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General Abstract in English

This thesis presents "MonoEnd-Capped Single-lon Polymer Electrolytes" (MEC-SIPEs) that are
ionically conductive polymers having n repeating ethylene oxide (EO) units and an ionic functional
group at one chain terminal. The library of MEC-SIPEs presented are based on poly(ethylene oxide)
mono methyl ether (mPEO,-OH) having EO,= 8, 10, 20, and 55. The anions of the electrolyte salt
pair are covalently bound to the polymer as part of the end-group design. The mobility of the
anion is thus limited by the low mobility of the polymer, relative to Li*. These are "Single-lon"
conductors because the majority of ionic charge transferred by Li* cations, as demonstrated by
chronoamperometry.

The end-group designs target not only ionic interactions that facilitate "Single-lon" conduction of
Li*, but also other specific non-covalent interactions such as dipole-dipole, Van der Waals, and m-
1t stacking. End-groups having naphthalene (naph) and pyrene (pyr) Polycyclic Aromatic
Hydrocarbon (PAH) moieties are investigated. The functional end-groups are lithiated sulfonates
(-SOsLi, -PhSOsLi), a N-naphyl sulfonamide (-SO,N(Li)Naph), and secondary N-aryl amines (-
N(Li)Naph, -N(Li)Pyr). Two end-groups target specific properties: i) a "double salt" end-group has
two ionic functions at one chain end, and ii) a zwitterionic chain terminal that conducts Li* cations
and TFSI" anions. The doubling of the number of Li* per end-group does not correlate to an
expected improvement in ionic conductivity (o). This implies that o is limited by the
physicochemical properties of the MEC-SIPE and not the Li* concentration. The zwitterionic chain
terminal polymer electrolyte has a high lithium transference number (t‘y= 0.8) that implies
decreased mobility of the TFSI" counter-anion relative to Li*. The best overall performance is
achieved by mPEO,-N(Li)Pyr (EO,= 10, 20, 55), that has oac> 1.0*10*S.cm™ at T>40 °C, and reaches
1*103 S.cm™ at 100 °C. It exhibits constant resistivity under galvanostatic cycling (j= 10 pA.cm?,
10*4h periods, Li|Li cell, 40 °C) and is electrochemically stable in the 0 V-3.7 V vs. Li/Li* potential
range.

In Chapter | the state-of-the-art polymer electrolytes for Li-ion batteries are reviewed. These are
divided into two sub-classes: i) Salt-in-Polymer (SiP) and ii) "Single-lon" Polymer Electrolytes
(SIPEs). The design of polymer electrolytes towards efficient and effective ionic conductivity is
emphasized. Special attention is given to concepts for the organisation of bulk morphology for the
creation of ion transport pathways that efficiently percolate through the micron length scale
separating electrodes of a battery. Finally, the synthetic strategy implemented is described.

The principle results of the thesis are presented and discussed in Chapter Il. A library of MEC-SIPEs
are characterised in terms of their electrochemical, thermal and specific ion-transport
performances. Resistive features appear at high temperature and are expected to result from the
aggregation of ionic end-groups. Surprisingly, the oac of MEC-SIPEs having EO,= 55 improves by as
much as half an order of magnitude with repeated cycling of temperature to above T of
crystalline PEO (in the +40 °C to +100 °C range). The analysis of MEC-SIPEs having different end-
groups and PEO chains having EO,= 8, 10, 20, and 55 lead to the proposition of a tentative model
for the percolation of ionic pathways through the MEC-SIPE bulk. It is hypothesized that the ionic
end-groups are localised at the grain boundaries of PEO domains. Percolation of these boundaries
are proposed to be improved under appropriate, mild conditions of temperature and
electromagnetic force. Finally, the synthesis methods implemented in this thesis and
characterizations of MEC-SIPEs are described in Chapter llI.
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Résumé de la Theése en Frangais

Cette thése décrit des électrolytes polyméres monofonctionels a conduction monocationique
(MEC-SIPEs). Ces macromolécules sont constituées de n unités de répétition d’oxyde d’éthyléne
(OE) et d'un groupe fonctionnel ionique a une des extrémités de leur architecture
macromoléculaire asymétrique. La bibliotheque des MEC-SIPEs synthétisés est basée sur des
poly(oxyde d’éthyléne) mono méthyl éther (MPOE,-OH) ayant 8, 10, 20 et 55 unités OE. Les anions
sont liés de maniére covalente au squelette polymeére via une des extrémités. Leur mobilité est
donc limitée par celles de ces macromolécules fonctionnelles. Les MEC-SIPEs constituent des
conducteurs monocationniques; la majorité des charges étant transférées par les cations Li*
comme démontré par chronoampérométrie.

Les extrémités de chaines sont sélectionnées pour développer des interactions ioniques facilitant
la conduction de cation Li* ainsi que des interactions non-covalentes de types dipdles-dipdles, Van
der Waals, et d’empilements nt. Des hydrocarbures aromatiques polycycliques de type naphtalene
(naph) et pyrene (pyr) sont étudiés comme extrémités de chaines. Les groupes terminaux
fonctionnels sont lithiés : sulfonates (-SOsLi, -PhSOsLi), N-naphtyl sulfonamide (-SO,N(Li)Naph) et
N-arylamines (-N(Li)Naph, -N(Li)Pyr). Deux types d'extrémités ciblent des propriétés spécifiques :
i) "double-sel" possédant deux fonctions ioniques et ii) zwittérionique conduisant le cation Li* et
I’anion TFSI". Le doublement du nombre de Li* par groupe terminal n’autorise pas I'amélioration
attendue de la conductivité ionique (o). Ceci implique que o est limitée par la physicochimie des
chaines polymeéres et non par la concentration en Li*. Lélectrolyte polymeére zwittérionique a un
nombre de transport de lithium élevé (t*u= 0,8) qui implique une mobilité réduite de I'anion TFSI’
par rapport au cation Li*. La meilleure performance est obtenue avec le mPOE,-N(Li)Pyr (OE,= 10,
20, 55) : 0ac>1,0¥10*S.cm?aT>40°Cet 1*103S.cm™ a 100 °C. Ce MEC-SIPE garde une résistivité
constante sous cyclage galvanostatique (j = 10 pA.cm™; 10 périodes de 4h ; pile Li|Li; 40 °C) et
une stabilité électrochimique dans la plage de potentiel 0 V-3,7 V vs. Li/Li* (pile Li| acier inoxidable;
vitesse de balayage en potentiel 1,0 mV.s; 40 °C).

Le contexte de cette these vis a vis de I'état de I'art des électrolytes polymeres pour les batteries
Li-lon est présenté dans le chapitre I. Deux sous-classes d’électrolytes sont discutées : i) les
polymeéres dans lesquels un sel est solvaté (SiP) et ii) les polymeéres a conduction monocationique
(SIPEs). La conception d'électrolytes polyméres efficaces a conductivité ionique améliorée est
ciblée. Une attention toute particuliere est accordée aux concepts d'auto-organisation
hiérarchique visant a la création de chemins percolant assurant le transport d’ions sur les
distances microniques séparant les électrodes d’une batterie. Enfin, la stratégie de synthese mise
en ceuvre est décrite.

Les principaux résultats de cette these sont présentés et discutés au chapitre Il. Une bibliotheque
de MEC-SIPEs est caractérisée vis-a-vis de leurs performances électrochimiques, thermiques et de
leurs propriétés de transport ionique spécifiques. Des caractéristiques résistives apparaissent a
haute température et sont supposées résulter de I'agrégation des groupes ioniques terminaux.
Les valeurs de conductivité oac des MEC-SIPEs (55 Unités OE) s'améliorent d'un demi-ordre de
grandeur lors du cyclage en température au-dela de la température de fusion des domaines
cristallins de POE. La discussion se termine par la proposition d'un modele de percolation des
domaines ioniques dans les MEC-SIPEs ou les groupes ioniques sont localisés aux interfaces des
domaines POE. La percolation des domaines ioniques devrait étre améliorée dans des conditions
appropriées de température et de force électromagnétique. Les méthodes de synthése mises en
ceuvre dans cette these et les caractérisations des MEC-SIPEs sont décrites au chapitre Ill.
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Chapter |

Polymer Electrolytes for Lithium-lon Batteries: Context and State of the Art



Resumé

Le chapitre | présente le contexte de cette thése par rapport a I'état de I'art du domaine. Les
batteries lithium-ion (LiBs: Lithium ion Batteries) sont présentées en lien avec les applications
modernes de stockage électrochimique de I'énergie. Les électrolytes polymeres sont ensuite
divisés en deux sous-classes : les électrolytes dans lesquels un sel est solvaté dans une matrice
polymére hoéte ("Salt-in-Polymer" (SiP)) et les électrolytes polymeéeres a conduction mono-
cationique (SIPEs : Single-lon Polymer Electrolytes)

Les électrolytes SiP sont présentés de maniére générale a travers une description de leurs
caractéristiques principales. Une attention particuliere est ensuite accordée a la maniére dont les
chercheurs ont tenté d'optimiser les électrolytes SiP. Plus précisément, leurs formulations et
architectures macromoléculaires sont discutées. Cet état des lieux est mis a jour en prenant en
compte les efforts récents consentis pour organiser les matrices et les polymeéres SiP qui ont été
suggérés comme des alternatives aux formulations traditionnelles a base de poly(éther)s.

Les SIPEs sont ensuite discutés en mettant l'accent sur les principes de leur ingénierie. Les
méthodes contemporaines de synthése des SIPEs sont décrites et discutées en termes de
performances électrolytiques. Les SIPEs a extrémités de chaines modifiées a facon par des
fonctions ioniques destinées a assurer le transport des cations Li* présentent une combinaison
d’intéréts de par i) leur conductivité ionique élevée, ii) la simplicité de leur ingénierie
macromoléculaire et iii) I'efficacité de cette chimie pour améliorer les performances des SIPEs.
Les "MonoEnd-Capped Single-lon Polymer Electrolytes" (MEC-SIPEs) se sont inspirés du
développement des SIPEs en impulsant une réflexion originale dépassant les approches
traditionnelles pour optimiser les performances électrolytiques.

Les récentes avancées dans l'auto-organisation des matériaux macromoléculaires fonctionnels
sont proposées en termes de piste de réflexion pour ressourcer le domaine du transport ionique
dans les électrolytes polymeres. Aprés une discussion sur les stratégies basées sur la micro-
ségrégation de phase des copolyméres a blocs, des alternatives sont proposées. L’ingenierie de
groupements terminaux capables de diriger la structuration des chaines polymeéres sont présentés
comme un outil synthétique puissant permettant d’ajuster la morphologie de ces polymeéres de
fonction. Celles-ci sont élaborées en fonction de leur potentiel de rupture scientifique pour le
développement des MEC-SIPEs.

La stratégie de synthese mise en ceuvre dans cette thése est ensuite décrite. Elle est basée sur la
modification des groupes terminaux hydroxyles d’éthers monométhyliques de poly(oxyde
d'éthyléne) possédant des longueurs de chaine variées. Les polyméres ayant un nombre d'unités
de répétition précisément choisis (EO, = 8-160) sont ciblés de maniére a maintenir une
concentration en groupes terminaux fonctionnels (assurant le transport ionique) suffisante pour
une conductivité ionique élevée. Les détails synthétiques sont décrits dans le chapitre
"Experimental" (vide infra : Chapitre IllI). Les MEC-SIPEs présentés dans la section Stratégie de
synthése constituent la bibliotheque d'électrolytes polyméres qui sont caractérisés et discutés
dans le deuxiéme chapitre (vide infra : Chapitre Il) sur les MEC-SIPEs.



Abstract

The first chapter presents the context of the thesis through review of the state of the art. Lithium
ion Batteries (LiBs) are presented in terms of modern electrochemical energy storage applications.
Polymer electrolytes are then divided into two sub-classes: Salt-in-Polymer electrolytes and
"Single-lon" Polymer Electrolytes (SIPEs).

The Salt-in-Polymer (SiP) electrolytes are presented generally through description of their
principle features. Then particular attention is paid to how researchers have attempted to
optimise SiP electrolytes. Specifically, their formulations and macromolecular architectures are
discussed. The review is brought up to date through discussion of recent efforts to organise SiP
matrices and polymers that have been reported as alternatives to traditional formulations based
on poly(ether)s.

"Single-lon" Polymer Electrolytes (SIPEs) are then discussed with a focus on the principles of their
design. Contemporary methods of the synthesis of SIPEs are outlined and discussed in terms of
electrolyte performance. SIPEs having modified chain terminals bearing ionic functions intended
for the transport of lithium ions are of interest because of i) their high ionic conductivity, ii) simple
design principle, and iii) effective leverage of polymer chemistry for enhancing the performance
of SIPEs. These "MonoEnd-Capped Single-lon Polymer Electrolytes" (MEC-SIPEs) are inspiration
for thinking beyond traditional approaches for optimising electrolyte performance.

The recent advances in the organisation of soft matter are proposed in terms of their potential
application to the domain of ion transport in polymer electrolytes. Following a discussion of
strategies based on the micophase-separation of polymeric blocks, alternatives are proposed.
Structure-directing point groups are presented as a powerful synthetic tool for tuning the bulk
morphology of these functional polymers. These are elaborated in terms of their potential to
influence the development of MEC-SIPEs.

The synthesis strategy implemented in this thesis is then described. The strategy is based on
modification of the hydroxyl end-groups of poly(ethylene oxide) monomethyl ethers having
different polymer chain lengths. Polymers having a precisely chosen number of repeating units
(EOn= 8-160) are targeted to maintain a concentration of ionic end-groups that is sufficient for
high ionic conductivity. The MEC-SIPEs described in the Synthesis Strategy (Section 6) constitute
the library of polymer electrolytes that are characterised and discussed in Chapter Il (vide infra),
on MEC-SIPEs of the present work. The synthetic details of the MEC-SIPEs are confined to Chapter
Il (vide infra).
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1. Lithium-lon Batteries for Modern Electrochemical Energy Storage
Technology

The search for higher energy density has been the primary objective in the development of
electrochemical energy storage. Lead-acid cells were surpassed by nickel-cadmium cells, then
nickel-metal hydride, until the state of the art arrived at Lithium-ion Batteries (LiBs).[*! The rate of
the discovery and development of efficient electrode and electrolyte materials, and their effective
combination into powerful electrochemical cells, has limited the practical application of portable
electronics, communication and transport technologies over the last 100 years.?

Lithium batteries are a particularly desirable energy storage system because of their high specific
energy (per unit of mass) and energy density (per unit of volume) (Fig. I-1).%*! However rate
capability, cyclability, temperature tolerance and cost are persistent criteria for the evaluation of
each new generation of batteries./*’ Furthermore, the demands of the newest technology now
surpass the limitations of conventional battery design: the latest portable electronics and
applications pertaining to the Internet of Things (10T) require the production of lightweight, thin,
flexible cells made from non-toxic materials.

The aim of creating a sustainable economy based on renewable materials and recyclable
technologies requires energy storage devices that meet these same exacting standards. A
concerted effort is required for the creation of the energy storage technology of the future: active
electrode materials and electrolytes must be developed harmoniously. Convenient physical
processing and mechanical properties make functional polymers promising candidates for
integration as electrolytes in solid-state cell designs, provided that they exhibit high ionic
conductivity, charge transfer efficiency and electrochemical stability over the thermal, chemical,
and electrochemical operating conditions of the cell.

/4
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Figure I-1: (Left) A Ragone plot showing that Lithium lon Batteries (LIBs) and Lithium Metal Batteries (LMBs) provide
exceptional specific energy and energy density. (Right) The high capacity and low potential of lithium metal make
this anode material attractive to the development of energy storage technology despite the hazards of its reactivity.
The figures are reproduced from literature.!3!

Much has been achieved through complex formulation chemistry of Salt-in-Polymer (SiP)
electrolytes. These methods have been successfully adapted to electrically powered transport and
portable communication technologies. However, the persistent drawbacks arising from the
conduction of binary salts limit the application of SiP formulations as the long-lasting, durable
electrolytes of the future. "Single-lon" Polymer Electrolytes (SIPEs) answer some of the questions
raised since the conception of an all-solid-state battery, but must make a leap in ionic conductivity
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at ambient temperature, rate capability, and cyclability before they become the widely accepted
solution to modern battery electrolyte design.

The key-enabling properties of functional polymers can be profoundly altered by precision
chemistry of their repeating units and of the polymer chain ends. Modular design of polymer end-
groups can augment performance in existing, complex systems. Furthermore, a rational basis for
the design of functional macromolecules exhibiting superior interfacial and hierarchical
organization, high electrolyte performance and optimized ionic transport can be envisaged. A
fundamental study of processes originating from and affected by end-group chemistry is therefore
proposed as means to developing polymer chemistries capable of meeting the electrochemical
energy storage needs of the modern world.

2. Salt-In-Polymer Electrolytes for Lithium-lon Batteries
2.1. Introducing Polymers as Electrolyte Materials

An electrochemical cell is composed of two electrodes separated by an electrolyte, and a
separator. The spontaneous discharge of the battery is dictated by the chemical potential of the
electrodes. The electrodes are connected by an external electrical conductor, permitting the flow
of electrons from the more negative anode to the more positive cathode. The electrolyte enables
this charge transfer by permitting the transfer of ions in the opposite direction, maintaining charge
balance across the cell. A secondary battery is one that can be recharged by reversing the flow of
electrons and ions by application of a greater potential in the opposite direction.

The performance of a battery is generally understood with respect to its voltage, rate of charge
and discharge, capacity, and power. The fundamental performance of batteries in terms of energy
stored and retrieved per unit of mass or volume relies on the cell chemistry. Therefore, the best
battery imaginable will have i) a large electrochemical potential difference between the
electrodes, ii) a fast exchange of a small mass and volume of active species permitting fast electron
transfer, and ii) electrochemically stable electrodes and electrolyte, enabling the efficient transfer
of ions, and that are not consumed during charge and discharge of the cell.

The electrolyte is of critical importance to the performance of a battery because it enables the
transfer of ions from one electrode to another during charge and discharge of the cell. Not only is
excellent ionic conductivity needed, but also the electrolyte must i) be compatible with the
(electro)chemistry of the electrodes, ii) form stable interfaces with both electrodes across which
efficient charge transfer can occur, and iii) function as intended over a practical range of
temperatures. The electrolytes of commercial batteries have already been well-optimised to high
ionic conductivity using lithium salts dissolved in organic solvents but much improvement is
required to meet the requirements of safety, reliability, energy density, and cell design for the
modern world. New technologies are driving the market for better energy storage, such as
research efforts for electric vehicles that demand lightweight cells having high power and energy
densities.

Lithium is a highly electropositive metal (-3.04 V vs. the Standard Hydrogen Electrode) and
therefore creates a high electrode potential difference across a cell based on the transfer of metal
ions (Fig. I-1).’®) The small ionic radius of Li furthermore permits intercalation into active electrode
materials. This led researchers to pursue the lithium metal anode as the ultimate cation source,
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in high energy density Lithium Metal Batteries (LMBs). However high reactivity and flammability
of lithium metal, and the tendency of dendrite growth on the anode prevents the development of
liquid electrolytes for use in safe cell designs.!*®

Solid Polymer Electrolytes (SPEs) are attractive alternatives for alleviating the design restrictions
of liquid electrolytes, which may leak or combust in the event of cell failure.’? A solid (polymer)
matrix that is inert towards a metallic lithium anode can further act as a separator and prevent
dendrite growth. Such a material must be electrochemically stable over a large potential window,
enabling the use of the latest high-voltage electrode materials, and facilitate high ionic
conductivity. Flexible, though mechanically strong, solid electrolytes are highly sought-after, as
they could be used in Li-Sulfur and Li-Air (O,) batteries (Fig. I-2)./”’ However SPEs have continued
to be limited by low ionic conductivity at ambient temperatures, poor cyclability, and reactivity
towards the cathode. Portable electronics designed on ever-smaller scales place further pressure
on cell design, demanding flexible components.
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Figure I-2: (Left to Right) A schematic representation of Li-lon, Li-O, (organic), Li-O, (aqueous), and Li-S battery
chemistries. The figure is reproduced from literature.!10]

The electrolyte must not only keep pace with advances in electrode chemistries, but also act
concertedly with the active materials to enable the design and function of modern
electrochemical energy storage devices. Polymers are structurally diverse, viscoelastic materials
capable of meeting the demands of modern cell design. Their physico- and electrochemical
properties, tuneable through modern synthetic strategies, can be tailored to achieve the
necessary electrolyte performance.

2.2. Salt-in-Polymer (SiP) Electrolytes based on PEO

2.2.1. Properties of SiP Electrolytes

Decreasing the mass and volume of the electrolyte and the possibility of removing the need for a
separator membrane make polymers strong candidates for creating high energy density batteries.
Non-flammable polymers are the answer to safety concerns arising from the use of organic liquids
to solvate lithium salts. The viscoelastic properties of polymers are also advantageous in terms of
electrolyte processing and electrochemical design. These features make polymer electrolytes
more attractive than all-solid-state battery chemistries that rely on inorganic ceramics,** of which
the large-scale production!*? and assembly can be problematic.**!

Traditional polymer electrolytes are ionic conductors of binary salts. A SiP electrolyte is a
formulation of a Li-salt in a polymer matrix. Poly(ethylene oxide) is a good candidate for such
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systems because of its good solvation of Li-salts™****! and its convenient mechanical properties,
which enable easy electrolyte processing and cell construction. Since the suggestion by M. Armand
and co-workers*®*”! that PEO could be a suitable matrix for Li-ion batteries, a great variety of Li-
salts has been reported and optimised for this application. It is generally accepted that mobility of
ions through a polymer host is dependent on the thermally activated segmental motion of
polymer chains (Fig. I-3).1*¥' Bulky anions with low basicity and large delocalisation of their negative
charge are correlated with high ionic conductivity through the electrolyte. Despite the selection
of highly dissociating Li-salts, the ionic conductivities of SiP blends are greatly dependent on the
formulation of the electrolyte, which may include significant mass fractions of numerous
additives, and are generally less than 10 S.cm™ at ambient temperature. This is a result of the
crystallisation of PEO, which i) traps ions in a matrix of immobile polymer segments below the
melting point of the polymer, and ii) limits the percolation of conducting pathways through the

electrolyte.
Intrachain hopping Intrachain hopping via ion cluster
® — o
€
J -5
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Figure I-3: An illustration of the motion of oppositely charged ions in a PEO matrix by ether-coordinated Li* (left) and
by ion pairs and triplet clusters (right). Top: intrachain motion of ions. Bottom: interchain motion of ions. The figure
is reproduced from the literature.[18]

Following early correlation studies that combined EIS, NMR and DSC, M. Armand and co-workers
suggested that the ionic conductivity of PEO in the melted state, "cannot a priori be described by
a single [Vogel-Tamman-Fulcher] or Arrhenius law."™® They proposed that the SiP "PEO,/M*X
complexes should not be classified as a function of the laws their conductivity appears to obey but
as a function of the number of phases present in the system." With number, size and
physicochemical nature of the phases not defined, it was concluded that fast ionic transport
occurs in the amorphous phases of a polymer electrolyte. NMR relaxation studies yielded the
conclusion that, upon crystallisation of PEO, the majority of the salt content was held in the
crystalline phase and that a minority population of salt remained in the amorphous phase. Despite
the mobility of this minority population, insufficient long-range percolation of the amorphous
phase at T< T, makes ionic conductivity very low on the length-scale of the measurement. Grain
boundaries between the amorphous and crystalline domains do not permit the movement of ions
from one electrode to the other through a single phase.

The movement of oppositely charged ions though the polymer matrix further complicates
optimisation of a SiP electrolyte. Taking the example of the widely studied lithium N-
bis(trifluoromethylsulfonyl)imide [LiTFSI] salt in PEO, it has recently been computed that, for SiP
blends of EOQ/Li= 8 and 30, Li* exists in a mixed coordination environment, wherein the Li* can
coordinate with any of i) the TFSI" anion, ii) the PEO chain, or iii) both the anion and the chain.!?”’
The role of ion clustering was found to be greater when the concentration of salt was higher: more
of the Li* population was associated with ion-clusters. The aggregate size increases and the inter-
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aggregate distance decreases when the salt concentration is increased. Analysis of the simulations
describes a majority of asymmetric ion clusters containing an excess of TFSI" at high salt
concentration, which suggests that the low t*;; observed at high salt concentrations may result
from the drag effect of not only the Lewis-basic poly(ether), but also large, negatively charged
aggregates in the polymer matrix.

The polarity of the polymer chain is yet another variable that must be optimized. Molecular
dynamics simulations have been used to describe the formation of aggregate species in SiP blends
of variable polymer chain polarity.?"! At low polarity (low chain dipole moments), ions tend to
cluster into large aggregates, ionic motions become correlated, and the long-range mobility of
ions decreases. At higher polarity, the aggregate size decreases and the coordination of the cation
is limited by the segmental mobility of the polymer chain. However, when the dipole moment of
the polymer segment becomes sufficiently high to decrease the chain dynamics, the mobility of
the ions is also decreased.

Polymer mass average molar mass (M) and the physicochemical nature of its end-groups affect
the mechanism of ion transport. Systematic variation of the M, of PEO having either hydroxyl or
methoxy end-groups at one or both chain ends yielded a phenomenological correlation between
ionic conductivity and the segmental relaxation time of the polymer.??) However, the ionic
conductivity reaches a plateau for PEO of M,> 5000 g/mol, regardless of the end-group. Below
this limit, the conductivity is greatly influenced by the end-group (Fig. I-4). Bis-hydroxy-PEO has
the lowest ionic conductivity, PEO methyl ether has higher ionic conductivity, and bis-methoxy-
PEO has the highest. The three examples each follow a power-law related to the influence of
viscosity on chain dynamics, as defined by the Rouse model of non-entangled chains.?® The limit
of My< 5000 g/mol corresponds to a change in the friction coefficient of viscosity for the polymers
regardless of the end-group, meaning that end-group dynamics have an effect observed at the
macroscopic scale only when the degree of polymerization (DP,, X») is below the entanglement
limit of the chains. That is to say, the entanglement of chains has an effect on free energy that
obscures the contribution of chain-end dynamics at the macroscale. It was found that polymers
having hydroxyl end-groups exhibited restricted segmental mobility. In agreement with the free
volume model of polymer chain dynamics, the H-bonding interactions of the hydroxyl group
increase the relaxation time of the polymer chain ends. This is observed macroscopically by a
decrease in ionic conductivity. By correlation of relaxation times extracted from polymer viscosity,
a model for ion transport was proposed: whereas ion transport in high M, polymers occurs mostly
by high frequency movement of Li* between PEO coordination sites, in low M, polymers ion
transport occurs mostly by low frequency vehicular motion of coordinated Li*.
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Figure I-4: The ionic conductivity of LiTFSI in PEO as a function of polymer M,, and at different temperatures. Left to
Right: (a) HO-PEO-OH, (b) H3C-PEO-OH, and (c) HsC-PEO-CHs. The figure is reproduced from the literature.??]

2.2.2. Formulation of SiP Electrolytes: Balancing the Properties of a Complex Blend

The thermal and mechanical properties of PEO have been sufficient to inspire work aiming to
diminish the occurrence, persistence, and percolation of crystalline phases in the electrolyte.
Large amorphous phases with low T, and short persistent length (high flexibility) were targeted.
The methods applied to this end can be broadly classified into two categories: i) the mixing of
polymers with additives, which might also function as charge carriers, and ii) tuning of the polymer
architecture. These methods are generally not exclusive and have often been applied in parallel
to optimise a particular polymer-salt combination. Complex formulations have resulted in
impressive performance of LiBs based on SiP blends, but the concerted effects of various blend
components obscure the underlying causality of the observed properties. Deconvolution of the
factors governing electrolyte performance remains a challenge today and the answer lies among
a number of different mechanisms that operate in concert to yield the global output.

Adding salt to PEO tends to decrease Tr and increase T, of the polymer.?* The decrease in polymer
chain mobility close to Tg has been the subject of research into additional components for SiP
electrolyte systems. The general aims of SiP formulation are to balance the impact of salt loading
by altering the bulk mechanical and morphological properties of the electrolyte blend. The
addition of organic solvents (e.g. ethylene carbonate, EC) to plasticize a poly(ether) matrix has
been a common technique since the start of research into polymer electrolytes.?® Also widely
reported is the formulation of low DP, oligo(ethylene oxide)s and salt with a higher M,, polymer
to produce a plasticized ionic gel.?®’ Supplementary ionic conductivity measurements in the
presence of additional oligo(ether)s is common to many investigations into the performance of
new salts, polymer matrices, and salt-polymer hybrids. Similarly, SiP formulations are blended
with inorganic fillers (e.g. SiO,, y-LiAlO)?”?8 with the aim of introducing advantageous mechanical
properties to low My, polymers, or to decrease crystallinity in high M,, polymers. Although good
electrolyte performances can be achieved in this way, relative to specific physico- and
electrochemical objectives, the concerted effects of several ingredients make assigning structure-
property correlations and the causality of performance difficult.

Great variation in polymer architecture has been achieved on the theme of the ethylene oxide
(EO) repeating unit. An early idea was to frustrate the organisation of EO units by arranging them
as pendant chains of a "comb" architecture, thereby preventing regular crystalline packing
observed in linear PEO. Crosslinked PEO networks were produced either by copolymerisation of
ethylene oxide with a small amount of difunctional co-monomer or by post-polymerisation
modification of PEO.

Numerous configurations of poly(ether)s based on the PEO repeating unit were investigated by
M. Watanabe and co-workers in the 1980s. The uniform result is that crystallinity persisted in the
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neat polymers at room temperature, regardless of polymer architecture, but was erased upon
addition of their chosen model salt, lithium perchlorate (LiCIO4). This is distinct from linear PEO,
which retains 20-50 % crystallinity, as analysed by DSC, at equivalent concentrations of salt (EO/Li=
10-100). The T, of the polymer blends (linear or branched/crosslinked) was uniformly around -30
°C (EO/Li< 50). The ionic conductivities of these blends are strikingly similar, all around 1*10 S.cm"
1at ambient temperature (EO/Li= 20). For example, in the case of LiClO4-in-PEO: blending equal
masses of comb-shaped poly(p-oligo(ethylene oxide)styrene) and linear PEO (M.~ 10° g/mol),!?*
achieves much the same optimised result as urethane crosslinking of three-arm PEO (M,= 3*103
g/mol, EOnpranch= 20)E% in terms of T,, percentage crystallinity, and ambient conductivity of the
SiP electrolyte.

Despite the great difference in polymer architecture (comb-homopolymer in linear PEO vs.
crosslinked network PEO), optimisation of salt loading to maximise ionic conductivity and
minimise crystallinity yields the same electrolyte properties of conductivity, and stability. One can
conclude that the loading of salt, yielding polymers having T~ -30 °C when EOQ/Li= 20, is the
dominant variable determining the performance of these electrolytes. Changes in performance by
this method of blending different configurations of PEO with large doses of salt are mostly limited
by the physicochemical nature of the salt. It is worth noting that the assumption of complete
dissociation of LiClO,4 in the matrix is supported by SAXS measurements at room temperature, in
which authors highlight the absence of patterns corresponding to the crystalline salt and no
change in the crystalline pattern of PEO (if it is visible). However it is now known that ionic species
aggregate at high temperature (> 80 °C) in polar polymer matrices.?® Knowing that the
measurements of ionic conductivity were made on cooling (from ca. 100 °C), it is likely that the
ionic species at ambient temperature are different in the impedance spectroscopy measurement
to those proposed through analysis of the SAXS profile.

2.2.3. The Salt of SiP Electrolytes

Following the early reports by M. Armand and co-workers,**”) an optimised salt structure has
been investigated in parallel with developing a high performance polymer host. Low basicity and
a large delocalisation negative charge of the anion promotes high ionic conductivity through the
electrolyte. The contribution of the anion to the ionic conductivity of the electrolyte can be
decreased by limiting its mobility. This can be achieved with a small molecular binary salt by
increasing the size of the anion. Lewis acids (anion acceptors) can be added to the SiP formulation
to decrease anion mobility by electrostatic drag effects. The largest class of Li-salts for high
performance Li-ion batteries having polymer electrolytes are sulfonic species bearing
electronegative fluoro- and fluoroalkyl substituents on the anion. Widely studied among these are
lithium (trifluoromethanesulfonate) [LiTf],**3? lithium bis(fluorosulfonyl)imide [LiFSI],3*3%
lithium bis(trifluoromethanesulfonyl)imide [LiTFSI], 243234 and lithium
bis(pentafluoroethanesulfonyl)imide [LiBETI] (Fig. I-5).1273>38 These examples have low energies
of dissociation, are electrochemically stable to> 4.5 V vs. Li/Li*, and are compatible with numerous
electrode chemistries. They are preferred to the rival salt LiPFs, which introduces the security risk
of decomposition to yield HF in the presence of trace water content and reacts with carbonates
to yield insulating LiF above 60 °C.*¥ Similarly, the highly soluble and conductive LiClO, is
unsuitable for large scale applications due to the strong oxidising nature of the Chloride (VIl), and
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its reactivity to carbonates at elevated temperatures and high currents.*’! Despite the drawbacks
of LiClO,, it is often found in scientific reports because it is relatively inexpensive.
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Figure I-5: The fluorinated sulfonate lithium salt (LiTf), and the sulfonylimide salts lithium salts (LiFSI, LiTFSI, and
LiBETI)

The library of salts based on fluorinated sulfonic designs continues to increase. Recent examples
include the C-H acid 1,1,3,3-Tetra(trifluoromethanesulfonyl)propene, which has a highly labile
proton and can be converted to its lithium salt [LiTTP] by treatment with Li,COs. This salt, as a 0.32
M solution in diglyme (EOQ/Li= 0.065), has oac= 2.3*10%S.cm™ with t*;;= 0.7 at ambient temperature
(Fig. 1-6).1** The corresponding 0.01 M solution (EOQ/Li= 2) has oac= 1.0*10* S.cm™ with similar net
transfer of Li*. The high dissociation of Li* is due wide delocalisation of the anionic charge and the
mobility of the anion is limited by its size.

The effective size of anions can be increased by tuning their aggregation behaviour. The formation
of ionic aggregates at high temperature limits ionic conductivity by trapping of Li*, but this can be
limited by molecular design forbidding the formation of ion pairs and triplets under conditions of
aggregation. The design of such large anions has been leveraged to yield high t*;; SiP blends of a
multi-ionic polyoctahedral silsesquioxane lithium salt POSS-phenyl;(BFsLi); in PEO (Fig. 1-7).14
Aggregation of the decorated POSS units by exclusion of the relatively non-polar phenyl rings from
the PEO matrix is proposed. The large anionic aggregates have severely reduced mobility and the
majority of the charge is transferred by mobile Li*, affording t*;..= 0.6 (at 80°C). The dissociation
of Li* is enabled by the electron-withdrawing POSS-BF5™ groups (three anions per POSS cage). The
proximity of the BFs” groups and steric hindrance of the phenyl groups prevents the formation of
ion pairs and triplets. These features of anionic aggregation and the dissociation of lithium
concerted yield ionic conductivity around 1*10* S.cm™ at 20 °C. The Tg, in the -30°C to -35 °C
range, of the best performing blends (having EO/Li= 10 and 14) did not change much upon addition
of LiBFs. The authors speculate, following the evidence of the measured T, that the molecular
dynamics of PEO did not account for the ionic conductivity of the blend. Rather, the additional Li*
and BF, ions were able to form ion pairs and triplets, which were not feasible in the POSS-based
blend. The ionic conductivity of the mixed salt blend fell by more than two orders of magnitude
by addition of LiBF; to the PEO/POSS-phenyl,;(BFsLi)s, a three-component blend, in comparison
with a two-component PEO/POSS-phenyl;(BFsLi)s blend of identical EQ/Li= 10 ratio.
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Figure 1-6: The conductivity of LiTTP and LiTF in  Figure I-7: lllustration of the "Janus-like" POSS-phenyl;(BFsLi)3
PEO at ambient temperature as a function of salt and its aggregation behaviours in a PEO matrix. The figure
salt concentration (mol/g). The figure is is reproduced from the literature.2]
reproduced from the literature.l*1]

Salts based on fluorinated phenyl sulfonimides have been investigated as means towards
systematic, modular variation of the anion (Fig. 1-8).* A correlation was drawn between
increasing average charge of the aromatic carbons and an increase in the stability of these so-
called Fluorinated Aryl Sulfonimide Tagged ("FAST") salts in oxidation. The wide variety of
aromatic substituents available through successive SyAr reactions yielded a library of Li-salts with
generally good stability (> 4.5 V vs Li/Li*) but the ionic conductivity of each example was up to an
order of magnitude lower than that of an equivalent blend of PEQ/LITFSI (EOQ/Li= 15). Neither the
lithium transference number (t*y) nor the self-diffusion coefficient of these salts has been
reported.

Figure 1-8: The best-performing “FAST”-salt, featuring both i 05 E )
bulky tert-butylether and electron-withdrawing . C_FS?_%_‘.S? 0"4"/\7
substituents. The figure is reproduced from the i
literature.!43] Q@ F

2.3. Structural Organisation of Salt-In-Polymer Electrolytes
2.3.1. Through Formulation with Structure-Directing Compounds

A "tunnel-like" structure of the polymer matrix is targeted to enable fast Li-ion transport because
i) directed 1D ion motion could be means to greater ion transport efficiency and ii) chain
confinement can augment desirable physicochemical properties of the polymer. The concerted
movement of Li* in straight channels perpendicular to the electrode plane can improve the rate
of charge in discharge by confinement of Li* to the shortest path between parallel plates. The
organization of ionically conductive polymers and polymer blocks into such channels (between
other blocks or blended additives) can have a profound effect on the mechanical, structural, and
thermal properties of the conductive block. Organisation of SiP homopolymer blends is achieved
using various additional components. The method was extended to SiP blends using block
copolymers, and finally to Single-lon block CoPolymer Electrolytes (vide infra: SIPEs to be
presented in section 3).

The supramolecular self-assembly of PEO and a-cyclodextrin (a-CD) was exploited to create
confined chain conformations of PEO for the conduction of Li* ions (Fig. 1-9).[44-%¢! |t was suggested
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that confinement of PEO between lamellar phases of a-cyclodextrin can induce conformational
changes in the structure of the PEO. The typical (7/2) helical structure of PEO, having a trans-trans-
gauche orientation of sequential repeating units, was modified to an “all-trans” conformation.
The conduction of Li* is improved when PEO chains are held in an all-trans conformation, because
the interaction of Li* with the lone pairs of the Lewis-basic ether oxygen is inhibited by the chain
conformation. This decreases the "drag effect" of the ether on the mobility of the Li*ion. The anion
was moreover excluded from the confined channels, so the matrix favors the transport of Li* but
not the bulky AsFs". The conclusion is supported by powder WAXS and Cross-Polarization Magic
Angle Spinning (CP-MAS) NMR analysis. The combined ion pair separation and directional
arrangement of the PEO chains result in improved ionic conductivity of the assembled blend with
respect to a comparable SiP formulation without a-CD.

a) 3-sitejump motion
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all-trans z

a) a-CD-PEOLi crystal
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Figure 1-9: (Left) An illustration of PEO/LiAsFs blended with a-cyclodextrin (a-CD) having a hexagonally packed
morphology of PEO chains inside ordered a-CD tubes. (Right) lllustration of PEO inside the a-CD tube, in (a) an all-
trans and (b) trans-trans-gauche (ttg) conformation. The figures are reproduced from the literature.!%6]

Recent developments have targeted fillers for inducing nanoscale ordering in the electrolyte.
These include aligned alumina-PEO nanocomposites in which PEO/LITFSI is blended with
halloysite,'*”! an aluminosilicate [Al,Si;0s(OH)4] having the form of nanotubes with a negatively
charged outer silica surface and a positively charged inner aluminol surface (Fig. 1-10). It is
proposed that supramolecular ordering in a blended electrolyte composed of halloysite
nanotubes (HNT), PEO (My= 4*10° g/mol) and LiTFSI will segregate the mobile ions into quasi-1D
channels./*® The best ionic conductivity is reported for a blend of PEO/LITFSI (EO/Li= 15) with 10
% (w/w) HNT, where oac= 1.11*10* S.cm™ (at 25 °C), 1.34*103 S.cm™ (at 60 °C), and 2.14*10°3
S.cm™ (at 100 °C). For this PEO/LITFSI/HNT blend, good electrochemical stability in oxidation is
reported in Li| stainless steel cells up to 4.78 V vs Li/Li*, in comparison to 4.52 V vs Li/Li* for a model
PEO/LITFSI system at 100 °C (the scanning rate was 10 mV.s2).
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Figure 1-10: An illustration of the preparation of the blended electrolyte of Halloysite Nanotubes (HNTs), LiTFSI and
PEO. The components are mixed in acetonitrile and cast to form a flexible film. Top: images of the materials. Bottom:
the structural formula of the components and the proposed orientation-specific ion-dipole interactions. The figures
are reproduced from the literature.[%8]

2.3.2. Self-assembly of Block Copolymers

The spontaneous organization of (macro)molecules into supra(macro)molecular structures is
called self-assembly.*®! The implications of self-assembly to advanced materials design has
inspired research into (macro)molecules capable of creating long-range ordered bulk
morphologies. Traditional lithographic techniques have been complemented by the creation of
morphologies with very small feature sizes. The common strategies for achieving synthetic self-
assembly rely on diBlock CoPolymers (diBCPs). The low entropy of chemically dissimilar but linked
polymeric sub-blocks leads to "microphase separation” when the two blocks are above their T,
but below their Order-Disorder Transition (ODT) temperature (Topr). At T> Topr, the thermal
energy of the system is superior to the enthalpy of mixing and two sub-blocks are able to mix.
Therefore, segregation of the domains on a practical timescale is often achieved by pushing the
system into disorder (T> Topr) and then allowing it to microphase-seperate on cooling. Upon
segregation, the two chemically different blocks typically assume coil conformations that exclude
mixing and favor like-with-like interactions. Phase segregation minimizes the free energy of the
bulk, and is determined by the free energy of the polymer chains and the entropic contribution of
defects. The familiar phase diagram of the Flory-Huggins composition parameter (xN) as a function
of polymer composition (f) was established™® for model diBCPs and then elaborated for ABC
triBCPs (Fig. 1-11 & Fig. 1-12)./5%5%]
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Figure I-11: A theoretical phase diagram of A-b-B diBlock | Figure I-12: A theoretical phase diagram of A-b-B-b-C
CoPolymer (diBCP) morphologies as represented by the | tri-block copolymer (triBCP) morphologies having
Flory-Huggins interaction parameter (xN) as a function of | specific simulated parameters (XasN= XscN= 35 and
BCP composition (f). Indicated are regions for lamellar | xacN= 15). The figure is reproduced from the
(L), gyroid (G), cylinder (C), spherical (S), close-packed | literature.l>25%

pherical (Scp), orthorhombic network (079), alternating
gyroid (G*) and disordered morphologies. The figure is
reproduced from the literature.[53]
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BCPs have been leveraged in the case of SiP electrolytes by designing polymers that might
combine the apparently conflicting properties of ion conduction and mechanical strength. A
popular approach is to design a block copolymer in which one polar block is chosen according to
its ability to dissolve salt and the other, non-polar block is chosen for its convenient mechanical
properties. The microphase-separation process in such BCPs is a result of the concerted effects of
i) exclusion of the non-polar block from the electrostatic attraction between segments of the polar
block and ii) exclusion of the non-polar block from ion-dipole interactions of the polar block with
dissolved salt. Therefore, preferential dissolution of the salt into the phase of the polar block
effectively increases the interaction parameter (x) of that block and the magnitude of the increase
will scale together with concentration of salt in the polar phase. However, a real polymer sample,
that has a (kinetically controlled) thermal history, does not reach the ideal minimum of free energy
due to the entropic contribution of defects. The annihilation of defects has been the subject of
considerable research by those aiming to create more efficient pathways for ion transport
between electrodes.

The impact of specific end-groups on the morphology of BCPs was studied by the group of
professor M.J. Park and co-workers. They described the effects of (di-)hydroxyl, carboxylic acid
and sulfonic acid terminals on the segregation and ionic transport properties of PS-b-PEO SiP
electrolytes.®*>”! The end-capped BCPs were obtained via chemical quenching of the anionic
polymerisation of EO, to create a set of BCPs of comparable M, block ratios and dispersity. The
identity of the end-group determined the bulk morphology of the electrolyte.

They first demonstrated how the addition -SOsH and -SOsli to the PEO chain terminal induced a
change in morphology of the salt-doped BCPs (My= 4.6-6.6*10° g/mol; EOnpe0)= 100, Snps)= 60;
Dw< 1.05). The end-group concentration was 8-13 mol%. Whereas neat PS-b-PEO-OH is
disordered, PS-b-PEO-SOsH adopts a lamellar (LAM) morphology and PS-b-PEO-SOslLi forms
hexagonally packed cylinders (HEX) (Fig. 1-13).°* Doping the -SOsH and -SOsLi end-capped BCPs
with LiTFSI increases the interaction parameter of the PEO block and yields gyroid morphologies.
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The addition of salt does not induce long-range microphase separation in the PS-b-PEO-OH
precursor, which has a disordered morphology for all of the reported salt concentrations. The ionic
conductivity of the PS-b-PEO-SOsLi/LiTFSI was greater than the disordered PS-b-PEO-OH/LIiTFSI
above 60 °C (the precise values are not reported).** The PS-b-PEO-SOsLi/LiTFSI (LAM) had oacx
0.02*103S cm™ (at 60 °C; r= 0.06 [EO/Li= 16.7]).
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(B) Transmission Electron Microscopy (TEM) images of
(left) the lamellae of pristine PS-b-PEO-SO3H and (right)
the gyroid morphology of PS-b-PEO-SO3H/LIiTFSI (r= 0.02;
EO/Li = 50).

Higher My, PS-b-PEO SiP electrolytes were later presented. A precursor BCP of M= 8.7-11.0
kg/mol was used, affording a small (0.12 kg/mol) increment of end-group variation and a PEO end-
group concentration around 0.4 mol%. Supramolecular ordering was correlated to the addition of
an acid end-group using SAXS measurements: PS-b-PEO-OH had a disordered morphology while
PS-b-PEO-SO3H and PS-b-PEO-COOH formed LAM phases. All the polymers assumed LAM
structures upon addition of LiTFSI, which is attributed to solvation of the salt into the PEO domain
inducing phase separation of the BCP segments. However, the acid end-capped polymers had
stronger Bragg peaks and narrower interfaces. The PEO domain size of the SiP blends increased in
the order PS-b-PEO-OH< PS-b-PEO-SO3H< PS-b-PEO-COOH. The ionic conductivity had the
opposite trend, regardless of the salt loadings presented (r=0.03 [EO/Li= 16.7] and r= 0.06 [EO/Li=
33.3]). The small end-group concentrations of around 0.4 mol% were sufficient to induce these
physicochemical changes. The authors conclude that the low ionic conductivity of LiTFSI through
these BCP matrices, relative to equivalent blends of PEQ/LITFSI "may be resolved by preparing a
new set of end-modified polymers with relatively bulky acidic moieties."

2.3.3. The Limitation of SiP Electrolytes Based on Block Copolymers

The ionic conductivity of a BCP electrolyte is inherently limited by its composition.*® According to
the well-established phase diagram, segregation of diBCPs into lamellar morphologies occurs in a
specific window of polymer composition, at around 50 % (w/w) of each sub-block (Fig. 1-11).5°! In
the case of BCPs, the typical strategy is to have one sub-block providing ionic conductivity and the
other providing mechanical strength. Reducing the mass fraction of the ionically conducting phase
by half will have an associated decrease in ionic conductivity per mass of polymer. This upper limit,
imposed by the fraction of the conducting phase, is itself impossible to reach when the free energy
of the matrix is non-equilibrium due to entropic contribution of defects. Researchers have
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enhanced the lamellar ordering of BCPs through macromolecular design and through application
of external forces. However, a perfect lamellar BCP morphology is limited to 66 % of the
conductivity achieved by the corresponding homopolymer. Decreasing the path length and
directing the motion of ions into straight channels can enhance the efficiency and magnitude of
ion mobility, relative to a disordered matrix, provided that the assembled paths are entirely free
of defects and percolate through the entire thickness of the electrolyte. This ultimate perfection
has not yet been achieved and it will not be, until we can arrange all the atoms in precisely the
way we want.

lon conductivity of a salt-in-BCP matrix depends not only on the mass fraction of the conductive
phase and the number of percolating pathways but also on the mobility of the polar polymer
segments. The organization of polymer chains is different in each phase of a microphase-
separated matrix, as a result of the different x of each sub-block. The segmental mobility of a
segment close to the interface of two domains is limited by the mobility of the segments in the
other phase, to which it is covalently bonded. Therefore, some fraction of the ionically conducting
phase that is close to the sub-block interface is expected to have a lower ionic conductivity,
relative to its ideal homopolymer. The mechanically robust PS sub-block of the widely studied
PEO-b-PS type of BCP is proposed to limit the segmental motion of PEO segments close to the PS-
PEO interface (Fig. 1-14).1°°°%%1 The PEO chains close to the PS-PEO interface are effectively
immobilised by the PS chains, which have a higher T;. The PEO segments close to the interface are
reasoned to have decreased thermally activated segmental motion. These do not permit the
conduction of ions when T< Topr. When T > Topr, phase segregation of the BCP is lost and the polar
PEO domains no longer percolate over sufficient distance to permit efficient ionic transport up to
the mesoscopic/microscopic scale.
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Figure I-14: Two representations of the interfacial zone proposed to limit ionic conduction in the PEO domains of PS-
b-PEO BCPs. The PEO domain is semi-crystalline and the PS domain is amorphous. Left: close-packing of PEO close
the PS-b-PEO interface is frustrated by the amorphous state of the PS domain.[®11 Right: the ubiquitous salt LiTFSI is
mobile only in the centre of the ionically conductive PEO phase.[63 The figures are reproduced from the
literature.!61.63]

The PEO segments close to the PS-b-PEO interface have low mobility and are said to decrease the
ionic conductivity of the PEO phase to below its theoretical value. There are however two physical
limits to the observation of this effect. Firstly, at sufficiently high DP,, of the PEO block, the relative
dimension of the low-conductivity region would be sufficiently small as to be undetectable in
context of the feature size of the morphology. Secondly, extension of this idea to thin films having
thickness of the same order as the morphological feature length would also need to include the
effects of the polymer-substrate interface and commensurate length scales on chain mobility.
With these physical limits in mind, the decrease in ionic conductivity caused by segments having
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reduced mobility at the sub-block interface would act concertedly with other limitations of the
host morphology. Firstly, although all interfaces would have the effect of decreasing the mobility
of proximal segments, not all the interfaces are at the boundary of percolating pathways. The
existence of defects blocking ion transport limits the contribution of conducting grains to bulk
conductivity and any measure of efficiency of conduction must account for these defects.
Secondly, imperfection of the grain boundary occupies a length-scale of the same order as a
polymeric segment (persistent length). The fidelity of the interface is therefore a factor in
determining the size of the low ionic conduction zone. The result of these concerted effects is that
the mobile ionic population is transported through the middle of conductive pathways. This is
moreover expected in conductors of binary salts, in which the formation of ionic pairs and triplets,
and higher aggregates at elevated temperatures, are common.

2.3.4. Orientation and Alignment of Block Copolymer Electrolytes by External Forces

The phases of a microphase-separated bulk structure can be oriented in the meso/micro-scale
under mechanical forces, and by electric and magnetic fields.*®>°! The orientation of ionically
conductive phases perpendicular to the plane of the electrode is desirable for directing efficient
transfer of ions from one electrode to the other. In the case of lamellar morphologies, this
corresponds to a 2D arrangement of parallel channels forming the shortest path between the
electrodes. Researchers have targeted the physical orientation of these channels by application
of external forces.

Despite the precise synthesis of ionically conductive and mechanically robust sub-blocks, and
optimisation of their relative volume fractions of BCP architectures, ionic conductivities of such
designs are not yet competitive to commercially applied homopolymer and random copolymer
electrolytes. One major cause of this performance deficiency is that the ionic pathways do not
form a defect-free and continuous percolating system through the entire thickness of the
electrolyte membrane. Non-conducting domains typically form barriers which impede the
transport of ions and must be aligned though the entire bulk material if ideal conduction through
a microphase-separated BCP electrolyte is to be achieved. The non-ideal morphology of BCP
electrolytes over the length scale required for an electrochemical device results in ionic
conductivity measurements that are at the mercy of local defects and grain boundaries.

Mechanical alignment includes methods such as mechanical shear, compression, extrusion and
roll casting. Optimisation of the alignment by these methods is therefore achieved through
selection of many variables. The polymer itself must be optimised in its molar mass, the volume
ratio of the polymer segments, and the combination of the viscoelastic properties of the
segments. Mechanical alignment techniques include programmable magnitudes of shear rate or
frequency, force amplitude, and the direction of the mechanical force. The resultant morphology
is thus subject to both the polymer and the alignment processing conditions.

Electric field alignment is particularly attractive because it is especially well-disposed toward
aligning domains perpendicular to the plane. This through-plane alignment establishes channels
that connect the surfaces at either side of a polymer film: the most direct route for ion transport
from one electrode surface to the other during charge and discharge of a hypothetical
electrochemical cell. The utilities of both direct and alternating fields have been reported,
however alternating fields are particularly useful for avoiding the accumulation of mobile ions and
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the creation of a counter field during alignment. Moreover, the solvation of ions has been found
by theoretical modelling to lower the critical voltage required to reorient the lamellae from
parallel to perpendicular configurations.'®” The magnitude of the reduction is enhanced when the
ions have higher solubility in the sub-block having lower affinity for the electrode surface. The
solvation and motion of ions being rejected from the electrode interface is improved with
increasing the dielectric constant of the ion-conducting sub-block. Alignment by electrical field
thus informs how one might encode microphase-separation into a polymer electrolyte by
chemical synthesis.

Magnetic field alignment also enables through-plane ordering but without the need for material
contact with the polymer bulk. Large magnetic fields can be applied without risk of chemical
reaction of the polymer and the process is broadly scalable.

Whereas mechanical, electrical and magnetic forces applied to the sample serve to align domains
on the micronic scale (the scale of the film and the instrumentation), the efficiency of the domain
connectivity through the bulk is determined on the nanoscale (the scale of the repeating units and
the persistent length of a polymer chain). With this in mind, one can imagine two approaches to
achieving long range ordering of ionically conductive domains: i) increasing the number of self-
assembled units over which nanoscale self-assembly can propagate through the bulk and ii)
increasing the dimension of the repeating unit of propagation. In the case of classic LAM
organisation of BCPs, researchers are limited by the nanoscale dimension of polymer chains that
microphase-separate over a small length scale relative to the required microscale dimension of a
battery electrolyte.

Methods for alignment were compared by M.J. Park and N.P. Balsara for characterisation of the
proton conductivity of poly(styrenesulfonate-b-methylbutylene) (PSS-b-PMB) films (Fig. 1-15).16%
They concluded that the proton conductivities of their 180-220 um thick films were dominated by
the persistence of grain boundaries. Electrical field, mechanical shear, and pressing alignment of
solvent cast films were compared to samples prepared by solvent casting only. The PSS-b-PMMA
had M= 5 kg/mol, a 1:1 mass ratio of sub-blocks, and Dy= 1.02. The solvent cast films, without
additional alignment, had an in-plane (parallel) to through-plane (perpendicular) proton
conductivity ratio o /o= 1.8. Application of electrical field (o, /0= 1.3) and mechanical shear
(0y/0,= 1.4) forces decreased this value. Whatever benefit to the percolation of conductive
domains may have been achieved was counter-balanced by the propagation of poorly conducting
grain boundaries through the material. The greatest anisotropy was observed for pressed films,
which had o /0, =75. Since LAM phases often spontaneously align parallel to the plane, it can be
speculated that such anisotropy could be equally generated by long-term combined solvent
casting and thermal annealing of BCP films. The question is then for how long one would be willing
to wait, for the polymer electrolytes to reach thermodynamic equilibrium.
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Figure I1-15: (Left) SAXS images and illustrations of morphological ordering of poly(styrenesulfonate-b-
methylbutylene) BCP films (180-220 um thickness) made by (a) solvent casting, and aligned by (b) pressing, (c) electric
field and (d) mechanical shear. (Right) Proton conductivity of the films (S/cm) at 25 °C. The figure is reproduced from
the literature.!¢5]

Increasing the reproducibility and decreasing the timescale required for the (effective) alignment
of ordered morphologies has driven researchers to develop high-energy, high-speed
techniques.'®® There exists no universal curing for all systems and multiple processes are often
applied, in parallel or in series. A practical constraint (and inspiration for methodology) is the limit
of industrial application of certain techniques. For example, long-term heating (annealing) is not
only inefficient for mass production but can also be hazardous to organic molecules; solvent
techniques are not well-adapted for use in "dry lab" industries; the economics of installing
specialised equipment onto optimised assembly lines may be prohibitive. Therefore, polymers
suitable for industrial techniques and instrumentation already installed to large-scale assembly
lines are attractive to researchers seeking to bring the state-of-the-art to the doorstep of industry.

2.3.5. Molecular Architecture for Tuning Self-Assembly of Block Copolymers

Macromolecular engineering of defects into the polymer architecture has been explored as means
to invoke morphological changes in the solid-state. Morphologies with smaller domains are
desirable for a wide range of applications. Organisation of macromolecules on a small (d< 10 nm)
scale requires a reduction in the size of the macromolecular architecture (i.e. a decrease of N). To
maintain a useful morphology relative to a composition parameter XN, one would therefore seek
out a "high-x" molecular unit (sub-block). For this reason, "High x-Low N" BCPs have attracted
much attention.®”]

A point-group can be introduced at a specific location along the backbone a polymer chain or at
the chain-end. A mid-chain point defect can be thought of as a High x-Low N sub-block. Indeed,
an A-b-B-b-C triBCP with specific interactions invoking high-y character in the central block can
microphase-separate effectively, even when the X, of the B sub-block is much smaller than those
of the A and C sub-blocks. A widely studied BCP model system is poly(styrene)-b-poly(methyl
methacrylate) (PS-b-PMMA). The easily accessible perpendicular orientation of PS-b-PMMA
lamellae and the well-practised removal of the PMMA block by chemical etching make it
particularly suitable for the fabrication of nano-patterns. However, the small difference in x of the
two sub-blocks decreases the microphase-separation efficiency of this BCP, forcing the use of high
N sub-blocks, which increases the morphological feature size. This room for improvement
provides a good framework for investigating how phase segregation can be chemically encoded
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into a BCP. For example, the percolation of the lamellar morphology of PS-b-PMMA was decreased
to sub 10-nm feature size by the inclusion of a 10 % (w/w) central block of poly(methacrylic acid)
(Fig. 1-16).%®! H-bonding interactions in a small central region of the BCP enforced microphase-
separation, increased the ordering range and decreased the feature size lamellar morphology. The
small central block could be decreased further in size to a point-group. Line-edge roughness in PS-
b-PMMA was decreased by introduction of specific block junctions. The H-bonding and rigidity of
an asymmetric junction at the midpoint of PS-b-PMMA decreases interfacial width by 30 % (Fig. I-
17).169)
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Figure 1-17: Chemical structure and illustration of the lamellar
arrangement of PS-b-PMMA having an orientation specific, H-
bonding block junction. Introduction of the junction decreases line-
edge roughness by 30 %. The figure is reproduced from the
literature.!6]

Figure 1-16: Chemical structure and TEM
micrograph of the PS-b-PMAA-b-PMMA
copolymer. The figure is reproduced from
the literature.[®8]

PEO has been demonstrated to exclude mid-chain defects based on substituted phenyl rings.!
The phenyl groups are expelled from the crystalline structure of PEO, causing the formation of
lamellar phases. For example, phthaloyl (1,2-substituted) and isophthaloyl (1,3-substituted) rings
as mid-chain defects are sufficient to induce a once-folded chain conformation, causing the
formation of a spiral lamellar morphology of the "two-arm" PEO (H3C-PEOso-Ph-PEQso-CH3; M=
2*2220 g/mol, EO,= 2*50). 1,4-Disubstituted 1,2,3-triazoles as mid-point defects have been
demonstrated to induce a "chain flip" in two-arms PEO (M,= 2*500, EO,= 2*11)."Y In this case,
the ring is incorporated into the crystalline lamellae and causes reversal of the direction of the
pitch of the PEO 7/2 helix. This interrupts organization of the polymer chains and creates semi-
crystalline PEO morphology in which the triazole (®) is located at the grain boundary. The
orientation of PEO chains within the crystalline domain follows the angle directed by the mid-
chain point-group defect (Fig. 11-18). Extension of this design invokes a miniature A-b-B-b-A
triblock copolymer (H3C-PEO;;-®-(CH;),-®-PEO1;-CHs; n= 2, 3, 4).72 The triazole point-groups
accumulate at the crystalline-amorphous interface and cause one of the PEOi; chains to be
expelled from the crystalline domain. The melting temperatures were influenced by the m-nt
interactions of the triazole rings. Increasing the length of the alkyl spacer reduces the packing
efficiency and decreases the melting temperature of the polymer (from T,= 29 °C [n= 2], to 17 °C
[n=4]).
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Figure 1-18: (A) The point-group defects positioned mid-chain in H3C-PEOs,-®-PEOso-CHs: (L-R) 1,4-disubstituted-
1,2,3-triazole; ortho, meta, and para-substituted phenyl rings.(B) The angle of chain tilt (¢= 180° - §) represented
from the cross-section of the polymer chain (TR= triazole). (C) An illustration of how thermal annealing permits
the defects through the boundary of the crystalline grain. The chain tilt angles are represented at the point-group
(green dots). (D) A model illustrating the point-generated chain tilt. The figure is adapted from the literature.l’!]

