epoxides, adding NMO
in a high content is indispensable and guarantees high yields. This thesis can be confirmed based on a
control experiment. When no NMO is added or when another co-catalyst like bis(tri-
phenylphosphine)iminium chloride (PPNCI) overtakes the role of NMO, the epoxidation of B does not
take place. The success in achieving 64% of 1 is finally reached by decreasing the amount of NaOH
during the quenching process. The less basic environment can be a hint that the epoxide is unstable
not only in relation to acidity but also in basic conditions. Scheme 6 presents the whole monomer syn-

thesis pathway with all relevant reaction conditions.
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Scheme 6: Finalized reaction pathway for the three-step monomer synthesis of 1.

In summary, it should be highlighted that the switch to a catalytically supported epoxidation makes the
realization of a new, preliminary monomer for a promising SICPE possible. In addition, the elevation of
isolated yields supports the upscaling process from mg to g scales. In Chapter 5.2, the ROP of 1 and the

thermal properties of the resulting SICPE homopolymer will be discussed in detail.
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5.2 Unlocking a polyether-based SICPE

The difference between the literature-known SICPEs and the one that is realized in this thesis lies in
their polymer backbones. While already established SICPEs demonstrate aliphatic, siloxane, polyphos-
phazenes, or, for instance, carboxylate-based backbones,2#? 266! the target SICPE stands out due to its
polyether main core. Owing to the design of 1, a terminal epoxide creates the possibility for ROP (see
scheme 7). As the structure of 1is novel and literature-unknown, the access to polymerization is started

with a broad catalyst screening.

epoxide polyether
functionality backbone
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Scheme 7: Schematically representation of the ROP of 1 forming a polyether backbone.

5.2.1 Catalyst screening

The following catalyst screening is focused on different executions of ROP. For this purpose, the chapter
is divided into the categories of non- and transition-metal-based catalysts. Most catalysts are tested
under solution polymerization conditions, as the polymerizations must often be initialized at cold tem-
peratures. For bulk polymerization purposes, the reaction temperature has to exceed the T, of 108 °C
of 1 (DSC measurement see appendix) to get the catalyst to be dissolved in the molten monomer. De-
pending on the catalyst stability, these conditions are impossible for every setup. As long as not explic-

itly stated, the following polymerizations are carried out in solution.

In 1863, already the first polymerization of ethylene oxide (EO), initiated by alkali metal hydroxides or
zinc chloride, was reported by Wurtz.16”) The ensuing 70 years realized enhanced progress in this field
until PEG was commercialized in the 1930s.12%%! Nowadays, ROP is well-established and has been devel-
oped for a variety of industrial-relevant polymers, such as PEO, polysiloxanes, polyphosphazene, poly-

oxymethylene, and many more.!?®®! To get the possibility of finding accessible model systems for the
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ROP of 1, its structure is formally simplified to the one of a functionalized epoxide (see Figure 42). Thus,
its transformation into the respective polyether can be described by three main mechanisms that have
already been explored for the ROP of EO, propylene oxide (PO), or SO: anionic, cationic, and coordina-

tive ROP.

O ) 9 S
Z_K with R = ﬁ—N P
R o)

Figure 42: Simplifying the geometry of 1 to model its ROP behavior with already established epoxides like EO, PO, or SO.

The oxyanionic polymerization of EO can be seen as the most prominent pathway to receive PEG. De-
pending on the molecular weight that should be achieved, alkali metal compounds with high nucleo-
philicity (for low molecular weight PEG) or hydroxides, hydrides, or, for instance, alkoxides (for higher
molecular weight PEG) are used. Their counterions should not be Lewis acidic or chain end coordinating
to prevent side reactions like chain termination or cyclization and to support the living character of the
chain elongation. Usually, the polymerization is carried out in polar and aprotic solvents like THF, diox-
ane, or DMSO0.?7? Visualizing the anionic ROP mechanism on the basis of alkali metal compounds, the
initiation step is started with the nucleophilic Sn2 attack of the alkoxide on the first EO unit. An active
alkoxide species is formed that can ring open further EO moieties. The polyether chain is elongated in
this propagation step and carries an active chain end. To terminate chain elongation with a hydroxy

functionality, polar groups like alcohols, water, or amines are added (see scheme 8).[27%

initiation propagation
A 0
© n
° v © ’P\/ ‘]\/\
R-O_ M —_— R\o/\/o M = R\o (0] n OG) M®

with R = H, alkyl, polymer
and M = Na, K, Ca

+RH Jtermination

R\,P\/l\/\
(0] on OH
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with R' = HO-, RO-, R,N-, RCOO-

Scheme 8: Mechanism of anionic ROP for EO, using alkali metal compounds as initiators; the ROP is divided in three steps

(initiation, propagation, termination step).
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Cationic polymerization is rather uncommon for EO or PO polymerization and is generally applied for
four-membered or higher cyclic ethers. The reason is that for smaller ring-size molecules, a certain
amount of cyclic polyether is formed during propagation. The outcome is a mixture of low molecular
weight linear polymers and cyclic oligomers.?®® The mechanism is split into two principles (see
scheme 9). The activated chain-end (ACE) mechanism focuses on a tertiary oxonium ion as the chain
end and active center. Via nucleophilic attack of the oxygen atom from the cyclic monomer on the
carbon atom, which is sitting in a-position to the positively charged oxygen, the propagation of the
polymer chain starts. The bottleneck hereby is the increased number of nucleophilic centers that are
also present in the polymer chains. They induce inter- and intramolecular cyclic byproduct formation
and decrease the molecular weights of the chains. Contrary to the ACE principle, the activated mono-
mer (AM) mechanism allows better control over the internal polymerization processes, as the addition
of an initiator can control, to a certain extent, the formation of cyclic byproducts. Suitable initiators can
be based on alkynes, formyl-, hydroxyl-, or, for instance, amine groups.?’227>] The protonated cyclic
monomer reacts with another monomer or hydroxyl group, starting the propagation of the polymer
chain. As the monomer stays the active center, no charge is loaded onto the growing polymer chain.

The resulting polymer backbone neutrality reduces side reactions like backbiting.[268-269

ACE
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Scheme 9: Two different cationic ROP mechanisms: ACE- and AM mechanism.
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Both anionic and cationic ROP are limited in their molecular weights, meaning that their mechanical
properties and character can be described as rather soft. Coordination polymerization can open the
field to molecular PEO weights exceeding several million. The catalyst exhibits an active metal-heteroa-
tom, that is often coordinated to a nucleophile and surrounded by a ligand shell. The general formula
can be depicted as (LX,)Met(Nu)m, where LX, is mono-, di-, or trianionic (n = 1-3), Met is a main group
transition metal like aluminum or zinc, and Nu can be represented by alkyl, amido, alkoxide, or halide
functionalities.?’®! The ROP mostly follows a coordination-insertion mechanism.?’”? When the epoxide
is added to the catalyst solution, the active metal center coordinates one epoxide moiety by releasing
the bound nucleophile. Thereby, the C-O bond of the cyclic monomer is polarized, facilitating the attack
of the nucleophile at the a-carbon next to the oxygen atom. The activated, cyclic monomer is able to
start the propagation of the polymer chain till the active chain end is terminated. Scheme 10 shows the
mechanism of the catalytically supported, anionic ROP and depicts an example of a catalyst structure

that is commonly used.!?’8!

m . coordination porphyrin catalyst
= ligand shell

Met = metal center (e}

X@
+ +
/N
X = nucleophile Met Met
X O
/\

with M = Met center

propagation

Scheme 10: Reaction mechanism for the coordinative, anionic ROP of a cyclic, three-membered ring and depiction of a com-

monly used catalyst for this type of polymerization; the process can be described as coordination-insertion mechanism.
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Non-transition metal-based catalysts

Four catalysts are tested for the ROP of 1, which are based on the application of a non-transition-metal
catalyst (see Figure 43). The choice of catalyst is able to examine different initiation processes, with
n-buthyllithium (n-BuLi) being an alkyl initiator, the triethylaluminum complex (AlEt;) presenting the
concept of a Lewis acid in its function as initiator, sodium hydride (NaH) initiating the polymer chain
growth based on a hydride as a nucleophile, and the phosphazene base (t-Bu-P4) symbolizing an exam-
ple for an organobase catalyst. The reaction progress and outcome are monitored via *H-NMR data. H-
NMR spectra for unsuccessful polymerization approaches are not specifically added to the appendix,

as they are similar to the *H-NMR of pure monomer 1 (see appendix).

— non-transition-metal-based catalysts _—
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>L N
N p-N—
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n-BulLi Lewis acid sodium hydride t-BuP,

Figure 43: Structural overview of non-transition-metal-based catalyst, that are applied for the ROP of 1; alkyl-initiator n-Buli,

Lewis acid (AIEts), hydride initiators (NaH), and organobase catalyst (t-BuPy).

Starting with the alkyllithium compounds, they can be seen as classical initiators for anionic ROP. They
are prepared out of the respective alkyl chloride compounds by the addition of elemental lithium. In
addition, their solubility in various solvents makes them easily applicable for a broad monomer
scope.?’”! The covalent-ionic character of the C-Li bond enables, on one side, the unique property of
elaborated solvation in hydrocarbon solvents, but it can also be a challenge. Alkyllithium compounds
tend to form aggregates that reduce the reactivity of the initiator. The lower the degree of carbon-
lithium association, the higher their reactivity.?* To monitor the initiator behavior of n-Buli, a 2.5 M
solution (in hexane) is added to 1 in DCM at —78 °C (ratio of 1/20 or 1/100 n-BulLi/1). *H-NMR-aliquots,
taken after 1 day of reaction time, reveal that the structure of 1 remained intact without being ring-
opened. Hence, the hypothesis occurs that agglomeration of n-Buli hinders its reactivity in relation to
its ROP initiation efficiency. Nevertheless, using a more reactive alkyl lithium compound, namely sec-

BulLi, exhibits similar results as n-Buli. Solvent as well as temperature variations do not achieve the
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ring-opening of 1. That’s why a complexing agent is added to suppress the agglomeration of n-Buli. For
instance, in the case of the anionic ROP of 1,3-cyclohexadiene, applying n-Buli in the presence of
N,N,N’,N'-tetramethylethylenediamine (TMEDA) could narrow the dispersity and produce well-con-
trolled polymer chain lengths.[?8Y) Unfortunately, the n-BuLi/TMEDA addition at —78 °C in toluene can-

not initialize polymerization of 1.
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Scheme 11: Lewis acid supported ROP of EO; AIR; (with R = alkyl substituent) as Lewis acid precoordinates the epoxide, forms

an “ate” complex, and enables an activated monomer pathway.

Substituted epoxides are often harder to polymerize because the substituents can force disturbing
chain transfer reactions to the monomer. Lewis acids can establish a basis for the activated monomer
strategy of anionic ROP developed by Carlotti and Deffieux.?*?! The coordination of the Lewis acid to
the oxygen atom of the cyclic monomer reduces the electron density inside of the ring. Thus, subse-
guent ring-opening is facilitated. Before starting initiation, the Lewis acid forms an “ate” complex with
the initiating species (e.g., a weak nucleophile). This complex attacks the coordinated cyclic monomer,
yielding a growing polymer chain (see scheme 11).¢® The strong coordination of the monomer enables
mild polymerization conditions with low temperatures and weak nucleophiles as propagating species.
Fewer transfer reactions to the monomer occur, suppressing high molecular weight formation and nar-

row distribution.[?®® 283! After adding AlEt; and sodium 2-propanolate to a solution of 1 in n-hexane
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(ratio of 1/20 or 1/100 of Lewis acid/1) at —78 °C, no polymerization is observed based on the *H-NMR
signals taken after 1 to 2 days of reaction time. The same results are gained when sodium hydride acts

as a nucleophilic initiator in the ring-opening event of 1.

Taking SO as a model system to mimic the structural composition of 1, organobases are prominently
present in its ROP. The absence of metals makes these bases cost affordable and their usage depicts an
easy purification strategy. Additionally, when comparing SO to less substituted and more reactive epox-
ides like EO or PO, these bases can nevertheless reach an effective ROP for sterically demanding sys-
tems. The most-established phosphazene bases are 1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-
2A%,4A>-catenadi-(phosphazene) (t-BuP,) (see Figure 44) and 1-tert-butyl-4,4,4-tris(dimethylamino)-
2,2-bis[tris(dimethyl-amino)-phosphoranylidenamino]-2A°,4A>-catenadi(phosphazene)  (t-BuPj).[2%®!
t-BuP, is a strong base with a pK, of 30.2 (in DMSO) and consists of soft and bulky cation.?®* When
t-BuPy, in its function as organocatalyst and 3-phenyl-1-propanol as initiator, is added to a SO solution
in toluene, living-type polymerization at room temperature occurs. After 24 h of reaction time, chains
with high molecular weights up to 21.8 kg mol™ and narrow dispersities of 1.14 were reached.?®! Due
to the structural similarity of SO and 1, it can be assumed that the organobase could also work with a
high probability in the anionic ROP of 1. Unfortunately, the polymerization results indicate the opposite
trend. Equivalent variations (1/1/10, 1/1/50, 1/1/100 3-phenyl-1-propanol/t-BuP4/1), as well as a step-
wise increase in temperature up to 45 °C, do not lead to polymerization. The reason for the refusal of
ROP can probably be explained by an attachment of the phosphazene base to the sulfonamide due to

the intense oxophilic character of the organobase.

Figure 44: Chemical structure of the organobase t-BuP,.

In summary, the above-tested non-transition-metal-based catalysts do not show promising ROP behav-
ior of 1. Even though there is the possibility to invest more effort in the finetuning of the different
initiating methods, the screening is primarily focused on finding a well-matching and easily applicable,

working catalyst. Therefore, the screening is extended by switching to transition-metal-based catalysts.
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Transition-metal-based catalysts

Transition-metal-based catalysts often catalyze ROPs of epoxides like EO, PO, or SO.1?% |n Figure 45,

five catalytic systems are shown, that are tested for the ROP of 1. Concerning the catalyst choice, not

only do the transition metals differ from each other, but the ligand architectures are strikingly varied.

Zinc catalysts bearing 8-diimine ligands (Zn-BDI) have been developed and aligned to the copolymeri-

zation of epoxides with CO,. Most of the Zn-BDI catalysts show exclusively activity towards the ring-

opening of cyclohexene oxide or PO.?®”! This monomer scope cannot be enlarged when using the

herein-designed monomer 1. Applying Zn-BDl in a solution of 1 in toluene (1/10 or 1/100 ratio of Zn-

BDI/1) at room temperature to 60 °C does not show conversion, as monitored by 'H-NMR measure-

ments. Same results are observed in bulk conditions at 115 °C.
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Figure 45: Structural overview of transition-metal-based catalysts that are applied for ROP of 1.
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In contrast to these findings, the other four transition-metal-based catalysts are the first ones showing
ring-opening behavior upon addition to 1. Their effectiveness in initializing the ROP of 1 differs depend-
ing on the choice of polymerization conditions (see Table 4). The conversion of 1 is determined by
integrating the polyether and the remaining epoxide *H-NMR signals in the crude reaction mixture and
setting them into correlation. All polymerizations are carried out with the ratio of 1/100 of catalyst to
1. Solution polymerizations proceed at 110 °C, while bulk polymerizations are executed at 115 °C. Dur-
ing the polymerizations, aliquots are taken and analyzed via *H-NMR spectroscopy. The reaction is ter-

minated when the conversion reaches a linear plateau.

Table 4: ROP of 1 with four transition-metal-based catalysts; parameter variation is mainly focused on the examination in
solution or bulk; conversion of 1 is determined based on the *H-NMR signals of the polyether functionality in comparison to

the distinct epoxide signals.

catalyst eq. (1) solution or T[°C] t[d] conversion of 1
bulk [%]
Sn(Oct), 100 in toluene 110 7 90
Sn(Oct), 100 bulk 115 7 90
Ti(O'Pr), 100 in toluene 110 10 -
Ti(O'Pr)4 100 bulk 115 10 65
Sc-triflate 100 in toluene 110 6 30
Sc-triflate 100 bulk 115 6 35
(salen)Cr(1ll) 100 in toluene 110 3 90
(salen)Cr(Ill) 100 bulk 115 3 95

Tin(ll) 2-ethylhexanoate (Sn(Oct),) is commonly applied in the synthesis of poly(lactides). Even though
the ring-opening mechanism is still not clearly examined, the catalyst usually exhibits high reaction and
conversion rates and increased molecular weights.!?®® The polymerization in toluene and bulk both
reveal conversion up to 90%, implying that the catalyst activity is not influenced by the solvent. This is
different for titanium isopropoxide (Ti(O'Pr)s) which only shows a conversion of 65% in bulk after a long
reaction time of 10 days. Scandium(lll) triflate (Sc-triflate) supports the ROP of 1 equally in solution and
bulk, yielding a 30 to 35% conversion. The highest conversion with the lowest reaction time of 5 days

can be attributed to the application of the (salen)Cr(lll) catalyst. In solution and bulk, a conversion of
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90 to 95% is reached. Figure 46 displays an overlaying NMR data set of the polymerization approaches

with these four catalysts.
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Figure 46: 'H-NMR spectra of the polymerization approaches with Sn(Oct),, (Ti(O'Pr)s, Sc-triflate, and (salen)Cr(lll) catalyst;

the TH-NMR spectrum of 1 is also set as a reference to monitor the development of epoxide to polyether signals.

