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General introduction

Background of the work

1. Lithium-ion battery

Battery is an energy storage device you can carry with, which enables using electronic
devices without external power supply. Furthermore, rechargeable battery, called secondary
battery, have made it possible to carry more sophisticated electronic devices like laptop,
smartphone, and tablet. However, these electronic devices would not fit in your pocket or
handbag without the development of lithium-ion battery (LIB).

Lithium-ion battery is the ideal energy storage device mainly due to high volumetric and
gravimetric energy density (called energy density and specific energy, respectively) (Figure
1), which is derived by lithium with high negative electrode potential (=3.05 V vs. standard
hydrogen electrode, SHE).! High energy density and high operating voltage (nominal value
is 4.0 V)? of LIB are matched for the demand of miniaturization of electronic devices.
Lithium-ion battery quickly became popular from 1991, when Sony first commercialized, as
you can see from the increase of sales (Figure 2).? In 2004, number of LIB sales in Japan
reached 50% of secondary battery sales, and then it has further grown to nearly 70% in 2017.3

In addition to the application for small electronic devices, LIB has been founded to be
used for large electronic devices such as electric vehicles (EVs) which requires high energy
density and high operating voltage. The replacement of gasoline-powered vehicles to EVs
was matched the social demand of the reduction of greenhouse gas and particulate emissions
generated from gasoline-powered vehicles driving. The contribution to low environmental
impact by EVs will be maximized when the renewable energy, such as solar-power, wind-

power, geothermal-power, and hydropower, becomes the main energy sources.

2022/2/16



100 150
Specific energy / Wh kg~!

Figure 1 Energy density of conventional secondary batteries, where NiCd means nickel-
cadmium battery, NiMH is nickel-hydrogen battery, and Li-ion is lithium-ion battery.>*
Energy density means the volumetric energy density, and specific density means the
gravimetric energy density.

in Japan/b

Figure 2 Transition of sale number per years of secondary batteries in Japan from 1986 to

201935



Lithium-ion battery changed our lifestyle and natural environment, and three lithium-ion
battery researchers, Michael Stanley Whittingham, John Bannister Goodenough, and Akira
Yoshino, awarded the Nobel Prize in Chemistry 2019 for the contribution of the realization
of smart devices which are essential to our life and the reduction of our dependence on fossil
fuels.®

However, as you can see from Figure 2, number of LIB sales in the domestic market has
become saturated since 2008, probably because of the sales of the small electronic devices
have slow down. On the other hand, since 2013, sales number has begun to increase again,
which directly reflects the sales of in-vehicle batteries as mentioned above (Figure 3). It is
expected that the usage of LIBs continuous to be developed for more extensive purpose in
the future, such as EVs and so on. In comparison, the safety issues of LIB have got more

attention.

For in-vehicle
Other

Figure 3 Transition of sale number per years of LIBs for each application in Japan from 2003
to 20195
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2. Safety issues

Terrible fire accident caused from LIBs are often reported. For example, series of fire
accidents of Boeing 787 instilled us distrust in LIBs.”® Even after these serious accidents,
perfect countermeasures against accidents could not be taken, and the number of accidents
caused by LIBs continue to increase (Figure 4). It is difficult to completely solve this problem

since high performances of LIBs depend on instability of lithium.

2012 2013 2014 2015 2016 2017 2018 2019

/ Year

Figure 4 Transition of accident number due to LIBs in Japan from 2012 to 2019.%1°

The accidents of LIB are due to the constituent materials break out thermal runaway,
which is the chained (electro)chemical reaction continuous the heat generation and promoted
by heats generated itself. Thermal runaway can be initiated under high temperature state in
LIB over the thermal decomposition temperature of constituent materials (> 80°C). '!> And
then, internal temperature of battery reaches around 130°C, polymer separator meltdown
causes the fatal short circuit between negative/ positive electrodes contacting over a wide
surface, conducting thermal runaway.!! High temperature state, the trigger of thermal
runaway, is caused by several case; an internal heat from , Joule heat from high ohm resistor
or from abrupt large current during short circuits, and reaction heat of (electro)chemical or
unwanted side reactions, in addition to the case that battery stored in a high temperature.

Figure 5 shows the major accident causes of LIBs.”%13:14



Simplified lithium-ion battery Manufacturing problems
Negative electrode (i) Metallic dust intrusion (ii) Misaligned stacking (i) Poor stacking
Separator
Positive electrode -~

Accidental problems

(iv) External pressure (v) Penetration (vi) Exposure to air

A

(vii) Stored at high temperature (viii) External short circuit

problems

Dendrite deposition (x) Gas generation

(xi) Material degradation

Figure 5 Fire accident causes of LIB.”%!1314 Some problems have been caused by defective
manufactured batteries; (i) metallic dusts intrude from metal case or insufficient cleaning
parts, which penetrate separators and lead short circuits, (ii) misaligned stacking permits the
electrodes can contact to short circuit beyond the separators with, (iii) poor stacking of
electrodes and separators limits lithium-ion pathways for separators and leads high ohm
resistor. Some problems have been caused by sudden accidents such as electronic devices
fall or car collision; (iv) external pressure distorts the battery and leads short circuit, (v)
penetration of the electronic conductor makes short circuit directly, (vi) exposing air leaked
from broken battery case reacts with negative electrode under charged state which generates
excessive heat, (vii) battery stored at high temperature such as in uncooled warchouses or hot
regions, and (viii) external short circuits due to improper battery usage, but which can be
avoid with protection circuits. Some problems have been caused during using the battery;
(ix) lithium dendrite deposition due to the lithium unaccommodated into electrode structures
under severe conditions, (x) internal pressure from generated gas from electrolytes
degradation distorts the battery and leads short circuit, but which can be avoid with venting
system, and (xi) material degradation under severe conditions accelerates heat generation.

A short circuit will occur with the applying strong impact or something penetration into
LIB.'* Furthermore, the cell case of LIB is damaged, the charged materials can react with air
and cause thermal runaway. The damage of cell case is caused by not only physical impact
but also moisture corrosion. For other cases, when LIB charged with excessive high rate,
lithium dendrites often grow between the electrode,!>!® leading a short circuit. Internal short

circuit also can be caused by internal high pressure due to the generated gas from materials
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degradation by thermal/ electrochemical reasons.!” Although the venting system have
reduced the risk of internal pressure, these thermal/electrochemical damages still can
generate heat and it lead to thermal runaway. These material degradations further cause
capacity loss during charge/discharge cycles.'® Overcharging accelerates those damages,!”
though the protection circuits have suppressed some overcharging.

The fire accident will become even more dire with the application expansion and the
upsize of LIBs in the future. One of the causes the serious fire accident is flammable organic
solvents used in the electrolyte. It is one of the fundamental solutions to replace the
electrolyte to a flame-retardant material. Battery safety improvement is one of the mainly

focus for materials research such like that.

10



3. Materials research

Lithium-ions (Li") and electrons are taken out from the negative electrode and taken into
the positive electrode as shown below during battery discharging (Figure 6);
(-) LixCs — xLi" + xe + 6C
(+) LiixCoO> + xLi" + xe- — LiCoO»
Electrons flow from battery and into an external electronic device as an electric current, and
at the same time, the electrolyte transport Li" between the two electrodes. Commercially
available LIB consists of stacked multiple layers of electrodes, current collector, and

separator impregnated with electrolyte (Figure 7).

(Discharge) e -

Graphite (-) | (+) LiCoO,

—

—_—

Graphene layer —==* —— CoO, layer

Electrolyte

Figure 6 Lithium-ion (Li") behavior in LIB during discharge,” where (-) electrode shows
negative electrode constructed with graphite and (+) electrode shows positive electrode
constructed with lithium cobalt (III) oxide (LiCoO.). Lithium(-ion) behaves during battery
discharging as follows; (i) stored lithium between graphene layers for negative electrode is
oxidated, (ii) negative electrode takes out electron and Li* into external electronic devices
and into electrolyte, respectively, (iii) Li* is conducted in ¢lectrolytes to counter electrode,
and then (iv) Li" intercalates between cobalt oxide layers and reduction with the connection
of electron flowed out from external electric devices.

11
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Cell case

Separator (filled electrolytes)

e—  Current collector
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Positive electrode (LiCoO,)

Negative electrode (graphite)

Figure 7 The constitution of LIB with cylindrical shape, which is one of the famous battery
shapes.*?* Electrode materials (graphite for negative and lithium cobalt (III) oxide for
positive) is mixed with some additives; poly(vinylidene fluoride) or other insoluble polymers
as the binder and carbon material as electron conductive agents, and these mixture applied
on the current collector; aluminum foil for positive electrode and copper foil for negative
electrode. The separator between electrodes separates the electrodes do not contact each other
to short circuit and holds electrolytes.

Materials research for LIB has been required coexistence of high battery safety and high
battery performance. The performance of LIBs heavily depends on the negative/ positive
electrodes, solid electrolyte interface (SEI), and electrolytes as following;

® Battery operating voltage is determined with the gap between the redox potentials of
stored lithium into each positive and negative electrodes.

® Battery capacity is mainly dominated with specific capacity correlating the density of
reactable lithium containment in each electrode materials.

® Charge/ discharge cycle stability of LIB needs thermal, mechanical, and
electrochemical stabilities of constitution material, which can protect with solid
electrolyte interface (SEI).

® Rate properties of battery are governed with Li" transport properties in the electrolyte.

I will focus each material composing LIB below to understand the research has been done

up to today's and next LIBs and how to have developed them.
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3.1. Negative electrode

Active materials for negative electrode are one of the dominant factors for the
performance of LIB. Graphite is mainly used for the negative electrode in commercial LIBs
due to some advantages; (i) the comparable redox potential with lithium metal (0.05 V vs.
Li/Li*) and relatively high specific capacity (372 mAh g !),?! (ii) the ease of battery
production due to high chemical stability, and (iii) the suppression of lithium dendrite
formation since graphene-layered structure stores lithium between its layers stably (Figure
6).22 Akira Yoshino won the Nobel Prize in 2019 for the development of the LIB system
using graphite negative electrode.®? Although graphite contributes both battery power and
safety, some concerns remained for structural stability during long cycle life.?* Therefore,
lithium titanate (LisTisO12, LTO) is also used commercially for the negative electrode in
addition to graphite.?> Lithium titanate has high thermal and structural stability, in addition
to practical redox potential (1.6 V vs. Li/Li") and specific capacity (175 mAh g 1).2¢

On the other hand, there is the demand to further increase battery energy density. The
optimal solution is the application of the lithium metal to negative electrode, but it is difficult
to avoid the short-circuit risk due to the lithium dendrites precipitation. Instead, group IV
elements, silicon, germanium, and tin, have been attention for next negative electrode
materials due to their advantages; (i) high lithium capacity of 4.4 equivalent mole and which
results high specific capacity (4200 mAh g !, 1620 mAh g !, and 993 mAh g !, respectively)
and (ii) lithium stored stably with the forming alloy compared than lithium metal.?” The
challenges with these materials mainly focus on how solve the concerns about the volume
change under the (de-)lithiated state using encapsulation material, geometric strategy, or

compounds with other elements.?”-?82
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3.2. Positive electrode

The active material for positive electrode is also important for the performance of LIB.
Lithium metal oxide is normally used for the active material of positive electrolde,? which
can store lithium between the layers of the metal oxides (Figure 6). These layered structure
for positive electrode was started by Whittingham, one of the Nobel laureates for LIB.%3°
Following that, Goodenough et al. reported Lithium cobalt (III) oxide (LiCoO,, LCO) having
relatively high specific capacity (155 mAh g!), high stability under the lithiated state, and
high voltage for the positive electrode counter to lithium metal electrode (3.9 V vs.
Li/Li").253132 Therefore, lithium cobalt (IIT) oxide (LCO) and LCO-derivate ceramics,
lithium nickel cobalt aluminum oxide (LiNio.8oCoo.15Alo.os, NCA) and lithium nickel
manganese cobalt oxide (LiNixMnyCo1.x-yO2, NMC), are applied for the commercial LIB.3!*3
However, these materials can be decomposed under high temperature state (=100 °C) and

4 sometimes promotes thermal runaway.!""!” Thermal stable materials,

generates O gas,’
lithium iron (II) phosphate (LiFePO4, LFP) and lithium manganese (111, IV) oxide (LiMn;Oa4,
LMO), are also used for positive electrode commercially.’!

Although lithium metal oxides have performed the sufficient operation for current
electronic devices, positive electrode materials are required higher energy density for future
demand. Recent material research for positive electrode seems to be directed for the
realization of next-generation lithium batteries using lithium-metal, such as lithium-sulfur
battery or lithium-air battery (Figure 8).%>-*° Both batteries still have the concern about cycle

stability, and researchers mostly focus on the solvation of this concern.?”-3®
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O
Air flow
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Figure 8 The construction of next-generation lithium batteries. (a) Lithium-sulfur
battery,’**° where (—) electrode shows negative electrode constructed with lithium metal and
(+) electrode shows positive electrode constructed with sulfur (Sg) on/ in supporting material
such as porous carbon. (b) Lithium-air battery, 3*4° where (—) electrode shows negative
electrode constructed with lithium metal and (+) electrode shows positive electrode
constructed with the catalyst on supporting materials such as porous carbon. During battery
discharging, air flows into positive electrode composites and the catalyst accelerates oxygen
reduction reaction (ORR). And oxygen evolution reaction (OER) is occurred during battery
charging at positive electrode.

3.3. Solid electrolyte interface (SEI)

Electrolyte materials are often decomposed (electro)chemically and form passivation
layer on electrodes during the battery operation, called solid interface electrolyte (SEI).*!
Solid electrolyte interface (SEI) is important factor for the safety and cycle stability of LIB
which can suppress the decomposition of electrolytes and electrodes.?*

Electrolyte materials, solvent molecules and anions, cause the reductive decomposition
mainly during battery first charging, and decomposition multi products deposit on the
electrode with microphase cohesion as a mosaic (Figure 9a).*? These decomposition products
cover the electrode surface and suppress the unwanted reactions such as further reduction of
electrolytes and the co-intercalation of solvent molecules with Li” into electrode structure
(Figure 9b).** Solid electrolyte interface is needed to include the component with low
electron conductivity, high Li" conductivity, and structural stability for high battery
performance.* Components consisting SEI is determined by the electrolyte materials and

influenced by electrode surface.** For more functionalization of SEI, it is widely researched

15
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that artificial SEI using Li* conducting polymers* or using metal oxides,* and electrolyte

additives controlling SEI component.*748

(a) SEI formation (b) Unwanted reduction and SEI protection

: Graphene layer . Electron
: SEI component . Lithium(-ion)
: Generated gas - Anion

: Solvent molecule

Figure 9 The mechanism of (a) solid electrolyte interface (SEI) formation on graphite of
negative electrode during battery first charging and (b) SEI protection of graphite against
unwanted reduction such as the excessive reduction of solvent molecule and the graphite
destruction by gas generated from solvent molecule degradation, caused by exuded electron
and co-intercalated solvent molecule, respectively.

I listed the electrolyte as the important materials for LIB in the introduction of this
section, in addition to negative/ positive electrodes and solid electrolyte interface (SEI).
This dissertation mainly focuses on the electrolytes, thus which will be picked up and be

discussed in detail in next section.
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4. Electrolyte research

Electrolytes play very important role for Li* transport between the electrodes during
battery charging/ discharging (Figure 6), and dividing negative and positive electrodes
electronically in the battery. Electrolytes govern some important performances of LIBs for
(1) battery safety and (ii) rate properties.

Electrolytes heavily affect the safety of LIB as mentioned section 2. and section 3.3. Low
thermal/ electrochemical stability of electrolyte materials can lead thermal runaway, though
the design strategy of solid electrolyte interface (SEI) can suppress some risks of battery
accidents. Battery rate performances is limited by Li" conductive rate, electron conductive
rate, or lithium reaction rate in LIB. Especially, Li* conduction in the electrolyte is the rate-
limiting step for LIB performance, among multi steps moving electrons or Li* in each
material or at them interface (Figure 10).*° For improving LIB performance, electrolytes must
be designed to satisfy high thermal/ electrochemical stability (or to form stable SEI) and to

high lithium-ion transport properties.

Electron
conductive

additive f’

: Electron

: Lithium(-ion) |

SE| Active material

Electrolyte Positive electrode  Current collector

Figure 10 The motion model of Li* and electrons around the positive electrode during battery
charging. Electrons move through current collector, electron conductive additive (carbon),
active material (lithium metal oxide), and the interfaces between each material phases.
Lithium-ions move through electrolyte, solid electrolyte interface (SEI), active material
(lithium metal oxide), and the interfaces between each material phases. Finally, Li" connects
with electron and be reduced in active material. Lithium-ion transport in the electrolyte is the
rate-limiting step of LIB performance.
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4.1. Liquid electrolyte

Liquid electrolytes are the most popular electrolytes applied to almost battery including
LIB, which basically composed with liquid solvents and metal salts consisted with reactive
metal-ions, here in Li*, and counter anion. Liquid solvents and lithium salts should be

selected for high Li* conductivity, as not to compromise electrochemical stability.

4.1.1. Lithium-ion conductivity for liquid electrolyte
Lithium-ion conductivity is defined with the multiplying the amount and the mobility of

Li".

4.1.1.1. The amount of lithium-ion

The amount of Li" is equal to the amount of dissoluted lithium salt into electrolytes. There
are three hypothetical stages of lithium salt dissolution for subdivided processes (Figure
11);3%31 (i) dispersion of lithium salt crystal to ion pair, (ii) dissociation of ion pair to Li* and
counter anion, and (iii) solvation, meaning the multiple interaction of solvent molecules to
ion. Salt dissolution is mostly governed by (ii) dissociation and (iii) solvation process. These
two processes relate to the interaction of anion and solvent molecule to Li".