The angle of the substitutions at the mid-chain point-defect yields different degrees of chain tilt,
altering the angle of the crystal lamellae relative to the interface.”® All of the mid-point-defects
(phenyl, triazole) are excluded from the crystalline phase at low temperature but become
incorporated when the polymers are cooled from thermal annealing. WAXS analysis of the
polymers revealed that the angle of chain tilt at the interface was directly correlated to the angle
of the mid-point defect, and distinct from the typical chain-tilt arising from the PEO 7/2 helix (40-
50°). This concept can be taken further: the triazole unit can be quaternized to yield a
methyltriazolium unit at the BCP mid-point.”# In the case of PDMS-b-PEO, the ionic junction at
the mid-point raises the Topr from 170 °C (triazole unit) to above 190 °C (methyltriazolium unit),
higher than the decomposition temperature of the polymer. Increase of the intensity of scattering
peaks in SAXS profiles of the polymers suggested long-range ordering is improved by the
methyltriazolium unit. This condition of Topr > 190 °C of PDMS-methyltriazolium-PEO was
maintained by the ionic junction even when 30 % (w/w) of additional PEO (750 g/mol; EQ,= 17)
was added to the system. This is significant for demonstrating the segregation strength of the BCP,
for when an excess of the ionically conductive PEO would not disrupt segregation of the domains.

Large aromatic junctions (at the interface of two or more sub-blocks) are capable of developing
non-covalent interactions through m-m stacking. 1,4,5,8-naphthalenetetracarboxyclic diimides
(NTCDIs) and 3,4,9,10-perylenetetracarboxylic diimides (PTCDIs) at the block-junction of
poly(styrene)-b-poly(L-lactide) (PS-b-PLLA) can support or erase the microphase separation of the
BCP.”” The microphase-separated morphologies were determined by temperature dependent
forces of m-m stacking interactions and the xN of the two polymeric sub-blocks. The free energy
minima are similar in magnitude, resulting in a self-assembly behavior that is kinetically controlled,
and therefore process dependent. In general, the rate of formation of n-mt stacking interactions is
slower than the segregation of the polymeric sub-blocks, so combinations of solvent casting and
thermal annealing were used to generate variations on lamellar and hexagonally packed
morphologies. In general, fast evaporation of solvents from a film favors block segregation and
yields lamellar morphologies controlled by the XN parameter of the polymeric sub-blocks.
However, as little as 2 % (w/w) of the aromatic junctions can assemble effectively over longer
timescales promoted by thermal annealing to yield hexagonally packed columns.
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2.4. Alternative Polymers for Salt-In-Polymer Electrolytes

Although the field of solid polymer electrolytes (SPEs) has been dominated by variations on the
theme of PEO, alternative polymer matrices could provide the properties required for enhancing
the state of the art. There are examples of alternative SPEs that surpass the performance of PEO
in terms of electrochemical and thermal stability, and lithium transference number. Indeed, the
best ionic conductivity, of ca. 103 S.cm™, of PEO-type SiP electrolytes is only achieved above the
melting temperature (Tm) of the polymer. The ionic conductivity, at T > Tn, of such a polymer melt
cannot be reasonably classified as that of a “solid” polymer electrolyte. A good alternative to PEO
would be a polymer that, for example, could be equally ionically conductive at the same
temperature regime but retain the mechanical properties of a macroscopic solid. Moreover, the
requirements of a battery (and its electrolyte) are different, depending on the application. It is
highly unlikely that a single polymer electrolyte design would be suitable for all battery designs
and applications. Higher operating temperatures now become relevant as LiBs are used in electric
vehicles. Under these circumstances, polymers as safe alternatives to organic liquid electrolytes
in general is a critical consideration. PEO is a good complexing agent for Li*. This is because of the
Lewis basicity of the ether oxygens. Although the coordination strength of an ether is in fact
weaker than for carbonates, esters and ketones, the multi-dentate chelation of Li* by several
ethers simultaneously results in a cumulative strength surpassing that of the carbonyl
oxygens.”®’71The result is excellent solvation of Li* but also slow mobility of the cation for the very
same reason. Inversely, weaker complexation of Li* by carbonyl oxygens can enable polymers
relying on moieties of this type to permit higher net transfer of lithium, as defined by higher
lithium transference numbers.

Broadening the scope of polymer electrolyte design and performance necessarily calls for
systematic study of different polymer chemistries. A distinction should therefore be made
between probing the fundamental properties of a particular polymer chemistry, conformation or
design principle, and seeking an engineering solution to an established model. The optimisation
of a material by suppression of its fundamental properties serves to obscure structure-property
correlations, which are developed experimentally only through systematic study of a wide variety
of examples.

For the sake of simpler classification, one can confine variations on the use of ether units under
the title of poly(ether)s. For example, a poly(norbornene) homopolymer with oligo(ethylene
oxide) side-chains relies on the ether for the coordination and transport of Li*.® To look beyond
poly(ether)s, and specifically PEO, it is the polar, ion-coordinating function of a polymer that is of
interest. Alternatives to poly(ether)s for SiP formulations include poly(alcohol)s, poly(amine)s,
poly(carbonate)s, poly(ester)s, and poly(nitrile)s, which have recently been reviewed.’™
Performance rivalling PEO-based systems has been achieved, a variety of polymer architectures
have been tested in the context of SiP electrolytes, and familiar techniques for optimisation have
been applied. For example, LiClO4 in poly(acrylonitrile) (PAN) yields oac= 6.5*107 S.cm™ (AN/Li=
50) at 30 °C,® which is improved by blending with either Al,05/®"! or silica aerogel®® (both have
oac® 6*10* S.cm™ at 30 °C).

Poly(carbonate)s and poly(ester)s have been proposed as electrolytes for LiBs. These polymers
coordinate Li* primarily via their carbonyl oxygens, but some coordination by the alkoxy oxygen is
also possible.®#4 |nspiration for their use may have arisen from the application of small-
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molecular carbonates as liquid solvents and plasticizers for liquid and gel electrolytes.
Poly(carbonate)s have attracted interest because:

I.  The ionic conductivity of poly(carbonate)s is similar to PEO-based polymer electrolytes
but with PC-based SiP electrolytes reaching t*i= 0.5-0.6, primarily due to weaker
coordination of Li*. This characterises greater efficiency of Li* transference.

1. For the same reason, poly(carbonate)s withstand higher concentrations of salt in SiP
blends without the associated stiffening of the polymer chain. This implies the design of
high energy density batteries.

1. Electrochemical stability has been demonstrated beyond 4.0 V, and with some examples
reaching 4.5 V vs. Li/Li*. This targets high energy cathodes and therefore high-power
batteries.

Iv. Macroscale salt ionic conductivity in poly(carbonate)s persists at T< T, without the need
for additional plasticizers. This targets ionic conductivity through mechanically strong
electrolyte films at ambient temperatures.

V.  Thermal and mechanical properties can be tuned by design of their polymer architecture.
For example, T; and Tr, can be tuned by changing inter-carbonyl spacing, designing comb-
shaped polymers and copolymerisation with plasticizing units.

Researchers have targeted low T; to permit comparisons to PEO, and applied these polymers as
matrices for SiP electrolytes. Statistical copolymers of esters and carbonates are of particular
interest because of i) the stability of carbonates up to 5.0 V vs Li/Li* and ii) the mechanical
properties of poly(ester)s. Following investigations into how monomer design and
copolymerisation could vyield poly(carbonate)s and poly(ester)s of varying degrees of
crystallinity,’®' J. Mindemark and co-workers have recently applied them as SiP electrolytes.
Poly(e-caprolactone) (PCL) attracted some interest, as it is comparable to PEO in terms of Tr, (50-
60 °C) and T, (-45°C/-60 °C). However PCL is around 30 % crystalline®® (depending on thermal
history and processing), much lower than PEO, which can be 75-80 % crystalline'®” at room
temperature without special thermal treatment. Although PCL is stable up to 4.2 V vs. Li/Li* and
has oac= 1.2*10° S cm™ (at 30 °C) for a 10 % (w/w) loading of LiCl0,.%%% These results are
comparable to poly(ether)s under similar conditions, and obtained without use of additional
components in the SiP formulation.

The electrochemical stability of poly(trimethylene carbonate) (PTMC) up to 5.0 V vs. Li/Li* inspired
researches to pursue this polymer as a candidate for high voltage cathodes such as LiMn1.5Nio.sO4
and LiCoP0,.°® However, when the polymer was tested in Li| PTMC-LiTFSI | LiFePO, cells, a drop in
capacity upon cycling was attributed to penetration of the polymer into the porous cathode. The
addition of supplementary TMC oligomers improves cycling performance.®¥ Introduction of short
alkyl side-chains to PTMC affords lower T, (-50 °C) but does not significantly improve ionic
conductivity relative to the undecorated homopolymer, implying that the polarity of the matrix is
the limiting feature.®” The low ionic conductivity of the homopolymer (ca. 107S.cm™ at 60°C) was
improved through copolymerisation with e-caprolactone (eCL). The P(TMC-co-CL) yields
membranes with decreasing Ty and increasing conductivity with increasing fractions of &-CL,
without detrimental impact on the electrochemical stability.®® For example, 28 % (w/w) LiTFSI in
a 60:40 (TMC:&CL) statistical copolymer yields Tg=-26 °C and oac= 1.5%10° S.cm™ at 60 °C. However

the ionic conductivity of the PCL homopolymer at room temperature is somewhat higher.[°3
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Optimisation of the P(TMC-co-gCL) was reported for a majority CL statistical copolymer (36 wt%
LiTFSI in 20:80 TMC:CL host). This blend reaches ionic conductivity that is comparable to the best
poly(ether)-based SiP electrolytes. The ionic conductivity was measured as oac= 4.1*10° S.cm™ at
25°Cand 1.1*10*S.cm™ at 40 °C, having t*> 0.6 at 40 °C.[** For comparison, the authors measure
PEO47/LiTFSI (EOQ/Li= 17; 38 % w/w LiTFSI) to have t*;i = 0.12 at 40 °C. The higher t*; of the P(TMC-
co-eCL) blend is evidence of weaker binding of the cation to the polymer, in comparison to PEO.
The authors note that achieving the ionic conductivity of their P(TMC-co-¢CL) blend at the same
temperature would require significant compromise of mechanical strength in a PEO-based SiP
electrolyte due to the addition of plasticizing compounds either as formulation components or as
polymeric units. By contrast, neat P(TMC-co-eCL) is demonstrated to be sufficiently conductive
and at the same time robust, enabling operation as an electrolyte and separator at ambient
temperature in LiBs without significant loss of capacitance (150 mA h/g), retaining close to 100 %

coulombic efficiency of the cell.®

The lower strength of Li* coordination by poly(carbonate)s in comparison to PEO reduces the
impact of salt concentration on chain stiffening. This is observed in PEO as an increase in Tg upon
addition of salt. It is therefore possible load greater concentrations of salt into poly(carbonate)
matrices without prohibitively decreasing mobility of the polymer chain and the associated ionic
mobility. At the extreme condition, a high salt concentration yields a polymer-in-salt electrolyte.
For example, the Tq of poly(ethylene carbonate) decreases upon addition of LiTFSI, yielding ionic
conductivity greater than 10 S.cm™ at 80 mol% (EC/Li= 0.80) of LiTFSI at 80 °C.*! Increasing the
alkyl spacer length between the carbonate groups plasticizes the polymer and correlates to an
increase in ionic conductivity. For example, LiTFSI in poly(dodecamethylene carbonate) reaches
Oac=4.1*10°S cm™ at 80 mol% (EC/Li= 0.80) of LiTFSI at room temperature.® If the -(C,H,)s- inter-
carbonate spacer of the poly(carbonate) (PC) is exchanged for an oligo(ether) of the same number
of carbons, -(C2H,0)e-, a similar ionic conductivity is achieved in PEO-PC.!*”) However the diffusion
coefficients of ’Li and **F measured by NMR reveal that the diffusion of TFSI" is higher than that of
Li* in PEO-PC at this salt concentration.” The higher Li* complexation strength of PEO would be
accompanied by a drop in t*;; relative to the poly(carbonate). A direct comparison including lithium
transference numbers was not made by the authors. Poly(carbosilane)s having silane primary
chains and pendant cyclic carbonate groups permit loading of LiTFSI as high as 400 mol% (EC/Li=
0.25) and achieve oac=1.2*10*S.cm™at 30 °C. However, the mechanical properties have not been
sufficiently reported to determine whether such a blend is macroscopically solid. Interesting
behaviour has been reported for copolymers comprising cyclic ethylene carbonate pendant
groups attached by a single bond to the primary chain. Despite low ionic conductivities, these
polymers exhibited "super ionic" behaviour, in which the mobility of LiTFSI is decoupled from
polymer segmental dynamics.!®

The reports of polymer electrolytes based on poly(carbonate)s by different groups collectively
suggest little correlation between polymer T, and ionic conductivity of a binary salt. Lower
complexation strength of Li* by carbonate relative to PEO enables more equal mobility of
oppositely charged ions through the polymer host, thus achieving transference numbers around
0.5. Electrochemical stability is routinely demonstrated above 4 V vs. Li/Li*, enabling the
combination of this electrolyte with high energy cathodes.
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2.5. Conclusions on Salt-in-Polymer Electrolytes

The addition of large quantities of salt into polymer matrices has been the primary research axis
into SiP electrolytes for the last 40 years. These efforts have been limited by the difference in
mobility of oppositely charge ions through the polymer host. In the case of widely studied PEO-
based systems, the high complexation strength of the poly(ether) reduces the mobility of Li* and
the resultant ionic conductivity of the electrolyte is dominated by the contribution of anionic
mobility. The crystallisation of PEO limits the percolation of the amorphous domains through
which fast ion transport can occur. However, the plasticizing effect of salt and other components
in SiP formulations effectively decrease the melting temperature of the polymer electrolyte. High
conductivity at T> T, means that they operate well once the mechanical strength of the electrolyte
has been lost. The apparent benefits to the safety, energy density, and battery design are
therefore lost in the temperature regime in which high ionic conductivity is achieved.

Efforts to optimise the polymer by variation of the polymer architecture, for example by branching
and crosslinking, show that high performance is achieved only when the segment length of the
modified polymer approaches that of linear PEO. Further efforts to improve the mechanical
properties of PEO-based electrolytes have targeted block copolymer architectures, wherein one
of the sub-blocks affords mechanical reinforcement of the electrolyte. This approach is limited on
the microscopic scale relavant to the battery application by the segregation strength of the sub-
blocks and the efficiency of the percolation of ionically conductive channels. The formulation of
homopolymers and block copolymers with additional components has achieved some
enhancement of mechanical properties, and enabled some spontaneous, directed organisation of
ions into transport channels. Moreover, the assembly of block copolymers can be directed by
external alignment forces and by deposition onto patterned substrates. However, achieving
structural order that is entirely free of defects, as required for maximal efficiency of transport on
the mesoscopic/micronic scale, is still a great challenge.

The design of copolymers and formulations in which the mechanical properties are controlled by
a non-conducting sub-block or blended species allows researchers to look beyond PEO. If
mechanical strength is no longer a criterion, any ionically conductive polymer could be tried.
Electrolytes based on poly(carbonate)s and poly(ester)s have already been demonstrated to have
mechanical and ionically conductive properties comparable to the best offered by PEO.
Alternative polymers that are electrochemically stable beyond 4 V vs. Li/Li*, the anodic limit of
PEO, become increasingly useful in the context of the latest high-potential cathode materials. The
design principles developed in SiP systems lead researchers to i) organise ion transport into
directed pathways, ii) through polar polymers that coordinate weakly to Li*, iii) while maintaining
mechanical integrity of the macroscopically "solid" electrolyte.

33



3. "Single-lon" Polymer Electrolytes (SIPEs)
3.1. Introduction to Single Lithium-lon Transport in Polymeric Electrolytes

Despite the advantages of a polymer matrix addressed in the previous section, polymers as ionic
conductors of binary salts continue to present numerous challenges to be overcome. In a dual ion
conductor, both cations and anions are mobile in the host matrix. The difference in the mobility
of the anion and the cation results in the formation of a concentration gradient across the
electrolyte when a secondary battery is repeatedly charged and discharged. Accumulation of the
anionic species at the electrode-electrolyte interface invites adverse reactions, cell polarization,
dendrite growth and, ultimately, failure of the cell. Efficiency, cycle-life and charge transfer of the
cell can be increased by maximising the fraction of the ionic charge transferred by the movement
of lithium across the electrolyte. This increases the effective current supplied by the cell and
removes the problems associated with concentration of anions at the electrode-electrolyte
interface. In the case of a Lithium ion Batteries (LiBs) or a Lithium Metal Batteries (LMBs), a
"Single-lon" conductor refers to an electrolyte in which the anion is anchored and only the lithium
cation can move. This can be achieved by covalently bonding the anion onto a polymer or
inorganic framework, or by effectively immobilising to anion onto an acceptor species. The
fraction of charge transferred by movement of Li* is called the Lithium Transference Number (LTN,
t'y) and the performance of a SIPE can surpass that of traditional SiP blends as this value
approaches unity, when all the charges are transferred by lithium cations. A single-lithium-ion
conductor with o= 1*10* S.cm™ at 60 °C is defined as the critical lower limit of ionic conductivity
for practically useful SIPEs in large format batteries.’®”

3.2. Design of SIPEs

The design objectives of SIPEs build on those established during the development of polymer
electrolytes in general. High ionic conductivity must be combined with electrochemical stability
over a practical range of temperature. In order to decrease the mass of polymer electrolyte, as
required for a high energy density battery, the SIPE must host a high concentration of ions and
also have a high complex mechanical modulus. As for SiP electrolytes, a SIPE must act as a host for
lithium ions and also conduct them. Fast and efficient ion transport can be achieved by directing
the motions of ions though a high permittivity electrolyte. The ionic transport pathway should be
free from prohibitive physical and energetic barriers. Injection of ions into the electrolyte and
insertion of ions into the electrodes from the electrolyte should be facilitated by good wetting of
the electrode surface. The electrode-electrolyte interface should not be chemically consumed
during charge and discharge of the cell.

Through variation of the polymer chemistry, researchers want to know i) what covalently bound
anions are best-suited to dissociation and transport of Li* through the electrolyte and ii) what
ionically conductive matrix is best-suited to the (electro)chemistry and operating conditions of a
lithium battery, i.e. "What anion do | want and to what matrix should it be tethered?" Through
variation of the architecture of SIPEs, researchers want also to know i) what is the limit of salt
concentration to enable high ionic conductivity and ii) where on the polymer architecture should
these salts be positioned to maximise their utility, i.e. "How many ionic units do | need and where
should they go?"
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With respect to the polymer architecture, the ionic function of a SIPE can be positioned at the
chain end, at the repeating unit of the primary chain, or as a pendant group (in "comb-shaped"
polymers). These design options have been widely applied to numerous primary chain
chemistries, in statistical, alternating and block copolymers, and in linear, branched and network
architectures.

3.3. Synthesis of SIPEs

The ionic function of a SIPE can be placed at the repeating unit and at the end-group of the
polymer chain. Polymers with an ionic function at every repeating unit are poly(electrolyte)s and
can be synthesized by i) polymerisation of ionic monomers or ii) post-polymerisation modification
of polymers. End-groups can be defined in a polymerisation method i) by controlled
polymerisation using a functional initiator and ii) by chemical quenching. End-group chemistry can
enhance the physicochemical properties of a homopolymer or be implemented as means to a
more elaborate synthetic strategy.!*°®'%! The functional end-groups of polymers synthesized by
controlled polymerisation methods can be exploited through post-polymerisation modification.
Modern polymer synthesis is used to create a variety of macromolecular architectures, and the
synthesis of elaborate SIPEs might require a combination of methods.

Any reactive functional group on a polymer can be exploited for post-polymerisation modification.
The practical advantage of this method is that a polymer will retain its known Degree of
Polymerisation (DP,, X,) and Dispersity in mass (Dw). Characterisation of ionic polymers can be
problematic for reasons of solubility, compatibility with instrumentation and physicochemical
similarity to reference standards, so it can be useful to define a precursor polymer in advance of
the synthesis of a SIPE. This is of special concern for polymers with complex architectures and
organic-inorganic hybrid materials. However, high conversion in post-polymerisation modification
can be a challenge. Reaction kinetics may change as conversion approaches unity and proximal
like-charges begin to repel each other, decreasing the repeating unit fidelity of the
poly(electrolyte). Precipitation and aggregation of the poly(electrolyte) may kinetically entrap the
reactive groups and effectively halt a reaction.

3.4. End-Capped Single-lon Polymer Electrolytes (EC-SIPEs)

Some of the earliest SIPEs were poly(ether)s with anionic chain terminals. In the case of a linear
polymer having an ionic function at one (MEC-SIPEs) or both (Bis-EC-SIPES) of two chain ends, the
charge carrier density is a function of the polymer DP.. Low DP, poly(ether)s, having a higher
charge carrier (end-group) concentration, were therefore expected to exhibit higher ionic
conductivity. Researchers generally correlated the conductivity of EC-SIPEs to the volume fraction
of the amorphous phase of the polymer matrix by comparison of ionic conductivity measurements
with DSC and WAXS/SAXS. Among polymers having the same end-group but of different DP,, the
highest ionic conductivity was observed for polymers with the lowest T, (for poly(ether)s, these
are typically in the range of T,= -20°C/-60 °C, see Fig. I-19). The optimum ionic conductivity was
found in the range of EO,= 10-35 units (for PEO, M= 500-1500 g/mol), depending on the ionic
group and the whether the polymer is mono- or bis-end-capped.

After physicochemical,*® synthetic/*®!, and electrochemical*®**”investigations by other groups,
a systematic study was presented by H. Ohno and co-workers. They published a series of papers
detailing the effect of alkali metal carboxylate (R-CO,M),[*%%1% sylfonate (R-SOsM)**% and
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benzene  sulfonate  (R-OC(O)PhSOsM),**Yl  sulfonamide  (R-SO,N(M)R)**2151 and
(trifluoromethylsulfonyl)imide  (TFSI)™**®"  end-groups on electrolyte performance.[**7-1
Oligo(ether)s bearing fluoroether-"2% and aryl-[*?!) TFS| terminals were later evaluated by the
DesMarteau group.
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Figure I-19: (a) The ionic conductivity at 50 °C and (b) T of H3C-PEO,-SOsLi MEC-SIPEs as a function of i) PEO M, (*10-
2 g/mol) and ii) lithium concentration (mol%). The figure is reproduced from the literature.[110]

Bis-end-capped polymers were usually less conductive than a comparable MEC-SIPE having the
same ionic end-group. This is listed below for sulfonate end-capped polymers (Table I-1, 2A vs.
2F). Comparison of MEC-SIPEs have four times lower salt concentration than bis-EC-SIPEs of the
same DP,, but the MEC-SIPEs have ionic conductivity 2 orders of magnitude higher at 50 °C (Table
I-1, 2B vs. 2E). The temperature dependent ionic conductivity of PPO4s-TFSILi (Table I-1, 10A) does
not change much in the 60-10 °C range if the polymer DP, is raised to X,= 19. !¢/ However, bis-
end-capped PPO2;-(TFSILi), with nearly twice the concentration of end-groups has ionic
conductivity that is ca. 1-2 orders of magnitude lower. It is likely that a polymer architecture
having end-groups at both chain terminals restricts chain mobility, which might be observed by
an increase in the characteristic segmental relaxation time.

The ionic conductivity of PEO of the same chain length (DP,= 23; M= 1000 g/mol) but with
different end-groups were compared in the literature.**>!'”] Benzenesulfonate end-capped
polymers were less ionically conductive than the sulfonates (Table I-1, 2—3). Sulfonamide EC-
SIPEs had higher ionic conductivity than R-CO,Li and R-SOslLi EC-SIPEs (Table I-1, 4—6). The
difference in ionic conductivity is attributed to a change in the dissociation energy of the organic
salt. In the case of benzenesulfonates, this could be consequence of the inductive electron
withdrawing effect of the ester increasing the electronegativity of the carbon at the meta
(sulfonate) position. Altering the sulfonyl substituent (R) of the sulfonylimide of bis-end-capped
PEO,3-(N(Li)SO2R), revealed a trend of ionic conductivity following the identity of R= CF3> CH3
>Phenyl. The trend is different for mono-end-capped PPO (Table I-1, 7—9). In this case, the methyl
and phenyl substituents afford similar ionic conductivities, however both are around one order of
magnitude less conductive than the fluorinated derivative. However, bis-EC-SIPEs with
sulfonamide and sulfonylimide end-groups have similar ionic conductivity (Table I-1, 4 and 11E).
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Table I-1: Lithium ion conductivities of selected poly(ether)-based End-Capped Single-lon Polymer Electrolytes (EC-
SIPEs) from the literature. References are indicated in the right-hand column (ref.). Mono- (X-®) and bis- (®-X-®)
end-capped configurations are indicated. The conductivity is of the neat EC-SIPE. The polymers are organised by end-
group (1-9), and by examples (A, B, C, ...) of DP, and of measurement temperature. The M,, is of the polymer chain
only.
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3.5. Poly(electrolyte)s

A popular strategy for the synthesis of SIPEs is the polymerisation of ionic monomers. However,
poly(electrolyte) homopolymers bearing only lithium salt repeating units are poor ionic
conductors in the bulk-state, typically reaching ionic conductivity of ca. 107 S.cm™ at 25 °C. lonic
conductivity is improved by blending the SIPE homopolymers with ionically conductive PEO. On
the polymer, conductive repeating units, linkers between the salt function and the (meth)acryloyl
group, and co-polymeric blocks can i) create ionically conductive domains proximal to the Li-ion
host units and ii) develop plasticity throughout the bulk morphology. Anions often seen in the
case of SIPEs for LiBs are lithium carboxylates (R-CO,Li),*?? sulfonates (R-SOsLi)***'?* and
sulfonylimides (R-SO2N(Li)SO;R’).[*?>12¢1 These anions are often used in the form of (meth)acryloyl
or styrenic monomers and polymerised by radical polyaddition methods. Single-ion PEO networks
comprising copolymerized sulfonate salts were reported by M. Armand et al. in 1995.1*2728 These
SIPEs had higher ionic conductivity than earlier examples that featured alkali metal
methacrylates!*?®! and phosphazene sulfonates.[*3% |t was concluded that SIPEs would benefit from
electron-withdrawing groups capable of delocalising the negative charge of the bound anion,
following design rules developed for the anion of binary salts in high performance SiP
formulations.

Many trends of SIPE performance, of homopolymers to blends, to statistical copolymers, and to
BCPs, are exemplified by tracking the performance of the widely studied 4-
styrenesulfonyl(trifluoromethylsulfonyl)imide)  (STFSILi) repeating unit. The P(STFSILi)
homopolymer can be synthesized by free-radical polymerisation of the STFSI monomer or by
modification of poly(styrene sulfonate) (Fig. 1-20, A)."*** The resultant homopolymer was mixed
with PEO into a composite solid membrane. The result was an increase in the ionic conductivity
from the ca. 10° to 10° S.cm™ at 60 °C.*3! The performance of triblock P(STFSILi)-b-PEOgqo-b-
P(STFSILi) (NB: EO,= 800), applied in a prototype battery, was reported to be superior to a
conventional SiP (Fig. 1-20, B).3? |n this design, both the mechanical and polymerised salt
functionalities are supported by the styrenic block, while PEO enables ion transport. The design
yielded o= 1*10° S cm™ at 60 °C with a polymer composition of 20 wt% STFSILi (EO/Li= 27) and
exhibits single-ion conduction with t*; > 0.85. Then STFSILi was statistically arranged among
ionically conductive units along the primary chain. Copolymers of STFSI with methoxy-
polyethylene glycol acrylate (MPEGA) have ionic conductivities of ca. 10 S.cm™ at 60 °C, superior
in comparison to equivalent (EO/Li= 20.5) blends of P(STFSILi) in PEO (Fig. 1-20, C).**3 The
P(STFSILi-co-MPEGA) has t*;> 0.9 and is thermally stable up to 300 °C. In the case of the A-b-B-b-
A triBCP, changing the styrene of STFSI for propylmethacrylate yields MTFSILi, a repeating unit
connecting TFSI to the poly(methacrylate) primary chain via a Cs linker (Fig. 1-20, D). Using the
same length of the central PEO block (35*10° g/mol, EO,= 800), superior ionic conductivity of ca.
10 S.cm is reached at 70 °C.[*3%
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Figure 1-20: The chemical structure of poly(electrolyte)s (A) P(STFSILi)[131; (B), the tri-BCP P(STFSILi)-b-PEOggo-b-
P(STFSILi)[132]; (C), the statistical copolymer P(STFSILi-co-MPEGA)[133]; and (D), the tri-BCP P(MTEFSILi)-b-PEQggo-b-
P(MTFSILi)!234],

The dominance of the TFSI- anion in SiP formulations was inspiration to the domain of SIPEs. The
research question was then posed by the Watanabe group, through a series of papers beginning
in 2000, of whether a TFSl-inspired poly(anion) could push the limit of SIPE performance (Fig. I-
21).35371 Their  poly(2-oxo-1-difluoroethylene sulfonylimide) (LiPEl) polycondensate
homopolymer was mixed with poly(ether) precursors which were then photochemically
crosslinked to form a polymer blend in which the LiPEI homopolymer was physically trapped
within a poly(ether) network.™®! A corresponding decrease of the loss tangent (§) of tensile
modulus, measured by dynamic mechanical analysis (DMA), supports the authors’ claim of "good"
mixing of the polymers. Increasing the mass fraction of LiPI resulted in the peak of tan(8) moving
to higher temperature as a result of increasing number of ion-dipole interactions between the
matrix and the poly(anion). The magnitude of the tan(5) of the native poly(ether) matrix decreased
upon mixing with LiPEl, which is attributed to the decreasing fraction of non-complexed
poly(ether) segments. However the intrinsic inhomogeneity of mixing two polymers prevents the
formation of a homogeneous mixture.

LiPPI [LIMO] LiPEI [LIY[O] LITFSI [LIMO)

+ 006 ¢ 0.12 A 0.12
A 0.04 ¥ 0.08 O 0.08
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Figure 1-21: Poly(electrolyte)s based on LiTFSI. The figures 0 0.02
102 T T

are reproduced from the literature.[136]

Below: the chemical structure of the poly(electrolyte)s
LiPEIl, LiPPI, and the small molecular salt LiTFSI.

Right: The ionic conductivity as a function of reciprocal
temperature of LIPEI, LiPPl and LiTFSI in crosslinked network
PEO.
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The poly(ether)/LiPEI alloy achieved t*;= 1 and is stable in the range 0-4.0 V vs Li/Li* but had ionic
conductivity of ca. 10 S.cm™ at 100 °C, three orders of magnitude lower than the equivalent blend

of the crosslinked poly(ether) and LiTFSI. This could be explained by i) low dissociation of Li* from
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the poly(anion) chain and ii) insufficient flexibility and therefore low thermally activated motion
of the poly(anion). In the first case, the anionic units are covalently linked by single,
configurationally symmetric -CF,- units. The result is a decrease in the delocalisation of the
negative charge in comparison to the TFSI" anion, which is symmetric across the imide by
asymmetric at the sulfur. Simple comparison of the Pauling electronegativity of the TFSI" anion
draws the conclusion that the negative charge is predominantly located on the oxygen atoms;
decreasing the electron-withdrawing contribution of the sulfonyl substituent decreases the
contribution of electronegativity to the delocalization of the anion. The result is a uniform, high
charge density along the polymer chain having high Coulombic interaction with Li*. The movement
of Li* from one site to the next is a thermally activated process (regardless of the specific
mechanism of ion conduction). The energy barrier of this motion is overcome when sufficient
thermal energy (ksT) is supplied to the electrolyte. The low flexibility of the LiPEIl chain, as
illustrated by the high temperature of peak tan(8), can inhibit the rate of this motion and decrease
the conductivity of the poly(electrolyte).

The addition of the polar ethylene carbonate (EC) to the poly(ether)/LiPEI alloy therefore has two
effects for increasing the ionic conductivity of the electrolyte formulation: i) plasticizing the
poly(anion) and enabling greater freedom of thermally controlled motion, ii) shielding the
Coulombic interactions of the ion pair, enabling greater dissociation of Li* by increasing the net
dielectric constant of the matrix. Addition of 1 equivalent (w/w) of EC to the poly(ether)/LiPEI
blend creates a single-ion gel electrolyte and increases of ionic conductivity of the electrolyte by
two orders of magnitude across the entire range of temperatures reported. Leveraging the
influence of chain flexibility and delocalisation of the anion, extension of the covalent spacing
between anionic units of the poly(TFSI)-type design yielded greater ionic conductivity of the
poly(electrolyte). Similarly prepared, poly(ether) blends of the 4-trifluoromethyl-
pentafluoropentylene analogue LiPPI have ionic conductivities of ca. 10° S.cm™ at 30 °C (t*,=0.7),
two orders of magnitude higher than the equivalent poly(ether)/LiPEI alloys.!*3¢!

Well-defined spacing of ionic units along the polymer primary chain has been reported. A series
of alternating (AB) poly(ester)s, comprising 5-sulfoisophthalate alkali metal salts separated in the
primary chain by PEO units (Xnpeo)= 9-20), have been investigated by several groups in
collaboration. The DP, of the AB poly(ester)s was in the range of 4-8 units. The conductivity of the
poly(ester) bearing lithium sulfonate (PE-Li) decreased with shortening of the length (X») of the
PEO spacer, in the order oac= 6.3*107 S.cm™ (PEOg2)> 2.7*10® S.cm™ (PEO14)> 1.7*%10° S.cm?
(PEQy) at 25 °C.[**8 This trend is inverse to the increase of the cation concentration and increase
of polymer T,. The temperature dependence of ionic conductivity can be normalised by correcting
for the elevation of T when the concentration of ionic units is increased. Plotting oacvs T-Tg reveals
similar, overlapping curves when the length of the PEO spacer is varied. Analysis of the frequency
dependence of dielectric permittivity supports the claim that the ionic transport is coupled to and
limited by the mobility of the polymer chains.[**® The design of the polymer was then probed by
independent variation of the spacer length and the number ionic units. This is achieved via
copolymerisation of the sulfonate with non-ionic isophthalates, enabling the number of ionic units
to be changed while maintaining the PEO spacer length of the condensation polymer. NMR
relaxometry demonstrated that the self-diffusion of Li* was controlled by the mobility of the PEO
chain lengths and that tuning the net EO/Li ratio has a greater influence on ionic conductivity than
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the concentration of ionic units.** The strong coordination of Li* by ether oxygen, and not the
dissociation of lithium sulfonate ion pairs, limits the mobility of the cation.

3.6. Conclusions on Single-lon Polymer Electrolytes

"Single-lon" transport in polymer electrolytes builds on the benefits demonstrated by the Salt-in-
Polymer (SiP) approach. The anion is effectively immobilised through covalent bonding to
entangled polymer chains. This can improve the performance of the polymer electrolyte by
removing problems created by the mobile anion. However, design approaches based on PEO limit
the apparent benefit of using a polymer. The percolation of crystalline phases over
mesoscopic/microscopic scales continues to limit ionic conductivity at temperatures below the
melting point of PEO segments. Developments beyond PEO (in the SiP domain) begin to suggest
that ionic conductivity is not always limited by T,. Strong coordination of Li* by polymer chains is
a benefit in terms of the dissolution of the ion but a curse in terms of hindering ionic mobility. This
is certainly the case for poly(ether)s.

Researchers have begun to suggest alternative polymers to PEO and the results demonstrate that
SIPEs can be well-designed using a variety of polymers having different physical properties, with
specific ion transport applications in mind. In particular, poly(carbonate)s, poly(ester)s and their
copolymers appear to be good candidates for further research.

The development of SIPEs has been limited by the approaches to probing the fundamental
mechanisms of ion transport. The design motifs that were elaborated and optimised for SiP
electrolytes have been applied to SIPEs. Although several examples are reported having
impressive figures of merit, SIPEs based on traditional thinking may have reached a plateau in
performance. From this point of view, the design of SIPEs having specific domains for ion
conduction are highly attractive. The development of SIPEs having such domains requires further
research into the particular mechanisms of "Single-lon" transport. Inspiration for the design of
SIPEs could be found in the broader context of the domain of self-assembled (functional) soft
matter.
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4. Organisation of Soft Matter: Beyond Block Copolymers

The organization of soft matter is a powerful paradigm for the design and synthesis of SIPEs
targeting directed conduction of ions through "microphase-separated" morphologies. In the
following paragraphs are outlined selected examples of high x-low N strategies that might inspire
the design and synthesis of SIPEs. A high-x strategy can support greater asymmetry of polymer
composition and represents an opportunity for increasing the volume fraction of the ionically
conductive phase within a microphase-separated polymer electrolyte.*! As seen for engineered
defects at BCP mid-points, sufficiently high x features can be low in N. We can first imagine a BCP
at 50 % (w/w) composition of each sub-block. Then we can begin decreasing the N of one block,
and at the same time raise x of that block to maintain controlled microphase-separation. At the
extreme of this condition, with sufficiently high x, N approaches unity. The small sub-block would
ultimately correspond in number and in position to a polymer end-group. From this point of view,
polymers end-capped with sufficiently high-y moieties are a subset of a family of microphase-
separating macromolecules that includes (low x-high N) diBCPs and (high x-low N) surfactants.

The consequence of this design hypothesis is that an end-group must be high x and that
asymmetric macromolecular architectures can benefit self-assembly. Macromolecular
engineering of point-group defects is a means by which to encode structural order. High x point-
group design can target augmentation of free volume of the polymer. This could be achieved by
designing end-groups that are i) expelled from crystalline packing of the polymer, or ii) seed the
growth of crystalline domains. Intra-chain defects can perturb chain tilt and chain folding. High x
points can be designed using groups that interact with each other by Van der Waals, electrostatic,
and ionic forces. Groups with rigid and complementary architectures can be physically locked into
place. A combination of free volume effects and different types of physical interactions would
concertedly enhance molecular organization. In the case of polymer electrolytes, such
organization would need to be sympathetic to ion transport, which could furthermore enforce a
particular molecular order through ionic and ion-dipole interactions. The type, length scale, time
scale, and strength of interactions of these point groups would serve to enhance the properties
of soft matter intended for a variety of nano to micro-scale applications.

In terms of polymer electrolyte design, this could be an effective concept when applied to a
polymer chain capable of transporting ions. Two further thoughts would then be raised, for
polymers organized by point-group engineering. Firstly, how efficient would ion conduction be,
through the polar polymer phase? This could apply to SiP blends. The preferential dissolution of
salt into one phase of a microphase-separated matrix has a corresponding increase in x of that
phase. This typically helps to enforce phase segregation, so directed-ion transport is envisaged
through a microphase-separated matrix having a high mass fraction of the polar phase, relative to
the equivalent loading of salt into a low x high N BCP. Similarly, a single-ion conductor, in which
the anionic function is tethered to the polymer chain, could benefit from organization of the bulk
by specific end-group interactions. Secondly, could the ionically or electronically conducting
properties of an end-group in this design be leveraged in a battery? In this case, would ion
conduction occur as truly dissociated charged species, with movement of the cation through the
polar polymer phase, or would the cations hop between ionic point-groups arranged at defects
such as grain boundaries? Such polymers could be applied not only as electrolytes but also as
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conductive binders that could be blended into the electrode formulation to aid the exchange of
charge with the active materials.

One approach to high x-low N macromolecules has been the development of so-called "giant
molecules."™%¥3! A particular class, recently reported by Prof. Stephen Z.D. Cheng and co-
workers, leverages Click chemistry protocols to create "giant surfactants"[*** based on
poly(styrene) (X,= 20-100) end-capped with decorated fullerene Cg*****¢! and polyhedral
oligomeric silsesquioxane (POSS).1*-**1 The high volume fraction occupied by the polyhedral units
enable their reduction in N to that of a single end-group. The reported results detail the effects of
having a single end-group with multiple tails and having multiple polyhedral end groups to a single
polymer chain (Fig. 1-22). They achieved sub-10 nm feature size and long-range ordered
morphology (e.g. lamellar) while having a high (ca. 60-80 %) volume fraction of the polymer chain.
This strategy enables asymmetry in volume fraction of the phases and is more amenable to the
elimination of defects because of greater mobility of the unmodified chain ends. The same cannot
be said for a BCP approach, for example, of PEO-b-PPOSS, which has been applied as a SiP

electrolyte.[*?
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Figure 1-22: Asymmetric phase segregation behaviour of POSS-based giant surfactants yields a variety of long-range
morphologies. The phase diagrams are built from experimental data. The data points represent real samples. The PS
volume fraction (VP5) is displayed in the range Vps'= 0.6-1.0 (top) and 0.4-1.0 (bottom). The diagrams have been scaled
to aide comparison. A, top: DPOSS-PS having 1-4 PS tails. The chemical structure of the three-tailed DPOSS-3PS,, is
shown as an example. B, bottom: DPOSS-PS,, having 1-4 DPOSS heads. The three-headed 3DPOSS-SP, is shown as an
example. The figure is adapted from the literature.[147,151]

The shape of an end-group can have an impact that goes beyond the simple measure of its size.
The group of Prof. L. Sita has recently reported on the organizational properties of poly(a-olefin)s
end-capped with simple sugars (Fig. 1-23). In terms of size, these lie between the extremes of small
molecular and "giant" surfactants. They attached a p-D-galactose end-group via a 1,2,3-triazole
linkage to one end of an atactic poly(olefin).*>¥ The sugar-poly(olefin)s formed stacked bilayers,
wherein the thickness of the poly(olefin) layer was tuned by the polymer DP,, (X,= 14 [Dy= 1.15],
20 [Dw=1.15], 54 [Dw= 1.04]). X-ray photoelectron spectroscopy (XPS) supports the films having a
head-tail-tail-head (HTTH) stacking configuration. They demonstrated the effect of varying the
spatial volume of the poly(olefin) by altering the repeating units to have either methyl or iso-butyl
pendant groups. All the poly(olefin) phases had a sub-10 nm thickness, with the smallest obtained
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by the polymer having iso-butyl pendants (Fig. 1-23, A, R= iBu; X,= 10, Dy= 1.04). The impact of
end-group size was developed by having two sugar units instead of one (Fig. 1-23, B). The atactic
poly(propylene) end-capped with disaccharide cellobiose had higher definition of their
nanostructure, as evidenced by SAXS.'** The solvent cast films adopted a “fingerprint”
morphology, with lamellar domains oriented perpendicular to the plane. It was then
demonstrated that annealing these films at temperatures as low as 38 °C caused a change in
orientation of the phases, from perpendicular to parallel to the plane. This design has sufficient
segregation strength to form microphase-separated structures but also sufficient thermally
controlled chain mobility to undergo phase re-orientation in the time scale of a few hours.

Figure 1-23: End-capped Poly(olefin)s. The figures are A M s
reproduced from the literature.[153154] W”WY\ —
Me Me Me
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Poly(a-olefin)s end-capped with B-D-galactose via a 1,4- .’
disubstituted 1,2,3-triazole linker. lllustrated are the =
"long and thin" poly(propylene) chains and the "short 2R =iBu; DPy =10

and fat" poly(4-methyl-1-pentene) chains (in red).

Poly(propylene) end-capped with cellobiose (red) via a i

triazole linker (blue). B: (a) A ps-tm AFM phase map of 1:aPP block (DP..—31,0-1.09)
the solvent-cast ultrathin film (h= 30 nm) of polymer B
on a Highly Oriented Pyrolytic Graphite (HOPG)
substrate. (b) SAXS data of the unannealed sample (the
lamellar spacing is d;= 6.5 nm). Grazing Incidence
(GI)SAXS data of the (c) solvent-cast film and (d) film
after thermal annealing at 100 °C for 3 h in vacuo. A
morphological order-to-order transition would explain
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Inspired by the remarkable long-range ordering exhibited by small-molecular derivatives of
triptycene bearing short alkyl chains,*>> F. Ishiwari and co-workers recently demonstrated how
their propeller-shaped end-group is capable of directing structural order (Fig. 1-24). The physical
interlocking of the end-groups enables long range ordering with the entire length of a PDMS chain
as the repeating unit.[**® Reflection up to the 7% order (i.e. related to doo:—doo7 distances) of the
[001] primary scattering peak g* were identified by SAXS analysis of the samples at 30°C,
evidencing long-range hierarchical arrangement of polymer chains in a 2D+1D morphology that
are otherwise totally amorphous in the absence of the triptycene end-group.

44



Figure 1-24: Supramolecular assembly of
triptycene end-capped PDMS (18-24*103 g/mol,
Xn= 240-320) via locking interactions of the IE
propeller-shaped end-group. (A) A schematic

illustration of the end-capped PDMS and its
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SAXS measurement (right). (C) The inter-locking
structure of triptycene end-groups at the "2D+1D"
interface. The figure is adapted from the
literature.[156]
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Enhancing the performance of BCP matrices might exist beyond the design of the BCP alone and
include the addition of structure-defining molecules acting as supramolecular physical crosslinking
units. Molecules capable of forming specific interactions with one sub-block of a BCP can change
or reinforce the BCP morphology. This has already been seen with the addition of salt to BCP,
which increases x and decreases crystallinity through ion-dipole interaction with the polar sub-
block. Shape- and structure-specific interactions can not only induce self-assembly but can adopt
different supramolecular conformations depending on conditions of temperature, electrical,
magnetic, and mechanical forces. For example, the ureido-cytosine (UrCy) Hydrogen-bonding
motif has a molecular configuration enabling complementary, high association energy quadruple
H-bonding interactions.**”! This was used to establish supramolecular order at the end-group of
low M, bis-end-capped poly(propylene oxide) (Mw= 1100 g/mol, PO,= 14).1*8) The assembled
UrCy-PPO14-CyUr supramolecular matrix had lamellar morphology with inter-lamellar spacing that
was tunable and reversible by application of heat and shear. Addition of salt into this architecture
would undoubtedly disrupt the H-bonding motif but a well-placed ionic group, perhaps in the
centre of the chain or at one end-group, could add complimentary ionic conduction properties to
the polymer design. Asymmetric ionic groups might provide similar structure-directing
functionality.

Interactive oligomers and surfactants can influence and reinforce BCP morphologies, and also
create hierarchical organisation. H-bonding interactions of oligomers has been demonstrated to
increase lamellar domain sizes in poly(styrene)-b-poly(vinyl pyridine) (PS-b-P4VP) BCPs.[*5%16% The
co-assembly of the BCP with H-bonding oligomers based on oligo(thiophene) having at one chain
end a H-bonding phenol terminal and a short branched alkyl chain at the other affords elongation
of the P4VP block.*** The result is a coil-like PS block and a comb-shaped supramolecular assembly
in the P4VP phase. The large (30-50 nm) domain size of the supramolecular phase could host
semiconducting nanoparticles. Low loadings (< 10 wt%) of nanoparticles resulted in a decrease in
periodicity of the lamellae. The large particles caused the P4VP phase to collapse into tight
channels which held the particles in parallel columns. Smaller particles (d= 3 nm; CdSe) however,
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assembled perpendicularly across the width of the P4VP lamellae. A bis-phenol derivative is able
to from bridging H-bonding interactions between P4VP blocks. The result is a comb arrangement
within the P4VP phase having ordered inter-thiophene spacing of ca. 4.7 nm within the P4VP
phase of a BCP lamellar morphology of 56 nm spacing.*®® The result is the assembly of the H-
bonding oligomer perpendicular to the direction of the P4VP lamellae. The effect is stretching of
the BCP, thereby increasing the domain size of each block, and an increase in the long-range order
of the BCP lamellae.
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5. General Conclusions on Polymer Electrolytes for Lithium lon Batteries

Concerted development of electrolytes and electrodes is a necessity to make functioning
batteries. A sustainable energy economy demands the same accountability at every level.
Therefore, it is unreasonable that a battery should be recyclable when the device it powers is not.
However, the world supply and price of lithium (and materials for active cathode materials, such
as nickel and cobalt) is of concern if the majority of energy is to be stored electrochemically in the
future. Therefore, new cells should be of optimum performance. This requires a deeper
understanding of how the cell components function. The electrolyte is crucial to battery
performance because it enables the transfer of charge from one electrode to the other.

Polymers are soft materials that can be tuned to the needs of modern electrolyte chemistry,
design, processing, application, and safety. The accumulated knowledge acquired through
performance enhancement of polymer electrolytes must be coupled with emerging insight into
macromolecular design. Alternative polymers should be explored and benchmarked appropriately
to comparable examples from the best-in-class of applied electrolytes based on poly(ether)s.

The operating conditions of a battery should be taken into account. Acceptable ionic conductivity
at ambient temperature remains a challenge to polymer electrolytes. To meet this requirement,
researchers have worked with formulations of polymers and numerous other components such
as solvents, fillers, and plasticizers. However, the advancement of performance can come at the
cost of the properties of polymers that made them attractive electrolyte hosts at the outset. For
example, the advantages of having a non-flammable solid polymer electrolyte are erased when it
is mixed with organic solvents. A polymer having a suitable complex modulus is not expected
above its melting temperature to prevent dendrite growth on Lithium metal anodes. Although
impressive figures of merit have been reported, these are achieved at the cost of obscuring
relations of causality that determine the performance. This is certainly the case with polymer
electrolytes based on complex formulation chemistry. Decoupling the various physicochemical
processes involved in ion transport becomes more difficult with each new component added to a
mixture.

The search for batteries having greater energy density has lead researchers to develop high energy
electrode materials demanding electrolytes that are electrochemically stable over a wide range of
potentials. Cathodes that cycle at potentials greater than 4 V vs. Li/Li* are now being proposed.
The lithium metal anode is only accessible in context of the safety of stable, solid electrolytes that
prevent dendrite growth. High performance active materials will only find successful application
when there exists a stable electrolyte between the electrodes. The ionic conductivity mechanism,
electrochemical stability and efficiency of ion transfer in electrolytes must be well understood to
make a major leap forward in battery design.
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A systematic approach seeking out specific structure-property relationships should be aimed at
identifying and solving the limitations of the present state of the art. Single-lon polymer
electrolytes are means to achieve this because both the conductive polymer host and the ionic
electrolyte are design features of a single macromolecule. The concept is especially well-suited to
solve the problems originating from the transport of oppositely charged ion pairs of binary salt in
a polymer host. End-capped polymers recall traditional polymer chemistry concepts and early
synthetic efforts into single-ion polymer electrolytes. However, they are also means to approach
the design and performance of polymer electrolytes in a generic way that is modular and
adaptable to parallel developments in the electrolyte chemistry in general. Optimization of their
design and structure-property relationships will improve our understanding of how solid-state
electrolytes operate and therefore our methods for improving their performance.
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6. Synthesis Strategy

The trends of the development of polymer electrolytes for LiBs inform the choice of synthesis
strategy implemented in the present work. Several promising methods and design principles were
selected and developed. In general, the synthesis strategy is inspired by previously reported work
based on point-groups covalently bonded to polymer chains. This type of strategy is viewed with
the aim of promoting effective and efficient ion transport. In principle, a point group can be
positioned anywhere along a polymer chain. Although there is great variety in point-group
polymer chemistry is possible, polymer end-groups in particular were chosen. Three practical
considerations drove the approach:

l. Polymer end-groups have long been considered in the development of new polymers and
methods. Taking care of the end-groups has been an important aspect of polymer
chemistry since the earliest studies into polymerization kinetics, physical transformations
and bulk properties. This provides a firm theoretical foundation on which new materials
can be posed.

Il. The end-groups are available for modification. This is achieved in practice by a variety of
methods both during polymerization and modification of prefabricated polymers. A
particular sample of a certain polymer can be divided into batches having the same M,,
and dispersity in mass but different end-groups. In this way, the properties of the polymer
chain can be standardized and only the end-groups compared.

lll.  The availability of commercial polymers with end-groups that can be modified makes this
strategy attractive from the point of view of scalability. A defined industrial standard is a
good starting point for variation of design and valorization of performance.

The End-Capped Polymer Electrolytes (EC-SIPEs) reported by H. Ohno and coworkers, and others
(Table I-1), inspired this work. There appeared in recent years more elaborate polymer
architectures based on exotic monomers and hybrid strategies, but the improvement in ionic
conductivity and electrochemical stability has been incremental. Perhaps the limitations of these
existing ideas are not fully understood.

The end-capped polymer electrolyte enables some key variations of physical properties that can
help us to understand fundamental aspects of ion transport. The commendable performance of
known EC-SIPEs enables their study as neat polymer electrolytes without formulation with other
compounds. However new research must keep certain figures of merit, such as ionic conductivity,
the electrochemical stability window, and the lithium transference number.

Variation of the chain length of an EC-SIPE changes numerous important properties of the
electrolyte. For example, the chain length is proportional to the concentration of end-groups. In
the case of ionic end-groups designed for lithium ion transport, this is equivalent to variation of
the concentration of binary salt. However, in EC-SIPEs the anion is covalently bound to the
polymer chain end, enabling "Single-lon" transport. When the chain length is decreased to the
order of a few persistent lengths (segments) of the polymer, the physical properties of the EC-
SIPEs will change dramatically. The correlations of chain length with physical properties such as
the glass transition temperature, melting point, and mechanical modulus are very acute at the
length scale of a few segments. In practice, this is less than fifty repeating units for many polymers.
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Based on the trends developed by the groups summarized in Table 1, some confinement was
placed on the strategy:

I. The polymer should be PEO. This places EC-SIPEs in context of a well-established
performance of polymer electrolytes. The impact of the end-group can be viewed in
context of a known polymer.

Il.  The EC-SIPEs should have the ionic end-group at one chain end. The ionic conductivity of
EC-SIPEs having one ionic end-group is consistently reported as better than a bis-end-
capped EC-SIPE having the same ionic end-group concentration.

lll.  The polymer chain should be short. A high concentration of ionic end-groups is required.
The end-groups of a long chain polymer are too dilute to be studied effectively. Their
properties are obscured by those of the chain. It is well-reported that the best
performance in ionic conductivity is often achieved using short chains having 10-20
repeating units.

With this in mind, the following synthetic route was developed (Fig. 1-25). Using commercial
poly(ethylene oxide) monomethyl ethers (mPEO,-OH) having different degrees of polymerization
(EOn=38, 10, 20, 55, and 160), a library of MEC-SIPEs was synthesized. It is noted that the very same
batch of each mPEO,-OH was used for the synthesis of all the different MEC-SIPEs of a certain
polymer chain length. This excludes variation of My, and dispersity in mass.
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Figure 1-25: An illustration of the synthesis strategy for MEC-SIPEs based on mPEO,-OH. The names of the polymers
given are the ones used in the text. The details of the syntheses are described in the Experimental Chapter (vide infra:
Chapter lll).

The syntheses of the MEC-SIPEs are described in the Experimental chapter (vide infra: Chapter Il1).
In Figure 25 is illustrated how the hydroxyl end-group of mPEO,-OH precursor was elaborated to
yield comparable MEC-SIPEs. The mPEO,-SOsLi and mPEQ,-OC(O)PhSOsLi are compared through
their having the sulfonate salt. Whereas the former has a simple ionic group at the chain end, the
latter has a bent configuration at the chain end featuring phenyl ring that might enhance the
interaction parameter of the end-groups relative to the PEO chain. The mPEO,-N(Li)Naph and
mPEO,-N(Li)Pyr were synthesized for two reasons: i) secondary amines can be lithiated but are
not widely reported for lithium ion transport, and ii) aryl function at the chain end. The size of the
ring structure might promote the exclusion of the end-group from the organization of PEO
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segments. The aromatic rings might provide additional electron density to the anion, enabling
greater dissociation of Li*. The aromatic electrons are moreover delocalized in m bonding orbitals.
Polycyclic Aromatic Hydrocarbons (PAHSs) like naphthalene and pyrene are able to aggregate via
interactions of instantaneous dipoles formed in aromatic electron clouds into m-m stacking
arrangements. The 1-aminonaphthalene precursor of mPEO,-N(Li)Naph is furthermore utilized in
the synthesis of mPEO,-SO:N(Li)Naph. N-aryl sulfonamides are not widely reported in the
literature and the linkage itself might enhance the dissociation of Li* by the concerted effects of
the electronegative heteroatoms and the donation of electron density by the aromatic rings.

The number of lithium cations coordinated to a single chain end can be doubled by modification
of the end-group. The mPEOss-SANSI(Li>) could have enhanced ionic conductivity resulting from
the increased number of mobile Li*. This exceptionally large end-group is designed to maximize
the interaction parameter of the chain ends. The precursor of the "double salt" end-group of
mMPEQss-SANSI(Liz) is 1-aminonaphthalene-4-sulfonic acid (ANH). The synthetic pathway to the
MEC-SIPE was developed in this work and provides means for further variation in the end-group
design.
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Figure 1-26: The reaction scheme of the synthesis of the ANSI(Li) end-group of mPEOss-SANSI(Li;). The intermediate
compound AzNSI(Li) is used in the synthesis of the mPEO,-® NSI(Li) featuring a triazole linker.

The AzNSI(Li) intermediate (Fig. 1-26) was reacted via copper catalysed azide-alkyne [3+2]
cycloaddition to yield the mPEO,o- ®NSI(Li) having a 1,4-disubstituted 1,2,3-triazole linker (Fig. I-
27). Quaternisation of this EC-SIPE yields the zwitterionic mPEQ,o- ®*NSI(LiTFSI). This provides an
opportunity to observe the effect of having two mobile ions. Importantly, the mobility of TFSI-
might be decreased through ionic interactions with the positively charged triazolium. If this is the
case, the mPEO- ® NSI(LiTFSI) could benefit from the plasticizing effect of TFSI" with decreased
anionic contribution to ionic conductivity, relative to a SiP blend of the binary salt LiTFSI in a PEO
host.

z° 2°
0% SN 0% N
1,0 1,0
0% “CH 0% “CH,
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Figure 1-27: The reaction scheme illustrating the mPEO2-®NSI(Li) having a triazole linker and its zwitterionic
derivative mPEOQ2o-®*NSI(LiTFSI) having a triazolium, and two counterions (Li* and TFSI-).