The 'H-NMR spectra of the Sn(Oct), and (salen)Cr(lll) catalysts clearly show the vanishing of the three
epoxide multiplets between 3.21 to 2.72 ppm with proceeding polymerization. New signals are formed
between 5.40 to 3.00 ppm, whose integrals represent three protons. Based on the broadening of the

signals and the chemical shift, these can be assigned to the polyether backbone protons.

To summarize the usage of the herein presented transition-metal-based catalysts, Sn(Oct), and the
(salen)Cr(lIl) catalyst exhibit the highest conversions in ROP of 1. The GPC data of the purified polymer,
which is received via Sn(Oct), ROP, reveals a bimodal development of the molecular weight (see ap-
pendix) in contrast to the polymer that is produced with the (salen)Cr(lll) catalyst. High molecular pol-
ymer chains show a M, of 34.0 kg mol?, whereas most of the polymer chains exhibit a M, of
3.00 kg mol™. To keep uniformity in chain lengths and to use shorter polymerization times, the

(salen)Cr(lIl) catalyst is finally chosen as a suitable catalyst for the ROP of 1.
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5.2.2 ROP with (salen)Cr(lll) catalyst

The appliance of (salen)Cr(lll) catalysts in the ROP of epoxides is already well-established by research

done in the Coates et al. group.?® The (salen)ligand surrounding has a great potential to be modified

in many positions (see Figure 47) to find the perfect fit that harmonizes with the monomer size and its

functional groups.
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Figure 47: Schematic representation of the structural tolerance that (salen)--based catalysts offer due to a variable ligand

constitution.

The Initiation of (salen) catalyst-supported ROP follows a monometallic, bimetallic, or binary initiation

pathway (see scheme 12).12%7] After initiation, propagation and termination follow as previously de-

scribed for related ROPs.
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Scheme 12: Mono-, bimetallic, and binary initiation mechanism for the ROP of EO via (salen)catalyst support.
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The (salen)Cr(lll) catalyst, that is used in the screening experiments, is commercially available and can
be used without further purification. A big advantage of this system is its rather huge tolerance against
humidity. Nevertheless, 1 is sublimated three times before using it in ROP to avoid water acting as
a chain transfer agent. Bulk polymerization is chosen instead of polymerizing in solution, as the chro-
mium catalyst exhibits higher conversions and higher initiator efficiencies in bulk (yield = 95 vs. 90%,

initiator efficiency = 36 vs. 22% for a 1/00 catalyst/1 ratio).

The (salen)Cr(lll) catalyst and 1 can be polymerized in different catalyst-to-monomer ratios (see Fig-
ure 48). Therefore, the catalyst and monomer are dry mixed in ratios of 1/10, 1/50, 1/100, and 1/200
and heated up to 115 °C under inert conditions. After 3 days, the solid mixture is dissolved in DCM and
precipitated in pentane, to cleave off catalyst residues and unconverted monomer. Drying in a vacuum
at 50 °C for 24 hours yields 93-97% of polymer in powder form. Energy dispersive X-ray analysis (EDX)

measurements prove the absence of chromium catalyst residues (see appendix).
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Figure 48: 'H-NMR spectra of the polymers, that result from different (salen)Cr(lll) catalyst to 1 ratios (1/10, 1/50, 1/100,
1/200); from 8.00 to 7.30 ppm aromatic proton signals of the benzene moiety; from 7.20 to 6.15 ppm proton signals of the

sulfonamide functional group; from 5.40 to 3.00 ppm proton signals of the polyether backbone.
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Table 5 exhibits an overview of the development of molecular weight distribution pursued by GPC anal-
ysis. The GPC traces show a monomodal and uniform distribution, meaning that a smooth and con-
trolled polymerization can be assumed (see appendix). Molecular weights increase to 113 kg mol?,
with dispersities ranging between 1.3 and 2.6. The significant variation in dispersity can be traced back
to inhomogeneities evoked by unpropitious stirring and increased viscosity when bulk conditions are
applied. To narrow these, a polymerization process with a more controlled setup up like living-type
solution polymerization could be a solution.?®! Initiator efficiencies range from 18-43% and cannot be
increased with additional sublimation steps of 1. As the initiator efficiencies are rather low, a huge part
of the catalyst molecules is deactivated. Therefore, the polymer chains exceed the calculated theoret-
ical molecular weight. Due to the overlaying signals of the epoxide and the aliphatic polyether back-
bone signals in the 'H-NMR spectra at higher conversion rates, the final polymer yield is determined

gravimetrically.

Table 5: GPC-data for the ROP of 1 with varying (salen)Cr(lll) catalyst to monomer ratio (1/10, 1/50, 1/100, 1/200) in bulk at
115 °C for 3 days.

catalyst/1° Xt M, theo® My, ab5° D! 1f
[%] [kg mol] [kg mol] [-] [%]
1/10 96 2.50 14.2 +0.04 2.6+0.01 18 +0.06
1/50 93 11.8 36.5 + 0.03 1.9+0.01 32 +0.04
1/100 97 24.1 67.3 +0.03 1.3+0.01 36 +0.05
1/200 9% 50.8 113 +0.05 2.4+0.01 43 +0.05

2 |nitial catalyst to monomer ratio. ® Conversion of monomer determined by isolated yield of polymer. ¢ Theoretical
molecular weight My theo = [Cat : 1] x X3 x 249.28 g mol. ¢ Absolute molecular weight determination and dispersity
of the homopolymer in DMF (30 °C, with 25 mmol L™ LiBr, triple detection, dn/dc = 0.152 mL g!). ¢ Initiator efficien-
cies = Mn,theo/Mn,abs-

Concerning the ring-opening mechanism, 1 can be opened in two positions, both yielding a polyether
backbone. As seen for catalytically supported ROP of SO, the attack of a nucleophile at the methylene
or the methine position can be influenced by various parameters like temperature, electronic proper-
ties of the transition metal center, cocatalyst addition, or steric reasons.?*2°" Since 1 consists of an
aromatic ring and a sulfone moiety, which decreases the electron density of the methine position, the

nucleophilic attack should be favored at this more electrophilic position. To clearly understand the
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underlying ROP mechanism, studies should be supported in the future using (HT)-NMR measurements

and a catalyst-to-monomer ratio of 1/1.

Scheme 12 shows that the addition of a cocatalyst can influence the initiation pathway of the epoxide
ROP. That’s why two cocatalysts are added to the dry catalyst-monomer mixture (1/1/100 ratio of cat-
alyst/cocatalyst/1) before heating up the solid mixture to 115 °C for 3 days. In this context, 4-dimethyl-
aminopyridine (DMAP) as well as PPNCI are selected as candidates. Both cocatalysts seem to have the
same effect on the (salen)Cr(Il1)-1 system. The *H-NMR spectra of the resulting purified polymers show
the same proton signals as the one postulated in the ROP without adding a cocatalyst. GPC traces yield
no change in the molecular weights (GPC traces see appendix). Therefore, it can be assumed that add-
ing cocatalysts does not significantly influence the ROP of 1. Probably, DMAP and PPNCI are only badly

dissolved in the molten monomer and tend not to participate during the ROP in an efficient manner.

The polymerization is run at 115 °C, 7 °C over the Tn, of 1. Decreasing the temperature is impossible, as
the catalyst has to be dissolved in the molten monomer to actively participate in the ring-opening

event. That’s why polymerization approaches under 115 °C do not show a conversion of 1.

To check if the stereochemistry of the (salen)Cr(lll) catalyst can affect the ring-opening, the achiral ver-
sion of the catalyst is synthesized (*H-NMR of the achiral (salen)ligand see appendix). The bulk polymer-
ization applies the same reaction and purification conditions as described above. Here, the polymeri-
zation proceeds similarly to the ROP with the chiral (salen)Cr(lll). This suggests, that the upper part of
the (salen)Cr(lll) does not significantly interact with 1 and that it is not decisive for the polymerization

development.

In summary, using the (salen)Cr(lll) catalyst presents an easily applicable way to ring-open 1. The ap-
plied polymerization in bulk has to deal with some disadvantages, like inhomogeneities at higher con-
version and subsequently increased viscosity. Nevertheless, the catalyst produces high molecular

weights and depicts a stable system with a simple reaction procedure.
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5.2.3 Accessing the charge carrier functionality via post-polymerization functionalization

The polymer, which is achieved via ROP of 1, resembles the structure of PEO, which is a side group

functionalized with a sulfonamide-substituted styrene unit (see scheme 13).
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Scheme 13: Bulk ROP of 1 catalyzed by the (salen)Cr(lll) catalyst at 115 °C for 3 days.

With the sulfonamide group still bound to the aromatic benzene ring, the structure is far from being a
SICPE. Therefore, the polymer structure has to be modified to access the charge carrier functionality.
The design of the monomer synthesis pathway makes post-polymerization functionalization inevitable.
Nevertheless, the presence of the sulfonamide in its function as a protection group is necessary. A con-
trol experiment underlines the importance of the sulfonamide in relation to the polymerization pro-
cess. Sodium 4-vinyl benzenesulfonate can be epoxidized with DMDO (c < 0.1 M, 1/1 ratio of sub-
strate/DMDO) over 3 days at room temperature with a conversion of 78% (*H-NMR spectrum of crude
product see appendix). The resulting epoxide bears a benzene ring with a free sodium sulfonate group
instead of the sulfonamide in structure 1. When the purified sulfonate-based epoxide is dry mixed with
the (salen)Cr(lll) catalyst and heated up to 115 °C, no ROP is observed. Setting these results into context
with the ROP of 1, it can be assumed, that the free sulfonyl group deactivates the catalyst. Due to the
density of end-standing and sterically easily accessible oxygen atoms, the oxophilic character of the
transition metal could lead to the coordination of the catalyst to the free sulfonyl group. The conse-

guence would be the prevention of the epoxide coordination and subsequent ring-opening.

Hence, strategies to deprotect the homopolymerized version of 1 need to be established. The aim is to
remove the amide while forming a free lithium sulfonate moiety (see scheme 14). The success of the
post-polymerization functionalization can be monitored by using H-NMR spectroscopy. As the pyrrole
group will leave the molecule, the two multiplets between 7.22 to 7.06 ppm should vanish in the poly-

mer-NMR after deprotection and purification.
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Two challenges have to be considered for this polymer-analogous reaction:

1) preservation of the polymer backbone by selecting mild reaction conditions
2) management of the polarization change from protected (rather non-polar) to deprotected

(highly polar) state
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Scheme 14: Schematic execution of the sulfonamide cleavage, generating a free amide and a free sulfonyl group bound to the

benzene unit.

Literature attempts to describe the cleavage of sulfonamides in most cases with aqueous, acidic reac-
tion conditions.!?®? The nitrogen gets protonated and gets cleaved off as pyrrole species. The remaining
sulfonate moiety can be transferred in a second step into the respective lithium sulfonate. To test if the
homopolymer of 1 is stable at low pH values, an excess of H,SO, is added to a solution of the polymer
in ethanol and is heated up to 70 °C for 4 days. A brown and oily solid is precipitated immediately after
adding the acid to the polymer solution. After finishing the reaction, this solid is filtered off and ana-
lyzed via *H-NMR spectroscopy. The *H-NMR spectrum exhibits no cleavage of the pyrrole group, con-
cluding that acidic and harsh reaction conditions will not support forming a free sulfonyl group. The
increase of acid content is not forced, as it could protonate the polyether backbone and lead to its

disassembly into smaller fragments.

Another approach to support the cleavage of the sulfonamide is the usage of an alkali base like potas-
sium hydroxide (KOH), sodium hydroxide (NaOH), or lithium hydroxide (LiOH). Thereby, the hydroxy
group attacks the positively polarized sulfur atom and cleaves off the pyrrole (see scheme 15). The
negatively charged pyrrole can then be protonated in aqueous media or complexed with an alkali metal

cation.?3!
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Scheme 15: Basic conditions supporting the cleavage of the sulfonamide bond between sulfur and nitrogen.

In a first attempt, KOH is dissolved in ethanol (0.1 m), then the homopolymer of 1 is added (ratio 1/400
of homopolymer/KOH), and the reaction solution is heated up to 70 °C for 16 h. During the reaction, a
light brown precipitate is formed that is filtered off, washed with water, and analyzed separately via
'H-NMR spectroscopy. The solvent of the reaction solution is evaporated to yield a brown solid, that is

as well washed with water and analyzed. For comparison reasons, the *H-NMR spectra of the two solids

are shown in Figure 49.

Figure 49: 'H-NMR spectra of the post-polymerization modification with KOH in EtOH; top: proton signals of reaction solution;

bottom: proton signals of precipitated solid during reaction.
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The *H-NMR at the top presents the results of the evaporated reaction solution, while the bottom de-
picts the proton signals of the precipitate that is formed during the reaction. Both 'H-NMR spectra
show comparable signals in the region of the aromatic benzene ring (8.00 to 7.30 ppm) and the poly-
ether backbone (5.40 to 3.00 ppm). Striking is the difference in the region between 7.20 to 6.16 ppm,
where the signals of the pyrrole protons appear. In contrast to the *H-NMR of the reaction solution, the
solid shows the vanishing of these signals, implying the success of the post-polymerization modifica-
tion. As the isolated yield of this precipitated solid is £ 1%, it has to be assumed that the majority of
the protected homopolymer of 1 does not participate in the reaction. Therefore, different parameters
are varied to increase the isolated yield of the deprotected homopolymer (see Table 6). The experi-

mental conditions, that are discussed above, are marked in blue as a reference.

Table 6: Parameter variation in relation to the post-polymerization functionalization of the homopolymer of 1 with KOH as

cleaving reagent.

reagent eq. (reagent) T t solvent isolated yield
rca [h] [%]
KOH 400 70 16 EtOH 1
KOH 800 70 16 EtOH 5
KOH 800 80 16 EtOH 5
KOH 800 70 72 EtOH 5
KOH 800 70 16 H,O/DCM -
KOH 800 70 16 MeOH 3
NaOH 800 70 16 EtOH 3
LiOH 800 70 16 MeOH 3
LiOH 800 70 16 H.O0/DCM -

The increase in KOH equivalents has a major influence on the isolated yield outcome compared to other
parameters like temperature, reaction time, or solvent. Increasing the equivalents from 400 to 800 eq.
raises the yield from 1 to 5%. Higher temperatures of 80 °C and longer reaction times of 72 h instead
of 16 h do not ameliorate the yields. The bottlenecks of this polymer analogous reaction can be seen
in the different solubilities of KOH and the polymer and the additionally strong solubility change during

deprotection. KOH dissolves well in EtOH, which is why switching to methanol or DCM as solvents
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decreases the yield to 3 or 0%, as fewer dissolved hydroxy groups participate in the post-polymerization
modification. Conversely, the protected homopolymer of 1 does not dissolve well in EtOH, leading to a
coiling behavior and less approachable reaction centers. In addition, the parts of the polymer
chains that already bear free sulfonyl groups show a different polarity to the other polymer part, where
the sulfonamide units are still anchored. Therefore, the risk of polymer chain cleavage is given, as the

more polar polymer part tends to precipitate in the solution while the other part stays solvated (see

Figure 50).
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Figure 50: Schematic representation of the procedures going on during the deprotection of the sulfonamide; the parts of the

polymer where the moieties with the free sulfonyl groups sit are much more polar than the polymer parts with the attached

sulfonamide.

The cleavage of the sulfonamide group is also possible with NaOH or LiOH, but in their cases, lower
yields of 3% are achieved compared to KOH as a deprotection reagent. The post-polymerization func-
tionalization is transferred to a microwave setup to prevent polymer chain destruction at long reaction
times. Microwave radiation can support the activation of molecules and drastically shorten reaction
times and temperatures.'?®” With the help of this new setup, the parameters for the KOH-supported
post-polymerization functionalization can be reset. Instead of using 800 eq. KOH in EtOH at 70 °C and
a reaction time of 16 h, 400 eq. of KOH at room temperature, supported by a dynamic power supply of
300 W, yield 15% of deprotected homopolymer. In conclusion, applying this microwave setup exhibits

a supportive influence on the cleavage of the sulfonamide.
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After receiving the potassium sulfonyl functionalized homopolymer of 1, a salt metathesis reaction is
necessary to exchange the potassium against the lithium cation. To fulfill this metathesis, a common
salt like LiClO4 is dissolved in a polar solvent and added to the potassium compound solution at higher
temperatures.'?®! Even though these salt metatheses are often performed quantitatively, they imply

an additional synthesis step before reaching the final SICPE, lowering the overall yield.

Research continues with the search for a one-step post-polymerization modification, where the PEO-
SICPE directly bears a lithium cation as a charge carrier without needing salt metathesis. Li et al. present
an efficient approach, where elemental lithium is dissolved in dry methanol to form in situ lithium
methanolate. This converts the sulfonamide groups of a porphyrin ligand into the respect lithium sul-
fonate functionalities.!?®® The mechanism behind sulfonamide cleavage might be proposed like this:
the in situ generated nucleophile attacks the positive polarized sulfur, so that a negatively charged pyr-
role leaves the repetition unit. As intermediate, a sulfonyl substituted with a methoxy group is formed.
The activated pyrrole can attack the carbon atom on the bound methoxy group to get methyliated,

while the free lithium sulfonyl group is generated (see scheme 16).
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Scheme 16: Proposed mechanism for generating the free lithium sulfonate via post-polymerization functionalization with in

situ formed lithium methanolate.