For highly dissociation of ion pair, it needs to counteract electrostatic interaction between
Li* and counter anion. Electrostatic interaction works between Li* and polar group having
localized electron density on the anion structure. Thus, electron density is required to be
delocalized widely over anion structure for weakened electrostatic interaction. Design of
anion structure can delocalize electron density using large anion size and electron-
withdrawing group (Figure 12).5? Electrostatic interaction is also relaxed by the dielectric
field effect, which brought by high polarity of solvents descripted as dielectric constant (g).>
Dielectric constant of solvents is affected by intramolecular polarization induced by solvent

polar groups (Figure 13).
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Solution

(Solvated ion pair -
Dissolution

Solvent molecules Lithium salt Solvated ion
A

(i) Dispersion

(Solvation) (iii) Solvation
v

(i) Dissociation
lon pair Dissociated ion
(b) Solvated ion pair
Lithium-ion
- Anion
Solvent molecule

Contact ion pair Solvent-separated ion pair
(CIP) SSIP)

Figure 11 (a) Subdivided processes of lithium salt dissolution into the solvent including three
hypothetical stages; (i) lithium salt dispersion to ion pair into solvent, (ii) ion pair dissociation
to each Li* and counter anion, and (iii) solvation of ions by solvent molecules. Un-dissociated
ion pairs are often solvated and equilibrates with solvated ions. (b) Several states of solvated
ion pair; aggregation of multiple ions (AGG), maintaining contact ion pair (CIP), and solvent
separated ion pair (SSIP).

(a) Anion size

_ F=
’,

LiAsFq LiPF,

(b) Electron density delocalization

00 00 .
S©.s ° ; S oF - o oY
N / ~ 3 S
N Li O " CF,

F5C

LITFSA LiC,FsSO LICF;SO,

Figure 12 Typical lithium salt structures and the order of lithium salt dissociability which
agrees with the order of (a) anion size and (b) electron density delocalization.’> The names
of lithium salt are described as following; LiAsFs is lithium hexafluoroarsenate, LiPFs is
lithium hexafluorophosphate, LiClOy4 is lithium perchlorate, LiBF4 is lithium tetrafluoro-
borate, LiTFSA is lithium bis(trifluoromethanesulfonyl)amide (also called lithium bis-
(trifluoromethane sulfonyl)imide, LiTFSI), LiC4F9SOs is lithium perfluorobutanesulfonate,
and LiCF3SO0s is lithium triflate.
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Dissociated ions are stabilized by the multiple electrostatic interaction with solvent
molecules, called solvation. Solvent molecules interact to Li* with polar groups having
electron donating ability, descripted as donor number (DN) (Figure 13).3* Electron donating
ability increases with some polar groups having highly localized electron density such as
ether group, carbonate group, amide groups, sulfoxide group, and so on. Lithium-ion
stabilization is also affected by the steric structure of solvent molecules occupying Li*
solvation site (4—6). For example, Li" is stabilized by chelating effect, but these stabilization
is inhibited by steric crowding around Li*.>* The solvation to anion also can be the influential
factor to contribute salt dissolution.’>*¢ Solvents have the accepting ability of donated
electron from anion, which descripted as acceptor number (AN) (Figure 13)>* Accepting
ability is brought by electron-withdrawing group on solvent structure, which leads the
localization of low electron density. But the anion solvation less/no contributes on the salt
dissolution compared than the Li" solvation due to isolated stability with delocalized

electronic density.

p 0]
e © o
Hexane 1,2-Dimethoxyethane (DME) Acetone Acetonitrile (AN)
e 1.9 € 7.0 € 20.7 € 36.0
DN: 0 DN: 20.0 DN: 17.0 DN: 14.1
AN: 0 AN: 10.2 AN: 12.5 AN: 18.9

[ o

H™ N S H H
N,N-Dimethylformamide (DMF) Dimethylsulfoxide (DMSO) Propylene carbonate (PC) Water
€ 36.7 € 46.7 € 64.9 € 785
DN: 26.6 DN: 29.8 DN: 15.1 DN: 18.0
AN: 16.0 AN: 19.3 AN: 18.3 AN: 54.8

Figure 13 Typical solvent structure and the descriptors of its polar properties, where € is
dielectric constant, DN is donor number, and AN is acceptor number,>3-37-38:59

Ion pair is sometimes solvated maintaining un-dissociation, when the stabilization of ion
pair dissociation is not enough with excessive high salt concentration or with strong
electrostatic interaction between anion and Li*. Solvated ion pair can form several structures
around ions; aggregation of multiple ions (AGG), contact ion pair (CIP), and solvent-
separated ion pair (SSIP) (Figure 11).5%! For these conditions, the amount of Li* is
determined with the equilibrium between ion pair and dissociated ions, including stable

solvated ions or transition de-solvated ions.
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4.1.1.2. The mobility of lithium-ion

The mobility of Li* is evaluated as self-diffusivity of dissociated lithium-ion. Lithium-
ions are transported with a combination of two transport mechanism in the electrolytes; (i)
Li* migrates with solvent molecules maintaining the solvation structure, and (ii) Li" is

exchanged from interacting solvent molecules to free solvent molecules (Figure 14).6?

. Lithium-ion

- Anion

: Solvent molecule

Figure 14 Lithium-ion transport mechanisms in liquid electrolytes; (a) Li" migrates
maintaining the solvation structure, and (b) Li* is exchanged from solvating molecules to
free molecules.

Solvent molecules transport Li” by the self-diffusion of solvation structure (Figure 14a),
which often called Vehicle mechanism. This mechanism governs Li* transport when the
stable solvation structure is formed, such as ether-based electrolyte including 1,2-
dimethoxyethane (DME) (Figure 13).%® Solvated Li* diffuses like a spherical particle, and it
is important that low viscosity and small solvation structure around Li* for high self-
diffusivity, according to Stokes-Einstein relation.>® Electrolyte viscosity heavily depends on
the original solvent viscosity, which is related to intermolecular interaction and molecular
weight. The interaction between Li" and anion and/or solvent molecules also can be the
influential factor for the electrolyte viscosity increasing.

Lithium-ion also can be transported by the exchange from interacting solvent to free
solvent, like Grotthuss mechanism (proton exchange mechanism in aqueous solution). Ion
exchange mechanism often called ion hopping mechanism, when the ion migration is
independent and rapid from solvent molecule migrations. The mechanism works when Li*

form relatively unstable solvation structure with solvent molecules.5%%3

The electrolytes
using nitrile-based or sulfone-based had reported to transport Li* majorly with the ion
exchange mechanism at high salt concentration.®®%* Viscosity is still one of the influential

factors for this mechanism, but it was suggested that the transport of Li* is not completely

21
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depends on the viscosity.% Instead of the viscosity, steric structure around Li* was suggested

to be important for frequently and continuous ion exchange.®*

The electrolytes determine the battery performance, and which required (i) a high polar
property for the dissolution of lithium salt, and (ii) a low viscosity not to inhibit Li" self-
diffusion. In addition, the interaction and steric structure around Li" is also important factor
affecting not only the differences of the Li* transport mechanism, but also the electrolyte

properties relating the transport mechanism.

4.1.2. Conventional liquid electrolyte

Commercial LIBs are applicated with liquid electrolytes filling into the separator
consisting of polyethylene (PE) or polypropylene (PP) to prevent the direct contact of
electrodes. Liquid electrolytes are generally composed mixed solution of ring carbonates,
such as ethylene carbonate (EC) or propylene carbonate (PC), and linear carbonate, such as
dimethyl carbonate (DMC) or diethyl carbonate (DEC), with the dissolved lithium salts,
mainly lithium hexafluorophosphate (LiPFs). These liquid electrolytes perform high
electrochemical stability, high Li* transport properties, and good SEI formability.?*

Ring carbonate Linear carbonate Lithium salt

|
Separator Electrolyte

Figure 15 The basic component of conventional electrolytes. Polyethylene (PC) or
polypropylene is used to separator. Ethylene carbonate (EC) or propylene carbonate (PC) are
used to electrolyte for highly lithium-salt dissociation. Dimethyl carbonate (DMC) or diethyl
carbonate (DEC) are used to electrolyte for low viscosity. Lithium hexafluorophosphate
(LiPFg) is used as lithium salt.
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Harris found the high stability of propylene carbonate (PC) to lithium metal, which lead
today’s using liquid carbonates for the electrolytes in lithium batteries.?*% Ring carbonates,
propylene carbonate or ethylene carbonate, have high polarity which conduct high salt
solubility, but Li* mobility decreased in ring carbonates due to its high viscosity. To decrease
viscosity, linear carbonate performing low viscosity used as the co-solvents for commercial
electrolytes.>* As a result, commercial electrolytes show about 10 mS c¢cm ! of ionic
conductivity.®” Furthermore, it has been reported that good SEI is formed on the graphite
negative electrodes within commercial carbonate-based electrolytes. The components of SEI,
Li>O, Li2COs, semi-carbonate, LiF, and polyolefin, protect the graphite electrode with

244142 and the Li* transport in SEI layer is supported through Li,O and

wrapping over surface,
Li,COs phase.®
Although carbonate-based electrolyte has been widely used to LIBs because of
advantages mentioned above, it still has the concern about the low thermal stability. For
carbonate-based electrolytes, the semi-carbonate contained in SEI is thermally decomposed
around 90 °C, which generates oxygen gas in LIB. The solvent molecules then decompose
around 100 °C to produce flammable gases, ethene or propene, which react with oxygen gas
and burned.!' Low thermal stability of carbonate-based electrolytes sometimes concludes the

injurious fire accidents. Therefore, it is expected the alternatives having high thermal stability

to conventional electrolyte for next-generation electrolytes.

4.1.3 Next-generation liquid electrolytes
Previous research has suggested two strategies for thermal stable electrolytes; (i) using
more stable materials for additives/ matrix or (ii) increasing thermal stability of conventional
solvents. Some approaches using liquid materials are shown in Figure 16. These liquid-type
electrolytes are easy to replace conventional electrolytes industrially with the similar liquid

state, and they are expected to be realization in the near future.

23

2022/2/16



(a) Non-flammable material

Phosphate compounds lonic liquid

~ O -

0]

Organic solvent

(b) Super-concentrated electrolyte

Figure 16 The strategies of next-generation liquid electrolytes with high thermal stability;
(a) non-flammable material such as phosphate compounds or ionic liquid for electrolyte
additive/ matrix, respectively, or (b) super-concentrated electrolyte using conventional
solvents including various organic solvents or water.

Phosphate compounds is the one of the famous fire extinguisher materials. Phosphorus
oxide radical (PO") is generated from phosphate compounds at high temperature and which
can trap hydrogen and hydroxyl radicals having strong combustion ability generated during
the thermal decomposition of electrolytes.®® The electrolytes using phosphate compounds
as additives are reported to perform high thermal stability.”® Ionic liquids are well known
with low vapor pressure due to the electrostatic interaction between constituent ions,
conducting the high thermal stability. Therefore, ionic liquids had been attended as the
alternatives to organic solvents for matrix of liquid electrolytes.”!

Super-concentrated electrolytes, often called solvent-in-salt, is prepared from common
solvent and excessive amount of lithium salt. All solvent molecules interact to Li" and be
stable thermally and (electro-)chemically under the super-concentrated state. Super-
concentrated electrolytes not only increase thermal stability of carbonate-based
electrolytes,’? but also allows the thermally/ (electro-)chemically instable solvents, including

various organic solvents and surprisingly water, application to the electrolytes for LIB.”>74
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In addition, these electrolytes sometimes perform a unique Li™ transport mechanism, so they
are attracting much attention from researchers.®7>

However, these strategies shown in Figure 16 are needed few more investigation because
they perform only low Li* conductivity compared to conventional electrolytes, due to high
viscosity, low priory of Li* transport among ion species, or other reasons.

On the other hand, solid materials have been also studied for the realization of the next

or after generation electrolytes.

4.2. Solid electrolyte

Solid electrolytes, the electrolytes using solid materials, generally have higher thermal
stability than liquid materials. The safety concern due to liquid electrolytes leaking from LIBs
also can be eliminated to use solid electrolytes. In addition, high mechanical stability of solid
electrolytes will suppress short-circuit of electrodes contact without separator. The batteries
using solid electrolytes replacing liquid electrolytes, called all-solid-state battery, can
reduced separator and the industrial process of filling liquid electrolyte to separator.
Furthermore, solid electrolytes will contribute to the realization of next-generation lithium
secondary batter using lithium metal for negative electrode, because of its high mechanical
stability suppressing the growth of lithium dendrite.

Solid electrolytes are roughly classified into (i) inorganic electrolyte, (ii) gel electrolyte

or (iii) polymer electrolyte (Figure 17).
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Figure 17 Lithium-ion transport mechanism in each solid electrolyte; (a) inorganic
electrolyte transport Li* through lattice defects, (b) gel electrolyte transport Li* by solvation
molecules movement similar to liquid electrolyte, and (c) polymer electrolyte transport Li*
by polymer segmental motion.

4.2.1. Inorganic electrolyte

Inorganic electrolyte is composed of lithium-containing ceramics. Lithium-ion moves
mainly hopping through lattice defects (Figure 17a).7° Although Li* mobility of this
mechanism is slow compared to liquid electrolyte, inorganic electrolytes exhibit high total
Li* conductivity due to extremely high Li" concentration in the structure. By the recent
structural research, Lio 54Si; 74P .44S11.7Clo 3 has been reported 25 mS cm ! of Li* conductivity
which exceeds that of liquid electrolytes at room temperature.’” Furthermore, higher thermal
stability is performed for inorganic electrolytes than for liquid electrolytes and other solid
electrolytes.

However, inorganic electrolytes suffer from poor mechanical stability, conducting to be
broken easily by physical impact. In addition, electrode-electrolyte interface is formed poorly
due to difficult contact of non-flexible inorganic electrolytes to electrode material, which

makes the inhibition of the Li* transport at the interface.”®
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4.2.2. Gel electrolyte

Gel electrolyte is composed with liquid electrolytes and the supporting polymer. The
supporting polymer needs to perform high affinity to liquid electrolyte and self-standing
ability under the filled state with liquid electrolyte. It is applied for the supporting polymer
that the polymers with the both of high mechanical stability and low solubility into the filling
liquid electrolyte, or with network structure.”® Most properties of gel electrolytes depend on
the filling liquid electrolyte, including Li" transport properties, thermal stability, and
electrochemical stability, except mechanical stability (Figure 17b). Therefore, gel
electrolytes can perform relatively high mechanical stability maintaining Li* transport
property. In addition, solvent molecules in gel electrolyte are stabilized thermally/
electrochemically compared than normal liquid electrolytes maybe due to enthalpy change
of dissolution of supporting polymer.3® Gel electrolyte will be further functionalized
combining with next-generation liquid electrolytes mentioned above.8!

Although conventional/next-generation liquid electrolyte can be replaced by gel
electrolytes easily compared than other solid electrolytes, the battery safety will not be solved
dramatically since the properties depending on the liquid electrolyte. The concern about

liquid leaking is also remained when supporting polymer is aged.

4.2.3. Polymer electrolyte

Polymer electrolyte (PE) is composed lithium salt and polar polymer, which have been
widely studied from the first report by Peter V. Wright.®?#? Polar polymer interacts to Li*
using polar groups on polymer chain, similar to solvent molecules for liquid electrolytes, and
then, Li* is transported by polymer segmental motion (Figure 17c). Polymer materials
generally shows higher thermal stability than short molecules. For example, the flashpoint of
poly(ethylene oxide) (PEO) is 254°C, which is higher than that of short molecules with
similar structures like 1,2-dimethoxyethane (—6°C) or triethylene glycol dimethyl ether
(111°C).%* Polymer materials also have high mechanical stability and high flexibility, which

affords good adhesiveness to electrodes forming more effective electrode-electrolyte
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interface compared than inorganic electrolytes. Flexible PEs would be more tolerant to

electrode volume changes during charge/discharge, especially for conversion reactions.

I believe PEs are the best electrolytes among solid electrolytes since the mechanical
advantages will contribute for industrial processability. However, there are some barriers to
commercialize PEs, such as insufficient electrochemical stability, difficulty of synthesis, and
so on. Among these problems, PEs have been mainly suffered from (i) the dilemma between
the mechanical strength or Li* conductivity and (ii) further low Li* conductivity compared
than other liquid/ solid electrolytes. Lithium-ion mobility of PEs mainly depends on the
segmental mobility of polymer chains (Figure 17¢), but which is relatively slow. Furthermore,
it is necessary high segmental mobility and low crystallinity of polymers for high Li*
conductivity, but which decrease mechanical strength and sometimes the self-standing ability

is lost. The next section describes the studies that have been done to solve these problems.
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5. Polymer electrolyte research

To increase each performance of PEs including mechanical stability and Li* conductivity,
many strategies has been proposed and which can be roughly classified into three categories;

(1) composite material, (i1) polymer architecture modification, and (iii) repeating unit design.

r architecture

Polymer electrolyte (a) Composite material
) cation

(c) Monomer design

- Inorganic filler - Cross-linking - Poly(ethylene oxide), PEO

- Polymer blend + Comb-like + Poly(ethylene carbonate), PEC

Figure 18 Polymer electrolyte strategies and examples; (a) composite material, such as
inorganic filler additive or blend of two or more polymers, (b) polymer architecture
modification, such as cross-linking between polymer chains or comb-like branch structure,
and (c) monomer (polymer repeating unit) design, such as poly(ethylene oxide) or
poly(ethylene carbonate).

5.1. Composite material

Polymer materials can keep various additives distributed, which make ease of composite
with other materials. Composite PEs can be functionalized easily by added functional
materials (Figure 18a).

