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Abstract

Abstract

Batteries are of crucial importance with regard to the electrification of our society with a multitude
of mobile electrical devices. Lithium batteries in particular have been of focus in research due to
their high performance and long life. However, the comparatively high raw material costs of lith-
ium are a major disadvantage, especially in the ongoing electrification of our society, which is
why the development of alternative and potentially, cheaper batteries is required. One possible
alternative are magnesium batteries, due to the significantly higher availability of inexpensive
magnesium compared to lithium. Nevertheless, rechargeable magnesium batteries often contain

corrosive, toxic, liquid and volatile electrolytes, which are a safety concern.

One solution involves the utilization of polymer electrolytes instead of commercial small mole-
cule liquid electrolytes, a strategy that has already been successfully applied to lithium batteries.
However, the low-cost availability, excellent mechanical properties and good mechanical pro-
cessability are still opposed by low cycling stability, moderate magnesium ion conductivities and
high deposition potentials. Significant solutions are already known for lithium batteries and in-
clude plasticizers, additives in addition to polymer blends as well as single-ion conductors and
polymer-in-salt electrolytes, however, have not been adopted in all cases to magnesium batteries.

Therefore, this dissertation deals with different design approaches and synthesis of self-standing
polymer electrolytes along their characterizations with respect to ion coordination, ion conduc-

tivity and magnesium metal electrode compatibility.

In the first chapter, a library of self-standing, crosslinked single-ion electrolytes based on borates
and a poly(ethylene oxide)-based (PEO-based) copolymer was prepared. Parameters were opti-
mized to high ionic conductivity with respect to monomer ratio, molecular architecture, plasticizer
and PEO chain length. Based on the best system, different magnesium-lithium hybrid electrolytes
were prepared, in which magnesium ions were partially exchanged for lithium ions. A complex,
current-dependent, magnesium deposition and uptake behavior was observed. These observations
were interpreted in the context of ion dissociation, crystallinity and ion conductivity and provided

reduced plating and stripping potentials for hybrid electrolytes in magnesium batteries.

In the second chapter, a library of polymer electrolytes with anion receptors, as an alternative to
single-ion electrolytes were prepared. For this purpose, two new borate-based monomers with
mono- and difluoro aromatics were developed and copolymerized with poly(ethylene glycol)

methacrylate (M, =500 g mol™). The architecture, monomer ratio and salt concentration were
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optimized for ionic conductivity and mechanical stability. The interaction of the newly degranu-
lated anion receptors was then considered by varying the cations, Mg?* and Li*, as well as the
anions, bis(trifluoromethanesulfonyl)imide anion (TFSI) and perchlorate anion (ClO4). The salt
especially the anion interactions and consequently the electrochemical properties are mainly de-
termined by the electrical properties of the receptor. Therefore, an increasing interaction for the
monofluorinated polymer electrolyte was observed as successful anion receptor.

In the third chapter, electrochemical and mechanical properties were investigated as a function of
two opposing magnesium salts in an aliphatic polycarbonate. In addition to the commercial and
established Mg(TFSI)2, Mg(B(HFIP).),, which has already been used in the literature in cyclic
stable magnesium batteries, was also explored. A transformation from a salt-in-polymer electro-
lyte to a polymer-in-salt electrolyte was demonstrated by rheological and spectroscopic measure-
ments for Mg(B(HFIP)4). at high salt concentrations up to 40 mol%. The polymer-in-salt electro-
lyte was characterized by a significantly increased ionic conductivity and high mechanical
elasticity. It was shown that the concentration of the salt at which the transition to the polymer-
in-salt electrolyte occurs is clearly dependent on the properties of the salt and its polymer coordi-

nation.

In summary, trends and interrelationships of polymer electrolytes, single ion electrolytes and
magnesium-lithium hybrid electrolytes for magnesium accumulators were discussed and classi-
fied. This is of special interest, as the development of lithium-free energy storage systems is nec-

essary due to the limited amounts of raw materials and increasing demand.



Zusammenfassung

Zusammenfassung

Akkumulatroren sind von entscheidender Bedeutung hinsichtlich der Elektrifizierung unserer Ge-
sellschaft mit einer Vielzahl an beweglichen elektrischen Geraten. Insbesondere Lithiumakkumu-
latoren standen im Fokus der Forschung, da diese (ber eine hohe Leistung und Lebensdauer ver-
flgen. Die vergleichsweisen hohen Rohstoffkosten fur Lithium sind jedoch von grof3em Nachteil,
insbesondere im Bereich der fortschreitenden Elektrifizierung unserer Gesellschaft, weshalb die
Entwicklung von anderen, gunstigeren Akkumulatoren im Vordergrund steht. Eine mogliche Al-
ternative sind Magnesiumakkumulatoren, aufgrund der deutlich htheren Verfugbarkeit von kos-
tengunstigem Magnesium im Vergleich zu Lithium. Wiederaufladbare Magnesiumakkumulato-
ren beinhalten des Weiteren in vielen Fallen korrosive, giftige, fliissige und fllichtige Elektrolyte,
welche dem Sicherheitsaspekt gegentiberstehen.

Ein Losungsansatz, beinhaltet Polymerelektrolyte anstelle der kommerziellen Flissigelektroly-
ten, eine Strategie, die bereits erfolgreich in Lithiumakkumulatoren angewandt worden ist. Die
kostengtinstige Verfligbarkeit, herausragenden mechanischen Eigenschaften und gute Verarbeit-
barkeit stehen jedoch weiterhin einer geringen Zyklenstabilitat als auch moderaten Magnesium-
lonen lonenleitfahigkeiten und hohen Abscheidungspotentialen gegentiber. Dazu gehdérige Lo-
sungsansétze sind bereits fir Lithiumakkumulatoren bekannt und umfassen neben Weichma-

chern, Zusétzen und Polymer-Mischungen auch Einzel-lonen Leiter und Polymer-in-salz Elekt-
rolyte.

Daher beschaftigt sich diese Dissertation mit verschiedenen Ansatzen und Synthese von selbst-
stehenden Polymerelektrolyten und deren Charakterisierungen hinsichtlich lonenkoordination,

lonenleitféhigkeit und Magnesium Elektroden Kompatibilitat.

Im ersten Ansatz wurde eine Bibliothek selbststehender, quervernetzer Einzel-lonen Elektrolyte,
basierend auf Boraten und einem PEO-basiertem Copolymer hergestellt. Hierbei wurden die Pa-
rameter hinsichtlich des Monomer Verhaltnisses, der Architektur, Weichmacher und PEO-Ket-
tenldnge optimiert. Basierend auf dem besten System wurden unterschiedliche Magnesium-L.i-
thium Hybrid Elektrolyte hergestellt, in denen teilweise Magnesium lonen gegen Lithium-lonen
ausgetauscht wurde. Dabei deutete sich ein komplexes, Stromstérken abh&ngiges, Magnesium
Abscheidungs- und Aufnahme verhalten ab. Diese Beobachtungen wurden in Zusammenhang mit
der lonendissoziation, Kristallinitdt und lonenleitfahigkeit interpretiert und liefern wichtige Er-

kenntnisse zu Einzelionenleitern und Hybridelektrolyten fiir Magnesiumakkumulatoren.



Zusammenfassung

Im zweiten Ansatz wurde eine Bibliothek feststehende Polymerelektrolyte mit Anionrezeptoren,
als Alternative zu Einzel lonen Elektrolyten hergestellt. Dazu wurden zwei neue auf Boraten-
basierte Monomer mit mono- und difluorierten Aromaten entwickelt und mit PEGMA zu Kamm-
polymeren polymerisiert. Die Architektur, Monomer Verhéltnisses und Salzkonzentration wurde
hinsichtlich ihrer lonenleitfahigkeit und mechanischen Stabilitat hin optimiert. Die Wechselwir-
kung der neu designten Anionrezeptoren wurde daraufhin betrachtet, indem die Kationen, Mg?*
und Li*, als auch die Anionen, TFSI- und CIO4, variiert wurden. Die Salz- und insbesondere
Anionen-Wechselwirkungen und damit einhergehend die elektrochemischen Eigenschaften sind
hauptséchlich bedingt durch die elektrischen Eigenschaften des Rezeptors. Daher wurden wich-
tige Erkenntnisse beztglich Anionenrezeptoren in Magnesiumakkumulatoren und deren Design
geleistet.

Im dritten Ansatz wurden elektrochemische und mechanische Eigenschaften in Abhangigkeit von
zwei gegensétzlichen Magnesiumsalzen in einem aliphatischen Polycarbonat untersucht. Hierzu
wurden neben dem kommerziellen und etablierten Mg(TFSI), auch Mg(B(HFIP).). verwendet,
das in der Literatur bereits in zyklenstabilen Magnesiumakkumulatoren Anwendung fand. Dabei
wurde eine Transformation von einem Salz-in-Polymer Elektrolyten zu einem Polymer-in-Salz
Elektrolyten mittels rheologischer und spektroskopischen Messungen fur Mg(B(HFIP).). bei ho-
hen Konzentrationen nachgewiesen. Das Polymer-in-Salz Elektrolyte zeichnete sich dabei durch
eine deutlich erhohte lonenleitfahigkeit und hoher mechanischer Elastizitat aus. Hierbei wurde
gezeigt, dass die Konzentration des Salzes, an dem der Ubergang zum Polymer-in-Salz Elektro-
lyten stattfindet, deutlich von den Eigenschaften des Salzes und dessen Polymer Koordination

abhangig ist.

Zusammenfassend wurden Trends und Zusammenhange von Polymer Elektrolyten, Einzel-lonen
Elektrolyten und Magnesium-Lithium Hybrid Elektrolyten fur Magnesiumakkumulatoren disku-
tiert und eingeordnet. Dies ist von gesondertem Interesse, da die Entwicklung von Lithium-freien
energiespeichern auf Grund der begrenzten Rohstoffmengen und steigendem Bedarf notwendig

ist.

Vi
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Introduction

Introduction

1.1 Lithium-Ion batteries

The increasing demand for electrical energy as power source for portable electronics, such as
phones, electric vehicles (EVs), requires power storage in small, portable units.>? Because of their
high energy density, batteries based on “Galvanic cells” remain a key technique compared to other
more pioneer approaches like solar panels or hydrogen fuels.®# Lithium-ion batteries (LIBs) are
the most common batteries since Sony corporation introduced their LIBs in the 1990.3°

LIBs distinguish through a high cycle stability, high gravimetric capacity of about 300 Wh kg
and high potential.® Thus, the demand for LIBs in particular for EVs is increasing substantially
since 2000s. In 2017 the number of sold EVs in the world increased about 50% to about 1.1
million and is expected to further increase to 2030.”® The working principle of LIBs initially
described by Allessandro Volta in the eighteenth century.® LIBs are constructed by three main
components anodes, cathodes and electrolyte in between those but could also include separators

(Figure 1).
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Figure 1:Schematic illustration of the working principle of LIBs.

During the discharge process lithium cations are shuttling from the anode through the electrolyte

and separator to the cathode, whereas in the charging process the lithium cation moves from the
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cathode to the anode. To maintain electrical neutrality, electrons move contrary to the lithium
cations through an external circuit at the same time. Therefore, the electrolyte has to be only an
ionic conductor but not an electrical conductor. The driving force of a battery is related to the

potential differences between the anode and cathode.°

Today’s most common anodes are graphite and LisTisO12 (LTO), whereas for cathode materials
LiCoO; (LCO), LiMn;0O4 (LMO), LiFePO4 (LFP), Li(NixMnyCo1.xy02) (0 <x<1, 0<y<1 and
X +y <1) (NMC) and lithium metal oxides (LMO,) and (LMO) were established.'**? Theoreti-
cally, the anode material with the highest theoretical capacity (3860 mAh g?) is metallic lithium,
expressing an increased energy density compared to graphite.® Another benefit would be the
Kinetic stability of lithium in aprotic electrolytes by the formation of a solid electrolyte interphase
(SEI) on the surface. The SEI is a degradation product of lithium and the electrolyte with ideally
permeable Li* properties.’* Nevertheless, the formation of random dendritic growth throughout
the cycling process is a major drawback because the dendritic growth can connect anode and
cathode when penetrating the separator, which leads to short curcuits.*® This dendrite growth can
be supressed by either surface modifications or solid electrolytes by its mechanical stability
(SEs).16-18

Established electrolytes generally consist off an aprotic organic solvent, for example ethers, car-
bonates or esters and a lithium source.'® While they perform with high ionic conductivities, dis-
advantages include poor capacity efficiency, dendritic morphology, toxicity and low boiling
point.2> On one hand, the limited safety of LIBs are major drawbacks. On the other hand, the
limited abundance of lithium limits LIBs future applications, due to the increasing demand of
low-cost batteries. In order to achieve wide scale vehicle electrification, post-lithium materials

get in focus of researchers including potassium, sodium or magnesium batteries.?2®
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1.2 Magnesium-Ion batteries

After Gregory et al. constructed a Mg||Cu battery, ongoing research activities focus on magne-
sium-ion batteries (MIBs) as an alternative to their lithium-based counterparts.?* The higher abun-
dancy of magnesium compared to lithium in the earth’s crust (approximately 2.1%, which is 104
times higher than of lithium metal) makes magnesium easier accessible at lower costs.? Further-
more, the redox process of Mg to Mg?* provides two electrons instead one compared to lithium.
This increases the theoretical capacity to 3866 mAh cm™ calculated equation Eq. 1, where n is
the numbers of electrons, F is the Faraday’s constant and M the molecular weight.
Q= 711\/1_1:361% Eq.1

Moreover, magnesium metal anodes provide less dendrite growth compared to lithium metal an-
odes, due to lower magnesium diffusion barriers.?® The potential of Mg vs. SHE is with -2.4 V
(lithium is -3 VV vs. SHE) higher than for other divalent metals as Zn or Al.?" Nevertheless, MIBs
drawbacks are the formation of passivation layers on the magnesium metal anodes and cathodes
surface by its reductive nature. The high potential for cathode de/-intercalation, and lower ionic
conductivity in electrolytes was mainly traced back to the small cation size and high charge den-

sity.?®

Magnesium anodes provides, similar to LIBs, the highest capacities and thus are the holy grail in
MIBs but are limited by the formation of a magnesium non-conductive passivation layer for many
solvent-magnesium salt systems.?® As for lithium metal anodes, magnesium metal anodes can
react with the salt-containing aprotic electrolytes, leading to decomposition products on the elec-
trode surface, which hinders a reversible magnesium plating and stripping.® In particular, the
formation of organic decomposition products seems to reduce the cycle abilities as indicated by
Dou and coworkers in 2021.3! They prepared an organic and inorganic rich magnesium surface
and tested them by constant current deposition experiments. To overcome the formation of pas-
sivation layer without pre-treatment Connor et al. investigated in 1957 Grignard-based electro-
Iytes, which showed deposition of metallic magnesium with limited thickness.®? Since then, Gri-
gnard reagents were known not to passivate magnesium electrodes, but to enable reversible
cycling.® In 2000, Aurbach et al. published a reversible plating stripping behaviour for a 2 M
BuMgCl in tetrahydrofuran (THF). In addition, a superior stripping plating behaviour for a 0.25
M Mg(Al:BuEt) in THF was found, constructing a reversible MIB with Mg||MgxMo03Ss (0 < x <

1) electrodes with a maximum capacity of 122 mAh g. Since then, various reversible MIBs based
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on Grignards and aluminiumorganyls have been reported.?®34 In 2008, reversible intercalation of
Mg?* into a Chevrel phase cathode (MgxMosSs) was reported for an PhMgCI),-AICl; electrolyte
in THF expressing 80% of the theoretical capacity.®® Although those systems enable reversible
magnesium de-/position, Grignard reagents and Lewis acids are less compatible with metallic
cases, which leads to corrosion.®® Further drawbacks are their high toxicity and reduced safety,
which limits their applications especially in mobile electrical devices.

Other approaches include MgCl, and/or other chlorine containing additives to enable reversible
cyclizations.®"*83° Doe et al. reported on a studied MgCl.-AICl; (2:1 ratio) electrolyte in dimethyl
ether (DME) coulombic efficiencies of 99% and deposition overpotentials of < 200 mV.%° Fur-
thermore, Lia et al. reported MgxMosSs cells with high reversible capacities and rate capabilities
with a MgCl,:Mg(HMDS).: THF electrolyte.* The addition of tetrabutylammonium chloride
(TBAC) was also found to improve the cycle stability to over 200 cycles at 0.5 mA cm2.%2 The
enhanced cycle stability was explained by the adsorption of ClI- on the anode surface, reducing
decomposition side reactions on the surface and within the growth of a passivation layer.** Fur-
thermore, Cl- anions support the intercalation of Mg?* into Chevrel phase cathodes by reducing
the activation barrier of the charge-transfer process.*

Although MgCl; is less corrosive than AICls-derivatives, chlorine-containing electrolytes still
suffer from safety aspects due to corrosion.*® Therefore, CI--free electrolytes were investigated.*6-
48 Borohydrides as additives or salts prevented surface passivation by their strong reductive na-
ture.?”*® As for the Grignard-based electrolytes, Connor et al. pioneered with Mg(BH.), in mag-
nesium electrolytes, where the deposited magnesium contained traces of boron (about 9 wt.%).%
An additional benefit is the overall weak interaction between Mg?* and BHs~ combined with a
high ion dissociation.®? Instead of THF, the ion interaction was suppressed with DME to enhance
the electrochemical performance.*® In 2022, Kristensen et al. reported ionic conductivities of 2.7
10 S cm™ at 45 °C for Mg(BH.).-1.5(CHs),CHNH, electrolytes with activation energies of E, =
122 eV.% Further boron-based electrolytes are organoborane and fluorinated organoborates
(Mg(B(HFIP4)2.*8 Mg(B(HFIP)4). was in focus due to its high ion dissociation but also high sta-
bility of B(HFIP)4 counter anion against metallic magnesium, indicated by theoretical calcula-
tions.®® In particular, Mg(B(HFIP).), was tested extensively against sulfur cathodes in magne-
sium-sulfur (Mg-S) batteries were high coulombic efficiencies and cycle stability were shown.*:52
Depending on the starting material such as Mg(BHa4). or MgBus, the synthetic process also seems
to have also an significant effect on the overall performance and reproducibility.*® For the alu-

minium homologous Mg(AI(HFIP).). a reversible Mg decomposition for over 50 cycles with high
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coulombic efficiencies were reported. Herein, its higher compatibility with water (1000 ppm)
were shown, although Mg(AI(HFIP)s), was reported to be more water instable than
Mg(B(HFIP),),.%3%

Other concepts for reversible magnesium plating/stripping are magnesium dual-salt or magne-
sium hybrid ion batteries (MHBSs), where in addition to a magnesium source Li* or Na* were
incorporated. Next to the magnesium deposition on the anode side, mainly lithium or sodium
deposition takes place on the cathode side (Figure 2).%° Hereby, the advancements of magnesium
metal electrodes, reduced dendrite growth and increased safety as well as lithium cathodes bene-
fits, such as fast reversible lithium re-/intercalation cathodes, were combined.> Magnesium-lith-
ium hybrid batteries (MLHBs) were tested with several cathode materials e.g. LiFePO4 by Yagi
etal. or TiS; by Yao et al..>"8 Furthermore, Du and coworkers reported a Mg||Cu cell setup with
Li(B(HFIP)4)./DME electrolyte that exhibited Li-species containing SEI on the magnesium anode
surface, enabling reversible stripping/plating.>® Further reports incorporated sodium for magne-
sium-sodium hybrid batteries (MSHBs).%° Disadvantages of magnesium hybrid batteries are the
large quantities of electrolyte that are needed to provide enough Li* and Mg?* during the redox
reactions.® In addition the anodic stability of the magnesium electrolyte was reduced as reported

for LiBH, in all-phenyl complex.®
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Figure 2: Schematic illustration of the working principle of a Mg-Li hybrid battery.

However, many employed electrolytes are liquid electrolytes, which typically are highly flamma-

ble organic aprotic solvents such as cyclic/aliphatic carbonates, short chain glycol ethers or
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aliphatic esters. This could lead, in case of battery demolition, to leaks and inherent dangers of
(bio)safety. To overcome those issues, alternative battery systems without flammable liquids e.g.,

solid electrolytes (SE) have been investigated and will be discussed in the following.

The first class of SE are ceramic oxides (AxMy(X0O.)s), chalcogenides or metal-organic frame-
works (MOFs) and polymer electrolytes (PEs).?® Sulaiman et al. reported for Mg(NO)2-xAl,03
and Mg(NO;).-xMgO composites Mg?* ionic conductivities of 4 10 and 10® S cm™.552 For a
NASICON-type conductor (MgxFH1-x)4a-2Nb(PO.). (0.05 < x < 0.3) ionic conductivities of 2.1
10 S cm at 400 °C were reported.®® Although some improvements could be achieved in the last
years, only moderate ionic conductivities at room temperature were determined, which limits the
application of such oxides. Replacement of oxygen with sulfur led to chalcogenides with a weaker
bonding strength between sulfur and magnesium and the larger atomic radius providing wider
migration tunnels compared to oxides.? While lithium-based chalgocinates exhibit an extreme
increase in ionic conductivity, only a moderate enhancement was detected for magnesium-based
materials. For example, MgSc.Se, was reported having an ionic conductivity of 10* S cm™ at
room temperature while having a migration barrier of about 370 mV.%

The second class, MOFs, are assembled materials formed by metal ion clusters coordinated to
organic compounds in one, two or three dimensions. The porous structure of MOFs may provide
high ionic conductivity for various ions.®® Dinca et al. investigated Cu(ll)-azolate MOFs coordi-
nated to halides or pseudohalide salts and reported a moderate Mg-ion mobility of 8.8 107 S cm-
1% Furthermore, the isolation of stoichiometric amounts of mobile Mg?* ions in one-dimensional
mesopores enabled a single-ion conducting approach. Nevertheless, MOFs show only low elec-
trochemical stability and strong ion pairing, which is still considered a major challenge to over-

come.

The third class of SE are polymer-based electrolytes. Here, usually magnesium salts are incorpo-
rated into a polymer matrix, which resulted in a good contact with the electrode surface due to its
high flexibility and an easy processability compared to liquid electrolytes.?”5” Their comparably
low costs and large electrochemical window makes polymer-based electrolytes an attractive al-
ternative to liquid electrolytes, ceramics and MOFs and will be further discussed in the following

chapter.5®
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1.3 Polymer electrolytes

Polymer electrolytes (PEs) are a well-established class of materials for LIBs and are of interest
for researchers over decades.®® Due to the limitations of LIBs, such as low abundance, dendrite
growth and reduced safety, PEs represents a potential alternative for MIBs because of their in-
creased safety.5” Polymer-based electrolytes for MIBs are classic salt-in polymer electrolytes con-
sisting of an uncharged polymer matrix with incorporated magnesium salts and feasible additives.
If the magnesium salt content is dominant in the polymer-based electrolyte (above 50 wt.%), it is
often called polymer-in-salt electrolyte (PISE) and differs in its ion conductivity mechanism.®
Another class are single-ion conductors (SICs), which are based on negatively-charged polymer
matrixes with Mg?* as cations. A schematic illustration of PEs, PISE and SICs is given in Figure
3 and will be discussed below.

Salt-in-polymer Polymer-in-salt Single-ion conductor
/\M W w oL w
® -"‘u‘ v - “"- - £ o e’ e b -

N~ o e b > P
LA - 0808 \ s AN
e -
salt-content »

@ =cation @ =mobile-anion  =immobilized-anion

Figure 3: Schematic illustration of salt-in-polymer electrolytes, single-ion conductors and polymer-in-salt electrolytes.
Reproduced with permission from ACS Omega, in press. Unpublished work copyright 2023 American Chemical So-
ciety.

1.3.1 Salt-in-polymer electrolytes

Salt-in-polymer electrolytes or (PES), consists in most cases of an uncharged polymer matrix with
incorporated magnesium source and can contain various additional additives, including plasticiz-
ers, ionic liquids (ILs) or fillers. Depending on the type of additives PEs can be classified by solid-
polymer electrolytes (SPEs), gel-polymer electrolytes (GPEs), gel-composite polymer electro-
lytes (GCPEs) or gel-gel-polymer electrolytes (GGPEs).%°° Classification beyond physical state

are additive or polymer structure related as schematically shown in Figure 4.
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Figure 4: Schematic representation of the classification of polymer electrolytes.

SPEs summarize typically additive-free PEs or PEs containing inorganic fillers, whereas GPEs
contains mostly IL, plasticizers or solvents. A comprehensive overview about their advantages
and disadvantages compared to liquid organic electrolytes (LOE) are given in Table 1.

Table 1: List of SPEs and GPEs properties compared to organic liquid electrolytes.

LOE GPEs SPEs

lonic conductivity High Medium low
Electrochemical stability Low Low High
Thermal stability Low Low High
Dimensional stability Low Medium High
Electrode surface contact High Medium Low

SPEs exhibit large electrochemical stability, thermal stability and safety, but are limited in regards
to ionic conductivity and electrode contact.”® GPEs have moderate ionic conductivities, dimen-
sional stability and interfacial contact but show insufficient thermal and electrochemical stability.
Lastly, organic liquid-based electrolytes (LOE) show comparable high ionic conductivity and

good electrode contact but are limited in safety aspects and thermal/dimensional stability.
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Therefore, the choice of electrolytes demands on the battery applications, but improved SPEs

have the potential for future applications.

Solid polymer electrolytes

Reports on additive-free SPEs include various synthetic polymers as PEG, polyvinyl alcohol
(PVA) and polyvinylpyrrolidone (PVP), respectively (Scheme 1).7%72

Ao, *\C/Nk *jj M N

R CFs
A OH  ox N
e n F F
FF
PEG PAN PMMA PVdF-HFP PVA PVP

Scheme 1: Polymer structure of selected synthetic polymers used as PEs in MIBs.

Natural biopolymers further extend the scope and were tested for MIBs, for example I-carragee-
nan, tamarind seed polysaccharide (TSP), pectin, cellulose acetate, methyl cellulose, chitosan and
agar.”®! In contrast to PEG, pectin was reported to have high ionic conductivities and moderate
t*Li. Kiruthika et al. reported for pectin with Mg(NOs). and MgCl; ionic conductivities of about
103 to 10* S cm? at RT and t*.; of about 0.3, respectively.’>” Alves and coworkers reported a
reversible magnesium de-/solvation, constructing a WOs||agar||CeO,-TiO- cell.®! independent on
synthetic or natural polymers. Therefore, the polymer matrix is not limited to a single polymer
but could also include polymer blends as well as copolymers. The polymers matrix ratios are used
to balance the ratio of ionic conductive and functional segments or to design dynamic inter-mo-
lecular forces, which enhance the electrolytes ionic conductivity.” Polymer blends can be pre-
pared from polyacrylonitrile (PAN), poly(3,4-etylenedioxythiophene) (PEDOT), corn silk extract
or poly(styrenesulfonate) (PSS).8288 Anilkumar and coworkers reported a reversible behavior
by incorporating Mg(NOs), in PVP and PEG, when using V205 or MnO, cathodes.®> The most
prominent copolymers is PVDF-HFP, due to its high ionic conductivity, which was reported to
be about 103 S cm™ at 80 °C.8° The high ionic conductivity was traced back to its high dielectric
constant, low crystallinity and glass-transition temperature.®”. An overview of publications, which
deals with additive-free SPEs and their reported ionic conductivity, transference numbers and cell

characteristics are given in Table 2.
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Table 2: Summary of additive-free SPEs in MIBs. Room temperature = RT, - = no parameters mentioned.