To generate in situ lithium methanolate, elemental lithium (10 eq. per monomer unit) is dissolved in
dry MeOH at 0 °C. The homopolymer of 1 is dissolved in dry DCM and added to the solution. After
letting the solution equilibrate to room temperature, it is heated up to 65 °C for six days. During the
reaction, a little bit of solid precipitates that is filtered off. *H-NMR analysis reveals that the solid has
the structure of the starting homopolymer. The solvent of the solution is removed, and a *H-NMR spec-
trum of the crude product is taken. In the following, the internal processes observed for the post-

polymerization functionalization are described on the basis of the (salen)Cr(lll) catalyst/1 ratio of
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1/100. All stated observations can be equally transferred to the other catalyst/monomer ratios (1/10,

1/50, 1/200).

Comparing the H-NMR spectrum of the crude product (after treatment with elemental lithium in
MeOH) with the proton signals of the protect homopolymer of 1, a shift in both pyrrole signals can be
seen (see Figure 51). The multiplets of the protected homopolymers are found at 7.20 and 6.35 ppm,
while the new positions of the signals after the post-polymerization treatment are at 6.50 and
5.90 ppm. This shift indicates a successful release of the pyrrole group which can also be seen in the
rising strong coloring of the solution over time. To eliminate the excessive pyrrole, the crude product
is dissolved in water and extracted with DCM. Thereby, the major part of the pyrrole and still protected
homopolymer fractions that did not participate in the reaction can be drawn into the DCM phase. To
ensure that no minor impurities of the leaving group stay in the final homopolymer, the aqueous ho-

mopolymer solution is dialyzed against water. After dialysis and lyophilization, the proton signals of the

pyrrole groups are completely removed (see Figure 51, bottom).
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Figure 51: 'H-NMR spectra related to the post-polymerization functionalization of the homopolymers of 1 by adding elemental
lithium in MeOH; top: *H-NMR of the homopolymer before post-polymerization functionalization; middle: *H-NMR of crude

product directly after the post-polymerization functionalization; bottom: purified deprotected homopolymer after dialysis.
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To confirm the presence of the lithium cation coordinating with the generated sulfonyl group, “Li-NMR
is taken of all (salen)Cr(Ill)/1 ratios of deprotected homopolymers. A 0.1 m solution of LiCl is added as
an internal reference (see Figure 52). For all ratios, a singlet at 0.16 ppm appears, confirming the pres-

ence of one lithium species inside of the polymers.
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Figure 52: "Li-NMR of different (salen)Cr(Ill) catalyst/1 ratios (1/10, 1/50/, 1/100, 1/200) of the homopolymers after post-

polymerization functionalization; LiCl is added as an internal reference.

The vyield of this post-polymerization functionalization step comprises between 38 to 40%. Aiming
for shorter reaction times, the lithium equivalents per repetition unit are increased up to 20 eq. With
higher activated species content inside of the solution, the reaction time can be decreased down to
three days, yielding 40 to 45% of deprotected homopolymer (depending on the catalyst/monomer ra-
tio) (full *H-NMRs of all deprotected polymers with different (salen)Cr(lll) catalyst/1 ratios see appen-
dix).
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To recheck the successful cleavage of the pyrrole group, Fourier-Transform-Infrared (FTIR) spectrome-
try is measured. Figure 53 depicts the spectrum of the homopolymer of 1 ((salen)Cr(lll) catalyst/1 ratio
of 1/100) before post-polymerization functionalization and after (same catalyst/monomer ratio). It is
clearly visible that the characteristic pyrrole bands at 1774, 1594, 1454, 1410, 1247, and 737 cm™ dis-

appear after accessing the free sulfonyl group.
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Figure 53: FTIR-spectra of the homopolymer of 1 ((salen)Cr(Ill) catalyst/1 ratio of 1/100) before and after post-polymerization

functionalization.

In summary, the post-polymerization functionalization with in situ-generated lithium methanolate can
successfully cleave the pyrrole-protecting group to yield the target SICPE. The one-step synthesis step
has the advantage that no salt metathesis is necessary. The increase in the yield can be discussed in
future projects, as parameter variations concerning temperature, reaction time, or equivalent addition
leave space for optimization. This homopolymer is the first example of a compound where a flexible
PEO-backbone is functionalized with a SICPE functionality as a side group attachment. With one anionic
charge carrier per repetition unit, a high density of lithium cations is generated inside of the polymer
electrolyte. To monitor if the polyether backbone can intrinsically soften the material, the thermal

properties of the herein-designed homopolymers are investigated in Chapter 5.2.6.
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5.2.4 PSO chlorosulfonation

PSO is the polymerized version of SO, which can be easily synthesized from styrene by epoxidation with
organic peracids.?”! Due to its increased steric requirement, the polymerization behavior of SO can
significantly differ from EO or PO.1?%8! Nevertheless, organobases like t-BuP4 have been established as
promoting species for living type, anionic ROP of SO with high molecular weight outcome.?®” The syn-
thesis protocol behind this organobase initiating process is easily accessible and simple in the means
of executing. t-BuP, and a hydroxy group-containing initiator are added to a solution of SO in toluene.
The reaction takes 20 hours before the addition of methanol terminates the active chain ends. Column
chromatography can separate the polymer from the organobase and initiator residues. After evapora-

tion of the solvent, high yields of 98% with maximal molecular weights of 21.9 kg mol™ are reached.!?"!

The characteristics of the PSO structure are a polyether backbone with one aromatic benzene ring per
repetition unit bound to the PEO backbone. In contrast to the polyether backbone, its structural relative
polystyrene (PS) exhibits aliphatic polymer chains that set a more rigid core structure. Styrene can be
polymerized to yield PS via a multitude of possible radical initiation pathways.?°®! Looking back at Fig-
ure 38, the aim behind the proposed post-polymerization functionalization of PSO can be cleared. Using
1 as the basis for the target SICPE, three main milestones have to be reached: monomer synthesis,
anionic ROP, and post-polymerization functionalization by cleaving of the sulfonamide functionality.
The access of the free sulfonyl group has to deal with polarity changes during the reaction and solubility
issues, which are reflected in lower yields of around 40 to 45%. That's why, a faster and facilitated
synthesis pathway would be desired, where the post-polymerization functionalization could be sup-

ported with a new and easy concept.

PSO and the target SICPE share a similar structure core, as both exhibit a polyether backbone that is
bound to an aromatic ring. Therefore, the idea of functionalizing PSO by adding a functional group like
chlorosulfonyl in a polymer analogous reaction comes up. The use of PSO as a starting material has

several advantages:

1) SO s an available and cheap monomer
2) its ROP is well-known and -established, and the polymer can be produced in larger scales
3) there are already existing strategies concerning the chlorosulfonation of PS that could offer the

potential to be transferable to PSO!?*!
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Scheme 17 shows what the reaction pathway towards the target SICPE could look like if PSO is used as

the starting material.
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Scheme 17: Schematic representation of a potential post-polymerization functionalization of PSO involving two steps:

chlorosulfonation and accessing the lithium sulfonate moiety.

This chapter aims to question the transfer efficiency of chlorosulfonation reaction protocols from PS to
PSO. A starting set of reaction parameters is fixed to establish a standard for the following condition
variations. A solution of HSOsCl (10 mL) in chloroform (30 mL) is added dropwise to a solution of PSO
(100 mg) in chloroform (30 mL) at 0 °C. The reaction is heated up to 60 °C for 15 h and quenched by
transferring the solution to ice. The solvent of the aqueous and the organic phase is removed, and both
residues are characterized by *H-NMR spectroscopy. No proton signals are observed in the *H-NMR
spectrum of the aqueous phase (spectra are taken in DMSO-ds, MeOD-d4, D,0), indicating that the
produced solid must possess inorganic characteristics (probably LiCl). The *H-NMR of the organic phase
residue shows multiple unassignable signals (see Figure 54) that point toward the decomposition of
the polymer during the reaction. A hint for the deconstruction of the polymer chains during the reac-
tion could additionally be the color change from a white PSO starting material to a dark brown solid.
An acid's presence could initialize the polyether backbone's protonation, supporting chain fragmenta-
tion and polymer decomposition. Decreasing the amount of H,SQ,, increasing the solvent content to a
more dilute solution, changing the solvent from chloroform to DCM/methanol mixtures, reducing the
reaction time to shorten the contact of the polymer with the acid, or increasing the period of acid

addition still depict the same results (overview of reaction conditions see table 7).
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Figure 54: 'H-NMR spectra of PSO before and after the treatment with chlorosulfonic acid; before post-polymerization func-

tionalization, clean signals of PSO are observed; after the treatment with acid, the signals are split in various signals.

The stability of the polyether backbone seems to be the bottleneck of the post-polymerization func-
tionalization of PSO. Comparing its resilience with PEO, literature can confirm the instability of the rel-
ative backbone in sulfuric acid. The acid is, for example, used in the preparation of mesoporous nano-
particles that are embedded in triblock copolymer templates consisting of PEO and polypropylene
(PPO). Adding sulfuric acid to the nanocomposite, the copolymers are decomposed via ether cleavage,
releasing the mesoporous framework.!3%°-3%% Future approaches could focus on working in very diluted
acidic solutions to ensure milder reaction conditions. Furthermore, introducing a stabilizing agent
should be considered, which forms a weakly coordinating bond to the oxygen atom of the polyether

backbone. The polyether backbone could probably be shielded to a certain extent from protonation.
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Table 7: Parameter variation during the post-polymerization functionalization of PSO with sulfuric acid; the amount of added

PSO and the reaction temperature of 60 °C are kept constant in all experiments; the starting conditions are marked in blue.

parameter variation HSOs(ClI solvent mL of sol- t[h] conversion of
[mL] vent PSO [%]
standard conditions 10 chloroform 60 15 -
HSOsCl eq. 1-5 chloroform 60 15 -
solvent eq 10 chloroform 100-200 15 -
solvent 10 DCM, 60 15 -
DCM/MeOH

reaction time 10 chloroform 60 1-8 -

In summary, the idea of this simplified pathway to achieve the target SICPE is tempting. Experiments,
that are carried out within the scope of this thesis, do not yield the desired substituted PSO, leaving

room for improvement.
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5.2.5 Structural elucidation of alternative monomer structures

Besides the polymer analogous modification of PSO, another concept is herein presented which aims

to facilitate the achievement of the target SICPE. This concept involves the design of alternative mon-

omers that facilitate post-polymerization functionalization or even prevent this process completely.

Figure 55 gives an overview of the alternative monomer structures that are proposed and partially

synthesized in the scope of this thesis.
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Figure 55: Proposed alternative monomer structures that present different anionic structure motifs in comparison to 1.

The synthesis concept behind monomer A is based on the formation of sodium sulfonate substituted

SO and the subsequent ion exchange of the sodium against a lithium cation (see scheme 18). The path-

way to get to the sodium sulfonate substituted SO motif is already described in chapter 5.2.3. Even

though the synthesis is possible, this precursor is not able to be polymerized in the presence of the

(salen)Cr(Ill) catalyst. Therefore, the ion exchange of sodium against lithium is not promising, as the

bottleneck with the free sulfonyl group and its coordination to the transition metal center will stay.
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Scheme 18: Possible synthesis concept including all reaction steps towards forming monomer A.
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The alternative monomer B exhibits a larger anionic structure motif compared to the free lithium sul-
fonyl group that is present in the target SICPE. Elongation of the anionic structure motif evokes a better
delocalization of the anionic charge and enhances the lithium dissociation behavior.3%?! In addition, the
present CFs-groups could probably shield the sulfonyl moieties from committing coordination with the

(salen)Cr(ll) catalyst. Scheme 19 proposes a possible reaction scheme towards B.
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Scheme 19: Possible synthesis concept including all reaction steps towards the formation of monomer B.

The anionic motif of Monomer B resembles the structure of the TFSI anion, which is prominently ap-
plied as a lithium salt in the context of dual ion-conducting polymer electrolytes. To realize monomer
B, the sodium sulfonate functionalized styrene has to be transferred into its respective chlorosulfonyl.
This can be done by adding the sodium sulfonate into a solution of thionyl chloride at 0 °C. After stirring
for three hours at room temperature, the reaction solution is stored in the fridge before pouring it into
ice water. Extraction with toluene and subsequent purification (silica column chromatography, DCM
100%) yields the final product. As *H-NMR studies do not fully confirm the transfer into a chlorosulfonyl
group (*H-NMR of chlorosulfonyl substituted styrene see appendix), the molecular mass is verified via
electrospray ionization mass spectrometry (ESI-MS) (m/z found 167.20 ([M-CI]*). The chlorosulfonyl
reacts in a second step with DMAP, the base dipotassium hydrogen phosphate (K;HPO,), and trifluoro-
methanesulfonamide to the vinyl-terminated TFSI structure motif. The reaction is carried out in dry
acetonitrile at room temperature for 72 h before the filtrate is sublimated, washed with DCM, and
dried in a vacuum (*H-NMR see appendix). Again, ESI-MS measurements are able to confirm the mass
of the TFSI substituted styrene (m/z found 313.97 [M-M*]"). The last step of the monomer synthesis of
B is the epoxidation of the vinylic double bond. Thereby, the same reaction conditions are used as in
the epoxidation reaction of 1. The oxygen transfer with m-CPBA in DCM is catalytically supported by

adding the (salen)Mn(lll) Jacobsen catalyst. After the quenching of the reaction solution with sodium
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hydroxide, the solvent is evaporated, and a *H-NMR spectrum of the crude product is taken (see Fig-
ure 56). The characteristic epoxide multiplets between 4.30 and 3.50 ppm arise, indicating that the
oxygen transfer shows promising results. Nevertheless, the aromatic proton signals of the benzene ring
between 8.00 and 7.30 ppm, as well as the epoxide multiplets, tend to split up into multiple signals.
Thin layer chromatography (TLC) analysis reveals the presence of more than one species that cannot
be separated by common column chromatography based on rather similar polarities. Therefore, future
purification approaches should focus on the general parameter optimization of the synthesis pathway,

recrystallization, or, for instance, sublimation to separate the different species from each other.

Figure 56: *H-NMR of the crude product of the epoxidation reaction of monomer B.

Even though the synthesis protocol is not yet fully optimized concerning the development of monomer
B, it already shows promising pre-results. As this monomer would prevent necessary post-polymeriza-
tion functionalization and exhibits additionally a refined anionic structure motif, it is worth being opti-

mized and polymerized in prospective projects.
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5.2.6 Thermal characterization

After carefully adjusting the conditions related to the polymerization of 1 and subsequent post-
polymerization functionalization, the respective homopolymers are thermally characterized via ther-
mogravimetric analysis (TGA)- and DSC- measurements. The thermal transitions within the polymer
have a significant influence on the lithium migration behavior in the final SICPE. Amorphous domains
within the polymer favor fast ion migration, whereas crystalline parts hinder the movement.?** Con-
sequently, the polymer chain mobility is always tried to be maximized at the lowest temperatures pos-
sible. Amorphous domains of polymers are mirrored via their Tg, which declares that when the polymer
chains start to move slightly against each other. With rising temperatures, the mobilization of not only
the amorphous polymer chains is enhanced. The crystalline domains start to melt, which can be de-
tected via DSC measurements as Tr,. The melting point clearly fixes a first-order transition with a sharp

singlet signal in the optimal case, whereas the T; shows the classical shape of a second-order transition.

The aim of the target SICPE is the combination of an improved ion movement with flexible polymer
chain mobility. Thereby, the soft nature of PEO is applied in its function as a polymer backbone. The T,
of PEO depends on the molecular weight of the polymer but is arranged between —60 to —40 °C.[2%! |n
the first step, the protected and deprotected homopolymers of 1 are tested in regard to their thermal
stability. Within the TGA measurements, the samples with different (salen)Cr(lll) catalyst/1 ratios are
heated up to 700 or 1000 °C under synthetic air or an inert atmosphere with a heating rate of 10 K min
!, For better differentiation between each catalyst-to-monomer ratio, the respective homopolymers
are marked with different colors. In addition, the DTG is added to the spectra to highlight the exact
onset point of decomposition. The TGA measurements of the protected homopolymers reveal that all
compositions are stable up to at least 290 °C (see Figure 57). This means that their thermal resilience
can be compared with commercially available PS (Tqs between 300-330 °C).2%! The first decomposition
step between 290-310 °C shows 52% weight loss which can possibly be attributed to the cleavage of
the sulfonamide from the aromatic ring. The second transition at elevated temperatures indicates a
decomposition of the polyether backbone and aromatic ring. Compared to the herein-designed homo-
polymer, a PEO reference with a molecular weight of 5 kg mol? already decomposes at 98 °C. After
deprotection, the respective Tgs stay located at a decomposition temperature of 300 °C (see Figure 58),
indicating that the cleavage of the sulfonamide group does not influence the stability of the homopol-
ymer. In the first decomposition step, the C-S bond is cleaved off to form a styryloxide and SOsLi radical.