Polymer electrolyte has succeeded to gain high mechanical strength with nanostructured
inorganic fillers into PE. The mechanical strength derived from inorganic nano-particle have
suppressed lithium dendrite growing on lithium metal electrode even using PEO with high
segmental mobility.*> Furthermore, the inorganic nano-particle is also contribute to increase
the ionic conductivity, because voids is provided around the inorganic nano-particle which
gives a volume for the ease of polymer segmental motion.®® For further high mechanical

stability, strength, and flexibility, various modification of nano fillers have been researched,
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chemical modification of filler surface using acid treatment or polymer chain bonding,?%

and structural modification using metal-organic-frame (MOF) or nano-fiber frame prepared
by electrospinning.®®%° The composite of PE and inorganic electrolyte have been tried to
solve concerns of each other about Li* conductivity and mechanical stability.”%1:%2

Besides the composite with inorganic fillers, the polymer blend strategies have been
reported using two or more functional polymers for previous research. For example, the
bifunctional system with high mechanical stability and ionic conductivity have been archived
with the blend of mechanical stable polymer and polar polymer, which system is similar to
the gel electrolyte composed the supporting polymer and Li* conductive solvent.”> However,
the combination of polymer blend is limited due to the difference of solubility in the solution
for each composing polymer. And also, the distribution of the composing polymers is hardly
controlled for the nano- or micro-order. Copolymers have been studied to expand the variety
of the polymer combination and to control blended polymer state. Block copolymer
composed with high mechanical strength polystyrene (PSt) and high ionic conductive
poly(ethylene oxide) (PEO) performed high strength without significantly decreasing the
tonic conductivity. This is because the micro-phase separation between hard PSt phase and
conductive PEO phase, which maintain the polymer properties independent on each other
polymers.***>% Random copolymer and alternating copolymer afford the delocalized
distribution of composing polymers, and which can perform both (averaging-) properties of

composing polymers. 269697

5.2. Polymer architecture modification

Polymer material can be synthesized to different architectures (Figure 18b) with the
several polymerization conditions, thereby controlled the physical properties.

Cross-linking between the polymer chains partially immobilizes the polymer chains,
which forms a highly self-standing membrane for PEs.”” It is expected that PE can be easily
changed the mechanical strength by controlling cross-link density. The restriction of
segmental mobility by cross-linking is partial and can maintain relatively high Li"

conductivity.!%
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A comb-like polymer, having many branches on a polymer main chain, has many free
chain ends, which exhibits higher segmental mobility than the center of polymer chain. These
branch structures also decrease crystallinity of polymers, which is one of the causes of low

101,102

ionic conductivity decreasing Li* conductive amorphous region. Therefore, comb-like

PEs performed high ionic conductivity. It also has been reported that comb-like polymers

form an even better electrode-electrolyte interface than common PEs.!®

The mechanical strength has been greatly improved and separated from Li* transport
properties for these strategies. Although low Li" conductivity has also improved somewhat,
that is not enough. For the fundamental solution of low Li* conductivity, it is necessary to
redesign the monomer, meaning the polymer repeating unit, based on the Li" transport

mechanism.

5.3. Lithium-ion transport mechanism for polymer electrolytes

Lithium-ion conductivity of PEs is more than two order magnitude lower than that of
liquid electrolyte; poly(ethylene oxide) and lithium bis(trifluoromethane-sulfonyl)amide
system (PEO-LiTFSA) has about 0.05 mS ¢cm! of ionic conductivity and 0.1-0.2 of Li*
transference number, which is the most basic and known to have a relatively high
conductivity among PEs.!%*195 As mentioned for section 4.1.1, Li* conductivity is determined
with the amount and the mobility of Li*. Low Li™ conductivity for PEs is due to the low Li*
mobility, despite the Li" amount is comparable that of the liquid electrolyte.

The amount of Li* for PEs is determined by the amount of lithium salt and the ratio of
dissociated ion, and influential factors are the same as the liquid electrolytes such as the salt
concentration, anion structure, dielectric properties of the polymer, and donating/accepting
ability of polar groups on the polymer (Figure 11).

Lithium-ion mobility is performed in PEs with a combination of following mechanisms
in amorphous region; (i) Li" is coordinated with polar groups on polymer chains and
transported by polymer segmental motion, (ii) Li" moves with the exchanging of interacted

site to adjacent polar groups along the polymer chain, and (¢) Li" moves with the exchanging
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of interacted site to another polymer chain (Figure 19).19¢:10%:108 Unlike liquid electrolytes, a
large size of polymer chain inhibits the self-diffusion of the center of chain mass, and which
not contribute to the Li* transport for PEs.!* Therefore, dependency of Li* transport on

viscosity is decreased with the increase of polymer weight.!!°

. Lithium-ion

. Polar group

- Polymer segment

Figure 19 Lithium-ion transport mechanisms in PEs; (a) Li" is transported by polymer
segmental motion maintaining the coordination structure, (b) Li* migrate during the
exchange the coordination site intrachain along polymer chain, (¢) Li* is exchanged the
coordination site to the free site on another polymer chain.

Polymer chain can transport Li" by the segmental motion maintaining the structure with
multiple interaction of polar groups to Li", called coordination structure (Figure 19a). These
Li* transport by segmental motion carries relative long-range displacement.!% However, not
all Li* transport between electrodes can be covered this mechanism, due to the steric
limitation of the entangled polymer chains. Co-contribution is important with other
mechanisms for efficient Li* transport.

Lithium-ion is also transported by exchanging the coordination site between polar groups
similar to liquid electrolytes. This lithium-ion exchange mechanism is often called Li"
hopping mechanism. Lithium-ion can be exchanged between adjacent polar groups along
polymer chain (Figure 19b) and between two polymer chains via co-coordination with the
polymer chains (Figure 19c). Short-range, but frequent Li" displacement is performed by the
exchange between adjacent polar groups.!? Since this exchange mechanism is triggered by
the rotation of the molecular bond around the local coordination structure, the rotation ability
of the molecular chain is important factor, and which correlates with the segmental mobility

of polymer chains.
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The mechanism of Li" exchanged between two polymer chains is less frequently, but
which is considered to contribute on the continues Li* transport between electrodes. The
exchange mechanism between polymer chains depends on the segmental mobility because
the reorganization of the coordination structure via the segmental motion is necessary to

106 Tn addition to segmental mobility, these Li* exchange

complete the Li* exchange.
mechanisms are needed an optimized distribution of polar groups to design for the continuous
Li* transport pathway; too low density of polar groups decrease the ion exchange frequency,
but too high density is involved excessive frequent reorganization of coordination structure
and delayed Li" transport.'%®

Each transport mechanism for the PE is governed/ correlated with the segmental mobility
of the polymer chains. The high segmental mobility is performed at temperatures
significantly exceeding from the glass transition temperature (7;). Therefore, PEs with low
glass transition temperature tend to show relatively high ionic conductivity. Glass transition
temperature for PEs is determined by polymer chain structure and increased with various
interactions, including the hydrophobic interaction between neat alkyl chains, dipole-dipole
interaction between polar groups, and electrostatic interaction between ion and polar groups.

For the liquid electrolytes mentioned in section 4.1.1, I explained the significant effect of
the interaction between the Li" and the solvent molecules on the Li* transport; the
contribution on the stability of the dissociated Li", the inhibition of Li" migration with the
increase of viscosity, and the effect on Li* transport mechanism. Similarly, the interaction
between Li" and polymers is one of the influential factors on the Li* transport for the PEs.
The coordination structure is further important which reflected the steric stability around Li*
in addition to the effect of the interaction between Li* and polar group, because the polar
groups cannot ignore the steric restriction bring by the connection on molecular backbone

(Figure 20).
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Figure 20 An image of the coordination structure formed by the multiple interaction between
Li* and ether groups connected by molecular backbone.

The strong interaction between Li" and polar groups contributes to the lithium salt
dissociation and to the efficient Li* migration coupling with polymer segmental motion. But
this strong interaction can form the stable coordination structure suppressing the bond
rotation of the polymer chain and decrease the polymer segmental mobility.!'! Furthermore,
these stable coordination structure anchors Li" on polymer chains and suppresses Li*
exchange between polar groups.!!?

The dominant factors for Li" conductivity in PEs are (i) lithium salt dissolubility, (ii) the
polymer segmental mobility, (iii) the efficient Li* migration coupling with polymer
segmental motion, and/or (iv) fast and continuous Li* exchange between polar groups. And
the coordination structure is the control key for these dominant factors and Li* transport
mechanism. In order to control such minute and local coordination structure, it is necessary

to design a monomer, which is the smallest unit constituting the polymer.
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5.4. Monomer design
Researchers have studied various monomer structures for PEs to perform high electrolyte
properties including thermal stability, electrochemical stability, mechanical stability, and

especially Li* conductivity (Figure 18¢, Figure 21).

Figure 21 Several monomer structures used for PE research, where PEO is poly(ethylene
oxide), PTMO is poly(trimethylene oxide), PEC is poly(ethylene carbonate), PAN is
poly(acrylonitrile), PCEO is poly(3-(2-cyanoethoxymethyl)-3-ethyloxetane).

Poly(ethylene oxide) (PEO), often called poly(ethylene glycol) (PEG), is most popular
structure among polar polymers used for PEs. Poly(ethylene oxide) is composed with
continuous structures of ethylene oxide, which perform high segmental mobility (7y =
65°C).!13 Consisting ether groups have high donating ability bring high lithium salt
dissolubility and coupled Li" transport with polymer segmental motion. '°!'* However,
polymer segmental mobility becomes even lower as the increase of salt concentration,
because too stable coordination structure around Li* is formed with the strong interaction
between Li" and polar groups and which reduces the rotatability of the covalent bond
consisted polymer.'!! Too stable coordination structure also reduces relative mobility of Li*
compared to anion due to the trap of Li” on polymer chain.'%

Poly(trimethyleneoxide) (PTMO), also called polyoxetane, is another linear polyether
capable of solvating Li" to yield ion-conducting PE. Quantum chemical studies of Li* binding
to poly(alkyloxide) predicted that the energy barrier for Li* transport between the
coordination sites in PTMO is smaller than that in PEO due to its steric crowding in the

coordination structure, although the binding energy of ether group with Li* for PTMO is
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comparable to or slightly larger than that for PEO.'!? Polymer electrolytes with
trimethyleneoxide (TMO) groups in the side chains had better ionic conductivity than PEs
with EO groups at low temperatures.!'3 A recent study using the dynamic bond percolation
model in combination with a long-timescale atomic molecular dynamics (MD) simulation
suggested that alternating copolymer P(EO-TMO) exhibits faster Li* diffusion than PEO,
whereas Li" diffusion is much slower in the PTMO homopolymer because of the low
coordination site density and slow hopping rate among the coordination sites.!%

Poly(ethylene carbonate) (PEC) has carbonate groups like conventional electrolytes, and
which is one of the candidates of matrix polymer for PEs. Segmental mobility of PEC
increases with increasing lithium salt concentration in combination with specific anions,
unlike PEO electrolytes.!!> This is because the new interaction between carbonate group and
Li* relaxes the original intrachain interaction between the polymer backbone and carbonate
group.''®

Similar trends of increasing segmental mobility have been observed with nitrile-based
polymers, such as poly (acrylonitrile) (PAN). This is due to the relaxation of the dipole-dipole
interaction between the nitrile groups due to the new interaction between nitrile group and
Li*."'7 Interestingly, nitrile-based PEs can transport Li* even at low temperatures near the Ty,
where the segmental mobility of polymer chains is reduced. This is because the Li* transport

is decoupled from the polymer segmental mobility.!!3

Although polymer electrolyte studies have been proposed using various polar polymers,
none of them have sufficient ionic conductivity exceeding the benchmark (1 mS cm™').%2 One
reason for the insufficient ionic conductivity is that the design guidelines of polymer structure
have not been established clearly. In order to establish the design guideline of the polymer
structure, the search of optimized coordination structure is further important to achieve the
high salt dissociation, high segmental mobility, and efficient Li" transport.

Our group have focused on polymers containing ether and nitrile groups that exhibit
different behaviors for Li* transport mechanism and glass transition temperature. Ye et al.
prepared polyoxetane-based functionalized homo- and copolymers with oligoethylene oxide

and nitrile groups in the side chains. The PEs containing lithium salts showed a relatively
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high ionic conductivities of 0.28 mS cm ! for the linear copolymer at 80°C.!'° Our group also

120 )121

reported polyoxetane-based PEs with nitrile'*” and tris(cyanoethoxymethyl)'“' groups; the
high ionic conductivities of these PEs were likely caused by enhanced dissolution of the
lithium salt via Li* coordination with nitrile functionalitiecs. Polyoxetane-based PEs with
nitrile groups, poly(3-(2-cyanoethoxymethyl)-3-ethyloxetane) (PCEO, Figure 21), in the

120

previous study' <’ were revisited and compared with similar polymer structures to investigate

the role of the polymer structural factors, including polar groups or alkyl groups, in the

coordination structure of Li" and the ionic transport properties.
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Outline of the work

In this study, I focused on the coordination structure around Li* to establish the polymer
design strategy for high Li* transport properties. The simple system consisting of polar
polymer and lithium salt was used to elucidate the effect of coordination structure on Li*
transport properties. The coordination structure and electrolyte properties were compared
between PEs with/without polymer structural factors and between for each lithium salt
concentration. For the comparison between polymer structural factors, I used a polymer
series having polyoxetane structure for polymer backbone and local modification on side
chain. In addition to some advantage of polyoxetane mentioned for section 5.4., four-
membered ethers (i.e., oxetanes) are more chemically stable than three-membered cyclic
ethers (i.e., epoxides); thus, various polymer structural factors can be readily introduced into
the oxetane monomeric structure, and simple ring-opening cationic polymerization (ROCP)
yields modified polyoxetane-based PEs. Polymer electrolytes prepared with lithium
bis(trifluoro-methanesulfonyl)amide (LiTFSA) as lithium salt, which is well known to

perform high salt dissociation and structural stability.
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Chapter 3

Chapter 4
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MD simulation m=1,2,4,6,8, and 12

Figure 22 The figure flow of this dissertation outline; (Chapter 1) the comparison of poly(3-
ethyl-3-methoxymethyloxetane) (PEMO) and poly(3-(2-cyanoethoxymethyl)-3-
ethyloxetane) (PCEO) to clarify the effect of nitrile group, (Chapter 2) the comparison of
PCEO and poly(3-(2-cyanoethoxymethyl)-oxetane) (PCHO) to clarify the effect of ethyl
group on polymer main chain, (Chapter 3) molecular dynamics (MD) simulation for PCEO
electrolytes to clarify the detail of the Li" transport mechanism, and (Chapter 4) the
comparison of poly(3-ethyl-3-(alkyl)oxymethyloxetane) (PCmEO, m =1, 2, 4, 6, 8, and 12)
to clarify the effect of alkyl group.

In Chapter 1, I investigate the effects of polar side chains on Li" coordination and ionic
transport properties. Polyoxetane-based polymers with ether or nitrile groups were
synthesized by ROCP, which was poly(3-(2-cyanoethoxymethyl)-3-ethyloxetane) (PCEO)
and poly(3-ethyl-3-methoxymethyloxetane), (PEMO) respectively. The thermal, ionic
transport, and electrochemical properties and the local structure around Li* coordination were
studied in the presence of LITFSA. The glass transition temperature (7;) of the PEs with ether
side chains increased with increasing LiTFSA content because stable coordination structure
was formed by ether groups interacting Li" and which suppressed of polymer segmental

mobility. By contrast, the PEs with the nitrile functionality shown the opposite trend at higher
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salt concentrations. In addition to the unique trend for the 7} values of the PEs in the presence
of LiTFSA, the nitrile groups played pivotal roles as coordination sites for Li* in the first
coordination shell and as a polar medium to increase the permittivity of the PEs. These
characteristics of the nitrile groups can endow PEs with improved ion transport properties.

In Chapter 2, I report the effects of the absence of ethyl groups on the main chain of
PCEO on Li" ion coordination, thermal properties, and ionic transport, by employing a
structural analog, poly(3-(2-cyanoethoxymethyl)-oxetane) (PCHO). I found that the steric
hindrance derived from the ethyl groups in PCEO resulted in more-pronounced Li*
coordination with the nitrile side chains, and thereby more effective Li* ion transport was
achieved. We also demonstrated successful charge/discharge cycling of a Li/LiFePO4 cell
using nitrile-functionalized PE.

In Chapter 3, we combine spectro(electro)chemical analyses with molecular dynamics
(MD) simulations to understand the complex interaction within the electrolyte, consisting of
PCEO mixed with various concentrations of LITFSA, to clarify the Li" coordination structure
as well as its relevance to Li” conductivity. Applicability of MD simulations was validated
by high-energy X-ray total scattering measurements. The local coordination structures
around Li* were successfully estimated by the distribution function obtained from MD
simulations, which suggested the preferable coordination of the nitrile group with Li* over
the other elements, including ether oxygen. Further support came from infrared (IR)
spectroscopy, where the estimated coordination number (N) obtained from the IR peak area
of the deconvoluted CN stretching vibration (ca. 2250—2280 cm™!) agreed well with the MD
result. Arrhenius plots of the ionic conductivity shown a curved shape, indicating that the
segmental motion of the polymer main chain was responsible for Li* transportation in PCEO
electrolytes. The Li" conductivity varied with the salt concentration and was sensitive to the
Li* coordination structure. The highest Li* conductivity was achieved at an intermediate salt
concentration, where Li* coordinated mostly by the nitrile group (N = 2.2), followed by the
TFSA anion (N = 1.3), and only a small contribution was from ether oxygen (N = 0.5). The
characteristic cocontribution of a nitrile group and ether oxygen to the Li" coordination
structure can be responsible for the improved Li* conduction, by accelerating the interchain

Li* transfer, involving a decoordination process, (short-range Li* conduction) while
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maintaining good segmental mobility of the polymer (long-range Li" conduction). The results
emphasize the importance of the coordination structure to the electrolyte property, which can
provide additional knobs to improve the ionic conductivity as well as the Li" transference
number, leading to further improvements in the performance of PEs.