Polymer host Mg salt lonic Conductivity t'mg Cell characteristics References
[Scm]

PEO Mg(ClOa)2 1.42 10 - - 71

PEO MgCl2 = 10° (RT) - - 88

PEO Mg(NO3)2 1.34 10 - Discharge characteristics 89

Mg|iC

PEO Mg(ClO4)2 1.42 106 (25°C) - - 90

PEO Mg(ClOa)2 10— 10 (30°C) - - o1

PEO MgTf. = 10 (RT) - - 92

PVA Mg(AcO): 1.34 107 (30°C) - Discharge characteristics 93
Mg||(I2+C)

PVA MgTf2 5.4110* - - 94

PVA Mg(NO3)2 7.36 107 (30°C) - Discharge characteristics 95
Mg(12+C)

PVP MgSO4 1.05 10 (RT) - Discharge characteristics 96
Mg||(I2+C)

PEC Mg(TFSI)2 5.210° (90°C) - - 9

Mg(ClOa)2 6.0 106 (90°C)

I-carrageenan Mg(ClO4)2 2.18 1073 (30°C) 0.31  Discharge characteristics 8
Mg||MnO2

TSP Mg(ClOs)2 5.66 10 (RT) - - 9%

Pectin Mg(NO3)2 104 (RT) 0.29  Discharge characteristics £
Mg||MnO2

Pectin MgCl: 1.4 10 (RT) 0.31  Discharge characteristics 72
Mg||MnO2

Cellulose acetate Mg(ClO4)2 4.05 10 (RT) 0.31  Discharge characteristics 75
Mg||MnO2

Cellulose acetate Mg(NO3)2 9.19 10* (RT) 0.35  Discharge characteristics 4
Mg||MnO2

Cellulose acetate Mg(ClOa)2 7.79 10 (RT) - - 99

Methyl cellulose Mg(NO3)2 1.02 10* (RT) - - g

Chitosan MgTf2 =10 (RT) - - I8

Agar MgTf2 110 (30°C) - Reversibility of 81

WO3]|Ce0>-TiO>
PVdF- Mg(ClO4)2 1.6 10 (30°C) - - 87
HFP/PVAcC
PVdJF/PEO Mg(TFSI)2 1.210% (25°C) - - 100
PMMA:PVdF Mg(ClOs)2 1.89 10 - - 101

10
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Polymer host Mg salt lonic Conductivity t'mg Cell characteristics References
[Scm™]
PVAPVP MgCl. 9.358 10~ (/0°C) = = T0Z
PVA:PAN Mg(NO3)2 1.71 103 (RT) 0.30  Discharge characteristics 82
Mg||MnO2
PVA:PEO Mg(OAC): 7.44 108 (30°C) - Discharge characteristics 103
Mg]|(C+12)
PVA:PEO Mg(NO3)2 9.63 10% (30°C) - - 104
PVA:PAN Mg(ClO4)2 2.94 10" (30°C) - Discharge characteristics 105
Mg||MnO2
PVA:PAN MgCl. 1.01 103 (30°C) - Discharge characteristics 106
Mg|[MnO2
PVA:PVP Mg(ClO4)2 1.1 10 (30°C) - - 107
PVA:Corn Silk MgCl2 1.28 102 (30°C) 0.32  Discharge characteristics 84
Extracte Mg|IMnO2
PVA:PE- MgBr> 9.8 10 (RT) - - 8
DOT:PSS
PVP:PEO Mg(NO3)2 5.810* (RT) 0.33 Reversibility of 85
Mg||MgMn204
PVdF-HFP MgTf. ~ 1073 (80°C) - - 8
P(VdClI-co-AN- Mg(NO3): 1.6 10 (RT) 0.36  Discharge characteristics 108
co-MMA) V20s||[Mg and MnO2||Mg
P(VdCI-co-AN- MgCl2 1.89 10° (RT) - - 109
co-MMA)
PEGDE-(PEO-  Mg(TFSI)2, ~10% - - 110
PMA) MgTf,
Mg(ClOa)2
PPEGMAM-b- Mg(TESI). ~10*(60°C) - - 11
SPB

Due to the overall low ionic conductivity, additive-free SPEs were further improved by the addi-

tion of nanosized fillers, also called nanosized-composite polymer electrolytes (NCPES). The en-

hanced ionic conductivity of NCPEs was explained by the Lewis acid-base interaction between

the surface and the migrating ions, resulting in additional jumping sites and favorable ion motion

pathways.!*? In addition, a decrease in crystallinity and therefore glass-transition temperature (Tg)

was found, which decreased the activation energy for ion transport by segmental motion.*** Thus,

nanosized particles are more efficient than macroscopic particles.!** Reported NCPEs for MIB
applications are CeO, TiO2, MgO, Al,Os, SiO2, B,0s, V203, MgAl,04 and MgTiOs.1*12 Fillers

11
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can further be subdivided into active (e.g. TiO,) and passive fillers (e.g. MgO).14!* Hashmi and
coworkers reported an improvement of mechanical strength for both, active and passive filler, but
only a significant effect on t*wg for the active filler.*® Reversible charge and discharge experi-
ments were reported by Ponmani and colleague in 2020 for a PVdF-
HFP:PVACc:Mg(ClO4)2:MgTiO3 (69:23:8:6 wt.%) NCPE a transference numbers of 0.34.12* The
corresponding Mg||MoeSs cell performed with a high discharge coulombic efficiency of 98% after
40 cycles and with a first discharge capacity of 116 mA h g* at 0.5 C. Further NCPEs and their
performance in MIB applications is collected in Table 3.

Table 3: Summery of SPEs containing fillers in MIBs. Room temperature = RT, - = no parameters mentioned.

Filler Polymer host Salt a[Scm?]  thwg Cell Refs

characteristics

CeO2 PEO Mg(OAC):2 3.410° - Discharge characteristics 125
(30°C) Mg||(I2+C+electrolyte)

TiO; PEO Mg(OAC); 5.0110° - Discharge characteristics ~ 1?°
(30°C) Mg||(I.+C+electrolyte)

MgO PEO MgSO, 3.63107 - - 119
(RT)

MgO PVdF Mg(NOs);  1.04 10* - - 127

MgO PEO Mg(BH.), - - Intercalation/deintercala- 128

tion characteristics
Mg||MogSs

MgO PEO Mg(TFSI),  1.6710° 0.38 - 114

TiO, 1.5310° 0.37

SiO; 5.8610% 0.31

Al,O3 PVP MgCl, 1.22 10 - Discharge characteristics 7
(30°C) Mg||(I.+C+electrolyte)

AlLO3 PEO Mg(ClO4), ~105 - - 12

(30°C)

12



Introduction

Filler Polymer host Salt 6 [Scm?]  t'wmg Cell Refs

characteristics

B20s PEO MgCl, 7.16 10° - Reversibility of 13
(30°C) Mg[[MnO,
V203 Chitosan MgCl, 1.410% - Discharge characteristics 12
Mg|IMnO;
MgTiO3 PVdF- Mg(ClOy4), 5810° 0.34 Charge/discharge char- 124
HFP:PVAC (30°C) acteristics Mg||MogSs

Gel-polymer electrolytes

Due to their liquid character, GPEs exhibit higher ionic conductivities compared to SPEs. Liquid
non-charged organic compounds, known as plasticizers, or alternatively charged organic com-
pounds as IL, have been successfully incorporated (Scheme 2A). IL are characterized by strongly
delocalized cations and anions, which lead to a melting temperature (Trm) below room temperature.
Their advantages are the low flammability, negligible vapor pressure and wide electrochemical
window.*?® The most frequently used cation in IL is 1-ethyl-3-methylimidazol (EMI). Other ILs
as 1-butyl-3-methylimidazolium chloride (BmImCI),**® BmImBr,* choline nitrate,!*? tetrabu-
tylammonium chloride (TBACI),**13 N-butyl-N-methylpyrrolidinium bis(trifluoromethyl)sul-
fonylamide (MBPyrTFSI)®-1% and PEGlated N-methylpyrrolidinium bis(trifluoromethyl)sul-
fonylamide (MPEGPYrTFSI)'®* have also been studied. Other established anions are

bis(trifluoromethane sulfonyl)imide (TFSI) and bistrifluromethanesulfonate (Tf").

IL increases the PEs performance, by increasing the ion dissociation, on one hand and on the other
hand by reduceing the crystallinity.**® In 2009 Pandey and Hashmi reported a reversibly plating
and stripping process by cyclovoltammetry (CV) for a PVdF-HFP matrix with 0.3 M MgTf; so-
lution in EMITf.2% On the contrary, Vila and coworkers examined no correlation between the
anion size and ionic conductivity of EMI-X (X=CI', Br, BFs, PFg, ethylsulfate and tosylate) by
opposite size effects of surface electrical charge density and dynamical movement, reporting a
maximum for BF4.24° Herein, they observed an increase in ionic conductivity with increasing
alkyl chain length of the imidazole. The difference between MBPyrTFSI and MPEG,PyrTFSI

with x=3 and 7 were in focus of Watkins and coworkers, employing Mg(BH.), salt.*®

13
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MPEG«PyrTFSI with x =7 superior electrochemical performance compared to MBPyrTFSI
(x = 3) was explained by the high ion dissociation of TFSI- and Mg?* and by free BH, ions.

A
SN ® \®/\/\ o ¢ o o ©
/\N/ N~ /\/\NAN/ N \\S/N\S// \\S/O
\—/ \—/ ¢/ FsC™ N & "CF3  FsC™ %
0O O
EMI Bmim MBPyr TFSI Tf
B
X bt
OH
o)
Ohof, 9 O: Eto” oEt  ng >N Ho_J_on
R
n=1: DME R =H: EC DEC SN glycerol
n = 2: diglyme R = Me: PC

n = 3: triglyme
n = 4: tetraglyme

Scheme 2: Chemical structure of A) IL cations and anions and B) plasticizers.

In contrast to IL, plasticizers are uncharged organic compounds expressing high dielectric con-
stants.®* Plasticizers increase the ion dissociation and reduce the polymer crystallinity similar to
IL, which enhance overall the ionic conductivity.** Common plasticizers are EC,15118120,142-154
PC,115118120,142-149,.153,154 g ccinonitrile (SN)’150,15&157 tetragIyme,133'134'157*16° triglyme,lel 1,2-di-
methoxyethan (DME),? diethyl carbonate (DEC),*** glycerol, > tetrahydrofuran (THF)!%* and
ureal®® (Scheme 2B). Carbonates can be further subdivided into cyclic (e.g., PC) and linear car-
bonates (e.g., EC). For example, PC and EC were tested within a PVdF:MgTf, matrix and re-
versible charge/discharge experiments revealed a cyclability of 30 cycles against metal magne-
sium and MnO electrodes, where discharge capacities of 160, 80 and 50 mA h g (for C/8, C/6
and C/4, respectively) were reported.*® The work of Zainol and coworkers focused on the com-
parison of MgTf, and Mg(TFSI). in a PVdC-AN copolymer with EC and SN.**® Mg(TFSI), was
found to exhibit higher ionic conductivity up to two magnitudes (107 to 10 vs. 108 to 107) but
lower t*mg (0.59 over 0.56) compared to Mg(ClO.).. Moreover, measured discharge capacity of
51 to 223 mA h g* were higher for Mg(TFSlI),, when using Mg and MgMn,O4 electrodes. An-
other dominant class of plasticizer are short chain glycol ethers, like tetraglyme or DME.
Mesallam and coworkers focused on the performance of a PVDF host, including DME and MgBr-
as plasticizer and magnesium salt.’®®> They reported reversible stripping and plating for 20 cycles

at 20 pA for an Mg||Mg cell setup, with a gradual increase in overpotential by the formation of a
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passivation layer. Further, larger glycol ethers were in focus of Morita et al. with polyethylene

glycol dimethyl ether (PEGDME) with M, = 400 g mol*.1%6.167 They employed PEGDME with a

crosslinked brush polymer poly(ethylene glycol) monomethyl ether methacrylate (PEGMA), due

to a reduced crystallinity compared to linear PEG with increased ionic conductivity. Additional

GPEs containing IL or plasticizers are listed in Table 4. Fichtner et al. prepared a GPE with
Mg(B(HFIP)4)2 and PTHF with high coulombic efficiencies (99%, 1000 cycles) and ionic con-
ductivities (10° S cm™*) by implementing THF.68

Table 4: Summary of GPEs containing IL or plasticizers in MIBs. Room temperature = RT, - = no parameters men-

tioned.
Plasticizer/ Polymer Salt o [Scm™] t"mg Cell Refs
IL host characteristics
EC:PC PAN MgTf; 2103 (20°C) - Reversibility of 142
Mg||MnO;
EC:PC PAN MgTf; 1.810° - - 143
EC:PC PAN MgTf; 2103 (20°C) - - 144
EC:PC PEO MgTf; = 10° - - 145
EC:PC PMMA MgTf; 4.2 10* 0.55  Reversibility of 146
(20°C) Mg||MnO,
EC:PC PMMA MgTf, 1.2710%(RT) 0.4 - 147
Mg(ClO,), 3.1310%(RT) 0.4
EC:PC PMMA MgTf, 1.27 103 (RT) - - 148
EC:PC PVdF MgTf; 1.67 103 - - 149
EC:PC PVdF MgTf2 310%(26°C) 0.26 - 115
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Plasticizer/ Polymer Salt o [Scm™] t"mg Cell Refs
IL host characteristics
EC:SN PVdC MgTt, ~10°-10" 0.56 Discharge charac- 150
Mg(TFSI), =107-10%  0.59 teristics
Mg||MgMn204
EC:DEC PMMA  Mg(TFSl); 610°(25°C) 0.37 - 151
EC.DMC  PEO-PMMA Mg(TFSI); 3103 (20°C) - Charge/discharge 152
characteristics
MgV20s||V20s
SN PEO MgTf, 6 10" (RT) - - 155
SN:tetragly PVdF MgTf, ~10° 0.4  Charge/discharge 169
me characteristic
MgllS
Urea PEO MgTf, 610° - - 165
Glycerol chitosan MgCl, 1.0310°% - - 163
THF PTHF Mg(B(HFI 103 - Charge/discharge 168
P)a)2 characteristics
DME PVdF MgBr» 1.210°(RT) 0.55 Galvanostatic 162
measurement
PEGDME  P(PEGMA) Mg(TFSIl);  About10* 05 - 167
PEGDME P(PEGMA)  Mg(TFSI), 0.4 103 - Dis-/Charge char- 166
(60°C) acteristics
MgV20s/
Mg[[V20s
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Plasticizer/ Polymer Salt o [Scm™] t"mg Cell Refs
IL host characteristics
Tetraglyme PVA MgBr» 510%(30°C) 0.34 Discharge for 158
Mg||V20s and
Mg||TiO;
Tetraglyme PVA MgBr, 13108 (RT) - - 159
Tetraglyme PVdF-HFP  Mg(ClOs), 1.210%(RT) - - 160
Triglyme c-PTHF Mg(TFSIl); =10 (80°C) - - 161
EMITT PVdF-HFP MgTf, 510%(20°C) 0.26 - 139
EMITT PVdF-HFP MgTf, 4.6 103 (RT) - - 170
EMITT PVA MgTf; 1.210% (RT) - EDLC fabrication i
EMITT PVA MgTf, 2.36 108 (RT) - - 172
EMITF PEO MgTf. =~ 10* (RT) - EDLC fabrication 173
EMITF PEO MgTf, 5.6 10* (RT) 0.45 - 174
EMITFSI PEO-PMA-  Mg(TFSI), 1 10%(20°C) - - 175
PEGDMA
EMITFSI PEO-PMA  Mg(TFSIl), 41072 (60°C) - - 176
BmImBr PVdF-PAN  Mg(ClO4). 3.7110°% - - 131
MBPyrTFSI - Mg(BHa4)2 0.38 103 - - 135
MPEGPyrT 0.24 1073
FSI
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Plasticizer/ Polymer Salt o [Scm™] t"mg Cell Refs
IL host characteristics
MBPyrTFSI PEO MgTf; 3.66 10*(RT) 0.4 Charge/discharge 136

characteristics

Mg||TiO,

Choline chitosane - 8.9103 - Mg-air battery 132

nitrate

Gel-composite and gel-gel polymer electrolytes

GCPEs and GGPEs are occasionally employed subclassifications of GPEs and CNPEs. Their
characteristics are the implementation of at least two different additives either filler, plasticizer
or IL. Combinations of plasticizer and IL are collected as GGPEs and filled with plasticizer/ILs
as GCPEs. In both approaches the benefits of fillers, plasticizers and IL, respectively, are com-
bined to further improve the mechanical and electrochemical performance. Deivanayagam and
coworkers synthesized a GCPEs based on MBPyr.4-TFSI, TiO2, Mg(ClO4), and PVDF-HFP.%’
Cycling tests at 0.05, 0.1 and 0.2 mA cm2 were performed over 100 cycles and at 0.05 mA cm
for even 400 cycles, which is significant longer compared to other PEs. In 2018 GGPEs, combin-
ing SN as plasticizer with EMITf as RTIL, were investigated by Sharma and Hashmi, using PVVdF-
HFP and MgTf,.2 This resulted in ionic conductivities up to 4 102 S cm™ and a discharge ca-
pacity of 40 mA h g? for the first cycle in a MnO||Mg cell. A summary of further GCPEs and
GGPEs is given in Table 5.
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Table 5: Summary of GCPEs and GGPEs in MIBs. Room temperature = RT, - = no parameters mentioned.

Additive Polymer Salt o [Scm™] t"mg Cell Refer-
host characteris- ences
tics
SiOz:EC:PC PVAF-HFP  Mg(CIOs), 1.1102(RT) 0.3  Charge/dis- 153

charge charac-
teristics

Mg||MoO3

Si0;:EC:PC PVdF-HFP  Mg(ClOs), 3.2 107 - Charge/dis- 120

charge charac-

teristics
Mg|[V20s
MgO:EC:PC PVAF-HFP  Mg(ClOs); 8102 (25°C) 0.44 - 154
MgO:EC:PC TPU-PVAF  Mg(CIOy), 4.6 1073 - - 118
Al,03:EC:PC PVdF-HFP  MgTf,  310%(26°C) 0.52 - 115
MgAl,04:EC:PC 4103 (26°C) 0.66
TBACI:tetraglyme PVdF Mg(ClO,), 4.3210% - - 134
TBACI:tetraglyme PVdF Mg(TFSI), 0.44 103 - - 133
Pyry-TFSITiO,  PVAF-HFP  Mg(CIO,), 1.610%  0.23 Galvanostatic 137
(30°C) measurements
EMITf:SN PVdF-HFP MgTf; 4103 (RT) - Charge/dis- 156
charge charac-
teristics
Mg||MnO;
BmImCl:glycerol Potato Mg(OAc), 1.1210° - - 130
starch (RT)
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1.3.2 Polymer-in-salt electrolytes

PISE differs from PEs by its higher salt content (> 50 wt.%), which lead to a change in ion con-
ductivity mechanism.®® In PEs the ion conductivity is mainly caused by segmental motion of the
polymer host, whereas for PISE several authors have proposed mechanism such as ion transport
through percolated ion aggregates (Mishra et al.) or by infinite cluster formation of aggregates
(Bushkova et al.).}""17® This overall change in mechanism leads to an improved ionic conductivity
compared to PEs.'”® As polymer hosts, polymers with low Tgs such as PEC or PAN-based mate-
rials have been reported for lithium ion batteries.}”*18 To the best of my knowledge PISE were

not mentioned in MIB related literature but are still of high interest for the present work.

1.3.3 Single-ion conductors

Single-ion conductors (SICs) are mostly designed by polymer matrixes with covalent bonded an-
ions and mobile Mg?* as counter ions. Similar to PEs, additives such as fillers, plasticizers or IL
were established to improve the overall electrochemical performance. Due to the immobilized
anion, Mg?* mobility is mainly responsible for the ion conductivity, which leads to high t*.2%2 In
addition, the anion mobility triggers a concentration gradient, causing a concentration polariza-
tion. For example, in LIBs the, depletion of Li* on the back of the cathode and salt precipitation
at the LIBs anode were shown.!® Moreover, the polarization gradient was considered to be a
potential reason for lithium dendrite formation in LIBs but can be suppressed by high t*;.%

Therefore, SICs reduces the formation of dendrites, by immobilized anions.

In 1991, Chen and coworkers reported a SIC for MIB by taking a magnesium poly(phosphazene-

sulfonates)-based polymer.®

It has been shown that TFSI-based polymers can enhance the ionic
conductivity by decreasing the Mg?*-polymer interaction.'8-18 For polymers based on 1-butyl-3-
methylimidazolium poly(4-styrenesulfonyl trifluormethansulfonylimide) (BMIPSTFSI) and the
magnesiated analogue Mg(PSTFSI); the incorporation of small ratios of Mg(PSTFSI), to BMIP-
STFSI was found to just rarely change the ionic conductivity and the thermal and structural prop-
erties.'® Schaefer and coworkers investigated the ion coordination in a poly(ethylene glycol) di-
acrylate (PEGDA) STIFSIX (X= Li, Na, K, Mg, Ca) crosslinked polymer matrix for various
counterions, where a lower ionic conductivity and higher percentages of unpaired STFSI anions
and larger dissociation energies for divalent cations were reported.'®® Another prominent class of
SICs, so far mainly investigated for their use in LIBs, are poly(borate)-based electrolytes, that are
characterized by borates as counter ions.**%1%! A borate based SIC for MIBs was investigated by

Du and coworkers, where a crosslinked polytetrahydrofuran-borate-based PE (PTB) was
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synthesized.%* Herein, a coulombic efficiency of nearly 100% for over 250 cycles at 0.5 C and a
specific capacity of 74.3 mA h g was reported testing a MosSs||PTB||Mg cell. A summary of
further SICs for MIBs applications is given in Table 6.

Table 6: Summary of SICs in MIBs.

Additive Polymer host o [Scm] t"mg Cell Refer-
characteris- ences
tics
- Magnesium poly(phos- =107 - 185

phazenesulfonates)

- PEO-P[(STFSI),Mg] ~109-10° - 189
(30 -130°C)

- PEO-P[(STFSI).Mg] ~10°-107 - 188

- (Mg(PSTFSI)). BMIPSTFSI 3.810° (80°C) - 187

- PEGDA-STFSIMg ~1012_10% - 186
(-20 — 100°C)

THF PTB 4.76 10 (RT) 0.73  Charge/dis- 164

charge charac-
teristics
Mg||M04Ss

A second possibility to use SICs over polyanions as matrix is to incorporate uncharged anion
receptors into the polymer. The receptors can reversibly capture the mobile counter anion and
form the corresponding immobilized anion and thereby increase the t* (schematically illustrated
in Scheme 3). Such anion receptors are can be ammonium groups, amide hydrogen atoms or
Lewis acids based on aluminum or boron moieties.'®® Best to our knowledge, only Yamamoto et
al. investigated anion receptors with Mg(ClOs),, Mg(TFSI), and Mg(Tf), for MIB applications.'®
They reported an increase in t*vg for Mg(ClOs4), > Mg(TF). >> Mg(TFSI); for a crosslinked
poly(ethylene glycol) (cPEG) network with borate centers. The increasing interaction was ex-

plained by the harder character of the ClIO4 and Tf compared to TFSI-.
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Scheme 3: Schematic illustration of polymer-based electrolytes with Lewis acids as anion traps.

1.3.4 Dual-salt polymer electrolytes

Dual-salt electrolytes were investigated for both MLHBs and as PEs for MIBs. Best to my
knowledge, two publications describe dual-salt PEs for MIB and were published by Tominaga et
al. and Buchmeiser et al..?**!% Tominaga focused on poly(ethylene carbonate) (PEC) and incor-
porated Mg(TFSI), and LiTFSI in various concentration.®® They reported higher current densities
in CVs for the lithium-containing electrolytes compared to the reference material. Buchmeiser et
al. obtained similar results, when investigating a crosslinked poly(tetrahydrofuran)
(PTHF):Mg(BH.)2:LiBH4:TiO: electrolyte.’®* Their constant current experiments at 0.1 to 0.4 mA
cm2 performed on low potentials (< 0.2 V) over 1100 of cycles at room temperature in Mg||Mg

cells, but also high cycle ability in Mg-S batteries with various sulfur cathodes.

22



Introduction

1.4 Polymer synthesis

Synthetic polymers are still dominant in PEs compared to natural polymers because of their wide
variety and low costs. They can be synthesized by either step-growth or chain-growth approaches.
Step-growth polymerizations are characterized by a high degree of polymerization (Pn) only when
high conversions can be reached, whereas chain-growth yield high P, at low conversions.

A prominent example for step-growth polymerizations is the polycondensation, while in chain-
growth polymerizations the free-radical polymerizations (FRP) or cationic polymerizations is ap-
plied. Living polymerizations, like the anionic ring-opening polymerization (AROP), are also
chain-growth polymerizations but are named separately. As defined by IUPAC living polymeri-
zations have no termination or side reactions, leading to dispersities B of 1 as well as a linear
increase in P, over conversion.’® The “living” character further enables the synthesis of more
complex structures, for example multi-block copolymers, in which two or more different mono-
mers are polymerized step-wise.'®® Nevertheless, living polymerizations are limited in regards to
monomers and reactions conditions, because of its (moisture) sensitivity and low functional-group
tolerance. Generally, solvents with high grade of purity and strict inert reaction conditions are
necessary. Controlled radical polymerizations (CRPs) have been developed to overcome these
limitations by combining the benefits of radical polymerizations (e.g., high water tolerance, func-
tional tolerance and monomer diversity) and living polymerizations (low dispersity and polymer
architecture). The most prominent CRPs are the atom-transfer radical polymerization (ATRP),
the nitroxide-mediated polymerization (NMP) and the reversible addition-fragmentation chain
transfer (RAFT) process. Similar to the living polymerization, termination and side reactions are
supressed, which leads to a linear P, to conversion correlation. In the following chapters AROP,
CRP and RAFT are further discussed.

1.4.1 Reversible addition-fragmentation chain transfer
polymerization

RAFT as one of most recent controlled radical methodologies was firstly reported in 1995 by the
Commonwealth Scientific and Industrial Research Organization (CISRO) and contemporane-
ously Rhodia in France developed a similar process, termed MADIX.1%71% Similar to the other
methods CRP, ATRP, NMP, and living polymerizations RAFT relies upon a kinetic strategy to

control architecture and molecular weight (see Scheme 4).1%
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Scheme 4: Mechanism of RAFT polymerization with initiation, propagation, reversible chain transfer, reinitiation and
chain equilibration.

The RAFT polymerization relies of the reversible exchange of two propagating radicals P, and
Pm" viathe RAFT radical adduct. After the initiation and first propagation process the propagating
polymer P, is formed. P," forms a RAFT-radical adduct by addition with a dithioester (RAFT
agent or chain-transfer agent (CTA)), which can further fragmentate back into P," or another
propagating radical R" and dithioester. The radicals released by fragmentation are active interme-
diated, which can undergo chain growth. The lifetime of the propagating radicals (R*/Pym") are
hereby reduced by forming an equilibrium between R*/Pyn” and the low reactive RAFT-radical

adduct, where Kagd >> K-agd, Kp << K3 and Kaga >> K-aqq, respectively.

Due to the mechanism, the design of the CTA and specifically the leaving group R and activating
group Z are from an outstanding importance to control the radical polymerization. The weak S-R
bond favors its homolytic cleavage followed by the formation of a thioester. Thus, R should be a
preferable leaving group while providing good polymerization reinitiating properties. DFT calcu-
lations suggested, that steric and polar groups, respectively, affect the chain transfer.2® R groups
bearing m-acceptors (CN or Ph) or a-CHs groups stabilizes the radicals R™ or P," but destabilize

the corresponding CTA agent by steric interactions. Therefore, too stable radicals, which are good
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leaving groups, are not necessarily sufficient, because the subsequent reinitiating step is disfa-
vored. Compatible R groups and monomers are listed in Scheme 5 as well as their addition/frag-

mentation rates.?!

J R NN RO
~ = > =
Q\CN g Q\Ph g Ncy\Ph g ﬂ\cozEt 7 >LtBu y\CN y\Ph Hv\Ph

{—m NMA = )
S, MA, AM, AN
VAc, NVP

Scheme 5: Fragmentation rates decreases from left to right. Guidelines for selection of RAFT agents for various
polymerizations.