The characterisation of these MEC-SIPEs and their particular ion transport properties are
discussed in Chapter II.
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Chapter Il

MonoEnd-Capped Single-lon Polymer Electrolytes (MEC-SIPEs) for
Lithium-lon Transport: Results and Discussion
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Résumé

Le chapitre Il de cette these présente la caractérisation d’électrolytes polyméres "MonoEnd-
Capped Single-lon Polymer Electrolytes" (MEC-SIPEs). Ces polymeres sont constitués de deux
parties : une chaine polymere (n*unité de répétition) et d’'un seul groupe terminal ionique. La
caractérisation des MEC-SIPEs est présentée en termes de performances électrochimiques. Les
MEC-SIPEs sont placés dans le contexte du transport des cations Li* pour des applications de
stockage électrochimique d'énergie. lls sont comparés aux électrolytes polymeres solides
traditionnels composés de sel binaire mélangé a une matrice héte polymére. Les caractérisations
électrochimiques des MEC-SIPEs sont présentées et discutées selon trois parametres :

I.  Conductivité lonique

Les MEC-SIPEs ont une oac de 1*10° ¢ 1*107 S.cm™ dans la plage de -10 °C & +100 °C. La
conductivité et sa dépendance thermique varient en fonction i) du groupe terminal et ii)
de la longueur de la chaine polymére.

Il.  Stabilité Electrochimique
L'application d'électrolytes aux technologies de stockage électrochimique de I'énergie
nécessite la stabilité des électrolytes dans les conditions de fonctionnement d'une
batterie. Les MEC-SIPEs sont ainsi présentés en termes de stabilité par rapport au lithium
métal. La plupart des exemples sont stables dans la plage 0 V-3,6 V vs Li/Li*.

lll.  Transport du Lithium
Le transfert net d'ions lithium est décrit et discuté. Il est présenté en termes de nombre
de transport de lithium (LTN) des MEC-SIPEs. Les MEC-SIPEs ont des LTNs compris entre
0,6 et l'uniteé.

La caractérisation des propriétés électrochimiques, thermiques et du transport ionique des MEC-
SIPE permet de proposer un modele pour le transport ionique dans cette classe d'électrolytes. Les
propriétés de transport ionique peuvent étre expliquées par I'organisation des différentes parties
du polymeére dans les phases ségrégées. Le modeéle repose sur le transport du lithium a travers
différentes phases des MEC-SIPEs. La microségrégation de phase est provoquée par la différence
de propriétés physicochimiques qui existe entre les groupes terminaux fonctionnels et la chaine
polymeére. Cette classe de MEC-SIPEs constitue une approche modulaire pour la conception
d'électrolytes polymeéres a conduction monocationique. La caractérisation de la bibliotheque
actuelle de MEC-SIPEs ouvre la voie a de nouvelles recherches sur les MEC-SIPEs possédant
différentes unités de répétitions et groupes terminaux. Une approche "High x-Low N"I est
suggérée comme moyen d'étude fondamentale du transport monocationique dans les
électrolytes polyméres.?
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Abstract

In the chapter Il of my thesis is presented the characterisation of MonoEnd-Capped “Single-lon”
Polymer Electrolytes (MEC-SIPEs). These are electrolytes composed of two parts: a polymer chain
of n repeating units and a single ionic end-group. The characterisation of these MEC-SIPEs is
presented in terms of the electrochemical performances of the MEC-SIPE. The MEC-SIPEs are
placed within the context of lithium ion transport for electrochemical energy storage applications.
They are compared to traditional so-called solid polymer electrolytes composed of binary salt
blended into a polymer host matrix. The electrochemical characterisations of the MEC-SIPEs are
presented and discussed in terms of three parameters:

I lon Transport

The MEC-SIPEs have cac from 1*10° to 1*103 S.cm™in the -10 °C to +100 °C range. The
magnitude o and its dependence on temperature are functions of i) the end-group and ii)
the length of the polymer chain.

. Electrochemical Stability
The application of electrolytes to energy storage technologies requires stability of the
electrolytes under the operating conditions of an electrochemical cell. The MEC-SIPEs are
presented in terms of their stability relative to lithium metal. Most of the examples are
stable in the 0 V-3.6 V vs Li/Li* range.

lll.  Transport efficiency
The net transference of lithium ions is described and discussed. This is presented in terms
of the Lithium Transference Number (LTN) of EC-SIPEs. The MEC-SIPEs have LTNs in the
0.6-1.0 range.

Characterisation of the electrochemical, thermal, and ion transport properties of MEC-SIPEs
permits to propose a tentative model for ion transport in this class of electrolytes. The model
relies on the transport of lithium through two phases of the bulk MEC-SIPE. These phases might
be the result of phase segregation of the different parts of the MEC-SIPEs in the bulk state. This
microphase-separation process could have its origin in the difference in the physicochemical
properties of the end-groups and the polymer chain. The MEC-SIPE class is presented as a modular
approach for the design of single ion polymer electrolytes. The characterisation of the present
library of MEC-SIPEs suggests further research on MEC-SIPEs having different repeating units and
end-groups. A "High x-Low N"[¥ approach towards MEC-SIPEs is promoted as means for
fundamental study of "Single-lon" transport in polymer electrolytes.?
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1. Introduction
1.1. Principle Objectives of the Thesis

The present work concerns the characterisation of MonoEnd-Capped "Single-lon" Polymer
Electrolytes (MEC-SIPEs). These are electrolytes composed of two parts: a polymer chain of n
repeating units and a single ionic end-group. The characterisation of the MEC-SIPEs is presented
in terms of how the physicochemical properties of the end-group can determine and tune the
properties of the MEC-SIPE. Thermal and electrochemical characterisations of the MEC-SIPEs are
presented to place these electrolytes in the context of lithium ion transport for electrochemical
energy storage devices.

The temperature dependence of ion conductivity is of particular interest because the thermal
behaviour of MEC-SIPEs is profoundly affected by the end-groups and the chain length. Thermal
characterisation by Differential Scanning Calorimetry (DSC) informs analysis of Electrochemical
Impedance Spectroscopy (EIS) measurements of these MEC-SIPEs. EIS measurements are then
extended to probe characteristic responses of the MEC-SIPEs over the -10 °C to +100 °C
temperature range.

1.2. Principle Results of the Thesis
1.2.1. Overview of the Presented Results

The characterisation of the MEC-SIPEs is divided into the following parts: Electrochemical (Section
2), Thermal (Section 3), and lon Transport Properties (Section 4). The properties described and
discussed in each section are dependent on the end-group and the chain length of the MEC-SIPEs.
Electrochemical characterisation of the MEC-SIPEs is presented to discuss the principle objectives
of i) ionic conductivity, ii) electrochemical stability, and iii) the efficiency of lithium transference.
Thermal characterisation of the MEC-SIPEs is presented in terms of results obtained by DSC. These
results inform the discussion of ion transport properties of the MEC-SIPEs. Characteristic ion
transport behaviours of the MEC-SIPEs are then discussed in terms of thermal transitions and
characteristic features observed by EIS. The ion transport properties of MEC-SIPEs are the result
of concerted effects determined by the physicochemical properties of the end-group and the
chain.

1.2.2. Electrochemical Characterisation (Section 2)
Conductivity

lonic conductivities of the EC-SIPEs based on PEO (EO,= 55) are compared to describe the effect
of the functional end-group. These polymers electrolytes are based on the same monofunctional
polymer precursor (mPEOss-OH) and therefore the chemistry of the end-group is the only variable.
The functional end-group effect gave ionic conductivity in the descending order oac(EGrp) = -
N(Li)Pyr> -N(Li)Naph> -SOsLi> -SO,N(Li)Naph> -OC(O)PhSOsLi. The highest ionic conductivity is
reported for mPEO,-N(Li)Pyr, which has oac>1*10%S.cm™ at 60 °Cand ca. 1*103 S.cm™ at 100 °C,
depending on the PEO chain length. The oacis calculated from EIS measurements performed on
cooling from 100 °C. Rational design of the functional end group afforded the "double salt" MEC-
SIPE, in which two anionic functions were bound to the same chain-end. However, mPEQOs;s-
SANSI(Liz) had the oac similar to mPEQOss-N(Li)Pyr in the reported 100-40 °C range. These MEC-
SIPEs have oac> 1*10* S.cm™ at T> 60 °C and compare well with a reference Salt-in-Polymer (SiP)
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electrolyte composed of poly(ethylene oxide) dimethyl ether (mPEOgm) blended with an
equivalent molar quantity of the binary salt LiTFSI.

The ionic conductivity was compared for each MEC-SIPE as a function of chain length. The
presented series have a maximum of oac close to EO,= 20. These are compared with mPEOgm
blended with LiTFSI at the same molar ratio of EQ/Li= 20. The most conductive MEC-SIPEs have
oac> 1*¥10*S.cm™ at T> 60 °C.

The contribution of anionic mobility to the conductivity of MEC-SIPEs was studied. A MEC-SIPE
bearing a triazole function as well as a sulfonylimide group at the end-group of PEO,, was
designed, synthesized, and characterised. This MEC-SIPE, mPEQ-® NSI(Li*), is compared to the
quaternized polymer bearing both Li* and TFSI" counterions, mMPEOy-®*NSI(LiTFSI).
Quaternisation and doping by the TFSI" anion afforded and increase of oac by one order of
magnitude. This quaternised polymer mPEQO,o- ®*NSI(LiTFSI) had not only the highest conductivity
at comparable temperatures (ca. 0.1-1.0 mS.cm?), but also the widest range of temperatures at
which ionic conductivity could be measured (i.e. from -10 to 100 °C).

Electrochemical stability

The electrochemical stability of the MEC-SIPEs depends on the end-group but is intrinsically
limited to potentials below +4.0 V vs. Li/Li* by the PEO chain and its EO repeating units. Cyclic
voltammetry of the electrolytes in asymmetric Li| MEC-SIPE | Fe coin cells revealed anodic stability
in oxidation mode up to the +3.5 to +4.0 V vs. Li/Li* range. Cathodic stability in reduction mode
was sufficient to enable plating of steel electrodes with lithium metal for all the MEC-SIPEs except
MPEO,o- ®NSI(Li), which is not stable in the reduction mode.

Stripping and plating of lithium metal electrodes is demonstrated using galvanostatic cycling with
potential limitation (10 measurement periods, alternating +/-10 uA.cm™, 4 h in each direction,
limiting E< 4.5 V vs. Li/Li*, at 40 °C). The charge transfer properties of the MEC-SIPEs is dependent
on the polymer functional end-group. Evolution of the resistivity of the electrolytes during
stripping/plating of Lithium metal in Li| MEC-SIPE|Li symmetric cells at 40 °C was observed. The
MEC-SIPEs in general do not have sufficient electrochemical stability to permit application as neat
electrolytes in lithium batteries using lithium metal anodes.

Transference of Lithium

The Lithium Transference Number (LTN) of the MEC-SIPEs having EO,= 20 is reported in the t*;=
0.7-1.0 range (at 40 °C). The magnitude of the LTN is dependent on the polymer functional end-
group. This is higher than the PEO/LITFSI blend having equivalent Li* concentration (EO/Li= 20)
under the same measurement conditions (t*,= 0.4). The zwitterionic polymer electrolyte mPEO2o-
®*NSI(LiTFSI) has two mobile counter ions (Li* and TFSI') but also a high LTN (t*,= 0.8).

1.2.3. Thermal Characterisation (Section 3)

The thermal behaviours of the MEC-SIPEs are dependent on the functional end-group and the
chain length. The MEC-SIPEs are compared to their mPEO,-OH precursors. The addition of a single
ionic end-group to the polymer chain decreases the peak temperature (T,) of the endothermic
transitions (AHendo) Observed on heating. The exothermic transitions (AHexo) of MEC-SIPEs were
decreased in both temperature and enthalpy change relative to the precursors. Erasure of
crystallinity in the MEC-SIPEs is correlated to improved ionic conductivity. MEC-SIPEs having EOn=
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55 have measurable ionic conductivity at temperatures above 40 °C. Depression of the AHendo
transitions attributed to the melting of PEO segments is observed for MEC-SIPEs having apparently
shorter chains relative to their mPEO-OH precursors. This is correlated to MEC-SIPEs of EO,=8, 10,
and 20 having ionic conductivity at ambient temperature.

Variation of the rate of cooling causes the augmentation of T, and AHengo Of certain transitions
observed on heating of MPEO40-N(Li)Pyr. These are compared to the mPEO20-OH precursor and to
the literature as basis for a tentative model of the thermal behaviour of the MEC-SIPE. The
observed thermal properties the MEC-SIPE are proposed to be the result of concerted
organisation of the two sub-parts of these ionically conducting macromolecules on cooling.

1.2.4. Characteristic lon Transport Properties (Section 4)

The typical response of the bulk resistance of a polymer electrolyte is accompanied in MEC-SIPEs
by the formation of other resistive features. These features in EIS are described in terms of their
characteristic frequencies and the temperatures at which they appear. The frequency dependence
of ionic conductivity was probed for MEC-SIPEs across the temperature ranges afforded by their
design (with respect to the single functional end-group and the length of the PEO chain). The
measurement window of observed frequencies is constant, with respect to the frequency range
of the EIS spectrometer and experimental conditions of the measurement. However, the nature
of the ionically conductive phases observed within this measurement window of frequency and
temperature is determined by the physicochemical nature of the MEC-SIPE. Their properties are
different to SiP electrolyte blends having comparable concentrations of lithium ions. lon transport
in MEC-SIPEs is correlated to their (macro)molecular design.

Very strikingly, repeated heating and cooling the MEC-SIPEs afforded an improvement of oac by
as much as half an order of magnitude. The best results are of the “double salt” mPEOss-SANSI(Li2)
(EO/Li= 23; 0.5 wt% Li*; 14 wt% of functional End-Groups), and mPEOss-N(Li)Pyr (EO/Li= 55; 0.3
wt% Li*; 9 wt% of functional End-Groups). This is a significant result for a polymer electrolyte
having a low concentration of Li* and a low concentration of ionic end-groups (i.e. lithium salts).
This improvement is not observed for PEQ/LITFSI blends of equivalent salt loading. The ion
transport and thermal properties of the MEC-SIPEs are examined together to propose a tentative
explanation for the increase in ionic conductivity with thermal cycling.

1.2.5. Conclusions and Perspectives

Characterisation of the electrochemical, thermal and ion transport properties of MEC-SIPEs
permits to propose a tentative model for ion transport in this class of electrolytes. The model
relies on the transport of lithium through two phases of the bulk MEC-SIPE. These phases might
be the result of phase segregation of the different parts of the MEC-SIPEs in the bulk state. This
microphase-separation process might originate from the difference in the physicochemical
properties of the end-groups and of the polymer chain. The MEC-SIPE class is presented as a
modular approach for the design of single-ion polymer electrolytes. The characterisation of the
present library of MEC-SIPEs suggests further research on EC-SIPEs having different repeating
units and end-groups. A High x-Low N approach towards EC-SIPEs is promoted as means for
fundamental study of "Single-lon" transport in polymer electrolytes.
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2. Electrochemical Characterisation of MEC-SIPEs
2.1. The lonic Conductivity of MEC-SIPEs

2.1.1. Overview of the Measurement Method and Analysis of the Data

The ionic conductivity of an electrolyte solution is dependent on the mobility of a solvated ion pair
(Eqn. 11-1).537]

Equation II-1: The molar ionic conductivity of an ion as a function of the ionic charge (z) and mobility (1), where the
Faraday constant F= N,e. D is the diffusion coefficient, R is the ideal gas constant, and T is the temperature in kelvin.

1= F_ZFD .
m =R 2= 2

Therefore, the ionic conductivity of the electrolyte is the sum of the conductivities of the cation
and the anion (Eqn. 11-2).

Equation 11-2: The molar ionic conductivity of an electrolyte solution is the sum of the ionic conductivities (A) of the
ions, where v is the stoichiometric quantity of the ions.

A, =v, A, +v A

Combining equations 1 and 2 yields the limiting ionic conductivity of the electrolyte (Anm), defined
in the Nernst-Einstein equation (Eqn. 1I-3). This molar value limits the conductivity of the
electrochemical cell relative to the molar quantity of ions in the electrolyte (i.e. the concentration
of salt between the electrodes).

Equation 1I-3: The limiting molar ionic conductivity of an electrolyte solution.
F2
Ap = (viz2D, +v_z2D_) BT
The ionic conductivity of the electrolyte is a function of the mobility of the ion pair, as expressed
by the Nernst-Einstein equation (Eqn. 1I-3). In the case of a MEC-SIPE, the anion is covalently
bound to the polymer chain. The mobility of the anion is thus limited by the mobility of the
polymer chain. When the polymer chain is sufficiently long to permit entanglement of chain
segments, the mobility of the chain (and therefore the anions) is effectively minimised. In the
practical timescale of experimental analysis and battery usage, the mobility of the anions is close
to zero. Therefore MEC-SIPEs are expected to have decreased ionic conductivity as a consequence
of decreased anionic mobility. However, the efficiency of charge transfer by Li*is expected to
increase as the fraction of charge transferred by Li* approaches unity.

The ionic conductivity is calculated from Electrochemical Impedance Spectroscopy (EIS). The
electrolyte is placed between parallel plates of blocking (non-injecting) electrodes and a sinusoidal
voltage (V) is applied at varying angular frequency (w) and constant amplitude (Vo).

Equation II-4: The applied sinusoidal voltage having angular frequency (w) at a constant amplitude (Vo) in
electrochemical impedance spectroscopy (EIS).

V =Vy[cos(wt) + i sin(wt)]

The current (1) is then recorded as a function of the applied potential. The impedance (Z) is a
complex function defined as the sum of its real (Z') and imaginary parts (Z”’):
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Equation 1I-5: The definition of electrochemical complex impedance (Z).

V =zl
7= Z=7'"+iZ
With the real (Z’) and imaginary (Z"’) parts having the following identities:

Equation 11-6: the identities of the real (2’) part of the complex impedance (Z).
Ry
!

= 2
|1+ (wCyRy)’]|
Equation 11-7: the Identity of the imaginary part (2”’) of the complex impedance (Z)
2 C
1+ (wC,R, (1 + ﬂ)]
] :[ (o) 1+

wCq [1+ (wchb)Z]

Z

Where w is the angular frequency (rad.s), C, is the capacitance of the cell geometry, Cy is the
capacitance of the electrical double layer at the electrode-electrolyte interface, and Ry is the bulk
resistance. Rearrangement of the equations of Z’ and Z” yields the equation defining the semi-
circular plot observed when the imaginary impedance (Z”) is plotted as a function of the real
impedance (Z’) in the complex plan. The resultant complex representation is the Nyquist plot.

Equation 11-8: Rearrangement of Z’ (Eqn. 6) and 2’ (Eqn. 7) affords the semi-circular, complex relation of the Nyquist

plot.

Rp\? Rp\?

— ) = Z'——) +(Z')?

(z) =(z-3) ~@»

This enables plotting of the imaginary part (Z”’) as a function of (Z’) in the complex plane, to obtain
a semi-circular relationship with a centre at Z’= (Ry/2), Z"’= 0, on the real (Z’) axis. The intercept of
this semi-circle (at Z’= Ry, Z’= 0) is determined by the bulk resistance of the electrolyte. The value
of this feature on the real axis is used to calculate the ionic conductivity (S.cm™) of the electrolyte
using Ry in the following equation:

Equation 11-9: The ionic conductivity (o / S.cm™) is the product of bulk resistance (R, / Q) and the cell constant, where
lis the electrolyte thickness (cm) and A is the electrode surface area (cm?)

1 1
6= — —
R, A
Rb can be identified either by direct inspection of the Nyquist plot or, in the case of deviation from
the ideal shape, by fitting the experimental data to an appropriate equivalent circuit model.

2.1.2. The effect of End-Group design

The physicochemical character of the ionic function of a SIPE has a large effect on the bulk ionic
conductivity of the electrolyte. The SIPEs are compared at constant PEO chain length (EO,= 55) for
temperatures in the 40-100 °C range. The EC-SIPEs having EO,= 55 and a single ionic end-group
thus have a ratio of EQ/Li= 55, and the bulk concentration of lithium salt is one salt (end-group)
per chain. Poly(ethylene oxide) dimethyl ether (H3C-PEOgo-CHs) having non-interacting methyl
chain ends is used as a comparison to the synthesized MEC-SIPEs. This polymer abbreviated
hereafter as mPEOgom is blended with one molar equivalent of the ubiquitous salt LiTFSI. The
resultant SiP (mMPEOgm/LITFSI) blend has a concentration of one salt per polymer chain and a ratio
of EQ/Li= 60.
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Figure 1I-1: The conductivity (o / S.cm') as a function of
Temperature (T / 103.K1) for mPEOgm/LiTFSI (EO/Li= 60)
SiP blend (x), mPEOss-SOsLi (+), mPEOss-OC(O)PhSOsLi
(<). The VTF fit of each set are represented (red lines,—).
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Figure 11-2: The conductivity (o / S.cm™) as a function of
Temperature (T / 103.K'?) for mPEOgm/LiTFSI (EO/Li= 60)
SiP blend (x), mPEOss-N(Li)Pyr (1), mPEOss-N(Li)Naph (O),
and mPEOss-SO;N(Li)Naph (A). The VTF fit of each set are

represented (red lines,-).
conducted on cooling (100 — 40 °C).

The measurements were conducted on cooling (100 — 40
°C).
The polymer electrolytes studied at constant PEO chain length (Fig. ll-1 & Fig. 11-2) are measured
according to the same protocol: heating from ambient temperature (of ca. 20°C) to 100 °C, and
recording of the electrochemical impedance spectrum (EIS) on cooling down to 40 °C. The lines
drawn are generated by least-squares fitting of the experimental data to the Vogel-Tamman-
Fulcher (VTF) relation.!®”! The agreement of o with the VTF model will be discussed in a broader

context, in Section 4.

The ionic conductivity (o) of the SiP mPEOQgm/LITFSI (EO/Li= 60) follows the expected trend:
reaching 1*102 S.cm™ at 100 °C, and then decreasing with temperature upon cooling. A similar
shape of o as a function of reciprocal temperature is observed for the MEC-SIPEs. The polymer
mMPEQss-SOsLi represents the simplest MEC-SIPE in terms of functional end-group design and has
an ionic conductivity o of ca. 1 order of magnitude lower than the comparable SiP blend (Fig. lI-
1). The incorporation of a phenyl ring into the end-group of the polymer mPEQss-OC(O)PhSOsLi
results in a further drop of o to an order of magnitude lower than mPEQOss-SOsLi. The N-naphthyl
sulfonamide end-capped mPEQOss-SO,N(Li)Naph (Fig. 11-2) has a similar dependence of ionic
conductivity on reciprocal temperature to the sulfonate (Fig. 1l-1). The sulfonamide and the
corresponding secondary amine mPEOss-N(Li)Naph have almost identical performance (Fig. 11-2).
However, increasing the size of the aryl substituent improves the ionic conductivity. The pyrene-
functionalised mPEQOss-N(Li)Pyr has an ionic conductivity of ca. half an order of magnitude higher
than the naphthyl-functionalised MEC-SIPE (Fig. 11-2).

All of the MEC-SIPE polymers having EO,= 55 crystallised below 40 °C. The growth of crystalline
domains decreased the percolation of the amorphous ionically conductive domains through the
microscopic dimension of the measurement (through plane measurements in between blocking
(gold) electrodes separated by ca. 50-100 um). The corresponding perturbation of the complex
impedance resulted in non-ideal fitting of the Nyquist plot and a large drop in apparent ionic
conductivity of the electrolytes. The same drop in o was observed for the SiP mPEOgm/LiTFSI
blend.
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The effect of lithium concentration was probed for an MEC-SIPE of the same PEO chain length.
The lithium ion concentration at the functional chain end was increased by elaboration of the end-
group design. By modifying the functional end group to have two anionic functions, the EC-SIPE
mMPEQOss-SANSI(Liz) is created. This MEC-SIPE has two lithium ions associated with the end group
by ionic interactions. The bulk lithium concentration of this MEC-SIPE is therefore double that of
an EC-SIPE having a single anionic function at the end-group.

The temperature dependence of the ionic conductivity of mPEOss-SANSI(Li,) (EOQ/Li= 23) is
compared to mPEOss-SO,N(Li)Naph (EO/Li= 55) and to the SiP mPEOgm/LiTFSI (EOQ/Li= 60) blend
(Fig. I1-3). Although the concentration of Li* is doubled, the polymer mPEOss-SANSI(Li;) has ionic
conductivity only slightly higher than the mono-salt mPEQOss-SO,N(Li)Naph, at T > 60 °C. If salt
concentration was the major limitation of o, one would expect an increase in o proportional to
the increase in lithium concentration. However, the two salt functions of mPEOss-SANSI(Li2) (i.e.
the -SO,N(Li)Naph- and the -SO,N(Li)SO,CHs) are unlikely to have the same energy of dissociation.
The salt having the lower energy of ion dissociation would have the higher contribution to the
conduction of Li* ions. The small increase in ionic conductivity of mPEOss-SANSI(Li,) compared to
MPEOss-SO,N(Li)Naph implies that the bulk concentration of Li* is not the only limiting condition
of this performance.
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Figure 11-3: The conductivity (o / S.cm™?) as a function of Temperature

(103.K1) for mPEOss-SANSI(Li;) (filled circles, ®), mPEOgm/LIiTFSI

(EO/Li= 60) SiP blend (x), mPEOss-N(Li)Pyr (1) and mPEOss-

SO,N(Li)Naph (A). The VTF fit of each set are represented (red lines,—

). The measurements were conducted on cooling (100 — 40 °C).
It is significant that the mono-salt mPEOss-N(Li)Pyr has the highest ionic conductivity of all the
MEC-SIPEs having EO,= 55. The high performance of the pyrene-functional EC-SIPE might result

from any or all of the following:

. Improved dissociation of Li*. Donation of aromatic electron density from the pyrene might
increase delocalisation of the anionic charge and thus decrease the interaction energy of
the ion pair. A decrease in the interaction energy of the ion pair would enable faster
transfer of Li* between coordination sites. This would increase the mobility of Li* and
afford increased ionic conductivity. However, the dissociation energy alone is not
sufficient to explain the superior performance of mPEOss-N(Li)Pyr. A highly dissociated
salt pair does not afford ionic conductivity unless the Li* is able to percolate effectively
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through the (microscopic: vide supra) length scale of the measurement. A delocalised Li*
does not contribute to ionic conductivity unless it is able to travel from one electrode to
the other.

1. Improved number and type of specific interactions of the ionic end-groups might improve
the percolation of conductive pathways through the bulk electrolyte. The -N(Li)Pyr end-
groups might associate in the bulk electrolyte through ionic and rt-it stacking interactions.
Improved m-mt stacking of -N(Li)Pyr might improve the ionic conductivity of mPEQOss-
N(Li)Pyr relative to mPEOss-N(Li)Naph (Fig. 11-3).

1l. Mixed contributions of ionic and electronic conduction. The pyrene group might be
considered as a molecular analogue of electronically conductive graphene. The multi-ring
aromatic might contribute electronic conductivity to the bulk MEC-SIPE if the end-groups
are closely associated through specific intermolecular forces.

These possible phenomena (i-iii) could explain the high conductivity performance observed of
mPEOss-N(Li)Pyr in EIS. The specific interactions of end-groups, the percolation of ionically
conductive pathways, and a possible mixed contribution of ionic and electronic conductivity would
moreover act concertedly to yield the high performance observed. However, EIS analysis of the
present set of MEC-SIPEs alone does not provide definitive evidence of these possible structure-
property correlations.

2.1.3. The effect of PEO chain length

The ionic conductivity of MEC-SIPEs is dependent on the Degree of Polymerisation (DP,) of PEO.
The concentration of ionic end groups varies inversely with the PEO chain length. Increasing the
length of the PEO chain decreases the bulk concentration of functional end-groups. The molar
guantity of ion pairs for a given cell dimension determines the ionic conductivity of the electrolyte.

The concentration of salt is quantified for purposes of comparison by calculating the mass fraction
of salt in the polymer electrolyte. In the case of a SiP electrolyte, the calculation is the mass of salt
divided by the sum of the mass of salt and the mass of the polymer (Egn. 11-10).

Equation 11-10: The mass fraction of salt (¢sar) in a Salt-in-Polymer (SiP) blend
Mgqit

(msalt + mpolymer)

¢m(salt) =

In the case of a MEC-SIPE, the salt is the functional end group of the polymer. To account for the
variation of the mass of the functional end group (ion pair), the above equation is applied. The
identity of the salt is the functional end group and the mass of the polymer is that of the polymer
(PEO) chain only.

Equation lI-11: The mass fraction of salt (¢sat) in a MonoEnd-Capped Single-lon Polymer Electrolyte (MEC-SIPE) having
an ionic (i.e. lithium salt) function at the polymer chain end. The mass of the end-group (meerp) is, for a MEC-SIPE,
equivalent to the mass of a given binary salt ion pair. The mass of the polymer corresponds to the chain of repeating
units only (i.e. the PEO chain).

mEGrp

(mEGrp + mchain)

d’m(EGrp) =

The different end-groups presented have different molecular masses. Changing the end-group of
the MEC-SIPE results in a change in the concentration of lithium per unit mass of MEC-SIPE at
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constant EO/Li ratio. The concentrations and mass fractions of ionic end-groups, and the lithium
concentrations of the different EC-SIPEs in this work are summarised (Table II-1).
Table II-1: The Degree of Polymerisation (DP, / EO,), Number Average Molecular Mass (M, / g.mol?), the mass

fraction of the end-group (bm(eerp)) and the mass fraction of lithium (bm()) of the presented MEC-SIPEs having
different functional End-Group Identities.

MEC-SIPE
End-Group DPn Mamecsire)  Pmiecrp) bmai)
Identity (g.mol?) | (EOn) (g.mol?)
-SOsLi 87 8 470 0.18  0.015 ol
10 530 0.16  0.013 S NN P Ny
20 990 0.09  0.007 ¢
55 2480 0.04 0.003 mPEO-SOgLi mPEO-OC(O)PhSQ,lLi
-OC(O)PhSOsLi 207 8 590 035  0.012 \/\
10 650 032  0.011 ° N
20 1110 0.19  0.006 MPEO-SO,N(Li)Naph
55 2600 0.08  0.003 \/\ rEo O@‘O
-SO:N(Li)Naph 213 8 600 0.36  0.012
10 655 0.33 0.011 mPEO-N(Li)Naph mPEO-N(Li)Pyr
20 1115 0.19  0.006 ot g
55 2610 0.08  0.003 oo
-N(Li)Naph 148 8 540 0.28  0.013 v
10 590 025  0.012 mPEQ-SANSI(LE,)
20 1050 0.14 0007 . " /\)\[:
55 2550 0.06  0.003 L,/
-N(Li)Pyr 223 8 610 0.37  0.011 b
10 670 0.34  0.011 D
20 1130 020  0.006 e "
55 2620 0.09  0.003 o
-SANSI(Li2) 377 55 2770 0.136  0.005 MPEO;o-@NSI(Li)  mPEOo- @*NSI(LITFSI)
-@NSI(Li) 401 20 1300 0.308  0.005
-@*NSI(LITFSI) 696 20 1600 0.436  0.004

The conductivities of the MEC-SIPEs were compared as a function of chain length (EO.= 8, 10, 20,
55) for each functional end group. The maximum ionic conductivity for each polymer is observed
for PEO DP,= 20. The maximum of the ionic conductivity, with respect to temperature, is
dependent on the functional end-group of the MEC-SIPE.

The ionic conductivity of the MEC-SIPEs is compared to SiP blends of mPEOgm/LIiTFSI. In the case
of the SiP, the quantity of salt (LiTFSI) is varied according to the ratio of ethylene oxide units per
lithium cation (EO/Li). Three SiP blends are presented in terms of their ionic conductivity as a
function of temperature (Fig. 1I-4), corresponding to EO/Li loadings of 10, 20, and 60. The
conductivity of the SiP electrolyte increases with salt concentration (Fig. l1-6). The SiP blends all
exceed 1*10* S.cm™ above 40 °C and exceed 1*103 S.cm™ at 100 °C (Fig. 1I-4). However, the
addition of salt enables the effective conduction of ions at temperatures below 40 °C in the case
of mMPEOgm/LITFSI having EO/Li= 20 and EQ/Li= 10. This will be discussed with respect to MEC-
SIPE polymers of equivalent EQ/Li ratios.
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Figure II-4: The conductivity (o / S.cm™?) as a function of
Temperature (T / 103.K1) for the SiP mPEOgm/LiTFSI
blend having different EO/Li ratios. The experimental
data of the blends EO/Li= 60 ((J), EO/Li= 20 (O) and
EO/Li= 10 (A) were recorded on cooling from 100 °C.
The data are fitted to the VTF model (red lines, -).
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Figure 11-6: The conductivity (6 / S.cm?) of
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of salt (LiTFSI). The corresponding ratio of EO/Li is also
displayed. The lines (+-+) are drawn as a guide for the eye
only. The experimental data correspond to those
displayed in Figure II-4.
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Figure II-5: The conductivity (o / S.cm™?) as a function of
Temperature (T / 103.K1) for the MEC-SIPE mPEO,SOsLi
having different EO/Li ratios. The EO/Li ratio is fixed
according to the polymer DP, (EO,). The experimental
data of EO/Li= 55 (CI), EO/Li= 20 (O) and EO/Li= 10 (A)
and EO/Li=8 (A) were recorded on cooling from 100 °C.
The data are fitted to the VTF model (red lines, -).
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Figure II-7: The conductivity (o / S.cm™) of mPEO,-SOsLi
as a function of the mass fraction (¢.,) of salt (the
polymer end-group). The corresponding ratio of EO/Li
is also displayed. Here the ratio EO/Li for the MEC-SIPE
is determined by the polymer DP, (EO,). The lines ()
are drawn as a guide for the eye only. The experimental
data correspond to those displayed in Figure II-5.

The SiP blends can be compared to the ionic conductivities of MEC-SIPEs having different PEO
chain lengths. The ionic conductivity of the MEC-SIPE mPEQO,-SOsLi having EOn= 8, 10, 20, and 55
(Fig. 11-5) is lower than the comparable SiP electrolyte (Fig. 1l-4). A difference in o of more than
one order of magnitude is realised when the PEO chain length of mPEQ,-SOsli is varied in the
range EOn,= 8-55. This is evidence of a high dependence of o on the functional end-group
concentration. The highest ionic conductivity is achieved by mPEO2-SOsLi (EQ/Li= 20) across the
entire measurement range presented (Fig. 1I-5). It is notable that the ionic conductivities of
mMPEO,-SOsLi having EOQ/Li= 55 and EO/Li= 20 are the same at 40 °C despite the large difference in
the concentration of ionic end-groups.
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Whereas the concentration of Li* in the SiP electrolyte is dependent on the loading of the small
molecular salt (Fig. 11-4), the concentration of Li* of the MEC-SIPE is dependent on the chain length
(DP») of the polymer electrolyte. The dependence of the ionic conductivity on the concentration
of Li* for the two different electrolytes is presented. Whereas o of the SiP electrolyte increases at
higher salt concentration (Fig. II-6), the optimum in o of mPEO,-SOsLi (Fig. 1I-7) is reached at an
intermediate concentration of ionic end-groups (EO/Li = 20). The conductivity is represented in
the linear scale to emphasize this fact (Fig. 11-6 & Fig. lI-7). The difference in o, of ca. one order of
magnitude, is evident for Li* concentrations of EQ/Li= 55 and EO/Li= 20. However, the difference
is much greater for higher concentrations of salt. It is also notable that the same EOQ/Li ratio is
achieved at lower ionic content for the MEC-SIPE, in comparison to the SiP electrolyte. This is
because the molecular mass of the lithium sulfonate end-group (SOs'Li*) has a lower molecular
mass (88.0 g.mol ™) than LiTFSI (287 g.mol™). The result is that the MEC-SIPE has a higher density
of Li* per mole of ionic species (i.e. salt).

The ionic conductivity of the MEC-SIPEs having different end-groups is presented for the same
PEO chain lengths as for the model polymer mPEO,-SOsLi (EQ/Li= 8, 10, 20, and 55). The lower
conductivity of mPEOssOC(O)PhSOsLi (EOQ/Li= 55) in comparison to mPEOss-SOsLi (Fig. 11-1) is
representative of the general performance of this EC-SIPE having different PEO chain lengths (Fig.
11-8). The mPEO,OC(O)PhSOsLi design has maximal o of 2.2*10° S.cm™ at 100 °C (EO/Li= 8).

The ionic conductivity of mPEO,-SO,N(Li)Naph is generally greater than that measured of mPEO,-
OC(O)PhSOsLi, reaching ca. 1*10* S.cm™ at 100 °C for each of the MEC-SIPEs having EO/Li= 8, 10,
and 20 (Fig. 11-9). These two MEC-SIPEs, despite having very different functional end-groups, have
similar mass fractions of end-groups. Their end-groups occupy maximally ¢may= 0.35 for the
shortest polymer chains presented (EO.= 8). Although there is ca. one order of magnitude
difference in the o of these two MEC-SIPEs, the trend of ¢ as a function of ¢m(sar) follows a similar
trend for both MEC-SIPEs (Fig. 11-10 & Fig. II-11). Both polymers have maximal o for EQ/Li= 20, and
higher o for EOQ/Li= 8 than for EQ/Li= 10.

The large difference between the ionic conductivities of the sulfonates of the MEC-SIPEs might be
a result of the electron-withdrawing effect of the phenyl substituent of mPEO,-OC(O)PhSQsli. The
phenyl ester is an electron-withdrawing group (EWG) due to both resonance and inductive effects.
The decrease in electron density at the lithium sulfonate of mPEO,-OC(O)PhSOsli arising from the
EWG ortho to the lithium salt can decrease the dissociation of Li* from the end-group. This would
increase the activation energy of the dissociation of the ion pair and impact the temperature
dependent conductivity of the mPEOQ,-OC(O)PhSOsLi end-group.

The mPEO,-SO:N(Li)Naph is generally less conductive than the simple sulfonate end-capped
mPEO,-SOsLi and more conductive than the mPEO,-OC(O)PhSOsLi. The great difference in the
functional end-group does not allow direct comparison of these three MEC-SIPEs. It is
nevertheless demonstrated that mPEO,-SO;N(Li)Naph has ionic conductivity (Fig. 11-11)
comparable to the model mPEO,-SOsLi (Fig. 11-9).
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Figure 11-8: The conductivity (o / S.cm™?) as a function of
Temperature (T / 103.K1!) for mPEO,OC(O)PhSOsLi
having different EO/Li ratios. The EO/Li ratio is fixed
according to the polymer DP, (EO,). The experimental
data of EO/Li= 55 (CJ), EO/Li= 20 (O) and EO/Li= 10 (A)
and EO/Li=8 (A) were recorded on cooling from 100 °C.
The data are fitted to the VTF model (red lines, -).
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Figure 1I-10: o (S.cm'') of mPEO,-OC(O)PhSOsli as a
function of the mass fraction (¢.,) of the polymer end-
group. The corresponding ratio of EO/Li is also
displayed. The lines (::+) are drawn as a guide for the eye
only. The experimental data correspond to those
displayed in Figure II-8.
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Figure 11-9: The conductivity (o / S.cm™?) as a function of
Temperature (T / 103.K!) for mPEO,SO,N(Li)Naph
having different EO/Li ratios. The EO/Li ratio is fixed
according to the polymer DP, (EO,). The experimental
data of EO/Li= 55 (CI), EO/Li= 20 (O) and EO/Li= 10 (A)
and EO/Li=8 (A) were recorded on cooling from 100 °C.
The data are fitted to the VTF model (red lines, =).
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Figure II-11: o (S.cm'') of mPEO,-SO;N(Li)Naph as a
function of the mass fraction (¢.,) of the polymer end-
group. The corresponding ratio of EO/Li is also
displayed. The lines (::+) are drawn as a guide for the eye
only. The experimental data correspond to those
displayed in Figure II-9.
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The MEC-SIPEs having lithiated secondary amines have higher ionic conductivity than the
sulfonates and the sulfonamide. The mPEO,-N(Li)Naph EC-SIPEs with EQ/Li= 55, 20, and 8 all reach
1*10*S.cm™ at 100 °C (Fig. 11-12). The mPEO10-N(Li)Naph (EO/Li= 10) has o one order of magnitude
higher than the polymers having the same end-group but different EO,. Whereas mPEOs-
N(Li)Naph has o= 8.5*10° S.cm™ at 100°C, mPEO1o-N(Li)Naph has 0= 8.7*10* S.cm™ at 100°C (Fig.
11-12). This large difference is unexpected. We are left to tentatively propose that it might be the
result of specific end-group interactions facilitated by the thermal behaviour of a PEO;o chain. The
specific dependence of o on PEO chain length of mPEO,-N(Li)Naph highlights that the relationship
between chain dynamics and the functional end-group chemistry is neither straightforward nor
trivial. In this case, high ionic conductivity is increased or decreased by one order of magnitude in
correlation with a difference of a small number of EO units.

Replacing the naphthalene ring with a pyrene one dramatically changes the temperature
dependence of ionic conductivity of the MEC-SIPEs bearing aryl amine end-groups. All of the
MPEO,-N(Li)Pyr EC-SIPEs exceed 1*10* S.cm™ above 60 °C (Fig. 1I-13). The larger aryl ring function
of mPEO.-N(Li)Pyr is illustrated by the shift in the ®mesar) (Fig. 11-15) in comparison to
mMPEO,N(Li)Naph (Fig. 11-14). The dependence of 6 on Pm(sary for MPEO,-N(Li)Pyr (Fig. 11-15) follows
the same trend as for the sulfonates and the sulfonamide, having maximal o for EO/Li= 20 and
higher o for EQ/Li= 8 than for EQ/Li= 10.
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Figure 11-12: The conductivity (o / S.cm™) as a function
of Temperature (T / 103.K'?) for mPEO,N(Li)Naph having
different EO/Li ratios. The EO/Li ratio is fixed according
to the polymer DP, (EO,). The experimental data of
EO/Li= 55 (CJ), EO/Li= 20 (O) and EO/Li= 10 (A) and
EO/Li=8 (A) were recorded on cooling from 100 °C. The
data are fitted to the VTF model (red lines, ).
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Figure 1I-14: ¢ (S.cm™) of mPEO,N(Li)Naph as a function
of the mass fraction (¢n,) of the polymer end-group. The
corresponding ratio of EO/Li is also displayed. The lines
(-=©) are drawn as a guide for the eye only. The
experimental data correspond to those displayed in
Figure 1I-12.
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Figure 11-13: The conductivity (o / S.cm™) as a function
of Temperature (T / 103.K'?) for mPEO,N(Li)Pyr having
different EO/Li ratios. The EO/Li ratio is fixed according
to the polymer DP, (EO,). The experimental data of
EO/Li= 55 (O), EO/Li= 20 (O) and EO/Li= 10 (A) and
EO/Li=8 (A) were recorded on cooling from 100 °C. The
data are fitted to the VTF model (red lines, -).
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Figure 11-15: o (S.cm™) of mPEO,N(Li)Pyr as a function of
the mass fraction (¢n,) of the polymer end-group. The
corresponding ratio of EO/Li is also displayed. The lines
(-+) are drawn as a guide for the eye only. The
experimental data correspond to those displayed in
Figure 11-13.

The MEC-SIPEs mPEO,-SO;N(Li)Naph and mPEO,-N(Li)Naph have a weaker dependence of ¢ on
the polymer chain length (EO,) compared to the model polymer mPEO,-SOsLi. The mPEQ,-
SO,N(Li)Naph (Fig. 11-9) and mPEO,-N(Li)Naph (Fig. 11-12) have conductivity close to 1*10*S.cm™
at 100 °C, regardless of the EO/Li ratio. However, there is a larger variation of maximum o for
MPEO,-SOsLi (Fig. 11-5). This might be related to the association of polymer end-groups, which
persists in the case of the MEC-SIPEs having naphthalene groups, even when the end groups are
effectively diluted by elongation of the polymer chains.

The naphthalene structural motif is elaborated in the form of the "double salt" mPEOss-SANSI(Li,),
however the resultant ionic conduction (at EQ/Li= 27, ¢mw)= 0.005) of this polymer (Fig. 11-3) did
not greatly exceed that of mPEQss-SO,N(Li)Naph (at EOQ/Li =55, ¢m)= 0.003) despite having a
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higher apparent concentration of Li* and lower EQ/Li ratio (Table 1l-1). This suggests that ionic
conductivities of these EC-SIPEs are first limited by the PEO chain length and molecular dynamics
rather than the concentration of lithium.

With variation of the PEO chain length, the best results in terms of ionic conductivity are generally
reached for EC-SIPEs having EO/Li= 20. Outliers are the high o of mPEO1o-N(Li)Naph (EO/Li= 10)
and the uniformly superior o of mMPEO,-N(Li)Pyr. The naphthalene synthon was further elaborated
to enable systematic comparison of the polymers featuring naphthalene rings. The polymer
mMPEOss-SANSI(Li>) (EO/Li= 23) is comparable to the class based on PEO,, (EO/Li= 20) if one
considers the difference in Li* concentration to be small (Fig. 11-16).

The attempt was made with mPEOss-SANSI(Li,) to increase o by increasing the concentration of Li*
at the end-group. The design of the end-group uses two different anionic functions: i) the
sulfonamide [-SO,N(Li*)—] and ii) the bis-sulfonylimide [-SO,N"(Li*)SO,—]. The MEC-SIPE mPEOQ0-
®NSI(Li) was created using part of the protocol developed for the SANSI end-group. The
naphthalene ring is connected to the PEO chain by a 1,2,3-triazole ring. The anionic function is the
bis-sulfonylimide. The 1,2,3-triazole is electronically neutral and is not directly lithiated during the
synthesis of the EC-SIPE. Subsequent quaternisation of the EC-SIPE to yields the zwitterionic
MPEO20- ®*NSI(LITFSI).
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Figure 11-16: The conductivities (o / S.cm™) of MPEO2-SO;N(Li)Naph (O), mPEOss-SANSI(Li>) (®), mPEO2o-® NSI(Li)

(<), mPEO,o-®@*NSI(LITFSI) (A) and the SiP electrolyte mPEOgm/LiTFSI (EO/Li= 20) (X) as functions of reciprocal

temperature (T / 103.K'Y). The data are fitted to the VTF model (red lines, -).
The ionic conductivity of mPEO2- ®NSI(Li) has a dependence on reciprocal temperature that has
a similar shape to mPEQ2-SO;N(Li)Naph but at higher values (Fig. 16). The o of the double salt
mMPEOss-SANSI(Li>) (EO/Li= 23) lies between the o of these mono-salts (EO/Li= 20). The mPEOo-
®NSI(Li) remains ionically conductive with good wetting of the electrode surface at 18 °C, the
lowest temperature accessible by these MEC-SIPEs having EO,> 20 and only Li* counterions.
Quaternisation of MPEO- ®NSI(Li) yields mPEO2o-®*NSI(LiTFSI). The quaternized MEC-SIPE has
two mobile counterions: Li* and TFSI". This MEC-SIPE has the highest o of the MEC-SIPEs based on
sulfonamide and sulfonylimide anionic functions. It has o comparable to the best performing
mono-salt MEC-SIPEs: the mPEO,-N(Li)Pyr group (EO,= 8, 10, and 20), and the exceptional MPEO10-
N(Li)Naph (EO/Li= 10). The increase in conductivity of the zwitterionic MEC-SIPE is correlated to
the addition of a second mobile species. The TFSI" anion contributes to the transfer of charge
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between the electrodes. Whereas the mPEOy-®NSI(Li) mono-salt MEC-SIPE is ionically
conductive down to 18 °C, the zwitterionic mPEO.-®*NSI(LiTFSI) maintains measurable ionic
conductivity down to -10 °C (Fig. 16). Direct comparison of these two MEC-SIPEs allows the
conclusion that low temperature conductivity is afforded by the plasticizing effect of the TFSI-
anion. This is the lowest temperature accessed by any of the MEC-SIPEs having EO,= 20. The MEC-
SIPEs having shorter PEO chains (PEOs and PEO1o) also have ionic conductivity at sub-ambient
temperatures. Low temperature ionic conductivity will be discussed in Section 4.
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2.1.4. Conclusions on lonic Conductivity of MEC-SIPEs

The ionic conductivities (o) of MEC-SIPEs are compared according to the identity of the end-group
and the length of the PEO chain. These values are compared to SiP blends of mPEOgm/LiTFSI
having EO/Li ratios of 10, 20, and 60. Whereas o increases with salt concentration for the model
SiP electrolytes, it is optimised at intermediate EQ/Li ratios in MEC-SIPEs. The optimum for MEC-
SIPEs based on PEO chains appears to be close to EO,= 20. The ¢ of selected MEC-SIPEs are
summarised below (Table 1I-2).

Table 11-2: Table of summarised ionic conductivity (o / S.cm™) and corresponding lithium transference number (LTN)
of selected MEC-SIPEs (for transference of Lithium, see Section 2.3). The LTN was calculated using the Bruce-Vincent
method. The oacwas measured using blocking (gold) electrodes. These data are illustrated above (Section 2.1.3). The
two LTNs are the chronoamperometric (t*;) and corrected (t*;*) values. The data of the SiP electrolyte
mPEOQOgm/LiTFSI (EO/Li= 20) are listed for comparison.

Polymer Electrolyte oac (S.cm?) LTN
MEC-SIPE
# Polymer End-Group 20°C 40 °C 60 °C 80 °C 100 °C thy
1 mPEO2- SOsLi 5.1*10°¢ 2.1*10° 5.8%10° 1.2*10% 1.6*10* | 0.65 0.76
2 OC(O)PhSOsLi 4.5*107 2.1*10°® 6.5%10° 1.5*%10° 2.4*10° | 1.10 1.03
3 SO:N(Li)Naph 2.4*%108 1.2*10° 3.2*%10° 6.7%10° 1.1*10* | 0.73 0.91
4 N(Li)Naph 2.5*%10°8 1.2*10° 3.4*10° 7.0*10° 1.1*10* | 0.82 0.85
5 N(Li)Pyr 8.9*10° 2.5*10* 5.3*10* 9.1*10% 1.2*103% | 0.70 0.83
6 ®NSI(Li) 6.9%10°° 2.5%10° 6.8*10° 1.4*10* 1.9*10* - -
7 @ *NSI(LiTFSI) 3.2*10° 1.3*10% 3.7*10* 7.8*10* 1.1*103 | 0.82 1.00
8 mPEOss-  SANSI(Li2) 2.2*10° 5.3*10° 9.7*10° 1.3*10* | 0.98 0.95
Salt-in-Polymer (SiP) Blend
9 mPEOeom/LiTFSI (EO/Li= 20) 3.3*10* 7.4*10% 1.3*103 1.7*103 | 0.25 -
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The conductivities of mPEO,-SOsLi and mPEO,-OC(O)PhSOsLi agree well with those reported by H.
Ohno and co-workers, from whose work the synthesis protocol was adapted.®®! The mPEQ,-SOsLi
has o of ca. one order of magnitude lower than the model SiP electrolyte. The mPEO.-
SO2N(Li)Naph has similar performance. This is encouraging in terms of end-group design because
the end-group has very different chemistry. The mPEO,-N(Li)Naph also has similar performance
but the mPEO,-N(Li)Pyr design has the highest o for all chain lengths of PEO relative to MEC-SIPEs
having only Li* as the counterion. The "double-salt" mPEQss-SANSI(Li>) has similar performance to
MPEQOss-N(Li)Pyr. These MEC-SIPEs having EO,= 55 have o similar to EC-SIPEs having EO,= 20,
which illustrates the scope for end-group design to determine o relative to end-group
concentration.

MEC-SIPEs having EO,= 20 generally had the highest ionic conductivities. These MEC-SIPEs tend to
flow at room temperature, allowing easy manipulation of small quantities for the fabrication of
coin cells. These properties together enable the characterisation of the electrochemical stability
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(Section 2.2) and lithium transference (Section 2.3) of MEC-SIPEs having different functional end-
groups at constant PEO chain length while keeping the ratio EO/Li= 20.

2.2. Electrochemical Stability of MEC-SIPEs
2.2.1. Water Content of MEC-SIPEs

The MEC-SIPEs were dried in a vacuum oven (< 10 mbar, 70 °C, > 24 h) prior to assembly of coin
cells. The water content of the EC-SIPEs was calculated using the Karl Fischer titration method.*”
The results are summarised below (Table 1I-3). The MEC-SIPEs have ca. one to two molecules of
water for every ten ionic end-groups. This corresponds to a range of 160-2900 ppm. There is no
clear correlation between the mass fraction of the end-group and the water content of the MEC-
SIPE. The N-aryl amines (Table 1l-3; 4 and 5) have lower water content than mPEQ2-SO,N(Li)Naph,
suggesting that the secondary amines are more effectively dried under the applied conditions.
The zwitterionic mPEO,o-®*NSI(LiTFSI) (7) has lower water content than its precursor (6). This
might be related to the displacement of water at the triazole by TFSI" at the triazolium. Of the EC-
SIPEs, the mPEO20-N(Li)Pyr (5), mPEO2o-®*NSI(LiTFSI) (7), and mPEOss-SANSI(Li,) (8) have the
lowest water content and also the highest ionic conductivity. Only mPEO,o- ®*NSI(LiTFSI) (7) has
water content close to that of the model SiP blend (9).

Table II-3: Table of the water concentration [H,0] of MEC-SIPEs having different end-groups and EO,= 20 (except 8,
EO,= 55). The [H,0] is listed as (i) number of moles of water per mole of ionic end-groups (mol/mol), and (ii) parts
per million (ppm; pg/g). The oac (S.cm-?) and lithium transference number (LTN, see Section 2.3) is listed for reference.
The two LTNs are the chronoamperometric (t*;;) and corrected (t*,*) values. The data of the SiP electrolyte
mPEOgm/LiTFSI (EO/Li= 20) are listed for comparison.

Polymer Electrolyte oac (S.cm?) LTN [H20] End-Group
MEC-SIPE
#  Polymer End-Group 40 °C t'i t'* | mol/mol  ppm | g.mol?  dmEcrp)
1 mPEO20- SOslLi 2.1*10° 0.65 0.76 0.11 2075 87 0.09
2 OC(O)PhSOsLi 2.1*10°¢ 1.10 1.03 0.11 1748 207 0.19
3 SO:N(Li)Naph 1.2*¥10° 0.73 0.91 0.18 2898 213 0.19
4 N(Li)Naph 1.2*10° 0.82 0.85 0.14 2380 148 0.14
5 N(Li)Pyr 2.5%10* 0.70 0.83 0.08 1230 223 0.20
6 ®NSI(Li) 2.5%10° - - 0.14 1900 401 0.31
7 @ *NSI(LiTFSI) 1.3*10* 0.82 1.00 0.01 160 696 0.44
8 mPEOss-  SANSI(Li2) 2.2*10° 0.98 0.95 0.05 715 377 0.14
Salt-in-Polymer (SiP) Blend LiTFSI
g.moll  dmesan
9 mPEOeom/LiTFSI (EO/Li= 20) 3.3*10* 0.25 - 0.03 130 287 0.25
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These MEC-SIPEs were dried under the same protocol but vary in water content. The adventitious
water will react on contact with lithium metal. The formed lithium hydroxide passivates the
lithium electrode surface and decreases the charge transferred across the electrode-electrolyte
interface during electrochemical methods. LiOH is highly corrosive and can degrade most of the

84



battery components on contact. Moreover, water is able to have dipole interactions with ionic
centres. This improves the dissociation of Li* from the covalently bound anions of the MEC-SIPEs.
The increased dissociation of Li* would increase the ionic conductivity of the MEC-SIPE.

2.2.2. Cyclic Voltammetry

The electrochemical stability of the MEC-SIPEs based on PEO are inherently limited by the
electrochemical stability of the PEO chain, which is stable up to ca. Ex +4.0 V vs. Li/Li* against
active electrodes but can reach +5.0 V vs. Li/Li* in asymmetric Li|stainless steel cells. The
Electrochemical Stability Window (ESW) can be further dependent on the polymer functional end-
groups.

Cyclic voltammetry (CV) was conducted using lithium metal anodes and stainless-steel cathodes,
in coin cells of an asymmetric Li| MEC-SIPE | Stainless Steel configuration. The temperature was set
to 40 °C for the MEC-SIPEs having EO,= 20 and to 60 °C for the mPEQOss-SANSI(Li;) "double salt"
having EO,= 55. The potential sweep rate was 1.0 mV.s with measurement of the currentat1s
intervals. Separate cells were used to probe cathodic (reduction) and anodic (oxidation) stability
of the MEC-SIPEs. All the coin cells were equilibrated for 4 h at 40 °C prior to launching the
measurement. These results were benchmarked against mPEOgm/LiTFSI having a molar ratio of
EO/Li= 20. The results are presented below, in voltammograms displaying the current density j
(LA.cm™) as a function of potential (V vs Li/Li*). The electrolytes were cycled from the open circuit
to a maximum potential difference. The potential limit was increased by incremental steps of 0.2
V. The last potential sweep measured in each of oxidation and reduction is displayed for the
electrolytes to illustrate the limit of electrochemical stability (the ESW). The potential is measured
directly from the coin cell, without an external (calibrated) reference electrode. The cell potential
is quoted relative to the Li/Li* redox couple of the anode (-3.04 V vs. Standard Hydrogen Electrode
[SHE]). The potential relative to the SHE is calculated and displayed as a secondary horizontal axis
for reference only.
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Figure 11-17: CV of mPEOgm/LiTFSI (EQ/Li= 20) Figure 11-18: CV of mPEQ2-SOsLi

The electrochemical stability of the presented MEC-SIPEs is benchmarked against that of the
model SiP electrolyte mPEOgm/LiTFSI (EO/Li= 20). The SiP electrolyte is stable beyond 4.0 V vs
Li/Li* in oxidation and reaches 0 V vs. Li/Li* in reduction mode (Fig. 11-17). Some electrochemical
processes are visible in reduction mode but these do not prevent cycling of the electrolyte down
to 0 V vs. Li/Li*. Sweeping the potential down to 0 V vs. Li/Li* suggested that the electrolyte was
sufficiently stable to permit stripping and plating of lithium metal. The mPEQO,,-SOsLi was similarly
stable in the potential range of 0.0 — 4.0 V vs. Li/Li*. Redox processes are also visible for mPEOo-
SOsli in reduction mode.
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Figure 11-19: CV of mPEO2,-OC(O)PhSOsLi Figure 11-20: CV of mPEO-SO;N(Li)Naph

The MEC-SIPE mPEQ,-OC(O)PhSOsLi (Fig. 11-19) has the same ESW as mPEOy-SOsli (Fig. 11-18).
However, mPEO20-SO;N(Li)Naph has an irreversible process on oxidation (Fig. 11-20). CV of mPEQOy,-
SO;N(Li)Naph suggests that the limiting potential in oxidation is of ca. 3.6 V vs. Li/Li*. However,
this MEC-SIPE remains sufficiently electrochemically inert to enable the plating of the stainless-
steel electrode surface in reduction mode at potentials lower than 0 V vs. Li/Li*. The sulfonate (Fig.
11-19) and the sulfonamide (Fig. 11-20) exhibit similar redox peak potentials in reduction mode.
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Figure 11-21: CV of mPEO,o-N(Li)Naph Figure 11-22: CV of mPEO,o-N(Li)Pyr

The MEC-SIPEs having aromatic amines exhibit similar electrochemical behaviour in CV. The
plating and stripping of lithium metal is observed in the CV of both mPEOo-N(Li)Naph (Fig. 11-21)
and mPEO2-N(Li)Pyr (Fig. 11-22) in reduction mode. These MEC-SIPEs moreover have peak
potentials for redox processes in reduction mode that are similar to those observed for mPEO20-
OC(O)PhSOsLi (Fig. 11-19) and mPEO20-SO2N(Li)Naph (Fig. 11-20). These MEC-SIPEs have different
anionic end-groups and yet exhibit the same redox behaviours observed as a local minimum and
a local maximum in reduction mode. This suggests that the observed current has an origin that is
common to all of the polymer electrolytes. The electrolytes all contain adventitious water that
was not removed by drying and trapped during the fabrication of the coin cells. The
electrochemical potential of the hydrolysis of water (E°=-1.23 V vs. SHE = 1.81 V vs Li/Li*) is higher
than the redox couple observed during CV of the polymer electrolytes.’® However this standard
potential (E°) would decrease at elevated temperature and depend on the concentration of the
reacting species, following the Nernst equation (Eqn. 11-12).! The reaction is moreover under

kinetic control defined by the potential sweep rate, the solubility of water in the electrolyte, and
the concentration of water.
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Equation 11-12: The Nernst equation for electrochemical potential, where R is the ideal gas constant (8.314 V.C.K-
L.mol?), n is the number of stoichiometric electrons in the balanced redox equation, F is Faraday’s constant (96485
C.mol.e?) and Q is the reaction quotient.