In Chapter 4, the electrolyte properties of a simple polyether having alkyl side chains
with varied length (<(CH2)n—H, m =1, 2, 4, 6, 8, and 12) were compared and established a
valid design strategy based on the properties of the alkyl side chain. Various spectro-
electrochemical measurements successfully connected the electrolyte properties and the alkyl
side chain length. Steric hindrance of the alkyl side chain effectively suppressed the
interaction between ether oxygen and lithium-ion (m > 2), increasing the glass transition
temperature and the activation energy of lithium-ion transfer at the electrode-electrolyte
interface. The strong hydrophobic interactions aligned and/or aggregated the long alkyl group
(m > 8), creating a rapid lithium-ion transport pathway and enhancing lithium-ion
conductivity. A clear trend was observed for the following three crucial factors determining
bulk lithium-ion transport properties along with the extension of the alkyl side chain; (i) salt
dissociability decreased due to non-polarity of the alkyl side chain, (ii) segmental mobility
of polymer chains increased due to the internal plasticizing effect, and (iii) lithium-ion
transference number increased due to the inhibition of the bulky anion transport by its steric
hindrance. The highest lithium-ion conductivity was confirmed for the PEs with an alkyl side
chain with moderate length (m = 4) at 70 °C, indicating the optimized balance between salt
dissociability, polymer segmental mobility, and selective lithium-ion transfer. The length of
an alkyl side chain thus can be a critical factor in improving the performance of PEs,
including thermal stability and lithium-ion conductivity. Precise tuning of the alkyl side
chain-related parameters such as steric hindrance, polarity, internal plasticizing effect, and
self-alignment optimizes the polymer segmental mobility and salt dissociability, which is

crucial for realizing high lithium-ion conductivity for PEs.
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Chapter 1

Role of polar side chains in Li" coordination and transport properties of
p p prop

polyoxetane-based polymer electrolytes

1.1. Introduction

I prepared two different polyoxetane-based PEs bearing ether or nitrile groups in their
side chains. Polyoxetane-based PEs with nitrile groups in the previous study' were revisited
to investigate the role of the polar side groups in the coordination structure of Li* and the
ionic transport properties in more detail. The local structure of Li* ions in the PEs with
different salt concentrations was studied by Raman spectroscopy. Spectroscopic analysis
enabled us to estimate the coordination number of each functional group and the counter
anion of the lithium salt. The effects of the polar side chains on the ionic transport properties
were also elucidated in terms of the diffusion coefficients of the ions (measured by pulsed-
field-gradient (PFG-) NMR) and the ionic conductivity. To demonstrate the potential
application in lithium metal batteries, [ also investigated the electrochemical anodic and

cathodic stabilities of polyoxetane-based PEs.

Figure 1.1 Matrix polymers: (a) PEMO and (b) PCEO.
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1.2. Experimental section

1.2.1. Preparation of monomer

The monomers, 3-(2-cyanoethoxymethyl)-3-ethyloxetane with a nitrile group (CEO) and

3-ethyl-3-methoxymethyloxetane with an ether group (EMO) were prepared from 3-ethyl-3-
hydroxymethyloxetane (EHO) according to a reported procedure.”* CEO was synthesized by
Michael addition. EHO (23.0 mL, 0.202 mol) was mixed with acrylonitrile (24.0 mL, 0.366
mol) in pure water (50 mL) containing a 20% tetracthylammonium hydroxide solution (2.6
mL) as a catalyst, and the mixture was stirred at room temperature for 22 h. The reaction
mixture was extracted with chloroform and the solution was washed with water. After the
solution was dehydrated with magnesium sulfate, volatile chloroform was removed using a
rotary evaporator. The residue was distilled under reduced pressure (124°C, 1 mmHg). Yield:
23.3 g, 68%.
CEO 'H NMR (8, ppm from trimethylsilane (TMS) in CDCls): 0.90 (t, 3H, Jens-cn2= 7.50
Hz, —CHz3), 1.76 (q, 2H, Jcu2-cuz = 7.50 Hz, —CH>,—CH3), 2.44 (t, 2H, Jcn2-cHz2 = 6.25 Hz,
—CH,—CH»—CN), 3.63 (s, 2H, —-C-CH>-O-), 3.72 (t, 2H, Jcm-cu2 = 6.43 Hz,
—CH>—CH>—CN), 4.45 (dd, 4H, J-cm2-0-cmz- = 6.00 Hz, ring, ~CH>—O—CHa~).

EMO was synthesized from EHO (20 mL, 0.176 mol), methyl methane sulfonate (18 mL,
0.212 mol), and 8.41 g of 40—60 wt% sodium hydride (~0.21 mol). Sodium hydride dispersed
in mineral oil was washed with hexane prior to use. The above reactants were stirred in 300
mL of tetrahydrofuran (THF) in an ice bath for 3 h, and then at room temperature for 16 h.
THF was removed from the reaction mixture using a rotary evaporator. The remaining
solution was diluted with dichloromethane, and the solution was washed with water. The
organic extract was dehydrated with magnesium sulfate, and dichloromethane was removed
by distillation. The residue was distilled under reduced pressure (55°C, 64 mmHg). Yield:
7.59 g, 33.1%.

EMO 'H NMR (3, ppm from TMS in CDCls): 0.89 (t, 3H, Jcus-cu2 = 7.25 Hz, —CH3), 1.74
(9, 2H, Jcns—cn2 = 7.33 Hz, —CH>—CH3), 3.40 (s, 3H, —O—CHz), 3.51 (s, 2H, -C—CH>—0-),
4.42 (dd, 4H, Jem-o-cm2=5.75 HZ, I‘il’lg, —Cﬂz—O—CHz—).
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1.2.2. Preparation of the polymer

CEO and EMO were polymerized using a ring-opening cationic polymerization (ROCP)
using boron trifluoride diethyl etherate (BF3-Et20) as an initiator. The molar ratio of the
monomer (20 mmol) to the initiator (0.4 mmol) was adjusted to 50:1. The monomer was
dissolved in 1,2-dichloroethane; then, BF3-Et2O was added to the solution (total volume: 5
mL). The polymerization was performed under an Ar atmosphere at 0°C in a salt ice bath for
5hand 1 h for CEO and EMO, respectively. The ROCP was quenched using 5 mL of a 4 M
NaCl/1 M NaOH aqueous solution. Chloroform was then added to the resulting solution, and
the mixture was washed with water. The organic phase containing the polyoxetanes was
concentrated by rotary evaporation. The residual viscous solution was poured into a large
amount of 2-propanol and methanol for polymerized CEO (PCEO) and EMO (PEMO),
respectively, to reprecipitate the polyoxetanes. The polymers were finally collected by
filtration using a glass filter and dried at 60°C under vacuum overnight. PCEO and PEMO
were obtained in 47.3% and 71.5% yields, respectively. The successful ROCP was further
confirmed by 'H NMR as the disappearance of double-doublet signals (8 = ~4.4—4.5 ppm for
the monomers) of methylene protons in the four-membered ring structure for the oxetane
monomers. The chemical structures of PEMO and PCEO are shown in Figure 1.1.

PCEO 'H NMR (8, ppm from TMS in CDCls): 0.86 (t, 3H, Jens—cmz = 7.50 Hz, —CH3), 1.40
(q, 2H, Jcno-cuz = 7.33 Hz, —CH>,—CH3), 2.59 (t, 2H, Jcuz-cnz2 = 6.00 Hz, —CH,—CH>—CN),
3.23 (s, 4H, —-C—CH>—0-), 3.36 (s, 2H, -C—CH>—0-), 3.62 (t, 2H, Jcuz-cn2 = 6.25 Hz,
—CH>—CH>—CN).

PEMO 'H NMR (8, ppm from TMS in CDCls): 0.84 (t, 3H, Jcns-cr2= 7.50 Hz, —CH3), 1.37
(9, 2H, Jena—cn3 = 7.50 Hz, —CH»—CH3), 3.19 (s, 3H, -O—CHz), 3.23 (s, 2H, -C-CH>—0-),
3.29 (s, 2H, -C—CH>—0O-).

1.2.3. Preparation of the polymer electrolytes

PEs were prepared by mixing the polymer and 1 M LiTFSA in THF; then, the mixtures
were heated under vacuum to completely remove the solvent. In this report, the molar ratio
of the repeating monomer unit to LiITFSA is represented as “a” (a = 40, 30, 20, 10, 5, and 3)
for PEMO,LiTFSA and PCEO,LiTFSA. The complete dissolution of LiTFSA was
confirmed by transparent appearance of PCEO,LiTFSA even at higher salt concentrations.

Due to their white-turbidity based on higher crystallinity of the host polymer, the dissolution
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of LiTFSA in PEMO.LIiTFSA was confirmed by a linear relationship between integral
intensity of Raman band for TFSA anions and the concentration of LiTFSA. The
concentrations of LiTFSA (cLi) were estimated using the corresponding monomer densities
(0917 g em™ for EMO and 1.005 g cm™ for CEO) and the reported density of molten
LiTFSA (1.970 g cm™3). The high temperature data of the density of molten LiTFSA* was
extrapolated to room temperature. For calculating the density of the PEs, the additivity of the

volumes of the monomers and LiTFSA was assumed.

1.2.4. Measurements

'"H NMR spectra of the synthesized substances were recorded using a FT-NMR
spectrophotometer (JNM-LA-500, JEOL). The molecular weight of the polymers was
measured using a gel permeation chromatography (GPC) system (SCL-10AVP, LC-
10ADVP, DGU-12A, CTO-10AVP, and RID-10A, Shimadzu) with a column (GPC Linear
LF-804, Shodex). GPC was performed using THF as the eluant and polystyrene standards
for column calibration.

A differential scanning calorimeter (DSC7020, HITACHI) was used to determine the
melting point (7m) and glass transition temperature (7). A small amount of the PEs (~10 mg)
was hermetically sealed in an aluminum DSC pan. The samples were first heated to 120°C,
cooled to —120°C, and heated again to 120°C at a heating/cooling rate of 10°C min~'. The
second heating scan was recorded as the DSC thermogram of the samples. Glass transition
temperature (7) was determined as the onset of the heat flow step.

Raman spectra of the PEs were measured by a laser Raman spectrophotometer (MRS-
3100, JASCO) with a 532 nm laser. The PE was sealed between two glass plates with a rubber
spacer (thickness = 5 mm) in an Ar-filled glove box to avoid moisture adsorption. Raman
spectra of PCEOQ,LiTFSA and PEMO,LiTFSA were measured from 500 to 2400 cm™' and
from 500 to 1600 cm™!, respectively, with a resolution of 4 cm™'. The obtained spectra were
normalized based on the methylene vibration of the polyoxetanes (1390—-1520 cm™') and
were analyzed with commercially available software for peak fitting (PeakFit™ version 4.12,

SeaSolve Co.). A pseudo-Voigt function was used for peak deconvolution.
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Ionic conductivity of the PEs was measured by impedance spectroscopy using an LCR
meter (3532-80 chemical impedance meter, HIOKI). The PE was placed between two
stainless steel electrodes separated by a polytetrafluoroethylene (PTFE) spacer, and the
conductivity cell was thermally equilibrated in a thermostatic bath at each temperature for 1
h before the measurements. PEMO,LiTFSA with a low LiTFSA ratio (i.e., high “a” value)
formed a self-standing membrane; the conductivity was measured without a PTFE spacer.

Self-diffusion coefficients of the ions in PCEOsLiTFSA or PEMOsLiTFSA were
determined by PFG-NMR at 80°C using a modified Hahn spin-echo sequence incorporating
a sinusoidal PFG in each t period. "Li and "°F spectra were measured for lithium cations and
TFSA anions, respectively. In this measurement, the value of the time interval between the
two gradient pulses (4) was set to 50 ms, and the duration of the field gradient (0) was
adjusted to a constant value. The magnitude of the field gradient (g, 0—13 T m™!) was varied
for recording the attenuation of the spin-echo signal intensity (S). Self-diffusion coefficients,
Dt and Dr, were determined according to the Stejskal-Tanner equation,’

In(S/So) = —* g* 2 D (4A—0)/n? (1)
where y is the gyromagnetic ratio and Sy is the initial echo signal intensity.

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were performed (scan
rate of 1 mV s7!) to study the anodic and cathodic electrochemical stabilities, respectively,
with an electrochemical measurement system (HZ-5000, Hokuto Denko) at 70°C. For anodic
LSV, lithium metal foil was used as the counter and reference electrodes and a stainless steel
disk was used as the working electrode. For CV measurements, lithium metal foil was used

as the counter and reference electrodes and a Ni disk was used as the working electrode.
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1.3. Results and discussion

1.3.1. Thermal properties

Synthesized PEMO was obtained as a white solid powder whereas PCEO was an only
slightly yellowish, sticky solid. Table 1.1 summarizes the molecular weight and thermal
properties of the polymers, where M, is the number average molecular weight, My, is the
weight-average molecular weight, My/Msy, is the polydispersity index, and AH is the enthalpy
of fusion derived from the crystalline phase. Successful ROCP yielded high molecular weight
polymers. For PCEO, the optimized synthetic procedure allowed us to obtain higher
molecular weight than that reported in our previous work (M, = 8600).° Both polymers were
semi-crystalline, and the Ty, and 7§ values of synthesized PEMO and PCEO were higher than
Tm(20°C) and T, (=71°C) of plain PTMO, —(CH,CH2CH>0),—,” suggesting that introduction
of the side substitution group affected the thermal properties of the polyoxetanes. The
crystallinity of PEMO and PCEO appears to be not high because their AH values were much
lower than the reported AH of PEO with high crystallinity (160~200 J g™!).8 PEMO had
higher 71, and AH values than PCEO (Table 1.1), indicating that PEMO is more prone to
forming a crystalline phase. The lower crystallinity of PCEO is probably due to the longer
side chains with nitrile groups that sterically hinder packing of the polymer chains into the
regular forms necessary for crystallization. In contrast, the 7y of PCEO was higher than that
of PEMO. The dipole-dipole interactions between the polar nitrile groups likely increase the
cohesive energy of PCEQO, leading to a higher 7.

Table 1.1 Molecular weights (M, and My), polydispersity index (M/M,), and thermal
properties (7,, Tm, and AH) of the synthesized polymers.

Molecular weight Thermal characteristics
My My, My/Msy, Ty Tm AH
[kg mol"'] [kg mol™] [~] [°C] [°C] gl
PEMO 376 8.81 2.34 -36.3 73.6 34.2
PCEO 45.6 108 2.37 —18.3 55.0 10.8

Tm was observed at 73—75°C in the thermograms of PEMO,LiTFSA, except for a highly

concentrated sample (a = 3); however, AH decreased with increasing salt concentrations
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(Table 1.2). For PCEO.LiTFSA, T was not discernible, even at low salt concentrations (a <
20), probably because of the intrinsic low-crystallinity of PCEO.

Table 1.2 Thermal properties (7s, Tm, and AH) of the PEs: PEMO/LiTFSA and
PCEO.LIiTFSA.

a_ T,[°C] Tw[°C] AH[Jg']

PEMO - —36.3 73.4 342
40 —34.0 75.4 34.8
26 —30.1 74.8 35.1
20 —22.6 74.9 21.0
10 —24.6 75.3 26.3
5 —21.4 72.6 16.1
3 —16.9 — —

PCEO - —18.3 55.0 10.8
40 -16.8 59.5 2.5
30 —16.1 61.6 3.2
20 -16.9 61.2 2.3
10 -15.8 - -
5 —22.6 - -
3 —29.5 — —

Figure 1.2 shows the 7, of the PEs as a function of the molar ratio of possible interaction
sites and LiTFSA in the PEs ([O]+[CN])/[Li]; the nitrile group was counted in addition to
the oxygen atoms in the main and side chains for PCEO. For comparison, literature data for
PEO,LiTFSA and PTMO/LiTFSA are shown in Figure 1.2.%!© The T, values of
PEO,LiTFSA and PTMO,LIiTFSA increase with increasing Li salt concentrations because
of the formation of an ionically crosslinked structure via coordination of Li" ions with ether
moieties in the polymer main chains (complexation). Although the change in 7, of
PEMO,LIiTFSA was less obvious than that of the reported PEO,LiTFSA system, 7, gently
increased as LiTFSA was added to PEMO. The upward tendency of 7, was very similar to
that of PTMO,LiTFSA. The gradual dependence of 7, on the salt concentration was also
observed for comb-type polyoxetanes.!! At higher Li salt concentrations, the 7, of
PEMO,LiTFSA approached the reported 7, value of PEO,LiTFSA, suggesting a dense cross-
linking between PEMO chains by Li" ions.
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Interestingly, the 7, of PCEOJLiTFSA increased only marginally at lower salt
concentrations, but was remarkably reduced at higher salt concentrations (Figure 1.2). In our
previous work,!? we also reported that T, of oligomeric PCEO,LiClO4 and PCEO,LiTFSA
decreased with increasing Li salt concentration, implying that the decrease in Ty is
independent of molecular weight of PCEO and type of Li salts. This opposite trend for 7, at
higher salt concentrations was rarely observed for polyether-based PEs. However, a similar
decrease in 7y with the addition of Li salt has been reported for polyacrylonitrile (PAN)-
based PEs, especially at high salt concentrations as for polymer-in-salt systems. Forsyth et
al. reported that the T, of PAN decreased from 80°C (for pure PAN) to 50°C with the addition
of lithium triflate.!® The significant decrease in 7 from 43°C (for pristine polymer matrix) to
—22°C was also observed for a copolymer of acrylonitrile and butyl acrylate, poly(PAN-co-
BuA), in the presence of LiITFSA.!* This plasticizing effect was interpreted because of highly
dissociative Li salts interacting with —C=N moieties, which weakened the dipole-dipole
interactions between the polymer chains. Likewise, the coordination of Li* ions with the
nitrile groups of PCEO contribute to the unusual lowing of 7, for PCEO.LiTFSA, despite
ether-based PEs.