Besides R, the second substituent Z effects the stability of the C=S bond in the RAFT agent and
the RAFT-radical adduct. In Scheme 6 the order of fragmentation efficiency can be seen, where
Z = NR; or OR favors fragmentation over Z = SR to Z = CN, Ph or CF3 exhibit low fragmentation
efficiencies.?? The RAFT agent is stabilized for Z = OR, NR; and SR through delocalization of
electron density into the C=S bond. On contrary, the RAFT agent is destabilized by o-withdrawing
effects. Furthermore, the lone-pair donors SR were found to express an overall stabilization, but
only if the lone-pair donation of the substituent Z is stronger than of SR.**® Therefore, only amino
groups fulfill the requirements for enhanced CTA stability, whereas alkoxy groups do not enhance
the stability, due to their o-withdrawing character.

~-Ph >> *+SMe > “Me ~ WN@ >> VWNG > ~wOPh > wOEt - ~N(Ph)(Me) > “NEt,
—

VAc, NVP
= NVMA =Ee——————) (o]

S, MA, AM, AN

Scheme 6: Addition rates decrease and fragmentation rates increase from left to right. Guidelines for selection of RAFT
agents for various polymerizations. Dotted lines indicate partial control.

Suitable R and Z groups depend on the monomer of choice. In general, the CTA should provide
high ks and a reactive C=S bond, high fragmentation rate of the CTA-radical adduct (high kg), a
favored formation of the CTA-radical adduct over the formation of the radicals R" and P" (kg > k-
add) and efficient polymer reinitiation by R'/P,". A list of compatible R and Z groups for selected
monomers as methyl methacrylates (MMAS), vinyl alcohols (VAcs), N-vinylpyrrolidone (NVPSs),
styrene (S), methacrylates (MAs) and acrylonitrile (AN) are provided in Scheme 5 and Scheme
6, respectively. The general chemical structures of dithioesters-based CTAs are shown in Scheme
7A.
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Scheme 7: General chemical structures of RAFT agents/CTA. A) Dithioesters and B) trithiocarbonates.

As an example, 4-cyano-1-hydroxypent-4-yl dithobenzoate was reported as efficient CTA in the
polymerization of MMA, whereas 2-cyano-2-propyl benzodithioate (CPDB) was used in poly-
merizing poly(ethylene glycol) monomethylether (PEGMA).232%4 2-Cyanoprop-2-yl 2,3,4,5,6-
pentafluoro dithiobenzoate was also tested for the polymerization of MMA, while benzyl dithioi-
sonicotinate was used to polymerize S.2%2% The scope of CTAs was further extended to trithio-
carbonates, as schematically shown in Scheme 7B. Those trithiocarbonates commonly bear al-
kylthio substituents as Z, which lead to a lower activity and hydrolytic degradation. For example,
Chiefari and coworkers used 2-cyano-2-propyl dodecyl trithiocarbanate (CPDT) for the polymer-
ization of styrene, S,S-bis(a,a-dimethyl-a""-acetic acid) trithiocarbonate for N-isopropylacryla-
mide (NIPAM) or acrylic acid (AA) and dibutyl trithiocarbonate for S.19720720¢ Depending on the
chosen CTA, RAFT polymers can further be modified by either end group removal, w-end mod-
ification, thermal modification, aminolysis or hetero-Diels-Alder.?®® Additionally, various archi-
tectures are available such as multi-block copolymer, branched copolymers or surface grafted

copolymers, which are for major interest in fine tuning material properties and applications.?'°

1.4.2 Anionic ring-opening polymerization

Ring-opening polymerizations (ROP) is a subcategory of chain-growth polymerizations, in which
cyclic monomers are polymerized. ROP is divided into radical ROP, cationic ROP (CROP), ring-
opening metathesis polymerization (ROMP) and anionic ROP (AROP).2!! To overcome the en-
tropy loss during the polymerization radical ROP is mainly aided by the enthalpy differences
between the single C-C and double bounds C=C of olefines. Vice versa, ionic ROP as AROP,
cationic ROP or ROMP are mostly driven by the ring strain and associated steric considera-
tions.’® In ROP olefines, ethers, thioethers, amines, lactones, thiolactones, lactams, disulfides,
carbonates and silicones are typically applied monomers among others.1%6211-26 Noteworthy, P.
Flory was honored in 1974 with the Nobel Prize in Chemistry for the investigation of AROP.2!/
The living character of AROP is one of the outstanding benefits, enabling low dispersities and
multi block structures.?® Accordingly, AROP requires water-free conditions and high purity
grades of educts. Accessible monomers are heterocyclic monomers as ether, siloxane, lactam,

lactone and carboante. 96213216
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AROP of polycarbonates

Polycarbonates and thus cyclic carbonate monomers were in focus of interest due to their wide
field of applications like elastomers, sealants, foams, coating adhesives and PEs in MIBs and
LIBs.2*218 Aliphatic polycarbonates were found to be also biocompatible and biodegradable,

which is beneficial in case of sustainable material circular economy.

EC T™MC BEC NPC AOC TeMC AOC

Scheme 8: Chemical structure of various 5-, 6- and 7-membered cyclic carbonates.

The most reports were on 5- ,6- or 7-membered cyclic carbonates as shown in Scheme 8. 7-Mem-
bered cycles, as annulated cyclic carbonate (AOC), are reacting faster compared to 6- and 5-
membered, due to their relatively high ring strain.?!82'° Because of the ring strain the monomer
synthesis and storage is much more challenging compared to the 5- and 6-member cycles, which
is their major drawback. With 5-membered cycles, such as EC, difficulties are high polymeriza-
tion temperatures (above 150 °C), low yields (about 50% conversion) and formation of alkylene
oxide units as side products.?*8220 In between, 6-membered cycles polymerize already at moderate
temperatures to high molar masses and an overall high number of monomers are noticeable ben-
efits. Common 6-membered cycles are trimethyl carbonate (TMC), 2-butyl-2-ethyl-1,3-dioxan-
2-one (BEC) or 5-allyloxy-1,3-dioxan-2-one (AOC).?2222 Although the conversion is higher
compared to 5-membered cycles the polymerization does not go to full conversion because of its
equilibrium character, see Scheme 9.2'8 The polymerization conversion depends on the substitu-

tion, where bulky substituents lead to higher monomer concentrations at equilibrium state.?2%224
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Scheme 9: AROP mechanism of cyclic carbonates.

The initiation is accessible via an anionic process or zwitterionic polymerization mechanism.%
In the ionic process inorganic bases such as alkali metal oxides undergo a nucleophilic attack on
the carbonyl carbon followed by the ring-opening and the formation of an alcoholate.??*22* Alco-
holates and carbanions initiators contain mostly alkali and alkaline counterions, therefore the
zwitterionic process was developed and firstly reported by Jaacks and Mathes in 1970s to avoid
metallic impurities.?”® Instead of metal-based initiators organic nucleophiles are taken, where a
zwitterionic compound is formed after the nucleophilic attack. Established organic initiators are
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1,4-diazabicyclo[2.2.2]octane (DABCO), 4-dime-
thylaminopyridine (DMAP) and phosphazene.??22° Phosphazene as described by Boileau and
Illy in 2011 form zwitterionic intermediate by its strong basicity but low non-nucleophilicity,
deprotonating e.g., alcohols and acting as counterion.??® Further initiation occur in initiator-free
AROP by self-initiation, but are limited in the scope of monomers. For example, TMC was re-
ported to polymerize in bulk above 100 °C, whereas for NPC no polymerization was observed.??2

TMC was suggested to polymerize by a zwitterionic initiation process via AROP, as a stable
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trialoxycarbenium intermediate was formed. On the one hand, AROP is a living polymerization,
on the other hand side reactions in the propagation process were observed. While the resulting
polymer is the kinetic product, a thermodynamic favoured product, a cyclic oligomers, can be
formed by back-biting (Scheme 9), instead.?° Furthermore, the formation of ether as defects can
occur in 5-membered cycles.?® Vogdanis and Heitz observed those defects, when polymerizing
ethylene carbonate (EC) with dibutyl(ethylendioxy)tin in bulk at 150 — 200 °C. Hereby, the EC
repeating unit content was not higher than 48 mol%.%% The defect was explained by a decarbox-
ylation process of an end-functionalized carbonate, which was formed by a nucleophilic attack of
a propagating molecule on the methyl carbon instead on the carbonyl carbon. Further drawbacks
have to be considered, when designing multifunctional polycarbonates by AROP because AROP
is compatible with various functionalities but are also limited to nucleophilic moieties. Parzu-
chowski et al. reported a crosslinked polymer when using unprotected hydroxy groups, but no
crosslinked product, if a protecting group (e.g. trimethylsilyl chloride) is used or post-modifica-
tions with mercaptoethanol were taken.??! The design of a 5-membered cyclic bearing multifunc-
tional polycarbonates was also reported, allowing the polymerization of bicyclic carbonates at

low temperatures.?®
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1.5 Graft polymers

The given polymerization technigques enable the control of diverse monomers and architectures
as cyclic polymers star polymers, dendrimers, hyperbranched polymers and graft polymers. Those
architectures effectively influence the materials properties, which highlights their interest in in-
dustry and academia.?®?

Graft polymers can either be designed when polymers chains are connected to linear polymers or
to planar surfaces or particles. The functionalization of particles and surfaces, which are mostly
inorganic materials, are chosen to tune their properties in adhesion, coating, painting, coloring,
lamination, packaging, colloid stabilaztion.?® Surface grafting benefits are its high density, exact
localization and long-term chemical stability compared to other techniques.??® Therefore, their
field of applications include membrane separation, bio-medical, fuel cells, sensors, optical and
catalysis.?**2% Polymers linked to polymers, also named grafted polymers, are characterized by
three parameters, which impacts their bulk morphology and mechanical properties most.?® Firstly
be the molecular weight of the main chain, secondly by the weight of the graft chain and thirdly
by the placement or density of the graft chain.

Three grafting techniques are established for the synthesis of grafted materials: grafting onto,
grafting through and grafting from (Scheme 10). For the grafting onto approach already prepared
polymers are added to the corresponding surface or polymer. This can either be done by nucleo-
philic substitutions or additions including so called “click reactions”. This approach allows good
control over the polymer weights and architecture but are limited in regards of graft density or
length of the added polymer.

grafting onto Y + MN[MN[NW[NW
T X X X

\ Y
grafting through T —_— FNFWFV
grafting from ﬁ + ™
o>

Scheme 10: Grafting approaches illustrations.

In the grafting through approach the grafted polymer backbone is build up by macromonomers.

In here, the sidechains contain polymerizable functionalities, which build up the graft polymers
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backbone. This allows the separate design and synthesis of the macromolecules before and open
the opportunity for complex structures. Furthermore, the grafting density and polymer architec-
ture are easy to control. However, the degree of polymerization and conversion strongly depends

on the macromonomer size and reactivity of the polymerizable group.

The third approach, grafting from, takes advantage of polymerizing selected monomers from a
polymer backbone. This requires polymerizable moieties in the backbone, which are used in fol-
lowing steps to build up the graft polymer. The approach benefit is its high grafting position and

density control and, but also lead to higher dispersity of the polymer side chains.
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Motivation and Goal

Polymers are of great interest as solid electrolytes for magnesium ion batteries due to their me-
chanical stability and processability. However, they are limited by their low ionic conductivity,
electrode compatibility and charge-discharge reversibility. Established approaches to improve the
electrochemical properties of polymer electrolytes, e.g., ion transport, stability, transference num-
bers, were already part of interest in lithium batteries. This includes the use of dual salt systems,
polymer-in-salt electrolytes, single-ion conductors, grafted polymers and anion receptors. Poly-
mer-in-salt electrolytes display improved properties such as their high ionic conductivity. Single-
ion conductors and anion-receptor functionalized polymer electrolytes have shown superior ion
transference numbers extended by their ability to reduce salt polarization ingredients and dendrite
growth. Grafted polymers were in focus of research due to their ability to reduce crystallinity and
increased chain flexibility besides mechanical stability.

All those approaches have been successfully applied on lithium batteries. However, their magne-
sium-based alternatives have been barely investigated and reported in literature. Magnesium bat-
teries represent an attractive alternative to LIBs due to the high abundance of magnesium on earth

as well as its low costs.

To gain further insights, multiple approaches were combined and investigated within this thesis
to overcome the drawback of polymer electrolytes. The single-ion conductor approach was inves-
tigated to increase the transference number. Hereby, dual salt electrolytes have been synthesized,
which enables reversible magnesium plating/stripping. Furthermore, polymer electrolytes with
anion receptors have been studied to combine the benefits of polymer electrolytes and single-ion
conductors to address the dilemma of low transference number on the one hand and reduced ionic

conductivity.

The combination of different approaches shall provide a detail insight into their abilities and ef-
fects on the polymer ion coordination, morphological and electrochemical properties, eventually

showing their opportunities and limitations.
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Results and Discussion

1.6 Borate-Crosslinked Single-Ion Conducting
Copolymer Electrolytes for Magnesium Battery
Applications

Magnesium-lithium hybrid electrolytes were one appropriate approach for enhanced MIBs as re-
ported by Buchmeiser et al. and Tominaga et al..!®*1* While, Buchmeiser et al. focused on a
crosslinked PTHF-LiBHs-Mg(BH4), GPE performing with low plating/stripping potentials and
longtime cyclability, Tominga and coworkers proved the enhanced effect of LiTFSI on a PEC-
Mg(TFSI), PE by CV measurements for various LiTFSI concentrations. Still, there is room for
improvements, therefore, the design of magnesium-lithium dual-salt SPEs is the focus of the pre-

sent study.

The polymer design was chosen to be a single-ion conductor because on the one hand only a
limited number of reports on magnesium-lithium dual-salt single-ion conductors-only were pub-
lished to the best of my knowledge.®” On the other hand, dendrite formation was still observed
not only for TFSI-based electrolytes but also for triphenolateborohydride-, magnesium monocar-
borane- (MMC) and magnesium bis(hexamethyldisilazide)-based (Mg(HMDS),) electro-
lytes.?6:2%6-238 SICs are known to reduce dendrite formation caused by polarization ingredients.®
To further enhance the electrochemical performance and mechanical stability, grafted copolymers

were crosslinked to crosslinked SICs (Scheme 11).
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Scheme 11. Schematic synthesis illustration of a crosslinked SIC from grafted copolymers.

33



Results and Discussion

1.6.1 Synthesis

The synthetic procedure and selected results were developed by Nico Zuber for his Master thesis
under my supervision.?* In the first step, magnesium-based SICs were synthesized and optimized
towards its thermal and electrochemical performance prior the preparation of the magnesium-
lithium dual-salt electrolytes.

Crosslinked SICs were investigated, upon the RAFT copolymerization of PEGMA, (x = 500 and
950 g mol™?) and solketal methacrylate (SMA) (Scheme 12). The crosslinking and grafting ap-
proach also reduce the crystallization of the PEG chains to increase the ionic conductivity.®":166
SMA was taken as crosslinking point in the PE after a post-modification step and PEGMA, was
copolymerized to increase the flexibility of the electrolyte films. After deprotection of the acetal
group under acidic conditions (1-diol to 4-diol), the SICs were formed by condensation reaction
of boric acid and LiOH and/or Mg(OEt), (Scheme 12). A partly decomposition of the RAFT agent
in the deprotection step has to be assumed.
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Scheme 12: Schematic synthesis of self-standing films 1-cross to 4-cross.

The monomers were polymerized by RAFT polymerization with high ratios of SMA (larger
60 mol%), which were required to form solid and self-standing electrolyte films upon the cross-
linking process. PEGMA, with molecular weights larger 950 g mol* were not accessible because
only low conversions (such as, 50 %) were obtained under these conditions. To optimize the ionic
conductivity of the SICs, four different polymers were synthesized, which differs in architecture,
PEGMA molecular weight and monomer ratio. Block copolymers were synthesized by a macro-
RAFT approach. The SMA:PEGMA ratio was determined for the polymers 1 to 4 by *H-NMR
spectroscopy, integrating the methyl groups of PEGMA at 3.3 ppm and of the acetal group at
1.42 — 1.24 ppm. The complete hydrolysis of the acetale group was observed by *H-NMR (Figure
5).
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Figure 5: Exemplary, *H-NMR of 1 and 1 diol in CDClz and DMSO-ds, respectively.

The polymers 1-diol to 4-diol SEC and *H-NMR results are concluded in Table 7.
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Table 7: Molecular weight of PEGMAx, Comonomer ratio, architecture, dispersity (Mn/Mw) and M, of 1-diol to 4-diol.
* Determined by gel permeations chromatography with DMAc as eluent.

M, (PEG- Architecture  SMA:PEGMA ratio Mn/My* Mp*
MA) [g mol [mol%] [g mol?]
]
1-diol 500 Statistic 58:42 1.35 47 900
2-diol 500 Statistic 73:27 1.17 21 200
3-diol 500 Block 82:18 1.2 25 300
4-diol 950 Statistic 76:24 1.46 32 800

In Figure 6 photos of the final self-standing solid films are shown.
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Figure 6: Pictures at room temperature of A) 1-cross and B) 2-cross, C) 3-cross and D) 4-cross.

In the SEC chromatograms, the formation of polymers with twice the number average molecular
weight were detected, which were explained by the formation of disulfide linked polymers after
the aminolysis of the RAFT agent in the eluent DMAc (Figure 7). Therefore, a unimodal distri-

bution were assumed for the polymer itself, rather bimodal in amine-free solvents.

Intensity [a.u.]

10* 10° 108
Molar mass [g mol™]

Figure 7: SEC spectrum of 1-diol. The second peak correspond to disulfide linked polymers after aminolysis in the
eluent DMACc.

The full conversion of boric acid and the respective crosslinking efficiency were confirmed by
1B NMR and FT-IR (Figure 8). In 1'B-NMR signals at 10.1 ppm were detected corresponding to
the five-membered borate-diol complex.?* In FT-IR the O-H vibrations between 4000 to 3200
cm?® disappeared and therefore, the complete conversion and the formation of only SICs was

shown (Figure 8A).
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Figure 8: Prove of crosslinking. A) Disappearance of O-H vibrations at 3434 cm™ in FT-IR spectra of 1 and 1-diol. B)
H1B-NMR of 1-cross to 4-cross in DMSO-de.

The resulting SICs (1-cross to 4-cross) are summarized in Table 8. For further comparison, the
Mg?* concentration is given as ratio of the number of ethylene glycol repeating units [EO] and
number of Mg?* ([EO]:[Mg]).

Table 8: Comonomer ratios of 1-cross to 4-cross in molar, weight and in glycol ether repeating units to Mg?
[EQ]:[Mg].

SMA:PEGMA, [mol%]  [EO]:[Mg] ratio SMA:PEGMA, [wt. %]

1-cross 58:42 20.6 30:70
2-Cross 73:27 10.5 46:54
3-Cross 82:18 6.1 59:41
4-cross 76:24 21.4 35:65

As reference system a lithium-based SIC was synthesized based on the polymer 4 and 4-diol,
named 4-cross-Li. The thermal properties, coordination environment and electrochemical perfor-
mance were analyzed in the following chapter by TGA, DSC, FT-IR and impedance spectroscopy

experiments.
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1.6.2 Thermal properties

By TGA, decomposition temperatures (TqS) at degradations at 5 % for the crosslinked SICs were
measured and found to be between 260 °C to 280 °C (Figure 9). Those T4 were slightly higher
compared to other reported borate based PEs by Dai and colleagues, who investigated crosslinked
poly(ethylene glycol) methyl methacrylate borates with T4 = 235°C.24

T4 =260 - 280°C
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Figure 9: TGA spectra with the resulting Tas of 1-cross to 4-cross and 4-cross-L.i.

DSC measurements revealed for 4-cross and 4-cross-Li, containing PEGMAgso, crystalline struc-
tures due to their melting points (Tms) (Figure 10). 4-cross had one Tr, at about 30 °C, whereas 4-
cross-Li had two crystalline domains at -63 °C and -5 °C. The Ty, at 35 °C for 4-cross was related
to semi-crystalline PEG chains because PEGMAugso showed also a Tr at 35 °C.2%2 The similar Tr,
of 4-cross suggested, that neither Mg?* nor borate anions showed an effect on the crystallinity
and therefore only a limited PEG to Mg?" interaction. In contrast to this, two different crystalline
domains with two T, were detected for 4-cross-Li assigned to different PEG phases. The lower
Tms indicated weaker PEG-PEG interactions most likely caused by plasticizing effects of the lith-
ium borate with two different concentrations. The copolymerization of PEGMAsq instead of
PEGMAGgs, leaded to the formation of amorphous instead of crystalline domains because only
glass transition temperatures (Tgy) were seen (1-cross to 3-cross). The Ty decreases slightly with

increasing PEGMAsqo ratio from 1-cross (-48 °C) to 2-cross (-40 °C). Furthermore, block
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architecture decreases significantly the T, when focusing on 3-cross (-62 °C) explained by larger
PEG domains.
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Figure 10: Glass transition temperatures and melting temperatures of 1-cross to 4-cross-L.i.

1.6.3 Ion coordination

Conclusions about the coordination behaviour and environment between Li*/Mg?* and the poly-
mer matrix, respectively, can be deducted from FT-IR spectra, when comparing shifts of certain
vibrations (Figure 11).
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Figure 11: Normalized FT-IR spectra of 1-cross to 4-cross-Li between 1650 to 1770 cm™ and 1010 to 1200 cm™.

Significant vibrations were identified for C-O-C at 1096 cm™ and C=0 at 1723 cm™ (Figure
11).%*® The carbonyl vibrations of the SICs (1-cross to 4-cross-Li) occurred at 1723 + 1 cm™
being in the similar range as the non-crosslinked polymers, 1-diol to 4-diol (1723 £ 1 cm™), which
suggested no cation-carbonyl coordination. The C-O-C vibrations occurred at 1096 + 0 cm for
1-cross, 2-cross und 3-cross and at 1092 + 1 cm® for 4-cross and 4-cross-Li containing
PEGMAGgso. The C-O-C vibrations stayed unchanged compared to the non-crosslinked polymers
(1-diol to 4-diol) therefore, no or only a limited cation coordination to the PEG chain was sug-
gested as well. Due to the absence of any coordination of cations to the PEG chain or the carbonyl
groups it was assumed that the major number of Mg?* and Li* were coordinated to the borate
anion indicating a low ion dissociation. For 4-cross these assumptions are in good agreement to
the DSC results also indicating no significant interaction between the PEG chains and the Mg?*.
The preferred cation coordination to the borate anion might be traced back to the high crosslinking

ratio but also by the low delocalization of the negative charge at the borate anion.

1.6.4 Electrochemical properties

lonic conductivities (o) were derived from electrochemical impedance spectroscopy measure-
ments for temperatures between 0 °C and 70 °C and discussed towards architectural, monomer

ratio and in terms of PEGMA ratio (Figure 12). For 2-cross even at 70 °C no ionic conductivity
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could be calculated, due to extremely slow ion transport and thus the absence of Ry, in the Nyquist
plots. The magnesium concentration is predetermined by the monomer fractions and was given
as a ratio of the number of ether moieties of the PEGMA sidechain in relation to the number of
magnesium cations, denoted as [EO]:[Mg] (Table 8). The [EQ]:[Mg] ratio was the highest for 1-
cross and 4-cross with 21.4 and 20.6, respectively, which also showed higher ionic conductivity
in contrast to 2-cross ([EO:Mg] = 10.5) and 3-cross ([EO:Mg] = 6.1) independent of temperature.
lon mobilities in PEG containing PE were reported to appear by a segmental motion mechanism
and therefore the chain mobility is a critical parameter.'%224% The higher ionic conductivity of 4-
cross (4.99 10° S cm at 70 °C) in comparison to 1-cross (4.95 101° S cm™ at 70 °C), although
both feature roughly the same PEG fraction, can be explained by its longer PEG chain and there-
fore higher chain mobility. The higher flexibility of PEGMAgso compared to PEGMAsy has al-
ready been reported for lithium based SPEs before.?** For PEGMAsq containing SICs, 1-cross to
3-cross, 1-cross performed with the highest ionic conductivity at 70 °C (4.91 10%° Scm) fol-
lowed by 3-cross (9.61 10t Scm™?) and 2-cross. The given order is congruent with the DSC
results, with the highest and lowest Tq for 2-cross and 3-cross. Therefore, the order of ionic con-
ductivity can be explained by the Ty and chain mobility. In literature the beneficial effect of block
architecture was already reported supporting this observation.?*> A critical temperature (T5) could
also be observed, where ionic conductivities could not be calculated based on used EIS parame-
ters. Those T,s were found to be the lowest for 4-cross with ~ 30 °C and increased over 1-cross
(~ 40 °C) to 3-cross (~ 60 °C), whereas for 2-cross no T, could be detected up to 70 °C. The T,
for 4-cross correlated with its Tr, at 35 °C, which showed no ion mobility below Tn, due to the
crystallized and immobile PEG chains. Crystalline areas are known for PEG-based electrolytes to
reduce ionic conductivity.?*® No T, for the lithium-based SIC (4-cross-Li) were seen because the
Tm was below the measured temperature range. In addition, ionic conductivities between
3.32107Scm? (0 °C)and 6.14 10° S cm™ (70 °C) were measured, which is a factor of 10* S cm-
L higher in contrast to the magnesium-based 4-cross (4.99 10° S cm™ at 70 °C). This exorbitant
higher ionic conductivity for 4-cross-Li could be traced back to the significantly higher charge
density and harder character of Mg?* due to its divalent character and therefore a much stronger
Mg?*-polymer coordination, resulting into lower ion mobility.*# Although the ionic conductivity
should be mainly caused by the mobility of Mg?* as result of the SIC approach only low ionic
conductivities of about 10° to 10** S cm™ were measured for the solid magnesium-based SICs.
Therefore, gel and quasi-solid SICs were prepared by incorporating 50 wt.% of ether PC or
PEGDMEsqy into the polymer matrix. The incorporation of organic additives, such as plasticizers,

were an already established technique to tune polymer electrolytes and leads to gel-polymer
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electrolytes (GPEs) with improved ionic conductivities.®”?4” This common strategy is expected to
enhance the ion transport by increasing ion dissociation and segmental motion of the PEG side-
chains.?® Consequently, this approach resulted in an increased ionic conductivity up to
8.02 107 Scm? for 4-cross-PC and 2.05 107 S cm? for 4-cross-PEGDMEsq at 70 °C and
1.69 107 Scm™ and 1.75 10® S cm™ at 20 °C, respectively. Additionally, the shape of 4-cross-
PEGDMEsq and 4-cross-PC follow a more convex profile, which is a hint for an ionic conduc-
tivity by segmental motion of polymer chains instead of ion hopping underlining the given con-
clusions.?* The sudden increase in ionic conductivity for 4-cross-Li at 20 °C might be related to
a reduced chain mobility close to the first Tm. and is therefore a result of the phase transfor-
mation.?® The higher ionic conductivity of 4-cross-PC in comparison to 4-cross-PEGDMEsgo
can be explained by the larger dielectric constant of PC and lower viscosity compared to poly-
ether, which leads to increased ionic conductivity as shown also by other researchers before. %252
Another reason is the coordination environment identified as critical parameter for ionic conduc-
tivity. 25325 PEGDMEsq as linear polyether like DME or tetraethylene glycol dimethyl ether
(tetraglyme) is expected to coordinate by ether moieties to Mg?* but is not limited to one Mg?* as
schematically presented by Tuerxun and colleagues.?®® Because of the chelating effect the com-
plexation of larger polyether is thermodynamically favoured, hence being an argument for possi-
ble stronger coordination and larger complexes of PEGDMEsg to Mg?* compared to the mono-
dentate ligand PC. Ultimately, the combination of all before mentioned effects lead to the lower

ionic conductivity of 4-cross-PEGDMEsq over 4-cross-PC.2%
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Figure 12: Temperature dependent ionic conductivity of solid polymer electrolytes 1-cross, 2-cross, 3-cross, 4-cross
and 4-cross-Li. GPE with 50 wt. % of PC (4-cross-PC) and quasi-solid SIC with 50 wt,% PEGDMEseo (4-Cross-
PEGDMEsqo). Filled symbols correspond to SPEs and empty symbols to GPEs.