E=E° —ﬂ-ln(Q)
nF

One possible explanation for the additional peaks observed in reduction mode (Fig. 11-17 — 11-22)
is the redox processes of oxides at the surface of the stainless-steel cathode. This hypothesis could
be tested by repeating the CV protocols using a copper cathode. Disappearence of the peaks in
Li| MEC-SIPE| Cu cells would confirm this claim.
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Although mPEQO- ® NSI(Li) is stable up to 4.0 V vs. Li/Li*, it is not stable in reduction to potentials
below 1.0 V vs. Li/Li* (Fig. 11-23). Quaternisation of this MEC-SIPE yielded the zwitterionic polymer
electrolyte mPEO2o- ®*NSI(LiTFSI), which has an ESW of 0.3-4.0 V vs. Li/Li* (Fig. 24). The improved
stability on reduction is a direct result of the chemical modification of the end-group. Potential
sweeps to below 0.3 V vs. Li/Li* were not performed on this MEC-SIPE. The mPEQOss-SANSI(Li>) has
a longer PEO chain (EOn= 55) but a similar mass fraction of end-groups (bmcrp)= 0.14). It appears
to have and ESW of 0-3.8 V vs. Li/Li* (Fig. 11-25).

Potential (E) / V vs SHE
-4 -3 -2 -1 0 1

=
w

Current Density (j) / pA - em?
(=]

e
i [=]
1
b ]
-
o
a
a2
o=
-

'
w
L

Li|EC-SIPE|Fe
mMPEO,,-SANSI(Li)
(LOmV -5, 60°C)

T T T T T

0 1 2 3 4
Potential (E) / V vs LifLi*

o
o
.

]
[l
w

i
=

Figure 11-25: CV of mPEOs5-SANSI(Li>)

87



2.2.3. Galvanostatic Cycling

Stripping and plating of lithium by the N-Aryl functional EC-SIPEs mPEO-N(Li)Naph and mPEOQO0-
N(Li)Pyr was demonstrated by CV (Fig. 11-21 & Fig. 11-22). However, the other MEC-SIPEs did not
strip and plate lithium metal under the same conditions. The transfer of lithium metal was tested
further by galvanostatic cycling with potential limitation (GCPL) at 40 °C. The limit of potential was
set to 4.5 V vs. Li/Li* in symmetric Li| MEC-SIPE | Li coin cells. The current was fixed to 10 uA.cm?
and applied for 4 h in each direction. The polymer electrolytes were cycled by alternating the
polarity a symmetrical Li| MEC-SIPE|Li cell. The first charge is named "forward" and the next
charge in the opposite cell polarity is "reverse", and so on. A sequence of one forward and one
reverse charge constitutes one cycle. Five cycles were measured of each MEC-SIPE. A cycle
constitutes a forward and a reverse flow of Li* over a total of 8 h. The applied current of 10 pA.cm’
Zis an order of magnitude lower than commonly used during charge and discharge of commercial
batteries. These experiments do not represent real-world operating parameters of batteries but
do probe the electrochemical stability of the MEC-SIPEs.

The amount of lithium transferred was calculated from the integral of the current over one period
of four hours (one period having one direction of current flow). All of the cells had an electrode
surface area of 1.131 cm? (radius= 0.3 cm). A constant current of 11.31 pA (10 pA.cm2) was applied
for 4 h and constituted a total charge transfer of Q= 0.16 C (A.s). Division by Faraday’s constant
(96,485 C.mol?) yields the number of transferred electrons n.= 1.68*102 mol. Assuming that 1 e-

corresponds to one redox couple equal to the transfer of one lithium ion [Li* + e == Li%, ne is
equal to the moles of lithium transferred in 4 h. The density of the lithium metal electrode is 0.534
g.cm?3, so the charge transferred corresponds to a hypothetical disc of 1.68*103 moles of lithium,
a diameter of 1.6 mm (the standard for a coin cell) and a thickness of 108 nm. Accordingly, for the
radius of the electrodes used in this report (d= 0.6 cm), a theoretical disc of lithium metal having
a thickness of 774 nm was transferred. This is equal to around 0.9-1.5 % of the thickness of the
electrolyte (50-80 pum).

The resistivity of the electrolytes was calculated according to the relation U=R*| and the electrode
surface area, then plotted as a function of the transferred charge. The only difference among the
MEC-SIPEs being the end-group chemistry, classification of the polymer electrolytes according to
the evolution of their resistivity can be considered as a first approximation of the electrochemical
stability of the functional end-groups.
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The MEC-SIPEs are divided into the following five categories (A-E):

A. MEC-SIPEs have constant resistivity as a function of transferred charge.

End-group: -OC(O)PhSO:sLi (Fig. lI-25), -N(Li)Naph (Fig. 11-26), -N(Li)Pyr (Fig. 1-27).

The plot is in the form of a horizontal line for each galvanostatic period (4 h). Some deviation from
the maximum theoretical charge (Q=0.16 C) is a result of the short time of a few seconds required
for inversion of cell polarity. This is observed as a difference in the maximum Q of the forward and

reverse charge periods.

Fig. 11-26—11-28: (Top) The resistivity (p / 103.Q.m) as a function of charge (Q) during galvanostatic cycling of the MEC-
SIPEs mPEO,-OC(O)PhSOsLi (Fig. 11-26), mPEO,-N(Li)Naph (Fig. 11-27), and mPEO2o-N(Li)Pyr (Fig. 11-28). The first five
cycles are shown. The arrows (—) indicate the evolution of p upon cycling. (Bottom) The GEIS spectra of the same
samples measured before (O) and after (<) GCPL. The data are fitted to an equivalent circuit (black lines, -).
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Figure 11-28: (top) p vs Q of GCPL and
(bottom) Nyquist impedance of
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Galvanostatic Electrochemical Impedance Spectroscopy (GEIS) of these same samples, measured
before and after GCPL, reveal different behaviours of the EC-SIPEs. These data together yield the
following observations of resistivity under GCPL:

I.  The mPEO2-OC(O)PhSOslLi has slightly lower resistivity (p) on the first cycle (Fig. 11-26).
Successive cycling of mPEO2o-OC(O)PhSOsli reveals constant resistivity for each charge
period, with evolution of the resistivity upon cycling. The resistivity of the bulk mPEQyo-
OC(O)PhSOsLi electrolyte is high and increases by 60 % as a result of GCPL (Fig. 11-26). The
evolution of p reveals that this EC-SIPE is not stable during GCPL.

Il.  The mPEOy-N(Li)Naph has higher ionic conductivity (Fig. 11-12) and so its lower resistivity
is expected (Fig. 11-27). The evolution of p upon cycling is less than that observed for
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MPEO-OC(0O)PhSOsLi. However, the cell resistivity increases by 100 % of the value
measured by GEIS before the first cycle. The GEIS of mPEO,0-N(Li)Naph reveals evolution
of the resistivities both the electrolyte and the electrode-electrolyte interface. This
implies i) that this MEC-SIPE is unstable on contact with Lithium metal, and ii) that adverse
reactions occur within the bulk of the EC-SIPE.

lIl.  The mPEO2-N(Li)Pyr has the lowest p, which increases by 25 % after cycling (Fig. 11-28).
The bulk resistivity of this MEC-SIPE remains the same before and after GCPL. The
evolution in cell resistivity is attributed to instability of the electrode-electrolyte interface.

The order of decreasing gross evolution of p follows the order of decreasing water content
(mol/mol) of the EC-SIPEs:

MPEQO0-OC(O)PhSOsLi (0.14)> mPEO-N(Li)Naph (0.11)> mPEQ,o-N(Li)Pyr (0.08).

Reaction of water with the lithium metal electrode might be the cause of the increase in resistivity
One possible cause of the increase in the resistivity of the electrode-electrolyte interface is the
reaction of water with the lithium metal. The produced LiOH is highly corrosive and could then
further increase interfacial resistance through passivation of the electrode surface and reaction
with the electrolyte. However, the increase in p as a percentage of the cell resistivity measured by
GEIS before and after GCPL has the following trend:

mMPEOo-N(Li)Naph (+100 %)> mPEO2-OC(O)PhSOsLi (+60 %)> mPEO6-N(Li)Pyr (+25 %).

This change in the order of the trend corresponds to the increase in the bulk resistance of mPEO0-
N(Li)Naph. The change in the bulk of that electrolyte might be the result of corrosion by LiOH.
There is lower evolution of the bulk resistivity of mPEO2o-N(Li)Pyr, which has the lowerest water
content.

In conclusion, these MEC-SIPEs have constant resistivity as a function of transferred charge.
However, evolution of the resistivity is observed during GCPL. The trend in the evolution of p
follows the trend of increasing water content. Evolution of the bulk resistivities of both mPEO0-
OC(0)PhSOsLi and mPEOo-N(Li)Naph are observed. These MEC-SIPEs are not stable on contact
with lithium metal. The mPEO2o-N(Li)Pyr has the lowest water content and also the lowest
evolution of p. The bulk resistivity of this MEC-SIPE does not change as a result of GCPL. The 25 %
increase in the interface resistance of mPEQOo-N(Li)Pyr might be correlated to the water content
of this MEC-SIPE. The mPEQ2o-N(Li)Pyr is the most stable of these three examples.

B. MEC-SIPEs have increasing resistivity as a function of transferred charge.
End-group: -SOsLi (Fig. 11-29), -SON(Li)Naph (Fig. 11-30).

The plot is in the form of a slope of increasing resistivity. After the first cycle of one forward and
one reverse galvanostatic period, the behaviour is close to constant upon cycling, with close to
the same maximum in resistivity reached per unit charge. The mPEO2-SO,N(Li)Naph (Fig. 11-30)
has slightly higher p than mPEO2o-SOsLi (Fig. 11-29) as a function of transferred charge. The
sulfonamide also has greater curvature and evolution of resistivity upon cycling.
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Fig. 11-29 and Fig. 11-30: (Top) The resistivity (p / 10-3.Q.m) as a function of charge (Q) during galvanostatic cycling of
the MEC-SIPEs mPEQo-SOsli (Fig. 11-29), mPEO,o-SO,N(Li)Naph (Fig. 11-30). The first five cycles are shown. The arrows
(—) indicate the evolution of p upon cycling. (Bottom) The GEIS spectra of the same samples measured before (O)

and after (<) GCPL. The experimental data are fitted to an equivalent circuit black lines (-).
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Although the mPEQOy-SOsli (Fig. 11-29) has a lithium sulfonate salt like mPEQ2,-OC(O)PhSOsli (Fig.
11-26), its behaviours observed by GCPL and GEIS are very different. These MEC-SIPEs have similar
water content, corresponding to 11 mol% of the MEC-SIPE (Table 1I-3). However, there is no
evolution of the cell resistivity of mPEO,-SOsLi, as measured by GEIS before and after GCPL. This
MEC-SIPE appears to be quite stable under the applied conditions. However, the p of mPEO;-
SOsli increases per unit Q during each GCPL period. This resembles the behaviour of a capacitor,
rather than the response expected of a conductor. The same trend with greater curvature is
observed for mPEO20-SO,N(Li)Naph.

The mPEQ20-SO2N(Li)Naph has a higher resistivity than mPEO-SOslLi. The GEIS of these MEC-SIPEs
reveals two resistive features, attributed to the bulk MEC-SIPE (at high frequency) and to the
electrode-electrolyte interface (at low frequency). It is estimated, using an equivalent circuit
model, that the interfacial p of MPEO20-SOsLi (5300 Q.m) and mPEO2,-SO;N(Li)Naph (6900 Q.m)
after GCPL are higher than the same features of the EC-SIPEs in group A (see above). This higher
interfacial resistance might be the cause of the curvature of the plot of p vs Q. The curvature is
greater for mPEO20-SO2N(Li)Naph, which not only has greater interfacial p, but also a higher water
content (18 mol%). These two observations can be related: reaction of water at the electrode-
electrolyte interface generates degradation products that cause passivation of the interface.
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In conclusion, the observed trend of p vs Q in group B is consistent with passivation of the
electrode surface and high electrode-electrolyte interfacial resistivity. The increase in interfacial
resistivity results in the buildup of charge at the electrode-electrolyte interface during GCPL and
evolution of p vs Q resembling a parallel plate capacitor.

C. MEC-SIPE has evolving resistivity as a function of transferred charge upon cycling.
End-group: - ® NSI(LiTFSI)

The zwitterionic mPEO,- ®*NSI(LiTFSI) has constant resistivity as a function of transferred charge
for the first cycle (Fig. 11-31, A). The resistivity of the second cycle increases with transferred
charge. The slope of resistivity is increasing with galvanostatic cycling. The GEIS spectra measured
of the same sample (Fig. 11-31, B) reveal similar behaviour to the resistivities observed of mPEO0-
N(Li)Naph (Fig. 11-27), however the resistivity of the cell is much higher. The bulk of mPEOy-
®*NSI(LITFSI) has low resistivity (370 Q.m) but the electrode-electrolyte interface has high
resistivity (12700 Q.m). Both of these resistivities increase after GCPL. The bulk resistivity
increases to 770 Q.m (+110 %). This might be the caused by insufficient connectivity of conductive
domains in the electrolyte. The interfacial resistivity increases to 15400 Q.m (+20 %). This is
evidence of an unstable electrode-electrolyte interface. The result of these combined effects is an
evolution of p(Q) during charge transfer. The mPEO,o-®*NSI(LiTFSI) has 1 mol% water content,
the lowest of the present library of MEC-SIPEs (Table 11-3), so the electrochemical stability of the
electrolyte not likely to be controlled by the humidity in this case. The adverse reactivity that
causes the increase in cell resistivity originates from the chemical structure of the MEC-SIPE. Given
the known high performance of the TFSI" anion and the bissulfonyl imide, instability of the
carbonyl-triazolium linker might be the cause of the observed behaviours.
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Figure 11-31: (A) The resistivity (p / 10-3.Q.m) as a function of charge (Q) during galvanostatic cycling of
mMPEO,-®*NSI(LiTFSI). The first five cycles are shown. The arrows (—) indicate the evolution of p upon
cyclingp vs Q of GCPL. (B) Nyquist plots of GEIS spectra measured before (O) and after (<>) GCPL. (C) the
chemical structure of mPEQ2o- @ *NSI(LiTFSI).
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D. The Salt-in-Polymer electrolyte

A SiP electrolyte having the same EO/Li= 20 ratio was formulated for comparison to the EC-SIPEs
having EO,= 20. During the 24 h equilibration period prior to launch of GCPL, the cell resistivity of
the SiP evolved by one order of magnitude. This is observed by GEIS spectra measured at one-
hour intervals (examples are shown in Fig. 11-32, A and B).
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Figure 11-32: Analysis of mMPEOgm/LiTFSI (EO/Li= 20) (A) Nyquist plots of GEIS spectra showing evolution of the cell
resistivity during equilibration at 40 °C before GCPL. (B) Nyquist plots of | GEIS spectra measured before (O) and
after (<) GCPL. (C) DSC traces of the polymer electrolyte. Arrows (—) indicated the direction of heating and cooling
at a rate of 5 °C.minL. (D) The resistivity (p / 103.Q.m) as a function of charge (Q) during galvanostatic cycling of
mPEO60mM/LITFSI (EO/Li= 20). The first five cycles are shown. The arrow (—) indicates the evolution of p upon
cycling.

Differential Scanning Calorimetry (DSC) analysis of the electrolyte reveals and exothermic
transition having a peak temperature (T,) at 12 °C on cooling, and an endothermic transition
having a peak temperature Ty= 45 °C on heating (Fig. 11-32, C). The coin cell was prepared using
the melted SiP but it was permitted to cool to ambient temperature before the launch of GCPL.
The GCPL was conducted at 40 °C. This temperature might be insufficient to fully melt the
electrolyte. Crystallinity of the mPEOgm at 40 °C might limit the ionic conductivity of the
electrolyte. The measurements of o in Section 2.1 were conducted on cooling and the
temperature of 40 °C was not maintained for the long period applied during GCPL. The ripening of
the crystalline domains of the SiP during the 64 h of the combined GEIS and GCPL measurements
might be the cause of the high resistivity and low charge transfer of the SiP (Fig. 11-32, D). However
the limit of Q increases upon cycling, from 0.01 A.s (2" cycle) to 0.05 A.s (5™ cycle). The mobility
of the few ions in the amorphous phase of the SiP might plasticize the SiP and cause the slight
increase in Q. However, in general the SiP is unstable under the applied conditions.
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E. Instability upon galvanostatic cycling.
End-group: - ®NSI(Li), -SANSI(Li,) [at 60 °C]

The mPEO2o-®NSI(Li) is not electrochemically stable on contact with lithium metal. This is
revealed by the large evolution of cell resistivities at 40 °C before launch of GCPL (Fig. 11-33). Both
the bulk and interfacial resistivities of the MEC-SIPE increase during the equilibration period. The
last three GEIS spectra gave the same result. Instability of this MEC-SIPE during galvanostatic
cycling is expected because of the high resistivity of the cell. For simplicity of the representation,
only the forward charge transfers are shown in the plot of p vs Q. The resistivity of the electrolyte
caused by adverse reactions with lithium metal prohibits charge transfer during the galvanostatic
periods.

Fig. 11-33 and Fig. 1I-34: (Top) The resistivity (p / 10-3.Q.m) as a function of charge (Q) during galvanostatic cycling of
mPEO2-®NSI(Li) (Fig. 11-33) and mPEOss-SANSI(Liz) (Fig. 11-34). For simplicity of presentation, only the forward
polarisation periods of the first 5 cycles are shown in plots of p vs Q. (Bottom) Nyquist plots of representative GEIS

spectra of the same samples measured before GCPL are shown below each plot of p vs Q. The experimental data are
represented by red lines (-).
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Figure 11-33: (top) p vs Q of GCPLand  Figure 11-34: (top) p vs Q of GCPL and

(bottom) examples of GEIS of (bottom) examples of MPEOss-

mMPEO,o- @ NSI(Li) SANSI(Liz)
Whereas the other polymers were tested at 40 °C, the "double salt" mPEOss-SANSI(Li>) was tested
at 60 °C to promote good wetting of the electrode surface by the electrolyte having EOn= 55 (Mnec-
sipe)® 2770 g.mol?). The bulk resistivity remained constant (2300 Q.m) but the interfacial resistivity
decreases to an equilibrium value (20600 Q.m) before GCPL was launched. Rapid evolution of
resistivity is evidence that mPEOss-SANSI(Li;) is not stable under GCPL at 60 °C. The GEIS spectra
of mMPEQO,o-®NSI(Li) and mPEOss-SANSI(Li>) measured after GCPL do not permit reliable modelling
by an equivalent circuit.
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2.2.4. Conclusions on Electrochemical Stability of MEC-SIPEs

The MEC-SIPEs prepared under the reported procedure have persistent water content. The drying
protocol should be extended and intensified if EC-SIPEs are to be applied in lithium-ion batteries.
The water content of the presented SIPEs (in the 170-3000 ppm range) would be prohibitive to
the functioning of traditional salt-in-polymer (SiP) electrolytes. The assembled coin cells
containing the present SIPEs, using Li metal electrodes, were tested under conditions of cyclic
voltammetry, galvanostatic cycling, and chronoamperometry without cell failure. This implies that
the water does not affect the functioning of these electrolytes in the same way as it would in SiP
formulations.

The ESW of the presented MEC-SIPEs is limited by the functional end-group chemistry. Most of
the EC-SIPEs do not reach ~4 V vs. Li/Li*, the practical limit for PEO-based polymer electrolytes.
Therefore, their application is limited to electrode chemistries that have cathodes of lower
potential vs. Li/Li*, such as those of Li-S batteries. However, this projection is based on CV using a
steel cathode. The CV in oxidation mode therefore does not represent the true (electro)chemical
stability of these SIPEs on contact with active materials, which might change, especially at high
charge and discharge capacities. The electrochemical stabilities of the SIPE end-groups could be
analysed and decoupled from that of the polymer chain through study of model compounds. For
example, a small-molecular analogue of a proposed end-group could be dissolved in a suitable
solvent of known ESW. Such a formulation could be analysed by CV within the potential range
permitted by the solvent. Further, a copper cathode might enable more accurate analysis of MEC-
SIPE stability in reduction mode, if the additional peaks observed in the 0.8-1.2 V range are caused
by redox processed of oxides at the surface of stainless steel.

Stability in terms of stripping and plating of lithium metal is characterised by galvanostatic cycling
with potential limitation (GCPL). The EC-SIPEs having secondary N-aryl amine end-groups have
high o, are stable up to ~3.6 V vs. Li/Li* (CV) and have reversible transfer charge at j= 10 pA.cm™
with the lowest evolution of resistivity. CV and GCPL together demonstrate that the mPEO0-
®NSI(Li) is unstable in contact with lithium metal. Despite its high conductivity, the electrolyte
cannot transfer charge under the applied conditions. However, the quaternized mPEOj-
®*NSI(LiTFSI) has i) high ionic conductivity, and ii) low water content. GCPL demonstrates that
this MEC-SIPE can transfer charge at j= 10 pA.cm™. Further investigation of the evolution of the
electrode-electrolyte interface is required to valorise the electrochemical stability of this MEC-
SIPE.
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2.3. Lithium Transference by MEC-SIPEs
2.3.1. Method

The results of ionic conductivity of the MEC-SIPEs presented in Section 2.1 inform the discussion
of lithium transference by the EC-SIPEs. The MEC-SIPEs based on PEO;, were studied. This is
because i) these polymers typically had the highest ionic conductivity for MEC-SIPEs bearing a
certain functional end-group, and ii) their convenient viscoelastic properties enable easy and
reproducible preparation of samples and assembly of coin cells in a glovebox. Selecting the
polymer electrolytes having the same chain length directs the comparison of the EC-SIPEs relative
to the concentration of lithium expressed by the EQ/Li ratio. In terms of the mass fraction of end-
groups of the bulk MEC-SIPE (bm(esrrp)), this ratio EQ/Li= 20 corresponds to ¢merp) in the 0.1-0.5
range (Table 1I-4). The mass fraction of lithium is small for all of the electrolytes (0.4-0.7 wt%). The
ionic conductivity of the MEC-SIPEs based on PEO,, was sufficiently high to enable electrochemical
testing of the neat (solvent-free) polymers at 40 °C. The efficiency of Lithium ion transfer was
measured using lithium metal electrodes in coin cells with a Li|MEC-SIPE|Li symmetric
configuration. Chronoamperometry (CA) at constant potential, according to the method proposed
by Bruce and Vincent,!***?) was applied to calculate the Lithium Transference Number (LTN).

Table II-4: The Degree of Polymerisation (DP, / EO,), Number Average Molar Mass (M, / g.mol?), the mass fraction

of the end-group (dbmearp)) and the mass fraction of lithium (bm)) of the presented MEC-SIPEs having different End-
Group Identities. The SiP electrolyte mPEOgm/LiTFSI (EO/Li =20) is listed for reference.

MEC-SIPE

End-Group DP» Mh(ec-sipE) Pmiecrp) bmi)

Identity (g.mol?) (EOn) (g.mol?)
-SOsli 87 20 989 0.09 0.007
-OC(O)PhSOslLi 207 20 1109 0.19 0.006
-SO2N(Li)Naph 213 20 1115 0.19 0.006
“N(Li)Naph 148 20 1051 0.14 0.007
-N(Li)Pyr 223 20 1125 0.20 0.006
-SANSI(Li2) 377 55 2773 0.14 0.005
- @ NSI(Li) 401 20 1303 0.31 0.005
-@*NSI(LITFSI) 696 20 1598 0.44 0.004

SiP mPEO.m/LIiTFSI [EO/Li= 20]

Salt DP» M (mPEOm) Pm(sai) bmi)

Identity (g.mol?) (EOn) (g.mol?)
LiTFSI 287 60 2732 0.25 0.006
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EIS to low alternating frequency of applied potential was attempted (Galvanostatic
Electrochemical Impedance Spectroscopy, GEIS). However, the low frequencies (down to 50 mHz)
applied to the EC-SIPEs resulted in an alternating current having a long time periods of current
flow in a single direction. For example, an oscillation of 50 mHz effectively applies a direct current
in each direction for 10 hours. This single data point in GEIS requires 20 hours of measurement.
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The applied current density required for sufficient electromagnetic force to measure a precise EIS
spectrum of the MEC-SIPEs is 20 pA.cm™, double that applied in GCPL (Section 2.2.3). With the
responses under GCPL in mind, it is not surprising that the MEC-SIPEs are not stable at under GEIS
at these conditions. The large evolution of cell resistance during the low frequency GEIS period
augments the complex impedance. The obtained experimental data do not permit accurate
evaluation of bulk resistivity of the electrolyte relative to the diffusion of ions. The electrode-
electrolyte interface often occupies a large frequency range and perturbs the impedance of the
bulk and diffusion processes. This is seen in the GEIS spectra measured before and after CA (Fig.
11-34). By contrast, the Bruce-Vincent method was completed in the 22 to 26 hours range,
including equilibration of the cell before launching the CA.

2.3.2. Results

The Lithium Transference Number (LTN) of each MEC-SIPE was determined by
chronoamperometry. The results are summarised in Table 1I-5. The values defined for the MEC-
SIPEs are in the range t*;= 0.7-1.0, and are higher than the mPEOgm/LiTFSI blend having the same
EO/Li = 20 ratio (t*;= 0.25).

Table 11-5: Table of summarised ionic conductivity (o / S.cm™) and corresponding lithium transference number (LTN)
of selected MEC-SIPEs. The LTN was calculated from chronoamperometry using the Bruce-Vincent method. The oac
was measured by EIS using either (blocking) gold electrodes (Au|Au) or lithium metal (Li|Li) electrodes at 40 °C
(except 8; 60 °C). The oac [Li|Li] is that measured immediately i) before and i) after chronoamperometry (CA). The
two LTNs listed are the chronoamperometric (t*;;) and corrected (t*;*) values. The data of the SiP electrolyte
mPEOgm/LiTFSI (EO/Li= 20) are listed for comparison. [12]

Polymer Electrolyte oac (10%* S.cm) at 40 °C LTN
MEC-SIPE Au|Au Li| Lt Li| Li®®
#  Polymer End-Group Before CA  After CA th th*
1 mPEO20-  SOsli 21 1.3 1.1 0.65 0.76
2 OC(O)PhSOsLi 2.1 1.1 1.1 1.10 1.03
3 SO,N(Li)Naph 12 2.1 2.1 0.73 091
4 N(Li)Naph 12 6.8 5.5 0.82 0.85
5 N(Li)Pyr 250 6.6 4.7 0.70 0.83
6 ® NSI(Li) 25 - - - -
7 ®*NSI(LITFSI) 130 55 6.9 0.82 1.00
8  mPEOss-  SANSI(Li2) 5,3(60°0) 0.9(60°0) 1.1690 | 0,98 0.95
Salt-in-Polymer (SiP) Blend
9 MPEOeom/LiTFSI (EOQ/Li= 20) 330 0.25 -
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Two values of LTN are listed above (Table 1I-5). The first (t*;)) is found by simple comparison of the
current at the beginning and at the end of the CA period. The density of data points enabled an
average of the initial (to= 0.1 s — t;= 1.0 s) and the steady state current (ts=11 h = t= 12 h) to be
considered. The first value of the LTN is defined by the ratio t*; = lo/lss. The evolution of the
electrode-electrolyte interface was corrected according to the cell resistance calculated from GEIS
measurements made immediately before and after the CA period (Egn. 1I-13). The Nyquist
representations these GEIS measurements are presented and discussed below (Fig. 11-34).

Equation I1-13: Correction of the transference number (t*) through multiplication by the evolution in cell resistance.
lp is the initial current and I is the steady state current measured by CA. AV is the applied potential. R is the
resistance. The terms Ry and R, are calculated from EIS measurements made immediately before (Ro) and after (Rss)
the CA period.

+ _ Iss(AV - IORO)

L 16 (AV — IgsRgs)

The oac (Au|Au) of certain MEC-SIPEs approaches that of the model SiP electrolyte
MPEOgmM/LITFSI having the same ratio of EQ/Li= 20 (Table II-5; #5, 7, 9). The mPEQO2o-N(Li)Pyr has
oac of the same order of magnitude as the SiP electrolyte but the LTN of the MEC-SIPE is ca. three
times higher. This is significant because the MEC-SIPE has similar conductivity and the majority of
the current is derived from the transfer of lithium ions (t*;= 0.8). The MEC-SIPEs in Table II-5
having -SOsLi (1), -SO,2N(Li)Naph (3) and -N(Li)Naph (4) end-groups all have oac of ca. 10° S.cm™ at
40 °C and an LTN of t*;;= 0.7 or higher. This o is around the typical magnitude reported for "single
ion" polymer electrolytes in recent years.!*?’ The moderate LTN is fair in context of low DP, MEC-
SIPEs, that do not have entangled polymer chains, and the evolution of the interface under the
conditions of measurement. The mPEQ,o-OC(O)PhSOsLi has a high LTN but oac= 2.1*10° S.cm™ at
40 °C. This o is good in context of an LTN approaching unity. The "double salt" mPEOss-SANSI(Li>)
has a longer PEO chain (EO») but a similar lithium concentration (EQ/Li= 23). Its oac is lower than
all of the MEC-SIPEs having EO»= 20 except mPEQ2,-OC(O)PhSOsLi.

The mPEO,-®NSI(Li) is not electrochemically stable in contact with lithium metal (see Section
2.2). The great improvement of the ESW upon quaternisation permits the transfer of Li* by the
zwitterionic mMPEO2o- ®*NSI(LiTFSI). The high LTN of mPEO,.- ®*NSI(LiTFSI) is remarkable because
this polymer electrolyte has two mobile ions: Li* and TFSI. A LTN of close to 0.5 is expected in the
case of equal mobility of the cation and the anion. However, mPEQ,;- ®*NSI(LiTFSI) has t*,= 0.8,
which is corrected to unity by accounting for evolution of the electrode-electrolyte interface. The
value of LTN approaching unity requires that the TFSI" has lower mobility relative to Li*. The
combined results of ionic conductivity, ESW, and LTN describe the mPEO .- ®@*NSI(LiTFSI) to be i)
of the same order of ionic conductivity, and ii) of equivalent electrochemical stability to a
representative PEOQ/LITFSI SiP blend of the same EO/Li= 20 ratio. The MEC-SIPE and the SiP
electrolyte moreover have very similar water content (160 and 130 ppm respectively, Table 11-3).
However, mPEO»- ®*NSI(LiTFSI) has a LTN around three times higher than the SiP electrolyte. This
is evidence that the TFSI" has decreased mobility in mPEO2o-®*NSI(LiTFSI) compared to the SiP.
The difference in chemistry is that of the functional end-group. The positive charge of the
triazolium might be the cause of the decreased anionic mobility through ionic interactions in the
bulk. The high o is evidence that the Li* is highly mobile. However, GCPL reveals the limited
electrochemical stability of the mPEQO .- ®*NSI(LIiTFSI).
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Figure 11-35: Nyquist plots of EIS spectra (1.0 MHz — 0.5 Hz) measured of polymer electrolytes in Li|Li coin cells
before (O) and after (<) chronoamperometry (CA). These spectra were used to correct for the change in cell
potential resulting from the CA method. EIS was conducted at 40 °C (A-E, G-H) and at 60 °C (F). The MEC-SIPEs
having EO,= 20 and different functional end-groups are shown: -SOsLi (A), -OC(O)PhSOsLi (B), -N(Li)Naph (C), -
N(Li)Pyr (D), -SO,N(Li)Naph (E), -®@*NSI(LiTFSI) (G). The long-chain "double salt" EC-SIPE mPEOss-SANSI(Li) (F) is
shown. The SiP electrolyte mPEOgm/LiTFSI (H) is shown for comparison. The experimental data are fitted to an
equivalent circuit model (black lines, —). Arrows (+) indicate the direction of increasing frequency.
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The GEIS of the MEC-SIPEs, performed before and after CA, are presented in Fig. 11-35. The
electrode-electrolyte interface is visible in the Nyquist representation as the second semi-circle,
observed at lower frequencies than the bulk resistivity. Comparing the shapes of these spectra
suggests a correlation between end-group chemistry and resistivity of the interface. Consider first
the MEC-SIPEs having aryl functions at the extremity of the chain (i.e. MEC-SIPES of the
configuration mPEO-A'Li*-aryl). The MEC-SIPEs having -N(Li)Naph (Fig. 11-35, C), -N(Li)Pyr (D) and -
SO;N(Li)Naph (E) have electrode-electrolyte interfacial resistivities in the 1-2 kQ.m range.
However, mPEO20-SOsli (A), having the sulfonate at the extreme end of the chain, has interfacial
resistivities in the 5-6 kQ.m range. The bent geometry of the mPEO2,-OC(O)PhSOsLi (B) is
correlated this resistivity being decreased to the 1-2 kQ.m range, similar to the other aryl MEC-
SIPEs. The aryl groups placed at the extremity of the chain might decrease the resistivity of the
solid electrolyte interface (SEl).

The 50 °C melting temperature of the PEO segments of mPEOss-SANSI(Li2) requires high
temperature to ensure good wetting of the electrode surface. The CA and GEIS analyses were

therefore performed at 60 °C. The effect of temperature is significant. The mPEO,-SO,N(Li)Naph
(Fig. 1-35, E) has interfacial resistivity psei< 2 kQ.m and mPEO,o- @ *NSI(LiTFSI) has psei< 3 kQ.m (G).
However, the mPEQss-SANSI(Liz) has psg= 10 kQ.m (Fig. 1I-35, F). The sulfonamide and the
sulfonylimide are present in the other MEC-SIPEs (E, G), so the increase in psg in mPEOss-SANSI(Liz)
could be the result of either or both of i) PEO chain length and ii) temperature. The longer chain
of mPEQOss-SANSI(Li>) decreases the number of end-groups per mass of PEO. Although the ratio
EO/Li= 23, the ratio EO/SANSI= 55. This results in fewer functional end-groups in contact with the
electrode surface, which would increase the resistance of transferring charge between the
electrode and the electrolyte. The temperature of 60 °C was applied to melt the PEO chains and
sufficient wetting of the electrode surface is assumed. However, the elevated temperature might
result in adverse reactivity of the MEC-SIPE with lithium metal. Although mPEOQOss-SANSI(Li,) is
apparently stable, according to cyclic voltammetry (Fig. 11-25), the stability of the MEC-SIPE under
charge transfer conditions is limited, according to galvanostatic cycling (Fig. 11-34). The mPEQss-
SANSI(Li>) insufficiently stable at 60 °C to be considered for high temperature applications. The
decrease in ionic conductivity does not permit at ambient temperature applications. The elevated
temperature of the measurements prevents direct comparison of the LTN of mPEOss-SANSI(Li.)
with those of the EC-SIPEs having (EO,= 20), which were measured at 40 °C.

2.3.3. Conclusions on the Efficiency of Lithium Transfer by MEC-SIPEs

The presented MEC-SIPEs exhibit moderate to high transference of lithium ions. This is quantified
by LTN values in the 0.7-1.0 range at 40 °C. The evolution of the SEl is lower for MEC-SIPEs having
aryl functions at the extremity of the chain end, relative to mPEQ2-SOsLi. The evolution of the SEI
effectively increases the cell resistivity relative to the same electrolytes between blocking (gold)
electrodes. Elevation of the temperature might decrease the resistivity of the SEl. However, the
GEIS of mPEQOss-SANSI(Liz) at 60 °C shows large interfacial resistance. The high LTN of mPEO0-
®NSI(LITFSI) (t*,> 0.8) implies decreased mobility of the TFSI" anion relative to a blend of LiTFSI
in PEO bis-terminated by non-interacting, methoxy end-groups (t*;; = 0.25). The MEC-SIPEs having
EOn= 20 have sufficient ionic conductivity at 40 °C to enable CA and GEIS measurements. However,
the SiP does not have an ideal form of its complex impedance at 40 °C. Evolution of the SiP
resistivity at 40 °C (Fig. 11-32) suggests that the SiP is not fully amorphous at this temperature.
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2.4. Conclusions on Electrochemical Characterisation of MEC-SIPEs

Polymer electrolytes based on PEO are presented. The ionic conductivity is dependent on the end-
group chemistry (Section 2.1.2). The length of the PEO chain determines the mass fraction of ionic
end-groups in the bulk MEC-SIPE (Section 2.1.3). This is expected to be optimal at PEO chain
lengths close to EOn= 20. The MEC-SIPEs are capable of conducting lithium ions at low end-group
concentrations (EOn= 55, ®dmecrp) < 10 Wt%). The highest ionic conductivity is observed for MEC-
SIPEs having the -N(Li)Pyr end group. The mPEOss-N(Li)Pyr (EO/Li= 55) has o> 10* S.cm™ at T> 40
°C, which is less than one order of magnitude lower than a blend of mPEOQgm/LITFSI (EO/Li= 60).
The mPEQ2o-N(Li)Pyr (EOQ/Li= 20) has o similar to the SiP mMPEOQgm/LITFSI having the same EOQ/Li
ratio. Ambient temperature ionic conductivity is accessible with EC-SIPEs based on PEO having
EOn< 20. The water content of the EC-SIPEs under the reported conditions of sample preparation
is around 1-2 molecules per ten functional end-groups (Section 2.2.1). No clear and unambiguous
correlation found between the water content and the ionic conductivities of the MEC-SIPEs.

The MEC-SIPEs are limited in electrochemical stability by the functional end-group. Although PEO
is reported to be stable up to ca. 4 V vs. Li/Li*, the MEC-SIPEs are limited to 3.6-3.8 V vs. Li/Li*
(Section 2.2.2). This limit in oxidation makes the MEC-SIPEs unsuitable for use in cell chemistries
that rely on high potential cathodes. However, the present library of functional end-groups might
be applied in emerging Li-S and Li-O; batteries that cycle at< 3.5 V vs. Li/Li*.[*3!

In particular, the secondary arylamines mPEO,-N(Li)Naph and mPEO,-N(Li)Pyr have high ionic
conductivity, are stable in the range of 0+ 3.6 V vs. Li/Li* (CV) and under applied current of 10
pA.cm (GCPL). Evolution of the electrode-electrolyte interface at 40 °C implies that electrode
passivation is unavoidable when the reported MEC-SIPEs are placed in contact with lithium metal
(Section 2.3.2). The resistivity of is lower for MEC-SIPEs having aryl groups at the extremity of the
chain in comparison to the mPEO,0-SOsLi. Placing the ionic function at the chain side of the end-
group might decrease the occurrence of undesirable reactions between the functional end-group
and lithium metal.

The Lithium Transference Number (LTN) of the MEC-SIPEs is in the t*;= 0.7-1.0 range at 40 °C
(Section 2.3.2). The majority of charge is transferred by mobile Li* ions. This is three to four times
higher than a comparable mPEQgm/LiTFSI blend SiP electrolyte. An LTN of less than unity might
be the result of vehicular motion of EC-SIPEs having non-entangled PEO segments (EO,= 20). The
high LTN of the zwitterionic mPEO,o- ®*NSI(LiTFSI) (t*;; > 0.8) implies decreased mobility of the
TFSI"anion. This might be the result of ionic interactions with the positive charge of the triazolium.

A polymer electrolyte having a single ionic function as an end-group can achieve o> 10*S.cm™ at
ambient temperature. The mass of ionic functions can be as low as 10 wt% of the bulk polymer
electrolyte. This is achieved without need of formulation with additional compounds such as
plasticizers. Further research is envisioned with respect to the PEO chain and the identity of the
functional end-group. Decoupling the contributions of, for example, i) the dissociation of ions
from the end-groups, ii) the ion-solvating power of the polymer, and iii) the thermal motions of
the polymer segments and of the end-groups is a great challenge. This requires a library of MEC-
SIPEs based on rational design principles targeting specific electrochemical, thermal, physical, and
structural properties.
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The electrochemical characterisation of the MEC-SIPEs suggests the following perspectives for
the development of polymer electrolytes for lithium ion transport:

lonic conductivity appears to be limited by the dynamics of the polymer chain and the end-
group rather than simply the concentration of the end-group (i.e. salt), which in MEC-SIPEs is
a function of the polymer chain length. Therefore, the thermodynamics and kinetics of MEC-
SIPEs should be investigated for targeting improved performance in ionic conductivity. The
MEC-SIPE concept could be exploited for other polyether-based polymers, and beyond.!**
lonic end-groups should be investigated for polymer electrolytes based on other repeating
unit chemistries such as poly(carbonate)s, poly(ester)s, and their copolymers. The correlation
of ionic conductivity and the repeating unit of homopolymers should be exposed along two
research axes: i) the physical and ii) the thermal properties of the polymer segments. This
requires systematic variation polymer segments having a variety of physical and thermal
properties. For example, a combination of electrochemical and rheological analyses should
be applied to determine structure-property correlations along axes such as ionic conductivity
and the complex mechanical modulus. This should be executed at first with two libraries of
MEC-SIPEs: A) constant end-group with variation of repeating unit of the chain, and B) a chain
composed of a selected repeating unit with end-groups having different physical properties.
Both axis A and B require variation of the polymer chain length at intervals of the order of a
few multiples of the persistent length (e.g. 1-6* persistent length). Polymer segments having
low activation energy of thermal motion should be targeted for low temperature
applications. Polymer segments with high thermal stability should be targeted for high
temperature applications. The interaction strength of polymer chains should be varied
according to two axes: i) the strength of the coordination of Li* ions, and ii) inter-segmental
interactions. This is required, to decouple these processes having a concerted impact on o.
The water content has been measured for MEC-SIPEs having EO,= 20. If the water is physically
associated with the polymer end-groups, the water content might vary with the end-group
concentration. The water content of the MEC-SIPEs having different chain lengths must be
measured. These values should be compared with the ionic conductivity of the MEC-SIPEs.
This might help to explain the non-uniform relationships of o vs. the mass fraction of end-
groups (¢pm), since water has a much higher dielectric permitivity (€= 80) than PEO (= 10).1°!
The rational design of end-groups should take inspiration from the results of Section 2.1 (for
example, the high o of secondary N-aryl amines). The ionic conductivity is improved by
decreasing the activation energy of the dissociation of the ion pair. This might be achieved
through greater delocalisation of the anionic charge at the end-group. In the case of N-aryl
amines, electron-donating groups at the para and ortho positions of the aryl ring relative to
the anionic linker would contribute electron density through inductive and resonance effects.
This might improve o through increased dissociation of Li*. Systematic variation of aromatic
groups having different electron-donating and electron withdrawing groups would expose
structure-property relations with crucial implications to ionic conductivity (lllustration 1).
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lllustration 1 — Hypothetical end-group designs based on an N-aryl secondary amine. The aryl ring is modified with
Electron Withdrawing Groups (EWGs), and Electron Donating Groups (EDGs). A phenyl ring is illustrated for simplicity.

Iv.

The electrochemical stability of the ionic functions remains a challenge for high voltage
applications. The present library might be well-suited to low voltage applications but will not
function as intended in contact with Lithium metal anodes and high voltage cathodes that
reversibly insert lithium ions at E> 3.7 V vs. Li/Li*. In particular, the secondary aryl amines
could have sufficiently fast and stable response to charge transfer at E< 3.6 V vs. Li/Li*. The
anodic stability of mPEO,-®NSI(Li) precludes further investigation of MEC-SIPEs having
conjugated 1,2,3-triazole functions. However, quaternisation resulted afforded the
zwitterionic mPEO2o-NSI(LiTFSI), which had improved stability in reduction mode. Based on
the results of mPEO,o-®*NSI(LiTFSI), zwitterionic functions are promising in terms of both o
and ESW. The zwitterionic end-group can selectively transport Li* while at the same time
benefit from the physicochemical properties of the counter anion. Numerous combinations
of bound zwitterionic groups and counterions are imaginable. The bound sulfonimide-
triazolium group with the LiTFSI salt is a promising start. The same MEC-SIPE without the
conjugated ester (lllustration 2) could be compared to the present example, to test the
implications of the ester on the performance of the end-group, especially in terms of
electrochemical stability.

MPEQ, - M*NSI(LITFSI) MPEO,,- ®*NSI(LITFSI)

lllustration 2 — The MEC-SIPE mPEQo-®*NSI(LiTFSI) and an analogous MEC-SIPE that does not have an ester bond.

V.

VI.

The majority of charge is transferred by Lithium ions. Non-unity Li* transference numbers
might be correlated to vehicular motion of non-entangled chains. Investigation of chain
length and the chemistry of the repeating unit would clarify the relationship.

The evolution of the resistivity of the electrode-electrolyte interface is a persistent limitation
for MEC-SIPEs in contact with lithium metal. In particular, the effect of temperature should
be studied to determine the limits of EC-SIPEs in applied technologies. GEIS measured in Li|Li
coin cells suggests decreased evolution of the electrode-electrolyte interface of MEC-SIPEs
having aryl end-groups, in comparison to the sulfonate end-capped mPEQ-SOsLi. A design
based on the "polymer-anion-aryl function" template might be effective in the pursuit of
MEC-SIPEs having high electrochemical stability.
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3. Thermal Characterisation of MEC-SIPEs
3.1. The Dependence of Thermal Transitions on the Polymer End-Group

Poly(ethylene oxide) is a semi-crystalline polymer that has well-defined temperatures of melting
(Tm) and crystallisation (T¢). The transition temperatures are defined in this report by temperature
(Tp) at which the peak enthalpy change is measured during the heating or cooling scans. These do
not vary above the entanglement limit of PEO. The thermal transitions of the model PEO, having
non-interacting methoxy end-groups (mPEOsm), and its SiP blends, containing different
concentrations of LiTFSI, are compared by Differential Scanning Calorimetry (DSC) analysis (Fig.
36). The salt LiTFSI plasticizes PEO. The decrease in the degree of crystallinity is observed as a
depression of the T, of both the exothermic enthalpy change (AHexo) of crystallisation and
endothermic enthalpy change (AHendo) of melting.

Fig. 11-36 and Fig. 11-37: DSC thermograms of mPEOgm and SiP blends of mPEOgm/LiTFSI (Fig. 36), and MEC-SIPEs
based on mPEOss5-OH (Fig. 37). The direction of heating (red) and cooling (blue) are indicated. The DSC traces are

individually normalised in heatflow (W.g) according to the sample mass. The heating and cooling rates are 5°C.min-
1. The second cycle of heating and cooling is displayed for each sample.
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Figure 11-36: DSC thermograms of mPEOgm (A) and Figure 11-37: DSC thermograms of mPEOss-OH (A) and

mPEOgm/LIiTFSI having different EO/Li ratios: (B) MEC-SIPEs based on mPEOss- having different end-

EO/Li= 60, (C) EO/Li= 20, and (D) EO/Li= 10. groups: (B) -SOslLi, (C) -SO,N(Li)Naph, and (D) -

SANSI(Liz).

The neat polymer (dashed line ---) is plotted to the same scale as the polymer blends (i.e. it is
normalised according to the sample mass). Increasing the concentration of LiTFSI results in a
depression of T, and AHex. The peak areas of the SiP are much smaller, illustrating the depression
of AH. The observed AHexo and AHengo Of the samples presented are tabulated in Table 11-6. The
endothermic processes on heating are observed at lower temperatures for the SiP having EOQ/Li=
60 and EQ/Li= 20. The SiP having EOQ/Li= 10 exhibits two thermal transitions on heating. The first
transition on heating might be the breaking of the few polymer-polymer interactions permitted
at this high concentration of salt. The second might be the breakup of ion clusters formed through
ionic aggregation above Tn, during the first heating cycle. No AHex is observed on cooling at
5°C/min the SiP having the highest loading of LiTFSI (EO/Li= 10).
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Table 11-6: The mass fraction of salt ($pm(sai)), the endothermic enthalpy change (AHendo) and peak temperature (T,) of
the enthalpy change on heating at 5°C.min! from -40°C. The mPEOgm/LiTFSI having different concentrations of salt
are compared. The salt concentration is listed in termsof the ratio of ethylene oxide repeating units to lithium ions
(EO/Li).

EO/Ll ¢m(salt) AHendo Tp

(U.g) (°C)

- 0.00 165 52

60 0.10 101 51

20 0.25 66 45
10 0.39 19 46, 59

The melting and crystallisation behaviours of MEC-SIPEs having EO,= 55 are compared to those of
the precursor polymer, mPEOss-OH (Fig. 11-37). The effect of functional end-groups on the thermal
transitions of MEC-SIPEs having EO,= 55 on heating is a small change of T, but a decrease of AHendo
by 25-45 % (Table 1I-7). The largest difference is observed for the mPEOss-SANSI(Li,), which has
the highest ionic concentration (EO/Li= 23) and the largest functional end-group mass fraction
(Megrp= 377 g.mol™?, deerp= 0.14).

Table 11-7: The T, and AHen4o Of phase transitions observed on heating at 5°C.min. The MEC-SIPEs having EO,= 55 are
compared to the precursor, mPEOs5-OH.

MEC-SIPE (EOs= 55) Heating Cooling

End-Group M d)m(EGrp) AHendo Tp -AHexo Tp

(g.mol™) (g (°C) (.eh (°C)

MPEQOss-OH 2412 0.007 168 53 167 35

-SOsLi 2482 0.035 124 52 112 32

-OC(O)PhSOsli 2603 0.080 121 52 116 23

-N(Li)Naph 2543 0.059 128 56 130 37

-N(Li)Pyr 2619 0.085 129 51 88 18

-SO2N(Li)Naph 2626 0.082 94 49 75 30

-SANSI(Li2) 2772 0.136 89 50, 60 68 11

o g ™ g: PEO PEO I N 1 N’, u’a";:’ PEO N
F-F_cx\/\;\Cr F’EO\/\o)k@ \/\N ’\)‘\[N’N pEo’\)l\EN:N D”IEZF'S \/o\"g ’Nﬁ‘cm
mPEO-SO;Li  mPEQ-OC(O)PhSO;Li  mPEO-N(Li)Naph @O O mPEO55-SANSI(fi2) 8

z (]
‘ o 0% z'N’ ""0
PEO N PEQ 1,0 0% SN
\/’3\""’ N 0% Sch, L2 fo/\‘),o\ 120
o 0% “cH, 0% “cFy

mPEO-SO,N(Li)Naph mPEO-N(Li)Pyr MPEO,q-@NSI(Li)  mPEO,-®*NSI(LITFSI)  mPEOgm/LiTFSI

The variation of T, and AHexo is large on cooling of MEC-SIPEs in comparison to the precursor,
MPEOss-OH (see Table 11-7). The degree of crystallisation is decreased by functional end-group, as
demonstrated by the decrease in AHexwo. The rate of the crystallisation affects the temperature at
which the peak enthalpy change occurs. Slower crystallisation processes will have lower T, of the
corresponding AHex process. No definitive trend is apparent with respect the mass fraction of
functional end-groups. Not only does the functional end-group affect the degree of crystallinity in
the MEC-SIPE, but also the kinetics of the crystallisation.

3.2. The Dependence of Thermal Transitions on the PEO chain length
3.2.1. The Precursor mPEQ,-OH

The thermal transitions of PEO and of MEC-SIPEs based on PEO are profoundly affected by the
length of the PEO chain. The thermal behaviours of the MEC-SIPEs are reported relative to the
mPEO,-OH precursors to better understand the effect of the functional end-group. As will be
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described in this section (vide supra), a number of thermal transitions are observed during a
heating or cooling DSC scans applied to certain polymer samples. This is true for the relatively
simple mPEO,-OH precursors as well as for the MEC-SIPEs, which have interacting ionic end-
groups. A first order endothermic process on heating of a high M,, semi-crystalline polymer might
be designated the enthalpy of melting (AHn) of crystalline phases. This is the case for the mPEQO,-
OH precursors having longer chains (EO,= 55 and 160). However, the polymers having shorter
chains (EOn= 8, 10, and 20) exhibit several transitions on heating and cooling in the -40 °C to +100
°C range. A single type of polymer organisation cannot "melt" more than once. Therefore, there
must be more than one type of bulk organisation of polymers that exhibit multiple endothermic
processes on heating.

The particular nature of the observed transitions cannot be defined by DSC analysis alone.
Characterisation of the polymers by DSC at different scanning rates, together with X-ray diffraction
analysis and/or polarised optical microscopy (POM) together might reveal what types of
macromolecular (dis)order are present. However, one can reasonably assume that, in the -40 °C
to +100 °C range, the total transformation is from i) a solid polymer having some degree of
organisation at low temperature to ii) a polymer melt at high temperature. The different
transitions are therefore identified purely as exothermic (AHexo) and endothermic (AHendo) and not
as specific enthalpy changes of crystallisation or melting. The characteristic temperature these
transitions is quoted as that of the maximum enthalpy change. Each energy transition is thus
reported according to an energy change (AH) and its associated peak temperature (Ty).
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Figure 11-38: DSC thermograms on heating (left) and cooling (right) of mPEO,-OH having different PEO chain lengths.
The number of repeating units (EO,= 8, 10, 20, 55, and 160) are labelled for each trace. The arrows indicated the
directions of heating (=) and cooling (+). The traces are individually normalised according to the sample mass (W.g"
1). The heating/cooling rate is 5°C.min"L. The second heating and cooling DSC scans for each sample are displayed.

The thermal transitions of the mPEO,-OH precursors are presented in DSC traces displayed in Fig.
11-38. On heating, the peak temperature (Tp) of the AHengo process decreases from PEO160-OH (Tp=
60 °C) to PEOss (Tp= 53 °C). However, four transitions of mPEO,,-OH, and two transitions are
observed for each of mPEO1,-OH and PEOs-OH (Fig. 11-36). On cooling, the temperature of
crystallisation decreases as the PEO chain length decreases, from PEO160-OH (Tp= 42 °C) to PEOss-
OH (T,= 35 °C). The mPEO-OH has an asymmetric endothermic trace (To= 18 °C) with a skew
towards low temperature. Two exothermic transitions are observed on cooling of each of PEO1g
(Tp="-5 °C, -18 °C) and PEOs (Tp=-19 °C, -26 °C) (Fig. 11-37). The AHengo 0N heating and the AHex ON
cooling decrease as the chain length decreases from mPEQss-OH to mPEOg-OH. However, the
enthalpy changes of mMPEO160-OH are lower than those of mPEQOss-OH. This might be related to the
dispersity in mass (Dm) of the samples: the mPEO150-OH might have a higher B, than mPEOss-OH.
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If this is true, the plasticising effect of low M,, chains could reduce the enthalpy of the thermal
transitions. The temperatures of the transitions remain higher than those of mPEOss-OH due to
positive skew originating from the entanglement of higher M, chains.

Table II-8: The peak temperature (T, / °C) of thermal transitions observed by DSC of mPEO,-OH having different PEO
chain lengths (DP, / EOn= 8, 10, 20, 55, and 160). The T, is defined as the temperature of the maximum recorded
change in enthalpy (AH / J.g). The T, values are listed intuitively, increasing from left to right. Overlapping peaks are
grouped by parentheses [T,]. The data correspond to the DSC thermograms of heating (Fig. 36) and cooling (Fig. 37)
shown above (traces A-D).

EO, Heating: Ty (°C) / AHendo (J.81) Cooling: Ty, (°C) / AHexo (J.871)
o T, (°C) [24 -4] [35 45] [26  -19]
AH (J.gY) 91 34 -73
10 T, (°C) 3 [37 49] [18  -5]
AH ().g7) 113 52 -103
20 T, (°C) [16 27 30 40] 18
AH ().g1) 143 -117
T, (°C) 53 35
55
AH (J.gY) 168 -167
T, (°C) 60 42
160y (.gY) 159 -161

The AH and the temperatures of the peak enthalpy change are summarised in Table 8. The
numerous peaks observed on and cooling of mPEO,-OH having shorter chains (EO,= 8, 10, and 20)
are overlapped and often more than one peak must be integrated at once. Thus, the enthalpy
changes of the individual peaks often cannot be deconvoluted with the present data set. A heating
and cooling rate of 5°C.min"t was the best compromise in terms of peak and baseline fidelity,
however variation of the heating and cooling rate in DSC could help to deconvolute the complex
transitions observed.

3.2.2. MEC-SIPEs based on mPEO,-OH

Complex thermal transitions are observed for the MEC-SIPEs. As presented above for the mPEO,-
OH precursors, the small peaks of transitions on heating often overlap and cannot be
deconvoluted at constant heating rate. Specific enthalpy changes cannot be assigned to these
thermal transitions. The exothermic transitions on cooling of MEC-SIPEs having short chains (EO,=
8, 10, 20) are often not visible at the selected cooling rate of 5°C.mint. The specific natures of all
the numerous transitions observed of the reported library of MEC-SIPEs in this work, having a
range of PEO chain lengths and different types of end-groups, cannot be deconvoluted from the
presently available data. What can be quantified is the total enthalpy change on heating of the
EC-SIPEs (discussed in Section 3.3).

Presented below is a brief overview of the observed DSC traces. The following general trends are
observed:

1. The addition of an ionic group to the chain-end shifts the T, of thermal transitions.
The MEC-SIPEs have smaller enthalpy changes than the corresponding mPEO,-OH precursor.

3. The numerous AHengo transitions on heating of MEC-SIPEs having EOn= 20 shift in T, relative
to the mPEO2-OH precursor. The change in T, is i) related to the functional end-group and ii)
different for different transitions at constant heating rate.

4. Exothermic transitions are observed on heating of some MEC-SIPEs having EOn,= 20 (mPEO,-
SOsLi, -OC(0)PhSOsli, and -SO,N(Li)Naph). These are melting processes that were kinetically
trapped during cooling.
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5. Stretching of transitions on heating and cooling towards low temperature (negative skew) is
often observed relative to the mPEO,-OH precursor. This might be the result of the rate of
temperature change acting to i) blend multiple processes to appear as a single first order
transition, and/or ii) shift the peak temperature of a slow thermal transition.

The above points (1—5) are exemplified by the thermal transitions of mPEO,-SOsLi (Fig. 11-39).
I On heating:

(1, 2) The Ty and AHengo Of thermal transitions observed on cooling mPEO,-SOsLi are smaller than
those of the mPEO,-OH precursors having the same chain length. The AHengo Of the short chain
polymers are very much decreased relative to mPEO,-OH. The effect of the ionic end-groups on
the bulk thermal properties of the MEC-SIPE might increase non-linearly relative to a decrease in
EO.. For example, the transition temperatures on heating of mPEOs-SOsLi are higher than those
of mMPEO10-SOsLi. One might expect the MEC-SIPE having the shorter chain to melt first, however
the higher concentration of ionic end-groups in the MEC-SIPE having EO,= 8 appears to reverse
this trend. (3) The AHendo and T, of MPEO20-SOsLi have lower values compared to mPEO2o-OH. (4)
Unlike the precursor, a AHexo peak is observed on heating of mPEQ4-SOsli. This is evidence of the
crystallisation of structures that had become kinetically trapped during the previous cooling ramp.
These are subsequently destroyed by heating in the 20-60 °C temperature range. (5) Although the
T, of transitions of the mPEO,-SOsLi having longer chains (EOn= 55 and 160) are similar to those of
the precursors, the magnitude of AHendo is decreased and there is considerable stretching of these
transitions towards lower temperatures.