Subsequently, the PSO degradation follows in the second decomposition step.
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Figure 57: TGA measurements of the protected homopolymers of 1 for different (salen)Cr(lll) catalyst/1 ratios (1/10 (yellow
line), 1/50 (dark blue line), 1/100 (green line), 1/200 (light blue line)) in comparison to PEO (Mn =5 kg mol; grey line) and 1
(black line); orange lines depict the DTG of the respective (salen)Cr(lll) catalyst/1 ratios. Every sample is heated up from 25 to

1000 °C with a heating rate of 10 K min"! under synthetic air.
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Figure 58: TGA measurements of deprotected homopolymers for different (salen)Cr(lll) catalyst/1 ratios (1/10 (yellow line),

1/50 (dark blue line), 1/100 (green line). 1/200 (light blue line)); orange lines depict the DTG of the respective (salen)Cr(Ill)

catalyst/1 ratios. Every sample is heated up from 50 to 700 °C with a heating rate of 10 K min"* under argon.
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The DSC measurements of the homopolymers of 1 (for the varied (salen)Cr(lll) catalyst/1 ratios) before

and after post-polymerization functionalization are depicted in Figures 59 and 60.
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Figure 59: DSC measurements of the protected homopolymers of 1 for different different (salen)Cr(lll) catalyst/1 ratios (1/10

(yellow line), 1/50 (dark blue line), 1/100 (green line), 1/200 (light blue line)) depicting the second heating cycle in an interval

of 50 to 90 °C at a heating rate of 10 K min™! in a non-hermetic set up.
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Figure 60: DSC measurements of deprotected homopolymer of 1 for different (salen)Cr(lll) catalyst/1 ratios (1/10 (yellow line),

1/50 (dark blue line), 1/100 (green line), 1/200 (light blue line)) depicting the second heating cycle in an interval of 30 to 90 °C

at a heating rate of 10 K min in a hermetic set up.
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During the measurements, three cycles are measured, including a first heating, a single cooling, and a
second heating cycle. The first heating cycle is neglectable due to the fact that air enclosures need to
be removed and replaced by an inert gas to ensure the sole observation of the polymer properties
themselves. Table 8 gives an overview of the observed thermal decomposition and transition temper-

atures of the protected and deprotected homopolymers of 1.

Table 8: Overview of the Tys and Tgs of the homopolymers of 1 before and after post-polymerization functionalization.

Catalyst/1 ratio Functional group T4 T,
rec [°cl

1/10 sulfonamide 289 69

1/50 sulfonamide 302 68
1/100 sulfonamide 294 69
1/200 sulfonamide 310 72
1/10 lithium sulfonate 310 22

1/50 lithium sulfonate 287 18
1/100 lithium sulfonate 286 18
1/200 lithium sulfonate 281 19

Before post-polymerization functionalization with elemental lithium in methanol, the Tgs of the respec-
tive homopolymers are observed in the range between 68 to 72 °C, depending on the (salen)Cr(lll)
catalyst/1 ratio. Due to very similar thermal transition temperatures, it can be implied that the length
of the polymer chains is not decisive for the polymer chain mobility. After the cleavage of the sulfona-
mide group into a bound lithium sulfonate and a free pyrrole species, the Tgs shift down to 18 to 22 °C
(depending on the (salen)Cr(lll) catalyst/1 ratio). The shift indicates, that the polymer chains get more
flexible after the transfer towards the smaller sulfonate group. Probably, the cleavage induces a spatial
rearrangement of the side groups along the backbone. The appearance of a charged functionality could
lead to ionic repulsion between the sulfonate groups. As a consequence, the arrangement to a more
favored side group alignment that enables an increased polymer chain flexibility could be initialized. To
enable the classification of these values, PS is consulted as a reference system (focus is thereby set on
the aliphatic backbone). The semi-crystalline character of PS with a T; between 90-95 °C (depending
on the molecular weight) and a T, around 260-270 °C clearly reassures the flexible input that the PEO

backbone offers in the herein-designed target SICPE.
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All protected and deprotected homopolymers show the absence of a T,, over the whole temperature
profile, which is scanned during the DSC measurements. This indicates that no crystalline domains are
part of the homopolymeric framework. To confirm the fully amorphous character of the homopoly-
mers, X-ray diffraction (XRD) diffractograms are investigated. Figure 61 exhibits the XRD measurements
before and after post-polymerization modification. The diffractograms show only a broad background

scattering signal and no sharp reflexes, as they would be expected if crystalline domains are present.

protected homopolymer
deprotected homopolymer

intensity [a.u.]
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Figure 61: XRD-diffractograms of the homopolymers of 1 before and after post-polymerization functionalization; diffracto-

grams are normalized to their maxima and referenced to the blank measurement of the background.

In summary, the high thermal stability of the target SICPE and its low T; at room temperature promise
an efficient, prospective usage in solid-state batteries. The herein-designed SICPE can resist internal
temperature increases during cycling, keeps its mechanically stable core, and offers, in addition, the
potential for a fast and facilitated ion movement. The performance as a solid polymer electrolyte will

be discussed in the following Chapter 5.4.
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5.3 Copolymerization of 1 with SO and PEG 2000

The previous chapter talked about the anionic ROP of 1, which is catalytically supported by a
(salen)Cr(lIl) catalyst. The resulting polymer is a homopolymer, meaning that every repetition unit bears
the same anionic side groups. As a consequence, the thermal, mechanical, and, later on, electrochem-
ical properties are holistically dictated by the initial monomer. Copolymerization is a well-known tool
to smoothly finetune these properties by adding a certain amount of comonomers. The chemical com-
position of the comonomers can influence different intrinsic properties of the polymers. A common
approach is the combination of monomers, that can establish mechanical integrity of the polymer elec-
trolyte as well as an efficient ion transport through the solid state. The B-A-B-type P(STFSILi)-b-PEO-b-
P(STFSILi) copolymer (see Figure 34), developed by Bouchet et al., is a prominent example of this fusion.
The “hard” P(STFSILi) block of the copolymer could be seen as the aliphatic analog to the herein-de-
signed and synthesized SICPE. Instead of a substituted SO, the monomer unit of P(STFSILi) consists of a
styrene motif that is functionalized with a large TFSI anion. The huge anionic unit facilitates the delo-
calization of the anionic charge and, therefore, a better lithium dissociation.?*®! Looking at the thermal
transition of pure P(STFSILi) in its homopolymeric form, the T, is stated around 152 °C.1?*! That means
that the polymer chain mobility is restricted at ambient temperatures, forcing the battery to be used
at elevated temperatures. Therefore, PEO units are added as “soft” A-block, to enable a flexible poly-
mer chain movement already at lower temperatures. Furthermore, an additional cation transport op-
portunity besides the SICPE anchoring groups is unlocked by coordinating the lithium cation to the

polyether backbone.?!?!

In this chapter, two different A-B-type copolymer geometries are presented. Thereby, it should be mon-
itored, how the incorporation of a second monomer can influence the thermal and prospective elec-
trochemical properties of the respective copolymers. The screening of the comonomers is adjusted to
the polymerization requirements and discussed in the context of anionic ROP. Generally, the addition

of the comonomers is aiming to fulfill two major principles:

1) Charge carrier separation

2) Softening of the solid polymer electrolyte by integrating a populated amount of PEG units.
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5.3.1 Comonomer screening and alignment of polymerization requirements

The terminal epoxide of 1 enables the catalytically supported anionic ROP towards a polyether back-
bone. To keep the polymerization procedure simple, the comonomers should also be epoxide termi-
nated so that the (salen)Cr(lll) catalyst is able to ring-open both monomers. Besides this requirement,
the function of the comonomers, which they execute inside of the copolymers, must be discussed. The
target SICPE exhibits a high charge density, as every repetition unit bears one anionic charge. Some-
times, this high anionic charge density can be seen as a reason for lower lithium migration behavior in
SICPEs. If an increased amount of anchoring points is in close proximity, the lithium cations tend to
strongly coordinate with the anions. Consequently, the migration behavior is worsened. To break up
this setup while preserving the mechanical integrity SO is used as a comonomer (see Figure 62). The
integrated, uncharged moieties of SO should function as charge separators between the lithium sul-

fonates to equalize the charge density in the polymer.

monomer 1 SO PEG 2000 1
o) o o
O
0=S=0
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\/
0
with x depending of M,,

Figure 62: Comparison of structure 1 with the comonomers SO and PEG 2000, which are used as comonomers in the copoly-

merization formation.

The other comonomer that is used in the copolymerization synthesis is epoxy end-terminated PEG,
which has a molecular weight of 2000 g mol™. The respective comonomer is abbreviated in this thesis
as PEG 2000. This approach is principally aiming a softening of the solid polymer electrolyte. The PEG-
formulated comonomer presents two main advantages: the terminal epoxides can be ring-opened to-
wards a polyether backbone as is also seen when SO is used as a comonomer. The difference between
the comonomers, however, lies in the setup of the functional group that is attached to the epoxide
unit. SO is carrying an aromatic benzene ring that can experience ni-rt-ring stacking with the neighboring

rings. This stacking could evoke a push of the polymer into a rigid conformation, that prevents a fast
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ion transport. Using the PEG 2000 comonomer, the risk of this stacking is not given. In contrast, the
PEG-modified side chain offers an additional flexibility input, as the short chains support the formation
of amorphous domains. The ions have, in consequence, three possible anchoring groups that they can
use for hopping: the anionic charges of the SICPE, the polyether backbones, and the PEG side groups

of the comonomer.

Both comonomers fulfill the criteria for anionic ring-opening polymerization. In the following, the
polymerization processes are discussed in detail. The resulting polymers are thermally analyzed and

compared to the homopolymer of 1.
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5.3.2 ROP with (salen)Cr(lll) catalyst

Figure 63 presents an overview of the copolymer structures that are received when 1 is copolymerized
with SO and PEG 2000, respectively. The copolymer that integrates SO as a comonomer is abbreviated
as copolymer 2, while the copolymer based on the comonomer PEG 2000 is abbreviated as 3. The
polymerization process parameters do not differ from the ones applied in homopolymerization. The
ROP is set up under bulk conditions, adding the (salen)Cr(lll) catalyst to a dry mixture of 1 and the
comonomer in a ratio of 1/100/100. After heating the solid mixture up to 115 °C for 3 days, the poly-
mers are precipitated and dried under vacuum (*H- spectra before post-polymerization modification
see appendix). The post-polymerization functionalization is also based on the in situ generation of lith-
ium methanolate, which cleaves of the pyrrole group (*H- and “Li-NMR spectra of 2 and 3 after post-
polymerization functionalization see appendix). The equivalent addition of elemental lithium is thereby
oriented to the equivalent amount of 1, which is incorporated in the final copolymer. Steric hindrance,
as well as solubility issues in the molten monomer, can have a huge impact on the kinetic of ROP and
the consumption of the respective monomers. To determine the final ratio of 1/comonomer, the inte-
grals of the 'H-NMR proton signals are set into relation to each other (determination of 1/comonomer
ratio in final copolymer see appendix). As 1 and SO belong to the same structure family, their ring-
opening is expected to be catalyzed with similar reaction kinetics. This theory is confirmed by means
of the H-NMR, showing also a 1:1 ratio of 1:5O in the final copolymer 2. Copolymer 3 compares a ratio
of 1:12 (1:PEG 2000), which is clearly deviating from the initial one. This can be interpreted with a faster
ROP of the comonomer, as it is less sterically hindered. To get a more detailed view of the polymeriza-
tion process, future work should focus on the holistic elucidation of the copolymerization parameters

of the applied monomers in the presence of the (salen)Cr(lll) catalyst.
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Figure 63: Structural overview of the target SICPE and the resulting copolymers that are received via copolymerization with

SO and PEG 2000.
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After post-polymerization functionalization, FTIR spectroscopy of the homopolymers and the respec-
tive copolymers are measured (see Figure 64). Homopolymer 1 and copolymer 2 show, based on their
structural relatedness, similar vibration modes throughout the whole spectrum. At lower wave-
numbers, the signals can be attributed to the aromatic fingerprint area of 1 and SO. Between 3200-
3600 cm™, the broad vibration mode can be ascribed to water molecules that are absorbed based on
the presence of hygroscopic sulfonate moieties. That’s why this mode is only present for 1, 2, and 3
and not for pure PSO and polymerized PEG 2000. The additional vibrational modes of copolymer 3
differ from those of 1, 2, and pure PSO and, at the same time, resemble the modes of pure PEG 2000.

With the excess PEG 2000 in the copolymer, this resemblance is expected.
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Figure 64: FTIR-spectra of target SICPE (green line) as well as the copolymers 2 (light blue line) and 3 (dark blue line) measured
under ambient conditions in a range of 500-4000 cm?; as a reference, the vibrational modes of pure PSO and PEO 2000 are

incorporated.

GPC analysis reveals the molecular weights of the polymers as well as the distribution of the polymer
chains within the homopolymer 1 as well as the copolymers 2 and 3 (see Table 9). To create a reference,

the data points of pure PSO and homopolymerized PEG 2000 are added to the analysis (all GPC traces

see appendix).
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Table 9: GPC-analysis of homopolymer of 1 ((salen)Cr(lll)catalyst/1 ratio of 1/100) in comparison to the copolymers 2 and 3
((salen)Cr(ll1) catalyst/1/comonomer ratio of 1/100/100); homopolymerized PSO and PEG 2000 are added as a reference.

polymer X° M, abs? P
[%] [kg mol] [-]
target SICPE 96 61.2 £0.04 1.2+0.01
2 46 96.6 £ 0.03 1.2+0.01
3 41 41.6 £0.03 1.6 £0.01
PSO 78 83.7 £0.05 1.2+0.01
PEG 2000 64 45.2+ 0.03 1.5+0.01

2Yield of polymer. ® Absolute molecular weight determination and dispersity of the homopolymer in DMF (30 °C,
with 25 mmol L'? LiBr, triple detection, dn/dc=0.152 mLg? (target SICPE), 0.155mLg? (2), 0.037 mLg* (3),
0.149 mL gt (PSO), 0.015 mL g* (PEG 2000)).

Copolymer 2 reaches the highest molecular weights of all presented polymers with a M, of
96.6 kg mol?, while copolymer 3 represents the shortest polymer chains with a M, of 41.6 kg mol™. By
comparing these results to the homopolymerized versions of the comonomers, it is striking that their
molecular weights lay in similar ranges. SO and PEG 2000 are ring-opened with the (salen)Cr(lll) cata-
lyst. The resulting PSO shows longer polymer chains than the approach when SO is polymerized with
the t-BuP; organobase (83.7 kg mol™ vs. 21.8 kg mol™?).128% This can be reasoned with the low initiator
efficiencies of the (salen)Cr(lll)catalyst itself, which produces less active chain ends where the mono-
mer units can coordinate. PEG 2000 exhibits a M, of 45.2 kg mol™ when polymerized with the chro-
mium catalyst. Copolymer 2 only slightly differs in molecular weight from PSO (96.6 kg mol? vs.
83.7 kg mol?), and the polymer chain lengths of copolymer 3 are observed in the same range as PEG
2000 (41.6 kg mol™? vs. 45.2 kg mol?). The molecular weights of both copolymers are closer to their
homopolymerized versions than to the homopolymer of 1 (M, = 61.2 kg mol?), whereas 3 drastically
differs from the molecular weights of the target SICPE and copolymer 2. Therefore, it can be con-
firmed that the comonomers are preferably incorporated into the copolymer framework before the
ring-opening of 1 starts. It can already be seen in the ROP of EO and its derivatives that sterically more
demanding epoxides like SO show different behavior in polymerization approaches and are often more
difficult to convert into the respective polyether backbone.?®® Transferring this knowledge to 1, the
sulfonamide group of 1 probably induces an additional steric demand that could lead to a delayed
polymerization behavior. As 1 and SO belong to the same structural family, the polymerization behavior

and the incorporation of the monomers into the copolymer stay rather comparable. Consequently, the
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molecular weight of 2 rises over the molecular weight of the homopolymer of 1. In contrast, 3 shows
an excess of PEG 2000 present in the copolymer (1:12 ratio of 1/PEG 2000), which explains the orien-

tation of molecular weight along the results of the homopolymerized version of PEG 2000.

To confirm that 1 is chemically linked to the respective comonomers, diffusion-ordered (DOSY)-NMR
spectra can be taken. The presence of one diffusion coefficient confirms the synthesis of a copolymer.
If several diffusion coefficients occur, it must be assumed that more than one polymer species is pre-
sent. This can often be a hint for blend formation, where two or more separated homopolymers are
formed and merged together in one solid mixture. Figure 65 shows the DOSY-NMR spectra for the tar-

get SICPE and the copolymers 2 and 3.
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Figure 65: DOSY-NMR spectra of the target SICPE and the copolymers 2 and 3; the aromatic protons are marked in blue, the

aliphatic protons are marked in green.