Since SICs are supposed to benefit from a high transference number t*, spectating solely the
ionic conductivity is not sufficient to judge on their ion transport properties. Thus, polarization
measurements were conducted for 4-cross-PC and 4-cross-PEGDMEsq and their corresponding
lithium derivatives (4-cross-Li-PC and 4-cross-Li-PEGDMEsy) in symmetric Mg||Mg or Li||Li
cell setup with an applied potential of 500 mV and 10 mV at 80 °C (Figure 13). DC polarization
experiments were conducted by Evan’s method to determine lithium transference numbers (t*.;)
and magnesium transference numbers (t*mg). The transference number was calculated by follow-

ing equation 2:

Eq. 2

et = Iss AV — ROIO,pol
IO,pol AV — RSSISS

AV was the polarization potential, Rss and Iss were the surface resistance after polarization and
the steady-state current, respectively. Ro and lopor Were the surface resistance and initial current
before polarization. To validate lopo, loca Was calculated by Ohmic law (equation 3),where

Iss/lopal has to be equal to Iss/locar.
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U
IO,cal = R_
0

For the SICs 4-cross-PC and 4-cross-PEGDMEsq the given restrictions for equation 2, as low
ion dissociation are not full filled. Furthermore, the ratios of lss/lopo = 0.0027 and Iss/loca = 0.1
for 4-cross-PC and for 4-cross-PEGDMEsqg Iss/lopo = 0.018 and lss/loca = 0.18 strongly differ
from each other, therefore no reliable t*ug could be calculated. The discrepancy between loca and
lo,por Might be explained by several effects. On the one hand, loca Was calculated by fits with
limited numbers of data point due to the used EIS parameters and high surface resistances. On the
other hand, a passivation of deposited Mg on the surface might lead to higher lopq. The results of
the polarization experiments are given in Figure 13. For the lithiated SICs, 4-cross-Li-PC/-
PEGMAsw, lopor and loca were found to be nearly identical and with larger Iss/lo ratios of
Iss/lopol = 0.92 and Iss/loca = 0.92 for 4-cross-Li-PC and Iss/lopor = 0.68 and Iss/lgca = 0.65 for 4-
cross-Li-PEGDMEsq (Table 16 and Table 17). Based on the equation 2 t *; of 0.92 and 0.66
were calculated for 4-cross-Li-PC and 4-cross-Li-PEGDMEsq, respectively, indicating mainly
Li* mobility and therefore successful SIC synthesis. This results are in the range of literature
reported borate-based SICs (e.g. t *ii of 0.58 and 0.97).2432%
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Figure 13: A) Polarization plot with normalized currents of A) 4-cross-PC and 4-cross-PEGDMEso B) 4-cross-Li-
PC and 4-cross-Li-PEGDMEsoo.

To determine the oxidative stability of 4-cross-PC and 4-cross-PEGDMEsq, linear sweep volt-

ammetry measurements in Mg||SS cells (Figure 14) were performed. For 4-cross-PC an oxidative
stability up to 1.2 V vs Mg/Mg?* and 4-cross-PEGDMEsg up to 2.7 V vs Mg/Mg?* was found.
A similar trend was also observed by Kim et al. who measured the stability oxidative stability
against SS for liquid electrolytes (0.5 M Mg(ClO4)) with values over 3.5V vs Mg/Mg?" for
triglyme, which was found to be significantly larger than for PC with 2.4 V.22
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Figure 14: LSV spectra of 4-cross-PEGDMEsw and 4-cross-PC in Mg||SS cell.

Lastly, plating/stripping experiments with magnesium-metal anodes were conducted to verify the
Mg?* transport abilities of 4-cross and its gel-SICs 4-cross-PC and 4-cross-PEGDMEsg. Sub-
sequently, measurements were performed at 80 °C with a plating/stripping time of 1 h each. The
first measurements were carried out at a current density of 0.1 pA cm for 4-cross-PC and 4-
cross-PEGDMEsg and 0.01 pA cm for 4-cross (Figure 15), respectively. However, 4-cross did
not show any Mg/Mg?* deposition, probably caused by extreme polarization, whereas in contrast
to this 4-cross-PC and 4-cross-PEGDMEs featured a reversible Mg?*/Mg decomposition for
50 cycles. Herein, 4-cross-PC had an initial plating/stripping overpotential of about 0.5 V with a
constant increase to 1.7 V for the 50" cycle, while 4-cross-PEGDMEsq started with an overpo-
tential of about 0.5 V for the first cycle and increased to 1.5 V for the 50" cycle. Thus, both GPEs
revealed similar overpotentials independent of the additive, which leads to the assumption that
the stripping-plating behaviour is mainly dominated by the low Mg?* conductivity as a result of a
low ion dissociation. The latter is demonstrated by the tremendous increase of the plating/strip-
ping overpotential, which was mentioned for other PE systems before and reveals the high reac-
tivity of magnesium anodes.*®” The absence of Mg/Mg?* decomposition for 4-cross even at lower
current densities compared to 4-cross-PC and 4-cross-PEGDMEsq could be explained by the
significantly lower ionic conductivity and Mg?* mobility as well as low ion dissociation as ex-

plained in the previous chapter hindering Mg/Mg?* deposition. Further reports of PEs and their
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applications in magnesium batteries dealt with gel/gel-composite PVdF-HFP electrolytes at cur-
rent densities of 0.05 to 0.2 mA cm2 mentioning stripping/plating overpotentials of 0.15V to
0.31 V.B728  Deivanayagam and colleagues performed galvanostatic measurements on
PVdF-HFP:TiO2:Mg(ClO4).:1-buty-I-methylpyrrolidinium TFSI (Pyris-TFSI) composites with
ratios of 0.3:0.1:1:0.75 wt.%, whereas Mesallam et al. focused on PVDF:MgBr:tetryglyme of
1:0.6:0.5 wt%.'*725%¢ These two PEs showed reversible plating/stripping, in sharp contrast to 4-
cross-PC/PEGDMEsqy, with higher current densities in the range of hundreds of microampere
instead of nanoampere and lower overpotentials mainly caused by their significantly higher ionic
conductivity, lower Mg?*-polymer interaction and higher ion dissociation than 4-cross-PC and 4-
cross-PEGDMEsg.
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Figure 15 Plating/stripping measurements at 0.1 pA cm and 80 °C of 4-cross-PEGDMEsu, 4-cross-PC and at 0.01
pA cm at 80 °C of 4-cross against symmetric Mg electrodes.

1.6.5 Magnesium-lithium dual-salt polymer electrolytes

To further improve the Mg?* transport abilities and plating/stripping behaviour, magnesium-lith-
ium dual-salt SICs were prepared with [Mg?*]:[Li*] (4-cross-PC-Li-Mg 1:1 and 4-cross-PC-Li-
Mg 2:1) ratios of 1:1 and 1:2 and 50 wt.% PC (Scheme 13).
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Scheme 13: Schematic synthesis of 4-cross-PC-Li-Mg 1:1 and 4-cross-PC-Li-Mg 2:1.

Furthermore, a SIC, containing a 50 wt.% 1 M LiTFSI-PC solution, was also investigated (4-
cross-PC-LiTFSI). Because 4-cross-PC and 4-cross-PEGDMEsg had a similar performance at
0.1pA cm2in regard to cycle stability and overpotentials further experiments focused on 4-cross-
PC, due to its higher ionic conductivities. The measurements were carried out at various current
densities, 0.01, 0.05, 0.1, 0.5, 1, 10 pA cm, with 6 plating/stripping cycles each current (Figure
16).
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Figure 16. Plating/stripping measurements at 0.01, 0.05, 0.1, 0.5, 1 and 10 pA cm and 80 °C of 4-cross-PC, 4-cross-
PC-LiTFSI, 4-cross-PC-Li-Mg 1:1 and 4-cross-PC-Li-Mg 2:1.

The reference system 4-cross-PC had an initial plating/stripping potential of 0.2 V at 0.01 pA
cm2 and reached a maximum current density of 1 A cm, plating/stripping potential of 3.1V,
before reaching the cut-off voltage of 10 V. The addition of LiTFSI significantly decreases the
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plating/striping potential at all current densities (1.9 V at 1 pA cm) but also increased the possi-
ble current densities up to 10 pA cm2 (2 V). Furthermore, in the first 3 cycles some pre-condi-
tioning processes occurred because a fluctuating of the potential over the plating and stripping
processes were detected before stabilizing. Those pre-conditioning process could be explained by
lithium adsorption on the magnesium electrode surface having a similar effect as Cl-, which are
known to adsorb at the magnesium surface and to reduce the formation of a passivation layer.?%°
4-cross-PC-Li-Mg 2:1 performed with slightly lower plating/stripping potentials compared to 4-
cross-PC-Li-Mg 1:1 but higher than 4-cross-PC-LiTFSI. Comparing the dual-salt SICs to 4-
cross-PC, two distinctive segments can be seen at lower and higher currents. At lower currents
the plating/stripping potentials of 4-cross-PC were lower compared with the hybrid SICs but with
an inverse behaviour at higher currents, where 4-cross-PC-Li-Mg 1:1 and 4-cross-PC-Li-Mg
2:1 performed with lower potentials. The plating/stripping potential of 4-cross-PC-Li-Mg 1:1
was higher for densities up to 0.05 A cm (1.8 V) before similar potentials were detected be-
tween 0.1 to 0.5 A cm2 (2 and 2.6 V) and 2.6 V at higher current density (1 pA cm2). 4-cross-
PC-Li-Mg 2:1 showed a similar behaviour with higher plating/stripping potential at 0.01 pA cm-
2(0.6 V) and similar potentials between 0.05 and 0.5 pA cm (1.3 and 2.4 V) but at higher current
densities lower potentials of 2.4 V (1 pA cm) and between 3.37 to 4.7 V (10 pA cm2) were seen.
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Figure 17: Li 1s and C 1s XPS spectra of the magnesium electrode surface after 13 cycles at 0.1 pA cm2 in a Mg||Mg
cell.
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The importance of the electrode composition was part of interest for magnesium but also MLHB.
Tang and coworkers assigned an enhanced long-cycle stability of a MLHB to shuttle effects and
a beneficial SEI formation caused by Li* and lithium-containing SEI.*® Therefore, XPS measure-
ments of the magnesium metal electrodes were performed in cooperation with Dr. Zhixuan Wei
from university GielRen for 4-cross-PC, 4-cross-PC-Li-Mg 1:1 and 4-cross-PC-Li-Mg 2:1 after
13 cycles at 0.1 pA cm2 (Figure 99). The resulting Li 1s, C 1s, Mg 2s and O 1s XPS spectra are
shown in Figure 17 and Figure 18. In the Li 1s XPS spectra the occurrence of Li-species on the
magnesium electrode surface for the dual-salt electrolytes were seen at 59 eV and assigned to
carbonates as reported by Oswald and coworkers.?® This observation is in good agreement to the
reports of Tang and coworkers, thus a lithium-containing surface can be assumed.* Furthermore,
for all three electrolytes organic decomposition products were seen in the C 1s spectra, which
only differs in the ratios of the binding energies assigned to C-C, C-O and C=0, respectively (at
about 284.8, 286.4 and 288.8 eV) (Table 15).2%
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Figure 18: O 1s and Mg 2s XPS spectra of the magnesium electrode surface after 13 cycles at 0.1 pA cm in a Mg||Mg
cell.

Similar observations were made for all three electrolytes in the 1s O XPS spectra (Figure 18),
where oxide was observed at 532 eV.?! The formation of MgO was also revealed by 2s Mg,

where two peaks at about 87.5 and 89 eV were detected. Those were assigned to MgO (89 eV)
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and to metallic magnesium for the lower binding energy as reported by Parambath and cowork-
ers.?% The ratio of metallic magnesium was significantly lower, which indicates a nearly complete
oxidation of magnesium on the surface for all three samples. However, a slightly higher ratio of
metallic magnesium to oxide can be found for the dual-salt electrolytes (5:95 and about 10:90).
Considering the plating/stripping experiments and XPS results, the lower plating/stripping poten-
tials at higher current densities for the dual-salt electrolytes could be explained by the formation
of lithium-containing species on the magnesium electrodes surface. Nevertheless, the high degree
of oxidation and decomposition of the electrodes surface leaded to only a minor decrease in po-
tential at higher current densities. At lower current densities no effect of the lithium-containing
surface was assumed, due to the higher potentials for the dual-salt electrolytes. Instead, the lower
Mg?* concentration might increase the plating/stripping potential and were more dominant than
the effect of the lithium. To overcome those issues the addition of higher amounts Li* seem to be
necessary, indicated by 4-cross-PC-LiTFSI and comparing 4-cross-PC-Li-Mg 1:1/2:1 to each

other.
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1.6.6 Recapitulation

Herein, solid crosslinked, borate-based SICs were synthesized and characterized as electrolytes
either Li*, Mg?" or both as cations. The comonomer ratio and architecture of PEGMA, was inves-
tigated and the borate anion to be the best in 4-cross, where higher ratios of PEGMA, and chain
length support ion transport. An overall, low ion dissociation and strong borate-anion to cation
interaction were recognized in those systems, which limits the ion transport (about 10° S cm?)
and inhibits reversible magnesium plating and stripping.

Therefore, GPEs with PEGDMEsq and PC as additive were investigated with moderate ion
transport (about 10 S cm) but high t*.i up to 0.92, which underline the formation of SIC. The
exchange of Mg?* by Li* of PC-based SICs and the synthesis of Li-Mg-hybrids SICs with
[Li]:[Mg] ratios of 1:1 and 2:1 was further part of interest. The dual-salt electrolytes lead to higher
plating/stripping potentials at low currents discussed in the context of XPS electrode surface
measurements. The higher potentials at lower currents were suggested to be caused by the lower
Mg?* concentration on the one hand. But the lower potentials at higher current densities were
explained by the formation of lithium-containing species at the electrode surface on the other
hand. Additionally, with increasing Li* concentration a strong decrease in potentials were seen,
incorporating 1M LiTFSI:PC solution into 4-cross. Consequently, fundamentals to dual-salt SICs
were set to gain knowledge to their performance in MIBs in regards of polymer design and

Mg?*/Li* concentrations.

52



Results and Discussion

1.7 Additive-free Copolymer Electrolytes with
Borate Anion Receptors for Magnesium Ion Batteries

In this chapter the focus lays on the synthesis of anion receptor functionalized SPEs instead of
SICs described in the previous chapter. Anion receptors are in general classic salt-in-polymer
electrolytes but also combine partly the characteristics of SICs” immobilized anions. Yamamoto
et al. investigated anion receptors for MIBs based on cPEG networks of different PEG chain
lengths and with various magnesium salts.’®> As anion receptor a borate-based Lewis-acid was
chosen, which was immobilized by a crosslinking approach. An overall improved ion transference
number and increased anion-to-receptor interaction depending on the receptor design and con-

centration was reported 263264

Therefore, the knowledge towards PEs with electron withdrawing functionalities was expanded
to increase the anion-receptor interaction. To do so, two new monomers as anion receptors were

copolymerized by a graft-through method as schematically shown in Scheme 14.

MF;

N _ N\~

PEGMAsy

Scheme 14: Schematical illustration of the synthesis of grafted copolymers with anion receptors.

1.7.1 Synthesis

The anion receptor monomer was designed as a methacrylate derivate, which provides compati-
bility with numerous comonomers and commercial-available RAFT agents. The monomers MF
and MF, were synthesized by condensation reaction of 4-fluorophenyl boronic acid and 2,4-
difluorophenyl boronic acid and 2,3-dihydroxypropyl methacrylate (SMA-diol), starting from

glycidyl methacrylate, as schematically represented in Scheme 15.
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SMA-diol Q Q
. F
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Scheme 15: Monomer synthesis of of the monomers MF and MF-. i) 80°C, 16 h in H20 ii) Molsieves 3A , 16 h, MeCN,
2,4-difluorophenylboronic acid/4-fluorophenylboronic acid as reported by Wang and coworkers.?%5

Phenylboronic acids and its fluorinated derivatives were selected as starting materials because of
their low costs, commercial availability and moderate water stability. When working with fluori-
nated phenylboronic acids, the decomposition, hydro deboronation, of those in aqueous media
has to be considered (Scheme 16).2¢ The decomposition ratio increases with increasing degree of
fluorination and depends on the substituent position. The ortho position was reported to be the
most effective position for the hydrodeboroantion. 2%

B(OH),
H,0

F ©FX + H3BOg

Scheme 16: Decomposition of multifluorinated arylborates in aqueous environment.

Thus, 4-fluorophenyl boronic acid and 2,4-difluorophenyl boronic acid were chosen as starting
materials for MF and MF; synthesis, because no decomposition products were detected during
the polymerization process by 'B-NMR and **F-NMR (Figure 19).
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Figure 19: *F-NMR and 'B-NMR of MF in CDClz and MF2 in DMSO-de.

The monomers MF and MF, were polymerized by RAFT polymerization under water-free con-

ditions as presented in Scheme 17.

X

n© 0 CPDB, AIBN 0”0

\O/\/o DMF, 80°C K(\o

— /

B HF OB wF
F F

H = MF H = PFO

F = MF, F = PF,0

Scheme 17: Polymerization conditions of polymers PF20 and PFO.

The successful polymerization of PF0O and PF,0 was confirmed *H-NMR and *F-NMR (Figure
20).
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Figure 20: A) 'H-NMR and **F-NMR spectra of PFO in toluene-ds. B) *H-NMR and °F-NMR spectra of PF20 in
toluene-ds. * corresponds to solvent signals.

The polymers were further analyzed by SEC, where for PF,0 a second peak appeared twice the
number average molecular weight of the first peak and was assigned to disulfide connected poly-

mers after aminolysis of the RAFT agent by the eluent DMAc (Figure 21).
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Figure 21: SEC spectra of PF20 and PF0. The second peak correspond to disulfide linked polymers after aminolysis in
the eluent DMAc.

While the monomers MF and MF, were stable against non-dried solvents, the corresponding
polymers PFO and PF,0 decomposed in the presence of water in solution, although they were
stable under ambient conditions. Therefore, the polymers were always handled under water-free
conditions inside a glovebox with H.O and O concentration below 0.5 ppm, when brought into
solution. PFO and PF,0 were brittle solid materials thus, several approaches were evaluated to
gain a self-standing and flexible PE. Therefore, the formation of polymer blends within PVDF-
HFP were tested but led to inhomogeneous films with phase separations. Similar observations
were done testing additives such as SN. Instead of preparing PEs by additives, copolymers were
synthesized by copolymerization with PEGMA, (X = molecular weight) (Scheme 18), because it
enhanced its flexibility, when forming homogenous films. Further, grafted PEO chains showed a
lower crystallinity compared to linear PEG and therefore enhanced ionic conductivity as reported
by Morita et al..1*616” The polymers were named as PF.X with P for polymer, F, for the 2,4-
difluorophenyl functionality and b correspond to block architecture. In the first step, the comon-
omer ratio was optimized for MF, and PEGMAsq using RAFT polymerization. Self-standing
films only were formed for polymers with comonomer rations larger 70 mol% MF.. However,
below 70 mol% MF; only highly viscous materials were formed, which was not further consid-

ered. Three different statistic copolymers between 70 to 92 mol% MF, were synthesized
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investigated as well as reference polymers with 0 and 100 mol% MF,. Additionally, a block co-

polymer PF.3b was prepared to consider the effect of architecture.

n © e CPDB, AIBN 0 S
i/\/o _S) 1,4-Dioxane, 80°C K(\/O
\iQF 8/9 O\iQF
F F
MF, PEGMA, PF,X
X = 1-4, 3b

b: block copolymer
Scheme 18: Polymerization conditions of PF2X with X = 1-4 and 3b.

The successful synthesis of PF2X (X = 0 to 4 and 3b) was proven by *H-NMR and *F-NMR
spectroscopy (Figure 22). In F-NMR spectra, the fluorine signals appeared at -97.9 ppm
and -104.6 ppm, which is in good agreement with the literature and prove no hydrolyzation of the
borate sidechain.?®” By *H-NMR the comonomer ratio can be calculated by evaluation the integral
values of the ortho-proton (7.7 ppm) and the PEGMA methyl end group (3.2 ppm).
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Figure 22: *H-NMR and °F-NMR of PF23b in toluene-ds.
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The polymers were further characterized by SEC and DSC, and the results are presented in Table
9 and Figure 23. Similar to PF,0 and PFO the formation of disulfide linked polymers were ob-
served for PF,3b. Therefore, a bimodal distribution, rather unimodal distribution was observed.

Table 9: Structure, glass transition temperture (Tg), comonomer ratio, avarage molare mass (Mn) and dispersity (Mn/Mw)
of the random copolymers PF2X with X = 0-4 and of the block copolymers PF23b.

Structure Copolymer ratio Mn Mn/My Ty [°C]
(MF/MF2:PEGMAGsw) [mol%]  [g mol?]
PF20 Homo 100:0 19 600 1.48 62
PF,1 Statistic 91:9 31 300 1.25 24
PF.2 Statistic 86:14 34100 1.21 7
PF23 Statistic 68:32 29 700 1.16 -29
PF.3b Block 70:30 29 700 1.27 -22
PF24 Homo 0:100 30 000 1.22 -52
—— PF,3b
—— Macro-RAFT
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Figure 23: SEC spectrum of the chain extension of PF23b. The second peak correspond to disulfide linked polymers
after aminolysis in the eluent DMACc.

The Ty increased with increasing monomer MF; ratio between -52 °C (PF24) and 62 °C (PF20),
with a minimum for PF,3 (-22 °C) (Table 9,Figure 24). A decrease in Ty lead to an increase in
chain flexibility and an increasing in ionic conductivity. Therefore, a block architecture was tested
for PF.3, named as PF,3b (b represents block architecture). For PF,3b also only one T4 (-26 °C)
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was found, which was lower compared to all tested statistic copolymers. Therefore, one macro-
scopic domain was assumed, indicating similar Flory interaction parameters (ymrzreemasooN)
(xmrerecmasoo 1S equal to the effective interaction energy between MF; and PEGMAGsqo, N is the
degree of polymerization) because for local segregation (ymrzreemasooN) > (ymr2reemasooN): 1S
valid.?® Therefore, a similar polarity of MF, to PEGMAsy Was concluded. The block copolymer
PF.3b had a lower T4 compared to PF»3, which was potentially caused by larger nanoscaled PEG
domains. PF,3b was further used for optimizing the ionic conductivity, having the overall lowest
To.
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Figure 24: Glass transition temperatures of copolymers at various MF2 concentrations.

1.7.2 Electrochemical properties

In the first step, the PEs architecture, comonomer ratio and magnesium salt concentration was
optimized for the monomer MF; (Table 9).

PEs based on PF»3b were named as EF,3b, where E stands for electrolyte. They were tested with
Mg(TFSI), concentrations [Mg] referenced to the number of ether functionalities [EO] with 10:1
(EF23blow), 25:1 (EF.3b) and 10:1 (EF23bhigh) [EO]:[Mg]. A picture of EF.3b can be seen in
Figure 100. The temperature dependent ionic conductivity between 0 °C to 70 °C is presented in

Figure 25, where the highest ionic conductivity was found for a 25:1 [EQ]:[Mg] ratio (7.5 10~
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Scmtat 70 °C and 3.5 10° Scm? at 0 °C). The observation of a local maximum in the salt
concentration dependent ionic conductivity has been reported by Aziz et al. for Mg(TFSI)2-poly-
carbonate electrolytes.®” The increase of ionic conductivity of EF,3blow to EF23b is contributed
to a greater number of charge carriers as reported by Aziz et al. before. With further increase in
Mg(TFSI). concertation, the formation of ion pairs and aggregates was reported, reducing the

number of mobile charge carriers and therefore the ionic conductivity.®’

10° - —u— EF,3blow, 45:1 [EO]:[Mg]
] & —a— EF,3b, 25:1 [EO]:[Mg]
. \‘\ —&— EF,3bhigh, 10:1 [EO]:[Mg]
\

o
\\\

103 \

10-10
T T T T T T T T T T T T T T T T T
29 3,0 3,1 3,2 3,3 3,4 3,5 3,6 3,7

1000/Temperatur [K™]

lonnic conductivity [Scm™]

Figure 25: lonic conductivity of PF23b-based electrolytes with various concentration of Mg(TFSI).

Based on these results, polymer electrolytes EF2X (X = 0 to 4) were prepared with Mg(TFSI).
concentration of 25:1 [EQ]:[Mg] and characterized by DSC. The measured Tgs increased for all
polymers with random architecture (Figure 26), but slightly decreased for EF,3b (-31 °C). One
possible explanation for the significant change in Tq is the formation of quasi-ionic crosslinking
between ether sidechains and cations, which has already been reported for lithium-based electro-
Iytes.?® In the case of EF.3b, the lower Ty could also be explained by a plasticizing effect of
Mg(TFSI)..%
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Figure 26: Glass transition temperatures of copolymers at various MF2 concentrations.

To further compare the copolymer architecture, reference electrolytes were prepared based on the
homopolymers PF,0 and PF24, resulting into EF.4 and a blend electrolyte (Eblend70) with 25:1
[EQ]:[Mg] Mg(TFSI).. Eblend70 was prepared by PF.0 and PF24 (70:30 mol%) and was unable
to form a self-standing film. DSC measurements of Eblend70 revealed two separated Tgs
at -38 °C and 76 °C, respectively, indicating an inhomogeneous material distribution and macro-
scopic segregation. In the case of EF0, the Ty also increased with the addition of Mg(TFSI): to -
39 °C, therefore quasi-ionic crosslinking is assumed as discussed above and was found to be a
liquid material at room temperature, whereas Eblend70 was a granular, sticky material. This
stands in contrast to the corresponding copolymers EF,3 and EF,3b, which formed self-standing

films.

62



Results and Discussion

103 5
E —v— EF,1
] —@—EF,2
-4 _ (RS 2
10 5 Oy EF.3
o ] O —m— EF,3b
E 104 O O EF4
O E e}
& ] - ‘ Eblend70
..2” 10-6 . . Q.
= ] \'\ o}
2 ] .\
o -7
=} 107" A ]
-8 ] \I
5 ]
© 1084 o \-
Q e \
c ] . [ ]
2 400 *—
e .
1010 -] v
10 T T T T T T T T T
2,8 3,0 3,2 3,4 3,6 3,8

1000/Temperature [K™]

Figure 27: lonic conductivity of PF2X (X = 1 — 4 and 3b) at constant 25:1 [EO]:[Mg] rations of Mg(TFSI)2 and of the
reference material Eblend70. Filled symbols are assigned to self-standing materials and empty symbols to partly vis-
cous and viscous materials.

The liquid and partly-liquid character of Eblend70 and EF24 also explained their significantly
higher ionic conductivities (6 10® and 1.6 10° S cm™ at 0 and 70 °C (Eblend70)) and 3.4 107
and 1.5 10* S cm (EF24)) compared to the solid electrolytes EF,X (X = 1-4 and 3b) as shown
in Figure 27. PF,3b was found to exhibit the highest ionic conductivity of all polymer electrolytes
investigated in this study. The higher ionic conductivity of the block over random architecture
could be explained by the lower Tg, enabling higher chain mobility. Following this argumentation
EF,3 showed a higher ionic conductivity than EF,2 and EF,1. Therefore, EF,3b was used for

further investigations of the salt effect.

1.7.3 Effect of degree of fluorination and counter anion on the
electrochemical performance

For comparison, the monofluorinated polymer (PF3b) was synthesized based on the best per-

forming polymer PF.3b (
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Table 10).