Il. On cooling:

(1, 2) The AHexo of thermal transitions of mPEO,-SOsLi are smaller than those of the mPEO,-OH
precursors having the same EO chain length, and the corresponding peak temperatures are
shifted. The AHexo of MPEO,-SOsLi having longer chains (EO,= 55 and 160) have lower enthalpy
change and occur at lower temperatures. Two small AHe transitions are observed on cooling of
MPEQs-SOsLi (Tp =5 °C, -11 °C); none are observed on cooling of mPEQ1,-SOsLi.
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Figure 11-39: DSC thermograms on heating (left) and cooling (right) of mPEO,-SOsLi having different PEO chain lengths.
The direction of heating (—) and cooling (+) are indicated. The traces are individually normalised according to the
sample mass (W.g1). The heating/cooling rate is 5°C.min"%. The second heating and cooling DSC scans are displayed
for each sample.
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Figure 11-40: DSC thermograms on heating (left) and cooling (right) of MEC-SIPEs having different functional end-
groups: -OC(O)PhSOsLi (A), -SO;N(Li)Naph (B), -N(Li)Naph (C), and -N(Li)Pyr (D). The traces are labelled with the
number of EO repeating units of the EC-SIPE (EO,= 8, 10, 20, 55, and 160). The arrows indicate the direction of heating
(—) and cooling («<). The traces are individually normalised according to the sample mass (W.g1). The heating/cooling
rate is 5°C.min".. The second heating and cooling DSC scans for each sample are displayed.
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Similar trends are observed of the MEC-SIPEs having other functional end-groups (Fig. 11-40, A-D).
I On Cooling:

Of the MEC-SIPEs having the shortest chains (EO,= 8 and 10), only mPEO,-SO:N(Li)Naph (B) and
MPEO,-N(Li)Pyr (D) exhibit AHeo transitions on cooling. No AHe processes are observed on
cooling of the mPEO,-OC(0O)PhSOsLi having EO,= 8, 10, and 20 (A).

The mPEO2o-N(Li)Naph has a broad, low-temperature AHex on cooling (B; To= 2 °C) that is lower
than the corresponding transition of mPEQ0-SO;N(Li)Naph (C; Tp= 11 °C). Note that these MEC-
SIPEs differ in only the inclusion or absence of the -SO,- unit of the end-group, yet this is enough
to yield this change in their thermal behaviours. The decrease in the apparent AHex On cooling
and the appearance of the AHexo 0On heating of mPEO2-SO;N(Li)Naph might be related to the
interaction kinetics of the -SO;N(Li)Naph end-group. The higher T, of the mPEO2-SO,N(Li)Naph
might be a consequence of the interaction energy of the end-group. The difference in interaction
energy might result from dipole interactions and steric restrictions originating from the -SO»- unit
of the aryl sulfonamide. For example, thermal rotation around the sulfonamide linkage might be
slower than rotation about the secondary amine. This could be the cause of the higher T, and
lower AHex on cooling of MPEOo-N(Li)Naph, and the appearance of the AHex, 0N heating.

Il.  On heating:

The AHexo transitions having T, close to 0°C of the short chain (EO,= 8 and 10) mPEO,-OH
precursors are shifted to lower temperatures in the MEC-SIPEs. As with mPEQ20-SOsli (Fig. 11-39),
a AHexo process is observed on heating of mMPEO,,-OC(O)PhSOsLi (Fig. 11-40, A), and mPEOQy-
SO2N(Li)Naph (Fig. 11-40, B). The multiple AHexo transitions of mMPEO2o-OH in the 20-40°C range are
very much blended in the EC-SIPEs having EO,= 20 and different functional end-groups: -
OC(0)PhSOslLi (A), -SO;N(Li)Naph (B), and -N(Li)Naph (C). Three distinct AHexo transitions are
observed on heating of mPEO2-N(Li)Pyr (D). Stretching of the AHeo transition to lower
temperature is observed of every EC-SIPE having EO,= 55.

Of particular interest is the mPEOo-N(Li)Pyr, which has one large and two small AHey, transitions
on heating (D). The asymmetrical shape of the first large transition (T,= 25°C) implies that this
trace comprises more than one process. Indeed, an asymmetric trace is observed on cooling of
this MEC-SIPE. The mPEO,-N(Li)Pyr having short chains (EOn= 8, 10) exhibit thermal processes that
have similar T, to their mPEO,-OH precursors but with AHengo and AHengo that are lower. The
mMPEO,-N(Li)Pyr has the most complex behaviour on heating and on cooling, exhibiting broad
transitions in both directions.
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3.3. The Endothermic Enthalpy Change of Thermal Transitions on Heating
3.3.1. Evolution of Enthalpy Relative to End-Group Design and PEO Chain Length

The magnitude of the enthalpy change of thermal transitions is lower for MEC-SIPEs having shorter
PEO chains. Furthermore, the MEC-SIPEs have lower AHexo and AHendo in comparison to their
MPEO,-OH precursors. At constant chain length, ¢mecrp) increases proportionally to the mass of
the functional end-group. The ionic end-groups are large in comparison to the hydroxyl end-group
of the precursor and so have higher ¢esrp. The endothermic enthalpy change (AHendo) is presented
as the total energy transferred during all the thermal transitions that occur when the polymers
are heated from low temperature (-40°C) to the melt state at +100°C. In the case of MPEQss-OH
and mPEQ40-0OH, this corresponds to an endothermic process with a single minimum in energy.
The AHendo Of the polymers having lower EO, is the sum of all the process observed upon heating
of the sample. Thus, AHendo represents the order-to-disorder enthalpy change of the presented
polymers. The total AHendo defined in this way, across the measured temperature range (from -
40°C to 100°C), is plotted as a function of ¢eerp. The value of AHendo tends to decrease with
decreasing EO, and increasing ¢ecrp for a set of polymers having the same functional end-group.

The total AHendo Of the thermal transitions observed on heating are plotted as a function of the
mass fraction of the end-group (dearp) in Figs. 11-41—44). In the case of the mPEQO,-OH precursors,
the end-group is the hydroxyl (R-OH) group and is relatively small compared to the polymer chain
(Fig. 11-41). The decrease in the magnitude of AHenqo is therefore very steep as a function of decrp.
The addition of the salt LiTFSI to PEO plasticizes the polymer and decreases AHendo. The value of
AHendo of the mPEOsom/LiTFSI SiP blend decreases with increasing mass fraction of salt (Fig. 11-41;
®m(); @ = LiTFSI). The enthalpy change of heating these polymers is compared to the enthalpy
change of melting fully crystalline PEO having M= 4000 g.mol* (AH,=215.6 J.g).[* The observed
enthalpy change on heating the polymers in this work can be expressed as a fraction of this
maximum value, yielding an estimate of the degree of crystallinity of the polymers. By this
estimate, the neat polymers having EO,= 55 (2400 g.mol?) and EO,= 160 (7050 g.mol ) are 70-80
% crystalline under the applied thermal history of cooling from the melted state (at +100°C) at a
rate of 5°C.min! to -40°C. The addition of LiTFSI to mPEOsm decreases the crystallinity of the
polymer from around 50 % (EQ/Li= 60) to around 10 % (EOQ/Li= 10) (Fig. 11-41).
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Figures 11-41—11-44: The endothermic enthalpy change (-AHendo) On heating of polymers from -40°C to +100°C
(+5°C.min"%) at a function of the mass fraction of ionic, polymer end-groups ($pm(earp)). The percentage crystallinity of
the sample is calculated as a fraction of AH, of fully crystalline PEO having M,,= 4000 g.mol! (215.6 J.g%). The -AHendo
of MEC-SIPEs is compared to i) the mPEO,-OH precursors having different DP, (EO,= 160, 55, 20, 10, and 8) and ii)
mPEOgm/LiTFSI of different EO/Li ratios (EO/Li= 60, 20, and 10) (Fig. II-41). The EO, values for polymers are quoted
next to the data points. The MEC-SIPEs are listed below each figure. The lines are drawn as a guide for the eye only.
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Fig. 11-45 and Fig. 11-46: The conductivity (6 / S.cm™) as a function of Temperature (T / 103.K'?) for the MEC-SIPE
mPEO,SOsLi (Fig. 11-52) and mPEO,-OC(O)PhSOsLi (Fig. 11-53) having different EO/Li ratios. The EO/Li ratio is fixed
according to the polymer DP, (EO,). The experimental data of EO/Li= 55 (), EO/Li= 20 (O) and EO/Li= 10 (A) and
EO/Li=8 (A) were recorded on cooling from 100 °C. The data are fitted to the VTF model (red lines, ).
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Figure 11-45: The conductivity (o / S.cm™!) of mMPEO,SOsLi  Figure 11-46: The conductivity (o6 / S.cm?) of

as a function of Temperature (T / 103.K). The datais mPEO,OC(O)PhSOsLi as a function of Temperature (T /

reproduced from Figure II-5. 103.K'). The data is reproduced from Figure 11-8.
Decreasing the PEO chain length and increasing ¢mesrp) tends to diminish the degree of
crystallinity. The AHengo Of MPEO,-SOsLi is lower than the corresponding mPEO,-OH having the
same DP,, (Fig. 11-42). There is also a positive shift in $m(esrp) due to the larger mass of the functional
end-group. The decrease in AHengo 0of MPEO,-OC(O)PhSOsli is similar to that of mPEO,-SOsLi (Fig.
11-42). However, the phenylsulfonate end-group has higher mass than the sulfonate and so there
is a larger shift towards higher values of Gm(esrp). Despite the similar values of AHengo for these EC-
SIPEs, the o of mMPEO,-SOsli is higher than that of mPEOQ,-OC(O)PhSOsli. There is one order of
magnitude difference in o (Fig. 11-45 & Fig. 11-46) of the two MEC-SIPEs having EO,= 55 and almost
identical order-to-disorder enthalpy change (Fig. 11-42). For the MEC-SIPEs having different PEO
chain lengths, the o of mPEO,-SOsLi (Fig. 1I-54) is higher than the corresponding mPEO,-
OC(O)PhSOslLi (Fig. 11-55) for all chain lengths except EO,= 8. The effect of the stereochemistry and
electron-withdrawing ability of the aryl ring of mPEO,-OC(O)PhSOsLi to decrease ionic conductivity
relative to mPEO,-SOsLi is minimised by decreasing the EO/Li ratio.

The minimum values of AHengo Of the MEC-SIPEs having -SO,N(Li)Naph, -N(Li)Naph, and -N(Li)Pyr
end-groups do not fall below the lowest AHengo of the mPEO,-OH precursor (EO,= 8) (Fig. 11-43).
These MEC-SIPEs having i) functional end-groups bearing multi-ring aromatic rings and ii) the
same polymer-anion-aryl configuration have a correlation of higher AHendo With higher ionic
conductivity. For example, mPEQss-SO,N(Li)Naph has the lowest AHendo Of the EO,= 55 MEC-SIPEs
(Fig. 11-43), and also the lowest ionic conductivity (Fig. 11-2). The mPEO,-N(Li)Pyr has the highest
AHendo (Fig. 11-43) and also the highest o (Fig. 11-13) for every PEO chain length tested (EOn= 8, 20,
and 55), except for the MEC-SIPE having EO,= 10. The mPEQO10-N(Li)Naph has the highest AHendo
(Fig. 11-50) and also the highest o (Fig. 11-12) of the MEC-SIPEs having EO,= 10.

The highest ionic conductivity of all the MEC-SIPEs presented was achieved with mPEQOo-N(Li)Pyr
(Fig 11-13). This mPEO2o-N(Li)Pyr has the highest AHengo (115 J.g7) of any of the presented MEC-
SIPEs based on mPEO2-OH. This value of AHen, is close to those measured for some MEC-SIPEs
having EOn= 55 and AHendo in the 120-130 J.g™ range (Fig 11-42-43). This relation of higher AHendo
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with higher o is contrary to the expectation that a greater fraction of amorphous phases (and
therefore lower AHendo) Yields higher ionic conductivity. This might be because the AHengo Of the
MEC-SIPEs, and in particular mPEO,-N(Li)Pyr, is a consequence of the organisations of the PEO
chain and of the MEC-SIPE functional end-groups. In this case, the total AHengo transformation
(from the ordered state at low temperature to a disordered state at high temperature) represents
the destruction of i) interactions between PEO segments, ii) interactions between functional end-
groups. The end-groups might moreover be either incorporated into or expelled from the
structural organisation of PEO segments. Strongly-interacting end-groups could furthermore
exclude PEO segments from the organisation of MEC-SIPE chain-ends by preferential ion-ion and
ion-dipole interactions. If such competing processes are present in MEC-SIPEs, they would act
concertedly to organise the MEC-SIPEs in the bulk state.

The "double-salt" mPEOss-SANSI(Li;) has higher o (Fig. II-3) and lower AHendo (Fig. 11-44) than
MPEOss-SO,N(Li)Naph having the same PEO chain length (EO,= 55). The mPEO,- @ NSI(Li), which
has a very bulky end-group, has the lowest AHengo (51.2 J.g1) of all the MEC-SIPEs based on
mMPEQO-OH (Fig. 11-44). Quaternisation of this MEC-SIPE vyields the zwitterionic mPEQO2-
@ *NSI(LiTFSI), which has lower AHengo (26.6 J.g) (Fig. 11-44). This reduction in AHengo is directly
correlated with two effects of the quaternisation: i) the addition of the TFSI- anion and ii) the
change of the stereochemistry of the linker. The triazole of mPEO2-®NSI(Li) has a bent
conformation due to the lone pair of the 1-nitrogen. Quaternisation of this function changes the
hybridisation of this nitrogen atom from Sps to Sp,. Incorporation of the planar triazolium into the
end-group architecture results in a planar geometry extending from the ester to the naphthalene
rings. Changing from the bent geometry of the triazole link to the planar of the triazolium link will
influence the packing of the MEC-SIPE end-group in the bulk state. These two effects of
guaternisation act concertedly to decrease the AHendo Of the transition from the ordered to the
disordered state of mPEQO,o-®*NSI(LiTFSI).
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Figure 11-47: The AHendo Of selected EC-SIPEs as a function of M, (g.mol?) are compared with mPEO,-OH precursors (4 ),
and values for HO-PEO,-OH (QO) reported in the literature.[1¢] (Left, A): MEC-SIPEs having -SOsLi (¥), -OC(O)PhSOsLi (®)
end-groups. (Right, B): -SO,N(Li)Naph (#), -N(Li)Pyr (M), -N(Li)Naph (®),-SANSI(Li;) (¥ ), -@ NSI(Li) (®) and - @*NSI(LiTFSI)
(®) end-groups. The lines are drawn as a guide for the eye only.
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The AHengo Of selected MEC-SIPEs are compared to the AH, of HO-PEO,-OH reported in the
literature (Fig. 11-54).1*' The DP, axis of the figure applies only to the polymers of the literature
and to the mPEO,-OH precursors; the polymers in this work are plotted according to M, only. The
series of mMPEO,-OH precursors have good agreement with the bis-hydroxy terminated polymers
of the literature at low M, but have lower AHendo than expected for the higher DP, polymers (EO,=
55, 160). The literature values come from PEO samples that were crystallised over very long time
periods. However, in the present report a fixed thermal history of cooling at 5°C.min is applied.
This time scale is too short (cooling too fast) to obtain fully crystalline (defect-free) samples of
PEO. This is the most likely explanation for the divergence in the AHengo of high DP, mPEO,-OH
precursors from their expected values.

However, the MEC-SIPEs have significantly lower AHendo. Whereas in Figs. 11-42—11-44 this is
presented as a function of the concentration of ionic end-groups, here the total AHengo is a function
of polymer M,. Again, the trend for MEC-SIPEs is those having higher AHengo have higher o. For
example, The mPEQO,0-SOslLi has higher o than mPEO2o-OC(O)PhSOsli (Fig 11-47, A). Similarly, the
mPEO,-N(Li)Naph and mPEO,-N(Li)Pyr have higher o than mPEO,-SO,N(Li)Naph (Fig. 11-47, B). The
MPEOss-SANSI(Li>) and the triazole/triazolium MEC-SIPEs are special cases without variation in
PEO chain length. Furthermore, the plasticising effect of the TFSI" anion prevents comparison of
MPEQ20- ®*NSI(LiTFSI) with the other MEC-SIPEs having EO,= 20.
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3.3.2. Evolution of Thermal Transitions by Variation Thermal History

The mMPEO2o-N(Li)Pyr has the highest ionic conductivity of all MEC-SIPEs, and the highest
crystallinity of MEC-SIPEs based on mPEO,,-OH. The high ¢ might be a consequence of a
favourable structural ordering process of the MEC-SIPE. The structural organisation of the MEC-
SIPE is destroyed on heating and large values of AHendo are required to break this organisation.
Three transitions are observed when mPEO,o-N(Li)Pyr was heated at 5°C.min? from -40°C to
+100°C. This implies that three types of structures are destroyed. Cycling of heating and cooling
ramps in DSC measurements reveals that these structures are reversibly created at low
temperatures and destroyed at high temperatures. Comparison of mPEO2-N(Li)Pyr and its
mMPEO,-OH precursor will reveal the effect of the end-group on the thermal transitions of the
polymer.

Different types of structural organisation are formed through thermodynamically and kinetically
controlled processes. Below a certain temperature, the thermal energy of the (macro)molecules
in the bulk state is lower than the interaction energy of the molecules (or parts of a
macromolecule). The distance (length scale) over which supramolecular organisation occurs is
dependent on i) the concentration of the interacting species and ii) the time permitted for their
diffusion and interaction in the bulk state. Thus, variation of the cooling rate will determine the
extent to which interacting species can become organised. Observation of slow processes on
cooling is difficult in practice because the AHex of the thermal transitions on forming organised
structures will be spread over a wide temperature range when the sample is cooled. The
measurement of AHeo is highly dependent on the measurement conditions and experimental
setup. For example, a cooling a sample from +100°C to -40°C at a rate of 0.10°C.min requires
more than 23 hours. A measurement over this time period is susceptible to instrumental errors
such as the stabilities of the baseline, the flow of inert gas, and stability of the thermostat.

However (macro)molecular organisation is often more easily destroyed than it is created. The
AHengo on heating provides indirect evidence of the structures that were created in the sample
during the previous cooling scan. The thermal transitions of this champion MEC-SIPE were thus
investigated by changing the rate of the cooling ramp in DSC and measuring AHengo ON heating at
a constant rate (5°C.min™). The results are compared to the identical experiment performed on
the mPEO2-OH precursor. The first cooling ramp is 5.00°C.min. This rate was decreased for
successive cooling cycles, to the lowest rate of 0.10°C.min%. There is considerable evolution of
thermal transitions of both the mPEO2-OH precursor (Fig. 11-48) and the mPEQO,o-N(Li)Pyr (Fig. II-
49) under these conditions.

The thermal transition observed close to ambient temperature on heating of mPEO2-OH (Fig. lI-
48) has constant T, and increasing AHendo (66—102 J.g') when the cooling rate is decreased from
5.00 to 0.10°C.min? (Table 11-9). The measured T, of ca. 20-30°C is consistent with the
temperature and the endothermic enthalpy change of melting extended chain crystals of low DP,
PEO,*® which have short chains (relative to the persistent length of PEO) that do not form folded-
chain crystals.*”? The crystalline phases formed by short-chain PEO (DP,< ~40) are formed
exclusively of extended chains. The increase in AHengo (J.g2) on heating is proportional to an
increase in the mass fraction of this type of molecular organisation. Therefore, decreasing the rate
of cooling permits the organisation of a greater mass fraction of PEO segments into extended-
chain crystalline phases.
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Table 11-9: The peak temperature (T, / °C) and endothermic
enthalpy change (-AHendo) of thermal transitions observed
when heating mPEO»-OH at 5°C.min! after cooling ramps of
decreasing rates (5.00, 2.50, 1.00, 0.50, 0.25, and 0.10°Cmin-%).
The -AHendo marked (*) cannot be calculated due to the poorly
defined baseline.

Cooling rate Tp (°C)
(°C.min’Y) -AHendo (J.87%)
0.10 T, |[20.0 25.7] [43.77 65.5° 76.0°]
AH 102.9 *
0.25 Tp [19.3 25.0] 37.5 69.6
AH 85.0 32.5 2.4
0.50 To [19.9 24.3 29.7] 60.3
AH 77.4 2.7
1.00 To [19.6 28.6] 54.6
AH 76.0 3.2
2.50 To [18.9 28.3] 50.1
AH 75.0 2.6
5.00 To 28.6 48.8
AH 66.0 9.2

Table 11-10: The peak temperature (T, / °C) and endothermic
enthalpy change (-AHendo) of thermal transitions observed
when heating mPEO»-N(Li)Pyr at 5°C.min! after DSC cooling
scans of decreasing rates (5.00, 2.50, 1.00, 0.50, 0.25, and
0.10°Cmin‘?).

Cooling rate T, (°C)

(°C.min’1) -AHendo (J.g’l)

0.10 To | 22.5 [38.9 49.0] [72.6* 78.0"]
AH | 994 45.1 18.2

0.25 Te | 23.1 [39.0 45.6] 71.6
AH | 96.2 44.8 16.0

0.50 Tp | 23.2 38.4 64.4
AH | 91.6 38.8 7.5

1.00 To | 23.4 30.9 52.4
AH | 89.5 10.8 6.0

2.50 Te | 22.4 30.9 52.4
AH | 85.7 10.6 5.8

5.00 Tp | 22.8 32.7 51.4
AH | 80.2 9.6 5.7
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Figure 11-48: The DSC thermograms of mPEO3o-
OH measured on heating after cooling DSC scans
of decreasing cooling rate (see Table 11-9 for
details). The rates of cooling of the precedent
DSC scans are indicated. The traces are
normalised according to the sample mass and
displaced vertically by an arbitrary value. The
labelled peaks (a, b, c) refer to values listed in
Table 11-9.
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Figure 11-49: The DSC thermograms of
mPEO2N(Li)Pyr measured on heating after DSC
cooling scans of decreasing cooling rate (see
Table 11-10 for details). The rates of cooling of
the precedent DSC scans are indicated. The
traces are normalised according to the sample
mass and displaced vertically by an arbitrary
value. The labelled peaks (a, b) refer to values in
Table 11-10.



Two transitions having higher T, appear when mPEO,-OH is cycled with decreasing rate of the
cooling scan: (1) a small AHendo (Fig. 11-48; 1), and (2) a larger AHendo having Tp= 38 °C, that appears
after the sample has been cooled at 0.25°C.min™! (Fig. 11-48; 2). The high temperature peak (1)
evolves from T,= 50°C, after cooling at 5.00°C.min%, to Tp= 70°C after cooling at 0.25°C.min*(Table
11-9). This is higher than the T, associated with crystallisation of PEO segments. However, the
AHengo Of this peak (1) does not evolve significantly. The AHengo, Which is nearly constant, implies
that the mass fraction of species involved in this type of organisation does not change when the
rate of cooling is decreased. The magnitude of the AHendo Of the high T, transition is small relative
to the AHendo Of melting of the crystalline PEO chain segments. This small peak (1) might be the
enthalpic contribution of the destruction of end-group interactions, which are a small mass
fraction of the bulk (for mPEO20-OH, ¢dmon= 0.02). However, the type of the organisation might
change. Then the difference in T, is related to the strength of the association energy of the
intermolecular interactions.

Under the cooling conditions used in this work, the AHendo of MPEO20-OH observed at T= 20-30°C
is around 70 % crystalline by mass, by comparison to the trend of chain extended crystalline PEO
reported in the literature (Table 11-9; cooling rate= 0.10°C.min).!**! The remaining 30 % of the
sample mass is occupied either by organised molecules (or parts of molecules) or by amorphous
domains. The existence of different types of organisation are evinced by the AHcngo Observed in
the 30-80°C range.

The mPEO2-OH has DP, below a reasonable estimate of the upper limit for the DP, of PEO that
forms a majority of extended chain crystals (EOn,< ~40).1*¢! The formation of these crystalline
phases is enhanced by slower cooling rates because longer time scales minimise the kinetic
entrapment of defects. The slower cooling rates permits extended ripening of the crystalline
domains. This is observed as an increase in AHendo When a larger mass fraction of these phases are
melted in the next heating scan. Hydroxyl groups can allow for H-bonding interactions and are
rejected by crystalline ordering of PEO segments. The hydroxyl groups are therefore assumed to
be localized at the surface of crystalline phases, at the grain boundary of crystalline and
amorphous phases. The interaction strength of H-bonding might be enhanced by ripening of the
crystalline grains into larger domains having higher organisation at their grain boundaries. This
leads to an increase in T, of the small AHendo process associated with the breaking of H-bonds. The
AHengo of this peak remains small because of the small mass fraction of hydroxyl end-groups and
the short distances over which the H-bonding phases percolate.

The thermal transition of mPEO,-N(Li)Pyr having T,= 22-23°C (Fig. 11-49) is identified to be the
melting of PEO segments, by comparison to the behaviour of the mPEO,,-OH precursor (Fig. ll-
48). The AHengo Of this transition is higher when the rate of cooling lower, from AHengo~ 80 J.g7
(cooling at 5.00°C.min?) to AHendo= 100 J.g? (cooling at 0.10°C.min) (Table 11-10). Both the
maximum value and the increase in AHendo Of the PEO segments of mPEQO,0-N(Li)Pyr (80.2 — 99.4
J.gt = +24 %) is less than that observed for the similar peak of mMPEO2-OH (66.0 = 102.9 J.g* =
+55 %).

The end-group mass fraction of mPEO2o-N(Li)Pyr ($mearp)= 0.20) is ten times larger than that of
MPEO20-OH (bmecrp)= 0.02). The AHendo Of the high T, transitions observed on heating of mMPEO2-
N(Li)Pyr (Fig. 11-49; 1 and 2) are larger than those of the precursor. The AHengo and T, of these
transitions are independent of cooling rate when dT/dt> 1.00°C.min" (Table II-10). However, both
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AHendo and T, are higher when dT/dt< 0.50°C.min™t. For example, AH® (44.8 J.g*) and AH® (16.0
J.g7) together represent 39 % of the total endothermic heat transfer on heating after cooling at
0.25°C.min", which is an increase from 16 % after cooling at 5.00°C.min™* (Table II-10). After
cooling at 0.10°C.min’, four overlapping processes are observed above the melting temperature
of the PEO segments (T,= 39, 49, 73, and 78°C) and represent 39 % of the total AHendo Observed
on heating mPEO-N(Li)Pyr after a cooling ramp of 0.10°C.min’. The change in AHendo and T, of
processes above the melting of PEO in mPEO2o-N(Li)Pyr is dramatic when the cooling rate dT/dt<
0.50°C.min"Y, which means that these enthalpy changes correspond to organisation that occurs
slowly on cooling.

The melting temperatures of the PEO segments in mPEOo-N(Li)Pyr (Table 11-10, Ty,= 23°C) and in
MPEO3-OH (Table 11-9; when dT/dt= 0.10 °C, T,= 23°C) are lower than expected, by comparison
to Tm reported for fully crystalline PEO previously reported by other authors.*®! Comparing the
melting of PEO segments in mPEQ2o-N(Li)Pyr (T,= 23°C) with the literature is means to estimate
the number of EO units per chain. The Tn, reported in the literature is plotted as a function of
polymer M, (Fig. II-50). The data is fitted by an exponential curve over the appropriate range of
PEO DP, (EO,= 9-31), corresponding to PEO that forms exclusively chain-extended crystals on
cooling. Using the fitted formula, the observed T, (23°C) corresponds to PEO having EOn,= 14 units.
The equation used to estimate the number of EO units (Eqn. 1I-14) and examples of calculated
values (Table 11-11) are shown below. This number fits well with the 7/2 helical conformation of
PEO segments in the bulk state, in which 7 repeating EO units constitute two turns of the helical
pitch and have a periodicity of 19.2A.128

M, (103 g - mol?)
0 2 4 6 8 10 Equation 11-14: T, (°C) as a function of the Number

70 T T T - Average Molar Mass (M, / g.mol!) of HO-PEO,-OH, as

6

60 A determined by fitting the data displayed in Figure 57
= 9- 2=
50 4 (EOn=9-46, R?>= 0.97).
__ 40 -
2 0l T,y = 29.602 - In(M,,) — 168.49
E H
i ;
20 + Table II-11: Example values obtained from Eqn. 1I-14.
101 g Tm (°C) M., (g.mol) DPy, (EOy)
U o7
22 623 13.8
10 A 23 645 14.2
0 50 100 150 200 250 !
24 667 14.7

DP,, (HO-PEO,-OH)

Figure 1I-50: The Ty, (°C) reported as values of peak enthalpy

change of melting (AHn) as a function of the DP, of HO-PEO,-

OH. The data are taken from the literature.[1617.29] The lines

are logarithmic fits of the data. The equation used: EO, = 9-

46, Tm=29.6*In(M,,)-168.5; Trm= 29.6*In(E0,,)-56.5 [R?= 0.97].
This leads us to a revision of the oversimplified situation where one considers that a MEC-SIPE is
composed of two chemically distinct parts: the PEO chain and the functional end-group. Indeed,
the thermal properties of the polymer are not segregated precisely across the C-N bond (Fig. IlI-
51). With the experimental data obtained from this work and the literature values of Ty, one can
tentatively propose the EC-SIPE mPEO20-N(Li)Pyr is assuming a segregated structure of phases
determined by i) by the organisation of ethylene oxide units and ii) by the organisation of the
functional end-groups (Fig. 11-58). However, the PEO chain does not organise into crystalline
phases having the AHengo and T, expected for PEO of 20 repeating units. The PEO chain is
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apparently of lower DP,. The EO units that behave in the manner of lower DP, PEO could be
located at the opposite end of the chain to the chemically distinct, functional end-group. These
units can have thermal behaviour independent of the end-group and behave like "native" PEO.
However, the EO units closer to the end-group are affected by its thermal transitions. These
perturbed EO* units organise relative to the functional end-group at higher temperatures than
the native PEO.

. . I
H:‘C,e \/j\(‘o/\g/ -\/\N
14 5
\ X A . A J
| ! |
Native EO, EO* End-Group

Figure 1I-51: An illustration of a hypothetical model of the MEC-SIPE mPEO,o-N(Li)Pyr. The poly(ethylene oxide)
monomethyl ether chain is composed of two parts: i) "Native" EO, units that crystallise and melt as expected of
those in extended chain conformation, and ii) EO,* units that are perturbed by the physicochemical character
of the proximal functional End-Group.
The mass fractions of the phases are represented by the AHendo Observed on heating and are
dependent on the cooling rate that determines the thermal history of the sample. The sample is
disorganised at high temperature and then allowed to organise on cooling. When the cooling rate
is lower, a higher mass fraction of the bulk is organised. The T, of endothermic process related to
the melting of native PEO chain segments (T,= 23°C) is lower than those of the functional end-
group segments (having several transitions in the T,= 30-80°C range). Therefore, one can expect
the native PEO to become organised (crystalline) at lower temperatures, while the functional end-
group segments can begin to become organised at higher temperatures. The driving forces of the
organisation of these phases is not clear because several processes are likely to act concertedly in
the bulk EC-SIPE. For example: whereas ionic end-groups might have electrostatic attraction at T>
Tm(reo), the thermal vibration of PEO chains might exclude bulky species such as the pyrene, thus
promoting the aggregation of the end-groups. Pyrene itself might furthermore contribute to the
organisation of end-groups though m-it stacking interactions. Each of these processes is dependent
on temperature and cooling rate. The large difference in the AHengo Of the high T, processes might
be related to the interaction energy of the functional end-groups. The low AHengo Of hydroxyl
groups of mPEO20-OH might be explained by their short-range interactions and limited percolation
through the bulk. The higher AHendo of the end-groups of the MEC-SIPE might be explained by
stronger end-group interactions that percolate over greater distances in the bulk.

The thermodynamic and kinetic situation is further complicated by the motion of Li* cations when
an electric field is applied across the sample. Electrochemical Impedance Spectroscopy (EIS)
measurements made on the MEC-SIPEs in the present work last several hours while cooling the
sample down from 100 °C (details are given in Section 4, and in the Experimental Chapter). The
range of cooling rates used in DSC analysis provides insight into the timescale over which the
organisation of phases in the bulk MEC-SIPE might occur. Indeed, these macromolecules become
organised over a timescale of several hours. The slowest cooling ramp in DSC requires over 16.6 h
to cool the sample from 100°C to 0°C (0.10°C.min). An EIS protocol, in which the spectrum is
measured at intervals of 2°C on cooling from 100°C, requires a similar amount of time to complete
(accounting for an equilibration time of 10 min between measurements). The time spent at high
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temperature and the electromagnetic force applied to the ionically conductive EC-SIPE might be
enough to promote organisation of the electrolyte.

3.4. Conclusions on Thermal Characterisation of MEC-SIPEs

The MEC-SIPEs have lower total AHendo Of transitions on heating than the mPEO,-OH precursors
having the same chain length. The MEC-SIPEs that have higher ionic conductivity also have higher
total AHendo Of transitions on heating (Fig. 11-47). The mPEO2o- ®*NSI(LiTFSI) is an exception to this
trend. This is likely to be the result of the plasticising effect of the TFSI" anion. Variation of the
cooling rate is examined with the mPEO2o-N(Li)Pyr having both high ionic conductivity and high
AHengo 0N heating. Comparison of this MEC-SIPE with its mPEO20-OH precursor reveals a trend with
decreasing cooling rate. The MEC-SIPE is permitted to organise more effectively when the cooling
rate is slow. This implies that the organisation of the MEC-SIPE occurs via slow processes. The
MEC-SIPE is proposed to benefit from strong interaction of its end-groups. This is observed
indirectly by increase in both AHendo and T, of thermal transitions on heating at a constant rate
after cooling at decreasing rates. The observations made lead to the hypothesis that the MEC-SIPE
is segregated in the bulk state into phases having thermal properties dominated by either the
interactions of the functional end-group or by interactions of the PEO chain.
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In review of the results of thermal characterisation, and in particular the implications of Section
3.3.2 on the segregation of an end-capped homopolymer, the following perspectives might be
considered for the design, synthesis and characterisation of MEC-SIPEs:

I Geometry of the end-group might have either a constructive or a destructive impact on the
formation of well-defined, segregated, percolating phases. Simple variations in geometry
might be accessed through variation of an aromatic ring motif. For example, easily
accessible variations could be based on aminoanthracenes (lllustration 3). These changes
in configuration at constant end-group composition will profoundly inform the design of
MEC-SIPEs from the point of view of the thermodynamics, kinetics, and high x interactions
of the end-group.

A
PEO o~y O

lllustration 3: Variations of end-group design based on aminoanthracenes having their amines in the A) 1-C, B) 2-C,
and C) the 10-C positions.

Il.  Segregation of the (e.g. PEO) homopolymer chain should be investigated not only as a
function of the physicochemical properties of the chain + end-group combination but also
in terms macromolecular architecture. Frustration of homopolymer chain dynamics might
enhance phase segregation. This can be achieved by numerous methods. For example, an
accessible research axis for comparison to the present library of MEC-SIPEs might be the
variation of the number of polymer chain "tails" and end-group "heads" to obtain a
comparable set of multi-head and multi-tail MEC-SIPEs. (lllustration 4).

. ?\W’OW
N\,zgm,g

lllustration 4: Variations of polymer architecture based on a "simple" MEC-SIPE (A). The multi-tail (B & C) and multi-
head (D & E) polymers are expected to have enhanced physical and thermal properties as a consequence of their
architectures.
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4. lon Transport in MEC-SIPEs
4.1. The Temperature Dependence of lonic Conductivity

The ionic conductivity of the presented MEC-SIPEs is dependent on temperature. A
phenomenological model, originally proposed by Vogel, Tamman, and Fulcher,®” is widely used
for the characterisation of ionic conduction behaviours of polymer electrolytes. A simplified
version of this model is applied in the present work (Egn. 11-15).

Equation 11-15: The simplified Vogel-Tamman-Fulcher (VTF) model, as applied to ionic conductivity (o), where o is a

pre-exponential factor, B is a term related to the thermal activation energy (E.) and Boltzmann constant (k), T is the
temperature in kelvin and T is the equilibrium glass transition temperature.

O':O'O-e<[T_B;T0]>

This exponential relation was originally applied as means to model the temperature dependant
viscosity of glass-forming materials./®”?% |onic transport in polymers is characterised by the VTF
model assuming that the motion of ions is controlled by the thermally dependent motion of
polymer segments. One therefore relies on the following statements to be true:

I.  The polymer is divided into segments of a single persistent length having a uniform
dependence of mobility on temperature.
Il.  The mobile ions are fully dissolved in the solvent polymer. i.e. binary salts are completely
dissociated and the mobile ions move independently of each other.
lll.  Theions move concertedly with the polymer segments.

The accuracy of the fit obtained by the VTF model is furthermore dependent on the difference T-
To, with the validity of the fit diminishing rapidly at temperatures far from the glass transition. It
is taken for granted that the cell constant does not change. In practice this is not always the case.
For example, the cell constant might change according to i) the volume of the electrolyte, and ii)
the electrode-electrolyte contact (sometimes called "wetting" of the electrode surface). Changes
in volume might arise as a result of thermally induced phase transitions in the bulk material.
Changes in the electrode-electrolyte contact might occur as a result of i) thermally-induced phase
transitions, and ii) chemical reaction of the electrolyte with the electrode material. Undesirable
(electro)chemical reaction of the electrolyte with the electrode can produce insulating produces
that effectively decrease the electrode-electrolyte contact area.

The VTF model was fitted to the measured ionic conductivity in the present work (Section 2.1).
The values of the pre-exponential factor (o), the term related to the activation energy (B ~E./ks)
and the equilibrium glass transition temperature (To) obtained cannot be easily compared across
different MEC-SIPEs having different end-groups and PEO chain lengths. This is expected because
i) the measurement temperatures are relatively far from the expected T, of the polymers, likely
to be in the -30 to -50°C range, and ii) the measurement temperatures cover a range over which
thermal transitions occur, as evinced by DSC (Section 3). A single VTF fit according to one set of
parameters is therefore not expected to be representative of the ionic conductivity behaviour of
the MEC-SIPEs across the entire measurement range.

The VTF equation (Egn. 1I-15) can be rearranged into a linear form (Eqn. 1I-16). The derivative of
this equation 6In(o0)/8T yields a plot having a slope equal to B, the term related to the activation
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energy. In this case, the activation energy refers to the energy cost of the transport of ions through
the electrolyte. In a manner familiar to the study of intensive properties such as viscosity, the
derivative is multiplied by the temperature (T) to define the reduced activation energy W(T)=
T.[6In(0)/8T] within a useful range of temperature. Plotting W(T) as a function of temperature
thus affords a comparison of the activation energy of ionic conductivity of the polymer electrolytes
under the reported conditions of temperature.

Equation 11-16: The natural logarithm of the VTF formula (Eqn. 1I-15).

In(o) =B + In(oy)

(T—Ty)
Equation 1I-17: The derivative of Eqn. II-16 multiplied by T yields the reduced activation energy, W(T).
61In(o) T -B

ST (T —T,)?

W(T)=T-

In the case of a single ionic transport mechanism, one expects a straight line of W(T). A single
regime over the entire measurement range could be appropriately modelled by one set of VTF
parameters. However, there is a change in the slope of the reduced derivative as a function of
temperature. The plot of W(T) is presented with temperature values in reverse order to make
easier comparisons to the familiar plot of log(o) vs. T(K?).

The dependence of ionic conductivity of MEC-SIPEs as a function of temperature is compared to
SiP electrolyte blends of MPEOsm/LIiTFSI. The ionic conductivity data must have small intervals of
temperature to provide certainty of the trends observed. The measurements must be conducted
over a wide range of temperatures to provide a good indication of changes in the thermal
dependence of conductivity. The MEC-SIPEs having longer PEO chains and the SiP mPEOgm/LiTFSI
having a high ratio of EQO/Li do not permit ionic conductivity measurements at temperatures much
lower than T= 40 °C. However, MEC-SIPEs having shorter chains and the SiP blends having EO/Li=
10 exhibit sufficient ionic conductivity at lower temperatures to enable measurements on cooling
across the +100°C to 0°C range. The o of the SiPs having EQ/Li= 10 are shown below (Fig. 11-52).
The corresponding plot of W(T) is given for the SiPs having EQ/Li= 60, 20, and 10 (mPEOgm/LITFSI),
and for mPEO1om/LiTFSI, EQ/Li= 10 (Fig. 1I-53). The curvature of W(T) at the extremes of the
temperature range are not considered when posing linear fits to the data. At high temperature,
the curvature results from the change in the direction of the heating/cooling scans. At low
temperature, the imperfect percolation of crystalline phases decreases ionic conductivity.
Therefore, the effective temperature range for fitting the data is fixed for all data sets from 90°C
to the last data point permitting good fit of the complex impedance on cooling.
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Figure 11-52: The o (S.cm™) of mPEOgum/LiTFSI (EO/Li= Figure 11-53: W(T) plots of the SiP electrolyte
10) (O) and mPEO;om/LiTFSI (EO/Li= 10) (A) as a mPEOgm/LIiTFSI having different EO/Li= 60 (1), 20 (O),
function of T (K'2). The red lines are VTF fits of the data. and 10 (A); and mPEO;om/LiTFSI (marked*) having
EO/Li= 10 (). Dotted lines (--+) are linear fits of the
data. The data series are plotted as a function of T(K)
and displaced vertically by an arbitrary value.
The SiP having EO/Li= 60 and 20 have a single slope of activation energy across their respective
temperature ranges (Fig. 53). However, the data of SiPs having EO/Li= 10 exhibit a transition from
a process having a lower activation energy at high temperature (a) to a higher activation energy
at low temperature (B). The change in the slope of W(T) is evidence of a change in the activation
energy of ionic conduction. The temperatures accessible for ionic conductivity measurements is
moreover far from the T, of PEO. These two facts prevent reasonable evaluation of the data across
the +100 to -10°C range by the VTF model. Presented below are the fitting parameters of the VTF
equation for the conductivity data of the SiP electrolytes (Table 11-12).

Table 11-12: VTF fitting parameters determined by least squares method for the ionic conductivity data of SiP
blends of mMPEOgm/LiTFSI and mPEO1om/LiTFSI. The symbols correspond to those used in Figures 52 and 53.

DP. (EO.)  EO/Li T(°C) cox102  -B To (K)
1 < 10 10 100—-10 18.3 655 189
100—0 18.1 745 200
2 1
A 60 0 0—-10 15.5 395 233
3 O 60 20 100—40 4.27 505 209
4 0O 60 60 100—22 2.66 531 201

As we have come to expect for MEC-SIPEs, W(T) is dependent on both the functional end-group
and the length of the PEO chain. The o of MEC-SIPEs having EOn= 8, 10, 20, and 55 was calculated
from EIS measurements using blocking (gold) electrodes from +100°C down to the lowest
temperature permitting a good fit of the complex impedance spectrum. The derivatives of these
same data were calculated to characterise the MEC-SIPEs. The ionic conductivities of the MEC-

SIPEs are presented next to the corresponding plots of W(T) (Fig. 54).
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Figure 11-54: (Left) The ionic conductivity [log(S.cm)] and (Right) W(T)= T-{6In(c)/8(T)} of MEC-SIPEs having different
functional end-groups: -SOsLi (A), -OC(0)PhSOsLi (B), -SO,N(Li)Naph (C), -N(Li)Naph (D), -N(Li)Pyr (E), -@NSI(Li) and -
@ +NSI(LiTFSI) (F), and -SANSI(Li;) (G). The MEC-SIPEs having different EOQ, are presented: EO,= 8 (<), 10 (A), 20 (O),
and 55 (). The same symbols are used both for the o and W(T) plots. The MEC-SIPE is indicated within the chart
area of each plot. The red lines (=) are VTF fits of the experimental ionic conductivity data (symbols). The dotted lines
(-++) are linear fits of the W(T) function (symbols). The W(T) data series are plotted as a function of temperature and

displaced vertically by an arbitrary value.
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The slope of W(T) is related to the activation energy of ion transport through the electrolyte. The
MEC-SIPEs exhibit at transition in W(T) have a high temperature ion transport regime (a) and a
low T transport regime (B). The slope of W(T) at high temperature is compared to the slope at low
temperature. To make the presentation more intuitive, the slope of W(T) is plotted in its negative
sign, such that a higher value represents a higher activation energy. This is visualised with W(T)
plotted with temperatures in reverse order: a higher (negative) gradient represents a higher
activation energy (Fig. 11-54, A-G).

All of the polymer electrolytes have lower activation energy at higher temperature and higher
activation energy at lower temperature. The SiP blends having EO/Li> 10 do not have sufficient
ionic conductivity to permit EIS measurements at T< ~40 °C. However, their high temperature
conductivity is measured and the slope of W(T) estimated using a linear fit (Fig. 11-53). The SiP
blends having EOQ/Li= 10 have both a high temperature (a) and a low temperature (B) ionic
conductivity (o). The activation energy (-B) for o(a) is lower than for o(B). The MEC-SIPEs mPEO,-
SOsLi and mPEO,-OC(O)PhSOsLi have -B(a) that are similar to the SiPs (Fig. 11-55, A), regardless of
the PEO chain length. As illustrated by the labelled EO, values in the figure, EO, is inversely
proportional to Gmearp). The magnitude of -B tends to increase with ¢msrp) by a relatively small
amount for high temperature conductivity, o(a). The magnitude of -B increases with ¢dm(ecrp) by a
larger amount for low temperature conductivity, o(B). The trends of -B (Fig. 11-55, A) resemble the
trend of 0 of mMPEQ,-SOsLi (Fig. 11-7) and mPEO,-OC(O)PhSOsLi (Fig. 11-10) as a function of dm(ecrp)-
The two data together (o vs. ¢om, and -B vs. ¢m) support the observation of an optimum
conductivity at an intermediate EQ/Li ratio: there is a trade-off between the concentration of
functional end-groups (i.e. Li*), the activation energy of o (represented by -B) that determines ion
mobility, and the percolation of conductive phases through the semi-crystalline polymer matrix
(Fig. 11-55, A).
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The SiP MPEOgm/LITFSI (A,A) mPEO,®NSI(L) (O,®), and
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Figure 11-55: The slope -B of W(T) is presented as a function of ¢msarr) of MEC-SIPEs (listed below the plots, A-C).
The slope of W(T) at high T (a, red, filled symbols) and at low T (B, blue, open symbols) are shown. The linear fits
of W(T) used to obtain the slope -B are shown in Figure 11-54 (A-G). In the case of MEC-SIPES, ¢pmsar) is the mass
fraction of the ionic end-group; for the SiP electrolytes, ¢dmsait) is the mass fraction of LiTFSI. For the EC-SIPEs, the
polymers having EO,= 55, 20, 10, and 8 are shown and some EO,, values are labelled for reference.
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The reduced activation energy (-B) of the aryl-functional mPEO,-N(Li)Naph and mPEO,-N(Li)Pyr
increases when the chain length (EO,) is decreased for both high temperature (a) and low
temperature (B) ion transport (Fig. 11-55, B). The increase in -B is larger for o(B) than for o(a). The
increase is largest for the MEC-SIPEs having the shortest PEO chains (EO,= 8, and 10). There is a
similar trend of increasing -B for mPEO,-SO,N(Li)Naph (Fig. 11-55, C). Although its -B(a) is similar to
those of the other MEC-SIPEs, the o of mPEO,-SO;N(Li)Naph is lower than of mPEO,-N(Li)Pyr,
which has lower reduced activation energy in both the a and B temperature ranges. The change
in -B of mPEOss-SANSI(Li>) is small (Fig. 11-55, C) over the +100 to +40°C temperature range of
measured o (Fig. 11-54, G). The calculated -B(a) and -B(B) of this MEC-SIPE are low and similar to
the values calculated for the other EOQ,= 55 polymers. However, this polymer has EO/Li= 23.

Quaternisation of the mPEO,o- @ NSI(Li) yields the zwitterionic mPEO,o- ®*NSI(LiTFSI), which has a
lower -B(a) and a higher -B(B) (Fig. 11-55, C). As illustrated above, the zwitterion also has higher o
over a wider temperature range than the mPEO,-®NSI(Li) (Fig. 11-54, F). The high o is achieved
with respect to a high LTN of the mPEQO,,-®*NSI(LiTFSI), t*;;= 0.8. The 6 of MPEO20- ®*NSI(LiTFSI)
at low temperature might be a result of the plasticizing effect of the TFSI anion. This hypothesis
is supported indirectly by the low AHendo Observed on heating of this polymer in DSC (Fig. 11-44),
which suggests a very low mass fraction of organised phases in the bulk.

The dependence of -B and o on the functional end-group concentration (Pmarp)) is complex and
would benefit from analysis of a finer gradation of PEO chain lengths (i.e. having more samples in
the range EOn= 10-50). From the data presently available, o is optimised at an intermediate chain
length (EOQ/Li= 20 for most functional end-groups). The magnitude of B has a small variation as a
function of dmearp) at high temperature (o). However, a noticeable increase in B(a) is observed for
the aryl end-groups having EOQ/Li= 8. The increase of -B with dm(eerp) is greater at low temperature
(B) than at high temperature (a). For each MEC-SIPE, the trend of -B(B) vs. ®m(arp) has the same
shape as the corresponding trend of -B(a) vs. Omecrp)-

Two linear fits were made to estimate -B(a) and -B(B) of the MEC-SIPEs. The temperature at the
intercept of these lines, at W(a)=W(B) is calculated and plotted as a function of ¢mecr).
T[W(a)=W(B)] is furthermore compared to the T, of AHengo transitions observed on heating in DSC
(Fig. 11-62). The comparison with AHengo transitions is not made directly because the EIS
measurement (by which W(T) is obtained) and the DSC measurement (by which AHendo is
observed) are made under very different kinetic conditions. The EIS data are gathered on cooling;
the T, correspond to the peak AHendo Of thermal transitions on heating. The EIS measurements are
moreover made over a longer timescale: the impedance spectra are gathered at intervals of 2°C
on cooling from 100°C with cooling rate of 1°C.min"* and an equilibration time of 10 minutes at
each measurement temperature. The DSC heating scans on heating were measured from -40°C,
at a rate of 5°C.min’. The T, are thus expected to be overestimates due to thermal lag of the of
AHengo transitions on heating. However, it is useful to represent these data together, to put the
intercept of W(a)=W(B) into context of MEC-SIPEs having complex thermal behaviours.
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Figure 1I-56: The W(T) transition temperature T[W(a)=W(B)] (blue, filled symbols; @, ll, A) on cooling (EIS)
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The transition of W(T) at T[W(a)=W(B)] is close to the T, of the single AHcngo transition of MEC-
SIPEs that have EO,= 55 (Fig. 11-62). This heat transfer, being close to the Tm of the mPEOss-OH
precursor, is defined by the melting of PEO chains. DSC reveals that the MEC-SIPEs based on
shorter PEO chains exhibit a number of transitions. The AHendo having the lowest T, on heating
compares well to the melting of PEO chain segments (Fig. 50). The trend of these first transitions
on heating follow the same trend as the T[W(a)=W(B)] intercepts as a function of ¢man (Fig. Il-
62, A-E). Emphasis is not placed the exact values of T, because of the difference in the kinetic
conditions of the measurements. The T, attributed to the melting of PEO segments and
T[W(a)=W(B)] can be different by as much as 20-30 °C. However, the similarity of the trends is
well-pronounced.

The crystallisation of PEO at low ¢msaiy) (EOn= 55) limits percolation of conductive phases in the
MEC-SIPEs. All of the MEC-SIPEs of EO,= 20 have T, of all transitions on heating at temperatures
lower than T[W(a)=W(B)]. This implies that high temperature conductivity, o(a), of the MEC-SIPEs
is the range of temperatures at which MEC-SIPE bulk is fully melted. On cooling, the MEC-SIPEs
having EOn,= 20 pass T[W(a)=W(B)] and enter a temperature range having a higher activation
energy. This regime of o(B) continues until the growth of crystalline grains limits percolation of
the conductive phases, and ionic conductivity falls rapidly.

MEC-SIPEs of the shortest chain lengths (EO,= 10, and 8) have high temperature transitions close
to their T[W(a)=W(B)] intercept temperatures. The high temperature behaviour of these MEC-
SIPEs is complicated by the high concentration (approaching ¢miay= 0.4) of interacting end-
groups. However, the high temperature transitions (observed on heating in DSC) do correspond
to organisation of the MEC-SIPEs that occurs on cooling. They are reversible and dependent on
the rate of cooling. The effect of the end-groups is represented by the large variation in the
magnitude of -B(B) at high dmsary (low EO,). The activation energy of ion transport appears to be
affected by the interaction of ionic species (end-groups) of the MEC-SIPEs on cooling, and this
phenomenon is magnified by concentration.

4.2. Characteristic Frequencies of lon Transport in MEC-SIPEs
4.2.1. Resistive Features at Low Temperatures: Case Study of mPEQs-N(Li)Pyr.

The greatest changes in the activation energy of ion transport are observed for high functional
end-group concentrations (high ¢dmsary). In the present work, this corresponds to MEC-SIPEs having
short PEO chains (EO,= 8, 10). The mPEO2o-N(Li)Pyr is presented having several thermal transitions
observed on heating in DSC (Fig. 11-49). The mPEOs-N(Li)Pyr has higher activation energy
(represented by -B, Fig. 1I-55, B) of ion transport in both its high temperature W(a) and its low
temperature W(B) range (Fig 11-54, E). lon transport at low temperatures provides an opportunity
to thermally trap organised structures of a polymer electrolyte. Electrochemical Impedance
Spectroscopy (EIS) reveals the evolution of interfaces in the MEC-SIPE. The EIS spectra were first
collected on cooling from +100 to -10°C (the conductivity and W(T) data are presented above, in
Fig I1-54, E). Examples of sub-ambient temperature EIS data are shown below as Nyquist plots (Fig.
11-63). The MEC-SIPE is then immediately heated from the lowest temperature (-10°C) and the
interfaces that evolve at low temperature are observed in the EIS spectrum on heating. The
Nyquist plots of the data collected on heating (Fig. 11-64) illustrate the destruction of the interfaces
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that develop at low temperature. This analysis is possible because the MEC-SIPE retains microscale
ion transport at low temperature.

Fig. 11-57 and Fig. 1I-58: Nyquist plots of EIS data collected on cooling (Fig. 11-57) and heating (Fig. 11-58) of
mPEOgN(Li)Pyr. The experimental data (circles, O) are fitted by an equivalent circuit model (red lines, -). The
equivalent circuit is shown below (Eqn 11-18). Arrows (+) indicate the direction of increasing frequency (1 MHz < 1
Hz). The plots at the bottom (B) are expanded representations of the plots at the top (A).
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Figure 11-57: Nyquist plots of EIS data measured on Figure 1I-58: Nyquist plots of EIS data measured on
cooling of mPEO,,-N(Li)Pyr. heating of mPEOg-N(Li)Pyr.

The spectra were fitted using the equivalent circuit model below (Egn. 11-18). The circuit was
chosen according to the elements used. The resistors represent the instrumental setup (R1), the
bulk electrolyte (Rz), and the second feature that develops at sub-ambient temperatures (R3).
Constant phase elements (Qz, Qs) were connected in parallel to the resistors, to account for non-
ideal evolution of the double layer capacitance.

Equation 11-18: The equivalent circuit model used to fit the EIS spectra of mPEOs-N(Li)Pyr measured at low

temperature. The complex impedance Z(v) is represented in terms of frequency (v), resistance (R), capacitance of
constant phase elements (Q), and a form factor (a); j2= 1 (j# £1).

1/ 7
,:._+ o H o3 +J
R — 1

R2 F3
R, R;
1+ : a + : a
R,Q,(j2mv)%2 +1  R3Q3(j2mv)%s + 1

Z(v) =R

The evolution of the resistive features observed in the EIS of mPEOs-N(Li)Pyr on heating (examples
shown in Fig. 1I-58) were modelled using an equivalent circuit (Eqn. 11-18). These features are
named in this report after the elements of the equivalent circuit (Fig. 1I-59). The higher frequency
feature (R,/Qz) and the lower frequency feature (Rs/Qs) are analysed as functions of temperature
(Fig. 11-60).
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Figure 11-59: An example Nyquist plot illustrating Figure 11-60: The resistivity (p) and the corresponding

the high frequency Q,/R; and the lower frequency capacitance (Q, open symbols) at a function of

Qs/R; features observed on heating from -10°C. temperature on heating of mPEOg-N(Li)Pyr from -10 °C

The arrow (+) indicates the direction of increasing to +20°C. The higher frequency feature Q,/R; (circles;

frequency. O, @) and the lower frequency feature Qs/Rsz (squares;

[J, W) are displayed.

The resistances R, and Rs (Fig. 11-59) both decrease when the temperature is increased (Fig. 11-60).
The formation of the resistive feature R3/Qs at low temperature (T= 0 — -10°C) is consistent with
thermal transition assigned to the melting of PEO segments (observed in DSC on heating, at T,= -
12°C). This T, is lower than the W(T) transition temperature defined by the intercept,
T[W(a)=W(B)] = +13°C (Fig. 11-62, D). The quality of the fit to the equivalent circuit decreases when
the Rs/Qs; feature becomes small, on heating from T= -10°C to T> +24°C. The R3/Qs feature
disappears at T> +36°C.

Whereas the capacitance Q, remains constant (Q,= 3*107° F.s(*%), the capacitance of Qs increases
with temperature, from Qs=5.0*10 (at T=-6.0°C) to Qs= 1.0*10°° F.s®?) (at T= +20°C) (Fig. 11-60).
The difference between these trends of capacitance is more than two orders of magnitude. These
resistive features could therefore originate from two different phenomena related to the MEC-
SIPE. Whereas the low frequency Rs/Qs feature disappears at T > +36°C, the semi-circle of the high
frequency feature Ry/Q, remains until high temperatures. The R,/Qa becomes too small to fit the
equivalent circuit elements at T> +80°C on heating, and reforms in the Nyquist representation on
cooling through the +70— +60°C range.

In the Nyquist representation, local minimum of the imaginary part of the impedance (Z") is read
from the axis of the real part (Z’) to evaluate the resistance of the bulk electrolyte. This value of
resistance is found equally as the plateau of the real part (Z’) as a function of frequency (v) (Fig. Il-
61). This type of analysis can be achieved using the maximum of the derivative [(6Z'/6v)—0] to
identify the plateau of the real part of the impedance (Fig. 11-62). It is noted that the frequencies
of the measurement are represented in the complex plane of the Nyquist plot to be increasing
toward the origin (e.g. Fig. 11-59). However, the treatment of Z’ vs log(v) presents the frequencies
increasing away from the origin, from left to right (Fig. 11-61).
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Fig. 11-61 and Fig. 11-62: The EIS data collected of mPEOs-N(Li)Pyr on heating from 10°C — 20°C (+2°C increments). The
data of EIS at 30°C (orange line, =) and 40°C (red circles, O; red line, -) are also shown. Arrows (=) illustrate the
direction of heating. The data are collected as discrete frequencies but displayed as lines for visualisation of the
trends. The data points of the real part of the impedance (Z’) collected at 40°C (red circles, O) are shown as an
example (Fig. 11-61). The derivative of these same data are plotted as a function of frequency (v, log(Hz)) (Fig. 11-62).
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Figure 11-61: A double logarithmic plot of the real part Figure 11-62: The derivative §(Z’)/6(v) of real part of the
of the impedance (2’) as a function of frequency (v). impedance (Z’) as a function of logarithmic frequency

(v).