Figure 1.2 T; as a function of the molar ratio of possible interaction sites and LiTFSA in the
PEs ([O] + [CN])/[Li] for PEO,LiTFSA (m), PTMO,LiTFSA (), PEMO,LIiTFSA (e), and
PCEO.LIiTFSA (A). T values for PEO,LiTFSA and PTMO,LiTFSA were obtained from
refs 9 and 10, respectively.

55

2022/2/16



1.3.2. Coordination structure of Li" ions

Raman spectra were measured for the polyoxetane-based PEs with difference salt
concentrations to study the Li" coordination. Figure 1.3a shows Raman spectra of
PCEOLLIiTFSA from 2200 to 2320 cm™!. Pure PCEO showed a single peak at 2249 cm™!
assigned to C=N stretching vibrations. With the addition of LiTFSA, the intensity of the band
at 2249 cm ™' decreased, whereas a new band emerged at 2277 cm™' and its intensity increased.
Similar peak shift of the C=N stretching vibration was also observed in IR spectra of
oligomeric PCEO-based PEs with different Li salts.! Given that the C=N stretching band of
acetonitrile (MeCN) shifted to higher wavenumber by 23 c¢m™! upon coordination of Li*
ions,!3 this new band can be assigned to the C=N stretching mode of the nitrile groups that
interact with Li" ions in PCEO,LiTFSA. Even at the highest salt concentration studied here
(a = 3; that is, the molar ratio of the nitrile groups and Li* ions ccn/cri = 3), the original band
at 2249 cm™' was still observed, suggesting that some of the nitrile groups remained
uncoordinated in PCEO,LiTFSA.

Concentration-dependent Raman spectra were analyzed to elucidate the coordination of
Li" ions with the nitrile groups. As shown in Figure 1.3b, the experimental spectrum is well
explained by deconvolution of the Raman spectra into four bands located at 2248, 2253, 2264,
and 2277 cm™! over the whole concentration range; however, curve fitting the two bands at
2249 and 2277 ecm™! failed to reproduce the experimental data accurately. In this study, I
assigned the lower bands at 2248 and 2253 cm™' to the uncoordinated, free nitrile groups,
while the higher bands at 2264 and 2277 cm™! were due to the nitrile groups bound to Li*
ions. In previous studies, the uncoordinated C=N stretching mode of MeCN was also
explained by the combination of two bands.’> Although there is controversy as to whether
the lower second band for MeCN is due to dimerization or a “hot band,”'® I employed the
two-band approach for fitting the peak of the uncoordinated nitrile functionality in PCEO.
For the bound nitrile groups, ab initio calculations of Li'(MeCN);, clusters predicted that
variation of the C=N stretch of Li'(MeCN), from that of isolated MeCN was +10 cm™' at x
=1 and +20 cm™' at x = 3, 4."5 Therefore, the deconvoluted middle band at 2264 cm™' and
the band at 2277 cm™! in PCEO,LiTFSA can be attributed to the bound nitrile groups.
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Figure 1.3 Raman spectra of the nitrile group in PCEO,LiTFSA (2200—2320 cm™!) at room
temperature, (a) dependence on Li salt concentration (pure and a = 3—40) and (b) typical
result after deconvolution of the spectrum for a = 5.

The sum of the integrated intensities of the lower two bands, Ifcn) = l224s + 12253, 1s related
to the concentration of the uncoordinated, free nitrile groups (crcny) in PCEOLLITFSA: Iiceny
= Jrenyerieny, where Jreny is the molar Raman scattering coefficient of the free nitrile moieties
because crcn) = cen — nencLi, where nen denotes the coordination number of the nitrile group

to Li" ions and ccn is the total concentration of the nitrile groups. Thus, the following

I c
ﬂc%. - Jf(CN)( C%- - nj B Jf(CN)(a e ) (2)
Li Li

Figure 1.4 shows Igcny/cLi plotted as a function of a (= cen/cri) for PCEOLLiTFSA. The

relationship holds,

linear least-square fitting provides Jicn) and nen from the slope and the intercept, and the nen
value is 0.93 £0.67. This indicates that one nitrile group is coordinated to Li" ions on average,
but Li* ions were also coordinated by other sites, such as oxygen atoms in PCEO and TFSA
anions because the coordination number of Li* ions is 4—5 in electrolyte solutions and

PES 17,18
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Figure 1.4 Iicny/cri plotted as a function of a (= cen/cri) for PCEO,LITFSA. The solid line
represents the least-square linear fitting.

Figure 1.5a and b shows Raman spectra from 710 to 780 cm™' for PEMO,LiTFSA and
PCEOLLiTFSA. The observed bands in this range can be assigned to the CF3; bending
vibration coupled with the S-N stretching vibration of TFSA anions. The band at 739-741
cm™! corresponds to a solvent-separated ion pair (SSIP) or a spectroscopically free TFSA
anion, whereas the band at 745—746 cm™! results from TFSA anion bound directly to Li* ions
in the form of a contact ion pair (CIP) or an aggregate (AGG).'"” The spectra are
asymmetrically shaped, even at lower salt concentrations for PEMO,LiTFSA (Figure 1.5a
and b), suggesting that different TFSA species (i.e., free or bound) coexisted in the oxetane-

based PEs.
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Figure 1.5 Raman spectra (710—780 cm™") at room temperature for (a) PEMO,LiTFSA and
(b) PCEO,LiTFSA. The integral intensities plotted as a function of ¢ for (c) PEMO,LiTFSA
and (d) PCEO.LiTFSA. The solid lines represent the least-square linear fitting based on
equations (3) and (4).

To estimate the coordination number of TFSA (ntesa), curve-fitting was performed using
two bands at 739 and 745 cm™!, respectively (Figure 1.6). The integrated intensities of the
two bands for TFSA, I739(trsa) and 745(trsa), can be written as 1739trsa) = J739(TFSA)C739(TFSA)
and I745(trsa) = J745(TFsA)C745(TESA), Where J73orrsa) and J7asctesa) are the molar Raman
scattering coefficients of each band. c739(trsa) = (1— n1rsa)cLi and c7as(Trsa) = nTFSACL are the
concentrations of TFSA in form of spectroscopically free or SSIP and CIP or AGG,
respectively. With the reported ratio of the molar Raman scattering coefficients,
JuscresaylJsocrrsa) = 0.9,2° T obtained the following two relationships,

0.91739(tFsA) + 17a5(TFsA) = J745(TFSA)CL 3)

I745(TFsA) = J745(TFSAITFSACLI (4)
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EX

Figure 1.6 Typical Raman spectra and deconvolution results for the TFSA anion from 710
to 780 cm™! at room temperature for (a) PEMOsLiTFSA and (b) PCEOsLiTFSA.

As shown in Figure 1.5c and d, the plot of 0.97739(Trsa) + [745(TFsa) VS. cLi gives a straight
line, except for the highly concentrated samples of PEMO;LiTFSA and PCEO3;LiTFSA, and
J745(1rsa) was obtained from the slope of the linear fitting. Thus, the averaged ntrsa can be
estimated from the plot of /745(Trsa) vs. cLi using the obtained J745(trsa). This analysis yields
ntrsa = 0.33 £ 0.01 and 0.30 £ 0.04 for PEMO,LiTFSA and PCEO.LiTFSA, respectively.
Therefore, a similar proportion of TFSA anions coordinated to Li" ions in form of CIP or
AGG in both PEMO and PCEO in this concentration region on average. Many of TFSA
anions remained uncoordinated or in form of SSIP in which Li* ions were mainly coordinated
by nitrile groups and/or ecther oxygens in the PEs. At the highest concentration of
PCEOsTFSA, ntrsa can be estimated to a higher value in Figure 1.5d, suggesting that the
fraction of bound TFSA anions increased at higher salt concentration. For PEMO3LIiTFSA,
the plot based on eq. (3) in Figure 1.5c largely deviated from the linear fitting line, so that I
did not estimate ntrsa. This may arise from incomplete dissolution of LiTFSA in PEMO at
the highest salt concentration. Because it is difficult to discern free TFSA anion from SSIP
by Raman band at 739 cm™, nrrsa was not discussed in correlation with ionic dissociation in
the latter section.

Oxygen atoms in both the main chains and the side chains also have the potential to

coordinate Li* ions. Raman bands between 800 and 900 cm™! have been assigned to a mixture
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of modes for CH> rocking vibrations and C—O—C stretching vibrations, which are very
sensitive to their conformational change upon Li* coordination.?'?> Although there were
discernible changes in the spectra after addition of LiTFSA (Figure 1.7), the Raman spectra
in this range were very complicated because of the crystallinity of the polymers at lower salt
concentrations and the significant band overlap in both PEMO,LiTFSA and PCEO,LiTFSA.
Hence, I did not perform further spectroscopic analyses of the Raman spectra in this range.
Instead, the coordination number of oxygen atoms (7o) in both the main chains and the side
chains can be roughly estimated from ncn and ntrsa by taking the total coordination number
of Li" of 4-5 into account: no = 3—5 and 2—4 for PEMO,LIiTFSA and PCEO,LiTFSA,
respectively.

The above results indicate that mixed coordination occurred in the polyoxetane-based
PEs, particularly in PCEO,LiTFSA. Given the number densities of each coordination site
and the Gutmann donor number (DN) of low molecular solvent models, MeCN (DN = 14.1
kcal mol ™), ethers (DN = 1520 kcal mol™),?* and TFSA anions (DN = ~10 kcal mol™"),?*
it is reasonable that the Li* coordination with the polyoxetane-based oxygen atoms was more

dominant than the nitrile groups and TFSA anions in PCEO,LiTFSA.

Figure 1.7 Raman spectra of the ether groups from 760 to 860 cm™! at room temperature for
(a) PEMO,LITFSA and (b) PCEO,LiTFSA.
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1.3.3. Ionic transport

Except for semi-crystalline PEMO,LiTFSA with T, below room temperature (a > 3), the
prepared PEs did not form a rubbery solid membrane but were sticky mixtures. However, a
self-standing membrane can be readily prepared by introducing either a physical or chemical
cross-linking point on the polymers. Here, [ employed both semi-crystalline PEMO,LiTFSA
and the polyoxetane-based sticky PEs to focus on the effects of the polar side chains on the
ionic transport properties.

Figure 1.8 shows the concentration dependence of ionic conductivity (o) at 30°C and
above the T, of the PEs. The estimated molar conductivity (Aest), which was calculated by
dividing conductivity at each temperature by cr; at room temperature, were also shown in
Figure 1.9. For PEMO,LIiTFSA, the ionic conductivity and Acs continued to increase upon
addition of LiITFSA at 30°C. Although the increase in Aest With increasing salt concentrations
can be interpreted by Fuoss-Kraus theory for triple ion formation in low polar solvents,> the
decrease in the crystallinity of PEMO would be predominantly responsible for the increased
conductivity as evidenced by lower AH of melting at higher salt concentration in Table 1.2.
The ionic conductivities of semi-crystalline PEMO,LiTFSA increased by 2—3 orders of
magnitude upon melting at 77°C because the ionic conduction was severely restricted in the
immobile crystalline phase of PEMO,LiTFSA. Above T (77°C), the ionic conductivity and
Aestreached a maximum at 1/a = 0.2 (a = 5), and then slightly decreased with further increases
of the salt concentration. The convex-type behavior of the ionic conductivity is likely typical
for liquids and PEs. The increase in the ionic conductivity at lower salt concentrations was
due to the increase in the carrier density. The more pronounced dissociation with increasing
the salt concentration was first proposed by Cavell and Knight for tributylammonium picrate
in 1,2-dichloroethane.?® In previous studies on ether- and PEO oligomer-based liquid
electrolytes of LiTFSA, the degree of dissociation was also found to increase with increasing

salt concentrations.?’28

Likewise, the increase in charge carrier was probably attributed to
the increase in the degree of dissociation in PEMO because Acst also increased with an
increase in the salt concentration at lower concentrations (Figure 1.9). The slight decrease in
the ionic conductivity at higher salt concentrations was attributed to the decreased mobility

of the ions that were associated with the increase in 7§, as shown in Figure 1.2.
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Figure 1.8 Ionic conductivity of the PEs as a function of LiTFSA content (1/a = [Li
salt]/[monomer unit]) at 30°C and above 7w (PEMO.LiTFSA: 77°C, PCEO,LiTFSA: 70°C).

Figure 1.9 Estimated molar conductivity (Aest) of the PEs as a function of LiTFSA content
(1/a = [Li salt]/[monomer unit]) at 30°C and above 7w (PEMO.LiTFSA: 77°C,
PCEOLIiTFSA: 70°C). Aest values were calculated by diving conductivity at given

temperatures by cL; at room temperature.

63

2022/2/16



The ionic conductivity of PCEO,LiTFSA continued to increase upon addition of LiTFSA
up to 1/a = 0.333 (a = 3), irrespective of temperature. The increase in the ionic conductivity
at concentrations lower than 1/a = 0.05 was due probably to the increase in the carrier density
(associated by increase in Aest and thus dissociation degree) in a similar way to PEMO,TFSA
as mentioned above (Figure 1.9). Because the 7y of PCEO,LiTFSA decreased with increasing
the salt concentration (Figure 1.2), the increase in ionic mobility can be a cause for further
enhancement of the conductivity at higher salt concentrations. However, almost independent
Aest values on the salt concentration (Figure 1.9) suggest that the increase in the density of
the ionic carrier was likely the dominant factor for the increased ionic conductivity. Similar
conductivity increases with increasing salt concentrations were recently reported for
poly(PAN-co-BuA)-LiTFSA' and poly(ethylenecarbonate)-lithium  bis(fluorosulfonyl
amide) (LiFSA)" PEs, in which the T, of the PEs also decreased with increasing salt
concentrations.

The conductivity of PCEO,LiTFSA was lower than that of the previously reported
oligomeric PCEO,LiTFSA (0.73 mS c¢cm™! at 70°C), probably due to larger molecular
weight.! Among the PEs studied, however, the highest conductivity values for
PCEO.LIiTFSA were on the order of 107* S em™! above T (70°C), which is comparable to
those of the reported PEs, such as poly(PAN-co-BuA)-LiTFSA and poly(ethylenecarbonate)-
LiFSA, although it was reduced by one order of magnitude at 30°C. Note that PCEO,LiTFSA
had a higher conductivity than PEMO,LiTFSA despite the higher 7, value of PCEO,LiTFSA
at a lower salt concentration, suggesting that the nitrile functionality in PCEO played an
important role in enhancing the ionic conductivity.

To elucidate the ionic transport in the PEs, the self-diffusivity of Li" cations and TFSA
anions were measured by PFG-NMR. The ionic transport properties of PEMOsLiTFSA and
PCEOsLiTFSA were measured at 80°C (Table 1.3). Interestingly, Dri and Dr were higher
but the 1onic conductivity was lower for PEMOsLiTFSA. Self-diffusion coefficients were
simply determined as an average (or equilibrated) value for a time scale of NMR
measurements without distinguishing either ionic species or neutral ion-pairs/clusters. The
molar conductivity ratio (A/Axg) has been employed for liquid electrolytes to estimate how

much the diffusion of ionic species effectively contributes to the ionic conduction or apparent
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degree of dissociation.>*3! Here, A is the molar conductivity, and Axg can be calculated from
the ionic self-diffusion coefficients of cations (D+) and anions (D-) using the Nernst—Einstein
equation:
F2
Ane = E(ll +D.)

where F is the Faraday constant, R is the gas constant, and 7'is the absolute temperature. For
the PEs, D+ and D- denote Dvri and Dr, respectively. In this work, the estimated molar
conductivity (Aest) was used instead of A. Aes/ Ane for the PEs were lower than reported
A/Ang (~ 1) of a PEO oligomer electrolyte with LITFSA.?? This may be due to less polar
trimethylene oxide main chains in PEMO and PCEO compared with ethylene oxide chains
in PEO although A/Ank for the present PEs should be underestimated as Aest/ ANE. Aest/ ANE
for PCEOsLiTFSA was higher than PEMOsTFSA (Table 1.3). This indicates that the
diffusion of the Li and TFSA species contributed more effectively to the ionic conduction in

PCEOsLiTFSA.

Table 1.3 The ionic transport properties of polyoxetane-based PEs at 80°C.

o Dui Dr Aest/ ANE 1L

[10°Sem™] [107""m?s'] [107''m?s™] -] -]
PEMOsLiTFSA 4.33 2.88 4.28 0.02 0.40
PCEO;sLIiTFSA 13.9 1.24 1.50 0.16 0.45

Given the low molecular solvent models, ether solvents generally have high DN values
(~15-25 kcal mol™) but relatively low dielectric constants (¢ = 7—8) that can cause ionic
association between solvated Li" ions and TFSA anions.?* With such ether solvents, a cation-
anion correlative diffusion notably occurs in dilute LiTFSA solutions, as predicted by MD
simulations.?* Previous studies of LiTFSA-based liquid electrolytes in ether solvents®’” and
ammonium salts in 1,2-dichloroethane® suggested that the degree of dissociation decreased
with decreasing salt concentrations. This is the opposite of the behavior of traditional
electrolyte solutions in polar solvents, but is likely typical for electrolyte solutions in low
polar solvents. A similar scenario would also hold for PEMOsLiTFSA. In contrast, MeCN,

as a model of the nitrile groups, has a high dielectric constant (¢ = 37.5) and moderate DN
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value. Therefore, ionic dissociation can be more pronounced in PCEO because of the nitrile
groups.