Like it was expected, homopolymer 1 clearly shows only one diffusion coefficient, meaning that only

one type of polymer is present in the investigated sample. This demonstrates that the chains of 1 grow
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consistently without evoking any side reactions. Based on the similar main core of 1 and SO, in the
'H-NMR spectrum of copolymer 2, additional peaks in the similar range of the aromatic and aliphatic
regions occur. As the DOSY-NMR also indicates only one diffusion coefficient for 2, it can be concluded
that copolymerization was successful. The absence of several diffusion coefficients reveals that mono-
mer 1 as well as SO are attached to the same elongating polymer chains and are not polymerized sep-
arately to build up a blend type polymer. In comparison to that, copolymer 3 has two diffusion coeffi-
cients, meaning that two different types of polymers are formed. A closer look into the assignment of
the diffusion coefficients to the proton signals shows that the lower diffusion coefficient correlates with
the signals of 1 and PEG 2000. Therefore, the formation of copolymer 3 out of the two monomers can
be assumed. The upper diffusion coefficient also correlates with 1 and the comonomer signals. That’s
why, probably an additional copolymer formation with a deviating composition arises, explaining the
plurality of diffusion coefficients in the DOSY-NMR. Referring to the structure of PEG 2000, the bifunc-
tionality of the comonomer leaves the opportunity to create a variety of possible copolymer designs.
Different crosslinked copolymer structures are possible as both sides of the comonomer can be ring-
opened towards a polyether backbone. In theory, the crosslinking process should lead to a denser and
more ordered polymer network. As ordering inside of a polymer matrix often induces aggregated and
less amorphous domains, the network character should be able to be confirmed in the thermal transi-

tions of 3.
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5.3.3 Thermal characterization

The thermal properties of the target SICPE and the copolymers 2 and 3 are tested via TGA- (see Fig-
ure 66) and DSC measurements (see Figure 67). All samples show similar decomposition patterns, sta-
ble up to 290 or 330 °C. The copolymers' decomposition patterns are comparable to their homopoly-
merized versions' thermal stability. The target SICPE and copolymer 2 depict their first decomposition
steps between 290 to 310 °C, which can potentially be attributed to the cleavage of SOsli radicals. As
in copolymer 2, the amount of sulfonated PSO per repetition unit is decreased due to the incorporation
of unsubstituted SO as a comonomer; the weight loss of 2 within this first T4 is smaller than it is seen
for 1 (52% vs. 61%). The subsequent thermal degradation at temperatures above 310 °C can be at-
tributed to the decomposition of the remaining PSO main core. The TGA pattern of copolymer 3 shows
a similar degradation pattern as pure PEG 2000 with only one T4 between 330 to 360 °C and a respective
weight loss of 89%. Similar degradation in one step is also seen for related aliphatic A-B-type copoly-

mers that also bear PEG moieties as side chains in the form of a comb-like structure.[?>4
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Figure 66: TGA measurements of target SICPE (green line) and copolymer 2 (light blue line) and 3 (dark blue line); for compar-

ison reasons, the TGA curves of pure PSO (black line, small dotted) and pure PEG 2000 (black line, wide dotted) are added,;

every sample is heated up from 50 to 600 °C with a heating rate of 10 K min under argon.
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Figure 67: DSC measurements of target SICPE (green line) and copolymer 2 (light blue line) and 3 (dark blue line), depicting

the second heating cycle in an interval of =50 to 100 °C at a heating rate of 10 K min™! in a hermetic setup.

Within the DSC measurements, the target SICPE and 2 display the absence of a Tr in the whole tem-
perature profile ranging from —100 to 200 °C, concluding that both polymers are fully amorphous. The
Tg of the target SICPE is observed at 19 °C, and in the case of 2, 42 °C matches the T; of pure PSO (DSC
measurement of pure PSO see appendix). The difference in thermal transition temperature can proba-
bly be explained by discussing the electronic interactions of the aromatic benzene rings present in the
target SICPE and 2. As discussed in previous chapters, conjugated aromatic ring structures develop so-
called mt-rt-stacking when the rings are in close proximity to each other. This stacking often leads to a
higher crystallinity, shifting the Tgs to increased values. Both the target SICPE and 2 show SO motifs in
their polymer chains, but as the target SICPE does not exhibit SO units as charge separators, also ionic
repulsion of the sulfonates must be considered. The anionic charges could influence the polymer chain
growth in a way that monomers are arranged with the most spatial distance between the charges and
subsequently also the benzene rings, supporting to a certain extent the suppression of n-m-interactions
and directing the polymer with a lower tacticity to the larger amorphous character. Copolymer 3 de-
picts a sharp and intense Tr, at 45 °C and no visible Tg in the whole temperature profile, meaning that
the polymer shows increased crystallinity. This can probably be traced back to a possible spatial align-
ment of the PEG side groups that are incorporated as side chains in the comonomer. As pure PEG 2000
(DSC measurement see appendix) exhibits a T, at 43 °C, it is assumable, that the comonomer is pref-
erable incorporated. The formation of a more rigid polymer supports the thesis of a crosslinking mech-

anism which is also seen in the DOSY-NMR. If both epoxide functionalities of the PEG 2000 are ring-
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opened, the formation of a crosslinked network would lead to densification and rigidification, thus
showing consequently reduced chain mobility, less flexibility, and the appearance of crystalline do-
mains with characteristic Tms. The restricted solubility of 3 compared to the target SICPE and 2 is an-

other hint for the buildup of a network structure.

In summary, the catalytically supported anionic ROP of 1 with SO and PEG 2000 is possible, yielding
two different copolymer geometries. The target SICPE and copolymer 2 show similar thermal behavior,
as their main structure cores are relatable. In contrast, copolymer 3 deviates from the target SICPE with
respect to the molecular weights and the linkage between the monomer units. To check, how the pol-
ymer setup influences the lithium migration behavior within the solid electrolyte, EIS measurements

are performed and discussed in the following chapters.
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5.4 Elucidating the electrochemical potential behind the homo-and copolymers

After focusing on the thermal characterization of the homo- and copolymers of 1 in the previous chap-
ters, the following part of this work highlights the so far investigated electrochemical performance of
the herein-designed polymer electrolytes. As Figure 63 shows, three SICPEs are chosen to be examined
in the EIS measurements: the target SICPE and the copolymers 2 and 3. As the three polymer electro-
lytes present strongly deviating structural frameworks and thermal transitions, an influence of these
intrinsic polymer properties on the lithium migration inside of the electrolyte is expected. To be able
to measure the electrochemical properties, the polymers have to be transformed into polymer films
and transferred to a coin cell setup. The following two subchapters will discuss polymer film-making
techniques, the cells' assembly, and the electrochemical properties' examination. It must be noted that
the work on the electrochemical properties of the target SICPE 2 and 3 is still ongoing and not yet
finished. That’s why this chapter presents primary results and trends that can be observed based on

the first experiments carried out in collaboration with the chair of Prof. Hubert Gasteiger.
5.4.1 Polymer film making and coin cell assembly

After being synthesized and dried under vacuum conditions, the target SICPE and the two copolymers
2 and 3 are present in powder form. To transfer the powder to polymer films, the polymers need to be
dissolved and subsequently processed. Due to the high polarity of the polymers, a polar solvent is the
requirement for homogenous dissolving. Concerning processing, there exist different methods of shap-
ing the films. In the scope of this work, drop casting is the method of choice for polymer film produc-
tion. In the first attempts, 100 mg of the respective polymer are dissolved in 0.5 ml of water and stirred
for one day at 70 °C. The polymer solution is drop cast onto the bottom compartment of a coin cell and
put into the oven at 70 °C for three days. It can be observed that the polymer film already starts to be
generated with a homogenous surface. Thereafter, the setup is put into vacuum at 55 °C for four days
to remove trapped and residual water. The dried polymer films are transferred to a glovebox, where
the coin cell is fully assembled by putting a spacer, a spring, and the top compartment of the coin cell
onto the bottom compartment. The cell capping marks the end of the polymer film-making process

(see Figure 68).

Figure 68: Basic coin cell setup for EIS-measurements when integrating a polymer film as solid electrolyte.
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First EIS screening experiments with the target SICPE ((salen)Cr(lll) catalyst/1 ratio of 1/100) show a
classical and expectable response for a polymer acting as solid electrolyte. In the Nyquist plot, a nicely
shaped semi-circle is observed, that represents an ionic bulk conductivity of around 10° S cm™ (calcu-
lations are based on the post-determined thicknesses of the polymer film). Performing the EIS meas-
urements at varying temperatures, the activation energies for the lithium ion hopping can be extracted

with an Exof 0.69 eV (see Figure 69).
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Figure 69: Nyquist plot and determination of Ex based on the EIS measurements of the target SICPE ((salen)Cr(Ill)catalyst/1

ratio of 1/100); polymer films are processed in water via drop casting.

The polymer filmmaking is revised to ensure that the charge carriers are lithium cations and not pro-
tons present in the polymer electrolyte due to trapped water. Water as solvent is exchanged against
dry DMSO and an additional drying step at room temperature under vacuum for two weeks is added
to the polymer film processing protocol. Strikingly, these dried films do not show ionic conductivity and
also do not at higher temperatures. To get a comparison, the polymer films produced in water are con-
sequently also prepared with longer drying steps and measured again. Likewise, no bulk resistances
can be observed. This lack of ion mobility leads to the conclusion that internal processes must hinder
the cation movement in the dried films. Looking at the sulfonate moiety of the target SICPE, the coor-
dination of the lithium cation to the sulfonate can be rated as rather strong, as the anionic charge
delocalization is lower than in larger anions like TFSI. Therefore, the hypothesis arises that the lithium
cation can only hardly dissociate from the anionic anchoring point to hop from one coordination site
to the next. To proof this thesis, the target SICPE is turned into a gel polymer electrolyte, using DMSO
as solvent. The dried films are transferred into the glovebox, where the coin cell assembly takes place.
Before capping the cell, 10 wt% of dry DMSO is added to the dry films. The cells are capped, and EIS is

measured again.
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5.4.2 Examination of relation between polymer structure and electrochemical properties

The addition of 10 wt% of dry DMSO after the polymer film-making can be seen as a classical swelling
experiment that is examined in gel polymer electrolytes. Figure 70 illustrates how the ion movement
could potentially be influenced by the presence of DMSO. The solvent molecules could loosen the cat-
ion-sulfonate interplay by building up a solvation shell around the cation. This shell could help support
the ion hopping from one coordination site to the next, transporting the lithium cations more easily

through the polymer electrolyte.
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Figure 70: lllustration of the potential mode of operation that DMSO executes in its function as a polymer electrolyte swelling

agent.

After measuring the EIS of the swelled target SICPE films, the characteristic semi-circle is once again
observed in the Nyquist plot. This evolution supports the hypothesis that the lithium cations need some

sort of swelling agent to unlock their mobility.

Based on this careful adjustment of polymer film processing, the copolymers 2 and 3 are as well trans-
ferred into their polymer film versions and swelled with 10 wt% of dry DMSO. Every measurement is
performed in triplicates, and the resulting Nyquist plots can establish a trend in relation to the received
bulk resistances at room temperature. The target SICPE shows the smallest bulk resistance with 30 kQ,
followed by copolymer 3 with 115 kQ, and subsequently copolymer 2 with 225 kQ (see Figure 71). The
ionic conductivities cannot directly be read from this plot, as their film thickness is needed for their
exact calculation. Nevertheless, assuming that the films show nearly the same thickness (due to similar
polymer film-making processes), tendencies can be defined. The smaller the bulk resistance, the higher
the ionic conductivity. That would mean that the target SICPE shows the highest ionic conductivity,
followed by copolymer 3 and copolymer 2. The performance of the target SICPE can be explained by
looking at the thermal transitions of the polymers. With a T, near room temperature, the target SICPE
exhibits the most flexible polymer chains in the series. The incorporation of SO moieties into the co-

polymer elevates the Ty up to 42 °C, thus reducing the flexibility and, thereby, also the ionic conductivity
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at room temperature. Surprisingly, copolymer 2 would depict an ionic conductivity that ranges in the

middle between the target SICPE and copolymer 2.
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Figure 71: Nyquist plots of target SICPE and the copolymers 2 and 3 after swelling the polymer films with 10 wt% of dry DMSO.

It has to be assumed that copolymer 3 forms this distinct network structure (see DOSY-NMR results
and thermal analysis) that drastically differs from the setup of the target SICPE and copolymer 2. Prob-
ably, this networked character supports the formation of lithium ion channels or pores, that accelerate

the ion migration. Microscopic analyses could prospectively clear this status.

To deeply understand the relation between polymer framework and electrochemical response, multi-
ple electrochemical experiments have to follow. Besides the determination of the ionic conductivity,
electrochemical stability has to be tested via cyclic voltammetry (CV). The electrochemical stability win-
dow defines the scope of application, in which the polymer electrolyte can be combined with the re-
spective electrode materials. Furthermore, a symmetrical Li/polymer electrolyte/Li setup has to be es-
tablished to quantify the t;;" of the respective SICPEs. For an electrolyte where only the lithium cations
are mobile, t;;* should be unity. In reality, side effects often tend to lower the lithium migration effi-
ciency. Even though the majority of the electrochemical characterizations are still under investigation,
the herein-designed homo- or copolymerized versions of our target SICPE already demonstrate their
applicability as charge carrier matrices. The potential of this newly developed, polyether based SICPE

is now open for discussion and application.
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6. Summary and outlook

This work presents the realization of the first example of a polyether backbone-based SICPE that is
applicable as a solid polymer electrolyte in solid-state batteries. The resulting polymer stands out due
to combining two major advantages: high polymer backbone flexibility and single ion-conduction. The
respective design concept is separated into three main parts, namely, the establishment of the epoxide-
terminated monomer, its anionic ROP with the corresponding protection group strategy, and the sub-

sequent post-polymerization functionalization.

Monomer 1 is received via a three-step synthesis, including a classical chlorosulfonation as the first
step. During the second step, a sulfonamide group is introduced as a protecting group, and a vinylic
double bond is generated using an elimination reaction. The focus of the synthesis pathway towards 1
is centered on the epoxidation of the vinylic double bond. Its electron-deficient character tremendously
impedes the oxygen transfer reaction. Hence, common epoxidation reagents like m-CPBA, H,0,, or
NaOCI do not succeed in the cycloaddition. Applying a catalytically supported epoxidation strategy in
the presence of a (salen)Mn(lll) Jacobsen catalyst, the double bond is transferred into the terminal
epoxide, yielding monomer 1 with an overall yield of 73%. The achievement of the epoxide is the start-

ing point for the ring opening to generate the PEO backbone.

Thanks to the well-selected protection group strategy, restrictions related to functional group tolerance
during ROP are bypassed. The oxygens of the sulfonamide group experience a shielding effect that
facilitates the choice of catalyst. Aiming the anionic ROP of 1, a selection of non-transition-metal- and
transition-metal-based catalysts are presented in a broad catalyst screening. The winning candidate is
the (salen)Cr(lll) catalyst, which is able to polymerize 1 in different catalyst-to-monomer ratios (1/10,
1/50, 1/100, and 1/200) with molecular weights up to 113 kg mol™. The polymerization is performed
in bulk at 115 °C to exceed the Ty, of 1. After the polymer workup, the sulfonamide protection group is
cleaved off to give access to a lithium sulfonate moiety. After testing various reaction conditions, the
usage of in situ formed lithium methanolate as a cleaving reagent is favored. By adding elemental lith-
ium into dry methanol, lithium methanolate is originated, which can act as a nucleophile attacking the
sulfuric center of the sulfonamide. Elevated temperatures promote the generation of the lithium sul-
fonate and enable to receive the target SICPE in its homopolymeric form. Challenges concerning this
post-polymerization functionalization are the solubility issues of the involved reagents and strong po-

larization changes of the polymer that occur during the process.
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Besides achieving the target SICPE along the pathway of applying the monomer synthesis of 1, its ani-
onic ROP, and post-polymerization functionalization, two alternative routes are presented. The first
concept highlights the chlorosulfonation of PSO and the successive transfer of the chlorosulfonyl-sub-
stituted PSO into the target SICPE. PSO can easily be synthesized with the help of t-BuP, as an organo-
base initiator, thus exhibiting a simple way to manage polymerization with high yields. Due to the labil-
ity of the polyether backbone against acids, approaches using HSOsCl as a chlorosulfonation reagent
only show the decomposition of PSO and no successful substitution on the aromatic ring. Future ap-
proaches should focus on a more dilute working atmosphere, milder reaction conditions, or a change
in acidic reagents. In contrast to starting with a polymer and applying polymer-analogous reactions,
also alternative monomer structures are discussed. The alternative monomer A depicts a free lithium
sulfonate bound to a SO core, which, unfortunately, would prevent the anionic ROP with the
(salen)Cr(lIl) catalyst. On the contrary, monomer B can potentially be a promising SICPE candidate con-
cerning its structural properties. The SO main core still provides the polyether backbone after the ani-
onic ROP of the epoxide functionality. In addition, the bound TFSI anion enables the delocalization of
the anionic charge and supports a better dissociation behavior of the anions and lithium cations. Even
though there is a need to find a suitable epoxidation strategy for the last step of monomer synthesis of

B, this monomer has the potential to become a high-performing SICPE.