Table 10: Glass transition temperture (Tg), avarage molare mass (Mn) and dispersity (Mw/Mn) of block copolymers
PF23b and PF3b.

Structure Copolymer ratio Mn Mw/My T, [°C]
(MF/MF2:PEGMAGsw) [mol%]  [g mol?]
PF.3b Block 70:30 29700 1.27 -22
PF3b Block 68:32 24 400 1.30 -32

Further investigations were performed towards the choice of salt, where Mg(ClO4). was chosen
besides Mg(TFSI), (EF23b Mg(ClO.), and EF3b Mg(CIlO.),) because of the higher nucleophilic
character of ClO4 over TFSI". Thus, a stronger polymer to CIO4 coordination compared to TFSI-
was expected. The chosen concentration was 25:1 [EQ]:[Mg], which was found to be the optimum
concentration as discussed before (Figure 25). As reference materials LiTFSI and LiCIO, were
also investigated to validate the differences between monovalent and divalent cations, named
EF.3b LiTFSI/LiICIO4 and EF3b LiTFSI/LiClO,. PEs with salts containing more nucleophilic
anions as Mg(OEt), were not accessible due to side-reactions, such as nucleophilic substitution at

the aromatic system.

The ion coordination was analyzed by FT-IR, focusing on the area of 1800 to 500 cm™ (Figure
28). In this area significant vibrations were found, corresponding to B-O, C=0, C-O-C, C-F and
aromatic C-C bond vibrations. Vibrations assigned to the polymers PF.3b and PF3b were the
asymmetric stretching B-O vibrations at 1350 cm™, which were reported for phenylboronic acid
and pentafluorophenylboronic acid to appear at 1370 cm™ and 1350 cm?, respectively.?%27* The
aromatic C-C stretching vibrations were reported by Varsanyi to appear between 1625 and
1430 cm? for phenylboronic acid.?”2 Based on their report and theoretical DFT simulations for 4-
fluorophenylboronic acid by Erdogdu and coworkers, those aromatic C-C vibrations were as-
signed to transmittance bands at 1608, 1593 1427 cm™, respectively.?”® Further, aromatic C-H
vibrations were assigned to signals at 851 cm™ based on the report by Erdogdu and colleagues.?”
The carbonyl C=0 vibration was assigned to signals at 1728 cm, while C-O-C symmetric and
asymmetric stretch vibrations occurred at 1105 cm™ based on the reports of Soydan and

Wieczorek.?’*27 Significant vibrations corresponding to the anions were C-F vibrations (TFSI")
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and CI-O vibrations (CIO4) at 1185 and 1080 cm™.2® The CI-O vibration was found to strongly
overlap with the polymer signals specifically O-C-O vibrations (Figure 104), therefore no defin-
itive assignment of this vibration was possible. Similar to LiTFSI/LiCIO4-based electrolyte the
same observations were done Mg(TFSI), and Mg(ClO4).. The C-O-C vibration at 1085 cm for
all EF»3b and EF70b showed no differences in wavenumber compared to the polymers PF,3b
and PF3b, indicating no or only limited Mg?* to PEG coordination. This suggestion is consistent
with the decrease in Ty by DSC for EF.3b, where no quasi-ionic crosslinking but a plasticizing
effect of Mg(TFSI), was concluded. For further vibrations at 1728 and 1350 cm™ (C=0 and B-O
vibrations) no shifts were seen, indicating no changes in the coordination environment. In case of
B-O, this indicates no anion coordination or formation of borate anions and therefore only a lim-
ited anion trap character was confirmed. Nevertheless, for EF70b shifts of aromatic C-C and C-
H vibrations at 1608, 1593, 1427 and 851 cm* were found with the addition of lithium and mag-
nesium salts. The aromatic C-C vibration at 1593 cm shifted towards higher and the aromatic C-
H vibration at 851 cm™ to smaller wavenumbers. Additionally, the aromatic vibrations at 1427
and 1608 cm decreased significantly, indicating an overall change in the electronic environment
of the aromatic group, which leaded to the suggestion of salt coordination. Although no conclu-
sion for ClO, salts can be given due to overlapping with other vibrations, TFSI- had a character-
istic and separated C-F signal at 1190 cm™ (Figure 103). The C-F vibration appeared with the
addition of Mg(TFSI); and LiTFSI, in the EF3b spectra at 1185 cm™. This vibration was red
shifted towards lower wavenumbers compared to the pure LiTFSI salt (1190 cm™) or to the re-
ported wavenumber by Rey et al. (1195 cm™).2’® This indicates a stronger Mg?* to TFSI- coordi-
nation in the electrolyte compared to the TFSI- salts. Moreover, Hambali and coworkers assigned
C-F vibration at 1138 and 1195 cm™ to aggregates, assuming mainly the formations of aggregates
in EF,3b/-LiTFSI and EF3b/-LiTFSI.2”" Considering both effects for the aromatic and TFSI
vibrations, a coordination of TFSI aggregates to the 4-fluorophenyl group can be assumed. This
observation stands in sharp contrast to the PF»3b-based electrolytes, because in here no shifts
were seen for the polymer related vibrations, either for magnesium-based electrolytes nor lithium-
based electrolytes. Solely, the appearance of C-F vibrations at 1185 cm™ was seen for EF23b and
EF23b LiTFSI, indicating a similar coordination structure as in EF3b/-LiTFSI and the formation
of aggregates. The absence of changes in the spectra related to the polymer (PF;3b) itself indi-
cates a lower polymer-salt interaction for EF,3b compared to EF3b. This might be explained by
the lower electron density of the aromatic 2,4-diflurophenyl group compared to the 4-fluoro-

phenyl group. Additionally, a similar coordination behavior was also assumed for the electrolytes
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containing ClO4 and TFSI" anions, due to the similar wavenumbers of C-O-C, C=0, B-0, C-C
and C-H vibrations in EF70b and EF,3b.

A
—— PF3b
—— EF3b LiTFSI
——EF3b LiCIO,
3
5,
2 -
O z< <
2 go Q
Q OO © '
= ? EE £ ' _
© 28 [Ne) @ 2
T 282 § @ = T
S + w [§)
& 5 O Q @
ot o ar Q £
2 £ o o
@ E ®
bt 0
g
T T T T T T T T T T T T
1800 1600 1400 1200 1000 800 600
Wavenumber [cm™]
B
—— PF3b
—— EF3b Mg(TFSI),
—— EF3b Mg(CIO,),
';:' i
8,
2 L
= 3 =
2 e <
< o 29 3 N
= (“) g € —‘E <
b > [3) 7} :I.—:
& © 8
g U
has 0
g
T T T T T T T T T T T T
1800 1600 1400 1200 1000 800 600

Wavenumber [cm™]

66



Results and Discussion

—— PF,3b
—— EF,3b LiTFSI
e —— EF,3b LiCIOg4

Intensity [a.u.]
=
===
=
e
N

< z
g G
g ¢ ¢ 1’
3 € e 9 @
E 3 s 2 RN z
2 3 9 % w T
5 =3 %) Q 3
< ED EN
S £ 8 E
g I% 2
- g
T T T T T T —= T T T T T
1800 1600 1400 1200 1000 800 600

Wavenumber [cm™]

D
—— PF,3b
—— EF,3b Mg(TFSI),
—— EF,3b Mg(ClO,),
=
S,
>
=
2 . z
< C
g o g 3
I D) =
- b T Q @ =
3 § G o L 3
o 2 c:\? H‘E w by
T I A N
S N Q i
‘-' £ © 8
8 5
— n
=1
—

T T T T T T T T T T T T
1800 1600 1400 1200 1000 800 600
Wavenumber [cm™]

Figure 28: FT-IR spectra between 1800 to 500 cm of A+B) PF3b-based and C+D) PF23b-based electrolytes contain-
ing Mg(TFSI)2, Mg(ClOa4)2, LiTFSI and LiClO4. The bolded vibrations represent shifts compared to the polymers
PF3b,PF23b and TFSI-, ClOs-salts.

All eight samples were analyzed by DSC and the results are presented in Figure 29. For the PF3b-

based electrolytes the addition of Li-salt showed no change in T4, whereas for Mg(TFSI), a

67



Results and Discussion

reduction and for Mg(CIlQ4). an increase could be observed. Compared to this, EF.3b, EF.3b
Mg(ClOs),, EF23b LiTFSI showed no change in Ty but for EF23b LiClO4 the Ty decreased to -
20 °C. Due to the absence of any trends, a complex morphology depending on the polymer prop-
erties, cation and anion can be assumed for PF3b-based electrolytes. But in case of PF,3b-based
electrolytes the morphology seems to be stronger affected by Mg-salts than of Li-salt possibly
caused by the higher number of anions compared to the lithium salt.
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Polymer Mg(TFSI), Mg(ClO,), LITFSI  LiClO,

Glass transition temperature [°C]

Figure 29: Glass transition temperatures of PF23b-based and PF3b-based electrolytes at constant 25:1 [EQ]:[Mg]/[Li]
rations of various magnesium and lithium salts.

lonic conductivity measurements were also investigated between 0 and 70 °C similar to the pre-
vious electrolytes, where for constant [EO]:[Mg/Li] ratios of 25:1 four different salts were tested
(Mg(TFSI)2, Mg(ClO4)2, LiTFSI and LiClO.) (Figure 30). The electrolytes based on PF,3b and
PF3b performed between 0 °C to 70 °C in a similar range and followed the same trend for all
investigated salts (Mg(ClOs)2, LiTFSI and LiClO,). The lowest ionic conductivities were seen for
Mg(ClO.) electrolytes (about 10*° S cm* at 30 °C) followed by LiCIO4 (about 4 10° S cm™ at
30 °C) and LiTFSl-based systems (about 7 10%S cm™ at 30 °C). LiClO4-based electrolytes
showed higher ionic conductivities than Mg(ClO.).-based ones, presumably caused by the higher
charge density of Mg?* over Li*. Similar to this, TFSI- salts had a higher dissociation constant
compared to ClO., being a less nucleophilic anion, therefore the LiTFSI-based PEs performed

with higher ion conductivity compared to LiClOs-based PEs. Only the electrolytes with
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Mg(TFSI),, EF23b and EF3b, showed some discrepancy, where for EF3b a higher ionic conduc-
tivity was determine (7.6 108 to 3 10® S cm™ at 30 °C). EF.3b exhibited a lower ionic conduc-
tivity compared to the LiTFSI-based electrolyte, but higher one than the LiClO.-based system,
which might be explained by the higher number of anions due to the divalent character of Mg?*
on the one hand, and the harder character of Mg?*on the other hand. Interestingly, EF3b instead
exhibited an ionic conductivity similar to the LiTFSI-based electrolyte, potentially caused by its
lower Tq (-46 to -35 °C) as shown in Figure 29. Nevertheless, the overall ionic conductivity was
still low compared to GPEs or PVDF-based systems.® This might be traced back to the formation
of aggregates and the absence of Mg?* to PEG coordination shown by FT-IR, but also the solid
character of the electrolytes.
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Figure 30: lonic conductivity of A) PF23b-based and B) PF3b-based electrolytes at constant 25:1 [EO]:[Mg]/[Li] ra-
tions of various magnesium and lithium salts.

lon transference numbers (t*), in addition to other values, as ionic conductivity, electrochemical
stability and plating/stripping potentials, are an important property for the electrochemical vali-
dation of an electrolyte. DC polarization experiments (Figure 32) were conducted by Evan’s
method to determine lithium transference numbers (t*.i) and magnesium transference numbers
(t*mg). The transference number was calculated by equation 2. To validate lo o, loca Was calcu-
lated by Ohmic law 3,where Iss/lopo has to be equal to Iss/loca. For all tested magnesium-based

electrolytes independent of added salt no t"wg could be given because lIss/loca # Iss/lopo. The

69



Results and Discussion

discrepancy between Iss/loca and Iss/lopor Can be traced back to the extremely high surface re-
sistance, caused by the passivation layer on the magnesium metal electrode (Figure 31). On top
of that, in Evan’s methods complete ion dissociation was assumed, which was not entirely appli-
cable in this case as shown by FT-IR spectroscopy. Further, high polarization potentials

(AV =500 mV) were used due to the high resistances, leading to low lopa and Iss, although for

Evan’s method low potentials of about 10 mV were required.
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Figure 31: Impedance spectra before and after polarization (AV = 500 mV) in Mg||Mg cells for A+C) Mg(TFSI)2 and
B+D) Mg(ClOa)2 based electrolytes.

Therefore, only t*.; was calculated (Table 16 and Table 17), where lIss/loca Was equal to Iss/lopol
validating the given results. EF,3b showed no differences between Mg(ClO4), and Mg(TFSI)
(t*wi about 0.24) but significant differences were found for EF3b. EF3b LiCIO, had a higher
lithium transference number (t*Li = 0.4) compared to EF3b LiTFSI (t*.; = 0.22), which led to the
suggestion of stronger ClO4 to polymer interaction compared to TFSI by its higher nucleophilic-
ity. A stronger polymer to LiCIO, interaction in EF3b LiCIO4 over EF,3b LiCIO4 was already
suggested by the FT-IR results. However, those t*.; values are still in the range of comparable
PEG containing electrolytes, which were given to be below 0.5.2% Although no t*wg was calcu-
lated, it can be suggested, that t*ug would be smaller than t*;, due to a similar coordination be-
havior but harder character of Mg?* by HSAB theory. Nevertheless, the results proof the success-

ful synthesis of Lewis acid functionalized PEs as anion traps.

70



Results and Discussion

101 ———EF,3b LiTFSI 107 3 Ve TES)
09 —— EF,3b LiCIO, 094 530 Mg(TFSl),
——— EF,3b Mg(CIO,),
L 981 EF,3b LiTFSI EF,3b LiClO, L%
=
g o7 lss/lo.ca1 = 0.30 lss/lo car = 0.44 g 071
3 06 Issflopor = 0-31 Iss/lo pot = 0.44 3 06+
7 ] ¢ 024 ¢ =026 3 05 EF,3b Mg(TFSI)Z-S EF,3b Mg(CIOA)é
s ° % 0 lss/lpea = 25 X 10°  Iggflg oy = 2.6 10
E 04 EY lssllopor = 11X 103 Iggfly oy = 1.9 10°
[= =4 0,3‘
0,3
02 0,24
o1 0,14
0,04
00 : : . , , . :
0 5 10 15 0 5 10 15
Time [h] Time [h]
C 1,04 D 1,04
05 ] ———EF3b LITFSI 0o ] ——EF3b Mg(TFSI),
" —— EF3b LiCIO, ' .
08 4 081 EF3b Mg(CIO,),
= =
o 07 o 07
3 o6 3 064| EF3bMg(TFSI), EF3b Mg(CIO,),
=l o
g o] 8 os los/locar= 1.2 X 102 Igg/l oy = 54.4
g .. E 04l Issflopa=286X107 ldlopy =57 x10°
2 EF3b LiTFSI EF3b LiClO, 2 o3
037 lss/lg ca = 041 lss/lg.ca = 049 os
02 lss/lopor = 0.45 lss/lopo = 0.43 i
014 t'=0.22 t*=0.40 01
0,0
00 ; : : . , : :
0 5 10 15 0 5 10 15
Time [h] Time [h]

Figure 32: DC-Polarization spectra of A+B) PF23b-based and C+D) PF3b-based PEs. Steady-state currents Iss divided
by calculated and measured initial currents loca and lopor for validation.

Plating and stripping potentials were determined by constant current experiments, applying dif-
ferent current densities of 0.01, 0.05, 0.1, 0.5, 1 and 10 pA cm for 6 cycles each in a Mg||Mg
cell setup (Figure 33). The plating/stripping time was 1 h each and were conducted with EF.3b,
EF23b Mg(ClO4),, EF3b and EF3b Mg(ClO4), at 80 °C. EF3b (1.2 V at 0.1 pA cm?) and EF3b
Mg(ClO4), (2.4 V at 0.1 pA cm?) showed higher plating/stripping potentials compared to the
PF,3b-based electrolytes up to 0.1 pA cm2 (=0.8 V at 0.1 HA cm?). The higher potential might
be explained by the stronger interaction of the magnesium aggregates with the aromatic substitu-
ent observed by FT-IR. EF.3b and EF.3b Mg(CIO.), had for low current densities up to 0.1
HA cmasimilar plating/stripping potential but deviate at 1 WA cm. Meanwhile, EF3b had over
the complete current density spectra a significant higher potential than EF3b Mg(ClOa).. This
indicates a stronger interaction between the polymer matrix with Mg(TFSI), aggregates than
Mg(CIQOas)2. This observation was not seen for EF.3b and EF.3b Mg(ClO.). at lower current
densities up to 0.5 WA cm™ because FT-IR indicated only a limited polymer-salt interaction.
Meanwhile, EF3b Mg(CIlO4). and EF,3b performed with only a slight increase in potential at 1
HA cm, whereas EF3b and EF.3b Mg(ClO,), showed a strong increase in potentials. The over-
all increase in potential for EF3b Mg(ClO4)2, EF23b, EF3b and EF,3b Mg(ClO4), were traced

back to the growth of passivation layer as reported by Mesallam et al.?™
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Figure 33: Constant current measurements at 0.01, 0.05, 0.1, 0.5, 1 and 10 pA cm for 6 cycles each at 80°C in a
Mg||Mg cell of EF70b and EF70b Mg(ClOs4)2 C) EF23b and EF23b Mg(ClQa4)2.

Nevertheless, all four samples showed no plating/stripping behavior above 1 pA cm, whereas
the reference system Eblend70 performed up to 10 pA cm with even lower plating/stripping
potentials (Figure 34). At 1 pA cm Eblend70 performed with a potential of about 1.1 V vs.
Mg/Mg?* instead of 4 V vs. Mg/Mg?" (EF.3b), which could be explained by the macroscopic
segregation shown by DSC. The overall performance is still significant lower compared to a GPEs
systems (PVDF:MgBr:tetraethylen glycol dimethylether) reported by Mesallam et al..?”® But the
results are in good agreement of other researchers, which reported an overall lower electrochem-

ical performance of SPEs compared to GPEs.®’
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Figure 34: Constant current measurements at 0.01, 0.05, 0.1, 0.5, 1 and 10 pA cm for 6 cycles each at 80°C in a

Mg||Mg cell of Eblend70.

1.7.4 CI- containing polymer electrolytes

One approach to improve the plating-stripping potential is the addition of CI- to the system as
described in chapter 1.2. Therefore, to the polymer PF.3b Mg(TFSI), and MgCl; in ratio of 2:1,
(PF23b MgCl,) were added in a concentration of 25:2 [EO]:[Mg]. The same plating and stripping

conditions were applied as before, and the resulting spectra is shown in Figure 35.
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Figure 35: Constant current measurements at 0.01, 0.05, 0.1, 0.5, 1 and 10 pA cm for 6 cycles each at 80°C in a
Mg|Mg cell EF23b MgCl..

PF23b MgCl; performed with lower overpotentials between 0.01 to 0.1 pA cm compared to
EF23b but still higher compared to Eblend70. The performance was similar to EF,3b at 0.5 and
1 uA cm but did not show any reversible plating-stripping at 10 pA cm2. Overall CI- slightly
improved the plating/stripping potential but still significantly higher potentials were measured at

higher current densities compared to Eblend70.
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1.7.5 Recapitulation

The successful synthesis of copolymers with anion receptors for magnesium ion batteries was
conducted. The copolymers were polymerized by (2-(2,4-difluorophenyl)-1,3,2-dioxaborolan-4-
yl)methyl methacrylate or (2-(4-fluorophenyl)-1,3,2-dioxaborolan-4-yl)methyl methacrylate and
PEGMAsq and the anion receptors were borate moieties. For PEGMAsqo contents between 30 to
5 mol% additive-free self-standing PEs were synthesized with random and block architecture as
well as the corresponding homopolymers. The highest ionic conductivity was found for the block
copolymer with 30 mol% PEGMAsq of 3108 S cm? at 30 °C containing Mg(TFSI). (25:1
[EO]:[Mg]). Thus, PEs based on this polymer composition with four different salts (Mg(TFSI)-,
Mg(ClO.),, LiTFSI and LiClO4) were prepared, investigating the ion coordination, t*,; and mag-
nesium plating-stripping potentials. FT-IR spectroscopy of the synthesized polymer electrolytes
revealed a stronger interaction between salt aggregates and the polymer for monofluorinated pol-
ymers, compared to difluorinated ones. As a result, for the monofluorinated polymer electrolyte
t"Li(LiClIOs) > t*Li(LITFSI) was detected, emphasizing a successful anion receptor for lithium sys-
tems. Furthermore, the monofluorinated polymer electrolytes performed with higher strip-
ping/plating potentials in a Mg||Mg cell setup between current densities of 0.01 to 1 pAcm, due
to stronger interactions between the magnesium salts and the polymer matrix. Further, an en-
hanced plating/stripping behavior was recognized by the addition of MgCl.. Consequently, ad-
vanced knowledge towards PEs with anion receptors were gained with focus on substituent effects
on their ability in MIBs.
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1.8 Magnesium polymer electrolytes based on
polycarbonate poly(2-butyl-2-ethyltrimethylene-
carbonate)

In this chapter, PEs with high ratios of salts were investigated towards the formation of polymer-
in-salt electrolytes. Aliphatic polycarbonates were established matrixes for PISE in LIBs, due to
their high chain flexibility and low T.2% Therefore, poly(2-butyl-2-ethyltrimethylene-carbonate)
(P(BEC)) was taken as matrix polymerized with two contrary magnesium salts, Mg(B(HFIP)4)2
and Mg(TFSI)..

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

permission from a publication written by the author David A. Sundermann.?!

P(BEC) was polymerized from the cyclic monomer (2-butyl-2-ethyltrimethylene carbonate
(BEC)) by AROP (Scheme 19) for 24 h at monomer concentrations of 2 M.

o
o)J\o BnOH, DBU, TU 4)&
> 0 of;
DCM, 30°C

BEC

P(BEC)

Scheme 19:Polymerization conditions of P(BEC).

As catalyst 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (TU) and 8-diazabicy-

clo(5.4.0)undec-7-ene (DBU) were used (Scheme 20) in ratio of 1 to 50 to the monomer concen-

tration.
CF;
0 1O
X FiC N~ °N
N ’ H H
DBU TU

Scheme 20: Structure of co-catalyst DBU and TU.

By using *H-NMR spectroscopy, the degree of polymerization (average number of repeating units
per chain) was calculated to be 22, by integrating and comparing the peak from the CH- of the

benzyl alcohol at 5.07 ppm with peak from the CH, groups of the repeating units at 3.93 ppm
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(Figure 36A). Based on SEC measurements, an M, =6 100 gmol?, equivalent to a degree of

polymerization of 32, was estimated. Considering PMMA standards were used for calibration of

the SEC, the results confirmed the *H-NMR result of about 22 repeating units per polymer.
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Figure 36: A) *H-NMR of P(BEC) in CDCls with integrated areas for repeating unit calculations. * are assigned to
solvents. B) SEC spectrum of P(BEC) in THF with PMMA standard. Partly reproduced with permission from ACS
Omega, in press. Unpublished work copyright 2023 American Chemical Society.

Mg(B(HFIP).), was synthesized as reported in literature, and the product was obtained in the form
of Mg(B(HFIP),).-3 DME solids (Figure 91).282 PEs were prepared by incorporating 5, 20, 30 and
40 mol% Mg(TFSI)2 (TFSI5 to TFSI140) or Mg(B(HFIP)4).-3 DME (HFIP5 to HFIP40) into the

polymer matrix by solution casting method (Table 11). All PEs were solid and/or gum-like mate-

rials.
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Table 11: Salt concentration, glass transition temperature (Tg) and ionic conductivity (o) at 20 °C of TFSI5 to TFSI140
and HFIP5 to HFIP40. -! is assigned to not measured and -2 to not detected. Reproduced with permission from ACS
Omega, in press. Unpublished work copyright 2023 American Chemical Society.

Salt Mg:repeating unit ra-  Salt concentration [wt.%o]
tio [mol%o]
P(BEC) - 0 0
Mg(TFSI), - -1
TFSI5 5 13.6
TFSI20 20 38.6
TFSI30 30 48.5
TFSI140 40 55.7
Mg(B(HFIP)4).-3 DME -1 -1
HFIP5 5 27.1
HFIP20 20 59.8
HFIP30 30 69.0
HFIP40 40 74.8

1.8.1 Thermal properties

The polymer P(BEC) had a decomposition temperature (T4 5%) of 166 °C (Figure 37), which

was in a similar range as previously reported for polycarbonates.%
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Figure 37: TGA measurement of P(BBC) between 50 to 500 °C at 10 °C per minute scan rate. Reproduced with per-
mission from ACS Omega, in press. Unpublished work copyright 2023 American Chemical Society.

The physical properties of the P(BEC) and the corresponding PEs were analyzed by DSC (Figure
38), detecting for the pure polymer a glass transition temperature (Tg) of -10 °C. The addition of
5 mol% Mg(TFSI), (TFSI5) to the polymer matrix led to a slight increase in Tq4 to about -7 °C.
For TFSI20 to TFS140 the T4 decreased to about -17 °C reaching a plateau, which indicated the
formation of a stable phase being salt content independent. The decrease in Ty might be cause by
plasticizing effect of the TFSI- anion as already reported elsewhere.®”1® The addition of
Mg(B(HFIP).). lead to similar observation, where HFIP5, HFIP20 and HFIP30 showed only a
slight decrease in Ty from -9 to -12 °C but a sudden drop for HFIP40 to -42 °C. This rapid change
in Ty hinted at a significant change in phase, suggesting the formation of polymer-in-salt electro-
lytes for HFIP40. In previous studies, a significant decrease in T4 was already reported for PEs
with salt contents larger than 50 wt.%, which is traced back to the suppression of salt crystalliza-
tion through the polymer-salt interaction.?®® Furthermore, no Mg(B(HFIP),).-3 DME complexes
remained after the PE preparation due to the absence of any melting points corresponding to the

salt complex.
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Figure 38: Glass transition temperatures of the studied P(BEC) electrolytes as a function of varying concentrations of
magnesium salt measured for Mg(TFSI)2 and Mg(B(HFIP)4)2. The data points were connected to guide the eye. Repro-
duced with permission from ACS Omega, in press. Unpublished work copyright 2023 American Chemical Society.

1.8.2 Ion coordination
Raman spectroscopy

The anion coordination behaviour was characterized by Raman spectroscopy (Figure 39 and Fig-
ure 40). For Mg(TFSI)., the focused was on analyzing changes in the C-F vibrations between 740
to 760 cm™ and the polymer C-H vibrations between 2800 to 3000 cm™.28* The polymer did not
show Raman activity in the area of 750 cm™, and therefore these signals correspond only to the
TFSI, where a shift towards higher wavenumbers and energies can be seen by an increase in
Mg(TFSI), concentration. Two overlapping vibrations were suggested with maxima at 744 cm
and 752 cm corresponding to free TFSI- at 740 cm™ and Mg?* coordinated TFSI- at 752 cm™ as
previously reported.?® By fitting the curves to Gaussian functions an increase of Mg?* coordinated
TFSI from 35.1 to 76.0% can be seen (Table 18 and Figure 39) with increasing salt concentration
from 5 to 40 mol% Mg(TFSI).. For the C-H vibrations, a slight shift towards higher wavenumbers
(2964 cm™ to 2998 cm™) was also observed, indicating an increasing Mg-polymer interaction
with increasing Mg(TFSI), concentration.
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Figure 39: Raman spectra between 800 to 700 cm* with fitted Peaks 1 and 2. Reproduced with permission from ACS
Omega, in press. Unpublished work copyright 2023 American Chemical Society.