The two features of resistance (R, and Rs) observed in the Nyquist representation (Fig. 11-59) are
observed as plateaus in the plot of the real part of the impedance (Z’) as a function of logarithmic
frequency (v, log(Hz)) (Fig. 11-61). The resistivity and characteristic frequency of these features are
extracted by correlating the experimental data to the maxima of the derivative §(Z’)/5(v) (Fig. Il-
62). The two features are visible at the lowest temperature (-10°C). The Rs feature is erased by
temperature and the derivative has a single maximum at 40°C. The resistance of the real part (Z)
at the frequency of the maximum of §(2’)/8(v), at 40°C, corresponds to R,, the bulk resistance of
the MEC-SIPE (48 Q.m; 2.1¥10 S.cm™).

The Nyquist plot highlights the major contributions to resistivity by presentation of the impedance
of the electrolyte in the complex plane. The extraction of the resistivity and conductivity of the
electrolyte from Z' as a function of frequency enables the characterisation of the electrolyte
without reliance on the fitting of the experimental data to an equivalent circuit. The application
of an equivalent circuit relies on the assumption that all the impedance phenomena of the
equivalent circuit correspond in theory to the mode(s) of ion transport in an electrolyte.
Assumptions might be made for well-described electrolyte formulations of fully dissolved and
dissociated binary salts in low viscosity solvents. These same assumptions might not necessarily
apply to binary salts in viscoelastic, semi-crystalline polymers over a wide range of temperatures.
"Single lon" conductors moreover present a theoretical challenge in that the anion is assumed to
be immobilised through covalent bonding to the stationary polymer chain. Analyses performed by
DSC and the trends of reduced activation energy W(T) demonstrate that the ion transport
properties of these MEC-SIPEs are not simple. However, the high LTN of the EC-SIPEs
demonstrates that, with respect to the stability of the interface in contact with lithium metal
electrodes, the great majority of charge is carried by Li*. The logic and range of a relatively simple
design motif of polymer chain with a modified end-group affords a basis of comparison among the
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MEC-SIPEs, the electrochemical characterisation of which can be further probed by treatment of
EIS spectra.

4.2.2. Characteristic Frequencies of lon Transport in MEC-SIPEs

The complex impedance Z is made up of a real (Z’) and an imaginary (Z”’) part. Analysis of the
impedance spectrum in the Nyquist plot serves to highlight the most resistive parts of the
electrolyte. The resistivity (p) and capacitance (Q) of the bulk electrolyte are extracted from the
Nyquist representation and correspond respectively to a local minimum and a local maximum of
7" (Fig. 11-63). The 72’ and Z”’ components can be equally plotted as a function of frequency in a
double logarithmic plot (Fig. 11-64). The plateau of Z' corresponds to the resistivity (p) of the
electrolyte at the same frequency (f,) as a local minimum of Z”’. The capacitance (Q) corresponds
to a local maximum of 2"’ (Fig. 11-64). The position of Q can be approximately checked in this case
by counting the data points down from the highest frequency and comparing the position of Q in
the plot of Z”’ vs. f (Fig. 11-64) with the Nyquist plot (Fig. 11-63). The frequency is plotted as log(v/2m)
to exaggerate the shape of the data. The resistance obtained from the plateau of Z’ at f, can be
used to calculate the conductivity of the electrolyte in the usual way, o= (1/Q)*(Length/surface
Area).
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Figure 11-63: A Nyquist plot of the EIS spectrum of
mPEOgN(Li)Pyr. The experimental data (O) was
collected at 0°C, on cooling from 100°C. The bulk
electrolyte resistivity (p= 441 Q.m) and capacitance (Q=
0.308*10° F.s1); a= 0.979). The fit of the equivalent
circuit (Eqn. 17) is displayed (red line, =).

Figure 11-64: A double logarithmic plot of Z’ (®) and Z”
(O) as functions of frequency (f= v/2r) of
mPEOgN(Li)Pyr at 0°C on cooling from 100°C. The
corresponding moduli M’ (red line, =) and M”’ (dotted
line, ---) are shown.

It can be useful to process the data using the modulus (M) of the impedance (Z). The crossing
points of the moduli are sometimes clearer to see than those of Z’ and Z”’. The complex modulus
is composed of real and imaginary parts, and is calculated from Z’ and Z”’ by multiplication by the
angular frequency (w= v*2m), the vacuum permittivity (o), and a cell constant (Egn. 11-19).
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Equation 11-19: The complex modulus (M) of the complex impedance (Z), where w= v*2m; Co= g*(A/L); A is the
electrode surface area and L is the thickness of the electrolyte.

Z=27+;7"
M=jM"—M
M = —-wCyZ"
M = wCyZ'

Whereas the impedance emphasizes the resistive parts of the EIS (for example, the local minimum
of Z”’), the moduli emphasize the ion transport parts of the EIS (for example, the local minimum
of M”). The conductivity is obtained by calculation using the resistance of the plateau of 7’
corresponding a local minimum in Z”. The conductivity is thus obtained at a certain frequency, f,
(Fig. 11-64). This characteristic frequency increases with increasing temperature. The mPEO,-
N(Li)Pyr have the highest ionic conductivity and largest mass fraction of functional end-groups
(Pmsar)) of the presented MEC-SIPEs having different PEO chain lengths. These were chosen to
investigate a possible trend in characteristic frequency (Fig. 11-66).
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Figure 11-65: A double logarithmic plot of the frequency Figure 11-66: Conductivity vs. Frequency of MEC-SIPEs
dependence of o of mPEO,N(Li)Pyr. MEC-SIPEs having having EO,= 8 and different functional end-groups: -
short chains (EO,= 8, 10, and 20; @) are overlappingand  N(Li)Pyr ((J), -N(Li)Naph (A), -SO,N(Li)Naph (<), -SOslLi
the longest chain EO,= 55 (O) is shifted in coordinates. (O) and -OC(O)PhSOsLi (®). The arrow (—) indicates
The arrow (—) indicates the direction of increasing the direction of increasing temperature. The reference

temperature. The reference line (=) has a slope of 1. line (=) has a slope of 1.

The trends of increasing ionic conductivity with increasing characteristic frequency appear to be
similar. The EIS spectra of mPEO,N(Li)Pyr (EO,= 8, 10, 20, and 55) were computed to yield linear
dependence with a slope close to unity (+ 0.02) in the double log plot of conductivity (o / log(S.cm’
1)) as a function of frequency (f / log(v/2m)). The frequency dependence of the ionic conductivity
showed a uniform trend, independent of the polymer chain length (i.e. the concentration of ionic
end-groups) when the PEO chains are short (EO,= 8, 10, and 20). However, the mPEOss-N(Li)Pyr is
slightly shifted towards lower frequencies (Fig. 11-65).

Changing the functional end-group does not significantly alter the trend of o vs f. This was tested
using the EIS data of MEC-SIPEs having the highest functional end-group concentrations (EO/Li=
8). A small variation is observed in the coordinates of the trends, however the slope and tendency
of increasing ionic conductivity and frequency with temperature remain the same (Fig. 11-66).
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MEC-SIPEs having higher ionic conductivity also have higher characteristic frequency of their
conductivity, over the measured range of temperature.

The trend of o vs. f is checked against the SiP electrolyte mPEOgm/LITFSI having different
concentrations of salt (EO/Li= 10, 20, and 60). The SiP formulations follow the same trend as the
MEC-SIPEs. Higher ionic conductivity invariably corresponds to higher frequency. The SiP blends
have overlapping plots independent of salt concentration. The SiP data overlaps with those of
MEC-SIPEs having EOn= 8.

In conclusion, the characteristic frequency of the ionic conductivity of the bulk electrolyte does
not change with salt concentration in the model SiP electrolyte or functional end-group
concentration of the presented MEC-SIPEs. The ionic conductivity increases proportionally with
characteristic frequency. Changing the functional end-group does not have a large effect on the
coordinates of this trend. MEC-SIPEs having the same functional end-group and different PEO
chain lengths have the same coordinates on the double logarithmic plot of ¢ vs. f when the PEO
chain is short (EOn= 8, 10, and 20). However, there is a shift towards lower frequencies for the
MEC-SIPEs having longer chains (EO,=55). The end-groups with the highest ionic conductivity have
the highest characteristic frequency with respect to temperature.

4.2.3. Characteristic Frequencies of mPEOs-N(Li)Pyr: Dependence on Temperature

The resistive features of mPEOs-N(Li)Pyr observed on heating (Section 4.2.1) are observed in the
Nyquist plot as local minima in the complex plane, and as plateaus in the plot of Z' as a function
of frequency. The characteristic frequency of a resistive feature corresponds to a local minimum
in Z"" as a function of frequency (Fig. 11-64). The intercept of Z’ and Z”’ where at which Z”’ increases
above Z’' with increasing frequency corresponds to the characteristic frequency of the capacitance
(Q) of the feature. Q is equally found at the local maximum of the semi-circular form in the
complex plane of the Nyquist representation (Fig. 11-63). The measurement window by the
instrumental limits of the 1 Hz = 1 MHz frequency range. However, the characteristic frequency
of the resistive features changes with temperature. A different form of the EIS spectrum is
observed in the measurement window (frequency range) when the temperature changes (e.g.
(Fig. I-67 — Fig. 11-68). The electrolytes can be characterised by the frequency dependence of all
the different features observed within the measured frequency range, with respect to
measurement temperature. Decreasing the chain length of PEO increases the functional end-
group concentration and increases the temperature range of ion transport. A MEC-SIPE with a
short PEO chain and a large mass fraction of functional end-groups thus provides the best
possibility of observing a change in the temperature dependence of ion transport.
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Fig. 11-67 and Fig. 11-68: Examples of EIS spectra of mPEOg-N(Li)Pyr measured at 80°C (Fig. 11-67) and 0°C (Fig. 11-68) on
cooling from cooling from 100°C. The real (Z’, @) and imaginary (Z”’, O) impedances, and their real (M”, red lines -)
and imaginary (M’, dashed lines ---) moduli are presented in a double logarithmic plot as functions of frequency (f /
log(v/2m)). The positions of the resistivity (p) the associated characteristic frequency (f;,), and the capacitance (Q) are
indicated. The identities of p, f,, and Q are numbered (2, 3) relative to the equivalent circuit model (Egn. 11-18).
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Figure 11-67: The EIS spectrum of mPEOg-N(Li)Pyr Figure 11-68: The EIS spectrum of mPEOg-
measured at 80°C. N(Li)Pyr measured at 0°C.

The features observed in the fixed frequency range from 1 Hz (log(f)=-0.8) to 1 MHz (log(f)= 5.2)
change on cooling. This is illustrated by examples of EIS spectra measured of mPEOg-N(Li)Pyr on
cooling from 100°C. These are compared to the trend of the temperature dependence of ion
transport as illustrated by the reduced activation energy, W(T). The transition temperature of
W(T) mPEOs-N(Li)Pyr is calculated by intercept of linear fits of the high temperature W(a) and low
temperature W(pB) trends, yielding T[W(a)=W(B)]= 13°C (Fig. 54, E). Two representative data sets
of the MEC-SIPE are shown (Fig. 11-67, Fig. 11-68): one EIS spectrum at T > T[W(a)=W(f)] (at 80°C)
and one at T< T[W(a)=W(B)] (at 0°C). It is noted that 80°C is far above the temperature range at
which the MEC-SIPE undergoes AHendo transitions on heating. The AHengo transitions of mPEQs-
N(Li)Pyr have T,=-12, 15, and 35°C on heating. The transition having T,=-12°C is hypothesized to
be the melting of the native PEO segment by comparison to the literature (Fig. 1I-50). The MEC-
SIPE is therefore expected to be fully melted at 80°C.
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The bulk resistivity (p2) is observed at low frequency in both cases. The lower resistivity (higher
conductivity) of mPEOg-N(Li)Pyr at 80°C corresponds to a higher value of f,; than the same feature
measured at 0°C. However, a low frequency feature (ps) is observed at high temperature (Fig. ll-
69). This feature (ps) has an associated characteristic frequency (f;) and capacitance (Qs). The
magnitude of Qs could not be reliably calculated by fitting this feature in the Nyquist
representation to an equivalent circuit because few data points are available in this range of
frequencies. However, the ionic conductivity (o) and characteristic frequency (f,) of all the features
could be computed from the EIS spectra obtained on cooling, using the plot of the spectrum as a
function of frequency. It is clear from the Nyquist plot (Fig. 11-69) that the p; feature does not meet
the real axis. The calculation of the ionic conductivity using the obtained value of ps is therefore a
large underestimate of the true resistivity of the feature. However, the crossing of Z’ with Z"’ (and
M with M’), where the imaginary part becomes greater than the real part with increasing
frequency (Fig. 11-67), remains a robust value. This corresponds to the Qs of the low frequency
resistive feature and can be tracked with respect to its characteristic frequency (fo) and the
measurement temperature.

The evolution of the crossing points of 2’ and Z”’ corresponding to Q, and Qs is presented as a
function of their characteristic frequencies. The value of ionic conductivities of the crossing points
are calculated from Z’. The evolution of each Qis therefore presented as conductivity value (oq)
and a characteristic frequency (fq) relative to the measurement temperature. Most of the features
are observed in the EIS spectrum measured at 18°C (Fig. 1I-70). The crossing point where the
charge transfer (Z' and its modulus M’’) exceeds charge storage (Z”’ and its modulus, M’) is
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identified at the characteristic frequency fx(O) and assigned a resistivity px from Z’ (it is not shown
in Fig. 11-70; py is close in magnitude to p2). The combined results, calculated from EIS spectra
measured on cooling of mPEQg-N(Li)Pyr from 100°C to -10°C, are shown below (Fig. 11-71).
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Figure 11-70: The EIS spectrum of mPEOs-N(Li)Pyr Figure 1I-71: The characteristic frequencies of features
measured at 18°C on cooling from 100°C. The features observed in EIS spectra of mPEOg-N(Li)Pyr on cooling
Q, and Qs are both visible. The characteristic from 100°C. The double logarithmic plot of o vs f is
frequencies fa3 (1), fx (O), fo2 (@), and foo (O) are calculated from the resistance of Z’. The features (left
shown. The same symbols are used in Figure 11-71. to right) ps (H),Qz (O), px (O), p2 (@), and Q; (<) are

shown. Each feature is labelled with the temperature

range over which it is observed, within the instrumental

limits. The line (=) is a reference of y=x.

The different features found in the EIS spectra of mPEOs-N(Li)Pyr appear over different ranges of
temperature on cooling (Fig. 1I-71). The low frequency crossover Qs is observed in the high
temperature range, from 100°C down to 18°C. The local minimum of Z" ps (Fig. 11-67) is observed
above 62°C (Fig. 1I-71). The bulk resistance at p2is observed over the entire measurement range.
The crossing point at fx, where the charge transfer part (Z’, M”’) exceeds the charge storage part
(2, M’), is also observed from 100°C down to -10°C. However, Q,, the maximum in the charge
storage character at high frequency, is observed only at T< 18°C. These features of the EIS
spectrum can be plotted as functions of the bulk ionic conductivity and placed in context of the
dependence of the bulk conductivity on reciprocal temperature (Fig. 1I-72). In this case, the bulk
ionic conductivity (o) is calculated from the Nyquist plot, at the intercept with the real axis
obtained by fitting the complex impedance to a model circuit. In this representation, the bulk ionic
conductivity is plotted as a function of reciprocal temperature (the temperature in degrees Celsius
is given in the secondary vertical axis for reference). The features described above are plotted as
functions of their characteristic frequencies and displaced vertically according to the bulk ionic
conductivity.
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How to read Figure 11-72: The familiar plot of ionic conductivity (o) as a function of reciprocal temperature (103.K?) is
shown (blue line, -). The points of the secondary vertical axis of T (°C) are fixed relative to the calculated o. The
features of the EIS spectrum (Fig. 11-67 & 11-68) are plotted at their characteristic frequencies (f) and displaced
vertically according to the bulk ionic conductivity. The value of p, (@) is the feature having o close to the bulk value,
except that it is not extrapolated to the real axis in the complex plane (2”’= 0). For example, one can ask the question:
which features of the EIS spectrum are observed at 40°C? Answer: Qs ((]), px (O), and p, (@). The temperature ranges
of the features are labelled in Figure 85.
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Figure 11-72: The bulk ionic conductivity (o) of mPEOg- Figure 11-73: The reduced activation energy W(T) of
N(Li)Pyr (blue line, -) as a function of T (103.K1). The MPEOs-N(Li)Pyr (<) as a function of temperature. The
features of the EIS spectra at their characteristic dashed lines (---) are linear fits of the high (a) and low
frequencies (f) are plotted relative to o and T (°C). These  (B) temperature trends. The intercept of these lines
are (left to right) ps (H), Qs (O), px (O), p2 (@), and Q;  (13°C) is indicated (-+-).

(). The temperature at which four features are

observed (18°C) is indicated (-+*).

The resistive features have decreasing characteristic frequencies when the temperature
decreases on cooling (Fig. 11-72). In the case of mPEQOs-N(Li)Pyr, three features shift across the
limits of the frequency range. The p; (ll) and Qs ([I) features move to lower frequencies and out
of the instrumental range on cooling. The Q; (<) feature appears at the high frequencies at low
temperature. Which features are observed depends on the temperature. The EIS spectrum
measured at 100°C comprises a different set of features to the EIS spectrum measured at 0°C.

The low frequency feature Qs ([J) disappears and the high frequency feature Q, (<) appears at
the same temperature (18°C). The Qs and Q; features correspond to charge storage phenomena
that exist within the electrolyte but are visible within the EIS spectrum frequency range only within
a certain range of temperatures. Increasing temperature increases the characteristic frequency of
the features of the EIS spectrum. Below 18°C, Qs has a characteristic frequency lower than the
lower limit of the spectrum. The relaxation time of Qs is too long to be observed at low
temperature. Above 18°C, Q, has a characteristic frequency higher than the upper limit of the
spectrum. The relaxation time of Q; is too short to be observed at high temperature.

The reduced activation energy W(T) of mPEOs-N(Li)Pyr has a complex form (Fig. 11-73). The
curvature close to the start of the EIS measurements conducted on cooling is related to changing
the direction of temperature change from heating to cooling, and is observed for all samples. W(T)
then follows a straight line in the 95-70°C range. W(T) is very sensitive to variation in temperature
dependence, such that a variation of 1-2 % in the rate of decrease of ¢ on cooling can cause W(T)
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to fluctuate by around 10 units. Fluctuation in W(T) is observed on cooling in the 60-30°C, the
same range over which AHengo transitions are observed on heating in DSC. The intercept of linear
fits estimates the T[W(a)=W(B)] transition at 13°C, above the lowest AHen4o Observed on heating
that corresponds to the melting of PEO chains (-12°C). The transition temperature T[W(a)=W(B)]
at 13°C (Fig. 1I-73) is close to the crossover temperature of the features in the EIS spectrum (Fig.
11-72). The two different treatments of the same data arrive at the same observation: the polymer
electrolyte behaves differently above and below a certain temperature within the limits of
frequency of the EIS spectrum.

A phenomenon can continue to exist outside a particular frame of reference. Even if the low
frequency resistive part described by psand Qs moves beyond the lower limit of the frequency
range of the measurement, it continues to be a feature of the ionic transport properties of the
electrolyte. Therefore, no definitive transition temperature can be inferred directly from the
evidence presented in Fig. 11-72 and Fig. I1I-73. However, the different features of the EIS spectrum
occupy mass within the electrolyte and will affect the bulk ionic transport, regardless of how the
conductivity value is calculated.

The conductivity measured by fitting of the data to an equivalent circuit model (Fig. 11-54, E) and
the corresponding W(T) are necessarily functions of the type, number and volume of ionic
transport phases in the electrolyte. The MEC-SIPE mPEQs-N(Li)Pyr is a single macromolecule
composed of two chemically distinct parts: i) a Lewis basic oligo(ether) and ii) an ionic end-group
equipped with a large aromatic ring system. Two distinct resistive features are observed in the EIS
spectrum at high temperature (Fig. 11-67). Since the two parts of the MEC-SIPE are covalently
linked, these features are part of the same macromolecule. The EIS spectrum reveals the
relaxation of ionic species in response to electromagnetic force. The lithium transference number
of the EC-SIPE demonstrates that the majority of charge is carried by Li* (measured of mPEOo-
N(Li)Pyr, t*;= 0.7 at 40°C). The low frequency ps/Qs feature forms at high temperature and has a
longer relaxation time in response to the applied electromagnetic force. It could be a consequence
of ionic aggregate species that form at high temperature. In this case, the relaxation time of
charges might be slower due to cumulative proximity effects of closely associated ionic species.

4.2.4. Characteristic Frequencies of mPEO.-N(Li)Pyr: Dependence on PEO Chain Length

Variation of the PEO chain length changes which features are observed in EIS at a given
temperature when all other variables are kept constant. The temperature dependencies of
characteristic frequencies of mMPEO,-N(Li)Pyr having different PEO chain lengths (EO.= 8, 10, 20,
and 55) are presented (Fig. 11-74, A-D). The data of mPEOs-N(Li)Pyr shown in Fig. 11-74 (A) are
identical to those in Fig. 11-72. The ionic conductivity calculated from p, at frequency f; is omitted.
The ionic conductivity value calculated by extrapolation of the complex impedance to the real axis
of the Nyquist plot is given for each plot (the blue line, corresponding to ¢ on the vertical axis).

Low frequency features are observed at high temperatures in the MEC-SIPEs having EO,= 8 and
20 (Fig. 11-74, A and C). These low frequency features are not observed for MEC-SIPEs having EOn=
20 and 55 (Fig. 11-74, B and D). The high frequency feature Qa, corresponding to the double layer
polarisation of the bulk electrolyte, is observed for mPEOy-N(Li)Pyr at 18°C but is omitted form
the figure because perturbation of the complex impedance prevented good fitting of the data to
the equivalent circuit model. This is a consequence of crystallisation of the native PEO segments,
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which decreases ion transport at this temperature (the AHengo peak of the native PEO segment
observed on heating in DSC has Ty= 23°C). Thus, EIS analysis of mPEO2o-N(Li)Pyr measured on
cooling is limited to the 100°C to 20°C range.
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Figure 11-74: The bulk ionic conductivity (c) of mPEO,-N(Li)Pyr (blue line, =) as a function of T (103.K'1). The MEC-
SIPE having EO,= 8 (A), 10 (B), 20 (C), and 55 (D) are shown. The features of the EIS spectra (e.g. Fig 11-67 and Fig.
11-68) at their characteristic frequencies (f) are plotted and displaced vertically according to the bulk ionic
conductivity (o). These are labelled in A: p3 (H), Qs (), px (O), and Qz (<). The temperatures (°C) at which certain
features enter or exit the frequency window are indicated and labelled (grey dotted lines, ).

A possible explanation for the appearance and disappearance of the low frequency features
relative to PEO chain length of mPEO,-N(Li)Pyr could be the following:

EO.=8
A large mass fraction of functional end-groups (¢meem)= 0.37) are able to aggregate at high
temperature. Charges have different relaxation times according to the particular conductive
phase. One phase could be the low frequency (long relaxation time) population. The MEC-SIPEs
mPEQO3-SO;N(Li)Naph and mPEQs-SOsli also have low frequency (Qs) features (vide infra: Fig. ll-
77,B and E).
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EO,=10
Increasing the length of the PEO chain decreases the mobility of the short, non-entangled MEC-

SIPE in the chain-extended conformation. The low frequency population has decreased mobility
and longer relaxation times. The low frequency feature is shifted to below the lower limit of the
EIS spectrum range. None of the EC-SIPEs having EO,= 10 have Qs features, except mPEQ1o-SOslLi
at T > 90°C (vide infra: Fig. 1-77, B).

EO,.=20
Increasing the length of the PEO chain enables sufficient separation of the chain-ends to permit

two populations of PEO units: i) "Native EOQ," segments and ii) EO,* segments perturbed by the
thermal behaviour of the functional end-group. In this case, the native EO,= 14 (2 helices
comprising 7 EO repeating units each) and the perturbed EO,*= 6 (Fig. Il-75). The effective MEC-
SIPE (EO.* + End-Group) is short and aggregates have short relaxation times. The low frequency
feature has a characteristic frequency above the lower limit of the EIS spectrum range.

A T
A0

|
\ /

X A . A
| ! |
Native EO, EO* End-Group

Figure 11-75: An illustration of a hypothetical model of the MEC-SIPE mPEO2-N(Li)Pyr. The mPEO chain is composed
of two parts: i) "Native" EO, units, and ii) EO,* units that are perturbed by the proximal functional End-Group.

EOn=55
The mass fraction of functional end-groups is small (¢mecrp)= 0.09). A fraction of those has a long
relaxation time. The small, low frequency population makes a small contribution to the complex
impedance. The Qs feature is not observed. The Nyquist representation implies the existence of a
resistive population in the MEC-SIPE at high temperature (Fig. 11-76). In the Nyquist plot, a second
resistive feature (Rs/Qs) might cause the perturbation of the meeting point of the first semi-circle
and the spur attributed to ion diffusion processes (Z"’> Z’). In this case, no Qs crossing point is
visible in the corresponding plot of Z’ and Z” as functions of frequency. This perturbation is
observed in the Nyquist representation in the entire 100°C to 40°C range. An illustration of this
hypothesis is given below (Fig. 1I-76). At 60°C, on cooling from 100°C, all the native PEO segments
of the MEC-SIPE are expected to be in the melted state. Indeed, no crossing point of Qs is observed
(Fig. 11-74, D) because it is obscured by the low frequency diffusion process.
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77/10%-Q-m

Figure 11-76: A Nyquist representation of the EIS spectrum (O) measured of mPEOss-N(Li)Pyr at 60°C on cooling from
100°C. The data is fitted with an equivalent circuit (Eqn. 11-18; red line, =). The diffusion spur (green dotted line, -++) and

a hypothetical R3/Q; feature (blue dashed line, - - =) are indicated. The position of Qs is obscured by the diffusion
spur.

4.2.5. Characteristic Frequencies of Short-Chain MEC-SIPEs: Dependence on the End-Group

The high concentration of functional end-group in short chain MEC-SIPES ($pm(ecrp), Table 11-13)
permits observation of multiple features in EIS over a large range of temperature. Moreover, EIS
spectra of EC-SIPEs having EO,= 8 have different frequency dependent features (Fig. I-77, A-E).
The appearance of the low frequency feature Qs above the lower limit of frequency is dependent
on the polymer functional end-group (Fig. II-77; A, B, E). This might be related to aggregation of
the functional end-groups. The aggregation of functional end-groups might be a consequence of
i) exclusion from the native PEO domain, and ii) specific interactions of the end-groups. It is argued
above that the PEO chain requires a certain number of units to develop a "native" PEO segmental
character (Fig. 11-75). To be consistent, the MEC-SIPEs having EO,= 8 must be exempt from this
type of driving force. The PEOg chain is short and cannot entangle with PEO segments of other
MEC-SIPEs. These oligomers are therefore considered to be rigid oligomers with a large mass
fraction of interacting functional end-groups. In the case of MEC-SIPEs having EO,= 8, the
aggregation of the functional end-groups is limited to the direct interaction of the end-groups.
This might be a consequence of several types of interactions that could act concertedly. These
include ionic, dipole-dipole, Van der Waals, and n-mt stacking interactions.
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Table 11-13: The Degree of Polymerisation (DP, / EO,), Number Average Molar Mass (M, / g.mol?), the mass fraction
of the functional end-group ($pmecrp)) and the mass fraction of lithium (¢m(y)) of the presented MEC-SIPEs having
different End-Group Identities.

MEC-SIPE
) End-Group DPn Mhecsipe)  Om(ecrp)  PmiLi)
o 8 - o Mg, Identity (g.mol?) | (EOn) (g.mol?)
yro \/\OJ\@ -SOsli 87 8 474 0.18 0.015
mMPEO-SO;Lli  mPEO-OC(O)PhSOsLi -OC(O)PhSOsli 207 8 594 0.35 0.012
o ¢ -SO,N(Li)Naph 213 8 600 036  0.012
g “N(Li)Naph 148 8 536 028  0.013
mPEO-50,N(Li)Naph -N(Li)Pyr 223 8 610 037 0011
F’EO\/\N PEO\/\N QO‘O
mPEO-N(Li)Naph mPEO-N(Li)Pyr
SiP mPEO.m/LiTFSI
e Salt DPn Mnmpeom)  Pmisal)  Pm(Li)
o;"(z* Identity (g.mol?) | (EOn) (g.mol?)
0 |
fores e, LiTFS| 287 10 476 038  0.09

The EIS data illustrated in Fig. 1I-77 (A-F) could be explained by comparing the functional end-
groups. The Qs feature is observed at high temperature in the EIS of mPEOs-N(Li)Pyr (Fig. 11-77, A),
mPEQg-SOsLi (B), and mPEOs-SO,N(Li)Naph (E). These functional end-groups are very different: we
have an amine (A), a sulfonate (B), and a sulfonamide (E) salt. The large pyrene ring structure of
mPEQOs-N(Li)Pyr might promote aggregation of the functional end-groups via - interactions. The
mPEOs-N(Li)Naph (C) has a smaller, naphthalene group in the place of the pyrene and Qs is not
observed. Decreasing the interaction strength of the aryl function erases the Qs feature from the
EIS window. The large ring structure of the pyrene increases the interaction parameter of the
functional end-group relative to the smaller naphthalene. The Qs feature appears at high
temperature in the EIS of mPEOg-SO,N(Li)Naph (E). The specific gecometry of the sulfonamide and
the dipole forces at the ionic linker augment the interaction parameter of the functional end-
group relative to the naphthylamine.

The mPEQs-SOsli has a Qs feature at high temperature (Fig. 11-77, B). The ionic interactions of the
sulfonate can promote the association of the end-groups. However, the mPEQOg-OC(O)PhSOsLi
does not have a Qs feature (Fig. II-77, D). The electron density at the sulfonate is decreased when
it is ortho to an ester group due to inductive and resonance effects transmitted though the phenyl
ring. The geometry of the mPEOg-OC(O)PhSOsLi end group points the sulfonate back towards the
PEO chain. The geometry and electrostatic effect might concertedly decrease the interaction
parameter of the functional end-group. The low frequency Qs feature is not observed.

The MEC-SIPEs (Fig. 1I-77, A-E) are compared to the SiP blend of mPEO;om/LiTFSI (EO/Li= 10) (F).
The SiP has a slightly longer chain (EO,= 10) but an equimolar ratio of salt to polymer chains
(EO/Li= 10). The blend has the highest mass fraction of salt (compared to the mass of functional
end-groups in MEC-SIPEs) and the lowest mass fraction of lithium (Table. 11-13). Like the MEC-
SIPEs, the SiP exhibits a low frequency feature at high temperature. Aggregation of ions at high
temperature is well-reported in blends of binary salts in a polymer host matrix. However, in the
SiP case, the anion is not covalently bound to the polymer. The low frequency feature might be
the result of the aggregation of ionic species at high temperature./??? The resulting proximity
effects of charges might reduce the mobility of the charged species. These species would have a
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longer relaxation time in response to electromagnetic force and therefore a lower characteristic
frequency. However, if aggregation of ionic species occurs in MEC-SIPEs, it would necessarily be
related to organisation of the PEO chain, since the anion is covalently bound to the polymer chain
end.

Variation of the length of the PEO chain (Section 4.2.4) and variation of the functional end-group
(4.2.5) profoundly change the form of the EIS spectrum observed at high temperature and at low
temperature. The appearance of a low frequency (R3/Qs) feature might be the result of
aggregation of ionic species. That is not to say specifically that R3/Qs (or R,/Q>) is some particular
type of aggregate. Rather, the aggregation of ionic species is possible in MEC-SIPEs relative to the
interaction parameter of the ionic end-groups. Short-chain MEC-SIPEs might be arranged
according to the interaction of functional end-groups. The functional end-group and the proximal
repeating units (proposed here to be perturbed by the functional end-group and known as EO,*)
might be segregated from the native PEO in MEC-SIPEs having EO.> 20. The segregation and
organisation of MEC-SIPEs, and the ionic end-groups in particular, might create different phases
through which ionic transport is possible. One of these is fast (observed at high frequency) and
another is slow (observed at lower frequency).
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Figure I1-77 (A-F): The bulk ionic conductivity (o) as a function of T (103.K1) of MEC-SIPEs having EO,=8 and different
functional end-groups: -N(Li)Pyr (A), -SOsLi (B), -N(Li)Naph (C), -OC(O)PhSOsLi (D), and -SO,N(Li)Naph (E). The SiP
blend mPEQ;om/LiTFSI (EO/Li= 10) is shown for reference (F). The features of the EIS spectra (see Fig. 11-67 and Fig.
11-68) at their characteristic frequencies (f) are plotted and displaced vertically according to the bulk ionic
conductivity (o). These are Qs ((J), px (O), and Q; (). The temperatures (°C) at which certain features enter or
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4.3. Improvement of lonic Conductivity with Cycling of Temperature

The ionic conductivity of the MEC-SIPEs was measured as a function of temperature using blocking
(gold) electrodes. The measurements were conducted over a range of temperatures and fitted to
the VTF model on cooling. EIS spectra were taken at intervals of 2°C on heating and on cooling
with 10 minutes of equilibration time at each temperature. The MEC-SIPEs were cycled at least
two times between the maximum and minimum temperature to verify that the measurement is
reproducible. The MEC-SIPEs having shorter chains (EO,=8, 10, and 20) produce overlapping plots
of o as a function of temperature and exhibit no change on cycling of the temperature ramps. The
same is true for the SiP electrolytes based on blends of mMPEOgm/LiTFSI (EO/Li= 10, 20, and 60)
and mPEO1om/LiTFSI (EOQ/Li= 10).

However, the MEC-SIPEs having EO,= 55 exhibit an increase in o on cycling. For these MEC-SIPEs
in particular, the measurement ramps are programmed as follows:

Ambient temperature — 100°C
100°C — 40°C

40°C — 100°C

Repeat steps 2 — 3.

P wnN PR

These MEC-SIPEs were cycled up to four times and exhibited a net increase in o of ca. half of an
order of magnitude (Fig. I1-78, A-E). The data presented of MEC-SIPEs having EQ,= 55 in earlier
sections of this thesis are obtained from the last cycle of each of these examples. The ionic
conductivity was calculated from Nyquist plots using an equivalent circuit model and the
temperature dependence of o on cooling from 100°C was fitted to the VTF equation. These results
are compared and the implications discussed in context of the ion transport behaviours of the
MEC-SIPEs (Section 4.2).
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Figure 11-78 (A-F): Conductivity (o) as a function of T (103:-K-) is shown for MEC-SIPEs having EO,= 55 and different
functional end-groups: -SOsLi (A), -SO;N(Li)Naph (B), -N(Li)Naph (C), -N(Li)Pyr (D), and -SANSI(Liz) (E). A SiP
electrolyte mPEOgm/LiTFSI (EO/Li= 60) is shown for reference (F) relative to the 4t cycle (<) of mPEOss-
SANSI(Liz). An insufficient amount of data was obtained for mPEOs5-OC(O)PhSOsLi to enable comparison here. The
impedance measurements were conducted every 2°C in the temperature range i) 60 — 100°C, ii) 100 — 40°C, and
iii) 40 — 100°C, then repeating ramps ii) and iii). The displayed data were collecting during successive cooling (100

— 40°C) cycles: 15t (O), 2nd ([0), 374 (A), and 4th (<) for all polymers except B (three ramps only). The VTF fits (blue

lines, —) were calculated from the 90 — 40°C range. The VTF fitting parameters are tabulated in each plot.
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As previously described, the VTF model cannot truly apply to these MEC-SIPEs. However, the
model is shown and the values are tabulated above (Fig. II-78). The pre-factor (oo) and in the term
related to activation energy (-B) generally increase upon cycling. The equilibrium glass transition
temperature (To) varies by as much as +15 K after the first cycle. These results together imply that
the temperature dependence as well as the magnitude of o is changing over successive
temperature ramps.

A change in o could be the result of three phenomena:
Reaction with the electrode surface.

The MEC-SIPEs having short chains have identical chemistry to those having long chains. EC-
SIPEs having a certain functional end-group were synthesized and purified by the same
methods. However, the short-chain MEC-SIPEs did not exhibit a change in 6 on cycling. The
long chain MEC-SIPEs (EO,= 55) are not expected to react differently to short chain MEC-
SIPEs.

A change in the cell constant during the measurement.

The EIS measurements were conducted using a cell having spring to maintain constant
pressure on the electrolyte. This prevents volume expansion of the electrolyte augmenting
the inter-electrode distance. The distance between the electrolytes is fixed by a low-density
poly(ethylene) spacer of known thickness measured prior to sample loading. The thickness of
the spacers used varied in the range 50-100 um, which gives a small variation in cell constant.
The constant inter-electrode distance is determined by the measurement setup. Volume
retraction of the electrolyte would result in a decrease in the electrode-electrolyte contact
surface area and a decrease in o.

Wetting of the electrode surface at high temperature.

The MEC-SIPEs having EO,= 55 exhibit melting in the 40-60°C range. Heating of the electrolyte
melts the MEC-SIPE and wets the surface of the electrode. This increases the electrode-
electrolyte contact surface area and improves ionic conductivity. The loading of samples into
the cell is performed at elevated temperature for this practical reason. Indeed, o during the
first heating ramp is inferior to equivalent temperature at the first cooling ramp. However,
the low sample mass of the MEC-SIPEs is combined with long measurement times. If wetting
were the cause of the improvement in o, it is not expected to result in consistent
improvement of o over as many as 4 cycles of heating and cooling. Assuming that
measurement of the EIS spectrum takes 2 minutes, knowing that the heating and cooling rate
is 1°C.min%, and using a fixed equilibration time of 10 minutes at each measurement
temperature, 4 cycles represents more than 37 hours at T> 60°C. The MEC-SIPEs of ug sample
mass are expected to melt during the first heating (60— 100°C, 4.7 h) of the first cycle (9.3 h
at T>60°C).

The three phenomena discussed above are therefore excluded and cannot account for the
improvement in ¢ of MEC-SIPEs having EO,= 55. The perturbation of the complex impedance
illustrated in Figure II-76 is a common feature of the long chain MEC-SIPEs in the 40°C to 100°C
range. The feature is visible but often small. This can prevent reliable modelling of the complex
impedance using an equivalent circuit comprising two parallel R/Q couples in series (Egn. 11-18).
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The best opportunity to investigate the low frequency phenomenon is in the EIS spectra of
mPEQss-SANSI(Liz) (Fig. 11-79). This polymer has the highest mass fraction of functional end-groups
(Pmsay= 0.136) of the MEC-SIPEs having EO,= 55. However, the mass fraction of lithium remains
small (¢mwiy= 0.005). The low frequency feature of this EC-SIPE is most accessible for modelling.
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Figure 11-79: Selected Nyquist plots of EIS spectra measured of mPEOss-SANSI(Li>) at 80°C during four successive cycles
(labelled 1-4) on cooling from 100°C. The panels are (A) overlapping data represented by red lines; and (B) the
experimental data (red circles, O) are plotted in the complex plane and displaced along the real (Z’) axis by an
arbitrary value. The dotted lines (-++) are a guide for the eye only.
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Figure 11-80: Nyquist plot of EIS spectrum of mPEOss-
SANSI(Li;) measured at 80°C on cooling during cycle 4
(circles, @) fitted by the equivalent circuit (Eqn. 1I-18;
black line, -). The features at high frequency (p2/Qz) and
low frequency (p3/Qs) are labelled. The shape of p3/Qs

Figure 11-81: The resistivity (p, filled symbols) and the
corresponding capacitance (Q, open symbols) of two
features in EIS spectra of mPEOss-SANSI at 80°C on
cooling from 100°C. Cycle numbers refer to the spectra
illustrated in Figure 86. The higher frequency feature

p2/Qz (circles; O, @) and the lower frequency feature
p3/Qs (squares; (1, M) are displayed. Lines are drawn
as a guide for the eye only.

is illustrated (dashed line, - - =).

The modelling of the two features of mMPEQOss-SANSI(Li,) is illustrated in Fig. 11-80. The two features
are modelled together using one equivalent circuit (Egn. 11-18). The resistivity and capacitance of
the two features are calculated from EIS measured at 80°C on cooling during four successive cycles
and the evolution plotted as a function of cycle number (Fig. 11-81). The capacitances of the two
features are almost constant. The resistivity of the low frequency feature decreases by a much
greater amount than the resistivity of the high frequency feature.
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Figure 11-82: The capacitance (F.s(@1) of the p/Q features of mPEQss-SANSI(Li>) as functions of T (103.K1). The data

are calculated by fitted to a single equivalent circuit (Eqn. 1I-18). The overlapping values of four successive cooling

ramps are shown for p,/Q, (open green circles, O) and p3/Qs (open black squares, [1).
The capacitance of the two features does not change significantly either as a function of
temperature or as a result of thermal cycling (Fig. 11-82). Therefore, there is no change in the
electrochemistry of either feature during cycling. However, the ionic conductivity of each is
improved by thermal cycling. The two features are modelled together using one equivalent circuit
(Eqn. 11-18). The ionic conductivity of the p,/Q, feature (Fig. 11-83) agrees very well with the values
calculated using an equivalent circuit comprising a single parallel R/Q couple on the data of that
feature alone (Fig. 11-54, E). The ps/Qs feature (Fig. 11-84) has a larger increase in ionic conductivity
(of ca. 1 order of magnitude) than the p,/Q. feature (of ca. half an order of magnitude) as a result
of thermal cycling. The augmentation of o per cycle of the ps;/Qs feature does not appear to
decrease with successive cooling scans.

Fig. 11-83 & Fig. 11-84: The ionic conductance (Q) as a function of temperature (103.K1) of two features of mPEOss-
SANSI(Liz). The high frequency p2/Q; (Fig. 11-83) and the low frequency ps/Q;s (Fig. 11-84) features are fitted to the same
equivalent circuit (Eqn. 11-18) but plotted separately. The conductance calculated of the 1st (O), 2nd ([1), 374 (A), and
4th (&) successive cooling ramps are shown. The VTF fits (blue lines, =) were calculated from the 90 = 40°C range.
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Figure 11-83: The high frequency p,/Q; feature. Figure 11-84: The low frequency p3/Q;s feature.
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The temperature dependence of o was fitted to the VTF equation. The fitting parameters are listed
below (Table 1I-14). The VTF parameters evolve consistently for the p,/Q, feature. Whereas both
oo and -B increase in magnitude with cycling, To decreases. The VTF fitting parameters of the p3/Qs
feature are anomalous: the parameters of ramp 4 does not agree with the trend of ramps 1—3.
The o of p3/Qs appears to have a linear dependence to temperature descending from the usual
curvature close to 100 °C (which might be related to the reversal of the direction of temperature
change). The data of p3/Qs is fitted to the Arrhenius equation and the fitting parameters follow a
consistent trend (Table 11-14). Both oy and -E; increase in magnitude with thermal cycling.

The W(T) functions of both p,/Q,and ps/Qs were calculated from the same data. The W(T) of po/Q.
(Fig. 11-85) has the same change in slope as was calculated by fitting these same data by a single
parallel R/Q couple (Fig. 11-54, G). W(T) is very sensitive to fluctuations in 0. The W(T) calculated
for p3/Qs is too disperse to permit a confident linear fit (Fig. 11-86). The forms of W(T) for p,/Q>and
p3/Qs decrease confidence in the fitting parameters obtained using the VTF and Arrhenius models.
However, the dependence of the o of p3/Qz on reciprocal temperature is remarkably linear. The
tendency of -B (VTF) and -E, (Arrhenius) to increase in magnitude (Table 11-14) is important for
describing the effect of thermal cycling on this MEC-SIPE, even if the values are not accurate, as
they imply an increase in the activation energy of ionic conduction with thermal cycling.

Table II-14: Fitting parameters of the p,/Qz and p3/Q; features calculated by fitting of the o of MPEOs5-SANSI(Li2) on
cooling from 100°C to 40°C. The fits were made over the 90 °C— 40 °C range. Both features were fitted to the VTF
equation. The p3/Qsfeature is additionally fitted to the Arrhenius equation. The numbers (#) in the sequence of the

cooling ramps are listed. In the Arrhenius equation E, is the activation energy (J.mol) and R is the ideal gas constant
(8.314 J.KL.mol1).

VTF: p,/Q> VTF: p3/Q3 Arrhenius: p3/Qs
# 00*10° -B To (K) # Go -B To (K) # 00*10%  -E,(k).mol?)
4 33.8 407 227 4 321 3095 136 4 10855 72.3
3 23.4 365 230 3 16.4 2280 158 3 1229 67.3
2 9.98 252 245 2 14.6 2681 133 2 70 60.6
1 3.14 150 260 1 13.7 2929 119 1 18 57.8

-B -E
O'=0'0-e(m) U:o'o-e(R_Ta)

These features are visible in the presentation of the impedance spectrum as a function of
frequency (Fig. 11-87). The characteristic frequencies of ps, Qs, px, and Q; are plotted and displaced
vertically according to the ionic conductivity of the p,/Q, feature (Fig. 11-88).
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Figure 11-85: W(T) of the p,/Q, feature of mPEOss- Figure 11-86: W(T) of the p3/Qs feature of mPEOss-
SANSI(Liz) calculated from the 4t cooling ramp of EIS SANSI(Li,) calculated from the 4th cooling ramp of EIS
measurements with thermal cycling. Linear fits of the high measurements with thermal cycling.
T (o) and low T (B) regimes are shown (dotted lines, --).
The intercept transition temperature is labelled,
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Figure 11-87: Representative EIS spectrum of mPEOss- Figure 11-88: The o of the p,/Q, couple of mMPEOss-

SANSI(Liz) measured at 60°C on cooling from 100°C (4th  SANSI(Li,) as a function of T (103.K). The characteristic

cycle). The Q; and Qs features are labelled. frequencies of p, (H), Qs (O), px (O), and Q; () are
plotted on the x-axis and displaced vertically according
to o of the p,/Q, couple.

It is proposed that the second (ps/Qs) feature is a consequence of ionic end-groups, which occurs
relative to the thermally controlled motions of PEO segments. When the MEC-SIPE chain length is
long (EO,= 55), the functional end-groups constitute a small mass fraction of the bulk. If their
aggregation persists even at low concentration, it is the result of high interaction strength (high
¥). It is reasonable to suggest that such behaviour would be visible only in the MEC-SIPEs having
the largest, most physicochemically distinct functional end-groups with respect to the PEO chain.

In the case of the present library of MEC-SIPEs, the large, chemically distinct end-group is
exemplified by mPEOss-SANSI(Liy). It is important to note that even MEC-SIPEs having EO,= 55 are
still too short (Mnpeo)= 2400 g.mol?) to form folded chain crystalline PEO phases and that chain
entanglement is not expected. The shortest PEO chains to form folded crystals have EO,= 70-90
(Mn= 3000-4000 g.mol?).*” If the aggregation of functional end-groups causes the creation of a
second ion transport phase (Section 4.2), then the evolution of these phases under conditions of
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temperature is related to i) the efficiency of ion transport within these phases, ii) the mass fraction
of the bulk that they occupy, and iii) the percolation of these phases over the microscale length
of the EIS measurement.

It is shown above that both the p,/Q> (Fig. 11-83) and the ps/Qs (Fig. 11-84) features increase in ionic
conductance upon thermal cycling. Their capacitances are constant with temperature and with
thermal cycling (Fig. 11-82). Their constant capacitance excludes a change in the (electro)chemical
properties of these features. Given that the functional end-groups are expected to be expelled
form PEO domains at temperatures close to the fusion of PEO segments, one imagines the ionic
end-groups at the boundary of PEO grains. The increase in ionic conductivity with thermal cycling
is in this way associated with the ripening of grains and the percolation of grain boundaries
through the bulk polymer electrolyte. This is provocative because grain boundaries are
traditionally portrayed as highly resistive features that decrease microscale ionic conductivity. In
the above examples (Fig. 11-78, A-E) 4 cycles is not enough to reach optimisation of this effect,
where o would be limited by the concentration of functional end-groups, for all of the presented
end-capped polymer electrolytes.
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4.4. Conclusions on lon Transport in MEC-SIPEs

The trends of the ionic conductivities of MEC-SIPEs (Section 2.1) are discussed in context of their
high transference of lithium (Section 2.3), and their complex thermal behaviours (Section 3). Close
inspection of the temperature dependence of ionic conductivity (Section 4.1) and the

characteristic features observed at different temperatures (Section 4.2) leads us to propose a

tentative model for describing ionic transport processes in MEC-SIPEs.

It is useful at this point to summarise briefly the observations and conclusion of the previous

sections of this manuscript. Until this point, it is reported:

1.

The magnitude of ionic conductivity is determined by the functional end-group at constant
PEO chain length.

The magnitude of ionic conductivity is dependent on the concentration of ionic end-groups.
For MEC-SIPEs, the mass fraction of functional ionic functions is proportional the length of
the PEO chain.

The PEO chain of mPEO4-N(Li)Pyr has thermal behaviour implying a segregated polymer
architecture comprising "native" PEO segments and a perturbed EO,* segment proximal to
the functional end-group.

Multiple thermal transitions observed on heating of MEC-SIPEs having short PEO chains (EO,=
8, 10, 20) are evidence of more than one type of structural organisation in the bulk MEC-
SIPEs. Multiple ways of organising a single entity implies segregation of the parts of the entity.
The reduced activation energy W(T) has a change from a low temperature dependence at
high temperature to a high dependence at low temperature. This is evidence of a change in
the activation energy of the ionic transport as a function of temperature. The transition
temperature is above the melting point of native PEO segments of short chain MEC-SIPEs
(EOn= 8, 10, 20). The native PEO is therefore expected to be disordered when approaching
and crossing the transition temperature on cooling. lonic species are expected to aggregate
at high temperature, when PEO segments are melted.

Characteristic features are observed in EIS. These are dependent on the functional end-
group. In particular, MEC-SIPEs having functional end-groups expected to have higher
interaction parameters exhibit two features: one at high frequency and one at low frequency.
The two resistive features are identified by characteristic frequencies at Q. (high frequency
fa2) and Qs (low frequency fa3). The existence of two features might correspond to two
resistive phases. The existence of these features might be related to aggregation of ionic
species and, in the case of MEC-SIPEs, these are the polymer functional end-groups.

The low frequency characteristic feature Qs is directly observed for MEC-SIPEs having EO,=
55 if the functional end-group is large enough. The mMPEQOss-SANSI(Liz) provides an
opportunity to study this phenomenon.
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Thermal cycling of the MEC-SIPEs provides us with indirect evidence of the percolation of
conductive phases through the bulk state. In the case of functional end-groups at the boundary of
PEO domains, it is the grain boundary that is the more highly conductive, least resistive, high
frequency p,/Q, feature. Inspection of Fig. 11-84 affords a comparison with o of the magnitude
expected of "single-ion" polymer electrolytes without significant structural organisation at the
microscopic scale. The best estimate of the activation energy of p3/Qsz phase (Table. 11-14) implies
that a higher activation energy is required for ionic transport than in the higher frequency p>/Q.
phase.

This is consistent with a model of high conductivity (low activation energy) transport in phases of
closely interacting ionic end-groups and low conductivity (high activation energy) transport in
phases of low concentration of ionic end-groups. The percolation of the conductive phases is
enabled by the thermally activated motion of the end-groups. Their association is enabled by
interactions such as ionic, dipole-dipole, Van der Waals, and mt-mt stacking. The result is a polymer
electrolyte having percolating, conductive phases at the boundary of PEO grains (Fig. 11-89). This
is inverse to the grain boundary hypothesis of solid-state electrolytes made of inorganic materials
(ceramics). In those systems, ionic transport occurs via successive, discrete motions of ions from
their occupied lattice positions to available vacancies. In that scenario, a grain boundary is a defect
in the lattice structure that imposes a high activation energy barrier to ionic transport. In the case
of MEC-SIPEs, the association of functional end-groups is expected to occur at the boundary of
PEO domains, if the PEO chain is long enough to become segregated into "native" and "EO,* +
end-group" phases. The exclusion of hydroxyl end-groups from extended-chain PEO crystalline
phases is widely accepted. Here, extended-chain PEO phases are expected to exclude ionic end-
groups. The high x ionic end-groups are moreover able to interact via strong forces. In this
scenario, a grain boundary is a conductive phase through which ion transport occurs via the
thermally activated motions of closely associated ionic functions. These boundaries are composed
of soft matter that organises under mild processing conditions (compared to ceramics). lonic
groups that are not incorporated into the high conductivity (boundary) phase are kinetically
trapped defects. The size of this population is decreased by slow cooling and repeated thermal
cycling above the melting temperature of the grains. As more of the ionic end-groups are
incorporated into percolating conductive phases, the bulk resistivity of the electrolyte decreases
at constant capacitance. The result is a polymer electrolyte that increases in ionic conductivity
with thermal processing under conditions of a small, oscillating electromagnetic force.
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Figure 11-89: A graphical abstract illustrating the tentative model of how MEC-SIPEs afford efficient conduction of ions
in the bulk state. The MEC-SIPEs (examples shown in panel A) are segregated in the bulk state (B) due to the low N-
high x macromolecular design based on functional ionic end-groups. Low frequency resistive features (C) are evidence
of imperfection in ion transport. The ionic conductivity increases with cycling (D) under mild conditions of
temperature and electromagnetic force. This might be the result of improved the percolation of ionically conductive
pathways (E) composed of functional ionic end-groups localised at the boundary of PEO grains (F). In the panels B
and C, the grain boundaries are represented by blue lines (sometimes incomplete). Panel E is an attempt to illustrate
a percolating pathway (red dashed line, - - =) as a continuum of grain boundaries. In panel B the percolation of grain
boundaries is incomplete, so a good path is hard to find.
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5. General Conclusions

The End-Capped "Single-lon" Polymer Electrolyte is a versatile, modular design. Considerable
variation of the functional end-group is possible and can be applied to the terminal of a polymer
chain. The identity of the polymer chain in this thesis is the widely studied poly(ethylene oxide).
However, any polymer chain that is attractive for the application should reasonably be considered.
The MEC-SIPE model provides an opportunity to study ion transport in a neat polymer electrolyte.
Without the use of additional ingredients and formulation chemistry, these MEC-SIPEs achieve
performance that is in line with contemporary standards in terms of ionic conductivity, stability
and transference of lithium ions. Electrochemical stability against lithium metal should be
improved if such polymers are to be applied as electrolytes in high voltage cells.

There appearsin a library of sufficient synthetic variation an opportunity to study the fundamental
ion transport properties of "single-ion" polymer electrolytes. Varying the chain length of a MEC-
SIPE is the synthetic equivalent of a magnifying glass on the segmental and end-group dynamics
of a polymer chain. The dependence of ion transport performance on chain length (and therefore
the concentration of ionic end-groups) is expected to depend very much on the physicochemical
properties of the polymer chain. Therefore, the parameters of chain length and end-group identity
should be thought of in terms of the repeating persistent length of the polymer. In the case of
PEO, this is well-defined in the bulk state as a 7/2 helical structure having two turns of the helical
pitch comprising 7 ethylene oxide repeating units. This should be considered when varying the
polymer chain.

Thermal characterisation reveals complex yet very interesting behaviours of the MEC-SIPEs. These
occur over time scales that permit practical thermal processing. This is a considerable advantage
over block copolymer electrolytes that require intensive optimisation of polymer composition and
processing techniques. The optimisation of a relatively simple MEC-SIPE provides insight into the
interplay of the polymer chain and the ionic function in determining the performance of the
electrolyte.

The ionic transport in MEC-SIPEs might occur in segregated phases that are optimised under
appropriate processing conditions. Here, temperature and a small electromagnetic force applied
by an electromagnetic impedance spectrometer is enough to improve ionic conductivity by
around half an order of magnitude. Cycling of the MEC-SIPEs implies that the measured ionic
conductivity might be optimised further. These soft materials might transport ions in an
unexpected way: along the "boundaries" of polymer "grains".
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6. Perspectives

Valorisation of the proposed model of conductive grain boundaries requires further investigation.
For example, the evolution and percolation of grain boundaries could be studied by polarised
optical microscopy (POM), and wide-angle vs. small angle X-ray scattering (WAXS vs. SAXS). POM
might visualise the evolution of phases under certain conditions of temperature informed by DSC.
Scattering techniques would define number and the length scale of different organised phases at
appropriate temperatures. In particular, Grazing Incidence WAXS / SAXS (GI-WAXS/SAXS) could
be used to probe what organisation of MEC-SIPEs might occur at the interface with a solid surface.
These types of structural characterisations are essential for defining the merit of ionic transport
properties of MEC-SIPEs in terms of the structural organisation of the polymer electrolyte in the
bulk state. Analysis of these data in context of EIS spectroscopy could define key structure-
property correlations that would enable the design and synthesis of MEC-SIPEs capable of
hierarchical self-organization organisation over up to a few microns (i.e. the typical distance
separating electrodes in battery) required for optimisation of ionic transport in electrochemical
storage devices.

Correlations between grain size and persistent length of polymer chains might be probed by
applying the same functional end-group to different polymers. For example, by variation of the
degree of polymerisation in increments of commensurate persistent lengths relative to the
polymer chain chemistry, a relationship between the interaction strength of the functional end-
group, the grain size of polymer domains, and the flexibility of the polymer chain could be
established. It is expected that a high-x functional end-group is required for the design of a MEC-
SIPE that will spontaneously form segregated phases in the bulk. With MEC-SIPEs having PEO
chains already presented, one might reasonably approach ionically conductive poly(carbonate)
and poly(ester) chain chemistries for the synthesis of a comparable library of MEC-SIPEs. Indeed,
if fast ion transport occurs by association of functional end-group at the boundary of polymer
grains, the physical and thermal properties of the polymer chain could be considered in preference
over the ability to conduct ions. Thus, highly flexible poly(siloxane)s could be considered. The
electrochemical stability of MEC-SIPEs will remain a concern as they must be developed in context
of applied active electrode materials. Fluorinated poly(ether)s and poly(olefin)s could be the
answer to the question of electrochemical stability.

The variation of the polymer repeating unit and chain length would permit investigation of the
effect of chain segment mobility on the ion transport properties of MEC-SIPEs. In particular, the
glass transition (Tg) could be measured. The Ohno group reported T in the -20 to -60 °C range for
MPEO,-SOsLi (EOn= 5-45) and correlated these values as having an inverse relationship to ionic
conductivity.”® Measurement of such low T, values by DSC requires specially adapted
instrumentation and protocols involving rapid heating from low temperatures. Dynamic
Mechanical Analysis (DMA) is excluded for short-chain polymers (such as those presented in this
work) which do not entangle and cannot be cast into films. An alternative might be to determine
Tg using rheology.*! A rheometer fitted with specialised cooling apparatus might be used to
measure the T, of short-chain MEC-SIPEs using oscillating, frequency sweeps to define the
mechanical storage (G’) and loss (G”’) modulii. The T should then be defined as the temperature
at which G’ decreases and G’ approaches a local maximum, in the region approaching a local a
maximum in their loss coefficient (tan 6= G”’/G’). Time-temperature superposition of frequency
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dependent viscosity is applicable only if one assumes that the polymers are amorphous,
homogeneous, and isotropic. This is unlikely to be appropriate for High x-Low N macromolecules
such as MEC-SIPEs, and particularly those presented here, which have semi-crystalline PEO chains.

MEC-SIPEs might be considered as a family in a larger class of point-group modified polymers. In
the case of MEC-SIPEs, the point group is at the chain terminal and is intended to function as a
host for ion transport. The position of this point group along the polymer chain could be varied to
probe specific structure-property relationships targeting supramolecular organisation. The
position of the ionic point group could be commensurate or incommensurate with the persistent
length, to selectively promote order and disorder in the bulk electrolyte.

The MonoEnd-Capped Single-lon Polymer Electrolyte is an elegantly simple and generic approach
to design and synthesize polymer electrolytes. It should be exploited toward the next generation
of electrolytes for high performance electrochemical energy storage devices.
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Resumé

Le chapitre Ill de cette these présente les méthodes de caractérisation et les protocoles de
synthése d'électrolytes polymeres monofonctionels a conduction monocationique (MEC-SIPEs).
Les méthodes de caractérisation sont divisées en fonction de leurs types (Section 1): les méthodes
de caractérisation chimique (1.1), électrochimique (1.2), physique (1.3) et thermique (1.4) sont
décrites.