The polymerization properties of the (salen)Cr(lll) catalyst can also be transferred to copolymerization
experiments. The comonomers can simply be added to the dry mixture of the catalyst and 1 and co-
polymerized together, as they exhibit epoxide functionalities. The comonomer SO in copolymer 2
should function as a charge separator between the SICPE repetition units, while comonomer PEG 2000
in copolymer 3 has a plasticizing effect and should additionally support the ion hopping by supplying
PEG side chains. Thermal properties show, that the target SICPE exhibits the lowest T; between 18 to
22 °C, meaning that the polymer chains are already flexible at room temperature. Copolymer 2 shows
a small rise of T up to 42 °C, which can potentially be explained by r-rt-interactions between the aro-
matic rings. Surprisingly, for copolymer 3, only a Tr, at 45 °C is visible, which is why a rigidification of
the polymer framework is supposed. The hereby upcoming theory of a networked polymer can be re-
inforced by DOSY-NMR experiments, showing two diffusion coefficients for the copolymer. To prove a
polymer network's formation, microscopic images or rheological measurements should follow this the-
sis. In general, all homo- and copolymers that are presented in this work should be tested with regard
to their mechanical properties, as the mechanical behavior has a major influence on the later applica-

bility of the polymer electrolyte in cells operating under pressure.
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This work demonstrates a first introduction to the electrochemical property testing of the target SICPE
and the respective copolymers 2 and 3. Via drop casting and the optimization of polymer film preparing
techniques, coin cells are able to be set up. To exclude the influence of humidity, a long drying process
is necessary before the cells are assembled. First experiments indicate that a swelling of the polymer
electrolyte with 10 wt% of dry DMSO is necessary to make the lithium cations mobile inside of the
electrolyte. Even though determining ionic conductivities is still ongoing, a trend in bulk resistances can
be established. At this point, the expansion of EIS and CV experiments is mandatory to get a more
detailed inside into the polymer structure-ion mobility relation and to make a comparison between
homo- and copolymeric architectures possible. Different swelling reagents could be tested for future
experiments instead of only DMSO. Linear carbonates like DEC or DMC or, for instance, ionic liquids
could expand the portfolio. To establish a reference, it would also be interesting to test the protected
homopolymer of 1 in its function as a dual ion-conducting polymer electrolyte. This would be achieved

by adding an electrochemically stable salt like LiTFSI to the respective polymer solution.

Thinking about the future perspective of ASSBs, the focus on lithium as charge carriers inside of the
solid electrolytes should be critically questioned. Lithium is not a ubiquitous, renewable resource. Thus,
its stock will decrease over time, and the realization of lithium anodes will be impeded. Therefore,
researchers all over the world are already discussing new solid-state technologies that provide a more
sustainable future. In this context, sodium ASSBs are currently under consideration, as sodium can, for
example, be found in the diversely presented salt NaCl.2% The huge advantage of the SICPE design that
is conceptualized within this work is the variable switch from lithium to a sodium conductor. Instead of
using elemental lithium in the post-polymerization functionalization, also elemental sodium can be
used with the same outcome (*H-NMR of sodium sulfonate SICPE see appendix). This variety in design

options should be seen as the opportunity to flexibly adapt to the market needs.
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7. Experimental

7.1 General information

All air and moisture-sensitive compounds were prepared in heat-dried glassware using standard

Schlenk techniques with argon (99.996 vol.-%) purchased from Westfalen as an inert gas.

Polymer film formation for coin cell assembly was performed inside of a LABstar pro glovebox from

MBraun using drop casting out of the polymer/DMSO solution.

Solvents were dried with the solvent purification system MB SPS-800 from MBraun or over activated
alumina and stored over molecular sieve (3 or 4 A). Deuterated solvents were purchased from

Sigma-Aldrich and dried over activated 3 A molecular sieve.

Unless otherwise stated, all reagents and catalysts were purchased from Sigma-Aldrich, ABCR GmbH

or TCI Chemicals and used without further purification.

7.2. Analytical methods

NMR. H- and 3C-NMR spectra were recorded on a Bruker Ascend 400 MHz NMR-spectrometer at
400 MHz (’Li-NMR spectra measured at 300 MHz). All chemical shifts are given in parts per million
(ppm) and referenced to the residual proton signal of the respective solvent. The NMR spectra were
analyzed using the MestReNova software. Signal multiplicities are abbreviated as follows: s - singlet,

d —duplet, t —triplet, m — multiplet. The coupling constant is marked as J,

TGA. For the sulfonamide-protected homopolymer of 1 ((salen)Cr(lll) catalyst/1 ratios of 1/10, 1/50,
1/100, 1/200), 2 mg of sample was heated from room temperature to 1000 °C with a heating rate of
10 K min! under synthetic air on a TGA Q5000 by TA Instruments. Analysis of mass loss was done using
TA Analysis software. For the target SICPE ((salen)Cr(Ill) catalyst/1 ratios of 1/10, 1/50, 1/100, 1/200),
2 mg of sample was heated from 50 °C to 700 °C with a heating rate of 10 K min™ under argon on a
Netzsch TG 209 F1 Libra inside a glovebox. The data was processed with the software Netzsch Proteus

6.

DSC. For the sulfonamide-protected homopolymer of 1 ((salen)Cr(lll) catalyst/1 ratios of 1/10, 1/50,
1/100, 1/200), about 3-4 mg were weighed in a non-hermetic aluminum pan and measured in a range
of —100 °C to 220 °C (depending on the sample) with a heating and cooling rate of 10 K min™* on a DSC

Q2000 by TA Instruments. Analysis was performed using TA Analysis software. The same procedure was
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repeated for the target SICPE ((salen)Cr(lll) catalyst/1 ratios of 1/10, 1/50, 1/100, 1/200) in a hermetic

set-up. Sample preparation was performed inside a glovebox.

GPC. Average absolute molecular weights and dispersity of the sulfonamide-protected homopolymer
of 1 were determined on an Agilent PL-GPC 50 with an integrated Rl unit, two light scattering detectors
(15° and 90°), and a differential pressure viscosimeter with two Agilent PolarGel M columns at 30 °C.
2 mg of sample were dissolved in DMF + 25 mmol L LiBr. Absolute molecular weights and polydisper-

sity were determined using the experimentally determined value for dn/dc.

dn/dc. For dn/dc determination, a WGE Dr. Bures dn/dc-2010 from PSS equipped with a 620 nm light
source was used. The measurements were performed in DMF with 25 mmol L LiBr at 30 °C with 7

different polymer concentrations.

EDX. EDX measurements were conducted on a Hitachi tabletop scanning electron microscope with a

10.000 magnification and an accelerating voltage of 1 kV.

FTIR. Measurements were performed on a nitrogen-cooled Bruker Vertex 70A spectroscope in an at-

tenuated total reflection mode.

XRD. For sample preparation, 10 mg of the polymer was put on a scotch tape (Fa. Scotch®, Magic Ta-
peTM8-1933R8, 3M) and measured on a Stoe STADI P-Diffraktometer equipped with a Ge (111)-mon-
ochromator for Cu K (A = 1,54056 A) and a solid detector (Dectris MYTHEN DSC 1 K). The measurement
parameters consist of a measurement period of 15 minutes in a range of 26 = 5° - 80° (1° per 10 sec-

onds).

Microwave reaction. All microwave experiments were performed in a reactor of CEM with a focused

microwave beam at 50 W, varying temperatures, and a dynamic power supply.

EIS. For electrochemical measurements, the homo- and copolymers were transferred into their poly-
mer film version by dissolving the polymer powders (100 mg in 0.5 ml dry DMSO) and drop-casting
them onto the bottom part of a coin cell. 10 wt% of dry DMSO was added to the polymer film, and the

coin cells were assembled under inert conditions.
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7.3 Synthesis procedures

The following chapter depicts the synthesis protocols for the monomers (1 and alternative monomers)
and the homo- as well as the co-polymers with the ethylene oxide derivatives (SO and PEG 2000). As
the post-polymerization functionalization of PSO was unsuccessful, no synthesis protocol is fixed in this

chapter.

7.3.1 Synthesis of monomer 1

The synthesis of 1 comprises a three-step synthesis route: chlorosulfonation leads to A, elimination,

and sulfonamide protection strategy to B, and epoxidation to the final epoxide 1.
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The synthesis of A was conducted according to literature known chlorosulfonation reactions.!*%! At 0 °C
(2-bromoethyl)-benzene (20.5 mL, 150 mmol, 1.0 eq) in chloroform (50 mL) was added dropwise to a
solution of chlorosulfonic acid (30.0 mL, 450 mmol, 3.0 eq.) in chloroform (35 mL). The solution was
stirred for 15 min at 0 °C before being warmed to room temperature. After stirring for 3 h at 25 °C, the
solution was poured into ice, and the aqueous phase was extracted with DCM (3 x 100 mL). The organic
phase was washed with NaHCO3; solution (3 x 150 mL) and brine (3 x 150 mL) and dried over Na,SO.,.
The crude product was purified via column chromatography (pentane/diethyl ether 10/1) to obtain A
(32.3 g, 114 mmol, 76%).

1H-NMR (400 MHz, CDCl3): & (ppm) = 8.01 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 3.62 (t, J = 7.1 Hz,
2H), 3.30 (t, J = 7.1 Hz, 2H).

13C-NMR (101 MHz, CDCl5): 6 (ppm) = 144.57, 140.24, 130.02, 129.66, 128.02, 127.36, 38.84, 31.70.

To a solution of pyrrole (10.7 mL, 155 mmol, 2.2 eq.) in dry THF (100 mL), n-BuLi (2.5 M in hexane,
62.0 mL, 155 mmol, 2.2 eq.) was added dropwise at —78 °C and the reaction was stirred for 10 min at
this temperature. The cooling bath was removed to warm up the solution to room temperature. A (20.0
g, 70.5 mmol, 1.0 eq.) was dissolved in dry THF (25 mL) and added dropwise to the solution over a

period of 20 min at —78 °C. After stirring overnight and removing the solvent, the residue was dissolved
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in dichloromethane (100 mL) and extracted with water (2 x 150 mL) and NaHCOs solution (2 x 150 mL).
The organic phases were collected and dried over Na;SOa. The obtained brownish solid was sublimated

twice, resulting in B (12.8 g, 54.9 mmol, 78%).

H-NMR (400 MHz, CDCl3): & (ppm) = 7.92 (d, J = 8.6 Hz, 2H), 7.57 (d, J = 9.0 Hz, 2H), 7.30 — 7.21 (m,
2H), 6.80 (dd, J = 17.6, 10.9 Hz, 1H), 6.43 — 6.36 (m, 2H), 5.96 (d, J = 17.6 Hz, 1H), 5.52 (d, J = 11.0 Hz,
1H).

The synthesis of 1 was conducted according to a published epoxidation strategy by Jacobsen et al.l?%°!
B (4.02 g, 17.3 mmol, 1.0 eq.), N-methylmorpholine N-oxide (10.1 g, 86.2 mmol, 5.0 eq.) and (R,R) (-)-
[1,2-cyclohexanediamino-N,N’-bis-(3,5-di-t-butylsalicycliden)]-mangan(lll)-chloride (438 mg, 689
pumol, 4.00 mol%) were dissolved in dry dichloromethane (400 mL) and the reaction mixture was cooled
to —78 °C. After adding mCPBA (8.50 g, 34.5 mmol, 2.0 eq.) in small portions, the reaction is stirred at
—78 °C for 45 min. The reaction solution was mixed with 1 M NaOH (380 mL), and the aqueous phase
was extracted with DCM (3 x 150 mL). The combined organic layers were washed with brine (3 x 150
mL) and dried over Na,SO,. The crude product was purified via column chromatography (pentane/ethyl

acetate 10/1) and sublimated three times to obtain 1 (2.74 g, 11.0 mmol, 64%).

H-NMR (400 MHz, CDCI3): & (ppm) = 7.83 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 7.15 (m, 2H), 6.30
(m, 2H), 3.89 (m, 1H), 3.21 — 3.14 (m, 1H), 2.72 (m, 1H).

13C.NMR (101 MHz, CDCI3): § (ppm) = 144.4, 138.7, 127.1, 126.4, 120.8, 113.8, 77.2, 51.6, 51.5.
TGA: leonset = 195 °(:.

DSC: T = 108 °C.
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7.3.2 Synthesis of target SICPE
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In an argon atmosphere, 1 was dry mixed with (1R,2R)-(+)-[1,2-cyclohexanediamino-N,N'-bis(3,5-di-t-
butylsalicylidene)]-chromium(lll)chloride ((salen)Cr(lIl)) catalyst in different catalyst to monomer ratios
(1/10, 1/50, 1/100, 1/200) and heated up to 115 °C for 3 days. After the completion of polymerization,
the solid mixture was dissolved in dichloromethane and precipitated in pentane. The solid was centrif-
ugated and again precipitated three times to separate the polymer from the monomer and catalyst
residues. To ensure that all (salen)Cr(lll)-catalyst residues were washed out, EDX measurements were
taken. The received polymer was dried in a vacuum at 50 °C for 24 h to obtain the protected homopol-

ymer in powder form (96% (1/10), 93% (1/50), 97% (1/100), 96% (1/200)).

H-NMR (400 MHz, CDCl3): & (ppm) = 8.03 — 7.30 (m, 4H), 7.22 — 7.06 (m, 2H), 6.46 — 6.20 (m, 2H), 5.25
—3.06 (m, 3H).

NMR-spectra are similar for all catalyst to monomer ratios.

Mnabs (DMF + LiBr) = 14.2 kg mol? (1/10), 36.5 kg mol* (1/50), 67.3 kg mol™ (1/100), 113 kg mol?
(1/200).

D (DMF + LiBr) = 2.6 (1/10), 1.9 (1/50), 1.3 (1/100), 2.4 (1/200).
dn/dc (DMF + LiBr) =0.152 cm3 g™

le: 18% (1/10), 32% (1/50), 36% (1/100), 43% (1/200).

TGA: Ty, onset = 289 °C (1/10), 302 °C (1/50), 294 °C (1/100), 310 °C (1/200).
DSC: T; = 69.9 °C (1/10), 68.5 °C (1/50), 69.5 °C (1/100), 72.6 °C (1/200).
EDX: S (100%), Cr (0%).

FT-IR: ¥ (cm™) = 3140, 1774, 1594, 1454, 1410, 1247, 1091, 1055, 1032, 1015, 934, 833, 737.
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For post-polymerization functionalization, in a glovebox, elemental lithium (20 eq. per monomer unit)
was dissolved in dry MeOH. A solution of the sulfonamide-protected homopolymer of 1 in dry DCM is
added and refluxed for 3 d at 65 °C. After evaporation of the solvent, the solid was dissolved in water,
extracted with DCM, and dialyzed against 2 L of water. The purified polymer was dried in a vacuum at

50 °C for 24 h to yield the target SICPE (42% (1/10), 40% (1/50), 44% (1/100), 45% (1/200)).

'H-NMR (400 MHz, D,0): 6 (ppm) = 8.38 — 6.89 (m, 4H), 4.90 — 2.82 (m, 3H).

NMR spectra are similar for all catalyst-to-monomer ratios.

’Li-NMR (156 MHz, D;0): & (ppm) = 0.16 (s).

NMR spectra are similar for all catalyst-to-monomer ratios.

Mnzabs (DMF + LiBr) = 11.3 kg mol? (1/10), 35.7 kg mol? (1/50), 61.2 kg mol™® (1/100), 108 kg mol?
(1/200).

D (DMF + LiBr) = 2.1 (1/10), 1.7 (1/50), 1.2 (1/100), 2.3 (1/200).
dn/dc (DMF + LiBr) =0.151 cm3 g,

TGA: Ty onset = 310 °C (1/10), 287 °C (1/50), 286 °C (1/100), 281 °C (1/200).
DSC: T, =22°C(1/10), 18 °C (1/50), 18 °C (1/100), 19 °C (1/200).

FT-IR: ¥ (cm™) = 3431, 1935, 1624, 1177, 1125, 1041, 1009, 916, 835, 721.
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7.3.3 Syntheses of alternative monomers
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monomer alternative A

Sodium 4-vinyl benzenesulfonate (1.00 g, 4.85 mmol, 1.0 eq.) was dissolved in water (25 mL) and com-
bined with a freshly prepared DMDO solution (c=0.1 M, 80 mL, 1.0 eq.) in water. After stirring for
three days at room temperature, the solution was extracted with DCM (4 x 150 mL). The solvent of the
aqueous phase is removed, and the solid is sublimated to yield sodium 4-(oxirane-2-yl)benzenesul-
fonate (51%). As the polymerization with this sodium sulfonate was unsuccessful, the salt metathesis

reaction of sodium against lithium was not examined.

'H-NMR (400 MHz, D,0): § (ppm) = 7.71 (m, 2H), 7.39 (d, J = 8.14 Hz, 2H), 4.04 (m, 1H), 3.22 (m, 1H),
2.98 (m, 1H).
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53 0

0=5=0
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O6 N cl o-§—o 0=5=0
CFs CF,

monomer alternative B

Thionyl chloride (7.99 g, 67.2 mmol,0 ° 373 eq.) and butyl catechol (29.9 mg, 180 umol, 1.0 eq.) were
dissolved in dry DMF (10 mL) at 0 °C. Sodium 4-vinyl benzenesulfonate (2.00 g, 9.70 mmol, 54 eq.) was
added in small portions over a period of 15 min, and the solution was stirred for three hours at 0 °C.
After letting the solution cool down in the fridge for 24 hours, the solution was poured into ice water
(40 mL) and extracted with toluene (2 x 30 mL). The organic phase was washed with water (2 x 30 mL),
dried with Na,SO4, and the solvent was evaporated. Column chromatography (silica, 100% DCM)

yielded a yellow oil.