An explanation considering both observations could be that in the first step the complexation of
Mg?* by the polymer was preferred leading to higher salt dissociation for TFSI5 and therefore
less ion pars or aggregates. With further increase in Mg(TFSI), content the formation of ion pairs
or aggregates increased because the coordination sites on the polymer chains were occupied.
Thus, the preferred coordination number of 6 for Mg?* could not be fulfilled by P(BEC), promot-
ing the formation of aggregates and ion pairs.?® Therefore, the higher Ty for TFSI5 was caused
by higher quasi-ionic cross-linking of the polymer by higher number of polymer-Mg complexes
due to higher Mg(TFSI). dissociation. With further increase in Mg(TFSI), content the formation
of ion pairs and aggregates occurred reducing the quasi-ionic cross-linking and leading to a de-
crease in T4.2% Compared to a PEC-based magnesium PE published in 2018, the ratio of free
TFSI is significant lower in P(BEC), where instead of 24% free TFSI™ at 40 mol% 87% were
reported.®” This difference might be caused by the higher aliphatic character and therefore smaller
dipole moment of P(BEC), compared to PEC enhancing the formation of ion pairs and aggre-

gates.?®
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Figure 40: Raman spectra of A)+B) TFSI5 to TFS140 and C+D) HFIP5 to HFIP40. Reproduced with permission from
ACS Omega, in press. Unpublished work copyright 2023 American Chemical Society.

In contrast to Mg(TFSI)2, no significant shifts in the Raman spectra between 2800 to 3000 cm*
were observed for the Mg(B(HFIP)4).-containing PEs. Mg(B(HFIP).).-3 DME was Raman active
in the area of 700 to 900 cm™, where vibration at 718 cm™ and further vibrations at 804 and
880 cm™ were detected. Based on previous reports, the vibrations at 880 cm™* were C-O-C vibra-
tions of DME, whereas the peaks at 804 and 718 cm™ were assigned to B-O and C-F vibrations.?’
Overall those three signals only appeared for HFIP40 without any shifting but were missing for
the electrolytes with less than 40 mol% Mg(B(HFIP).),, suggesting a complete solvation of the
salt below 30 mol%. Because no shifts of the signals at 880, 804, and 718 cm* were seen, it is
inferred that a precipitation of Mg(B(HFIP).).-3DME salt occurred in HFIP40. The precipitation
of salts was already reported in literature for lithium salts e.g. in poly(acrylonitrile-co-butyl acry-
late) (P(AN-co-BuA)) at high salt contents.'® However, the overall amount of DME and therefore
Mg(B(HFIP).).-3DME in HFIP40 is still suggested to be low due to the absence of any DME
signals in *H-NMR (Figure 114) or any further T, or T by DSC. Moreover, the Raman results
underlines in combination with the DSC results the suggestion of a salt-in-polymer electrolyte for
HFIP40.
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Rheology

The given samples TFSI5 to TFSI40 and HFIP5 to HFIP40 were analyzed by dynamic strain
sweep test (SST) and dynamic frequency sweep (DFS) to determine the storage (G") and loss
(G™") moduli, representing the elastic and viscous parts of the materials as function of oscillation
strain (y) and angular frequency (). DFS studies were performed in the linear viscoelastic regime
(LVE) with strain amplitudes between y, = 0.02 and 10%. The PEs showed overall a complex

rheological response being salt concentration, magnesium salt type and frequency dependent.

For SST measurements (Figure 42A and Figure 42B), the loss modulus G™* was mostly dominant
over storage modulus G” for all PEs regardless of magnesium salts or concentrations, indicating

more viscous than elastic materials.?%®

Based on these results, complex viscosities (*) (Figure 41) were calculated at w = 0.32 rad s*
and yo = 10% to compare the different blends. The complex viscosity #* increased constantly with
increasing Mg(B(HFIP)4)> concentration with reaching its maximum for HFIP30 and then
slightly decreasing again for HFIP40. Earlier polymer related publications, i.e. poly(ethylene-co-
methacrylic acid) explained increasing viscosity by an increase in ionic interaction, in this case
as quasi-ionic crosslinking.?%2% The increase in #* can therefore related to the increasing quasi-
ionic crosslinking for HFIP5 to HFIP30. The decrease in #* for HFIP40 is attributed to the
precipitation of salt and decreases in T4 of HFIP40. Similarly, the #* trend of TFSI5 to TFSI130
can be explained, where n* decreased due to higher number of ion pairs and agglomerations and
lower salt dissociation as discussed before. The large discrepancy between TFSI40 and TFSI30
may also be attributed to the formation of a polymer-in-salt situation, despite the lack of sharp

decrease in T.
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Figure 41: Complex viscosity at 20 °C by DFS measurements at yo = 10% and o = 0.32 rad s for the given salt con-
centrations A) Mg(B(HFIP)4)2 and B) Mg(TFSI)2. Reproduced with permission from ACS Omega, in press. Un-
published work copyright 2023 American Chemical Society.

Further structural information was found by interpreting the DFS experiments (Figure 42B and
Figure 42D), where the corresponding slopes of linear fits for the parallel regime, i.e., are given
in Table 18. For an ideal cross-linked system, a linear behaviour between angular frequency and
storage and loss moduli with slope of -1 would be expected, however, with slopes ranging be-
tween -0.67 and -1.50 (Table 19) in the parallel area, a non-ideal behaviour seems to be present.
For the PEs containing Mg(TFSI),, in the frequency range before, G and G™* cross each other
with increasing salt concentration resulting in close parallel behaviour, which is indicative for a
structured material.>* The crossover appearing for TFSI40 at the highest frequency hints at en-
tangled chains.?? A parallel behaviour of G* and G can also be seen by incorporating
Mg(B(HFIP).). instead of Mg(TFSI),, where parallel regimes can be seen for HFIP20 and high
salt concentrations. Those, HFIP20, HFIP30 and HFIP40, showed crossovers of G" and G™” at
452 rad s* indicating dominantly elastic properties at higher frequencies, which were salt con-
centration independent. Moreover, for HFIP20 a second low frequency crossover of G" and G™*
was found, whereas for the other samples, as e.g., HFIP30, a further crossover was indicated to
occur at lower frequencies outside of the experimental frequency window. In literature such ob-
servations were explained by the formation of supramolecular dendritic aggregates of hydrogen-

bonded supramolecular polymer networks.?® Transferring this explanation to our system a
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supramolecular ordered structure of Mg?* coordinated and elongated polymers may be present.
Observing the second crossover of G” and G to be for HFIP20 at the highest frequency of all
samples next to the assumption of entangled polymers by parallel G" and G™*, leads to the sug-
gestion that for HFIP20 the strongest interactions between the entangled polymers were present.
The interactions related to this second crossover were assumed to be based on ionic interactions
including quasi-ionic crosslinking and would therefore be reduced with increasing Mg-anion co-
ordination or increasing distances between the elongated polymers. The quasi-ionic cross-linking
was lower for HFIP5 due to lower Mg?* ion content, whereas for HFIP30 and HFIP20 the quasi-
ionic cross-linking was decreased by increasing separation of the polymers due to the higher salt
content.

>
w

—=—TFSI5

G” 7
¥
—e— TFSI20 . . g
TFSI30 7
Ve
-ty

i

[S)
>
L

Storage and loss moduli G” and G™* [MPa]
; ) Q
Storage and loss moduli G" and G [MPa]
e
o

V""“'V—vvv—vvv—vvvvv—v¥vvv1v
v

,_.
S
il

-

o,
>

il

—v— TFSI40 S ol v
—&— Polymer v VVV’VVVV

N
e
L

=
<
il

E
s

il

—=— TFSI5

—e— TFSI20
TFSI30

—v— TFSI40

—&— Polymer LT
2l
OOGOOIOOVOOOICOOG s

T T T T T T
0,01 0,1 1 10 100 1000 0,1

N
1S5}

3
L

=

2

1
ul

o
o
S
L
o
1S)
&
"

=
Q
il

=
<
&

=
<

Oscillationstrain y [%)]
BESSSSSEIIIIRR T2

vv% G
P AvEvevs - =8 mma

G

D,D,DD—D—DDD—DDDDDD—DDD—DDDD—DDD«:H:H:‘

0
50

3|—=— HFIP5
—e— HFIP20
1074 HFIP30
—v— HFIP40
—&— Polymer

N
2
L

=

Q
®
L

=

S)
o
L

—s— HFIP5
—e— HFIP20
HFIP30
—v— HFIP40
—— Polymer

=

o
ES
L

OO0~ OO0 v—(‘\\<»//«>(> 5

Storage and loss moduli G” and G™* [MPa]
Storage and loss moduli G” and G”* [MPa]

=
o
&

T T T T 10 T T T T T
0,01 0,1 1 10 100 01 1 10 100 1000

Oscillationstrain y [%] Angular frequency y [rad s'l]

Figure 42: Rheological SST and DFS measurements at 20 °C with filled symbols for loss modulus G** and empty
symbols for storage modulus G” of A+B) TFSI5 to TFSI140 and C+D) HFIP5 to HFIP40 as well as the neat polymeric
matrix. Reproduced with permission from ACS Omega, in press. Unpublished work copyright 2023 American Chem-
ical Society.

1.8.3 Electrochemical properties

lonic conductivity (o) measurements were performed between -20 to 120 °C (Figure 43) and fur-

ther analyzed by fitting to Vogel-Fulcher-Tammann (VFT) equation, presented as equation 4.
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Eq. 4

o= Aoexp (— R(T——TO))

The VTF equation is commonly found to fit temperature dependent ionic conductivity for poly-

mer electrolytes, where the ion mobility is influenced by segmental motion of the polymer host.?**

For VFT analysis the results were plotted by In(c) against (T- To)* as presented in Figure 116 and
Table 12. For TFSI5 to TFSI40 ionic conductivity measurements resulted into maxima values of
2.7 107 S cm for TFSI5 at 20 °C followed by TFSI120 with 6.4 10°, TFSI130 with 1.0 10° and
TFSI40 with 5.4 101° Scm™ at 20 °C. At 120 °C the maxima ionic conductivity has changed its
order towards TFSI120 followed by TFSI5, TFSI140 and TFSI30 (10° Scm™). The decreasing
ionic conductivity with increasing Mg(TFSI), concentration at 20 °C might be traced back to the
aggregation of ions and the formation of ion clusters as reported for PEO-based PEs before.?*® An
explanation of higher ionic conductivity of TFSI20 and TFSI40 over TFSI5 and TFSI30 at
120 °C were suggested by B and Ao. TFSI140 and TFSI120 were indicated to have a higher number
of mobile charge carrier leading to higher ion conductivities at 120 °C. In contrast to this, the
activation energy for segmental motion B seem to be more dominant at lower temperatures, ex-
plaining the higher ionic conductivity of TFSI5 and TFSI20.

Table 12: Parameter To, Ao and B from VTF plot for TFSI5 to TFSI140 and HFIPS to HFIP40. Reproduced with per-
mission from ACS Omega, in press. Unpublished work copyright 2023 American Chemical Society.

To [K] Ao [S cmK ] B [JmolKeV]
TFSI5 216.35 0.003 + 0.0006 5 872/0.14 + 158/0.002
TFSI20 205.05 0.2+0.05 12 487/0.15 + 246/0.003
TFSI30 205.75 0.04 0.02 12 511/0.15 + 324/0.003
TFS140 205.35 0.08  0.04 13 247/0.17 + 508/0.005
HFIP5 214.15 0.0007 % 0.0002 13 319/0.06 + 202/0.002
HFIP20 211.15 0.003 + 0.0006 14 330/0.13 + 217/0.002
HFIP30 211.55 0.0005 + 0.0002 14 746/0.13 + 98/0.001
HFIP40 181.15 2.78+0.24 16 223/0.14 + 98/0.001

When changing the focus from Mg(TFSI), to Mg(B(HFIP)4), the ionic conductivity increased for
the PEs with increasing salt concentration, where HFIP5 to HFIP20 exhibited ionic conductivi-

ties in the same order of magnitude. In contrast, HFIP40 had a substantially higher (about 3 orders
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of magnitude higher) ionic conductivity over the complete temperature range of -20 to 120 °C,
between 1.8 10%°and 2.5 10“ S cm™. The large difference in ionic conductivity for HFIP40 again
hints at the formation of a polymer-in-salt electrolyte. Curvature is observed in Figure 43 for all
the temperature-dependent ionic conductivity plots (TFSIS/HFIP5 to TFS140 and HFIP40), so
VFT plot analysis was conducted for all samples as shown in Figure 116. For the linearization of
the VFT plots, only points for T > 10 °C were considered because at T < Ty immobilization of
polymer chains hinder ion mobility segmental motion. Overall, HFIP5 to HFIP20 showed in
VFT plots similar values for B and Ao explaining the overall similar performance. But in case of
HF1P40, Ao was several orders of magnitudes higher than for HFIP30, 2.78 Scm*K™ compared
to 0.0005 S cmK, Such an increase in number of mobile charge carrier could be explained by
the lower T4 of HFIP40 being 30 °C below HFIP30. The high number of maobile charge carriers
were also reported in a publication dealing with polymer-in-salt electrolytes, where for PAN co-
polymers a dramatic increase in ionic conductivity were described.?®® Furthermore, comparing
Mg(B(HFIP).), to Mg(TFSI). based PEs, the higher ionic conductivity for the Mg(TFSI). elec-

trolytes, except in the case of HFIP40, can be seen explained by their lower #*.
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Figure 43: Temperature dependent conductivity measurements between -20 °C to 120 °C of A) TFSI5 to TFSI140 and
B) HFIP5 to HFIP40. Reproduced with permission from ACS Omega, in press. Unpublished work copyright 2023
American Chemical Society.
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For the 40 mol% containing PEs, TFS140 and HFIP40, the electrochemical stability window was
tested against magnesium metal by LSV on asymmetric Mg||SS cells. The results in Figure 44
and Figure 117 showed a much lower oxidative stability for TFS140, which decomposed already
at 3.6 V vs Mg/Mg?* compared with HFIP40 that did not show any decomposition behaviour up
t0 5.5 V vs. Mg/Mg?*. The low stability of TFSI140 might be because of the ionic aggregates and
ion pairs, that are unstable against magnesium metal.?"2% Wu and colleagues reported in 2021
for an LiTFSI-rich PE based on PEG ([EO:Li] = 0.5) also a declined in oxidation stability com-
pared to lower concentrations.?’ The stability window of HFIP40 was also larger than the re-
ported potential for 1M Mg(B(HFIP).), in DME solution reported in 2018 being 4 V.*® Further, a
higher stability for Mg(B(HFIP)4). over Mg(TFSI).-containing electrolytes was expected based
on a prior publication.?®” Therefore, cyclic voltammetry measurements were performed for
HFIP40 on an asymmetric Mg||SS cell between -1 and 3 V as presented in Figure 44. A decrease
in current with cycle number and a lack of stripping-plating peaks were observed and attributed
to the formation of passivation layer on the magnesium surface. The growth and formation of the
passivation layer was also detected by impedance spectroscopy before and after cyclic voltam-
metry, where an increase in surface resistance (Rs) was measured (Figure 118). Moreover, Ry
seem to be quite high, being an argument for the low cyclability and the strong decrease in current.
Therefore and because of the low cyclability, the results do not support the idea of an enhanced
performance of Mg(B(HFIP)4)2-based polymer-in-salt electrolyte with regards to Mg plating or
stripping efficacy.
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Figure 44: A) Cyclic voltammetry of HFIP40 in asymmetric Mg||SS cell at 80 °C at 0.1 mVs* between -2 to 2 V. B)
Electrochemical stability window in Mg||SS cell of HFIP40 and TFS140 at 0.1 mVs between 0 to 6 V. Reproduced
with permission from ACS Omega, in press. Unpublished work copyright 2023 American Chemical Society.

89



Results and Discussion

1.8.4 Recapitulation

Here, polycarbonate based PEs containing P(BEC) as polymer matrix and either Mg(TFSI)2 or
Mg(B(HFIP)4). salt were prepared and characterized. The differing impact of anion character on
the ion pair dissociation and agglomeration behaviour and the polymer-Mg coordination was
shown, especially at high concentrations of 40 mol% magnesium salts (TFS140 and HFIP40).
The incorporation of Mg(TFSI) led to the formation of mainly polymer-Mg complexes at low
concentrations followed by a substantial increase of polymer-Mg-TFSI complexes with increas-
ing Mg(TFSI)2 concentration. Nevertheless, outside of rheological measurements, the overall be-

haviour of TFSI40 was like that of a salt-in-polymer.

The incorporation of Mg(B(HFIP)4). led to salt-in-polymer electrolyte behaviour at lower con-
centrations but polymer-in-salt behaviour at 40 mol%. HFIP40 exhibited the highest ionic con-
ductivity (2.5 10 Scm at 120 °C) of all samples and was found to have higher oxidative (> 5 V)
stability than TFSI140 (4.7 V). Still, HFIP40 was not found to reversibly plat and strip magnesium
metal. Therefore, use of this electrolyte with a magnesium anode may require use of artificial SEI

to prevent anode passivation.

Consequently, the knowledge of salt-in-polymer electrolytes in MIBs was increased, where ad-
vances were made in regards of ion transport properties but no towards magnesium electrode

compatibility.
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Conclusion

The previous chapters of the present work discussed the development of well-defined polymer
electrolytes for magnesium-ion batteries. | investigated multiple approaches and performance,
focusing on the ionic conductivity, coordination environment, compatibility and reversibility with
magnesium metal electrodes and further electrochemical and material characterization tech-

niques.

In the first chapter, crosslinked self-standing single-ion conductors were developed based on PEO
grafted copolymers with borate crosslinking points. Herein, the impact of architecture, PEO chain
length and comonomer ratios on the ion transport properties and crystallinity was of interest. With
increasing PEO chain length and weight ratio the ionic conductivity increases, whereas longer
PEO sidechains lead to higher crystallization tendencies. Furthermore, GPEs with PEGMAsq, and
PC as additives were prepared to further improve the electrochemical properties. For the GPEs
high lithium transference numbers up to 0.9 underline the successful design of single-ion conduc-
tors and highlight their field of research. Based on these GPE, magnesium-lithium dual-salt elec-
trolytes were prepared by exchanging magnesium- by lithium-ions and by the addition of LiTFSI.
A two-part performance with higher potentials at lower current levels and lower potentials at high
current levels was observed when comparing the dual-salt electrolytes to the magnesium-only
single-ion conductor. A decrease of plating/stripping potentials at high current densities were
traced back on the one hand to increasing lithium-ion concentrations and on the other hand to the
magnesium electrodes surface composition. Lithium-containing decomposition products were
found for the dual-salt electrolytes but did not hinder the formation of passivation layers by oxides

and carbonates, which shows the necessity of further research in this field.

In the second chapter, PEO grafted copolymers with two different anion receptors, which differ
in degree of fluorination, were developed as polymer electrolytes. Inhere, the ion transport prop-
erties are strongly affected by [EO]/[Mg] concentration, comonomer ratio, degree of fluorination
and choice of salt. With increasing PEO ratio an increase in ionic conductivity was shown, which
was caused by a decrease in T4 at the same time with a maximum at moderate Mg(TFSI). con-
centrations. The successful design of anion receptors was proven by testing ClO4” and TFSI- with
different nucleophilicity, which leaded to an increase in transference number for ClO4. The ef-
fectiveness of the anion receptor mainly depends on the degree of fluorination and thus by its
overall design. A higher degree of fluorination resulted into a lower anion receptor property, lower

salt to polymer interaction and transference numbers.
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In the third chapter, high salt containing polymer electrolytes were investigated for an aliphatic
polycarbonate incorporating Mg(TFSI), and Mg(B(HFIP).), with contrary anion properties. With
increasing salt concentrations, the formation of aggregates and ion pairs are supported as well as
the elongation of the polycarbonate. Between 30 and 40 mol% Mg(B(HFIP).). the formation of a
polymer-in-salt electrolyte from salt-in-polymer electrolyte were seen due to its bulky anion but
not for Mg(TFSI).. Although the polymer-in-salt electrolyte had an enhanced ionic conductivity
over several magnitudes, only a low compatibility with magnesium metal electrodes due to a low

plating/stripping reversibility.

In summary, fundamental knowledge to polymer electrolytes design in magnesium-ion batteries
was developed as alternative to state-of-the-art LIBs and expands the knowledge for several ap-
proaches known in LIBs towards MIBs. Still certain drawbacks as poor reversibility, high plat-
ing/stripping potentials remains, which have to be considered in future research. In particular
magnesium-lithium dual-salt electrolytes indicated an outstanding opportunity in polymer elec-
trolyte design but struggle with the need of lithium. Thus, alternative dual-salt systems have to be

in focus including sodium or potassium to overcome the abundance limitations.
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1.9 Chemicals

Boric acid (Sigma Aldrich, 99.5%), azobis(isobutyronitril) (AIBN, 98%, Sigma Aldrich), meth-
acryloyl chloride (97%, Alfa), magnesium ethoxide (98%, Sigma Aldrich), 2-cyano-2-propyl do-
decyl trithiocarbonate (CPDT, 97%, abcr GmbH), 1,4-dioxane (> 99%, TCI), 4-fluorophenyl-
boronic acid (containing varying amounts of anhydride, TCI) glycidyl methacrylate (> 97%,
Sigma Aldrich), triethylamine (99%, Acros), 2-cyano-2-propylbenzodithioat (CPBD, 97%, abcr
GmbH), magnesium foil (99.9%, goodfellow, 0.1 mm thickness), 2,4-difluorophenylboronic acid
(> 95%, Sigma Aldrich), ethylchloroformate (97%, Sigma Aldrich), 2-butyl-2-ethyl-1,3-propane-
diol (9 %, Sigma Aldrich), hexylamine (9 %, TCI), 3,5-bis(trifluoromethyl)phenyl isothiocyanate
(>98%, Sigma Aldrich) and calcium hydride (95%, Sigma Aldrich) and D,L-isopropylidenglyc-

erin (97%, solketal, Acros) were used as received.
Molsieve 3A (Sigma Aldrich) was always used after activating at 120 °C and 10 mbar for 24 h.

Poly(ethylene glycol) methyl ether methacrylate (PEGMAsq equals to M, = 500 g mol?, Sigma
Aldrich) and poly(ethylene glycol) methyl ether methacrylate (PEGMAws, equals to M, =950 g

mol™, Sigma Aldrich) were purified by basic aluminium oxide columns to eliminate stabilizers.

Poly(ethylene glycol) dimethylether (PEGDMEsy equals to M, =500 g mol?, Sigma Aldrich)
and propylene carbonate (PC, 99.5%, Acros) were stored over activated molecular sieve (3 A)

inside the glovebox and dried for at least 3 days before used.

Lithium bis(trifluoromethane)sulfonimide (LiTFSI, 99.95%, Sigma Aldrich), lithium perchlorate
(LiClO4, 99.99%, Sigma Aldrich), magnesium perchlorate (Mg(ClQO,)2, ACS reagent, Sigma Al-
drich) and magnesium bis(trifluoromethane)sulfonylimide (Mg(TFSI)2, >9 %, TCI) were dried at
200°C for 48 h at high vacuum (10 mbar) before using and were stored inside a glove box

(MBraun Unilab, <0.5 ppm H-0, <0.5 ppm O2) under inert argon atmosphere.

Tetrahydrofuran (THF, anhydrous, 99.9%, Fisher) was dried with molecular sieves for at least a

day before use.

All other solvents and reagents were of analytical grade or higher and were used without further

purification.
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The solvent for Mg(B(HFIP).). synthesis, 1,2-dimethoxyethane (DME, 99.5%, inhibitor free,
Sigma Aldrich) was stored over Na metal for a week, distilled under N, atmosphere, then dried

with molecular sieves for a week in the glovebox prior to use.?

1.10 Instrumentation and general considerations

1.10.1 Instrumentations

Nuclear magnetic resonance spectroscopy (NMR)

Projects in chapters 1.6 and 1.7
NMR data was recorded with a Bruker Ascend 111 400 MHz NMR at frequency of 400 MHz. The
chemical shift for *H-NMR spectra was reported in parts per million (ppm) referenced to the

characteristic solvent signal of DMSO-dg at 2.50 ppm (quintet), toluene-ds at 2.09 ppm (quintet)
and CDCl; at 7.26 ppm (singlet).

Selected NMR samples were carried out in Young's NMR tubes prepared under water-free con-
ditions inside a glove box (MBraun Unilab, <0.5 ppm H-0, <0.5 ppm O.) under inert argon at-
mosphere.

Project in chapter 1.8

NMR data were recorded with a Bruker Ascend 400 MHz NMR. The chemical shift for tH-NMR
spectra was reported in parts per million (ppm) referenced to the characteristic solvent signal of
CDCl; at 7.26 ppm or DMSO-ds at 2.50 ppm.

Gel permeation chromatography (SEC)

Projects in chapters 1.6 and 1.7

The SEC elugrams were recorded with a PL-SEC 50 plus system equipped with a PLgel precol-
umn and two PLgel 5 pm Mixed-C columns as well as a differential refractive index (RI1) detector.
The operation temperature was set to 50 °C with a flow rate of 0.5 mL min™. The system was
calibrated using poly(methyl methacrylate) (PMMA) standards ranging from 800 to
2.1 10% g mol . Typically, 100 uL of a 2.0 g-L"* sample solution in DMAc was injected onto the

columns with a 0.32 g-L* LiBr solution in DMACc as eluent.
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Project in chapter 1.8

The samples were prepared in an THF eluent at a concentration of 1 mg/mL and analyzed over
PSS SDV 5 um columns and an RI detector with a Tosoh ECOSEC pump at 35 °C and acquisition

time of 35 min. PMMA reference material was used to estimate the molecular weight.

Infrared spectroscopy (FT-IR)

FT-IR measurements were recorded on a Bruker VERTEX 80 FT-IR spectrometer employing the
PIKE MIRacle™ universal Attenuated Total Reflection (ATR) sampling accessory with diamond
ATR crystal inside a glovebox with < 0.5 ppm H20 and O, (MBraun Unilab).

Differential scanning calorimetry (DSC)

Projects in chapters 1.6 and 1.7

DSC measurements were conducted on a DSC Q200 (TA Instruments) in a range from —90 to
100 — 130 °C, with a scan rate of 5 K min™* for all measurements with a pre-heating step before

performing the measurement.

Project in chapter 1.8
DSC measurements were conducted on a DSC Q2000 V24 in a range from -100 to 125 °C, with
a scan rate of 10 K min* for all measurements (pre-heating step to 130 °C and pre-cooling step

to -100 °C before performing the measurement).

Thermogravimetric Analysis (TGA)

TGA measurements were performed on a TGA 5500 (TA Instruments) with a temperature ramp

of 10 °K per minute from 50 °C to 700 °C under air or nitrogen atmosphere.
Electrochemical Impedance Spectroscopy (EIS)

Projects in chapters 1.6 and 1.7

For EIS measurements, coin cell-type cells (CR2032) were assembled, where the previously pre-
pared polymer electrolytes were sandwiched between two stainless-steel electrodes using a Mylar
foil spacer ring (thickness 1 = 100 um, inner diameter = 10 mm) Subsequently, these cells were
preconditioned in a temperature chamber (Binder MK53, controlled with a VMP300-based in-
strument of Bio-Logic Science Instruments SAS) with a preconditioning process of 20 to 70 °C
to 0 °C. One hour after preconditioning was finished, the measurements were carried out by grad-
ually increasing the temperature in 10 °C steps from 0 to 70 °C, with each temperature being

maintained for 2 h to attain thermal equilibrium. The measurements were performed over a
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frequency range of 1 MHz to 1 Hz with an amplitude of 10 mV. The ionic conductivity (o) was

calculated according to the equation 5;

11 Eq.5

Ry is the bulk resistance that can be accessed from the Nyquist plot, | is the film thickness (1 =~ 100
um), and A is the film area (A = 7.85-:10°° m?). For each polymer at least three coin-cells were
prepared and measured. For ionic conductivity values are averaged values of three different coin
cells.