The #.; value can be approximated by the equation #.; = Dii/(DvLi + Drrsa) using the self-
diffusion coefficients of Li* (Dvr;) and TFSA (Drrsa), although this value may also be affected
by contributions from transient neutral species. In comparison to the reported #.; (~ 0.2) for
PEO-based electrolyte having similar M,, both PEs showed higher #:.’¢ This is possibly
interpreted as lower A/Axe than that of PEO-LiTFSA: a correlative motion of Li and TFSA
in PEMO and PCEOQ can result in higher #.:.*> However, PCEOsLiTFSA had higher #.i and
Aes/ Ane values than PEMOsLITFSA. In PEMOsLIiTFSA, Li" mobility was more prone to
coupling with the segmental motion of the oxetane main chains by Li" coordination. As
suggested by the coordination structure studied in terms of ncn and no, entrapment of Li*
ions by the oxetane main chains can be mitigated by the nitrile groups, and partial Li*
coordination by the more freely moving nitrile side chains can afford higher Li" mobility,
leading to a higher #.i value for PCEOsLiTFSA.

The nitrile groups not only serve as a partial coordination site for Li* ions in first
coordination shell, but also increase the polarity in the PEs. These two characteristics of the
nitrile groups in PCEO would be closely correlated with the enhanced ionic transport

properties.

1.3.4. Electrochemical stabilities

The electrochemical oxidation and reduction stabilities are important properties for
battery applications. Figure 1.10a shows the LSV curves on a stainless steel electrode for
PCEOsLIiTFSA at 70°C. Typical PEO-based PEs are not stable at this potential because the
ether moieties are oxidized around 4.0 V vs. Li/Li". Similarly, the apparent oxidative current
begins to flow at 4.3 V vs. Li/Li* in PCEOsLiTFSA, which is attributed to the oxidative
decomposition of the ether moiety in PCEO. The nitrile functionality did not appear to affect
the oxidative stability.

CV was also used to study the cathodic stability on a nickel metal working electrode.
Figure 1.10b shows CVs of PCEOsLiTFSA measured at a scan rate of 1 mV s! at 70°C. 1

confirmed the reversible Li deposition/stripping in the polymer solutions: the cathodic
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current observed at potentials below 0 V vs. Li/Li" is due to lithium deposition, and the anodic
current in the reverse scan corresponds to the lithium stripping reaction. At the 1st cycle,
additional cathodic peaks were observed at 0.4, 0.7, and 1.2 V vs. Li/Li", suggesting cathodic
decomposition of PCEOsLiTFSA. a-Hydrogen abstraction of the nitrile functionality in
proximity to the electrode surface is perhaps one of the factors responsible for cathodic
decomposition. However, the cathodic current became less prominent within several scans
(Figure 1.10b). Similar voltammograms were also obtained for oligomeric PCEO-based PEs
with different Li salts.! Consequently, PCEOsLiTFSA exhibited a relatively wide

electrochemical window of ~4.3 V after several scans.

Figure 1.10 Electrochemical stability of PCEOsLiTFSA. (a) LSV curves of a
Li/PCEOsLiTFSA/SUS cell and (b) CV cycles of a Li/PCEOsLiTFSA/Ni cell at 70°C.
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1.4. Conclusions

I studied the role of polar side chains in Li" coordination and transport properties of
polyoxetane-based PEs by comparing PCEO containing a nitrile group with PEMO
containing an ether group. Raman spectroscopy revealed that mixed coordination occurred
in the polyoxetane-based PEs, particularly in PCEO,LiTFSA. PCEO with the nitrile groups
provided several nontrivial features for enhancing the Li* transport properties via partial Li*
coordination with the nitrile groups: (i) unusual decrease in 7, with an increase in lithium
salt concentration, (ii) higher ionic conductivity (on the order of 10™* S cm™ at 80°C) and
transport number of Li, and (iii) higher degree of dissociation of Li salts because of the high
dielectric constant of the nitrile moiety. I also confirmed that the nitrile groups did not have
more adverse effects on the electrochemical stabilities of the polyoxetane-based PEs than the
PEO-based PEs. The electrochemical stability (electrochemical window from 0 to 4.3 V vs.
Li/Li") of the polyoxetane-based PEs allows for applications in 4 V-class lithium ion
batteries; the battery performance is now under investigation and will be published elsewhere.
Most PEs reported here did not form solid membranes; therefore, preparation of freestanding
PE films is the next challenge toward battery applications. This project is also currently

underway.
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Chapter 2

Steric effect on Li™ coordination and transport properties in polyoxetane-

based polymer electrolytes bearing nitrile groups

2.1. Introduction

Typically, the increase in glass transition temperature (7) associated with complexation
with Li" ions for PEs, does not occur in poly(3-(2-cyanoethoxymethyl)-3-cthyloxetane)
(PCEO); rather, Ty decreases with increasing salt concentration.! This could be caused by
steric hindrance of the ethyl groups on the main chain and preferential Li™ ion coordination
with the nitrile side chains. I confirmed that Li" ion coordination with the nitrile groups in
PCEOQ is responsible for improving the ionic transport properties of the PEs.?

In this study, poly(3-(2-cyanoethoxymethyl)-oxetane) (PCHO) was newly synthesized.
The only difference between PCEO and PCHO is the absence of an ethyl group on the
polyoxetane main chain. To clarify the contribution of the ethyl group to the electrolyte
properties such as the ionic conductivity (¢) and lithium transference number (#.i+), PCHO
complexed with lithium bis(trifluoromethanesulfonyl)amide (LiTFSA) were evaluated and
were compared with previously reported PCEO electrolytes.? Here, I verified that subtle
changes in the chemical structure of the repeating monomer unit of the polyoxetane-based
PEs (i.e., the presence or absence of the ethyl group on the main chain) greatly affected the
thermal properties and ionic transport, which were well correlated with different Li" ion
coordination structures studied by Raman spectroscopy. A Li/LiFePOy4 cell was fabricated
and its charge/discharge behavior was examined to demonstrate the applicability of the

polyoxetane-based PEs to lithium secondary batteries.

Figure 2.1 Structures of the matrix polymers: (a) PCEO and (b) PCHO.
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2.2. Experimental section

2.2.1. Preparation of the monomer

An oxetane derivative, 3-(2-cyanoethoxymethyl)-oxetane (CHO), was synthesized by
Michael addition. 3-Oxetanemethanol (5.64 mL, 70.0 mmol) and acrylonitrile (5.24 mL, 80.0
mmol) were mixed with a 20% tetraethylammonium hydroxide solution (0.6 mL) as a
catalyst in pure water (3 mL), then stirred at room temperature overnight. The reaction
mixture was extracted with chloroform, and the organic phase was washed with a large
amount of water. After removal of chloroform by a rotary evaporator, the obtained liquid was
applied to a silica column (eluent = ethyl acetate:hexane, 7:3). The product was obtained by
removing the eluent and vacuum drying at 60°C (yield: 3.54 g, 35.9%). The synthesized CHO
was characterized using time-of-flight mass spectrometry, and 'H and *C nuclear magnetic
resonance (NMR) spectroscopy. The density of the monomer was 1.068 g cm™.

CHO 'H NMR (3, ppm from tetramethylsilane (TMS) in CDCl3): 2.62 (t, 2H, J = 6.0 Hz,
—CH>—CN), 3.24 (sept., 1H, J = 5.8 Hz, —-(CHz);—CH), 3.70 (t, 2H, J = 6.0 Hz,
—CH,—CH,—CN), 3.75 (d, 2H, J = 7.0 Hz, -CH-CH,—0-), 4.46 (t, 2H, J = 6.3 Hz, ring,
—CH,—O—CH»), 4.81 (dd, 2H, J = 1.0 Hz, 6.0 Hz, ring, -CH,—O—CH>—).

CHO BC NMR (8, ppm from CDCl; (77.00 ppm)): 18.52 (—~CH>—CN), 34.45
((CH2).—CH»—CH3), 6539 (—CH>—CH»—CN), 7234 (-CH-CH,-O-), 74.03
(—CH,—O—-CH;—), 117.61 (—CN).

2.2.2. Preparation of the polymer

CHO was polymerized by a ring-opening cationic polymerization using BF3-Et;O as a
cationic initiator. CHO (2.42 mL, 18.3 mmol) and the initiator (50.2 uL, 0.400 mmol) were
dissolved in dichloroethane (total volume: 5 mL). The polymerization was performed under
an Ar atmosphere at 0°C for 6 h in a salt ice bath. The reaction was quenched with the addition
of aqueous 4 M NaCl/1 M NaOH (5 mL). The reaction mixture was added to chloroform,
and the solution was washed with water. After removing chloroform using a rotary
evaporator, the mixture was poured into a large amount of 2-propanol to precipitate the
polymerized CHO (PCHO). The resulting polymer was collected by filtration and dried at
100°C under vacuum (yield: 2.17 g, 84.1%). The chemical structures of PCEO (reported in

our previous study) and PCHO are shown in Figure 2.1.
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PCHO 'H NMR (3, ppm from TMS in CDCl): 2.15 (quin., 1H, J = 5.9 Hz, (CH2);—CH),
2.61 (t, 2H, J= 6.3 Hz, -CH>—CN), 3.43 (m, 4H, —O—CH>—CH-), 3.53 (d, 2H, J = 6.0 Hz,
~CH-CH,—0-), 3.64 (t, 2H, J = 6.0 Hz, ~CH;~CH2—CN).

PCHO 3C NMR (8, ppm from CDCls (77.00 ppm)): 18.85 (—CH2—CN), 40.20 ((CHa)s—CH),
65.63 (<CH,—CH>—CN), 69.29 (~CH-CH»—0-), 69.38 (-CH,—~O—CH-), 118.13 (=CN).

2.2.3. Preparation of polymer electrolytes

The PEs were prepared using a solvent casting method. PCHO and 1 M LiTFSA in a
tetrahydrofuran (THF) solution were mixed and then heated under vacuum to completely
remove THF. In this report, the molar ratio of the repeating monomer unit to LiTFSA is
represented as “a” (a = 40, 30, 20, 10, 5, and 3) for PCHO,LiTFSA. The concentrations of
LiTFSA (cvi) in PCHO,LIiTFSA were estimated using the corresponding monomer density
(1.068 g cm™) and the reported density of molten LiTFSA (1.970 g cm™).3 The high
temperature data for the density of molten LiTFSA were extrapolated to room temperature.
I assumed the additivity of the volumes of the monomers and LiTFSA when calculating the

density of the PEs.

2.2.4. Measurements

"H and '3C NMR spectra of the synthesized substances were recorded using a Fourier
transform NMR spectrophotometer (JNM-LAS500, JEOL). The molecular weight of the
polymer was measured using a gel permeation chromatography (GPC) system (SCL-10AVP,
LC-10ADVP, DGU-12A, CTO-10AVP, and RID-10A, Shimadzu). GPC was performed
using THF as the elution solvent and polystyrene standards to calibrate the columns.

A differential scanning calorimeter (DSC7020, HITACHI) was used to determine the
glass transition temperature (7). A small amount of the PEs (~ 10 mg) was hermetically
sealed in an aluminum differential scanning calorimetry (DSC) pan. The samples were heated
to 120°C, cooled to —120°C, and heated again to 120°C at a heating/cooling rate of 10°C
min~!. The second heating scan was recorded as the DSC thermogram of the samples. Ty was
determined as the onset of the heat flow step.

The ionic conductivity of the PEs was measured by ac impedance spectroscopy using a
potentio/galvanostat (SP-150, BioLogic). The PE was placed between two stainless steel

electrodes and separated by a polytetrafluorocthylene ring spacer; the conductivity cell
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(swagelok cell) was thermally equilibrated in a temperature cabinet (LU-14, ESPEC) at each
temperature (temperature range: 20—90°C) for 1 h before the measurements. The
conductivity values were calculated using the thickness and inner diameter of the ring spacer
filled with the PEs.

Raman spectra of the PEs were measured using a laser Raman spectrophotometer (NRS-
3100, JASCO) with a 532-nm laser. The PE was sealed between two glass plates with a
rubber spacer (thickness: 5 mm) in an Ar-filled glove box to avoid moisture adsorption.
Raman spectra of PCHO,LiTFSA were measured from 500-2400 cm™! with a resolution of
4 cm™'. The obtained spectra were normalized with respect to the methylene vibration of
polyoxetanes (1390—1520 cm™") and were analyzed using commercial software for peak
fitting (PeakFit™ version 4.12, SYSTAT). A pseudo-Voigt function was used for peak
deconvolution.

IR spectra of the PEs were measured using a Fourier Transform Infrared (FT-IR)
spectrometer (Nicolet iS50, Thermo Fisher Scientific) with an attenuated total reflection
(ATR) accessory (Smart iTX, Thermo Fisher Scientific) equipped with a Ge prism at an
incident angle of 45°. Samples were dropped on the ATR prism and hermetically sealed by
a glass plate with a rubber spacer (thickness, 5 mm) in an Ar-filled glovebox to avoid
moisture adsorption. The measurements were performed at a 4 cm™' resolution in the
4000—400 cm™! spectral range; 32 scans were averaged.

The transference numbers of Li ions (#.i+) in PCHOsLiTFSA and PCEOsLiTFSA (the
sample reported in the previous report,> M, = 4.56x10* g mol™!) were determined using the
electrochemical method proposed by Bruce and Vincent.* The required parameters were
obtained using potentiostatic polarization and ac impedance spectroscopy with a
potentio/galvanostat (SP-150, BioLogic). The PE was placed between two lithium foil
electrodes that were separated by a polypropylene spacer, and the cell was stored in a
temperature cabinet (LU-114, ESPEC) at 50°C for several days to stabilize the symmetric
cell. Then, impedance spectra were measured prior to the potentiostatic polarization. The
current was monitored while a potentiostatic polarization was applied to the cell with a
potential step of 10 mV. After a steady current was observed, impedance spectra were

measured again. The following equation gives the transference number,
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tLir = [Is(AV—= 1o Ro))/[{o(AV— Iss Rss)] (1)
where AV is the applied potential (AV = 10 mV), Iy is the initial current of the potentiostatic
polarization, /ss is the steady state current of the polarization, Ry is the interfacial resistance
before the polarization, and Rss is the steady state interfacial resistance during the

polarization.

2.2.5. Charge/discharge test of the Li/PCEOsLiTFSA/LiFePOs cell

The Li|[PCEOsLITFSA|LiFePOs cell was prepared using the previously reported PE
based on PCEQ.? Lithium metal foil (diameter: 10 mm, Honjo Metal Co., Ltd.) was used as
the negative electrode. The positive electrode was composed of LiFePO4 as the active
material (theoretical capacity: 170 mAh g!), acetylene black (AB) as the conductive
supporting agent, polyvinylidene fluoride (PVdF), and PCEOsLiTFSA as the binder at a
weight ratio of LiFePO4: AB: PVdF: PCEOsLiTFSA = 75: 15: 10: 1. The materials were
suspended in N-methylpyrrolidone, and the slurry was coated onto a stainless steel (SUS)
foil. After drying at 60°C for 4 h, the electrode was cut into a circular shape (10 mm in
diameter) and compressed at 2 kN for 15 min. LiFePO4 was loaded on the electrode (2 mg
cm?). A porous glass filter paper (GA-55, ADVANTEC) was used as a mechanical
electrolyte support because the PE used in this study was not self-standing (it was not
crystalline and had a low Tg). PCEOsLiTFSA was heated to 130°C and infiltrated into the
glass filter paper under vacuum. A 2032-type coin cell was assembled using the above
electrodes and the PE in the Ar-filled glove box.

A charge/discharge test was performed with a charge-discharge unit (HJ1020mSDS,
Hokuto Denko). The temperature of the cell was maintained at 70°C in an aluminum bath
during the charge/discharge test. The rate capability of the cell was investigated by changing
the charge-discharge rate (0.05, 0.1, 0.2, 0.5, 1, and 2 C). The charging cutoff voltage was

set to 3.9 V to avoid electrolyte oxidation, while the discharging cutoff voltage was 2.5 V.
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2.3. Results and discussion

2.3.1. Thermal properties

Table 2.1 summarizes the molecular weights (M, and M), polydispersity index (Mw/M,),
and 7T, of pure PCHO, as determined from the GPC and DSC measurements. The reported
data for PCEO are also listed for comparison. PCEO is a semi-crystalline polymer with a
small melting peak at 55°C and T at —18.3°C.? Although one may expect that the ethyl group
on the main chains of PCEO would sterically hinder chain packing to form a crystalline phase,
it rather assisted the formation of a small crystalline domain in PCEQ. In contrast, the DSC
thermogram of PCHO did not contain an endothermic peak corresponding to the melting of
the crystalline domain, suggesting that PCHO is amorphous. The T, of PCHO is lower than
that of PCEO (—18.3°C), but higher than the reported 7 of plain poly(trimethyl oxide),
—(CH2CH,CH,0)n—, (—71°C).> The presence of side chains could increase Ty, and PCEO
having the nitrile and ethyl side chains showed high T, values because of not only enhanced
intermolecular interactions with nitrile groups but also steric exclusion to main chain
mobility by side chains. Considering the thermal behavior, PCHO is expected to be more

favorable than PCEO for ion transport because of its non-crystallinity and lower 7.

Table 2.1 Molecular weights (M, and M), polydispersity index (Mw/M,), and thermal
characteristic (7, and melting point, 7r,) of PCHO. Data for PCEO were obtained from ref.
2.

Molecular weight Thermal characteristics
M, My, My/M, Ty T
[gmol™!] [gmol™] (-] [°C] [°C]
PCEO 4.56x10*  1.08x10° 2.37 —18.3 55.0
PCHO 2.86x10*  7.94x10* 2.78 —30.9 Not observed

Figure 2.2 shows the salt concentration dependence of 7, for PCEO,LiTFSA and
PCHOLLiTFSA: T, of the PEs values were plotted as a function of the molar ratio of possible
interaction sites and LiTFSA, ([O] + [CN])/[Li]. For comparison, the reported 7, data of
PEO,LiTFSA,° which is the most widely studied PE for lithium secondary batteries, are also
shown in Figure 2.2. In PEO-based electrolytes, 7, increases as the salt concentration

increases. This is due to ionic cross-linking formed by multi-dentate coordination of the main
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chain ether groups to Li" ions, in which the polymer segmental motion is highly restricted. In
contrast, I report that the T, value of PCEO decreases as the salt concentration increases.!»?
This plasticizing effect is due to relaxation of dipole-dipole interactions between the nitrile
groups of PCEOQ in the presence of the Li salt. This plasticization with the addition of Li salt
is not limited to PCEOQ, but has also been reported for polyacrylonitrile,” and polyethylene
carbonate.® In the context of free volume theory for amorphous materials,”!? the reduction in
T, by the addition of Li salt implies that the free volume in the system increases upon Li" ion
coordination. This is likely the case because sterically hindered Li* coordination with the
main chains and preferential Li" coordination with polar side chains would result in a more
loosely-packed segmental arrangement.