'H-NMR (400 MHz, D,0): & (ppm) = 7.78 (d, J = 8.2 Hz, 2H), 7.63 (d, J = 8.1 Hz, 2H), 6.90 — 6.79 (m
1H), 6.00 — 5.92 (m, 1H), 5.45 —5.38 (m, 1H).

The yellow oil (2.27 g, 11.2 mmol, 102 eq.) was mixed with K;HPO4 (3.90 g, 22.4 mmol, 224 eq.), butyl
catechol (18.6 mg, 110 umol, 1.0 eq.), and DMAP (27.3 mg, 220 umol, 2.0 eq.) in dry acetonitrile at
0 °C. Trifluoromethanesulfonamide (1.50 g, 10.1 mmol, 0.9 eq.) was slowly added, and the reaction
was stirred for 72 hours at room temperature. The solution was filtered, and the filtrate was subli-
mated before washing it with DCM (3 x 20 mL). After drying in a vacuum, a white solid was obtained

(63%).

H-NMR (400 MHz, D,0): 6 (ppm) = 7.69 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 6.81 — 6.70 (m, 1H),
5.96 — 5.87 (m, 1H), 5.39 — 5.32 (m, 1H).

For the last synthesis step, the epoxidation was carried out according to the procedure described for
the cycloaddition reaction of 1. The purification of the crude product still has to be adjusted to yield

the final alternative monomer B.
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7.3.4 Syntheses of copolymers and related homopolymers

Copolymer 2
O Oi\
(0]
o7, m
0 Oy 1711
n + m —_— —_—
0=$=0 0=$=0 0=8=0
N N o ,.@
\ /; i\ /7 °L
1 SO 2

For copolymerization, 1 was dry mixed with the co-monomer SO and the (salen)Cr(lll) catalyst in a ratio
of 1/100/100 and heated up to 115 °C for 3 days. After polymerization, the solid mixture was dissolved
in dichloromethane and precipitated in pentane. The solid was centrifugated and again precipitated
three times to separate the copolymer from monomer and catalyst residues. The received polymer was
dried in a vacuum at 50 °C for 24 h to obtain the polymer in powder form (92%). For post-polymeriza-
tion functionalization, in a glovebox, elemental lithium (20 eq. per monomer unit) was dissolved in dry
MeOH. A polymer solution in dry DCM is added and refluxed for 3 d at 65 °C. After evaporation of the
solvent, the solid is dissolved in water, extracted with DCM, and dialyzed against 2 L of water. The pu-

rified polymer is dried in a vacuum to yield 2 in 46% vyield.

1H-NMR (400 MHz, D,0): & (ppm) = 7.96 — 6.73 (m, 9H), 4.67 — 2.80 (m, 6H).

’Li-NMR (156 MHz, D,0): 6 (ppm) = 0.16 (s).

Mh,abs (DMF + LiBr) = 96.6 kg mol™.

D (DMF + LiBr) = 1.2.

dn/dc (DMF + LiBr) =0.155 cm3 g*.

TGA: Td’ onset — 241 OC.

DSC: T, = 42 °C.

FT-IR: ¥ (cm™) = 2284, 1600, 1406, 1180, 1125, 1042, 1010, 835.

Copolymer 3
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For copolymerization, 1 was dry mixed with the co-monomer poly(ethylene glycol) diglycidyl ether
(2000 g molt) and (salen)Cr(Ill) catalyst in a ratio of 1/100/100 and heated up to 115 °C for 3 days. After
the completion of polymerization, the solid was ground and washed with an excess of pentane. The
received polymer was dried in a vacuum at 50 °C for 24 h to obtain 65% of the polymer. For post-
polymerization functionalization, in a glovebox, elemental lithium (20 eq. per monomer unit) is dis-
solved in dry MeOH. The polymer was added and refluxed for 6 d at 65 °C. After evaporation of the
solvent, the solid was dissolved in water, extracted with DCM, and dialyzed against 2 L of water. The

purified polymer is dried in a vacuum to yield 3 in 41% yield.

1H-NMR (400 MHz, D,0): & (ppm) = 7.85 — 7.34 (m, 4H), 3.64 (s, 165H).
7Li-NMR (156 MHz, D,0): & (ppm) = 0.16 (s).

Ma,aps (DMF + LiBr) = 41.6 kg mol™.

D (DMF + LiBr) = 1.6.

dn/dc (DMF + LiBr) =0.037 cm3 g*.

TGA: Ty, onset = 340 °C.
DSC: T = 45 °C.

FT-IR: ¥ (cm™) = 2881, 1466, 1359, 1343, 1280, 1240, 1146, 1100, 1060, 961, 841.

PSO synthesis
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For post-polymerization functionalization purposes, the living ROP of SO was conducted according to
literature procedures by using a phosphazene base initiating system.[?®! 1-t-butyl-4,4,4-tris(dimethyl-
amino)-2,2-bis[tris(dimethylamino)phosph-oranylidenamino]-2A°,4A>-catenadi(phosphazene) (t-Bu-
P4) (0.8 M in hexane, 250 uL, 200 umol, 1.0 eq.) and SO (2.28 mL, 20.0 mmol, 100 eq.) were added to
1 mL of toluene. The reaction was kept at room temperature and terminated after 20 h by adding 10 pL
of methanol. To separate the polymer from residual organobase, the solution was purified by column
chromatography (aluminum oxide, 100% DCM). After drying in a vacuum at 50 °C for 24 h, PSO was

obtained as a white solid (98%).

For comparison reasons in the copolymerization experiments, SO was bulk polymerized with the

(salen)Cr(lIl) catalyst with similar parameters as mentioned above.

'H-NMR (400 MHz, CDCls): 6 (ppm) = 7.25 - 6.90 (m, 5H), 4.35 (t, J = 18.0 Hz, 1H), 3.40 (d, J = 62.7 Hz,
2H).

'H-NMR spectrum is superposable to literature data.!?°!

Mp,abs (DMF + LiBr) = 83.7 kg mol™.
D (DMF + LiBr) = 1.2.

dn/dc (DMF + LiBr) =0.149 cm3 g%,

TGA: Td' onset — 294 OC.
DSC: T, = 42 °C.

FT-IR: ¥ (cm™) = 2863, 1493, 1451, 1348, 1197, 1093, 1027, 913, 755.

Polymerized PEG 2000
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PEG 2000

In an argon atmosphere, the PEG 2000 monomer was dry mixed with the (salen)Cr(lll) catalyst in a ratio

of 1/100 and heated up to 115 °C for 3 days. After polymerization, the solid mixture was ground and

washed with pentane. The received polymer was dried in a vacuum at 50 °C for 24 h to obtain PEG

2000 in powder form (64%).

'H-NMR (400 MHz, CDCl3): & (ppm) = 3.94 — 3.37 (m, 16H).

Mh,abs (DMF + LiBr) = 45.2 kg mol™.

P (DMF + LiBr) = 1.5.

dn/dc (DMF + LiBr) =0.015 cm3 g .

TGA: Tg, onset = 338 °C.

DSC: Tm =43 °C.

FT-IR: ¥ (cm™) = 2880, 1721, 1466, 1343, 1280, 1242, 1101, 962, 842.
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7.4 Additional analytical data

7.4.1 Data of monomer 1

Br v

0=S8=0
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— 3884

— 3
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C

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
5/ ppm

BBC-NMR spectrum of A.

131



Experimental

ssu3828 5 ssan sess  gszas @
N\ N124 N\ N
X
(e} :$ =0
)
A(d) B (d) C (m)] G (dd) D (m) E(d) F(d)
7.92 7.57 7.25 6.80 6.39 5.96 5.52

T T T T by T T
P . P
3/ ppm
1
H-NMR spectrum of B.

&
1 (opm)

Crude *H-NMR spectrum of m-CPBA epoxidation approach of vinyl sulfonamide.
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BBC-NMR spectrum of 1.
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7.4.2 Sulfonamide protected homopolymer of 1

1 108 °C
o
=
3 C
e,
=
®
)
N )
57 °C
T T T T T T T T T T
-100 -50 0 50 100 150
temperature [°C]
DSC measurement of 1.
T T T T
10 15 20

retention time [min]
GPC trace of ROP approach of 1 with Sn(Oct),.
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Acquisition conditions
Acquisition time (s) :
Accelerating voltage (kV) :

127.8
15.0

Process time :

] Spectrum1
element weight%
sulfur 100
chromium 0.0
Qr CI
N " gr
4 ' 6 ' ;3 ' I‘D ' 1‘2 1’4 1’6 1‘8 2r0

0 & 4
Full Scale 1155 cts Cursor: 0.000

Quantification Settings
Quantification method : All elements (normalised)

EDX data of sulfonamide protected homopolymer of 1 ((salen)Cr(lll) catalyst/1 ratio of 1:100).

—1:10
—1:50
T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 33 0 5 10 15 20 25 30 35
retention time [min] retention time [min]
—_—1:100 —1:200
T T T T T T T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30

retention time [min]

retention time [min]

GPC traces of sulfonamide protected homopolymers of 1 ((salen)Cr(lll) catalyst/1 ratios of 1/10, 1/50,

1/100, 1/200).
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——PPNCI

—— DMAP

10 15 20 25 10 15 20
retention time [min] retention time [min]

25

GPC traces of ROP approaches of 1 with PPNCI and DMAP ((salen)Cr(1ll) catalyst/1 ratios of 1/100).

=N N=
t—Bu—dOH Ho%}psu

t-Bu t-Bu

H-NMR spectrum of achiral (salen) ligand.
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7.4.3 Post-polymerization functionalized homopolymers of 1
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Crude *H-NMR spectrum of sodium vinylsulfonate epoxidation with DMDO.
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1H-NMR spectra of target SICPE ((salen)Cr(lll) catalyst/1 ratios of 1/10, 1/50, 1/100, 1/200).
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7.4.4 Alternative monomer structures
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IH-NMR spectrum of chlorosulfonyl functionalized styrene.
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1H-NMR spectrum of TFSI functionalized styrene.
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7.4.5 Copolymerization with SO and PEG 2000

IH-NMR spectrum of copolymer 2 before post-polymerization functionalization.

L

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 3.
5/ ppm

IH-NMR spectrum of copolymer 3 before post-polymerization functionalization.
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o

IH-NMR of copolymer 2 after post-polymerization functionalization.

IH-NMR of copolymer 3 after post-polymerization functionalization.
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1H-NMR spectrum of PSO.
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1H-NMR spectrum of PEG 2000.
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’Li-NMR spectrum of copolymer 2 after post-polymerization functionalization.

’Li-NMR spectrum of copolymer 3 after post-polymerization functionalization.
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Monomer/comonomer ratio calculation for copolymer 2:
9 aromatic H-atoms: 4 H-atoms from 1, 5 H-atoms from SO
6 aliphatic H-atoms: 3 H-atoms from 1, 3 H-atoms from SO = 1:1 ratio.

W

w

50 s o 35

T T T T T T
7 7 65 50 55
B/ pom

Monomer/comonomer ratio calculation for copolymer 2:
4 aromatic H-atoms: 4 H-atoms from 1
165 aliphatic H-atoms: 3 H-atoms from 1, 162 H-atoms from PEG 2000 referring to 14 H-atoms per
monomer structure = 1:12 ratio.
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GPC traces of target SICPE ((salen)Cr(lll) catalyst/1 ratios 1/100), the copolymers 2 and 3 ((salen)Cr(Ill)

catalyst/1/comonomer ratios 1/100/100), PSO and PEG 2000.
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temperature [°C]
DSC measurement of pure PSO.
—— PEG 2000
T,=43°C
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DSC measurement of pure PEG 2000.
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7.4.6 Sodium solid-state battery

0=s=0
> NS

IH-NMR of sodium sulfonate SICPE.
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List of abbreviations

8. List of abbreviations

1-((4-(oxirane-2-yl)phenyl)sulfonyl)-1H-pyrrole (1)
acetonitrile (MeCN)

activated chain-end (ACE)

activated monomer (AM)

argyrodite-type Li6PS5X (LPS)
all-solid-state-batteries (ASSBs)

argyrodite-type Li6PS5X (LPS)

atom transfer radical polymerization (ATRP)
N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamino (salen)
bis(2,2,2-trifluoroethyl) carbonate (HFDEC)
bis(triphenylphosphine)iminium chloride (PPNCI)
brominated poly(phenylene oxide) (BPPO)
n-buthyllithium (n-BulLi)

copolymers of PVDF and hexafluoropropylene (PVDF-co-HFP)
coupling constant (J)

cyclic voltammetry (CV)

density functional theory (DFT)

diethylene carbonate (DEC)

differential scanning calorimetry (DSC)

diffusion ordered (DOSY)

B-diimine (BDI)

dimethylcarbonate (DMC)
4-dimethylaminopyridine (DMAP)

dimethyl sulfoxide (DMSO)

electrochemical impedance spectroscopy (EIS)
electronic vehicle (EV)

electrospray ionization mass spectrometry (ESI-MS)
enantiomeric excess (ee)

energy-dispersive X-ray (EDX)

equivalents (eq.)

ethylene carbonate (EC)

ethylene oxide (EO)

B-fluorinated sulfone (TFPMS)
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fluorosulfonyl isocyanate (Fl)

Fourier-transform infrared (FT-IR)

gel permeation chromatography (GPC)

glass transition temperature (Tg)

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
lithium hydroxide (LiOH)

lithium-ion battery (LIB)

lithium oxalate polyacrylic acid borate (LiIOPAAB)
lithium poly (perfluoroalkylsulfonyl)imide (LiPFSI)
lithium poly (4-styrenesulfonyl(trifluoromethylsulfonyl)imide) (LiPSTFSI)
lithium poly(4-vinylphenol)phenolate borate (LiPVPPB)
LiFePO, (LFP)

LiNio.8Coo.15Al0.0s02 (NCA)

LiNio.76Mn0.14C00.1002 (NMC)

LiMn,04 (LMO)

LizoGeP,S1, (LGPS)

Li;LasZr,01, (LLZO)

LiskLa(z/3)-xV'(1/3)-2xTi03 (LLTO)

LizxAlcTio—x(POa)3 (LATP)

LiA,"Y(PO4); (with AV =Ti, Zr, Ge, Hf) (NASICON)
LiysAlo.sGe15(PO4)s (LAGP)

LiPO,N; (LiPON)

meta-chloroperoxybenzoic acid (m-CPBA)

melting temperature (Tm)

methanol (MeOH)

methyl methacrylate (MMA)

N-methylpyrrolidine (NMP)

melting temperature (Tm)

nuclear magnetic resonance (NMR)

poly (acrylonitrile) (PAN)

poly (2-acrylamido-2-methylpropanesulfonic acid) (LiPAMPS)
polyethylene (PE)

poly (ethylene glycol) diglycidyl ether (PEG 2000)
poly ethylene glycol (PEG)

poly ethyleneimine (PEI)
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poly ethylene oxide (PEO)

poly[ethylene oxide-co-2-(2-methoxyethoxy)ethyl glycidyl ether] (PEO/MEEGE)
poly(ethylene terephthalate) (PET)

potassium hydroxide (KOH)

poly (lactic acid) (PLA)

poly (lithium acrylate) (PLA)

poly (lithium vinylsulfonate) (PLVS)

poly(lithium sorbate) (poly(Li-Sorb))

poly (methyl methacrylate) (PMMA)

propylene carbonate (PC)

poly propylene (PP)

propylene oxide (PO)

poly propylene oxide (PPO)

poly 2-((propionyloxy)-methyl) lithium acrylate graft PEG950 (PPMALi-g-PEG950)
poly styrene (PS)

poly (styrene oxide) (PSO)

poly (vinyl chloride) (PVC)

poly vinylidene fluoride (PVDF)

poly (vinylpyrrolidone) (PVP)

reversible addition-fragmentation chain transfer (RAFT)
ring-opening-polymerization (ROP)

scandium(lll) triflate (Sc-triflate)

single ion-conducting polymer electrolyte (SICPE)
sodium hydroxide (NaOH)

sodium hydride (NaH)

solid electrolyte interface (SEl)

solid polymer electrolyte (SPE)

styrene oxide (SO)

tetrahydrofuran (THF)

tetramethylene sulfone (TMS)
N,N,N’,N’-tetramethylethylenediamine (TMEDA)
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
tin(ll) 2-ethylhexanoate (Sn(Oct)2)

titanium isopropoxide (Ti(QiPr)4)

thermogravimetric analysis (TGA)
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List of abbreviations

thin layer chromatography (TLC)
thio-lithium ion superconductors (LiSICONSs)

ultraviolet-visible (UV-Vis)
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Figure 1: Overview of global market shares based on the top 10 battery-only and plug-in hybrid (battery
can be additionally charged via combustion engines) EV producers in the first half of 2023; Chinese

vendors: BYD Auto, SAIC Motors, Geely, GAC Group.

Figure 2: Milestones in the development of the first commercialized LIB by Sony.!*®!

Figure 3: General merits of polymers that make them attractive candidates for battery application.

Figure 4: General set-up of a liquid LIB!*¥ during the discharge process, consisting of a negative anode
(here: graphite), a positive cathode (here: LiCo02), a liquid electrolyte (here: cyclic carbonate) with a

dissolved salt (here LiPF6), and a porous, polymeric separator.