Projectin chapter 1.8

lonic conductivity was measured by using a broadband dielectric spectrometer with an Alpha A
analyser, outfitted with a cryostat and Quatro temperature control unit (Novocontrol Technolo-
gies, Montabaur, Germany). The previously prepared PE samples were sandwiched between two
stainless-steel electrodes using a Mylar foil spacer ring (thickness | = 100 um, inner diameter = 8
mm). Coin cells (CR2032) were assembled and aged at 120°C overnight before measurement to
improve contact between electrodes and the electrolyte. lonic conductivity was measured over a
frequency range of 107 to 10"t Hz with an amplitude of 10 mV with a gradual increase in temper-
ature from -10 to 120 °C in 10 °C steps and with a following reverse heating procedure cooled
down to -10 °C. The temperature was stabilized at each point for 10 min within 0.5°C prior to
each measurement. For each polymer, at least three coin cells were measured to derive an average

ionic conductivity.

Temperature depending ionic conductivities typically are presented in Arrhenius plot with log(o)
vs. 1000/T. The resulting plots can either be described by Arrhenius plot or Vogel-Tammann-
Fulcher-equation (VFT-equation), depending on the mechanism and nature of the electrolyte. Ar-
rhenius plots are mostly found for liquid electrolytes, crystalline PEs, ceramics or glassy PEs.™
Amorphous PEs are described by VFT-equation:

B
o= Age TTo =44

Ao is the factor related to the number of mobile charge carriers, B is the pseudo-activation energy
of segmental motion and T the temperature. Ty is the VVogel temperature and can be estimated for

a non-ideal glass as To = T¢-50 °C.”° The VFT-plots are often used to fit temperature dependent
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ionic conductivity for polymer electrolytes, where the ion mobility is caused by segmental motion

of the polymer host.

Transference number measurements (t+)

Transference number (t) measurements) were done for coin cell-type cells (CR2032), where the
previously prepared polymer electrolytes were sandwiched between two activated magnesium
electrodes. For all electrochemical measurements Mylar foil spacer ring (thickness 1 = 100 um,
inner diameter = 10 mm) were used. Cells were conditioned in a temperature chamber (Binder
MKS53, controlled with a VMP300-based instrument of Bio-Logic Science Instruments SAS). Im-
pedance measurements were conducted for 20 to 24 h before t* measurements, ensuring a stable
interface. A DC polarization was applied with a polarization voltage of 0.5 V for t"ug or 0.01 V
for t*1; measurements. Additionally, impedance data were collected directly before and after the
polarization over a frequency range of 1 MHz to 100 mHz with an amplitude of 10 mV. The re-
sults were discussed by lss/lopo ratios, where the initial current, lopo Was validated by using

Ohm’s law 3:

AU
Iocar = Ry Eq.3

Iss are the initial and steady-state currents of the polarization plot, Ry and Rss are the surface
resistance before and after polarization and AV is the applied potential. t*.; was calculated by

equation 2, where Iss/lo.ca equalled Iss/lo,pol.

_ Iss  (AV — IssRss) Eq. 2
IO,Pol (AV - IO,PolRO)

t+

Linear Sweep Voltammetry (LSV)

LSV measurements were performed at 20 °C between 0 and 6 V vs. Mg/Mg?* at a scan rate of 0.1
mVst. Magnesium was used as counter and reference electrode, stainless steel as working elec-

trode.

Constant current cycling measurements

Constant current cycling experiments were done for coin cell-type cells (CR2032), where the
previously prepared polymer electrolytes were sandwiched between two activated magnesium
electrodes. For all electrochemical measurements Mylar foil spacer ring (thickness 1 =100 um,

inner diameter = 10 mm) were used. Cells were conditioned in a temperature chamber (Binder
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MK53, controlled with a VMP300-based instrument of Bio-Logic Science Instruments SAS) at
80 °C. The constant currents were applied over 1 h while alternating between positive and nega-

tive current.

Experiments with various current densities were done a current densities of 0.01, 0.05, 0.1, 0.5, 1

and 10 pA cm for 6 cycles each before increasing to the following current density.
For long time measurements a current density of 0.1 pA cm was applied for over 50 cycles.

X-ray photon spectroscopy (XPS)

XPS measurements were done of magnesium electrodes after plating/stripping experiments car-
ried out at 0.1 pA cm at 80 °C for 13 cycles in symmetric Mg||Mg cell on a VMP-300 Bio-Logic
potentiostat, with temperature control realized by a Weisstechnik climate chamber. measurements
were carried out on a PHI 5000 VersaProbe Il Scanning ESCA Microprobe (Physical Electronics)
with a monochromatized Al Ka source (1486.6 eV), and the peaks were calibrated according to

the binding energy of sp3-carbon (284.8 eV)

Raman spectroscopy

Samples were prepared in an argon filled glove box and sealed in quartz cuvettes Raman spectra
were obtained using Jasco NRS-5100 with excitation laser with a wavelength of 532 nm. The
signal was calibrated with a silicon wafer at a wavenumber of 520.7 cm™. Raman spectra were

obtained with 5-10 scans for 1-2 min, which sums up to total scan time of around 10 min.

Rheology measurements

The rheological experiments were performed on a strain-controlled ARES-G2 rheometer (TA In-
struments). For small-amplitude oscillatory shear (SAOS) measurements, parallel plates with a
diameter of 13 mm were used, with temperature control with a Peltier at 20°C. Oscillatory strain
sweeps (yo = 0.01-100%) at a constant angular frequency of @ = 6.28 rad s™* were conducted to
determine the linear viscoelastic regime (LVE), followed by oscillatory frequency sweeps. Strain
amplitudes between y, = 0.02 and 10% were chosen for the frequency sweeps, depending on the
LVE of blend.

Cyclic voltammetry (CV)

Electrochemical measurements were conducted using a PARSTAT MC1000 (Princeton Applied
Research) potentiostat. Coin cells (CR2032) were assembled with the same spacer used for ionic

conductivity measurement, wherein SS and Mg electrodes were used as working and counter
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electrodes. CV measurements were performed between -2 to 2 V vs Mg||Mg?* for five cycles at
80 °C and a scan rate of 0.1 mVs™. Electrochemical impedance spectroscopy (EIS) measurements
were conducted before and after CV measurements over a frequency range of 10® Hz to 10 Hz
with an amplitude of 10 mV at 80 °C.

1.10.2 General polymer electrolyte film preparation

PE film preparation I- Projects in chapter 1.6

The PEs were prepared by a combined solution casting and cross-linking method. To do so, the
deprotected polymers were cross-linked in methanol by the addition of boric acid (1.0 eqg.) and
magnesium ethanolate (0.5 eq.) based on the ratio of SMA in the copolymers. After homogenous
solutions were obtained the solution was casted into a Teflon mold and the solvent was allowed
to evaporate at room temperature and redissolved in methanol. The solving and casting procedure
was repeated 5 times until homogenous films were obtained. Those films were cut into discs with
a diameter of 1 cm and dried under high vacuum (10 mbar) at 60 °C for 72 h before insertion
into a glovebox with argon atmosphere. Gel polymer electrolytes (GPES) were prepared by swell-
ing the polymer in 50 wt. % PC or PEGDMEsq for 15 min on the corresponding electrode inside
the glovebox before cell assembling. All PEs were stored and further handled under argon atmos-

phere inside a glovebox with < 0.1 ppm O, and H,O (MBraun Unilab).

PE film preparation II - Project in chapters 1.7

All polymer electrolytes were stored and prepared by a solution cast method under argon atmos-
phere inside a glovebox with < 0.5 ppm O and H,O concentration. Polymers were pre-dried at
60 °C for 72 h at high vacuum (10 mbar) before insertion into the glovebox with argon atmos-
phere. The corresponding polymer were dissolved into Acetone with salt concentrations of either
10:1, 25:1 or 45:1 [Mg]/[Li]:[EQ]. The mixture was stirred until a clear solution was obtained and
casted into a Teflon® bowl. The solvent was allowed to be evaporate before cutting disks with a
diameter of 10 mm and drying for 72 h at 60 °C and high vacuum (10 mbar). All PEs were stored
and further handled under argon atmosphere inside a glovebox with <0.1 ppm O, and H.O
(MBraun Unilab).

PE film preparation III - Project in chapter 1.8
Mg(B(HFIP).).-3 DME and Mg(TFSI), were combined with P(BEC) in THF at concentrations of

5, 20, 30 and 40 mol% magnesium salt to repeating unit, and electrolytes were prepared by solu-

tion casting under argon atmosphere. After the bulk solvent appeared to have evaporated, the

electrolytes were dried for 24 h at room temperature under vacuum in an argon filled glovebox
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followed by 48 h at 80 °C. All PEs were stored and further handled under argon atmosphere inside
a glovebox with < 0.1 ppm O, and H,O.

100



Experimental Section

1.11 Experimental methods

1.11.1 Procedures for ‘Borate crosslinked single-ion conducting
copolymer electrolytes for magnesium battery
applications’

The experimental procedures and analytical results were part of N. Zuber’s Master thesis super-
vised by me, David Antonius Sundermann.?*®

Synthesis of Solketal methacrylate (SMA)

. X
j NEt, -0

o «d DCM \/\
0°C -RT 0]

O7Q

SMA was synthesized as previously reported.?®® Methacryloyl chloride (1.6 eg., 9.2 g, 88 mmol)
was added to solketal (1 eg., 10.58 g, 53 mmol) and trimethylamine (1.6 eq., 22 ml, 88 mmol) in

DCM (100 ml) at 0 °C and stirred for 16 h. After filtration the organic layer was washed with

water and NaHCO3(,q) solution and dried over MgSO4 before purification by vacuum distillation.
Yield: 45%
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1,2 3
j‘tﬁ 7.8
070
O7k10
9
4,5
3 9,10
1 2
7 8
L
*. |
T T T T T T T T T T T T T T
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Chemical shift [ppm]

Figure 45: *H-NMR spectrum of SMA in CDCls. * is assigned to solvent.

'H NMR (400 MHz, CDCls) 8/ppm 6.08 (s, 1H, CH.CMe), 5.52 (s, 1H, CH.CMe), 4.38 — 4.19
(dtd, J=6.3, 4.7, 2.6 Hz, 1H, CH,CHCH,), 4.19 — 4.07 (td, J = 3.9, 3.0, 1.7 Hz, 2H, CH,CHCH)),
4.07 - 3.94 (ddd, J = 9.0, 6.5, 2.6 Hz, 1H, CH,CHCH,), 3.85 — 3.63 (tq, J = 6.1, 2.1 Hz, 1H,
CH.CHCHb,), 1.86 (s, 3H, CH,CMe), 1.37 -1.3 (d, 6H, CMey).

Synthesis of polymers 1,2 and 4.

-stat:
b b Db
n (0] O + m O (0] CPDB, AIBN o o O o

K(\ I: 1,4-dioxane K{\
80°C
O7£ © °

7=

X
(@)

<7

1:n=58,m=42,x=8/9

2:n=73,m=27,x=28/9

4:n=76,m =24, x=18/19
General procedure polymers 1, 2 and 4: SMA (1: 60 eq., 2: 80 eq., 4: 80 eq.) and PEGMAso0/950
(1: 40 eq., 2: 20 eq., 4: 20 eq.) were copolymerized in 1,4-dioxane for 24 h at 80 °C after three
cycles of freeze-pump thaw with a monomer to solvent concentration of 2 mol L using AIBN
(0.2 eq., 2.76 mg, 0.0168 mmol) as initiator and CPBD (1 eq.) as RAFT agent. Subsequently, the

polymers were precipitated into cold petrol ether, redissolved in acetone, reprecipitated in petrol
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ether tree times and then dried for 1 h at 40 °C under vacuum. The copolymer ratios are listed in

Table 13. Yields: 75 — 83%.

Polymer 1

OJI;,
h
h,i
a, bjc,d
[ * 9 e f ‘ i
W 1
T T T T T T T T
7 6 5 4 2 1 0

Figure 46: *H-NMR spectrum of 1 in CDCls. * is assigned to solvent.

Chemical shift [ppm]

'H NMR (400 MHz, CDCls) 8/ppm 4.37 — 4.13 (m, 2H), 4.10 — 3.82 (m, 3H), 3.79 — 3.38 (m,

45H), 3.33 (s, 3H), 1.44 — 1.25 (m, 6H), 1.08 — 0.66 (M, 10H).
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Polymer 2

Chemical shift [ppm]

Figure 47: *H-NMR spectrum of 2 in CDCls. * is assigned to solvent.

'H NMR (400 MHz, CDCl3) 8/ppm 4.36 — 4.24 (m, 2H), 4.17 — 3.86 (m, 3H), 3.85 — 3.50 (m,
45H), 3.37 (s, 3H), 1.45 — 1.30 (m, 6H), 1.17 — 0.68 (m, 10H).
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Polymer 4

a b c d
/kﬁ,-stat-‘rf
80 20
o™ o0
ekfrg\ Rk Ik
o)
0 o
7<i 1d
h
. '| i o b e d
e f *
9 N
T T T T T T T
7 6 5 4 3 2 1 0

Chemical shift [ppm]

Figure 48: *H-NMR spectrum of 4 in CDCls. * is assigned to solvent.

'H NMR (400 MHz, CDCls) 8/ppm 4.42 — 4.21 (m, 2H), 4.14 —

95H), 1.54 — 1.23 (m, 3H), 1.21 — 0.58 (m, 10H).

Synthesis of polymer 3

20
ojo CPDB,AIBN 4/ojl//\ko AIBN

1,4-dioxane
80 °C

1,4-dioxane
80 °C

N
o,

3a

3.87 (m, 3H), 3.86 — 3.40 (m,

The block copolymers were synthesized in a two-step manner by a macro-RAFT agent approach.
The macro-RAFT (3a) agent was synthesized by polymerizing PEGMAsougs0 (20 eq., 840 mg,
1.68 mmol) for 24 h at 80 °C in 1,4-dioxane (2 mol L) using AIBN (0.2 eq., 2.76 mg, 0.0168
mmol) as initiator and CPDB (1 eq., 18.6 mg, 0.084 mmol) as RAFT agent. The polymerization

was stopped by placing the flask in liquid nitrogen and precipitated once in petrol ether. In a
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second step the macro-RAFT agent was copolymerized with SMA (80 eq., 1.34 g, 6.72 mmol)

under same conditions as before. The copolymer ratios are listed in Table 13.

Polymer 3a

. b
X
o~ O
ng
o
b
* c, d .
e
a
J a, b
L W SV
T T T T T T T T T T T T T T
7 6 5 4 3 2 1 0

Chemical shift [ppm]

Figure 49: 'H-NMR spectrum of 3a in CDCls. * is assigned to solvent.

'H NMR (400 MHz, CDCls) 8/ppm 3.62 — 3.52 (m, 45H), 3.49 (m, 2H), 3.31 (s, 3H), 1.10 - 0.48
(m, 5H).
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Polymer 3

Chemical shift [ppm]

Figure 50: *H-NMR spectrum of 3 in CDCls. * is assigned to solvent.

'H NMR (400 MHz, CDCl3) 8/ppm 4.35 — 4.11 (m, 2H), 4.08 — 3.79 (m, 3H), 3.78 — 3.43 (m,
45H), 3.29 (s, 1H), 1.51 — 1.22 (m, 6H), 1.05 — 0.66 (m, 10H).

Table 13: Mn of PEGMA, architecture and comonomer ratio of polymers 1 to 4. 1 Was calculated by the integrations
of the SMA acetale groups (1.5 — 1.2 ppm) and the methyl end group of PEGMAx (3.3 ppm).

M, (PEGMA,) [g mol?] Architecture

SMA:PEGMA, [mol%]*

1 500 Statistic 58:42
2 500 Statistic 73:27
3a 500 Macro-RAFT 0:100
3 500 Block 82:18
4 950 Statistic 76:24
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Synthesis of polymers 1-diol to 4-diol

1M HCI:MeCN (1:1)

RT, 48 h

o~ O 0

OH

OH Oi\

X

1, 1-diol: n =58, m =42, x = 8/9
2, 2-diol: n =73, m =27, x = 8/9
3, 3-diol: n =82, m =18, x = 8/9
4, 4-diol: n =76, m = 24, x= 18/19

General procedure: The polymer was deprotected for 48 hina 1 M HClq/MeCN solution (1:1)

and purified by dialysis in water employing a dialysis membrane with a molecular weight cut-off

of 3 kDa for 3 days, while changing the water three times a day. Finally, the polymer was dried

under vacuum at 40 °C for 2 days.

Polymer 1-diol

* 2 D .
/kﬁ,-stat-‘r’f
60 0
o~ o o~ o
EKfrg\ Tgk
OH
OH i (0]
g Y
ik
|
h i gef U a, b,cd
T T T T T T T T T
5 4 3 2 1 0

Chemical shift [ppm]

Figure 51: *H-NMR spectrum of 1-diol in DMSO-ds. * is assigned to solvent.

'H NMR (400 MHz, DMSO-dg) 8/ppm 4.90 (s, 1H), 4.66 (s, 1H), 3.97 (m, 2H), 3.72 (m, 3H),

3.53 (M, 45H), 3.25 (s, 3H), 2.07 — 0.47 (m, 10H).
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SEC (PMMA-standard, DMAC): M, = 47 900 g mol?, My/My, = 1.35.

O-H: 3434 cm™!

Transmittance [a.u.]

0:1724 cm™

C=

lc-o-c: 1090 em™

T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure 52: FT-IR spectra of 1-diol between 4000 to 500 cm™,

Polymer 2-diol

h i gef I a,b,cd

Chemical shift [ppm]
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Figure 53: 'H-NMR spectrum of 2-diol in DMSO-ds. * is assigned to solvent.

'H NMR (400 MHz, DMSO-ds) 8/ppm 4.89 (s, 1H), 4.65 (s, 1H), 4.21 - 3.7 (m, 2H), 3.68 (m,
3H), 3.57 — 3.36 (M, 40H), 3.25 (s, 3H), 0.87 (m, 10H).

-S-S-

Intensity [a.u.]

104 10°
Molar mass [g mol™]

Figure 54: SEC spectrum of 2-diol. The second peak correspond to disulfide linked polymers after aminolysis in the
eluent DMAc.

SEC (PMMA-standard, DMACc): M, = 21 200g mol*, Mi/M,, = 1.17.
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Transmittance [a.u.]
O-H: 3402 cm™?

0:1724 cm’t

|coc1108em™

C

T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™]

Figure 55: FT-IR spectra of 2-diol between 4000 to 500 cm™,

Polymer 3-diol

a b [ d
*ﬁ-block—”ﬂj
80 0
o~ o o~ o
g
EK%\ N
OH
OH i O
N y B
ji k
hoi gef | a, b, cd
SIAL L
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Chemical shift [ppm]

Figure 56: *H-NMR spectrum of 3-diol in DMSO-ds. * is assigned to solvent.
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'H NMR (400 MHz, DMSO-de) 8/ppm 5.01 (s, 1H), 4.77 (s, 1H), 4.27 — 3.93 (m, 2H), 3.93 —
3.68 (M, 3H), 3.68 — 3.46 (M, 40H), 3.43 (s, 3H), 1.45 — 0.55 (m, 10H).

-S-S-

Intensity [a.u.]

T T T T L |
10* 10°
Molar mass [g mol™]

Figure 57: SEC spectrum of 3-diol. The second peak correspond to disulfide linked polymers after aminolysis in the
eluent DMAc.

SEC (PMMA-standard, DMACc): M, = 25 300 g mol*, My/My, = 1.20.
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Transmittance [a.u.]
O-H: 3417 cm’!

0:1724 cm™®

| c-o-c:1102 emL

1c

T T T T T T T T T
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Figure 58: FT-IR spectra of 3-diol between 4000 to 500 cm™,
Polymer 4-diol
a b 3 d
80 20
o~ O o~ ©O
* ekfrg\ .
] k
OH
, k OH ~i ©O
: h By
| J a, b, cd
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Chemical shift [ppm]

Figure 59: *H-NMR spectrum of 4-diol in DMSO-ds. * is assigned to solvent.
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'H NMR (400 MHz, DMSO-ds) 8/ppm 5.00 (s, 1H), 4.75 (s, 1H), 4.27 — 3.94 (m, 2H), 3.93 —
3.68 (M, 3H), 3.65 — 3.45 (M, 95H), 3.41 (s, 3H), 1.57 — 0.56 (M, 10H).

-S-S-

Intensity [a.u.]

T T T T L |
10* 10°
Molar mass [g mol™]

Figure 60: SEC spectrum of 4-diol. The second peak correspond to disulfide linked polymers after aminolysis in the
eluent DMAc.

SEC (PMMA-standard, DMAC): M, = 32 800 g mol, My/My, = 1.46.

114



Experimental Section

Transmittance [a.u.]
=0:1723 cm!

C

C-0-C: 1098 cm
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Figure 61: FT-IR spectra of 4-diol between 4000 to 500 cm™,

Crosslinking procedure for 1-cross to 4-cross(-Li) and 4-cross-Li-Mg 1:1/2:1

-cof -oof
/}/jn j Mg(OEt),/LiOH/B(OH)3 5 ('7) 5 f:)

0 00 MeOH/H,0
OH

Kﬁ C %
0 0.5 Mg?*/Li* O~g__ O

(0]
H
(e}
X 5

1-diol, 1-cross: n =58, m =42, x = 8/9
2-diol, 2-cross: n =73, m =27, x = 8/9
3-diol, 3-cross: n =82, m =18, x = 8/9
4-diol, 4-cross: n =76, m = 24, x= 18/19

wo

General procedure: The PEs were prepared by a combined solution casting and cross-linking
method. To do so, the polymers 1-diol to 4-diol were crosslinked in methanol by the addition of
B(OH); (1.0 eq.) and Mg(OEt), (1-cross to 4-cross: 0.5 eq., 4-cross-Li-Mg 1:1: 0.33 eq. and 4-
cross-Li-Mg 2:1: 0.25 eq.) and/or LiOH (4-cross-Li: 1 eq., 4-cross-Li-Mg 1:1:0.33 eg. and 4-
cross-Li-Mg 2:1: 0.5 eq.) based on the ratio of SMA in the copolymers. After homogenous solu-
tions were obtained the solution was casted into a Teflon mold and the solvent was allowed to
evaporate at room temperature and redissolved in methanol. The solving and casting procedure

was repeated 5 times until homogenous films were obtained.
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Polymer 1-cross

0:1724 cm’t

C=

Transmittance [a.u.]
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Figure 62: FT-IR spectra of 1-cross between 4000 to 500 cm™ under inert argon atmosphere.

1B-NMR (128 MHz, DMSO-ds) 5/ppm 10.1 (s). See Figure 8B.

Polymer 2-cross
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Figure 63: FT-IR spectra of 2-cross between 4000 to 500 cm under inert argon atmosphere.

B-NMR (128 MHz, DMSO-ds) 5/ppm 10.1 (s). See Figure 8B.

Polymer 3-cross

0:1724 em™?

Transmittance [a.u.]
C

C-0-C: 1102 cm™
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™]

Figure 64: FT-IR spectra of 3-cross between 4000 to 500 cm® under inert argon atmosphere.

11B-NMR (128 MHz, DMSO-ds) 5/ppm 10.1 (s). See Figure 8B.
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Polymer 4-cross
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Figure 65: FT-IR spectra of 4-cross between 4000 to 500 cm® under inert argon atmosphere.

11B-NMR (128 MHz, DMSO-ds) 5/ppm 10.1 (s). See Figure 8B.

Polymer 4-cross-Li
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Figure 66: FT-IR spectra of 4-cross-Li between 4000 to 500 cm* under inert argon atmosphere.

\

40 20 0 -20
Chemical shift [ppm]

Figure 67: 'B-NMR spectrum of 4-cross-Li in DMSO-ds.

1B-NMR (128 MHz, DMSO-ds) 8/ppm 10.1 (s).
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Polymer 4-cross-Li-Mg-1:1

100 | 50 0 -50 | -100
Chemical shift [ppm]

Figure 68: 'B-NMR spectrum of 4-cross-LiMg-11 in DMSO-ds.

1B-NMR (128 MHz, DMSO-ds) 8/ppm 10.1 (s).
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Polymer 4-cross-Li-Mg-2:1

100 | 50 0 -50 | -100
Chemical shift [ppm]

Figure 69: 'B-NMR spectrum of 4-cross-LiMg-2:1 in DMSO-de.

1B-NMR (128 MHz, DMSO-ds) 8/ppm 10.1 (s).
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1.11.2 Procedures for ‘Additive-free copolymer electrolytes with
borate anion receptors for magnesium ion batteries’

Synthesis of SMA-diol

[e) (0) 80 °C

e}

OH
OH

SMA-diol
SMA-diol was synthesized as reported by Wang and coworkers.?® Glycidyl methacrylate (10
mmol, 1.42 g) was stirred in 80 ml H2O over night at 80 °C. The resulting product was extracted
with EtOAc and washed twice with brine before purification by column chromatography
(DCM:MeOH 30:1).

7 6 5 4 3 2 1 | 0
Chemical shift [ppm]

Figure 70: *H-NMR spectrum of SMA-diol in CDCls. * is assigned to solvent.

'H NMR (400 MHz, CDCls) 8/ppm 6.13 — 5.97 (m, 1H, CH,CMe), 5.61 — 5.47 (m, 1H,
CH,CMe), 3.95 — 3.85 (m, 2H, OH), 4.08 (d, J = 5.2 Hz, 1H, CH,CHCH;), 3.90 (qd, J = 5.5, 3.5
Hz, 1H, CH,CHCH), 3.82 (t, J = 5.9 Hz, 1H, CH,CHCH,), 3.63 (ddd, J = 11.6, 6.0, 3.6 Hz, 1H,
CH.CHCHb>), 3.53 (dt, J = 11.7, 5.9 Hz, 1H, CH,CHCH,), 1.86 (s, 3H, CH2CMe).
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Synthesis of the Monomers MF and MF;

Monomer MF

OH
HO-B

- T
j 3 A Molsieve o0~ o

0”0
THF, RT
OH Jo
OH O-g
SMA-diol

MF

In a round bottom flask SMA-diol (1. eq., 3 g, 18.73 mmol) was added to a solution of 4-difluor-
ophenylboronic acid (1. Eq., 2.62 g, 18.73 mmol) in 100 mL MeCN and was stirred over molsieve
for 16 h at room temperature. The solution was filtrated and the solvent was evaporated under

reduced pressure.

—

10
2
9 1 4,5,7,8
U ;_Wh
.
A A L

s 4 2 0
Chemical shift [ppm]

123



Experimental Section

Figure 71: 'H-NMR spectrum of MF in CDCls. * is assigned to solvent.

'H NMR (400 MHz, CDCl3) &/ppm 7.79 — 7.63 (m, 2H, ortho-ArH), 7.03 — 6.89 (m, 2H, meta-
ArH), 6.01 (q, J = 1.2 Hz, 1H, CH,CMe), 5.57 — 5.41 (m, 1H, CH.CMe), 4.75 (ddt, J = 8.3, 6.1,
4.2 Hz, 1H, CH,CHCHy), 4.36 (dd, J = 9.3, 8.3 Hz, 1H, CH,CHCH,), 4.30 — 4.15 (m, 2H,
CH:CHCHy), 4.10 (dd, J = 9.3, 6.1 Hz, 1H, CH.CHCH), 1.91 - 1.77 (m, 3H, CH.CMe).

19F NMR (376 MHz, CDCls) 8/ppm -107.63. See Figure 19.

1B NMR (128 MHz, CDCls) 8/ppm 30.14 (s). See Figure 19.

Monomer MF;

OH
T = T
0”0 3 A Molsieve ' iNe)
THF, RT
OH /o
OH O-B
SMA-diol
F
MF,

In a round bottom flask SMA-diol (1. eq., 3 g, 18.73 mmol) was added to a solution of 2,4-

difluorophenylboronic acid (1. Eq., 2.96 g, 18.73 mmol) in 100 mL MeCN and was stirred over

molsieve for 16 h at room temperature. The solution was filtrated and the solvent was evaporated

under reduced pressure.
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Chemical shift [ppm]

Figure 72: *H-NMR spectrum of MF2 in DMSO-ds. * is assigned to solvent.