Les matériaux utilisés dans les synthéses sont répertoriés (Section 2). Le calcul de la masse molaire
moyenne en nombre (M) des précurseurs d’éthers monométhyliques de poly(oxyde d'éthylene)
(mPEO,-OH) ayant n*unités de répétitions sont décrits (Section 3).

Les protocoles de synthese sont divisés en deux parties selon la stratégie de synthése décrite au
chapitre I: la synthese des MEC-SIPE "mono-sel" (Section 4) et des MEC-SIPE zwitterioniques et
"double sel" (section 5). Les mono-sels sont les MEC-SIPEs a base de mPEO,-OH ayant les groupes
terminaux suivants : sulfonates, -SOsLi et -OC(O)PhSOsli, sulfonamide -SO,N(Li)Naph, et les N-aryl-
amines secondaires -N(Li)Naph et -N(Li)Pyr. Les complexes MEC-SIPEs de la Section 5 sont
précédés par les synthéses de leurs groupes terminaux multifonctionnels. Ensuite, les synthéses
de mPEO2o-®NSI(Li), du MEC-SIPE zwitterionique mPEO,o- ®*NSI(LiTFSI) et du MEC-SIPE "double
sel" mPEOss-SANSI sont décrites. Tous les MEC-SIPEs de ce travail ayant un degré de
polymérisation particulier (DP,) sont synthétisés a partir du méme lot de précurseur de mPEQO,-
OH. Par conséquent, les MEC-SIPEs ayant le méme nombre de n unités répétitives ont les mémes
M,, DP, et la méme dispersité en masse. Les détails des caractérisations chimiques des MEC-SIPEs
sont énumérés apres chaque protocole de synthése. Les spectres RMN et FTIR représentatifs
mesurés sur les échantillons sont produits et illustrés.
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Abstract

In Chapter Ill of this thesis are presented characterisation methods and synthesis protocols of
MonoEnd-Capped "Single-lon" Polymer Electrolytes (MEC-SIPEs). The characterisation methods
are divided according to the type of characterisation (Section 1): the Chemical (1.1),
Electrochemical (1.2), Physical (1.3), and Thermal (1.4) characterisation methods are described.

The materials used in the syntheses are listed (Section 2). The calculation and variation of the
number average molar mass (M,) of the poly(ethylene oxide) monomethyl ether (mPEO,-OH)
precursors having n repeating units are described (Section 3).

The synthesis protocols are divided into two parts according to the synthesis strategy outlined in
Chapter I: the synthesis of the "mono salt" MEC-SIPEs (Section 4), and of the zwitterionic and
"double salt" MEC-SIPEs (Section 5). The mono salts are the MEC-SIPEs based on mPEO,-OH having
the following end-groups: the sulfonates -SOsLi and -OC(O)PhSOsLi, the sulfonamide -
SO;N(Li)Naph, and the N-aryl secondary amines -N(Li)Naph and -N(Li)Pyr. The complex MEC-SIPEs
in Section 5 are preceded by the synthesis of their multifunctional end-groups. Then the syntheses
of MmPEOy-®NSI(Li), the zwitterionic mMPEO,,-®*NSI(LiTFSI), and the "double salt" mPEOss-
SANSI(Liz) are described. All of the MEC-SIPEs in this work having a particular degree of
polymerisation (DP,) are synthesized from the same batch of mPEO,-OH precursor. Therefore
MEC-SIPEs having the same number of n repeating units have the same M, DP,, and dispersity in
mass. The details of the chemical characterisations of the MEC-SIPEs are listed after each of the
synthesis protocols. Representative NMR and FTIR spectra measured of the samples are presented
and illustrated.
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1. Instrumentation and Measurements
1.1. Chemical Characterisation
1.1.1. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed using a Thermo Scientific Nicolet™ 6700 spectrometer
equipped with a DTGS KBr detector and adapted for Attenuated Total Reflection (ATR)
measurements using a Thermo Scientific "Diamond HATR" module. The background and sample
measurements relied on 64 scans across the ¥ = 4000-400 cm™ range with a resolution of 2 cm™.

1.1.2. Karl Fischer Titration

Karl Fischer titration™™! was performed on a GRS Scientific™ Cuo-Lo Aquamax KF Moisture Meter,
in a glovebox under argon atmosphere (< 10 ppm 0;) at 25°C. The analytes were dried in a vacuum
oven (< 10 mbar, 70°C, > 24 h) prior to sample preparation. The samples were (10 g/L) solutions
in anhydrous DMSO of i) MonoEnd-Capped Single-lon Polymer Electrolytes and ii) salt-polymer
blends of H3C-PEQgo-CH3/LiTFSI. The sample volume was 200 pL. The results presented are an
average of 3 titrations. The water content of the polymer samples (in ppm) was determined
relative to that of the solvent DMSO, which was determined as an average of 5 titrations. The
commercial Karl-Fischer solution Hydranal® Coulomat E, containing sulfur dioxide, imidazolium
halides and alcohol, was purchased from Honeywell (Fluka).

1.1.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR was performed using a Bruker Avance™ 11l 400 MHz spectrometer connected to a Bruker
Ultrashield™ 400 Plus magnet bearing a multinuclear, tuneable PA BBO (5 mm) probe, operating
at 400.132 MHz (*H), 100.624 MHz (*3C), 155.506 MHz (’Li), and 376.498 MHz (*°F). All spectra
were recorded at 298 K. The Free Induction Decay (FID) was collected over 128 (*H), 2048 (3C), 16
(’Li), and 64 (*°F) scans. The sample volume was 0.5 mL; the sample concentration was either 10
g/L (samples of relative molecular mass M [or My]< 400 g/mol) or 30 g/L (polymers, M,> 400
g/mol) in either DMSO-dg or CDCls.

1.2. Electrochemical Characterisation
1.2.1. Fabrication and Testing of Electrochemical Cells

Methods including Chronoamperometry (CA), Cyclic Voltammetry (CV), Galvanostatic
Electrochemical Impedence Spectroscopy (GEIS), and Galvanostatic Cycling with Potential
Limitation (GCPL) were performed using Biologic™ VMP-2 and VMP-3 potentiometers. The
electrolytes were loaded into coin-cells of either symmetric Li|Li or asymmetric Li|Fe (stainless-
steel) configuration. The cell constant was determined by the distance between the electrodes
(50 um< L< 100 um) and the electrode surface area (A= 1.131 cm?), as maintained by a low-density
poly(ethylene) (LDPE) spacer. The polymers were dried under reduced pressure (< 10 mbar, 70°C,
> 24 h) prior to loading. The cells were constructed in a glovebox under argon atmosphere (H,0=
4-6 ppm). The temperature was controlled using a Weisstechnik® LabEvent benchtop
temperature test chamber. Electrochemical testing was begun (t= 0) within 1 h of cell assembly.
Specific equilibration times for each measurement are stated individually. Potentiostatic
Electrochemical Impedence Spectroscopy (PEIS) was conducted using symmetric Au|Au blocking
electrodes (see section 1.2.6).
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1.2.2. Chronoamperometry (CA)

CA was performed using symmetric Li|Li cells. The cells were equilibrated for 12 h at 40°C, with
monitoring of the evolution of their complex impedance by GEIS at 1 h intervals. Potentiostatic
polarisation at 40°C was triggered by an applied potential of 10 mV. The current was monitored
at intervals of 0.1 s (to— t= 30 s) and then intervals of 5 s (t=30 s — t= 10 h). The steady-state Li*
transference number was determined by the ratio of the steady-state and the initial current (Iss/lo).
The potential drop resulting from evolution of the cell resistance was corrected by the potential
determined by GEIS measurements before and after the CA experiment (see Egn. IlI-1).

Equation llI-1: Determination of the (Li*) steady-state transference number by combined PEIS and CA measurements,

where lp= the maximum current after cell polarisation; I;;= the steady-state current (tmax= 10 h); AVca= the applied

potential; AV,= the cell potential determined by GEIS before CA; AV,,= the cell potential determined by GEIS after CA.
Iss(AVCA - AVa)

t . -_——_—_—_—_—_—_—_—_—_—
M 1o(AVes — AV)

1.2.3. Cyclic Voltammetry (CV)

CV was performed using symmetric Li|Fe (Stainless-Steel) cells at a cycling rate of 1.0 mV/s.
Separate cells were prepared for cycling in oxidation and in reduction mode. The initial potential
was set to the open circuit voltage (OCV). The cells were equilibrated to the experimental
temperature for 1 h prior to the first cycle. The temperature was 40°C unless otherwise stated.
Cycles were measured in increments of 0.20 V vs. OCV.

1.2.4. Galvanostatic Electrochemical Impedance Spectroscopy (GEIS)

GEIS was performed using symmetric Li|Li cells and relied on an ac amplitude of 20 pA/cm?. The
frequency range was 1.0 MHz-0.5 Hz, unless otherwise stated. The frequency range was covered
by 10 measurement points per decade in a logarithmic progression. The impedance at each
frequency was measured three times. The waiting period between frequencies was 0.5 s. The
temperature was 40°C unless otherwise stated. Equilibration time(s) and measurement sequences
are quoted in the discussion of results.

1.2.5. Galvanostatic Cycling with Potential Limitation (GCPL)

GCPL was performed using symmetric Li|Li cells. The cells were equilibrated for 24 h at 40 °C,
measuring GEIS (1.0 MHz-0.5 Hz) every 1 h to monitor the evolution of the complex impedance of
the cell. The applied current was 10 pA/cm?, alternating the polarisation of the cell every 4 h for
a total of 40 h at 40°C. A final GEIS measurement at 40°C was repeated after GCPL to review the
evolution of the complex resistance of the cell after GCPL.

1.2.6. Potentiostatic Electrochemical Impedance Spectroscopy (PEIS)

PEIS measurements using gold blocking electrodes were conducted on a Materials Mates™ 7260
Impedance Analyser. The samples were placed inside a Controlled Environment Sample Holder
(CESH) cell comprising symmetric gold, blocking electrodes in a parallel configuration (Au|Au). The
temperature was controlled using a Biologic™ Intermediate Temperature System (ITS)
thermostat. All samples were dried under reduced pressure prior to loading (< 10 mbar, 100°C, 24
h). Sample handling and preparation, and assembly of the cell was performed in a glovebox under
argon atmosphere (< 8.0 ppm O3). A low-density poly(ethylene) spacer of known thickness was
used to calculate the cell constant. All samples were equilibrated for 10 min at each temperature
before measurement of the impedance was begun. The measurement relied on an ac amplitude

170



of 10 mV, and was carried out over the frequency range 1.0 MHz-1.0 Hz, measuring 10 points per
decade in a logarithmic progression. When changing temperature, the heating and cooling rate
was 1°C/min (£0.02°C/min). During equilibration and the measurement, the temperature error
was +0.02°C. The resistance of the bulk electrolyte was calculated from complex Nyquist (Im(Z"’)
vs Re(Z’)) plots obtained from the impedance measurements. The conductivity was calculated
according to Equation 2.

Equation 111-2: Conductivity (o / S.cm') calculated according to the reciprocal resistance multiplied by the cell

constant (L/A)
1 L(cm)

[ (S . Cm_l) = m X A(sz)

The conductivity was modelled using the Vogel-Tamman-Fulcher (VTF) relation originally
proposed to describe the temperature dependence of the viscosity of glasses.?™ The relation was
solved by a non-linear least-squares trial-and-error method using the "Solver" utility in the
Microsoft Office (2016) Excel™ software. Empirical evidence suggests that the ionic conductivity
of polymer electrolytes could be well fitted by using the approximate relation of To= Tg-50 K.I¥!
Using this as a guide, an initial condition of To= 200 K was proposed with respect to the T, of PEO-
based electrolytes, that are often reported to be in the range 220-250 K.[®!

Equation IlI-3: The dependence of conductivity on temperature according to the Vogel-Tamman-Fulcher (VTF)

relation, in which oy is a pre-exponential factor, B is a constant related to the activation energy (E.), and T is the

equilibrium glass transition temperature.
o= o0y exp(—B/[T—Ty 1)

1.3. Physical Characterisation by High Performance Liquid Chromatography—Time-of-Flight
Mass Spectroscopy (HPLC-TOF MS)

HPLC-MS-TOF was performed on an Agilent Technologies™ 6230 TOF LC/MS equipped with a 1260
Infinity Sampler. Samples were prepared as 1 g/L solutions in methanol. The injection volume was
1.00 pL into an eluent flow of 0.400 mL/min in methanol at 40°C. A UV detection fixed at A= 250
nm verified sample injection. The TOF unit operates at 4 GHz using a pressure of 1.92 Torr. The
source gas flow was 8.000 L/min at 325°C, vaporising the sample at 25 psig through a 0.061 pA
capillary to a 5.07 uA measurement chamber in negative polarity mode. Measurements are
reported as an average of 5*1 uL samples. Equilibration of 2.0 s was followed by TOF acquisition
at a rate of 1 spectrum/s, measuring 9887 transients of mass-to-charge ratios over the range 25-
3200 m/z calibrated according to 10 analytical standards.

1.4. Thermal Characterisation by Differential Scanning Calorimetry (DSC)

DSC was performed using a Setram™ Instrumentation (KEP Technologies) DSC 131 Evo. Samples
were dried in a vacuum oven (< 10 mbar, 70°C, > 24 h) prior to the measurement. The sample of
mass 5.0-20.0 mg was placed in a 30 pL aluminium pan. Samples were heated from ambient
temperature to 120°C and then cooled to -50°C before the measurement was begun. All heating
and cooling ramps of samples were conducted under argon gas flow of 0.20 L/min. The
heating/cooling rates were set to 5.0°C/min; the data analysed and presented is of the second
heating and cooling runs unless otherwise stated.

2. Materials

Reagents and solvents were purchased from commercial suppliers and used as received, unless
otherwise stated.
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Reagent

Description

(+)-Sodium L-Ascorbate

Na-Asc, CAS 134-03-2, crystalline, > 98 %, Sigma

1-aminonaphthalene

1-naphthylamine, CAS 134-32-7, > 99 %, Aldrich

1l-aminopyrene

1-pyrenamine, CAS 1606-67-3, 97 % Aldrich

2-sulfobenzoic acid cyclic

2,1-benzoxathiol-3-one-1,1-dioxide, CAS 81-08-3, 90 %,

anhydride technical grade, Sigma-Aldrich
4-aminonaphthalene-1-sulfonic ANSO3H, CAS 84-86-6, 97 %, Aldrich
acid
Alumina Al,03, CAS 1344-28-1, "approximately 150 mesh,"

super (200 m2/g), for column chomatogaphy, Sigma-Aldrich

Amberlite® IR120 hydrogen
form

The Dow Chemical Company, CAS 39389-20-3, Sigma-Aldrich

Benzoic Acid

CAS 65-85-0, > 99.5 %, ACS reagent, Sigma-Aldrich

Copper(ll) Sulfate pentahydrate

CuS04-5H,0, CAS 7758-99-7, > 98.0 %, ACS reagent, Sigma-Aldrich

Hydrochloric Acid

HCI, CAS 7647-01-0, 37 %, ACS reagent, EMD Millipore

Hydranal® Coulomat E

Ethanol-based solution for Karl Fischer titration, Honeywell (Fluka)

Lithium Carbonate

LiCO3, CAS 554-13-2, > 99.0 %, ACS reagent, Sigma-Aldrich

Lithium Hydride

LiH, CAS 7580-67-8, powder, 30 mesh, 95 %, Aldrich

Lithium Hydroxide
monohydrate

LiOH-H,0, CAS 1310-66-3, 98.0 %, ACS reagent, Sigma-Aldrich

Magnesium Chloride

MgCl,, CAS 7786-30-3, anhydrous, > 98 %, Sigma

Magnesium Sulfate

MgSQ,, CAS 7487-88-9, anhydrous, > 99.5 %, reagent grade, EMD Millipore

Poly(ethylene oxide) methyl
ether

Poly(ethylene oxide) monomethyl ether, mPEO-OH, CH3(OCH,CH,),OH, CAS 9004-74-

4, Aldrich;
"Average Mn" = 350, 500, 750, 2000, and 5000 g/mol.

N,N-Dimethylformamide

DMF, CAS 68-12-2, [i] anhydrous, 99.8 %, Sigma-Aldrich; and
[ii] HPLC Grade, > 99 %, EMD Millipore

Potassium Carbonate

K»CO3, CAS 584-08-7, > 99.0 %, ACS reagent, Sigma-Aldrich

Propargyl Bromide

CAS 106-96-7, purum, 80 % (w/w) in toluene, Sigma-Aldrich

Propiolic Acid CAS 471-25-0, 95 %, Aldrich
Silica Gel High-purity grade, pore size 60 A, 220-440 mesh (40-63 um particle size), for flash
chromatrogaphy, Sigma-Aldrich
Sodium Azide NaNs, CAS 26628-22-8, > 99.5 %, ReagentPlus, Sigma-Aldrich

Sodium Bicarbonate

NaHCOs3, CAS 144-55-8, > 99.7 %, ACS reagent, Sigma-Alrdich

Sodium Hydride

NaH, CAS 7646-69-7, dry, 90 %, Aldrich

Sodium Nitrite

NaNO,, CAS 7632-00-0, > 97.0 %, ACS reagent, Sigma-Aldrich

Sulfuric acid

H,S04, CAS 7664-93-9, 95.0-98.0 %, ACS reagent, EMD Millipore

Thionyl Chloride

SOCl,, CAS 7719-09-7, 97 %, reagent grade, Sigma-Aldrich

Triethylamine

TEA, CAS 121-44-8, > 99.5 %, Sigma-Aldrich

Triphenylphosphine

PPhs, CAS 603-35-0, 99 %, ReagentPlus, Sigma-Aldrich

Solvent Description
Acetonitrile CH3CN, CAS 75-05-8, anhydrous, 99.8 %, Sigma-Aldrich
Chloroform CHCl3, CAS 67-66-3, > 99.5 %, contains amylenes, Sigma-Aldrich

Chloroform-d

CDCls, CAS 865-49-6, 99.8 atom % D, Aldrich
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Solvent

Description

Dichloromethane

CH,Cl;, DCM, CAS 75-09-2, [i] anhydrous, > 99.8 %, contains 40-150 ppm amylenes,
Sigma-Aldrich; and
[ii] HPLC grade, contains amylenes, EMD Millipore

Diethyl ether

CAS 60-29-7, [i] anhydrous, > 99.7 %, contains 1 ppm butylated hydroxytoluene BHT,
Sigma-Aldrich; and
[ii] HPLC-grade, > 99 %, inhibitor-free, Sigma-Aldrich

Dimethyl Sulfoxide-ds

DMSO-dg, CAS 2206-27-1, [i] 99.96 atom % D, Aldrich; and
[ii] Magnisolv™, 99.8 atom % D with TMS 0.03 %, EMD Millipore

Ethanol

EtOH, CAS 64-17-5, [i] absolute, Sigma-Aldrich; and
[ii] 96 %, HPLC grade, EMD Millipore

Ethyl Acetate

EtOAc, CAS 141-78-6, 99.7 %, HPLC grade, EMD Millipore

Methanol

MeOH, CAS 67-56-1, [i] anhydrous, 99.8 % Sigma-Aldrich; and
[ii] HPLC grade, > 99 % EMD Millipore

N,N-Dimethylformamide

DMF, CAS 68-12-2, [i] anhydrous, 99.8 %, Sigma-Aldrich; and
[ii] HPLC Grade, > 99 % EMD Millipore

Toluene

CAS 108-88-3, [i] anhydrous, 99.8 %, Sigma-Aldrich; and
[ii] >99.5 %, ACS reagent, Sigma-Aldrich
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3. Variation of Polymer M, According to Poly(ethylene oxide) monomethyl
ether

End-capped polymer electrolytes bearing lithium salt end-groups at one terminal were
synthesized from commercial poly(ethylene oxide) monomethyl ether (mPEO,-OH) of different
degrees of polymerisation (DP,). The polymers having commercially designated molar mass were
analysed by *H NMR spectroscopy to determine their number-average molar mass (M,, g/mol).
Since there is one methyl ether unit per polymer chain, the number average degree of
polymerisation (EO,) is equal to the weighted (*H) ratio of the integrals obtained from the *H NMR
spectrum (Eqn. 111-4).

Equation I11-4: Calculation of EO, from the integral of *H NMR signals

_ q] 4Hc,h,0)/4
q] 3Hoch,)/3

The number average molar mass of ethylene oxide units in the polymer chain (Mnq)) is calculated

EO,

as the mass of an ethylene oxide repeating unit multiplied by EO, (Eqn. 11I-5)

Equation IlI-5: Calculation of the number average molar mass of the polymer chain

Mgo, = Mc,n,0 X EOy

Addition of the molecular mass of the end-groups yields the number average molar mass of the
polymer (Eqgn. 6).

Equation I11-6: Calculation of polymer Mnnwmg) (8/mol) by summation of the molecular mass of the end-groups with
that of the sum of ethylene oxide repeating units.

My, [Hyc-(CyH,0)p—0H] = Mcn, + Mgo, + Moy

The Mnmr) Was used to calculate the yields of the reactions, where the mass of the hydroxyl of
the mPEO,-OH precursor is exchanged for another functional end-group. The polymers are
referred according to the EO, determined in this work (Table Ill-1). The exact same batch of
polymers were used for each of the syntheses, to exclude the possibility of variation in either EO,
or Dispersity in mass (Dw = My,/M,).

Table llI-1: Commercial poly(ethylene oxide) monomethyl ether used in the synthesis of SIPEs, quoting the M, (vwr)
and DPn (EO,) determined in this work

Mw(comm) Mn(NMR) DPn
(g/mol) (g/mol) EOn
350 404 8
500 459 10
750 919 20
2000 2412 55
5000 7047 160

The mPEO,-OH precursors were used to synthesize bromo-end-capped poly(ethylene oxide)
monomethyl ether (mPEOn-Br) of PEO EO,= 8, 10, 20, 55, and 160. The same samples of mPEO,-
Br were used as precursors to all the other MonoEnd-Capped Single-lon Polymer Electrolytes
(MEC-SIPEs) presented in the following sections.
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4. Synthesis of MEC-SIPEs: Mono-Salts
4.1. Synthesis of bromo-end-capped poly(ethylene oxide) monomethyl ether, mPEO,-Br

CBr4(1.5 equiv.)
PPh3(1.5 equiv.)

o.[\/\ ],\/OH o,[\/\ ],\/Br
—
-~ o7, e oT,

40°C,24h
Figure I11-1: Synthesis of bromo-end-capped poly(ethylene oxide) monomethyl ether via the Appel reaction with carbon
tetrabromide and triphenylphosphine in dichloromethane (DCM).
The reaction of triphenylphosphine and tetrabromomethane with alcohol, known as the Appel
reaction,!”’ was used to prepare bromo-end-capped poly(ethylene oxide) monomethyl ethers
(mPEO,-Br) of EO,= 8-160. The method applied here was adapted from the literature.®
Poly(ethylene oxide) monomethyl ether (mPEO,-OH) was dried in a vacuum oven (100°C, < 10
mbar, 72 h) prior to use. A dry flask was charged with mPEO,-OH (Table. I1I-2) as a 20 % (w/w)
solution in anhydrous DCM and placed under argon atmosphere. To the stirring solution was
added solid CBr4 (1.5 molar equiv.) and the flask was cooled to 0°C. To the cooled solution was
added PPhs (1.5 molar equiv.), with stirring at 0°C over 20 min. The reaction proceeded with gentle
heating (40°C, 24 h) under argon. The solution turned from clear colourless to clear orange
(Mw(peo)= 350 g/mol [EO,= 8], 500 g/mol [EO,= 10]) or yellow ochre (Mu(peo)= 750 g/mol [EO,= 20],
2000 g/mol [EO,= 55], 5000 g/mol [EO,= 160]). The reaction mixture was stored in the cold (-20°C)
overnight.

Table 11I-2: The masses and moles of mPEO,-OH, CBr4 and PPh; used in the synthesis of polymers of different DP,
(EOn).

mPEQ,-OH CBr, PPh;
Muw(comm) mass mol mol mass mol
(g/mol) (g) x 103 mass (g) x 103 (g) x 103
350 5.25 15.0 7.46 22.48 5.90 22.48
500 5.00 10.0 4.98 15.01 3.94 15.01
750 15.00 20.0 9.95 30.00 7.87 30.00
2000 20.00 10.0 4.97 15.00 3.93 15.00
5000 25.62 5.1 2.55 7.69 2.02 7.69

The white solid precipitate mixture of triphenyl phosphine oxide and excess triphenyl phosphine
was filtered from the solution. The precipitate mixture was washed with DCM (3 x 20 mL). The
DCM solutions were combined, dried over MgS0O, and concentrated under reduced pressure. The
concentrated solutions were stored cold (-20°C, > 4 h), filtered again, then evaporated to dryness.
The higher polymers (PEO,= 55, 160) were additionally dropped through cold diethyl ether (3 x
200 mL).

The residue was taken up in anhydrous toluene. To the suspension of white solid in yellow solution
was added MgCl; (1.5 molar equiv.), which is known to form an insoluble complex with triphenyl
phosphine oxide.”®! The mixture was stirred (30°C, 16 h), then stored in the cold (-20°C, >4 h). The
suspension was filtered cold, and the cake was washed with toluene (3 x 20 mL). The solvent was
removed under reduced pressure (60°C, < 10 mbar, 24 h). The higher polymers (PEO, = 55, 160)
were additionally dropped through cold diethyl ether (3 x 200 mL). The residue was taken up in
CHCls and stored cool (2-8°C, > 4 h). The polymer in chloroform solution was filtered cold three
times and the solvent was evaporated under reduced pressure to obtain the polymer bearing
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bromo end-groups (MPEO,-Br) as a low viscous melt (PEO,= 8, 10), a waxy solid (PEO,=20) or as a
solid (PEO, = 55, 160) at room temperature, having a decreasing intensity of yellow colouration
with increasing polymer DP,. Yields greater than quantitative are the result of residual triphenyl
phosphine oxide (O=PPhs). The polymers were used without further purification, taking into
account the mass of residual O=PPhs observed by 'H NMR spectroscopy of the crude product. For
FTIR and NMR spectroscopy, and representative examples of spectra, please see section 5.4.

The masses of the reagents and the polymer yields are summarised in Table IlI-3.

Table IlI-3: The synthesis of mMPEO,-Br from mPEO,-OH via the Appel reaction. The commercial mass average molar
masses (Mw(comm)) of MPEO,-OHs were used to calculate the masses of reagents required. The number-average molar
mass (Mn(nmn)), as determined in this work using NMR spectroscopy, is quoted and the yield is calculated using these
values. For ease of reading, the polymers are referred to by their commercially designated M,, and calculated number-

average degree of polymerisation (DP,, EO,), as determined by NMR spectroscopy.
mPEO,-OH mPEO-Br

Mu(comm) Mn(NMR) DPn mass mol Mn(NMR) mass mol x  yield

(g/mol) (g/mol) (Xn) (g) x 103 (g/mol) (8) 10° (%)
350 404 8 5.25 12.99 467 7.89 16.89 130
500 459 10 5.00 10.9 522 6.72 12.9 118
750 919 20 15.00 16.3 982 19.03 19.4 119
2000 2412 55 20.00 8.3 2475 23.00 9.3 112
5000 7047 160 25.62 3.6 7110 24.87 3.5 96

4.2. Synthesis of aminonaphthalene—end-capped poly(ethylene oxide) monomethyl ether,
mPEOR-N(Li)Naph

NH,

(1.1 equiv.) ‘
/°~L/\of]'n\/3’ TEA (1.1 equiv.) /O\L/\o/]'n\/N_
CHQCN |O

60 °C, 24 h
2] LiH
THF, 40 °C

Figure 111-2: Synthesis of aminonaphthalene-end-capped poly(ethylene oxide) monomethyl ether via reaction of the
bromo-end-capped derivative with 1-aminonaphthalene.

An oven-dried flask was charged with dry mPEO.-Br (see section 5.1). To the polymer was added
triethylamine (1.1 equiv.) and 1-aminonaphthalene (1.1 equiv.) in anhydrous acetonitrile (Table
llI-4). The total volume of acetonitrile was fixed to yield a 20 % (w/w) polymer solution. The flask
was sealed and the solution was heated (60°C, 24 h). The reaction mixture was acidified with 1 M
HCI (1.1 equiv.) and heated (60°C, 4 h). The volatiles were then removed under high vacuum (60°C,
< 10 mbar). The residue was taken up in ethyl acetate, stored cold (-20°C, > 4 h) and filtered three
times. The filtered ethyl acetate solution was dried over K,COs, then evaporated under reduced
pressure (60°C, < 10 mbar).
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Table 1ll-4: Masses and moles of mPEO,-Br, 1-aminonaphthalene and triethylamine used in the synthesis of
aminonaphthalene-end-capped poly(ethylene oxide) monomethyl ether, mPEO,-N(Li)Naph, of different PEO DP,
(EOn).

mPEO,-OH mPEO,-Br 1-aminonaphthalene triethylamine
DP, Mn(NMR) mass mol mass mol mass mol
(EOn) (g/mol) (g) x10° (g) x10® () x 103
8 467 1.044 2.24 0.367 2.46 0.249 2.46
10 522 0.851 1.63 0.268 1.79 0.182 1.79
21 982 1.000 1.02 0.167 1.12 0.113 1.12
55 2475 1.101 0.44 0.073 0.49 0.050 0.49
160 7110 1.119 0.16 0.026 0.17 0.018 0.17

The polymer bearing 1-aminonaphthalene end-groups was dissolved (50 % w/w) in anhydrous THF
and degassed by three freeze-pump-thaw cycles using liquid nitrogen to freeze the solution. The
solution was treated with LiH (6.0 equiv.) and heated with stirring (40°C, 1 h) under argon
atmosphere. The flask was exposed to air and methanol was added dropwise until no more gas
evolved from the solution. The solvent was evaporated under reduced pressure (60°C, < 10 mbar)
and the residue was taken up in DCM stored cold (-20°C, > 4 h) and filtered three times. The
solvent was evaporated under vacuum to obtain the product mPEO,-N(Li)Naph as a low viscous
melt (PEO,= 8, 10, and 20) or as a solid at room temperature (PEO,= 55, 160). Lithiation of the
polymers was confirmed by ’Li NMR. For FTIR and NMR spectroscopy, and representative
examples of spectra, please see section 5.4. The yields are listed in Table 1lI-5.

Table 111-5: Masses and yields of aminonaphthalene-end-capped poly(ethylene oxide) monomethyl ether of different
PEO DP, (EO.). Molar quantities and yields are calculated according to the M,nmg)-

mPEO,-OH mPEO,-Br mPEO,-N(Li)Naph

DPn, Mn(NMR) mass mol Mn(NMR) mass mol Yield

(EOn) (g/mol) (8) x 10° (g/mol) (g) x 10° (%)
8 467 1.044 2.24 535 0.982 1.84 82
10 522 0.851 1.63 590 0.847 1.44 88
21 982 1.000 1.02 1050 0.982 0.94 92
55 2475 1.101 0.44 2543 0.939 0.37 83
160 7110 1.119 0.16 7178 0.822 0.11 73

4.3. Synthesis of aminopyrene-end-capped poly(ethylene oxide) monomethyl ether,
mPEOR-N(Li)Pyr

NH,

s

(1.1equiv.)

P S ¥ o

TEA (1.1 equiv.)
CHQCN
60-82°C,26h
(2) LiH (2.0 equiv.)
THF, 50 °C
Figure 11I-3: Synthesis of aminopyrene-end-capped poly(ethylene oxide) monomethyl ether via reaction of the
bromo-end-capped derivative with 1-aminopyrene under reflux.

An oven-dried flask was charged with a solution of dry mPEO,-Br (see section 5.1) in anhydrous
CHsCN (Table 111-6). To this was added sequentially triethylamine (1.1 equiv.) and 1-aminopyrene
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(1.1 equiv.) in anhydrous CHsCN. The total volume of CHsCN yielded a 20 % (w/w) polymer
solution. The solution was heated (60°C, 24 h), then under reflux (82°C, 2 h). The reaction mixture
was cooled to room temperature and acidified with a slight excess of 1 M HCl and heated (60°C, 4
h). The volatiles were evaporated under reduced pressure at 60°C. The residue was taken up in
EtOAc, stored cold (-20°C, > 4h) and filtered cold three times. The solution was dried over K,CO3
and the solvent removed under reduced pressure (< 10 mbar, 60°C, 24 h) to obtain the target
polymer bearing a secondary amine, mPEO,-NHPyr.

Table 111-6: Masses and moles of mMPEO,-Br, 1-aminopyrene and triethylamine used in the synthesis of aminopyrene-
end-capped poly(ethylene oxide) monomethyl ether, mPEO,-N(Li)Pyr, of different PEO DP, (EO,).

mPEO,-OH mPEO,-Br 1-aminopyrene triethylamine
DP, Mn(NMR) mass mol mol mol
(EOL) (g/mol) (@  xa00 | M@ | masslE) g
8 467 0.505 1.08 0.258 1.19 0.136 1.19
10 522 0.473 0.91 0.217 1.00 0.094 1.00
20 982 0.988 1.01 0.240 1.11 0.135 1.11
55 2475 1.03 0.42 0.099 0.46 0.056 0.46
160 7110 0.977 0.14 0.033 0.15 0.021 0.15

The polymer bearing 1-aminopyrene end-groups was dissolved 50 % (w/w) in anhydrous THF and
degassed by three freeze-pump-thaw cycles using liquid nitrogen to freeze the solution. To this
solution was added LiH (2.0 equiv.). The mixture was stirred with gentle heating (50 °C, 18 h). The
reaction was quenched with methanol, and the volatiles were evaporated under reduced pressure
(60°C, < 10 mbar). The residue was taken up in CHCIs, stored cold (-20°C, > 4 h) and filtered cold
three times. The solvent was evaporated under vacuum to obtain the product mPEO,-N(Li)Pyr as
a low viscous melt (PEOn= 8, 10), as a waxy solid (PEO,= 20) or as a solid at room temperature
(PEO,= 55, 160). Lithiation of the polymers was confirmed by ’Li NMR. For FTIR and NMR
spectroscopy, and representative examples of spectra, please see section 4.4. The yields are listed
in Table llI-7.

Table 11l-7: Masses and yields of aminopyrene-end-capped poly(ethylene oxide) monomethyl ether of different PEO
DP, (EOx). Molar quantities and yields are calculated according to the Mnnwr)-

mPEO,-OH mPEO,-Br mPEO,-N(Li)Pyr

DP, Mn(NMR) mass mol Mn(NMR) mass mol Yield

(EOn) (8/mol) (g) x 10° (g/mol) (g) x 10° (%)
8 467 0.505 1.08 609 0.354 0.58 54
10 522 0.473 0.91 664 0.374 0.56 62
20 982 0.988 1.01 1124 0.814 0.72 72
55 2475 1.03 0.42 2617 0.454 0.17 42
160 7110 0.977 0.14 7252 0.822 0.11 83
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4.4. Chemical Characterisation of mPEOx-Br, mPEO»-N(Li)Naph and mPEOn-N(Li)Pyr
4.4.1, NMR Spectroscopy

mPEOzo—Br
IH NMR Spectroscopy
< a c'
H3c’°\r{’\o ,.}\n/sr
H,0 b
b ¢ a €
d
3.8 3.6 3.4 3.2
0=PPh, DMSO
—4 '
Lim, i A
8 7 6 5 4 3 2 1 0

Chemical Shift (6) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 3.24 (s, 3H, CH3%), 3.43 (m, 2H, CH,%), 3.51 (br,
CH:%), 3.57 (t, J= 5.00 Hz, 2H, CH-°), 3.73 (t, J= 5.12 Hz, 2H, CH.").

13C NMR Spectroscopy
[+
o
ch’o\'{'\o /,}\n,sr
b ¢ a b d
J_ c
75 73 71 69 67 65
DMSO
+
d
0=PPh, a
f T T T T T T ‘Il T T T T T T T T T T L T 1
200 150 100 50 0

Chemical Shift (6) / ppm

13C NMR (CDCls, 298 K) chemical shift (5 / ppm): 32.22 (CHs¢), 58.03 (CH,?), 69.80 (CH:%), 70.40
(CH2), 71.29 (CH,Y).
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mMPEQ2-N(Li)Naph
IH and ’Li NMR Spectroscopy

h
. 9 i
o c NZ f ; b,c a
”ﬂc"’{'\o’*ﬂ’ekj 1 b
, € a
a b d I
c m 2 1 0 1 -2
Aromatic (Hu) ’Li & / ppm
g.j hi nlm ¢
T T T
. | ﬂlhhllh A 4.0 3.5 3.0

10 9 8 7 6 5 4 3 2
Chemical Shift (6) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (8 / ppm): 1.16 (br, 2H, CH,%), 3.21 (s, 3H, CH>?), 3.40, 3.48,
3.58 (br, CH>>*), 3.65 (br, 2H, CH:°); 7.09, 7.26, 7.33-7.45 (Ha'™"); 7.58, 7.61 (Ha™'); 7.75, 7.86,
8.08, 8.25 (Ha®’). [[CH3]= 3H; [[Ha®~*'~"]= 7H. INSET (green) magnified region of the *H spectrum,
6.5-9.0 ppm. INSET (purple): “Li NMR (CDCls;, 298 K) chemical shift (8)= -1.13 ppm.

13C NMR Spectroscopy
|
. m k
e
HBC’O\»{’\O/‘]YNe i i
a b d £ h
c
Aromatic (Cp,) <«— DMSO
iin mjh efgkdl
I I b, c
140 135 130 125 120 :
cfl d I
I T T T T T T “ln.dl. T T T L T .l| l II T T 1
200 150 100 50 0

Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (5§ / ppm): 32.26 (CH,%), 43.56 (CH,%), 58.04 (CH,?),
68.49, 69.77, 70.53 (CHyY), 72.33 (CH,?); 123.01, 123.71, 124.01, 125.70, 126.76 (Ca® & );
127.97, 128.69, 128.81 (Ca™»™); 131.42 132.02 (Ca/™").
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MPEO26-N(Li)Pyr
IH and ’Li NMR Spectroscopy

P n
q_~Oqm
¢
) N”l
a,\b,{«o"]:;ek I
i 2 1 0 -1 -2 ¢
[ fghi

5 H,0
Li& / ppm
a
Aromatic (Ha,)
P m,n c,c
| @hiy q f —
f \ b
Lo .LJ

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (6) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 1.17 (br, 2H, CH,%), 3.24 (s, CH,?), 3.50 (br, m,
CH,%), 3.72 (br, 2H, CH°); 7.35 (Ha("); 7.57, 7.69 (Ha™"); 7.74 (Ha%); 7.86 (Ha); 7.94, 8.07 (Hak'J);
8.35 (Ha). INSET (purple): “Li NMR (CDCls, 298 K) chemical shift (8)= -1.01 ppm.

13C NMR Spectroscopy

n
p0

q m
¢
’\‘{'\O/\]Z’e k
a b d :
c fgh !

o

Aromatic (Cp,) g,i,q f,p,j

h, k ILm,n o,rs,t

80 75 70 65 60 55 50 45 40

140 135 130 125 120 DMSO \
I ~a d
) .“" - )
200 150 100 50 0

Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 32.3 (CH,), 43.6 (CH,?), 58.1 (CH,?), 69.6,
69.8, 70.4 (CHy%), 71.3 (CHy%); 121.3, 121.7, 122.0, 123.0 (Ca> " *Y); 124.5, 125.1, 125.5, 126.0,
126.7,127.7 (Ca™"); 128.7 (CarP); 131.4 (Ca®"9); 133.2 (Ca™¥).
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4.4.2. FTIR Spectroscopy

Absorbance

o o /S o /)
S $ 3 § S S s &
~ ~ ~ ~ ~ ~
Wavenumber (cm™)

FTIR Spectroscopy frequencies of characteristic peak absorbances (wavenumbers, ¥ / cm™). The
spectra are normalised to the difference in magnitude of the maximum and minimum absorbance
in the 4000-600 cm™ range and displaced by an arbitrary value. mPEOss-N(Li)Pyr: 2885 (—CH,—,
ether; not shown); 1098 (M, —CH,0—, ether); 724, 697, 645, 617 ( A, aryl). mPEOss-N(Li)Naph: 2885
(—CHy—, ether; not shown); 1098 (M, —CH,0—, ether); 724, 697, 645, 617 ( A, aryl). mPEOss-Br: 2865
(—CH,—, ether; not shown); 1465, 1346, 1325, 1281, 1243, 1198, 1096 (M, —CH,0—-, ether), 1039,
996, 948, 844; 722, 698, 662 (%8, C-Br). The FTIR spectrum of mPEOss-Br is equivalent to that of
(anhydrous) mPEQOss-OH, except for the appearance of the C-Br absorbance (). The FTIR spectrum
of mMPEQOss-OH is shown in section 5.9.2.

4.5. Synthesis of Sulfonate-end-capped poly(ethylene oxide) monomethyl ether, mPEO,-

SOsli
o B 1) Na,SO, (10 equiv.) l,/O
r
_D

P \L/\O%n\/ ~ \L/\ *\/ So-

EtOH /H O

reflux
100°C, 24h

2)Li,CO, (10equiv.)

Figure IlI-4: Synthesis of sulfonate-end-capped poly(ethylene oxide) monomethyl ether via reaction of the bromo-end-
capped derivative with sodium sulphite under reflux.
Sulfonate-end-capped poly(ethylene oxide) monomethyl ethers (mPEO,-SOsLi) were prepared by
methods adapted from the literature.[*®*?! A flask was charged with mPEO,-Br (see section 5.1) as
a 50 % (g/mL) solution in ethanol (Table I1I-8). To this was added Na,SO; (10.0 molar equiv.) in
distilled water such that the final solvent mixture was 1:10 (v/v) EtOH/H,0. The reaction mixture
was heated under reflux (100°C, 24 h), after which time EtOH was added to make the solvent
mixture 1:1 (v/v) EtOH/H,0.
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Table 111-8: Masses and moles of bromo-end-capped poly(ethylene oxide) monomethyl ether, mPEO,-Br, and sodium
sulfite used in the synthesis of mPEO,-SOsLi of different DPn (EO,). The M,, of the mPEO,-Br is calculated
arithmetically from the commercial M,, of the corresponding mPEO,-OH precursor (see synthesis of mPEO,-Br for
reference).

mPEO,-OH mPEO,-Br NaySO04
DP, Mu(comm) mass mol mass mol
(EOn) (g/mol) (8) x 10° (g) x 10°
8 413 4.87 11.8 14.86 117.9
10 563 4.87 8.6 10.89 86.4
20 813 8.80 10.8 13.64 108.2
55 2063 15.06 7.3 9.20 73.0
160 5063 18.08 3.6 4.50 35.7

The white precipitate was filtered from solution and the solvents were evaporated under reduced
pressure at 60°C. The residue was acidified as a solution in 2M HCI (10.0 equiv.). The water and
excess HCl were removed under reduced pressure (~1 mbar, 60°C, 16 h). The residue was taken
up in CHCIs, stored cold (-20°C, > 4 h), filtered, and evaporated three times. The residue was taken
up in distilled water and treated with Li,COs (1.0 equiv.). After stirring (30°C, 1 h), the water was
evaporated under reduced pressure (< 10 mbar, 60°C). The residue was taken up in CHCls, stored
cold (-20°C, > 4 h), filtered, and evaporated three times. The higher DP, polymers (PEO, = 55, 160)
were additionally dropped through cold diethyl ether (3 x 200 mL). The products were dried under
reduced pressure (< 10 mbar, 60°C, 72 h). The polymers bearing lithium sulfonate end-groups
(mPEOL-SOsLi) were obtained as low viscosity melts (PEO, = 8, 10), a waxy solid (PEO, = 20) or as
solids (PEO,= 55, 160) at room temperature. Lithiation of the polymers was confirmed by “Li NMR.
For FTIR and NMR spectroscopy, and representative examples of spectra, please see section 5.7.
The yields are summarised in Table IlI-9.

Table 111-9: Yields of lithium sulfonate-end-capped poly(ethylene oxide) monomethyl ether obtained by reaction of
mPEO-Br with sodium sulphite. Molar quantities and yields are calculated according to the Munmgr)-

mPEO,-OH mPEO-Br mPEO-SOsLi
DP, Mn(NmR) mass mol Mn(NMR) mass mol yield
(EOn) (8/mol) (g) x 10° (g/mol) (g) x 103 (%)
8 467 4.87 13.91 474 3.44 9.64 69
10 522 4.87 9.33 529 4.10 7.75 83
20 982 8.80 8.96 989 8.86 8.95 Quantitative
55 2475 15.06 6.08 2482 15.33 6.17 Quantitative
160 7110 18.08 2.54 7117 18.43 2.59 Quantitative
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4.6. Synthesis of N-(naphthyl)sulphonamide-end-capped poly(ethylene oxide) monomethyl
ether, mPEO,-SO2N(Li)Naph

€

NH2

o SOCl, (6 equiv.) 0 O

n (o] ’ n,_o
o 2 0 (6.0 equiv.)_ PEO 4
g {\/\oh\/ OH = PO CH,CN o O
DMF (0.2 equiv.) 3
60°C. 72 h 60 °C, 48 h

under argon
2
LIH (6.0 equiv.)
DCM
30°C,18h
under argon

under argon

Figure IlI-5: Synthesis of N-(naphthyl)sulphonamide-end-capped poly(ethylene oxide) monomethyl ether.

The synthesis of sulfonamides was adapted from methods reported in the literature.*>**I A dry
flask was charged with dry mPEO,-SOs3H (see section 5.5) and anhydrous DMF (0.2 equiv.). The
mixture was stirred under argon flow (60°C, 1 h). To the hot mixture was added SOCI, (6.0 equiv.)
dropwise under a blanket of argon (Table 11I-10). The mixture was purged with gentle argon flow
(1 h) and the reaction proceeded with stirring under argon atmosphere (60°C, 72 h). The excess
SOCIl; and the HCl by-product were vaporized by stirring and heating under reduced pressure until
constant mass (200-1 mbar, 40°C; except for PEO EO,= 55 and 160, T= 60°C). The polymers,
bearing sulfonyl chloride end-groups (mPEO,-SO,Cl) and containing residual DMF solvent, were
stored in the cold (-20°C) and used without further purification within 24 h of preparation.

Table 11I-10: The masses and moles of mPEO-SO3H, SOCI, (126.04 g/mol, d= 1.64 g/cm3 at 25 °C) and DMF (73.10
g/mol, d=0.95 g/cm?3 at 25 °C) used in the synthesis of mPEO-SO,CI of different DP,, (EO,).

mPEO-SO3H SOCl, DMF
DPn Muw(comm) mass mol mass mol vol (cm3) mass mol vol
(EOn) (g/mol) (g) x10° (g) x 10° (g) x 10° (cm?)
9 414 2.394 5.78 4373 34.70 2.67 0.085 1.16 0.089
10 564 3.058 5.42 4.100 32.53 2.50 0.079 1.08 0.084
20 983 7.347 7.47 5.651 44.84 3.45 0.109 1.49 0.115
55 2064 12.240 5.93 4.485 35.58 2.73 0.087 1.19 0.091
160 5064 14.976 2.96 2.236 17.74 1.36 0.043 0.59 0.046

A 1 mol/L solution of 1-aminonaphthalene (2.0 equiv.) in anhydrous CH3CN was degassed by three
freeze-pump-thaw cycles, using liquid nitrogen to freeze the solution. This solution was added
dropwise to mPEO,-SO,Cl under argon flow at room temperature (Table IlI-11). Heating of the
higher DP, polymers (EO,= 55, 160) under argon atmosphere was required to aid mixing of the
reagents (60°C, 10 min). The flask was sealed and the reaction proceeded with heating under
argon atmosphere (40°C, 48 h). The reaction was quenched with K2CO3 (6.0 equiv., 10 % w/w in
deionised water), diluted with CH3CN (40 mL), then filtered.
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Table IlI-11: Masses and moles of mPEO-SO,Cl and 1-aminonaphthalene (143.19 g/mol) used in the synthesis of N-
(naphthyl)sulphonamide-end-capped poly(ethylene oxide) monomethyl ether. The M,, of the polymers was
calculated according to the commercial designation.

mPEO,-SO,CIl 1-aminonaphthalene

DP, Mu(comm) mass mol mass mol
(EOn) (g/mol) (g) x 103 (g) x 103
8 433 0.600 1.39 0.397 2.77
10 583 0.750 1.29 0.368 2.57
20 833 1.750 2.10 0.602 4.20
55 2083 3.000 1.44 0.412 2.88
160 5083 3.500 0.69 0.197 1.38

The polymers were purified by the method (A or B) according to the DP, (EO,) of PEO.

A. The lower DP, polymers (EO,= 8, 10, 20) were evaporated to dryness under reduced
pressure at 60 °C. The residue was taken up in CHCl; and extracted with 0.5 M HCI (3 x 20
mL) and washed with brine (1 x 10 mL). The organic solution was evaporated to dryness.
The residue was taken up in DCM, dried over K,COs, then filtered and evaporated again.

B. The higher DP, polymers (EO,=55, 160) were concentrated in CHsCN and dropped through
cold diethyl ether (3 x 300 mL).

The polymers bearing sulfonamide end-groups were dried under reduced pressure (< 10 mbar,
60°C, 24 h). The residue was dissolved in anhydrous DCM (5 mL) and placed under argon
atmosphere. To the stirring solution at room temperature was added LiH (6.0 equiv.) under a
blanket of argon. The mixture was stirred (30°C, 16 h). Lithiation was quenched by exposing the
mixture to air and adding methanol dropwise until the evolution of hydrogen gas stopped. The
solution was diluted with DCM (40 mL), washed with deionised water (3 x 10 mL) and brine (10
mL). The aqueous phases were back-extracted with DCM. The combined organics were dried over
K>CO;, filtered, and evaporated. The product polymers (mPEO,-SO,N(Li)Naph) were dried under
reduced pressure (< 10 mbar, 60°C, 72 h). The higher DP, polymers (EO,= 55, 160) were
additionally freeze-dried from their solutions in deionised water. Lithiation of the polymer was
confirmed by ’Li NMR. For FTIR and NMR spectroscopy, and representative examples of spectra,
please see section 4.7. The yields are summarised in Table 111-12.

Table 111-12: The moles and yield of N-(naphthyl)sulphonamide-end-capped poly(ethylene oxide) monomethyl ether

from the corresponding sulfonyl chloride. The number-average molar mass (Mn(nmr) and DP, (EO,) were determined
by NMR spectroscopy. The yield is calculated using these values.

mPEO,-SOCl mPEO,-SO,N(Li)-Naph

DP, Mn(nmR) mass mol Mn(NmR) mass mol yield
(EOn) (g/mol) (8) x 10° (g/mol) (8) x 10° (%)

8 487 0.600 1.23 593 0.747 1.26 Quantitative
10 541 0.750 1.39 648 0.846 1.31 94

20 1002 1.750 1.75 1108 1.873 1.69 97

55 2495 3.000 1.20 2601 3.250 1.25 Quantitative
160 7130 3.500 0.49 7236 3.570 0.49 Quantitative
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4.7. Chemical Characterisation of mPEO,-SOsLi and mPEO,-SO2N(Li)Naph
4.7.1. NMR Spectroscopy

MPEO-SOsLi
IH and ’Li NMR Spectroscopy

I8

40 38 36 34 3.2 30 28 26

DMSO
O=PPh; 1 2 1 0 -1 -2
pr
o — .J“ N Rl
1

8 7 6 5 4 3 2 1 0
Chemical Shift (8) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (& / ppm): 2.69 (br, 2H, CH,Y), 3.24 (s, 3H, CHs?), 3.50 (br,
CH.°), 3.59 (br, 2H, CH)%). INSET (blue) magnified region of the 'H spectrum, 2.6-4.0 ppm. INSET
(purple): ’Li NMR (DMSOQgs, 298 K) chemical shift (§)=-1.00 ppm.

13C NMR Spectroscopy

- by froeo

) T T T T 1 T T T T T T T

200 150 100 50 0
Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 51.2 (CH,%), 58.0 (CH5s?), 60.2 (CHy°), 67.20,
69.4, 69.8, 71.3 (CHyY), 72.3 (CH.®).
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MPEO20-SO-N(Li)Naph
IH and ’Li NMR Spectroscopy

q ﬁOfl
0 T B
HyC” \,{f\ol*l\n/ 'Nen j ,—,—.—l—|
a b d m K 2 1 0 -1 -2

7Li & / ppm

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (8) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (& / ppm): 2.69 (br, 2H, CH,¢), 3.24 (s, 3H, CHs?), 3.51
(CH;*), 3.61 (br, 2H, CH;*), 7.04 (br, 1H, Ha®), 7.15 (br, 1H, Ha"), 7.24 (br, 1H, HaX), 7.31 (br, 1H,
Har), 7.61 (br, 1H, Had), 8.37 (br, 1H, Ha™). INSET: “Li NMR (DMSOgs, 298 K) chemical shift (6 / ppm):
-1.04.

13C NMR Spectroscopy

9 h
"m0

¢ O f.
v l.
a b d
m k
c

Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (5 / ppm): 43.6 (CHs?), 49.9 (CHs°), 58.03 (CH,?); 66.5,
69.8, 70.5, 71.3 (CH,"<); 122.8 (Ca/'); 124.6, 124.9 (Ca™'); 126.5, 126.8 (Cad™); 126.7 (Ca"); 129.5
(Car); 134.4 (Car®).
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4.7.2. FTIR Spectroscopy
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FTIR Spectroscopy frequencies of characteristic peak absorbances (wavenumbers, ¥ / cm™). The
spectra are normalised to the difference in magnitude of the maximum and minimum absorbance
in the 4000-600 cm™® range and displaced by an arbitrary value. mPEOss-SO;N(Li)Naph: 2885 (—CH»—
, ether; not shown); 1392 (®, N-aryl sulfonamide), 1279, 1241, 1146 (® ,-SO,—, asymmetric
stretching); 1147, 1101, 1061 (M, —CH,0—, ether); 1027 (%, —-SO,—, symmetric stretching); 862 (¢,

naphthalene); 779 (@, Ca—H). : 1036 (%); 632 ()

4.8. Synthesis of Benzene Sulfonate-End-Capped poly(ethylene oxide) monomethyl ether,
mMPEOQO,-OC(O)PhSOsLi

(1) Neat [e)
) 80 °C n_o

—_16h “o”
g V\ ‘]/\/ @ (2) Li,CO, PEO’\/O\'IJ:)
o

Figure IlI-6: Synthesis of benzene-sulfonate end-capped mPEO-OC(O)PhSO;Li

Poly(ethylene oxide) monomethyl ether was end-capped with benzenesulfonate lithium salt
(mPEO,-OC(O)PhSOslLi) via ring-opening reaction with 2-sulfobenzoic acid cyclic anhydride
(SBACA). The synthesis protocol was adapted from the literature.l*® The SBACA (ALDRICH,
technical grade, 90 %) was recrystallised from chloroform.

An oven-dried flask was charged with dry mPEO,-OH and heated with stirring under argon flow
(100°C, 1 h). The temperature was reduced to 60°C and to the stirring, molten mPEO,-OH was
added SBACA (1.20 equiv.) slowly in batches. The reaction mixture was heated with stirring under
argon atmosphere (80°C, 16 h). During the course of the reaction, the clear colourless PEO and
the white powder SBACA became a clear, burnt umber colour. The masses of reagents are
summarised in Table 111-13.
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Table 11l-13: The masses and moles of mMPEO and SBACA used in the synthesis of polymers of different DP, (EO,).

mPEO,-OH SBACA
Mu(comm) mol mass mol
(g/mol) mass (g) x 103 (g) x 103
350 3.50 10.00 2.21 12.00
500 3.10 6.20 1.37 7.44
750 10.18 13.57 3.00 16.29
2000 20.00 10.00 2.21 12.00
5000 50.00 10.00 2.21 12.00

The reaction mixture was purified by the method (A or B) according to the DP, of the polymer.
A. PEOEO.,=38, 10

Diethyl ether (10 x 50 mL) was layered over the reaction mixture at room temperature and the
immiscible layers were stirred slowly in a sealed flask (10 min). The diethyl ether was decanted
and the reaction mixture was evaporated to dryness under reduced pressure (60 °C, < 10 mbar,
24 h).

B. PEO EO,= 20, 55, 160

The reaction mixture was diluted with CHCI; (5 mL) and dropped through cold diethyl ether (3 x
200 mL). The residue was taken up in CHCl; and evaporated to dryness under reduced pressure
(80 °C, <10 mbar, 24 h).

The products collect from purification (A or B) were then neutralised. The polymer, bearing a
sulfonic acid end-group, was dissolved in water, then treated with Li,CO; (1.0 equiv.). When no
more gas evolved from the solution, the polymer was dried first by rotary evaporation, then
further in a vacuum oven (80°C, < 10 mbar, 72 h). The product was taken up in anhydrous CHCls,
stored cold (-20°C, > 4 h) and then filtered cold, three times. The solvent was removed under
reduced pressure to obtain the target polymer product. For FTIR and NMR spectroscopy, and
representative examples of spectra, please see section 5.9.

The masses of the reagents and the polymer yields are summarised in Table 111-14.

Table 11l-14: The synthesis of mPEO,-OC(O)Ph-SOsLi via ring-opening of SBACA by reaction with mPEO-OH. The
commercial mass average molar masses (Mw(comm)) of MPEO,-OHs were used to calculate the masses of reagents
required. The number-average molar mass (M,), calculated in this work using NMR spectroscopy, is quoted. The yield
is calculated using M, nwr). For ease of reading, the polymers are referred to by their DP,, as calculated from Mnnwmg)-.
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mPEOm,-OH SBACA MPEOm-OC(O)Ph-SOsLi
Mw(comm)  Mnmnvry  DPn mass  mol x | mass mol molar | Mnnwmr) mass mol yield
(g/mol) _ (g/mol) (EOC.)  (g) 10° (8) x 10° eq. (g/mol) (g x10° (%)
350 404 8 3.50 12.20 | 221  12.00 0.98 454 4.11 9.04 74
500 459 10 3.10 6.76 1.37 7.44 1.10 649 2.12 3.27 48
750 919 20 10.18 11.08 | 3.00 16.29 1.47 1109 11.92 10.75 97
2000 2412 55 20.00 8.29 2.21 12.00 1.45 2603 20.67 7.94 96
5000 7047 160 50.00 7.10 221 12.00 1.69 7237 46.55 6.43 91




4.9. Chemical Characterisation of mPEO,-OC(O)PhSOsLi
49,1, NMR Spectroscopy

MPEQ;5-OC(O)PhSOsLi
IH and ’Li NMR Spectroscopy
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'H NMR (DMSO-ds, 298 K) chemical shift (§ / ppm): 3.24 (s, 3H, CHs?), 3.44 (m, 2H, CH®), 3.51
(br, CHx°), 3.68 (t, J= 5.00 Hz, 2H, CH,®), 4.23 (t, J= 5.12 Hz, 2H, CH?), 7.25 (m, 1H, Had), 7.37 (%,
J=7.49 Hz, 1H, Ha/), 7.45 (t, J= 7.49 Hz, 1H, Ha'"), 7.72 (d, J= 7.48 Hz, 1H, Has®).