Figure 5: SEl formation between the negative electrode and the non-aqueous electrolyte in a LIB during
the first cycling; the electrolyte decomposes to yield liquid electrolyte decomposition products; the
added salt decomposes as well and produces, for example, LiF (in the case of LiPF¢ as conductive

salt).[8% 84

Figure 6: Conventional liquid electrolytes for LIBs; left: cyclic (EC and PC) and linear carbonates (DMC
and DEC); right: sulfones (tetramethylene sulfone (TMS) and 8-fluorinated sulfone (TFPMS)), isocya-
nates (fluorosulfonyl isocyanate (Fl)), fluorinated carbonates (bis(2,2,2-trifluoroethyl) carbonate

(HFDEC)), and dinitriles (CN(CH2),CN)).%%4

Figure 7: Lithium-salt examples for the usage in LIBs, classified in perchlorate, fluoro-type salts, and

perfluorinated salts.

Figure 8: Separator classes that are used in LIBs; classification into microporous polyolefins (PE, PP),
microporous heterochain polymers (BPPO, PS-PP blend, PET-PP blend), non-woven (glass fibers, cellu-

lose) separators.

Figure 9: Overview of polymer application fields in LIBs: polymers as porous separators between the

electrodes, redox-active material/conductive-polymer/polymeric binder as cathode additives.

Figure 10: Chemical structures of established conjugated polymers used in LIBs as cathode additives;

from left to right: PANI, PPy, PTh, PEDOT.

Figure 11: Schematic representation of a lithium-sulfur battery and its components.
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Figure 12: Overview of applied organosulfur polymers in lithium-sulfur batteries, categorized into four

main groups.

Figure 13: Schematic representation of a lithium-air battery and its components.

Figure 14: Unstable (PAN, PVC, PVDF, PVDF-co-HFP, PVP), stable (PMMA, PTFE, Nafion), and semi-stable
(PEO) polymer types in lithium-air batteries; Instabilities are evoked due to the superoxide radical for-

mation during cycling.

Figure 15: Schematic representation of an organic radical battery and its component; left: mixed elec-
trodes (radical polymer/Li metal), right: uniform electrodes (only radical polymers as anode and cath-

ode).

Figure 16: Representation of the TEMPO redox behavior; oxidation leads to the oxoammonium cation

(left) and reduction to the aminoxyl anion (right); both reactions are reversible upon electron uptake.

Figure 17: Schematic representation of the uneven deposition of lithium on the lithium anode side;

continuous formation of lithium dendrites and “dead lithium”.[168!

Figure 18: Overview of the historical development of solid-state electrolytes.

Figure 19: Replacement of rechargeable, liquid LIBs against ASSBs; Transition from LIB limitations to
higher energy and power densities by incorporating only solid components and lithium as anode ma-

terial.

Figure 20: Classification of the sulfidic electrolytes into the solid-state electrolyte overview. Sulfidic
electrolytes are composed of crystalline and amorphous sulfides, whereas the most important exam-

ples (thio-LiSICON, LGPS, LPS, Li,S-B,S3/SiS;) for the respective classes are listed.

Figure 21: Summary of advantages and disadvantages of sulfidic electrolytes for ASSB application.

Figure 22: Classification of the ceramic electrolytes into the solid-state electrolyte overview. Ceramic

electrolytes are composed of garnet-, perovskite-, NaSICON-, and glassy-type oxidic compounds.

Figure 23: Summary of advantages and disadvantages of oxidic electrolytes for ASSB application.
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Figure 24: Classification of the polymer electrolytes into the solid-state electrolyte overview. Polymer
electrolytes comprise polymer-salt complexes, gel polymer electrolytes, and composite polymer elec-

trolytes.

Figure 25: An assumed mechanism for the lithium-ion hopping through the PEO solid electrolyte: Five
oxygen atoms coordinate the cation by forming a pocket-shape, and then the lithium cation jumps from

one pocket to the next along the polymer backbone.

Figure 26: Schematic representation of the possible lithium migration pathways through PEO as a semi-
crystalline polymer; crystalline domains hinder the cation passing, and amorphous domains support

the movement.

Figure 27: PEO-copolymer types with A = soft, ion-conducting fragment and B = hard, mechanically
stable fragment; left: A-B-type copolymer with A = PEO and B = PAN; right: B-A-B- type copolymer with
A =PEO and B =PS.

Figure 28: Structure of PEO/MEEGE macromolecule; PEO acts as the main backbone, and MEEGE is

covalently bonded as side chains to support the ion transport. [2°!

Figure 29: Changing ion transport from a dry solid polymer electrolyte to a swollen gelled one; The
swelling with liquids leads to a growing amount of amorphous polymer regions, building up augmented

percolation pathways for the lithium cation.?**!

Figure 30: Schematic overview of the two types of ceramic fillers in composite polymer electrolytes;

the active fillers participate in ion conduction; the passive fillers do not participate.

Figure 31: Schematic representation of the filler influence on the ion transport inside of a composite
electrolyte; left: ion percolation pathway formation at small filler contents; right: destroyed ion perco-

lation pathways after the agglomeration of filler particles at high filler contents.

Figure 32: Schematic representation of the main goals that SICPEs are aiming for hindering anion move-
ment through the polymer electrolyte, improvement of lithium-ion transport, and optimization of lith-

ium salt dissociation.

Figure 33: Overview of commonly used polyanions for ASSBs categorized into four groups: carboxylate
(PLA, Poly (Li-Sorb))-, sulfonate (LiPAMPS, PLVS)-, sulfonyl imide (LiPSTFSI, LiPFSI)-, and borate (Li-
OPAAB, LiPVPPB)-based.
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Figure 34: SICPE copolymers based on different copolymer frameworks; left: A-B-type Li(PSTFSI-co-
MPEGA); right: B-A-B-type P(STFSILi)-b-PEO-b-P(STFSILi).

Figure 35: Structure of a potential anion receptor as an alternative to polyanion-based SICPEs.

Figure 36: Schematic comparison of dual ion-conducting and single ion-conducting polymer electro-
lytes (SICPEs); left: anions and cations can move through the polymer electrolyte; right: anions are

immobilized on a polymer matrix, only the lithium cations migrate through the electrolyte.

Figure 37: Structure of the target SICPE, combining a sulfonate-based SICPE and a flexible PEO-back-

bone, and its respective monomer structure, proposed via retrosynthesis.

Figure 38: Overview of the working packages that are in the scope of this work to achieve the target
SICPE; three different approaches are presented, starting from varying initial points (the herein-de-

signed monomer, alternative monomers, or styrene oxide (SO)).

Figure 39: 'H-NMR spectrum of standard DMDO experiment (taken from raw material, not purified);

comparison of vinyl sulfonate *H-NMR signal against epoxide signal gives a ratio of B converted to 1.

Figure 40: 'H-NMR spectrum of standard DMDO experiment with new reaction conditions (taken from
raw material, not purified); undetermined signal appearance in the region from 10.5 to 9.94 ppm and

3.95t0 2.76 ppm.

Figure 41: Structure of (salen)Mn(lll) catalyst developed by Jacobsen et al.

Figure 42: Simplifying the geometry of 1 to model its ROP behavior with already established epoxides
like EO, PO, or SO.

Figure 43: Structural overview of non-transition-metal-based catalysts that are applied for the ROP of

1; alkyl-initiator n-Buli, Lewis acid (AlEts), hydride initiators (NaH), and organobase catalyst (t-BuPy).

Figure 44: Chemical structures of the organobase t-BuP..

Figure 45: Structural overview of transition-metal-based catalysts that are applied for ROP of 1.

Figure 46: 'H-NMR spectra of the polymerization approaches with Sn(Oct),, (Ti(O'Pr)s, Sc-triflate, and
(salen)Cr(lll) catalyst; the *H-NMR spectrum of 1 is also set as a reference to monitor the development

of epoxide to polyether signals.
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Figure 47: Schematic representation of the structural tolerance that (salen)-based catalysts offer due

to a variable ligand constitution.

Figure 48: 'H-NMR spectra of the polymers that result from different (salen)Cr(Ill) catalyst to 1 ratios
(1/10,1/50, 1/100, 1/200); from 8.00 to 7.30 ppm aromatic proton signals of the benzene moiety; from
7.20 to 6.15 ppm proton signals of the sulfonamide functional group; from 5.40 to 3.00 ppm proton

signals of the polyether backbone.

Figure 49: 'H-NMR spectra of the post-polymerization modification with KOH in EtOH; top: proton sig-

nals of reaction solution; bottom: proton signals of precipitated solid during reaction.

Figure 50: Schematic representation of the procedures going on during the deprotection of the sulfon-
amide; the parts of the polymer where the moieties with the free sulfonyl groups sit are much more

polar than the polymer parts with the attached sulfonamide.

Figure 51: 'H-NMR spectra related to the post-polymerization functionalization of the homopolymers
of 1 by adding elemental lithium in MeOH; top: *H-NMR of the homopolymer before post-polymeriza-
tion functionalization; middle: *H-NMR of crude product directly after the post-polymerization func-

tionalization; bottom: *H-NMR purified deprotected homopolymer after dialysis.

Figure 52: "Li-NMR of different (salen)Cr(lll) catalyst/1 ratios (1/10, 1/50/, 1/100, 1/200) of the homo-

polymers after post-polymerization functionalization; LiCl is added as an internal reference.

Figure 53: FTIR-spectra of the homopolymer of 1 ((salen)Cr(lll) catalyst/1 ratio of 1/100) before and

after post-polymerization functionalization.

Figure 54: 'H-NMR spectra of PSO before and after the treatment with chlorosulfonic acid; before post-
polymerization functionalization, clean signals of PSO are observed; after the treatment with acid, the

signals are split in various signals.

Figure 55: Proposed alternative monomer structures that present different anionic structure motifs in

comparison to 1.

Figure 56: H-NMR of the crude product of the epoxidation reaction of monomer B.

Figure 57: TGA measurements of the protected homopolymers of 1 for different (salen)Cr(lll) catalyst/1

ratios (1/10 (yellow line), 1/50 (dark blue line), 1/100 (green line), 1/200 (light blue line)) in comparison
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to PEO (M, = 5 kg mol™; grey line) and 1 (black line); orange lines depict the DTG of the respective
(salen)Cr(lll) catalyst/1 ratios. Every sample is heated from 25 to 1000 °C with a heating rate of

10 K mint under synthetic air.

Figure 58: TGA measurements of deprotected homopolymers for different (salen)Cr(Ill) catalyst/1 ra-
tios (1/10 (yellow line), 1/50 (dark blue line), 1/100 (green line). 1/200 (light blue line)); orange lines
depict the DTG of the respective (salen)Cr(lll) catalyst/1 ratios. Every sample is heated from 50 to 700 °C

with a heating rate of 10 K min™ under argon.

Figure 59: DSC measurements of the protected homopolymers of 1 for different (salen)Cr(lll) catalyst/1
ratios (1/10 (yellow line), 1/50 (dark blue line), 1/100 (green line), 1/200 (light blue line)) depicting the

second heating cycle in an interval of 50 to 90 °C at a heating rate of 10 K min in a non-hermetic setup.

Figure 60: DSC measurements of deprotected homopolymer of 1 for different (salen)Cr(lll) catalyst/1
ratios (1/10 (yellow line), 1/50 (dark blue line), 1/100 (green line), 1/200 (light blue line)) depicting the

second heating cycle in an interval of -30 to 90 °C at a heating rate of 10 K min™ in a hermetic setup.

Figure 61: XRD-diffractograms of the homopolymers of 1 before and after post-polymerization func-
tionalization; diffractograms are normalized to their maxima and referenced to the blank measurement

of the background.

Figure 62: Comparison of structure 1 with the comonomers SO and PEG 2000, used as comonomers in

the copolymerization formation.

Figure 63: Structural overview of the target SICPE and the resulting copolymers that are received via

copolymerization with SO and PEG 2000.

Figure 64: FTIR-spectra of target SICPE (green line) as well as the copolymers 2 (light blue line) and 3
(dark blue line) measured under ambient conditions in a range of 500-4000 cm'%; as a reference, the

vibrational modes of pure PSO and PEO 2000 are incorporated.

Figure 65: DOSY-NMR spectra of the target SICPE and the copolymers 2 and 3; the aromatic protons

are marked in blue, the aliphatic protons are marked in green.

Figure 66: TGA measurements of target SICPE (green line) and copolymer 2 (light blue line) and 3 (dark

blue line); for comparison reasons, the TGA curves of pure PSO (black line, small dotted) and pure PEO
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2000 (black line, wide dotted) are added; Every sample is heated up from 50-600 °C with a heating rate

of 10 K min under argon.

Figure 67: DSC measurements of target SICPE (green line) and copolymer 2 (light blue line) and 3 (dark
blue line), depicting the second heating cycle in an interval of -50-100 °C at a heating rate of 10 K min"

1in a hermetic setup.

Figure 68: Basic coin cell setup for EIS measurements when integrating a polymer film as a solid elec-

trolyte.

Figure 69: Nyquist plot and determination of Ex based on the EIS measurements of the target SICPE

((salen)Cr(lll)catalyst/1 ratio of 1/100); polymer films are processed in water via drop casting.

Figure 70: lllustration of the potential mode of operation that DMSO executes in its function as polymer

electrolyte swelling agent.

Figure 71: Nyquist plots of target SICPE and the copolymers 2 and 3 after swelling the polymer films
with 10 wt% of dry DMSO.
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Scheme 1: Sketch of the three-step synthesis to achieve 1; the three steps exhibit chlorosulfonation,

protection and elimination, and epoxidation.

Scheme 2: Reaction mechanism for the chlorosulfonation of 2-bromoethylbenzene, yielding para-sul-

fonyl substituted A.

Scheme 3: Reaction mechanism for the formation of B, involving a protection group strategy and the

generation of a vinylic double bond via elimination.

Scheme 4: Schematic reaction mechanism for a [2+1] cycloaddition.

Scheme 5: Transfer of various functional groups in their oxidized form via epoxidation with DMDO.
Scheme 6: Finalized reaction pathway for the three-step monomer synthesis of 1.

Scheme 7: Schematically representation of the ROP of 1 forming a polyether backbone.

Scheme 8: Mechanism of anionic ROP for EO, using alkali metal compounds as initiators; the ROP is

divided into three steps (initiation, propagation, termination step).
Scheme 9: Two different cationic ROP mechanisms: ACE- and AM mechanisms.

Scheme 10: Reaction mechanism for the coordinative anionic ROP of a cyclic, three-membered ring
and depiction of commonly used catalyst for this type of polymerization; the process can be described

as coordination-insertion mechanism.

Scheme 11: Lewis acid supported ROP of EO; AlR3 (with R = alkyl substituent) as Lewis acid precoordi-

nates the epoxide, forms an “ate” complex and enables an activated monomer pathway.

Scheme 12: Mono-, bimetallic, and binary initiation mechanism for the ROP of EO via (salen)catalyst

support.
Scheme 13: Bulk ROP of 1 catalyzed by the (salen)Cr(lll) catalyst at 115 °C for 3 days.

Scheme 14: Schematic execution of the sulfonamide cleavage, generating a free amide and a free sul-

fonyl group bound to the benzene unit.
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Scheme 15: Basic conditions supporting the cleavage of the sulfonamide bond between sulfur and ni-

trogen.

Scheme 16: Proposed mechanism for generating the free lithium sulfonate via post-polymerization

functionalization with in situ formed lithium methanolate.

Scheme 17: Schematic representation of a potential post-polymerization functionalization of PSO in-

volving chlorosulfonation and accessing the lithium sulfonate moiety.

Scheme 18: Possible synthesis concept including all reaction steps towards forming monomer A.

Scheme 19: Possible synthesis concept including all reaction steps towards the formation of monomer

B.
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Table 1: Overview of the applied epoxidation reagents and the relative yields of 1.

Table 2: Executed parameter variations in the epoxidation of B with DMDO and their reaction out-
comes; the ratio of B/1 is calculated based on the 'H-NMR signals of the respective non-purified reac-

tion mixtures.

Table 3: Parameter screening of the catalytically supported epoxidation of B by utilizing 4 mol% of

(salen)Mn(lll) Jacobsen catalyst.

Table 4: ROP of 1 with four transition-metal-based catalysts; parameter variation is mainly focused on
the examination in solution or bulk; conversion of 1 is determined based on the *H-NMR signals of the

polyether functionality in comparison to the distinct epoxide signals.

Table 5: GPC-data for the ROP of 1 with varying (salen)Cr(lll) catalyst to monomer ratio (1/10, 1/50,
1/100, 1/200) in bulk at 115 °C for 3 days.

Table 6: Parameter variation in relation to the post-polymerization modification of the homopolymer

of 1 with KOH as a cleaving reagent.

Table 7: Parameter variation during the post-polymerization functionalization of PSO with sulfuric acid;
the amount of added PSO and the reaction temperature of 60 °C are kept constant in all experiments;

the starting conditions are marked in blue.

Table 8: Overview of the Tcs and Tgs of the homopolymers of 1 before and after post-polymerization

modification.

Table 9: GPC-analysis of a homopolymer of 1 ((salen)Cr(lll)catalyst/1 ratio of 1/100) in comparison to
the copolymers 2 and 3 ((salen)Cr(lll) catalyst/1/comonomer ratio of 1/100/100); homopolymerized
PSO and PEG 2000 are added as a reference.
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