'H NMR (400 MHz, DMSO-ds) 8/ppm 7.71 (dt, J = 8.4, 7.2 Hz, 1H, ortho-ArH), 7.23 — 7.02 (m,
2H, meta-ArH), 6.01 — 5.95 (m, 1H, CH.CMe), 5.62 (dg, J = 3.3, 1.7 Hz, 1H, CH,CMe), 4.94 —
4.84 (m, 1H, CH,CHCH,), 4.43 (t, J = 8.8 Hz, 1H, CH,CHCH,), 4.34 (dd, J = 12.0, 3.1 Hz, 1H,
CH2CHCH3), 4.25 — 4.12 (m, 2H, CH,CHCH3), 1.81 (s, 3H, CH.CMe).

¥F NMR (376 MHz, DMSO-ds) 8/ppm -98.24 (d, J = 10.9 Hz), -104.65 (t, J = 9.4 Hz). See
Figure 19.

1B NMR (128 MHz, DMSO-ds) 6/ppm 30.46. See Figure 19.

Polymer synthesis of PFO andPF-0

b

n CPDB, AIBN
S/\,o DMF, 80°C KK\O
O—p O-g
f HIF Bi HIF
F F
H = MF H = PFO
F = MF, F =PF,0
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General procedures, PF,0 and PF0. MF; (50 eq., 2.31 g, 2 mmol) or MF (50 eq., 528.1 mg, 2
mmol) were polymerized by RAFT polymerization in DMF with a concentration of 2 mmol mL?
by AIBN (0.2 eq) and CPDT (1 eq.) for 24 h at 70 °C after three cycles of freeze-pump under

water free conditions. The resulting polymer was precipitated into cold PE. Yields: 85%

Polymer PF,0
'H NMR (400 MHz, toluene-ds) 8/ppm 7.22 (s, 1H), 6.62 (s, 2H), 4.36 (s, 1H), 3.96 (s, 1H), 3.59
(s, 3H), 1.74 — -0.02 (m, 5H). See Scheme 17B.

19F NMR (377 MHz, toluene-ds) & -97.87 (s), -104.52 (s). See Figure 20.

SEC (PMMA-standard, DMAC): M, = 19 600 g mol?, My/M,, = 1.48. See Figure 21.

Polymer PFO
'H NMR (400 MHz, toluene-ds) 8/ppm 7.33 (s, 2H), 6.72 (s, 2H), 4.37 (s, 1H), 3.45 (s, 1H), 1.81
—-0.03 (m, 5H). See Scheme 17A.

¥F NMR (377 MHz, toluene-ds) 8/ppm -107.67 (s). See Figure 20.
SEC (PMMA-standard, DMACc): M, =9 800 g mol?, Mi/M,, = 1.52. See Figure 21.

Polymer synthesis of PF X withX=1-4

n m
0
a9 ° _— o~ o CPDB, AIBN 0“0 oot ™~ 13/9
KK\O 1,4-dioxane, 70 °C KK\O

MF PEGMAsoo PF1:n=91,m=9
21in=91, m=

PF,2:n =86, m= 14
PF,3:n =68, m=32
PF,4:n =0, m =100

General procedures, PF.X with X = 1 — 3. MF; (PF21:95 eq., PF,2: 85 eqg. and PF.3: 70 eq.)
was copolymerized by RAFT polymerization with PEGMAsq (PF21:5 eq., PF.2: 15 eq. and PF.3:
30 eq.) in 1,4-dioxane with a concentration of 2 mmoL mL™? for 24 h at 70 °C after three cycles

of freeze-pump under water free conditions with AIBN (0.2 eq) and CPBD (1 eq., 10 mg, 0.045
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mmol) as initiator and RAFT agent.

Yields: 75 - 80%.

Polymer PF,1

The resulting polymer was once precipitated into cold PE.

Chemical shift [ppm]

Figure 73: 'H-NMR spectrum of PF21 in toluene-ds. * is assigned to solvent.

!H NMR (400 MHz, toluene-ds) 6/ppm 7.83 (s, 1H), 6.92 — 6.57 (m, 2H), 4.62 — 3.67 (m, 4H),
3.67 —3.40 (m, 2H), 1.66 — 0.30 (m, 3H).
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o N

. T . T .
-98 -100 -102 -104

Chemical shift [ppm]

Figure 74: *®F-NMR spectrum of PF21 in toluene-ds. * is assigned to solvent.

¥F NMR (377 MHz, toluene-ds) 8/ppm -96.91 (s), -103.95 (s).
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Figure 75: SEC spectrum of PF21. The second peak correspond to disulfide linked polymers after aminolysis in the
eluent DMACc.

SEC (PMMA-standard, DMACc): M, = 31 300 g mol*?, My/M,, = 1.25.
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Figure 76: *H-NMR spectrum of PF22 in toluene-ds. * is assigned to solvent.

'H NMR (400 MHz, toluene-ds) 8/ppm 7.85 (s, 1H), 6.94 — 6.46 (m, 2H), 4.69 — 3.71 (m, 5H),
3.68 — 3.35 (m, 45H), 3.20 (s, 3H), 1.94 — 0.74 (m, 10H).
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Figure 77: *®F-NMR spectrum of PF22 in toluene-ds. * is assigned to solvent.

¥F NMR (377 MHz, toluene-ds) 8/ppm -96.91 (s), -103.99 (s).
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Figure 78: SEC spectrum of PF22. The second peak correspond to disulfide linked polymers after aminolysis in the
eluent DMAc.

SEC (PMMA-standard, DMAc): M, = 34 100 g mol*, M./M,, = 1.21.
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Figure 79: *H-NMR spectrum of PF23 in toluene-ds. * is assigned to solvent.

'H NMR (400 MHz, toluene-ds) 8/ppm 7.87 (s, 1H), 66.96 — 6.54 (m, 2H), 4.83 — 3.75 (m, 5H),
3.76 — 3.32 (m, 45H), 3.20 (s, 3H), 2.02 — 0.80 (m, 10H).
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Figure 80: *®F-NMR spectrum of PF23 in toluene-ds. * is assigned to solvent.

¥F NMR (377 MHz, toluene-ds) 8/ppm -96.93 (s), -104.05 (s).
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Figure 81: SEC spectrum of PF23. The second peak correspond to disulfide linked polymers after aminolysis in the
eluent DMACc.

SEC (PMMA-standard, DMACc): M, =29 700 g mol*?, My/M,, = 1.16.
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Figure 82: *H-NMR spectrum of PF24 in DMSO-ds. * is assigned to solvent.

'H NMR (400 MHz, DMSO-ds) 8/ppm 4.09 — 3.95 (m, 1H), 3.75 — 3.47 (m, 43H), 3.46 — 3.39
(m, 2H), 3.24 (s, 3H), 1.09 — 0.58 (M, 5H).
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Figure 83: SEC spectrum of PF24. The second peak correspond to disulfide linked polymers after aminolysis in the
eluent DMACc.

SEC (PMMA-standard, DMACc): M, = 30 000 g mol?, My/My, = 1.22.

Polymer synthesis of block copolymers PF3b and PF.3b

n m
0”0 CPDB, AIBN 0”0 n MF,/MF 0“0 oot Ok

m _ . 8/9
B 1,4-dioxane, 70 °C ) CPDB, AIBN K(\

; O
) o 1,4-dioxane, 70 °C O-v
‘l;/Q ‘lg/g B X
PEGMA, P(PEGMA ;54,) Q
Macro-RAFT F

PF,3b: X =F, n=70, m = 30
PF3b: X = H, n =68, m =32

General procedures, block copolymers PF.3b and PF3b. The block copolymers were synthe-
sized in a two-step manner by a macro-RAFT agent approach. The macro-RAFT (P(PEGMAsw))
agent was synthesized by polymerizing PEGMAsy (30 eq.) for 24 h at 80 °C in 1,4-dioxane under
water-free conditions (2 mol L) using AIBN (0.2 eq.,) as initiator and CPDB (1 eg., 10 mg,
0.045 mmol) as RAFT agent. The polymerization was stopped by placing the flask in liquid ni-

trogen and precipitated once in petrol ether. In a second step the macro-RAFT agent was
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copolymerized with MF (70 eg., 834 mg, 6.72 mmol) or MF; (70 eq., 892 mg, 3.16 mmol) under

same conditions as before.

Polymer PF3b
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Figure 84: 'H-NMR spectrum of PFap in toluene-ds. * is assigned to solvent.

'H NMR (400 MHz, toluene-ds) 3/ppm 8.15 — 7.83 (m, 2H), 4.59 — 3.82 (m, 3H), 3.82 — 3.38
(m, 45H), 3.32 (s, 3H), 1.84 — 0.73 (m, 10H).
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Figure 85: F-NMR spectrum of PF3b in toluene-ds. * is assigned to solvent.

¥F NMR (377 MHz, toluene-ds) 8/ppm -107.02 (s).
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Figure 86: SEC spectrum of the chain extension of PF3b. The second peak correspond to disulfide linked polymers
after aminolysis in the eluent DMAc.

SEC (PMMA-standard, DMAc): M, = 24 400 g mol*, M./M,, = 1.3.
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Figure 87: FT-IR spectra of PF3b between 4000 to 500 cm™ under water-free argon atmosphere.

Polymer PF;3b
'H NMR (400 MHz, toluene-ds) 8/ppm 7.83 (s, 1H), 6.91 — 6.52 (m, 2H), 4.68 — 3.79 (m, 5H),
3.78 —3.33 (m, 45H), 3.23 (s, 3H), 1.96 — 0.71 (m, 10H). See Figure 22.

¥FE NMR (377 MHz, toluene-ds) & -96.92 (s), -103.92 (s). See Figure 22.

SEC (PMMA-standard, DMAC): M, = 24 400 g mol*, My/M,, = 1.30. See Figure 23.
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Figure 88: FT-IR spectra of PF23b between 4000 to 500 cm under water-free argon atmosphere.
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1.11.3 Procedures for ‘Magnesium polymer electrolytes based on
polycarbonate poly(2-butyl-2-ethyltrimethylene-
carbonate)’

The results were partly reproduced with permission from ACS Omega, in press. Unpublished

work copyright 2023 American Chemical Society.?!

Monomer synthesis of (2-butyl-2-ethyltrimethylene carbonate (BEC))

O o)
OH OH EtO)J\Cl _ o)J\o
THF, 0 °C - RT \5%/\/
BEC

1 eq. 2-butyl-2-ethyl-1,3-propanediol (1 eq., 25 g, 156 mmol) was dissolved in 400 mL dry THF
at 0 °C under inert gas. After adding 2 eq. ethyl chloroformate (2 eq., 29.8 mL, 312 mmol) to the
mixture 2 eq. triethylamine (2 eq., 43.2 mL, 312 mmol) in 200 mL THF was added and the solu-
tion was stirred for 16 h at room temperature. The solution was filtered, concentrated and redis-
solved in 400 mL ethyl acetate. The organic layer was washed twice with 400 mL of 1M HCI and
twice with deionized water. The resulting product was purified by fractionated distillation under

reduced pressure, resulting in a colourless liquid. (Yield: 71%).
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Figure 89: *H-NMR spectrum of BEC in CDCls. * is assigned to solvent.

!H-NMR (400 MHz, CDCl;) 8/ppm 0.63 - 1.05 (m, 4H, OCH,C), 1.05 - 1.54 (m, 8H, Me), 4.1 (s,

6H, CHz-segments in aliphatic chains).

Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (TU)

NH,
H H
F3C N\\C\ O/ F3C N N
s i T
THF, 0 °C S

CF;

TU catalyst

TU was synthesized as described in a previous report.?®® Under an argon atmosphere, to a solution
of 3,5-bis(trifluoromethyl)phenyl isothiocyanate (1 eq., 100 mg, 0.37 mmol) in dry THF (1.0 ml)
was added cyclohexane amine (1 eq., 36.6 mg, 0.37 mmol) at 0 °C. After the reaction mixture
was stirred for 3 h, the reaction mixture was concentrated in vacuo. The product was recrystallized
by CHCIs. Yield: 85%
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1,2,3
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Figure 90: *H-NMR spectrum of TU in CDCls. * is assigned to solvent.

'H NMR (400 MHz, CDCls) 8/ppm 8.32 (s, 1H, NH), 7.73 (m, 3H, ArH), 6.09 (s, 1H, NH), 2.06
(m, 2H, cyclohexan), 1.82 — 1.55 (m, 3H, cyclohexan), 1.55 — 1.30 (m, 3H, cyclohexan), 1.20 (m,
3H, cyclohexan).

Synthesis of magnesium tetrakis(hexafluoroisopropyloxy) borate, Mg(B(HFIP)4).-3
DME

OH

A

FsC~ "CFs
Mg(BHy)2 > Mg(B(HFIP),),-3 DME
DME, 85 °C

Mg(B(HFIP).), was synthesized as reported in literature, and the product was obtained in the form
of Mg(B(HFIP)4),-3 DME solids.?® Yield: 87%.
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Figure 91: *H-NMR spectrum of Mg(B(HFIP)4)2-3 DME in DMSO-ds. * is assigned to solvent.

!H NMR (400 MHz, DMSO-de) 8/ppm 4.70 (s, CHs), 3.47 (s, CH,), 3.28 (s, CH, CHCFs).

. —
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Figure 92: 1°F-NMR spectrum of Mg(B(HFIP)4)2-3 DME in DMSO-ds.
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E-NMR (376 MHz, DMSO-dg) 8/ppm -74.3 (s, CFs).

Synthesis of poly((2-butyl-2-ethyltrimethylene carbonate) (P(BEC))

0
, O~ 0 BnOH,DBU, TU % b
> o of,
DCM, 30°C
P(BEC)

BEC (50 eq., 2 g, 10 mmol) was dissolved in dry DCM (5 mL) with TU catalyst (1 eq., 185 mg,
0.5 mmol) under inert gas. CaH, was added and the mixture stirred for 16 h. The solution was
filtered afterwards to remove solids and heated up to 30 °C before 1,8-diazabicyclo(5.4.0)undec-
7-ene (DBU) (1 eq., 74.7 pL, 0.5 mmol) and benzyl alcohol (0.4 eq., 20.7 pL, 0.2 mmol) was
added. After 24 h the reaction was quenched by 1 mL of acetic acid and the polymer was precip-
itated into cold methanol two times. The polymer was dried for 24 h at 80 °C inside a glovebox

before film preparation. Yield: 62%.

7 6 5 4 3 2 1 o
Chemical shift [ppm]

Figure 93: *H-NMR spectrum of P(BEC) in CDCls. * is assigned to solvent.
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'H NMR (400 MHz, CDCIl3) 8/ppm 7.34 - 7.26 (m, 5H), 3.93 (s, 6H), 1.33 - 1.06 (m, 8H),
0.90 - 0.72 (m, 6H).

SEC (PMMA-standard, DMACc): M, = 6 100 g mol, My/My, = 1.13.
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1.12 List of Abbreviations

AIBN
AROP
Adg.
ATRP
a.u.

b

BEC
ClOys
CTA
CcVv

b
DCM
DFS
DME
DMSO
DSC

EIS
EO
FRP
FT-IR
GPE

G
HCI

LCO
LiClOq4
LFP
LIB

2,2'-Azobis(2-methylpropionitrile)
Anionic ring-opening polymerization
Adqueous

Atom-transfer radical polymerization
Acrbitrary unit

Block
2-Butyl-2-ethyltrimethylene-carbonate
Perchlorate anion

Chain-transfer agent

Cyclic voltammetry

Dispersity

Dichloromethane

Dynamic frequency sweep

Dimethyl ether

Dimethyl sulfoxide

Differential scanning calorimetry
Delta

Electrochemical impedance spectroscopy
Ethylene oxide

Free radical polymerization
Fourier-transform infrared spectroscopy
Gel polymer electrolyte

Storage moduli

Loss moduli

Hydrochloric acid

Infrared

LiCoO,

Litium perchlorate

LiFePO,

Lithium-ion battery
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LiOH
LiTFSI
LOE
LSV
M

MF

MF;

Mn
Mw
MeCN
MeOH

Mg(B(HFIP)4)2

Mg(ClOq)2
Mg(OEt)
Mg(TFSI),
PE

PEX

PF.X

PEG
PEGDMEsgo
PEGMA

P(PEGMA)

ppm
PVDF

PVDF-HFP
P(BEC)

RT

RAFT
ROP

Rx

150

Lithium hydroxide

Lithium bis(trifluoromethanesulfonyl)imide

Liquid organic electrolyte

Linear sweep voltammetry

Molar

2-(4-fluorophenyl)-1,3,2-dioxaborolan-4-yl)methyl methacry-
late

(2-(2,4-Difluorophenyl)-1,3,2-dioxaborolan-4-yl)methyl meth-
acrylate

Number-average molar mass

Weight-average molar mass

Acetonitrile

Methanol

Magnesium tetrakis(hexafluoroisopropyloxy) borate
Magnesium perchlorate

Magnesium ethanolate

Magnesium bis(trifluromethanesulfonyl) imide

Polymer electrolyte

P(PEGMAsq0)-stat-P(MF), where x refers to the MF ratio
P(PEGMAsq0)-stat-P(MF2), where X refers to the MF; ratio
Polyethylen glycol

Poly(ethylene glycol dimethyl ether) with M, = 500 g mol*
Poly(ethylene glycol monomethyl ether) methyl methacrylate, x
correspond to the molar mass

Poly(ethylene glycol monomethyl ether) methacrylate, where x
refers to the molar mass

Parts per million

Poly(vinylidene fluoride)

Poly(vinylidene fluoride-co- hexafluropropylene)
Poly(2-butyl-2-ethyltrimethylene-carbonate)

Room temperature

Reversible addition-fragmentation chain transfer

Ring-opening polymerization

Resistance, where x defines bulk or surface resistance



Abbreviations

o
SEC

SEI

SMA
SMA-diol
SN

SPE

SST

Tq

TFSI

T

TGA
THF

TU

t'mg

t'Li

VLE

w

4
[Mg]:[EQ]

lonic conductivity

Size exclusion chromatography

Solid electrolyte interphase

Solketal methacrylate

Glycerol methacrylate

Succinonitrile

Solid polymer electrolyte

Strain sweep test

Decomposition temperature at 5 wt.% loss
Trifluoromethanesulfonyl imide anion
Glass transition temperature
Thermogravimetric analysis
Tetrahydrofuran
1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea
Magnesium-ion transference number
Lithium-ion transference number

linear viscoelastic regime

Angular frequency

Oscillation strain

Ratio between Magnesium ion and the EO repeating units
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Appendix

Additional information and spectra for the different projects are given in the following.

1.16 Additional spectra and results for ‘Borate
crosslinked single-ion conducting copolymer
electrolytes for magnesium battery applications’

Table 14: Initial and steady-state current densities (Io,pol and Iss) , resistances before and after polarization (Ro and Rss),
bulk resistances (Rv) and the calculated initial current densities (Io.cal). * Resistances fitted for 4-cross-PC and 4-cross
PEGDMEs:n by equivalent circuit shown in Figure 94.

4-cross- 4-cross- 4-cross-Li- 4-cross-Li-
PC PEGDMEs PC PEGDMEs,
Iss [mA] 3.910° 8.110° 1.38 107 0,18 107
lopol [MA] 1.44 107 1.47 1073 1.50 107 0.27 107
Ry [Q], before 9628.5 137 444 5705 34 389.6
polarization ?
Ry, [€2], after po- 9024 139 740 5612 31972.8
larization ®
Ro [Q]7 13.81 10° 11.86 10° 892.7 4874
Rss [Q]2 13.9 10° 17.05 10° 1022 6034.2
Iocal [mA] 39107 4.410° 1.51 103 0.24 103
Iss/Io pol 0.0027 0.018 0.92 0.68
Iss/Io cal 0.1 0.18 0.91 0.65
r'Li - - 0.92 0.66
e Q2 4
Rp ||
Rosss

Figure 94: The equivalent circuit model of impedance spectroscopy employed for DC-polarization measurements 4-
cross-PC and 4-cross-PEGDMEsgo.
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Figure 95: EIS spectra before and after polarization with FITs based on 4-cross-PC. Plots fitted by equivalent circuit
shown in Figure 94.
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Figure 96: EIS spectra before and after polarization with FITs of 4-cross-PEGDMEsoo. Plots fitted by equivalent circuit
shown in Figure 94.
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Figure 97: EIS spectra before and after polarization of 4-cross-Li-PEGDMEsoo.
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Figure 98: EIS spectra before and after polarization of 4-cross-Li-PC.

Figure 99: Pre-conditioning process at 0.1 pA cm2 in symmetric Mg||Mg cell before measuring XPS.
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Appendix

Table 15: XPS Signal ratios of Mg 2s and C 1s of 4-cross, 4-cross-PC-Li-Mg 1:1 and 4-cross-PC-Li-Mg 2:1 of
magnesium electrode surface after pre-conditioning at 0.1 pA cm2 in symmetric Mg||Mg cells.

Mg 2s Peak 1 [%] Peak 2 [%]
4-cross-PC 95.0 5.0
4-cross-PC-Li-Mg 1:1 88.2 11.8
4-cross-PC-Li-Mg 2:1 92.0 8.0
Cls Peak 1 [%0] Peak 2 [%0] Peak 3 [%0]
4-cross-PC 50.2 42.6 7.2
4-cross-PC-Li-Mg 1:1 86.6 7.6 5.8
4-cross-PC-Li-Mg 2:1 76.5 14.4 9.0
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1.17 Additional spectra and results for ‘Additive-free
copolymer electrolytes with borate anion receptors
for magnesium ion batteries’

Figure 100: Picture of EF23b.
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Figure 101: FT-IR spectra of, EF3 Mg(ClOa)2, EF23 Mg(ClO4)2, EF3b LiClOs and EF23b LiClO4, between 4000 to

500 cm under water-free argon atmosphere.
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Figure 102: FT-IR spectra of EF3b, EF23b, EF3b LiTFSI and EF23b LiTFSI between 4000 to 500 cm™ under water-

free argon atmosphere.
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Figure 103: FT-IR spectra of LiTFSI between 4000 to 500 cm™* under water-free argon atmosphere.
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Figure 104: FT-IR spectra of LiClO4 between 4000 to 500 cm* under water-free argon atmosphere.
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Table 16: Initial/steady-state currents/resistances (lo.cai/1ss/Ro/Rss), applied potential and calculated initial current (lo,car)
by Ohmic’s law of the DC polarization experiments of EF23b, EF23b Mg(ClO4)2, EF23b LiTFSI and EF23b LiClO4

at 80 °C. ® Resistances fitted for EF23b and EF23b Mg(ClOs)2, by equivalent circuit shown in Figure 105.

EF.3b EF23b Mg(ClOs),  EF:3b LiTFSI  EF:3b LiClO,

lopot [MA] 2.510° 0.8310° 4.4 103 1.8310°
Ro [Q]° 2.25 107 7.79 107 669.22 3259.42
local [MA] 2.310° 1.97 10° 4.46 10° 1.86 107
lss [MA] 2.69 10 1.0410° 1.3510° 0.8110°
Rss [Q]° 2.09 10° 2.11 10% 669.18 3615.5

lss/10.pol 1.110° 1.97 10° 0.306 0.444

lss/lo.ca 2510° 1.6 10% 0.302 0.437

AV [V] 0.527 0.494 0.010 0.010

t - - 0.24 0.26

Table 17: Initial/steady-state currents/resistances (lo,cal/Iss/Ro/Rss), applied potential and calculated initial current (lo,car)
by Ohmic’s law of the DC polarization experiments of EF3b, EF3b Mg(ClO4)2, EF3b LiTFSI and EF3b LiClO4 at

80 °C.

EF3b EF3b Mg(ClOs), EF3bLiTFSI  EF3b LiCIO,
lopol [MA] 0.49 10° 44107 1.15 103 2.1110°
Ro [Q]° 5.29 102 9.65 10° 6127.07 623.09
local [MA] 1131072 4.64 107 4.46 10° 1.8710°
lss [MA] 1.4110° 2.5310° 0.52 10° 0.915 10°

Rss [Q]° 1.22 107 7.61107 5309.84 667.7
lss/lo pol 2.86 10° 5.7410° 0.451 0.43
lss/lo ca 125107 54.43 0.410 0.49
AV [V] 0.597 0.448 0.011 0.009

t - - 0.22 0.40
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Figure 105: The equivalent circuit model of impedance spectroscopy employed for DC-polarization measurements of
EF23b, EF23b Mg(CIO4)2, EF3b and EF3b Mg(CIOa4)2.
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Figure 106: Impedance spectra before and after polarization of EF23b LiTFSI at 80 °C.
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Figure 107: Impedance spectra before and after polarization of EF23b LiClO4 at 80 °C.
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Figure 108: Impedance spectra before and after polarization of EF23b Mg(ClQO4)2 at 80 °C. Plots fitted by equivalent

circuit shown in Figure 105.
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Figure 109: Impedance spectra before and after polarization of EF23b at 80 °C. Plots fitted by equivalent circuit shown
in Figure 105.
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Figure 110: Impedance spectra before and after polarization of EF3b LiTFSI at 80 °C.
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Figure 111: Impedance spectra before and after polarization of EF3b LiClO4 at 80 °C.
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Figure 112: Impedance spectra before and after polarization of EF23b Mg(ClQ4)2 at 80 °C. Plots fitted by equivalent
circuit shown in Figure 105.
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Figure 113: Impedance spectra before and after polarization of EF23b at 80 °C. Plots fitted by equivalent circuit shown

in Figure 105.
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1.18 Additional spectra and results for ‘Magnesium
polymer electrolytes based on polycarbonate poly(2-
butyl-2-ethyltrimethylene-carbonate)’

a, b, c

Chemical shift [ppm]

Figure 114: *H-NMR spectra of HFIP40 in CDCls. Reproduced with permission from ACS Omega, in press. Un-
published work copyright 2023 American Chemical Society.
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Figure 115: °F-NMR spectra of HFIP40 in CDCls. Reproduced with permission from ACS Omega, in press. Un-
published work copyright 2023 American Chemical Society.

Table 18: Peak ratios of TFSI40 to TFSI5 of the peaks at 752 cm™ (Peak 2) and 744 cm™ (Peak 1) in %. Reproduced
with permission from ACS Omega, in press. Unpublished work copyright 2023 American Chemical Society.

Ratio of Peak 1:Peak 2 [%0]
Mg(TFSI), 100:0
TFS140 76.0:24.0
TFSI130 62.4:37.6
TFSI120 52.9:47.1
TFSIS 35.1:64.9
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Table 19: Gradients of loss modulus G” and storage modulus G™* from DFS experiments, where G** > G”. Reproduced
with permission from ACS Omega, in press. Unpublished work copyright 2023 American Chemical Society.

Gradients of loss modulus G”

Gradients of storage modulus

G
P(BEC) -1.498 £ 0.050 -0.988 £ 0.003
TFSI5 -1.415 £ 0.040 -0.981 £ 0.003
TFSI20 -1.334 £ 0.30 -0.972 £ 0.002
TFSI30 -1.425 £ 0.031 -0.983 £ 0.001
TFSI140 -1.075 £ 0.021 -0.824 £ 0.032
HFIP5 -1.388 £ 0.027 -1+0
HFIP20 -0.669 £ 0.022 -0.717 £ 0.009
HFIP30 -0.691 £ 0.014 -0.669 £ 0.008
HFIP40 -0.985 £ 0.007 -0.772 £ 0.015
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Figure 116: VFT plots (dotted line) of A) TFSI5 to TFSI40 and B) HFIP5 to HFIP40. Reproduced with permission
from ACS Omega, in press. Unpublished work copyright 2023 American Chemical Society.
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Figure 117: LSV measurement of HFIP40 between 0to 6 V vs. Mg/Mg?* at 0.1 mVs,
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Figure 118: EIS results before and after cyclic voltammetry of HFIP40. Reproduced with permission from ACS
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Omega, in press. Unpublished work copyright 2023 American Chemical Society.
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