For newly synthesized PCHO, T} increases with increasing salt concentration, although
the increase in T is gentler than that of PEO.LiTFSA. This suggests that PCHO forms an
ionically cross-linked structure in the presence of LiTFSA, but the cross-linking density is
not as dense as that in PEO,LiTFSA. The differences in the thermal behavior between
PCEO/LiTFSA and PCHO,LiTFSA suggest that the ethyl group on the polyoxetane main
chains plays an important role in the Li" ion coordination structure and the resultant thermal
behavior in the PEs. The prepared PEs (PCEO,LiTFSA and PCHO,LiTFSA) were not a
rubbery solid, but were a highly viscous solution due to the low crystallinity and the lower
T,. However, a self-standing membrane can be readily formed by introducing robust cross-

linking points into the polymers as reported in the literature.!!!3
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PCHO,LLITFSA
PCEQ,LITFSA
—l—PEOQ,LITFSA

10
([OJ+[CN]) / [Li]

Figure 2.2 T; as a function of the molar ratio of possible interaction sites and LiTFSA in the
PEs ([O] + [CN])/[Li] for PCHO,LiTFSA, PCEO,LiTFSA, and PEO,LiTFSA. T; values for
PCEO/LiTFSA and PEO,LiTFSA were obtained from refs. 2 and 6, respectively.

2.3.2. Tonic conductivity

In Figure 2.3, the ionic conductivities of PCHO,LiTFSA at 30°C and 70°C are plotted as
a function of the molar ratio of LiTFSA to the repeating monomer unit, 1/a (relevant to the
salt concentration). For comparison, the conductivity data for PCEO,LiTFSA are also shown
in the same figure. Furthermore, the molar conductivity is also shown in the Figure 2.4. At
low values of 1/a (i.e., low salt concentration), the ionic conductivity of PCHO,LiTFSA 1is
higher than that of PCEO,LIiTFSA. This is attributed to the high mobility of ions in
PCHO,LIiTFSA. As shown in Figure 2.2, a lower 7, value is evidently responsible for the
faster segmental motion and the lower local viscosity of PCHO,LiTFSA. The ionic
conductivity increases for both PEs with increasing 1/a (i.e., increasing salt concentration),
except for PCHO/LiTFSA at the highest 1/a. However, PCHO,LiTFSA shows only a small
change in conductivity and a continuous decrease in molar conductivity with increasing 1/a
(Figure 2.4). The contribution of the increase in the charge carrier would be negated by the
increase in T with the addition of Li salt (as shown in Figure 2.2), which would account for
the marginal change in the conductivity and the decrease in the molar conductivity at higher

1/a. The Li salt concentration dependence of the PCHO,LiTFSA conductivity qualitatively
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agrees with that for the PEO-based PEs; the change in conductivity and molar conductivity
fall within one order of magnitude, which is comparable to that for PEO-based PEs.!%!3
Therefore, this typical change is predominantly due to a reduction in mobility by the
formation of an ionically cross-linked structure. The ever-increasing conductivity for
PCEO,LiTFSA suggests again that the presence of the ethyl group can inhibit the formation

of the cross-linked structures by Li" ion coordination with the ether main chains.

Figure 2.3 Ionic conductivity of the PEs as a function of LiTFSA content (1/a) at 30°C and
70°C.

. (ScmZmol))

Figure 2.4 Estimated molar conductivity (/4est) of the PEs as a function of LiTFSA content
(1/a = [Li salt]/[monomer unit]) at 30°C and 70°C. The Aex values were calculated by
dividing the conductivity at each temperature by cr; at room temperature.
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The temperature dependent conductivity (c) was also measured to elucidate the ionic
conduction mechanism in PCEO,LiTFSA and PCHO,LiTFSA, as shown in Figure 2.5. The
Arrhenius plots of the conductivity show non-linear behavior with a curvature that is
generally observed for amorphous PEs, and are well described by an empirical expression in
relation to the Vogel-Tammann-Fulcher equation,’

-B
o=AT™"? exp[—R(T —TO):' 2)
where A is a fitting parameter relevant to the number of charge carriers, B is the pseudo
activation energy of ionic conduction, R is the gas constant, and 7p is an ideal glass transition
temperature. Because 7) is typically 30—50 K below 7§ for many cases, I defined 7o = T —
50 K for fitting the conductivity data according to the previous report.!® Table 2.2 shows the
obtained parameters for PCEO,LiTFSA and PCHO,LiTFSA. PCEO,LiTFSA with low Li
salt concentrations (a = 20, 30, and 40) are crystalline; therefore, these compounds are not

included in the fitting analysis.

Figure 2.5 Temperature dependencies of the ionic conductivity for (a) PCHO,LiTFSA and
(b) PCEO,LiTFSA. The solid lines represent the Vogel-Tammann-Fulcher fit results.
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Table 2.2 The fitting parameters for PCEO,LiTFSA and PCHO,LiTFSA.

Polymer a A[S cm™' K77 B [k] mol™']
PCEO 10 1.21 7.96
5 3.19 8.84
3 5.75 9.49
PCHO 40 2.21 10.7
30 4.97 11.5
20 4.88 10.9
10 9.34 11.1
5 11.9 11.6
3 9.86 10.2

The A4 parameter tends to increase with increasing salt concentration in each PE,
indicating that the number of effective charge carriers increases with the addition of the Li
salt. The A value of PCHO,LiTFSA was higher than that of PCEO.LiTFSA at the same a
value. The absence of ethyl groups in PCHO may result in a higher polarity in the PE, which
can promote ionic dissociation of the Li salt, leading to the higher 4 value for PCHO,LiTFSA.
PCHOLLiTFSA shows slightly larger values of B than PCEO/LiTFSA, indicating that
PCHOLLIiTFSA has a little higher activation barrier for ion exchange between the
coordination sites in the PEs. This implies that Li" ion coordination is more stabilized in
PCHO than in PCEO, and Li" ions are more tightly trapped by the multi-dentate polyether
groups in PCHO,LiTFSA.

In our previous work, we reported that the parameters 4 and B for PCEO,LiBF4 and
PCEO,LiBF4 show smaller 4 and larger B values than those of PCEO,LiTFSA at the same a
value.!” It seems that the more associative character and smaller size of LiBF; are responsible
for the smaller 4 value and larger B value. The B value of the PEO-based PEs dramatically
changes with respect to the salt concentration and anion species,!® and B = 24 kJ mol™! was
reported for PEO;LiTFSA."” Hence, the smaller B values of PCEO,LiTFSA and
PCHO,LITFSA than that of the PEO-based PEs suggest that ion migration is promoted more
in PCEO and PCHO by preferential Li" ion coordination with the nitrile side chains.
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2.3.3. Coordination structure of Li* ions

Raman spectroscopic measurements were carried out to investigate the coordination
structure formed in PEs. The Raman spectra of the nitrile group (2200-2320 cm™!) is shown
in Figure 2.6. A symmetric peak that can be assigned to the stretching vibration of nitrile
groups is observed at 2249 cm™ for pure PCHO. However, another peak emerges at higher
wavenumber in the presence of LITFSA. This is indicative of Li* ion coordination with the
nitrile groups in PCHO,LiTFSA. The Raman spectra in this region show an isosbestic point
at 2255 cm™! (except that for PCHO3;LiTFSA), indicating that two species (i.e., free and
bound nitrile groups) co-exist. Here, each spectrum was further analyzed using the same
procedure as that in our previous report,? and each was deconvoluted into four bands at 2249,
2253, 2264, and 2277 cm™!, as shown Figure 2.6b. The peaks at 2249 and 2253 cm™! are
assigned to vibrations of uncoordinated (free) nitrile groups, whereas the peaks at 2264 and
2277 em™' are due to nitrile groups bound to Li* ions. The intensity of a peak at x cm™' is
given as I cn). To quantitatively determine the coordination number of the nitrile group (ncw),
the relationship between the slope and intercept of the linear function plotted as Iscny/cLi vs.
a was analyzed using the following relationship,

Ireny/cri = Jreny(a—neN) 3)

where Ifcn) s the sum of the integrated intensities of the lower two bands (Zrcny = 2249(cny +
Is3cNy), and Jreny is the molar Raman scattering coefficient of the free nitrile moieties. For
highly concentrated PCHO3LiTFSA (a = 3), the Raman spectrum deviates from the isosbestic
point and shifts to a lower wavenumber, suggesting that the Li* ion coordination structure is

different from that of the others. Therefore, the data for PCHO;LiTFSA are excluded from
the fitting analysis.
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Figure 2.6 Raman spectra of the nitrile group in PCHO,LiTFSA in the frequency range of
2200—2320 cm™! at room temperature. (a) Dependence on Li salt concentration (pure and a
= 3—40) and (b) typical result upon deconvolution of the spectrum for a = 5.

Figure 2.7 shows the result of the linear least-square fitting to eq. (3) for the nitrile group
in PCHO,LiTFSA. From the good linear relationship in Figure 2.7, I could determine the
coordination number of the nitrile group in PCHO.LiTFSA (ncn = 0.81£0.40), which is
smaller than the reported ncn of PCEO,LiTFSA (0.93+0.7).2 Thus, Li* ion coordination with
the nitrile groups is less pronounced in PCHO,LiTFSA. The Li* ion was probably more
preferentially coordinated with the ether groups by the absence of the steric hindrance of the

ethyl groups on the main chains in PCHO,LiTFSA.
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Figure 2.7 Itcny/cLi plotted as a function of a (= cen/cri) for PCHOLLITFSA. The solid line
represents the least-square linear fitting.

The Raman spectra corresponding to the CF3 bending vibration coupled with the S-N
stretching vibration of the TFSA anion are shown in Figure 2.8. To investigate the Li* ion
coordination with the TFSA anions, these Raman spectra were further deconvoluted into two
peaks at 739 and 745 cm™! using the same method as that used in the previous work.? The
peak at 739 cm™! can be assigned to TFSA in the form of a free or solvent separated ion pair,
whereas the peak at 745 cm™ corresponds to TFSA directly bound to Li* ions in the form of
a contact ion pair or aggregates. The respective peak intensities (/739trsa) and I745(Trsa)) were
used to determine the coordination number of TFSA anions (ntrsa) according to the
following equations,?’

0.91739(trsayt 17a5(TrsA) = J745(TFSA)CLI (4)
T745(TFsA) = J745(TFSA)HTFSACLI (5)

As shown in Figure 2.9, a relatively good linear relationship is obtained for both cases,
and the coordination number for PCHO,LiTFSA is estimated as ntrsa = 0.16+£0.01 using the
two linear fitting results. This value is nearly half the reported ntrsa value for PCEO,LiTFSA
(0.30+0.04).2
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Figure 2.8 Raman spectra in PCHO,LiTFSA in the frequency range of 710-780 cm™' at
room temperature. (a) Dependence on Li salt concentration (pure and a = 3—40) and (b)
typical result upon deconvolution of the spectrum for a = 5.

¢, (mol L")

Figure 2.9 Icny/cLi plotted as a function of a (= cen/cri) for PCHOLLITFSA. The solid line
represents the least-square linear fitting.
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Given the total coordination number of Li" ions (generally 4-5)?!>2 and the values of ncn
and ntrsa, more ether groups on the main chains can be anticipated to coordinate to Li" ions
in PCHO,LiTFSA than in PCEO,LiTFSA. The difference trend of ether group coordination
to Li* could be observed from infrared (IR) spectra. Figure 2.10 shows the infrared (IR)
spectra corresponding to the asymmetric stretching vibration of ether group’s COC (ca. 1095
cm ). The peaks are very complicated because various vibrational modes are involved in this
range; therefore, the coordination number of the ether groups could not be determined from
the spectroscopic analysis. But the peak obviously got smaller at high salt concentration (a >
5) only for PCHO,LIiTFSA, which suggest ether groups easily coordinated to Li" ions for
PCHO/LiTFSA compared than for PCEO,LiTFSA. This can form a cross-linked structure
based on the main chains in PCHO,LiTFSA, which is consistent with the experimental
observations: Ty increases with the addition of Li salt (Figure 2.2) and the slightly higher
values for the B parameter for ionic conduction (Table 2.2). The ethyl groups in PCEO likely
sterically hinder Li" ion coordination with the ether groups, which promotes Li" ion
coordination with the nitrile side chains and TFSA anions, as evidenced by the larger ncn

and ntrsa values for PCEO,LiTFSA.
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Figure 2.10 IR spectra from 950—1250 cm™! at room temperature for (a) PCHO,LiTFSA and
(b) PCEO,LITFSA.

2.3.4. Li" ion transference number

To elucidate the transport properties of the Li" ions in each PE, the transference number
(7Li+) was measured using an electrochemical method.* As this value increases beyond 0.5,
Li" migration proceeds at a faster rate relative to TFSA anions in the PEs. The experimental
data are shown in the Figures 2.11 and 2.12. #;+ values of 0.59 and 0.40 are obtained for
PCEOsLiTFSA and PCHOsLiTFSA, respectively. The lower 7.i+ value for PCHOsLiTFSA
indicates that the migration of Li" ions is more restricted in PCHOsLiTFSA, and corroborates
the more-pronounced coordination with the ether groups, whereby the mobility of Li" ions is
coupled with the segmental motion of the ether main chains. The #i+ values for
PCEOsLiTFSA and PCHOsLiTFSA are much larger than those for typically studied PEs,
such as PEO,LiTFSA (typically < 0.2).232* Li* ion exchange occurs more frequently between

the mono-dentate nitrile side chains and the counter anions than between the multidentate
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polyethers on the main chains; therefore, the Li" ion can travel more effectively via side chain

coordination and site exchange.

Figure 2.11 Data for various electrochemical measurements used to calculate the
transference number of PCEOsLiTFSA at 50°C. (a) Current with respect to time and (b)
Nyquist plots of the initial (Ro) and steady state (Rss).

Figure 2.12 Data for various electrochemical measurements used to calculate the
transference number of PCHOsLiTFSA at 50°C. (a) Current with respect to time and (b)
Nyquist plots of the initial (Ro) and steady state (Rss).
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2.3.5. Charge/discharge tests

Based on the comparative study shown above, I found that PCEOsLiTFSA exhibits
higher Li" ion transport properties. Here, I assembled a lithium-ion half-cell,
Li[PCEOsLiTFSA|LiFePO4, with PCEOsLiTFSA as an electrolyte to study whether the
polyoxetane-PEs are indeed applicable to Li secondary batteries. No capacity was observed
at 30°C even at very low charge-discharge rate (0.05 C), probably due to low ionic
conductivity of PCEOsLiTFSA. The preliminary charge/discharge test from 2.5—4.0 V at
70°C causes an unexpected charging plateau and an apparent overcharge is observed around
395 V (Figure 2.13). I previously reported that the electrochemical window of
PCEOsLIiTFSA is ~4.0 V vs. Li/Li" on stainless steel electrodes.? This indicates the oxidative
decomposition of PCEOsLiTFSA on the cathode at this potential. Therefore, a further
charge/discharge test was performed in the range of 2.5-3.9 V at 70°C.

Capacity (mA hg)

Figure 2.13 Charge/discharge curves of a Li/PCEOsLiTFSA/LiFePOg cell at a 0.05 C rate
and 70°C. The measurements were carried out in a range of 2.5-4.0 V (1 C =117 pA, 149
HA cm™2).

The charge-discharge curves and cycle performance with different charge-discharge rates
are shown in Figure 2.14. The obtained capacities are approximately 100 mAh g~!, even with
a low charge-discharge current density at 0.05 C, and are much lower than the theoretical
capacity of LiFePOs (170 mAh g!). This is predominantly due to the insufficient

electrode/electrolyte interface in the composite cathode, even though PCEOsLiTFSA is
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combined with the composite cathode as the co-binder. To construct better electron/ion
pathways, the material composition and the fabrication procedure of the cathode must be
further optimized. With an increasing charge-discharge rate, the capacity drastically
decreases and the overvoltage increases. In particular, almost no capacity is delivered at rates
above 1 C. This is probably caused by the low ionic conductivity of PCEOsLiTFSA.
However, the cell shows a relatively stable cycle performance with only a slight capacity loss
at the same rate and high coulombic efficiency of ~99.5%, suggesting that the
electrochemical reaction at the positive electrolyte (LiFePO42 FePOs+ Li™ + ¢7) is highly
reversible in PCEOsLiTFSA. Thus, these results suggest that the polyoxetane-based PEs with

nitrile functionality are applicable to Li secondary batteries.

Figure 2.14 (a) Charge/discharge curves and (b) cycle properties of the
Li/PCEOsLiTFSA/LiFePOq4 cell at 70°C. The measurements were carried out in the range of
2.5-3.9 V (1 C =356 pA cm2). Coulombic efficiencies exceeded 110% at 1 C and are not
shown in the figure because of the negligible discharge capacities that were higher than the
charge capacities recorded in the charge-discharge unit.