13C NMR Spectroscopy

200 150 100 50 0
Chemical Shift (8) / ppm

13C NMR (DMSO-dg, 298 K) chemical shift (6 / ppm): 58.0 (CH5?), 60.2 (CH,), 63.9 (CH°), 68.1,

69.9, 71.3 (CH2%), 72.3 (CH2®), 126.4 (Cal), 127.4 (Ca), 128.3 (Car), 129.1 (Ca), 131.4 (Car), 145.4
(Ca’), 168.9 (OC°=0).
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4.9.2. FTIR Spectroscopy
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FTIR Spectroscopy frequencies of characteristic peak absorbances (wavenumbers, ¥ / cm™). The
spectra are normalised to the difference in magnitude of the maximum and minimum
absorbance in the 4000-400 cm™ range and displaced vertically by an arbitrary value. The
MPEOss-OH is shown as a reference at 50 % relative absorbance intensity. mPEOss-
OC(O)PhSOsLi: 2881 (—CHa—, ether; not shown); 1724 (®, C=0 stretching, ester), 1199 (¢ ,—
SO,—, asymmetric stretching); 1145, 1098, 1060 (—CH,0—, ether); 1027 (M, —-SO,—, symmetric
stretching); 764, 737, 662, 619 (A, Ca-H, benzene)

5. Synthesis of MEC-SIPEs: Zwitterionic and "Double-Salt" End-Capped
Polymers

5.1. Synthesis of 4-azidonaphthalene-1-sulfonic acid sodium salt (AzNSO3Na)

N IEI,, N””+
OO NaNO, / HCl OO NaN,
e — QU
5o 0°C-rt
0”6\;0 i hC o éz:* 24n o% é?o .

Figure 11I-7: Synthesis of 4-azidonaphthalene-1-sulfonic acid sodium salt (AzNSOsNa) via nucleophilic aromatic
substitution.

The synthesis of the azide functional group via the diazonium salt was adapted from the
literature.!*s*#1 Solid 4-aminonaphthalene-1-sulfonic acid (ANSOsH, 40.00 g, 179 mmol) was mixed
with deionized water (190 mL) in a two-neck reaction flask equipped with a dropping funnel and
a thermometer. The resultant paste was cooled to 0°C and to this was added concentrated HCI
(33.00 mL, 1.075 mol, 6 equiv.) dropwise. The magenta solution was stirred for 20 min with cooling
to -5°C. A solution of NaNO, (18.54 g, 268 mmol, 1.5 equiv.) in water (135 mL) was added dropwise
to the reaction mixture at -5°C — 0°C, over 45 min. After a further 15 min at 0°C, NaNs(46.59 g,
716 mmol, 4 equiv.) in water (675 mL) was added dropwise over 2 h at 0°C. The reaction
suspension turns from pale magenta to bright orange. More water (500 mL) was added and the

191



temperature to rise slowly from 0°C to room temperature. Stirring was continued (24 h total, from
the addition of NaN3s).

The reaction mixture was filtered and the precipitate washed with cold water (400 mL total). The
precipitate was recrystallized from EtOH/H,0 mixtures and air dried at room temperature to
obtain the product 4-azidonaphthalene-1-sulfonic acid sodium salt (AzNSOsNa) as orange crystals
(271 g/mol, 39.9 g, 147 mmol, 82.1 % vyield). *H NMR analysis did not indicate any remaining
aromatic amine protons. FTIR analysis of the product did not indicate the presence of the aromatic
amine, absorbance characteristic of the azo group was observed; there was no change in the N3
absorbance before and after recrystallisation from EtOH/H,0. 'H NMR (DMSO-de, 298 K) chemical
shift (5 / ppm): 7.37 (d, J= 7.80 Hz, 1H, Ha/°), 7.55 (m, 2H, Ha®"), 7.98 (d, J= 7.76 Hz, 1H, HaS), 8.02
(d, J= 7.84 Hz, 1H, Ha/'), 8.84 (d, J= 8.04 Hz, 1H, Haf). 3C NMR (DMSO-ds, 298 K) chemical shift (& /
ppm): 112.95 (Ca®), 121.65 (Ca), 124.70 (Ca"), 125.94 (Cal), 125.79 (Caf), 126.53 (Cac), 127.87
(Ca), 129.96 (Ca®), 136.44 (Ca?), 141.16 (Cad). MS-TOF (m/z) : AzNSOs= 248.01 (predicted:
AzNSOsNa= 271.23, AzNSOs'= 248.24). For FTIR and NMR spectroscopy, and representative
examples of spectra, please see section 6.4.

5.2. Synthesis of 4-azidonaphthalene-1-sulfonyl(methylsulfonyl)imide potassium salt

[AzNSI(K)]
— N_ N_
N n, n,
N 2N _N
N” N NZ
socl, OO NH,SO,CH,
OO DMF TEA
0-25°C, 4h CHCN
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Figure IlI-8: Synthesis of 4-azidonaphthalene-1-sulfonyl(methylsulfonyl)imide

An oven-dried 3-neck flask was charged with 4-azidonaphthalene-1-sulfonic acid sodium salt
(AzNSOsNa 1.75H,0, 30.00 g, 98.77 mmol) was in dry DMF (500 mL). 50 mL of the solvent was
distilled out under reduced pressure (39-40 mbar, solvent obtained at 67-68°C). The flask was
cooled to 0°C under argon flow, then SOCI, (15 mL, 24.6 g, 206 mmol, 2.09 equiv.) was added
dropwise at 0°C under argon over 15 min. The reaction mixture was allowed to warm to 20°C with
stirring (4 h). The reaction mixture was poured into an equivalent volume of brine and filtered.
The precipitate was washed with deionised water (4 x 50 mL), then taken up in EtOAc. The solution
was dried over K,CO; and filtered. The product was recrystallised from EtOAc to obtain needle-
like orange crystals (22.1 g, 82.4 mmol, 83.4 % yield). The product 4-azonaphthalene-1-sulfonyl
chloride (AzNSO,Cl) was stored under argon at -20°C and used within 24 h of the synthesis. H
NMR (DMSO-ds, 298 K) chemical shift (5 / ppm): 7.37 (d, J= 7.80 Hz, 1H, Ha?), 7.54 (ddd, J= 1.36,
6.71, 8.24 Hz, 1H, Ha"), 7.59 (ddd, J= 1.53, 6.80, 8.24 Hz, 1H, Ha®), 7.98 (d, J= 7.84 Hz, 1H, HaS),
8.02 (d, =8.00 Hz, 1H, Ha/"), 8.83 (d, J= 8.20 Hz, 1H, Haf). 13C NMR (DMSO-ds, 298 K) chemical shift
(8 /ppm): 113.04 (Ca®), 121.81 (Ca/), 124.88 (Ca"), 125.88 (Ca’), 126.10 (Ca’), 126.74 (Car°), 127.79
(Car®), 129.97 (Ca®), 136.74 (Cas®), 140.85 (Casd).

An oven-dried flask was charged with 1-azidonaphthalene-4-sulfonyl chloride (21.75 g, 81.3 mmol)
in dry CHsCN (300 mL). The solution was cooled to 0°C and purged with argon gas flow (30 min).
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Freshly distilled TEA (16.40 g, 162.5 mmol, 2.0 equiv.) was added to the stirring reaction mixture
under argon. Methanesulfonamide (15.45 g, 162.5 mmol, 2.0 equiv.) in dry CH3CN (100 mL) was
added dropwise to the reaction solution under argon flow at 0°C. The reaction was stirred under
gentle heating (30°C, 48 h). The reaction was monitored by silica gel Thin Layer Chromatography
(TLC), *H NMR and IR spectroscopy. When the starting material was no longer visible in the TLC
(1:1 MeOH / CHCIs solution phase) trace, FTIR analysis confirmed the presence of sulfonamide
functions in the reaction mixture. FTIR did not indicate any absorbance corresponding to SO.Cl
(1358 cm™). The reaction mixture was concentrated, then partitioned with EtOAc (500 mL). The
precipitated salt was removed by filtration and the filtrate was washed with 1M HCI (3 x 50 mL)
and deionised water (3 x 50 mL). The combined organic phases were dried over K,COs. The solvent
was removed under reduced pressure. The product 4-azidonaphthalene-1-
sulfonyl(methylsulfonyl)imide potassium salt [AzNSI(K)] was recrystallised from EtOAc/MeOH
mixtures to yield fine orange crystals (364.44 g/mol, 12.54 g, 34.4 mmol, 42.3 % yield. Total yield
AzNSOsNa — AzNSI(K)= 35.3 %; total yield ANSOsH — AzNSI(K) = 29.0 %). 'H NMR (DMSO-ds, 298
K) chemical shift (& / ppm): 2.74 (s, 3H, CHs), 7.44 (d, J= 7.96 Hz, 1H, Ha), 7.59 (ddd, 1H, J= 1.32,
6.72, 8.63 Hz, Ha'"), 7.65 (ddd, J= 1.49, 6.88, 8.63 Hz, 1H, Ha®), 8.06 (d, J= 7.92 Hz, 1H, Ha°), 8.07
(d, J= 8.04 Hz, 1H, Ha/), 8.79 (d, J= 8.48 Hz, 1H, Haf). 3C NMR (DMSO-ds, 298 K) chemical shift (& /
ppm): 42.72 (CHs), 112.81 (Ca°), 121.99 (Ca/), 125.83 (Ca’), 126.25 (Ca"), 126.93 & 126.98 (Ca ),
127.25 (Ca®), 129.35 (Car®), 138.34 (Car?), 138.70 (Ca®). MS-TOF (m/z): 325.01 (predicted: AzNSI(K)=
364.44, AzNSI'= 325.34). For FTIR and NMR spectroscopy, and representative examples of spectra,
please see section 6.4.

5.3. Synthesis of 4-aminonaphthalene-1-sulfonyl(methylsulfonyl)imide potassium salt

[ANSI(K)]
-
“»,

7 H M
OO PPh, (1.5 equiv.) OO
—’

MeOH
+ 50 °C, 24 h R
0%y K 0%y K
o\ o \
o0ZIINCH;, 02 CH,
o o

Figure 111-9: Synthesis of 4-aminonaphthalene-1-sulfonyl(methylsulfonyl)imide potassium salt [ANSI(K)]

In a dry flask were mixed 4-azidonaphthalene-1-sulfonyl(methylsulfonyl)imide potassium salt
(AzNSIK, 2.000 g, 6.13 mmol) and triphenylphosphine (2.246 g, 9.19 mmol, 1.5 equiv.) in methanol
(200 mL). The reaction flask was covered with aluminium foil and heated with stirring (50°C, 6 h).
The methanol was distilled from the reaction mixture under reduced pressure and the product
was isolated by silica column chromatography (MeOH:CHCl; gradient= 9:1— 3:2). The product 4-
aminonaphthalene-1-sulfonyl(methylsulfonyl)imide potassium salt [ANSI(K)] was obtained as the
second fraction and the solvents were removed under reduced pressure (< 10 mbar, 40°C) to
obtain the product as an orange solid (1.624 g, 5.41 mmol, AzNSI(K) — ANSI(K) 88.2 % vyield,;
ANSOsH— ANSI(K) 31.1 %). The product could not be recrystallized form any of CHCls, EtOAc,
EtOH, MeOH or alcohol-water mixtures. The product was insufficiently soluble in polar organic
solvents to enable measurement of m/z by MS-TOF. For FTIR and NMR spectroscopy, and
representative examples of spectra, please see section 6.4.
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5.4. Chemical Characterisation of ANSOsLi and its derivatives AzNSOsNa, AzNSO;Cl,
AzNSI(K), and ANSI(K).

5.4.1. NMR Spectroscopy
IH and *3C spectroscopy of ANSOsLi

9.0 8.5 8.0 7.5 7.0 6.5 6.0

H,0— «DMSO

1
8 7 6 5 4 3 2 1 0
Chemical Shift (8) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (& / ppm): 5.84 (s, 2H, NH3), 6.52 (d, J= 7.76 Hz, 1H, Ha?),
7.33 (ddd, 1H, J= 1.46, 6.68, 8.63 Hz, Ha"), 7.39 (ddd, J= 1.32, 6.68, 8.63 Hz, 1H, Ha®), 7.67 (d, J=

7.88 Hz, 1H, Ha), 8.04 (d, J= 8.60 Hz, 1H, Ha/), 8.73 (d, J= 8.44 Hz, 1H, Ha).

g c f h i
o l |
1;5 1;0 125 120
—— 5
d
<« DMSO
200 150 100 50 0

Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 104.82 (Car), 122.61 (Car), 122.00 (Cal), 123.28
(Car), 125.08 (Carl), 126.19 (Car), 127.77 (Caf), 130.29 (Ca), 131.88 (Ca), 145.88 (Casd).
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IH and *3C spectroscopy of AzNSOsNa

c b
g, h
f 1 ﬁ
J T T T 1
9.0 8.5 8.0 7.5 7.0

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (6) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 7.37 (d, J= 7.80 Hz, 1H, Ha®), 7.55 (m, 2H, Ha®"),
7.98 (d, J= 7.76 Hz, 1H, Hac), 8.02 (d, J= 7.84 Hz, 1H, Ha/), 8.84 (d, J= 8.04 Hz, 1H, Ha).

150 145 140 135 130 125 120 115 110

Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (8 / ppm): 112.95 (Ca’®), 121.65 (Car), 124.70 (Ca), 125.94
(Cad), 125.79 (Carf), 126.53 (Carc), 127.87 (Ca), 129.96 (Carc), 136.44 (Ca?), 141.16 (Cad).
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IH and *3C spectroscopy of AzNSO,CI

9.0 8.5 8.0 7.5 7.0

i
r T T T T T T T T T 1

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (6) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 7.37 (d, J= 7.80 Hz, 1H, Ha®), 7.54 (ddd, J= 1.36,
6.71, 8.24 Hz, 1H, Ha"), 7.59 (ddd, J= 1.53, 6.80, 8.24 Hz, 1H, Ha®), 7.98 (d, J= 7.84 Hz, 1H, Ha:°), 8.02
(d, J= 8.00 Hz, 1H, Ha'), 8.83 (d, J= 8.20 Hz, 1H, Ha).

o

gcfh i

200 150 100 50 0
Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (5 / ppm): 113.04 (Ca?), 121.81 (Ca/'), 124.88 (Ca), 125.88
(Cad), 126.10 (Calf), 126.74 (Carc), 127.79 (Ca), 129.97 (Cart), 136.74 (Ca), 140.85 (Cad).
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1H and *3C, HSQC and HMBC spectroscopy of AzNSI(K)
IH NMR Spectroscopy

-CH; N~
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Chemical Shift (6) / ppm
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'H NMR (DMSO-ds, 298 K) chemical shift (5 / ppm): 2.74 (s, 3H, CHs), 7.44 (d, J= 7.96 Hz, 1H, Ha),
7.59 (ddd, 1H, J=1.32, 6.72, 8.63 Hz, Ha"), 7.65 (ddd, J= 1.49, 6.88, 8.63 Hz, 1H, Ha®), 8.06 (d, J= 7.92
Hz, 1H, Ha), 8.07 (d, J= 8.04 Hz, 1H, Ha/), 8.79 (d, J= 8.48 Hz, 1H, Ha).

13C NMR Spectroscopy

140 135 115 110

I -CHy—>

125 120
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Al
100

130
200 150
Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (8 / ppm): 42.72 (CHs), 112.81 (Ca), 121.99 (Ca/), 125.83
(Car), 126.25 (Ca), 126.93, 126.98 (Cac), 127.25 (Ca), 129.35 (Cac), 138.34 (Ca), 138.70 (Cart).
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Heteronuclear Single Quantum Coherence (HSQC) Spectroscopy
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Chemical Shift (6 / ppm)

Heteronuclear Single Quantum Coherence (HSQC) NMR used to attribute C-H coupling of aromatic
nuclei of AzNSI(K) (DMSO-ds, 298 K). The identities of the nuclei are elucidated with respect to the
(red) exterior projections of the 13C (left; 100 MHz, 98-136 ppm) and *H (top; 400 MHz, 6.5-9.1 ppm)
1D spectra.
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Chemical Shift (& / ppm)

Heteronuclear Multiple Bond Correlation (HMBC) NMR of AzNSI(K) (DMSO-ds, 298 K, 400 MHz): The
identities of the nuclei are elucidated with respect to the (red) exterior projections of the *3C (left)
and H (top) 1D spectra. The HMBC NMR identities are indicated according to the 3C and 'H nuclei,
using the identifiers displayed in structural formula of AzNSI(K). The identifiers are in the form such
that CHf = jf. Unlabelled blue signals are phase artifacts of the HMIBC spectrum.
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1H and 13C spectroscopy of ANSI(K)

IH NMR Spectroscopy
gi h o%i~n K
o\
f c -NH; 0”g‘c Ha
I T T T L] 1 'cH3
9.0 8.5 8.0 7.5 7.0 6.5

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (8) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (5 / ppm): 2.69 (s, 3H, CHs), 3.16 (s, residual MeOH), 6.92
(br, 2H, NH.), 7.48 (br, Ha), 7.64 (m, Ha), 7.92 (m, Hak'), 8.01 (br, Hat), 8.82 (d, J= 8.48 Hz, 1H,
Ha); [[CHs]= 3H; [[b,c,g,h,i]= 5H.

13C NMR Spectroscopy

04"\N7K’
o \

140 135 130 125 120

oA cH,
O p

200 150 100 50 0
Chemical Shift (6) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 42.67 ("CHs), 48.61 (residual MeOH), 121.74
(Ca®), 124.65 (Ca’), 125.28 (Ca"), 125.74 (Ca®), 126.23, 127.01 (Ca® ), 128.00 (CasS), 130.10 (Ca/),
133.60 (Caf), 135.26 (Cas?).
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5.4.2. FTIR Spectroscopy
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FTIR Spectroscopy frequencies of characteristic peak absorbances (wavenumbers, ¥ / cm™). The
spectra are normalised to the difference in magnitude of the maximum and minimum absorbance
in the 4000-525 cm™ range and displaced vertically by an arbitrary value. Sample preparation of
ANSOsLi was carried out as follows: the acid ANSOsH was mixed with water and neutralised with
LiOH. The solution of the Li-salt was filtered of remaining insoluble acid and dried under reduced
pressure (< 10 mbar, 100°C, 72 h) to obtain the target compound at quantitative yield. AzZNSOslLi,
AzNSO,Cl and AzNSIK were recrystallised prior to the measurement. ANSOsLi: 3400 (N-H stretching,
-NH,, not displayed); 1636 ( +, N-H bending, —NH,); 1370 ( 4, C-N stretch, C-NH,); 1242 (®, -SO—
asymmetric stretching); 1166 (¥,-SO,— symmetric stretching); 1068 (%, —S0,0); 750 (M, Aryl C-H
out-of-plane [oop] bending). AzZNSOsNa: 2126 (%, R—-N=N=N stretch); 1285 (9,-SO,— asymmetric
stretch); 1187 (4+,—SO,— symmetric stretching); 1049 (%, —SO,0°); 764 (M, Aryl C-Hqop). AZNSO,CI:
2115 (*, R-N=N=N stretching); 1358 (®,-S0,Cl); 1287 (¥ ,-SO,— asymmetric stretching); 1166 (¥,—
SO>— symmetric stretching); 762 (M, Aryl C-Hoop). AzNSI(K): 2117 (%, R-N=N=N stretch); 1295, 1284
(®,—SO,— asymmetric stretching); 1144, 1106, 1077 (4,-SO,— symmetric stretching); 762 (M, Aryl
C-Hoop). ANSI(K): 3450 (N-H stretching, -NH,, not displayed); 3059 (CH, aromatic, not displayed);
1587 ( 4 ,N-H bending, —NH,); 1437 (S=0 stretching); 1377 ( /., C—N stretching, aromatic amine);
1230, 1195, 1156, 1136, 1106 (@, —SO,— asymmetric stretching; ¥, =SO,— symmetric stretching);
1043 (%, S=0 stretching); 756 (M, Aryl C-H out-of-plane [oop] bending).
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5.5. Synthesis of naphthalene-1-sulfonyl(methylsulfonyl)imide lithium salt end-capped
poly(ethylene oxide) monomethyl ether [mPEO-®NSI(Li)].

5.5.1. Synthesis of mMPEO30-AzNSI(Li)
Synthesis of the alkyl-functional precursor mPEQ20C(O)C=CH

[o}

H,SO, cat. o o //
O, OH —_—
HyC” "[*/\Okg\’ HOJ\ — HsC” {\/\o‘}’w\/ \n/
Dean-Stark o
(H,0)

120-138°C, 4 h

Figure 111-10: Synthesis of alkyl-functional mPEO2,C(O)C=CH (Mnnmr) = 971 g/mol) via acid-catalysed esterification
under Dean-Stark conditions.

Synthesis of alkyne-terminated PEO was adapted from the literature.’?*! An oven-dried flask was
charged with dry mPEO0-OH (Mnnmr)= 919 g/mol, 10.0 g, 10.8 mmol) in dry toluene (100 mL). The
flask was heated to 125°C and 15 mL of the solvent was distilled away. The solution was allowed
to cool to < 100°C. To the stirring solution was added propiolic acid (1.87 g, 26.7 mmol, 2.45 equiv.,
~1.64 mL) using an oven-dried glass syringe and needle under argon flow. Catalytic concentrated
sulfuric acid (4 drops) was added and the solution was heated under reflux (125°C, 1 h), then under
Dean-Stark conditions (120-138°C, 4 h). The clear yellow solution was then concentrated under
reduced pressure to obtain a yellow oil. The residue was taken up in DCM (60 mL), washed with
saturated NaHCOs (3 x 10 mL), then brine (1 x 20 mL). The combined aqueous phases were back-
extracted with DCM (10 mL). The combined organics were dried over MgS0O,4 and the solvent
removed under reduced pressure. The oily residue was taken up in EtOH (30 mL) and treated with
activated carbon (0.1 g, 40°C, 1 h). The suspension was filtered and the solvent removed under
reduced pressure. The residue was taken up in DCM and passed over a short plug of silica gel (0.5
g). The solvent was evaporate to obtain product polymer as a clear oil (Mnnmvr= 971 g/mol, 8.440
g, 8.65 mmol, 80 % vyield). For FTIR and NMR spectroscopy, and representative examples of
spectra, please see section 6.6.

Synthesis of mPEO,o- ®NSI(Li) via Copper-Catalysed Azide-Alkyne Cycloaddtion (CuAAC)

N

@
N% CUSO,5H.0 (2.4 mol%)  EONg N
N\
Na-Ascorbate (4.8 mol %) I ,N
PhCOOH (12 mol %)
—
(1:1) H,O/MeOH; DMF g

PEO

//=o

* 50 °C, 16h
o’/g\r\{—K @
~ CH
0%INCH, KL% o=\ e
0o Li+ exchange 0 OI/\\O

Figure IlI-11: Synthesis of 4-(1,2,3-triazo)-naphthalene-1-sulfonyl(methylsulfonyl)imide lithium salt end-capped
poly(ethylene oxide) monomethyl ether via CuAAC

The method for Copper Catalysed Azide-Alkyne Cycloaddition (CuAAC) was adapted from the
literature.l?”) The particular use of benzoic acid was inspired by the literature in an attempt to
promote a higher yield.?? To a solution of CuS04.5H,0 (9.3 mg, 3.74 x 10”° mol, 0.024 equiv.) in
deionised water (6 mL) was added first sodium ascorbate (14.8 mg, 7.48 x 10° mol, 0.048 equiv.)
then benzoic acid (22.8 mg, 1.87 x 10* mol, 0.12 equiv.), with stirring. An orange suspension
formed in the clear blue Cu(ll) solution upon addition of sodium ascorbate. Alkyl-functional
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mMPEO,0C(O)C=CH (971 g/mol, 1.50 g, 1.54 x 103 mol) in deionised water (4 mL) was added to the
flask and the reaction mixture was stirred (30°C, 1 h). The 4-azidonaphthalene-1-
sulfonyl(methylsulfonyl)imide potassium salt (AzNSIK, 364.02 g/mol; 671.4 mg, 1.84 x 103 mol,
1.2 equiv.; for synthesis, see section 5.2) in 1:6 water/methanol (14 mL) was added and the
reaction mixture was heated (50°C, 4 h). Due to poor solubility of the reagents and no change in
the FTIR characteristic peak absorbance of the azide (2117 cm™), the solvent was distilled under
reduced pressure (50°C) and replaced with DMF (20 mL). The resultant clear, dark red solution
was stirred under gentle heat (50°C, 16 h).

The solvent was distilled form the reaction mixture under reduced pressure (50°C, < 1 mbar) and
the residue was taken up in CHCls. The product solution in CHCIl; was stored in the cold (-20°C, > 2
h) and filtered three times. The solution in CHCl3 (10 mL) was then washed with 0.1 M KOH (3 x 2
mL), deionised water (3 x 2 mL) and brine (3 x 2 mL). The aqueous phases were each back-
extracted with CHCl; (1 x 2 mL). The combined organic phases were dried over K,CO3; and the
solvent was removed to obtain the end-capped polymer bearing a sulfonimide end-group as its
potassium salt (1.08 x 102 mol; 70 % crude yield if the polymer bearing the potassium salt has M,=
1335 g/mol). The crude polymer in THF was passed over a short plug of silica gel (0.5 g). The
polymer solution in THF was concentrated to ~50 % w/w and then passed through a Li* ion-
exchange column (Amberlite® crosslinked poly(styrenesulfonate) lithium salt) using THF as the
eluent. The solvent was removed under reduced pressure to obtain the product as a viscous
polymer melt (Mnnmr)= 1303 g/mol; PEO,= 20) at ambient temperature (0.987 g, 7.57 x 10 mol,
49 % with respect to the polymer). For FTIR and NMR spectroscopy, and representative examples
of spectra, please see section 6.6.
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5.6. Chemical Characterisation of mPEO20-C(O)C=CH and mPEO20-®NSI(Li)
5.6.1. NMR Spectroscopy
mPEOZO-OC{O)CECH

IH NMR Spectroscopy

bty P

0, 0,
HiC” (o}
a b 21 o} '

c
g d
. l JJ I*DMSO
8 7 6 5 4 3 2 1 0

Chemical Shift (6) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (& / ppm): 3.24 (s, 3H, CH5?), 3.43 (br t, J= 4.86 Hz, CH"),
3.50 (br, CHy"), 3.63 (t, J= 4.60 Hz, 2H, CH,"), 4.26 (t, J= 4.62 Hz, 2H, CH,"), 4.57 (s, 1H, C=CHE). INSET
(blue): *H NMR spectrum (3.0-5.0 ppm).

13C NMR Spectroscopy

e +<DMSO

200 150 100 50 0
Chemical Shift (8) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (5§ / ppm): 58.04 (CHs?), 60.22 (CH,"), 65.15 (CH,®), 67.78,

69.59, 71.28 (CH,%), 72.34 (CH,?), 74.65 (C'=CH), 79.15 (C=CEH), 152.22 (OCS(0)C=CH). INSET (blue):
13C NMR spectrum (50-80 ppm).
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MPEOo- @ NSI(Li)
IH NMR Spectroscopy
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Chemical Shift (8) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 2.81 (s, 3H, CHs"), 3.24 (s, 3H, CHs%), 3.43-3.50
(br, CH,"°), 4.60 (br, 2H, CH,"), 7.48 (d, J= 8.02 Hz, 1H, Ha/), 7.64 (ddd, J= 1.28, 6.77, 7.17 Hz, 1H,
Ha"), 7.70 (d, J= 7.78 Hz, 1H, Ha?), 7.72 (ddd, J= 1.00, 6.77, 7.45 Hz, 1H, Ha®), 8.17 (d, J= 7.94 Hz,
1H, Ha), 8.45 (s, 1H, C=CH*N), 8.95 (d, J= 8.46 Hz, 1H, Ha,). INSET (blue): *H NMR spectrum (2.5-4.0
ppm). INSET (green): *H NMR spectrum (7.0-9.0 ppm). INSET (purple): ’Li NMR (DMSO-ds, 298 K)
chemical shift (6 / ppm): -0.61.

13C NMR Spectroscopy
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13C NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 42.8 (CHs"), 58.0 (CHs%), 60.2 (CH,"), 69.6, 69.8,
71.3 (CHy°), 72.3 (CH,"), 122.22, 122.41 (C=C*HN), 125.89 (Ca/°), 126.88 ,127.18,127.25, 127.52 (Ca"
&hi) 127.99, 128.15 (Ca?), 128.64 (Carf), 128.94, 129.08 (Ca), 135.50 (Ca°), 143.77 (CaY), 149.32
(Car), 162.87 (Ca™). INSET (green): 13C NMR spectrum (120-130 ppm).
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5.6.2. FTIR Spectroscopy

Absorbtion

. mPEOzoOC(O)CECHM
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Wavenumber (cm?)

FTIR Spectroscopy frequencies of characteristic peak absorbances (wavenumbers, ¥ / cm™) of
MPEO,o- ®NSILi (blue =) and mPEO,,-OC(O)C=CH (black —, 50 % relative absorbance intensity) and
the precursor AzNSI(K) (red —, 20 % rel. abs. int.). The spectra are normalised in the 4000-600 cm™
range and displaced by an arbitrary value. mPEO2oAzNSILi (blue line =): 2870 (not shown, —CH,—,
ether) 1741 (A, C=0 stretching, conjugated ester); 1284, 1250 (¥, —SO,— asymmetric stretching);
1095 (C-0, ether); 1036 (¥, —SO,— symmetric stretching); 806, 769, 723, 617, 561, 528, 507 (M, Aryl
Car-H, naphthalene). AzNSI(K): 2117 cm™ (%, R-N=N=N stretching).
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5.7. Synthesis of the Zwitterionic polymer mPEO2- @ *NSI(LiTFSI)
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Figure IlI-12: Quaternisation of MPEO2-AzNSI(Li) to yield the zwitterionic end-capped polymer MPEOyo-
Az*NSI(LITFSI).

The mMPEO-®NSI(Li) (M,= 1303 g/mol) was quaternized by reaction with N-
methyl[bis(trifluoromethylsulfonyl)]imide in acetonitrile. The method was adapted from the
literature.*®! A dry flask was charged with the polymer (0.177 g, 1.36 x 10 mol) as a clear red
solution in anhydrous CHsCN (0.54 mL). The concentration of triazole groups was 0.25 M. The flask
was degassed by three freeze-pump-thaw cycles using liquid nitrogen to snap-cool the solution,
then placed under argon atmosphere. To this was added MeN(SO,CFs), (60 mg, 2.03 x 10 mol.,
1.5 equiv.), dropwise at room temperature. The flask was sealed and the solution was heated with
stirring (50 °C, 7 days). The clear orange solution was evaporated under reduced pressure (80 °C,
< 10 mbar, 6 h; 50 °C, < 10 mbar, 48 h) until constant mass to obtain the product mPEO-
®*NSI(LITFSI) (Mn= 1598 g/mol) as a low viscous melt at room temperature (0.216 g, 1.35 x 10*
mol, quantitative yield). For FTIR and NMR spectroscopy, and representative examples of spectra,
please see section 6.8.

5.8. Chemical Characterisation of the Zwitterionic polymer mPEQ2o-®*NSI(LiTFSI)

5.8.1. NMR Spectroscopy
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Chemical Shift (8) / ppm

'H NMR (DMSO-ds, 298 K) chemical shift (6 / ppm): 2.91 (s, CHs"); 2.68 (t, CH*); 3.24 (s, 3H, CH3%);
3.33 (residual H,0); 3.42, 3.50, 3.65 (br, CH,*?); 3.93 (s, CH,%); 4.08 (s, CHs®); 4.66 (s, CH,"); 7.67 (br,
Ha'); 7.82 (br, Ha'); 7.97 (br, Haf); 8.05 (d, Ha); 8.21 (d, Hal); 8.43 (Ha); 8.54 — 8.60 (br, Ha');
9.47 (Ha). INSET (green): *H NMR aromatic protons (Ha> ¢ f~7) 7.0-9.0 ppm. INSET (blue): *°F NMR
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(DMSO-ds, 298 K, 6 / ppm): -76.73, -77.75, -78.70 (CFs'). INSET (purple): ’Li NMR (DMSO-ds, 298 K,
8/ ppm): -1.03.

Zn
"% o, p

T —DMSO
s

Chemical Shift (8) / ppm

13C NMR (DMSO-ds, 298 K) chemical shift (& / ppm): 34.64 (CHs®); 52.10 (CHs"); 58.0 (CHs), 60.21
(CH"), 69.6, 69.8, 71.3 (CH,°), 72.3 (CH,"); 114.68, 117.89, 121.10, 124.62 (N-CFs!, TFSI); 123.29
(C=C*HN), 124.03 (Ca); 128.02, 128.69, 129.26, 129.93, 130.06, 130.76 (Ca™ * ™), 132.07 (Ca/),
136.79 (Ca®), 137.73 (Ca®), 139.19 (Ca/), 160.02 (Ca™). INSET (green): **C NMR spectrum (110-140
ppm).

5.8.2. FTIR Spectroscopy
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FTIR Spectroscopy frequencies of characteristic peak absorbances (wavenumbers, ¥ / cm?) of
MPEO,o ®*NSI(LiTFSI) (black =) with respect to mPEO20-AzNSI(Li) (red —, 30 % intensity). The spectra
are normalised to the difference in magnitude of the maximum and minimum absorbance in the
range 4000 — 600 cm™*. mPEO2® NSILi: 2872 (—CH,—, ether, not displayed) 1750 ( A, C=0 stretching,
conjugated ester); 1440 (S=0 stretch); 1350 (%, C—F stretching); 1227 (¥, —SO,— asymmetric
stretching); 1186 (9, -SO,—, TFSI); 1096, 951, 821 (CH,—O, ether); 1056 (¥’, —~SO,—, TFSI); 1032 (4,
—S0,— symmetric stretching); 787, 767, 739, 693, 615, 569 (M, Aryl Ca-H, naphthalene).
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5.9. Synthesis of the "Double-Salt" 4-sulfonylaminonaphthalene-1-
sulfonyl(methylsulfonyl)imide-end-capped poly(ethylene oxide) monomethyl ether,
mPEQOss-SANSI(Li2)

(o] H‘N'H @) 0 9
own DMAP (1.2 equiv.) pPeEO_ S5 |
PEO>"- 00 TEA (3.6 equiv.) ~°N
S ————— 0
DMF Q
25 0°C-50°C,18h _
O%8™N"K under argon - ‘—N\ CHs
0’¢"~C H3 . (2) . ‘O 00. \‘o
o LiH (7.2 equiv.)
DCM
30°C,16h

under argon

Figure 111-13: Synthesis of the mPEOs5-SANSI(Li;) "Double Salt" by reaction of mPEOssSO,Cl with amino-functional
ANSI(K)

A solution of 4-aminonaphthalene-1-sulfonyl(methylsulfonyl)imide (ANSIK, 339 g/mol, 192 mg,
0.57 mmol, 1.2 equiv.; for synthesis, see section 6.3), DMAP (71 mg, 0.581 mmol, 1.2 equiv.) and
TEA (176 mg, 1.743 mmol, 3.6 equiv.) in anhydrous DMF was degassed by three freeze-pump-
thaw cycles, using liquid nitrogen to snap-cool the solution, then placed under argon atmosphere.
The concentration of the ANSI(K) precursor in this solution was 1 M in DMF. To the stirring solution
at 0°C was added mPEOss-SO,Cl (2495 g/mol, 1.21 g, 0.48 mmol; for synthesis, see section 5.6),
dropwise as a 0.1 M solution in anhydrous DMF. The reaction mixture was allowed to warm to
room temperature under argon flow (30 min). The flask was sealed and reaction proceeded under
gentle heating (30°C, 12 h; then 50°C, 18 h).

The reaction was exposed to air and quenched with (10 % w/w) aqueous K,COs (2.0 molar equiv.).
The reaction solution was diluted to 20 % v/v in (1:2) THF/DCM solvent mixture, to obtain a
homogeneous mixture. The reaction mixture was extracted in small batches with aqueous HCI (0.1
M, 20 mL total) water (100 mL total) and brine (100 mL total), using 20 % (v/v) equivalent of the
aqueous phase each time. The aqueous phases were each back-extracted with 20 % (v/v)
equivalent of DCM. The combined DCM phases were dried over K,COs, evaporated, and then taken
up in THF. The product thus obtained as the potassium salt was dissolved in methanol and
precipitated from cold diethyl ether (3 x 150 mL). The polymer was dried under reduced pressure
(40°C, < 10 mbar) to obtain an orange solid at room temperature (1.04 g, M, 2835 g/mol, 0.37
mmol, 76 % yield).

This polymer, mPEOss-SO2NH-NaphSI(K) in DCM (5 mL) was degassed by three freeze-pump-thaw
cycles, using liquid nitrogen to snap-cool the solution, then placed under argon atmosphere. To
the stirring solution at room temperature was added LiH (21 mg, 2.65 mmol, 7.2 equiv.) under a
blanket of argon. The mixture was stirred (40°C, 16 h), then exposed to air and quenched by
methanol. The solution was diluted with DCM (40 mL), washed with deionised water (3 x 10 mL)
and brine (10 mL). The aqueous phases were back-extracted with DCM. The combined organics
were dried over K,COs, filtered and evaporated. The poly(ethylene oxide) monomethyl ether end-
capped with 4-sulfonylaminonaphthalene-1-sulfonyl(methylsulfonyl)imide lithium salt, mPEQss-
SO;N(Li)-NaphSI(Li), abbreviated to mPEOss-SANSI(Liz) was isolated by freeze-drying from its
solution in deionised water (M, 2771 g/mol, 0.970 g, 0.35 mmol, 72 % yield with respect to
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mMPEQOss-SO,Cl). For FTIR and NMR spectroscopy, and representative examples of spectra, please

see section 5.10.
5.10. Chemical Characterisation of the mPEQOss5-SANSI(Liz) "Double Salt"

5.10.1. NMR Spectroscopy
IH and ’Li NMR Spectroscopy
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3.33 (residual H,0); 3.43, 3.50, 3.61 (br, CH,>®); 3.67 (br, CHy?); 7.37 (br, Ha/); 7.47 (d, Ha°); 7.51-
7.66 (br, Ha®"); 7.85 (Ha" ). INSET (green): *H NMR aromatic protons (Ha™“f~7) 7.00-8.25 ppm.
INSET (blue): *H NMR, 2.5-4.0 ppm. INSET (purple): ’Li NMR (DMSO-de, 298 K) chemical shift (8): -

1.01 ppm.

13C NMR Spectroscopy
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13C NMR (DMSO-ds, 298 K) chemical shift (& / ppm): 42.60 (CH3'), 43.56 (CH3¥), 51.21 (OCH°'CH,S0,),
58.03 (CH,"), 69.38, 69.75, 70.53 (CH,°), 71.26 (CH,"), 128.68 (Cac), 128.80 (Ca"), 128.93 (Cas),
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129.02, 129.03 (Car"'), 129.14 (Ca°), 131.42, 131.51 (Ca™©); 132.15, 132.25 (Ca}). INSET (green):
13C NMR spectrum (128-134 ppm).

5.10.2. FTIR Spectroscopy
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FTIR Spectroscopy frequencies of characteristic peak absorbances (wavenumbers, ¥ / cm™) of
MPEQss-SANSI(Li2) (green line —, top). Shown for reference are [i] the precursor SANSI(K) (blue
—, middle, 20 % relative intensity; see section 5.4.2) and [ii] the synthon (orange

, bottom, 50 % relative intensity; see 4.7.2). The spectra are individually normalised and
displaced vertically by an arbitrary value. mPEOssSANSI(Li,): 2884 (—CH,—, ether, not displayed)
1630, 1561, 1502, 1387 (1); 1198 (¥, —SO,— asymmetric stretching); 1032 (%, -SO,— symmetric
stretching); 766, 721, 697, 672 (A, Aryl Ca-H, naphthalene).
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6. Conclusions on the Synthesis and Chemical Characterisation of MonoEnd-
Capped Single-lon Polymer Electrolytes

The synthesis of monoend-capped single-ion polymer electrolytes (MEC-SPIEs) was conducted
using standard techniques. The synthesis strategy (Chapter I, Section 6) relies on the modification
of the hydroxyl terminal of commercial poly(ethylene oxide) monomethyl ethers having different
degrees of polymerisation (mPEO,-OH, EO, = 8, 10, 20, 55, and 160). Bromination of the mPEQ,-
OH (Chapter lll, Section 4.1) enables the N-aryl terminated MEC-SIPEs mPEO,-N(Li)Naph (4.2) and
mPEO,-N(Li)Pyr (4.3) via nucleophilic substitution reactions. The same mPEO,-Br precursors were
used to synthesize mPEO,-SOsLi (4.5), in a procedure adapted from the literature.!*” Reaction with
the Vilsmeyer reagent!*® yieldes thionyl chlorides susceptible to nucleophilic attack to yield N-ary!
sulfonamide (MPEO,-SO;N(Li)Naph, 4.6) and the "double salt" (mPEOss-SANSI(Liz), 5.9) end-
capped PEO. The synthesis of the "double salt" end-group is a multi-step protocol developed in
this work and inspired by a modified Sandmeyer aromatic substitution.[**®! The zwitterionic
polymer was synthesized using the azide-functional intermediate of this synthetic route.

Isolation and purification of the monoend-capped SIPEs was problematic. Their surfactant-like
behaviour at low polymer DP, decrease the efficacy of standard chromatographic and liquid-liquid
extraction techniques, which must be repeated until satisfactory results are obtained. In
particular, the removal of triphenyl phosphine oxide (PhsP=0) by-product of reduction reactions
is complicated by the low solubility of the products in non-polar solvents. Precipitation of PhsP=0
is achieved by complexation with MgCl,.””’ However, *H and *C NMR reveal residual PhsP=0 in
mPEO,-Br (Section 4.4), and in mPEO,-SOsLi (4.7). A protocol using ZnCl,?% to the same effect in
polar solvents might be a good alternative strategy, noting the good solubility of the present MEC-
SIPEs in alcohols.

NMR spectroscopy of the MEC-SIPEs revealed reproducible results of end-group fidelity and the
chemical shift of characteristic nuclei. The low concentration of end-groups in the MEC-SIPEs
having the longest chains (EOn,= 160) results in low fidelity of these end-groups in the measured
spectra. MEC-SIPEs having EO,= 160 were excluded from characterisation of ion transport
properties because the ionic conductivity of these MEC-SIPEs is expected to be low because of low
end-group concentration. The values of polymer M, calculated by integration of MEC-SIPE end-
group protons do not agree consistently with the expected M, determined for the mPEO,-OH
precursors. This might be caused by non-ideal solution behaviours of the samples. Further
discussion and example spectra are provided in the Annex (page 233). The designation of aromatic
protons in Chapter Ill was made using predicted values calculated using the ChambridgeSoft
software package, ChemDraw Ultra 11.0 (2008). Where possible, the peak assignments were
compared to reported values for protocols derived from the literature (e.g. mPEO,-SOslLi and
MPEO,-OC(0)PhSOsLi). Additional clarity might be provided by more advance NMR techniques.
For example: i) Distortionless Enhancement by Polarisation Transfer (DEPT) NMR could be used to
determine the multiplicity of 3C nuclei. ii) Peak suppression, using a 90° pulse at a specific
frequency prior to measurement of the spectrum, can be used to deduce the coupling of selected
protons.
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The M, and calculated dispersity in mass (D= Mw/M,) of the presented polymers could be
characterised by size exclusion chromatography (SEC). Calibration standards of PEO having very
low DP, (EOn= 8) would be required. Calibration of SEC measurements to DP, to small integer
values of a polymer’s persistent length casts doubt of the assumed correlation of DP, with
hydrodynamic volume. The possible effects of ionic end-groups on the solution properties of the
products would need to be acknowledged. However, SEC is an indispensable tool for the
determination of D. This measurement is required for correlation of the polymer physicochemical
properties with electrolyte performance. Importantly, conclusions on thermal characterisation
will benefit from confirmation that these polymer samples are indeed single populations in My,
with comparable dispersity in mass.

The dispersity in mass and the purity of the samples must be rigorously defined for the wider
conclusions, based on the electrochemical and ion transport properties of these electrolytes, to
be generally accepted.
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General Conclusion

The MonoEnd-Capped "Single-lon" Polymer Electrolytes (MEC-SIPEs) presented in this thesis
feature functional, ionic end-groups. Their design is based on a “Low N-High x” conceptual
approach, targeting microphase-separation of the bulk electrolyte morphology through specific
end-group interactions. The polymer end-group is elaborated as a design concept for high
performance polymer electrolytes. A library of MEC-SIPEs was synthesized through modification
of the hydroxyl end-group of poly(ethylene oxide) monomethyl ether (mPEO,-OH). The precursors
were selected to have short chain lengths, affording high concentrations of end-groups. The
design of the end-groups targets specific interactions through combination of ionic functions with
the Polycyclic Aromatic Hydrocarbons (PAHs), naphthalene, and pyrene.

The electrochemical performance of MEC-SIPEs is presented in terms of ionic conductivity,
electrochemical stability, and Lithium Transference Number (LTN). The MEC-SIPEs have ionic
conductivity equivalent to the best-in-class "Single-lon" polymer electrolytes. The best of the
MEC-SIPEs compare well to model Salt-In-Polymer (SiP) electrolytes based on the high-
performance salt LiTFSI dissolved in bis-methoxy terminated PEO. The majority of the MEC-SIPEs
are stable in the potential range of 0-3.6 V vs. Li/Li*, qualifying their use in emerging applications
such as Li-S cells. The claim of "Single-lon" transport is validated by high LTNs (t;= 0.7-1.0).

Thermal characterisation of the MEC-SIPEs by DSC reveals multiple transitions on heating. This is
evidence of the destruction of multiple types of intermolecular bonding. Variation of the thermal
history supports the hypothesis of a microphase-separated bulk morphology. It is proposed that
phase separation is the result of the Low N-High x design, with respect to i) specific interactions
of the end-group and ii) the persistent length of the PEO chain defined by a 7/2 helix.

The characterisation of ionic transport is presented first in terms of a simple VTF model. This
approach falls short for these MEC-SIPEs, which are observed to have different dependences on
the thermal activation of ionic conductivity at high and at low temperature. The appearance of
low frequency resistive features at high temperature and at low temperature in certain MEC-SIPEs
is rationalised in a conceptual model for ion transport through the electrolytes. The conduction of
ions is proposed to occur along the "boundaries" of PEO "grains". This is provocative because grain
boundaries have been traditionally viewed as phenomena that limit ionic conductivity on the
meso/microscopic scale. This concept demands further investigation through structural
characterisation of bulk EC-SIPEs. The hypothesis should be tested through cross-correlation of
structural, thermal, optical, and electrochemical analyses. If proven, the concept of ionically
conductive grain boundaries would have profound implications on the design of the next
generation of polymer electrolytes. Notably, the pursuit of a totally amorphous ionically
conductive phase could be surpassed by the pursuit of a percolating network of grain boundaries.
The potential for such a system to be defined by the morphology of soft matter and optimised in
situ is a remarkable in light of how it is based on a simple design.

The design of MEC-SIPEs is modular and open to variation. Inventive polymer and end-group
combinations should be tested and benchmarked against the existing repertoire. Let "Single-lon"
polymer electrolyte designs based on effective point-group chemistry take a major role in the
concerted effort towards high performance electrochemical cells, in response to the ever-
increasing demand for safer and more efficient electrochemical energy storage solutions.
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Dissemination of Results

Les résultats obtenus au cours de cette thése ont été présentés (rapports écrits et présentations
orales) lors de différentes manifestations et événements scienifiques au cours

*de I'année 2016 :

1) a la Journée des Doctorants DGA/CEA (DGA-Paris, 27 janvier 2016)
2) a la Journée des Doctorants CEA-Grenoble/Liten-DEHT (3 mars 2016)
3) au Comité Suivi Individuel (CSI) N°1 pour l'inscription en 2®™ année & I'EDCSV (26

septembre 2016)

* de I’année 2017 :

1) a laJournée des Doctorants CEA-Grenoble/Liten-DEHT (7 mars 2017)
2) alaJournée des Doctorants DGA/CEA (CEA-Saclay : 27 avril 2017)
3) a I'Ecole Doctorale Chimie et Sciences du Vivant (EDCSV) a la Journée Annuelle des

Doctorants (15 juin 2017)

4) “End-Capped Solid Polymer Electrolytes Designed For Lithium-ion Transport” au congres
de I'European Polymer Federation (EPF2017: présentation orale, 5 juillet 2017, Lyon, France)

5) au Comité Suivi Individuel (CSI) N°2 pour l'inscription en 3®™ année a I'EDCSV (3 octobre
2017)
6) dans le cadre d’'un séminaire technique au CEA-Grenoble/DEHT/STB/LM (15 décembre
2017)

* de I’année 2018:

1) a la Journée des Doctorants CEA-Grenoble/Liten-DEHT (20 mars 2018)
2) alaJournée des Doctorants DGA/CEA (CEA-Saclay ; 4 avril 2018)
3) “End-Capped Solid Polymer Electrolytes Designed For Lithium-ion Transport” a la 17eme

Conférence Internationale IUPAC "Polymers and Organic Chemistry" (POC2018: 5 juin 2018,
Palavas Les Flots, France).

Publication :

"Macromolécules de type sulfonamide utile a titre d'électrolyte polymere a conduction d'ion
unique" (English: “Sulfonamide macromolecules as polymer electrolytes for ion transport”)

Demande de brevet d'invention Francais n° 17/56291 déposée a I'INPI le 4 Juillet 2017. Brevet WO
2019/008061 (10 Janvier 2019)
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temperatures. Left to Right: (a) HO-PEO-OH, (b) H3C-PEO-OH, and (c) H3C-PEO-CHs. The figure is
reproduced from the [Ierature.22) ...ttt 16

Figure 1-5: The fluorinated sulfonate lithium salt (LiTf), and the sulfonylimide salts lithium salts
(LIFSH, LITFSE, @NA LIBETI) ...oveiiiiiiee et eeieee ettt et e e eetee e e eeree e e eeataeeeeentaaeeeeabeeeeeenseeeeennsseeeennseens 18

Figure 1-6: The conductivity of LiTTP and LiTF in PEO at ambient temperature as a function of salt
concentration (mol/g). The figure is reproduced from the literature.® ) ............cccccoocvvvvevvcvvcnrnenne. 19
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Figure 1-16: Chemical structure and TEM micrograph of the PS-b-PMAA-b-PMMA copolymer. The
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illustration of how thermal annealing permits the defects through the boundary of the crystalline
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Figure I-19: (a) The ionic conductivity at 50°C and (b) T of H3C-PEO,-SOsLi MEC-SIPEs as a function
of i) PEO M, (*102 g/mol) and ii) lithium concentration (mol%). The figure is reproduced from the
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Figure 1-20: The chemical structure of poly(electrolyte)s (A) P(STFSILi)*3Y; (B), the tri-BCP
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Figure 1-21: Poly(electrolyte)s based on LiTFSI. The figures are reproduced from the literature.*>®

Figure 1-22: Asymmetric phase segregation behaviour of POSS-based giant surfactants yields a
variety of long-range morphologies. The phase diagrams are built from experimental data. The
data points represent real samples. The PS volume fraction (V%) is displayed in the range Vps'=
0.6-1.0 (top) and 0.4-1.0 (bottom). The diagrams have been scaled to aide comparison. A, top:
DPOSS-PS having 1-4 PS tails. The chemical structure of the three-tailed DPOSS-3PS,, is shown as
an example. B, bottom: DPOSS-PS, having 1-4 DPOSS heads. The three-headed 3DPOSS-SP, is
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Figure 1-23: End-capped Poly(olefin)s. The figures are reproduced from the literature.*>>*>% .. 44

Figure 1-24: Supramolecular assembly of triptycene end-capped PDMS (18-24*10° g/mol, X,= 240-
320) via locking interactions of the propeller-shaped end-group. (A) A schematic illustration of the
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(C) The inter-locking structure of triptycene end-groups at the "2D+1D" interface. The figure is
adapted from the [ITerature. 58] ... ..ottt 45

Figure I-25: An illustration of the synthesis strategy for MEC-SIPEs based on mPEO,-OH. The names
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Figure 11-7: The conductivity (o / S.cm™) of mMPEO,-SOsLi as a function of the mass fraction (¢pm) of
salt (the polymer end-group). The corresponding ratio of EQ/Li is also displayed. Here the ratio
EQ/Li for the MEC-SIPE is determined by the polymer DP, (EO,). The lines (-+) are drawn as a guide
for the eye only. The experimental data correspond to those displayed in Figure lI-5. ............... 76
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are individually normalised according to the sample mass (W.g?). The heating/cooling rate is
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Figure 11-49: The DSC thermograms of mPEOxN(Li)Pyr measured on heating after DSC cooling
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crystallise and melt as expected of those in extended chain conformation, and ii) EO,* units that
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SIPEs having different functional end-groups: -SOslLi (A), -OC(O)PhSOsli (B), -SO2N(Li)Naph (C), -
N(Li)Naph (D), -N(Li)Pyr (E), -@NSI(Li) and -@*NSI(LiTFSI) (F), and -SANSI(Li») (G). The MEC-SIPEs
having different EO, are presented: EO,= 8 (<), 10 (A), 20 (O), and 55 (). The same symbols
are used both for the o and W(T) plots. The MEC-SIPE is indicated within the chart area of each
plot. The red lines (=) are VTF fits of the experimental ionic conductivity data (symbols). The dotted
lines (-+) are linear fits of the W(T) function (symbols). The W(T) data series are plotted as a
function of temperature and displaced vertically by an arbitrary value..........cccccovveeeciinennnnen. 126
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this work using NMR spectroscopy, is quoted. The yield is calculated using Mnnwmg). For ease of
reading, the polymers are referred to by their DP,, as calculated from Muonmg). ceeeeeeeeereeerveenne 189
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List of Abbreviations

ATR
BCP
CP-MAS
CuAAC
Ccv

DP,
DSC
EIS
FTIR
GCPL
GEIS

H
HMBC
HPLC
HSQC
loT

J

LAM
LiB
LMB
LTN
MEC-SIPE

My
MS
Muw
NMR
oDT
PAH
PEIS

SAXS
SiP
SIPE
SPE

Tc

TGA
TLC

Tm
TOF

To

Attenuated Total Reflectance (FTIR-ATR)

(di-, tri-) Block Copolymer

Cross-Polarisation Magic-Angle Spinning (NMR)
Copper-Catalysed Azide-Alkyne [3+2] Cycloaddition
Cyclic Voltammetry

Number Average Degree of Polymerisation

Differential Scanning Calorimetry

Electrochemical Impedance Spectroscopy
Fourier-Transform Infrared Spectroscopy

Galvanostatic Cycling with Potential Limitation
Galvanostatic Electrochemical Impedance Spectroscopy

Enthalpy (J.g)

Heteronuclear Multiple Bond Correlation (NMR)
High Performance Liquid Chromatography
Heteronuclear Single Quantum Coherence (NMR)
Internet of Things

Joule

Lamellar

Lithium-ion Battery

Lithium Metal Battery

Lithium Transference Number (t*1)
MonoEndCapped-"Single lon" Polymer Electrolyte

Number Average Molar Mass (g/mol)
Mass Spectroscopy

Mass Average Molar Mass (g/mol)

Nuclear Magnetic Resonance Spectroscopy
Order-Disorder Transition

Polycyclic Aromatic Hydrocarbon
Potentiostatic Electrochemical Impedance Spectroscopy
Ideal Gas Constant = 8.314 J-mol*-K*
second

Siemens (QY)

Small-Angle X-ray Scattering
Salt-in-Polymer (electrolyte)

"Single-lon" Polymer Electrolyte

Solid Polymer Electrolyte

Crystallisation Temperature

Glass Transition Temperature
Thermogravimetric Analysis
Thin Layer (silica gel) Chromatography

Melting Temperature
Time of Flight (HPLC-MS-TOF)

Onset Temperature
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To Peak Temperature
VTF Vogel-Tamman-Fulcher relation
W(T) Reduced Activation Energy, ([606/8T]*T)
WAXS Wide-Angle X-ray Scattering
Xn Degree of Polymerisation (number of repeating "X" units)
Greek Alphabet
Frequency (Hz)
Resistivity (Q.m)
Conductivity (S.cm™)
Pm Mass Fraction
X Flory-Huggins Interaction Parameter
Q Resistance (Ohm)
w Angular frequency (v*2m)
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Annex: 'H NMR Spectra of MEC-SIPEs

The MEC-SIPEs having different polymer chain lengths were analysed by NMR spectroscopy.
Proton NMR is a quantitative technique and permits the calculation of M, by comparison of the
integrals of the assigned peaks. This value of M, is accepted only under the assumption that the
integrals are quantitative, which requires that i) the analyte is completely dissolved in the solvent
and ii) the sample is a dilute, ideal solution. The presented MEC-SIPEs have poly(ethylene oxide)
chains and ionic end-groups. They have a surfactant-like polymer architecture, so complete
dissociation of the polymers into ideal, ‘dilute’ solutions is not expected. Further, a sample of high
concentration (30 g/L) is required to observe the end-groups of the MEC-SIPEs having the longest
chains (EO, > 20). Quantitative analysis of end-group integrals also requires that the protons of
the end-groups and of the polymer chain have the same spin-lattice relaxation time (T1). This is
unlikely for the chemically different parts of the MEC-SIPEs (i.e. aromatic end-group protons vs.
ether unit protons).

The general trend is that the integral of the end-groups decreases with the polymer chain length
at constant sample concentration. However, the integrals of the end-group protons of the MEC-
SIPEs do not agree with the M, determined by 'H NMR analysis of their mPEO,-OH precursors.
Quantitative analysis of the protons at the alpha position to the end group (CH,?) is prohibited by
overlap of these peaks with those of the ether unit protons (CH,**). The *3C, “Li, and **F NMR
spectra are not quantitative.

The 'H NMR spectra of the MEC-SIPEs are shown below to illustrate that the peak chemical shifts
of the MEC-SIPEs are similar, and that the spectra presented in the Experimental (Chapter Ill) are
representative. The spectra are individually normalised to the maximum height of the ether
proton peak (6 = 3.4-3.6 ppm). The primary chain (6: 2.5-4.5 ppm) and aromatic (6: 7.0-9.0 ppm)
regions are shown separately. The chemical shift ranges are chosen to illustrate the characteristic
parts of the spectra. Each spectrum is labelled with the polymer DP, (EO, = 8, 10, 20, 55, and 160).
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Résumé de Theése en Frangais

Une batterie est composée de deux électrodes séparées par un électrolyte. La décharge de la
batterie est déterminée par sa tension (c'est-a-dire la différence entre les potentiels chimiques
des électrodes). Le flux de courant a travers le circuit externe est équilibré par le flux d'ions a
travers |'électrolyte. Si une excellente conductivité ionique est nécessaire, I'électrolyte doit
également i) étre compatible avec I'électrochimie des électrodes, ii) former des interfaces stables
pour I'échange d'ions etiii) fonctionner en toute sécurité dans une plage de températures donnée.
Les polyméres sont des matériaux viscoélastiques non-inflammables bien adaptés a des cellules
sQres a haute densité d'énergie. La conception spécifique d’électrolyte polymeére ici présentée
offre une conductivité ionique élevée a température ambiante sur une plage de potentiels
applicable pour des batteries. Un modeéle conceptuel pour le transport des ions lithium dans ces
électrolytes polymeres est proposé.

Mots-Clés: Chimie macromoléculaire, Polymeére, Electrolyte, Transport lonique
General Abstract in English

A battery comprises two electrodes separated by an electrolyte. The spontaneous discharge of
the battery is determined by its voltage (i.e. the difference between the chemical potentials of the
electrodes). The flow of current through the external circuit is balanced by the flow of ions through
the electrolyte. Not only is excellent ionic conductivity needed, but the electrolyte must also i) be
compatible with the (electro)chemistry of the electrodes, ii) form a stable interface for the
exchange of ions, and iii) function safely and as intended over a practical temperature range.
Polymers are non-flammable, viscoelastic materials well-suited for the construction of safe, high
energy density cells. The specific polymer electrolyte design developed here affords high ionic
conductivity at ambient temperatures over an applicable range of cell potentials. A conceptual
model for the transport of lithium ions in these polymer electrolytes is proposed.

Key words: Macromolecular Chemistry, Polymer, Electrolyte, lonic Transport
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