91

2022/2/16



2.4. Conclusions

The steric effect of the ethyl group of polyoxetane-based PEs with nitrile side chains was
clarified by comparing the thermal properties, Li* ion coordination, and ion transport
properties of PCHO,LiTFSA and PCEO.LiTFSA. As the Li salt concentration increased, 7,
increased for PCHO/LiTFSA; this behavior is analogous to that of well-studied PEO-based
PEs. Conversely, T, decreased with increasing salt concentrations for PCEO,LiTFSA.
Correspondingly, the ionic conductivity of PCHOLITFSA was lower than that of
PCEO,LiTFSA in the high salt concentration region, mainly because of the higher micro-
viscosity. The Li* ion coordination structure was investigated using Raman spectroscopy,
which revealed that the mixed coordination with ether groups, nitrile side chains, and TFSA
anions occurred in both PCHO,LiTFSA and PCEO,LiTFSA; however, the ether groups were
more prone to coordinating with Li" ions in PCHO,LiTFSA. The more preferential Li* ion
coordination with the ether groups resulted in a more pronounced cross-linking of the main
chains with Li* ions, leading to an increase in T and less effective Li* ion transport (i.e.,
lower conductivity and #.i+) in PCHO,LiTFSA. In other words, the ethyl group played a
pivotal role in enhancing the Li" ion transport by sterically inhibiting Li* ion coordination
with the ether main chains of the polyoxetanes. In addition, the Li-LiFePOy4 cell using
PCEOsLiTFSA showed a reversible charge-discharge with a relatively stable cycle ability
and high coulombic efficiency. Although the conductivity values of PCHO.LiTFSA and
PCEO,LiTFSA (on the order of 107°~107° S em™! at 30°C) were not sufficient for practical
applications in solid-state Li secondary batteries, this work could provide insight into the
molecular design of PEs for pursuing a high ionic conductivity at a level comparable to that
of liquid electrolytes, in association with a high Li" ion transference number that rivals that

of inorganic solid electrolytes.
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Chapter 3

Importance of lithium coordination structure on lithium-ion transport in
polyether electrolyte with cyanoethoxy side-chain: an experimental and

theoretical approach

3.1. Introduction

Although acetonitrile, the simplest organic nitrile, spontaneously reacts with the lithium
metal due to its poor reductive stability,! poly(3-(2-cyanoethoxymethyl)-3-ethyloxetane)
(PCEO) achieved a relatively stable cycling performance with only a slight capacity loss for
~20 cycles at 70°C in a Li[PCEO-LiTFSA|LiFePOs4 cell, suggesting the sufficient (electro)-
chemical stability of the PCEO electrolyte on both positive and negative electrolytes.? The
glass transition temperature (7)) of PCEO showed unique salt concentration dependency; 7Ty
decreased with increasing salt concentration-the opposite is normally the case.>* The
previous study suggested that (1) the efficient suppression of the coordination of ether oxygen
to Li* by steric hindrance of the ethyl groups on the main chain and (2) the weakening of the
dipole—dipole interactions between the polar nitrile groups by Li* can be the main reason for
the characteristic behavior of T,.> However, the detailed understanding of the Li* conduction
mechanisms, as well as the relevance of the Li* coordination structure on the ionic
conductivity is still lacking, mainly because of the difficulty in the experimental clarify the
complex interaction between the ions and the polymer matrix in the PCEO electrolyte.

In this work, I use the classical molecular dynamics (MD) simulation combined with the
spectro(electro)chemical analysis to overcome the aforementioned obstacles and reveal the
complex interaction within the electrolyte. The excellent agreement between MD-simulated
results and high-energy X-ray diffraction patterns as well as infrared (IR) spectra allows us
to gain detailed insights into the physics of ion transport at play in these electrolytes. From
these combined experimental and theoretical techniques, I identify critical elements for the
Li* coordination structure, a nitrile group, and ether oxygen; the former moderately stabilizes

the Li" and decreases the required energy for the short-range Li* transfer, involving a
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decoordination process, and the latter assists the long-range Li" transfer. Finally, our work
suggests that both short and long-range Li* conduction processes can be tuned by designing
the Li" coordination structure, which can be the alternative strategy for realizing highly Li*

conducting polymer electrolytes.
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3.2. Experimental section

3.2.1. Preparation of the polymer

Polymerized 3-(2-cyanoethoxymethyl)-3-ethyloxetane (PCEO) was synthesized
following a reported procedure.”? 3-(2-cyanoethoxymethyl)-3-ethyloxetane (CEQO) was
synthesized from 3-ethyl-3-hydroxymethyloxetane (EHO) by Michael addition. EHO (57 mL,
0.500 mol, Tokyo Chemical Industry Co., Ltd.) was mixed with acrylonitrile (60 mL, 0.915
mol, Wako Pure Chemical Co.) in ultrapure water (25 mL, Elix-UV3, Nihon Millipore K.K.)
containing a 20% tetraethylammonium hydroxide solution (6.5 mL, Wako Pure Chemical
Co.) as a catalyst, and the mixture was stirred at room temperature for 17 h. The reaction
mixture was extracted with chloroform and subsequently washed with water. After the
solution was dehydrated with magnesium sulfate (Wako Pure Chemical Co.), chloroform was
removed using a rotary evaporator. The residue was distilled under reduced pressure (110°C,
2 mmHg). Yield: 47.2 g, 55.8%.

CEO 'H NMR (8, ppm from trimethylsilane (TMS) in CDCls3): 0.90 (t, 3H, Jeus-cn2 = 7.50
Hz, —CH3), 1.75 (q, 2H, Jcus-cn2 = 7.50 Hz, —CH>—CH3), 2.63 (t, 3H, Jch2-cu2 = 6.25 Hz,
—CH,—CH>—CN), 3.63 (s, 2H, —C-CH2-0-), 3.72 (t, 3H, Jcm2-ci2 = 6.25 Hz,
—CH,—CH>—CN), 4.40 (dd, 4H, J-cH2-o-cH2- = 6.00 Hz, ring, -CH>,—O—CH,—).

CEO "3C NMR (8, ppm from CDCls (77.00 ppm)): 5.5 (—CH3), 16.1 (~CH,—CH>—CN), 23.6
(—-CH>—CH3), 40.6 (-C-), 63.0 (—CH»—CH>-CN), 71.1 (—C-CH»—0O-), 75.5
(—CH,—O—CH>—, ring), 115.2 (—CN).

CEO were polymerized using a ring-opening cationic polymerization (ROCP) using
boron trifluoride diethyl etherate (BF3-EtoO, Wako Pure Chemical. Co.) as an initiator. The
molar ratio of the monomer (80 mmol) to the initiator (1.6 mmol) was fixed to 50:1. The
monomer was dissolved in 1,2-dichloroethane followed by the addition of BF3-Et;O to the
solution (total volume: 20 mL). The polymerization was performed under an Ar atmosphere
at 0°C in a salt ice bath for 5 h. The ROCP was quenched using 10 mL of a 4 mol dm ™ NaCl/
1 mol dm= NaOH aqueous solution. Chloroform was then added to the resulting solution,
and the mixture was washed with water. The organic phase containing the polyoxetanes was
concentrated by rotary evaporation. The residual viscous solution was dropped into a 2-
propanol reservoir to reprecipitate the polymerized CEO (PCEO). PCEO were finally

collected by filtration using a glass filter and dried at 70°C under vacuum overnight (Yield
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32.5%). The successful ROCP was further confirmed by '"H NMR as the disappearance of
double-doublet signals (6 = ~4.4—4.5 ppm for the monomers) of methylene protons in the

four-membered ring structure for the oxetane monomers.

PCEO 'H NMR (8, ppm from TMS in CDCl;): 0.85 (t, 3H, Jcus-cn2 = 7.50 Hz, —CH3), 1.39
(q, 2H, Jews-cnz = 7.50 Hz, —CH,—CH3), 2.58 (t, 3H, Jcm-cne = 6.25 Hz, -CH,—CH,—CN),
3.22 (s, 4H, -C—CH>—-0-), 3.35 (s, 2H, —C—CH>—0-), 3.61 (t, 3H, Jcm>-cu2 = 6.00 Hz,
—CH,—CH>—CN).

PCEO 3C NMR (3, ppm from CDCls (77.00 ppm)): 7.74 (—=CH3), 18.8 (~CH>—CH>—CN),
23.2 (—CH,—CH3), 43.6 (-C-), 66.0 (—CH>—CH,—CN), 71.3 (-C—CH,—0-), 77.0
(~CH~0O—CH>-), 118.2 (=CN).

3.2.2. Electrolyte preparation

The polymer electrolytes (PEs) were prepared using a solvent casting method. PCEO and
1 M lithium bis(trifluoromethanesulfonyl)amide (LiTFSA, Tokyo Chemical Industry Co.,
Ltd.) in a tetrahydrofuran (THF, Wako Pure Chemical Co.) solution were mixed and
subsequently heated under vacuum to completely remove THF. The molar ratios of the
repeating monomer unit to LITFSA were fixed to 1:1, 3:1, and 10:1, and the compound was
represented as PCEO,LiTFSA (a = 1, 3, and 10). The concentrations of LiTFSA (c1i) in
PCEO.LiTFSA were estimated using the corresponding CEO monomer density (1.019 g
cm ™) and the reported density of molten LiTFSA (1.972 g cm™).3

3.2.3. Characterization methods

Proton and carbon nuclear magnetic resonance (‘H and '*C NMR, respectively) spectra
of the synthesized substances were obtained using a Fourier transform NMR
spectrophotometer (JNM-LAS500, JEOL). The molecular weight of the polymer was
measured using a gel permeation chromatography (GPC) system (CBM-20A, LC-20AD,
DGU-20A, CTO-20A, andRID-10A, Shimadzu). GPC was performed using THF as the
elution solvent and polystyrene standards to calibrate the columns.

A differential scanning calorimeter (DSC7020, Hitachi) was used to determine the glass
transition temperature (7). A small amount of the PEs (~10 mg) was hermetically sealed in
an aluminum differential scanning calorimetry (DSC) pan. The samples were first heated to

10 °C and cooled to —100°C and subsequently reheated from —100 to 100°C at a heating rate
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of 10°C min~! under a N, atmosphere. The T; was determined from the onset temperatures
of the heating thermograms.

Thermogravimetric analysis was performed on a thermogravimetric differential thermal
analyzer (Thermo plus EVOII TG8120, Rigaku). A small amount of PEs (~5 mg) was put in
an aluminum pan. The samples were then heated to 150°C and held for 10 min to completely
remove the residual water. Subsequently, the samples were cooled to 50°C and then reheated
to 500°C at a heating rate of 20°C min™!' under He flow. The thermal decomposition
temperature (74) was defined as the temperature at which 5% weight loss occurred in the
thermogravimetry (TG) curves.® The evolved gas during the TG measurement was analyzed
by a gas chromatograph-mass spectrometer (GCMS-QP2010 Ultra, Shimadzu). Samples
were heated from 100 to 500°C at a heating rate of 20°C min ™.

Attenuated total reflection infrared (ATR-IR) spectra of the PEs were obtained on a
Nicolet iS50 (Thermo Fisher Scientific) spectrometer. Samples were dropped on the ATR
prism and hermetically sealed by a glass plate with a rubber spacer (thickness, 5 mm) in an
Ar-filled glovebox to avoid moisture adsorption. The measurements were performed at a 4
cm™! resolution in the 4000—600 cm™! spectral range; 32 scans were averaged. The ATR-IR
spectra were recorded using a single-reflection ATR accessory (Smart iTX, Thermo Fisher
Scientific) equipped with a Ge prism at an incident angle of 45°. The obtained spectra were

deconvoluted by PeakFit software (version 4.12, SYSTAT) using a pseudo-Voigt function.

3.2.4. Electrochemical measurements

The ionic conductivity of the PEs was obtained by AC impedance spectroscopy using a
potentiogalvanostat (SP-150, Bio-Logic) in the frequency range of 1 Hz to 500 kHz. The PE
was placed between two stainless steel electrodes and separated by a poly(tetrafluoro-
ethylene) ring spacer. The conductivity cell (Swagelok two-electrode cell) was thermally
equilibrated in the temperature cabinet at each temperature (temperature range, 30—110°C)

for at least 1 h before the measurements. The conductivity was calculated by eq 1

|
" Red
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where / is the thickness of electrolyte, R is the bulk resistance that was obtained by the
Nyquist plot, and 4 is the surface area of the electrolyte calculated from the inner diameter
of the ring spacer.

The transference numbers of Li" (f1i+) were determined using the electrochemical method
proposed by Bruce et al.,” which was consistent with the electrophoretic NMR method.® The
required parameters were obtained using potentiostatic polarization combined with AC
impedance spectroscopy measured with a potentiogalvanostat (HZ-Pro S4, Hokuto Denko
Co., Ltd.) in a 2032-type symmetric cell. Lithium metal foil (Honjo Metal Co., Ltd.) were
used as electrodes. The cell was thermally annealed in a temperature cabinet at 100°C for 1.5
h, followed by stabilization at 70°C for at least 24 h. Impedance spectra were measured prior
to the potentiostatic polarization using the aforementioned condition. The impedance spectra
were measured immediately after a steady current was observed during a potentiostatic
polarization at 10 mV. The #.i+ were determined by the following equation’

_ UR(AV-LR]
[oRe (AV-IR;")]

(2)

fLi+

where AV is the applied potential (AV =10 mV), Iy is the initial current of the potentiostatic
polarization, I is the steady-state current of the polarization, R.' and R. are the initial and
final resistances of the electrolyte, respectively, and Ri' and R’ are the initial and final

interfacial resistances, respectively.

3.2.5. Computational methods

All-atom MD simulations were conducted using the GROMACS 2016.5 program under
the NTP ensemble condition (298 K and | atm) in a cubic cell; the procedural details were
similar to those reported in our previous work.!® The composition (i.e., the number of
LiTFSA ion pairs and PCEO molecules) in the simulation box, the resulting box size, and
the density at equilibrium are listed in Table 3.1. The polymerization degree of modeled
PCEO was set to 8. The total simulation time was set at 15 ns for all of the systems. The X-
ray weighted structure factors (SMP(g)) and radial distribution functions (GMP(r)) were
determined by analyzing the data collected at 0.1 ps intervals from the last 500 ps. CLaP and
OPLS-AA force fields, including intermolecular Lennard—Jones (LJ) and Coulombic
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interactions and intramolecular interactions with (1) bond stretching, (2) angle bending, and
(3) torsion of dihedral angles, were used for PCEO!""!? and TFSA.'* The LJ parameter for
Li* follows the values proposed by Soetens ef al.!* OPLS-AA nonbonded parameters used in
this study are listed in Table 3.2.

The SMP(g) functions were calculated using the trajectory from the MD simulations as
follows
i Zj Wij(Q) Tmax

[Zk nkf}\;;(q)]z 0

_ {ni(nj - Dfi@fi(@/NN =1) ({=))
2nmfi(@)fi(@/N? (i # j)

where nj and N are the numbers of i atoms and the total number of atoms in the simulation

sin(qr)
qr

SMP(q) = 41po(g;™MP(r) — 1) dr+1 (3)

box, and giMP(r) is the atom—atom pair correlation function between atoms i and j. GMP(r)

was obtained from the calculated SMP(g) by inverse Fourier transformation.

3.2.6. HEXTS measurement

High-energy X-ray total scattering (HEXTS) measurements were performed at room
temperature with a high-energy X-ray diffraction apparatus (BL04B2 beamline at SPring-8,
JASRI, Japan). The details of the measurements were similar to those described elsewhere.
10.15 The experimental X-ray structure factor, S*(g), per stoichiometric volume, and radial

distribution function, G**P(r), were calculated using equations (4) and (5), respectively.

Ieon(@) Z nifi(q)z

ex _ N
SP@="maror - @
. fmax . sin(qm/qmax)
G*P(r)—1= 2ﬂ2rp0-[0 q[S* (@) — 1] Sln(qT)qu (5)

where /con(q) s the corrected coherent scattering obtained from the observed X-ray scattering

10,15

intensities. ni is the number of atoms i per stoichiometric volume. The parameters f; and

po represent the atomic scattering factor for atom i and the number density of atoms,

respectively.
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Table 3.1 Li salt concentration (cti), density (dmp), compositions (number of ion-pairs and
PCEQ), and box length of the systems used for the MD simulation.

a cLi [mol dm™] dvp [g cm™] Li-TFSA PCEO Box length
Pure 60 5.170

1 3.121 1.481 480 60 6.292

3 1.533 1.198 160 60 5.654

10 0.554 1.070 48 60 5.335

(a) LITFSA (b) PCEO

Figure 3.1 The structures of (a) LITFSA and (b) PCEO with labels used in Table 3.2.

Table 3.2 OPLS-AA nonbonded parameters and atom types for Li", TFSA~, and PCEO.

atom [kcal fnol‘]] o [A] qlel
Li Li 0.191 1.460 1.000
TFSA N 0.170 3.250 —0.660
S 0.250 3.550 1.020
(0] 0.210 2.960 —0.530
F 0.053 2.950 —0.160
C 0.066 3.500 0.350
PCEO Cm 0.066 3.500 0.098
Co 0.066 3.500 0.140
Co 0.066 3.500 0.000
Cs 0.066 3.500 —0.120
Cr 0.066 3.500 —0.180
Cy 0.066 3.300 —0.080
Cz 0.150 3.650 0.460
Oc 0.140 2.900 —0.400
Hc 0.030 2.500 0.034
Hx 0.030 2.500 0.064
Hy 0.015 2.500 0.064

Nz 0.170 3.200 —0.560
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3.3. Results and discussion

3.3.1. Characterization

PCEO was successfully synthesized via ring-opening cationic polymerization of CEO
according to a reported procedure.?? The obtained polymer was characterized by 'H and 1*C
NMR spectrometry, which confirms the synthesis of PCEO without any byproducts. The

molecular weight and thermal properties of the PCEO are summarized in Table 3.3.

Table 3.3 Molecular weight (M,, number average and M., weight average), polydispersity
index (M.w/M,), and thermal properties (7, Tm, and Ty) of the synthesized polymers.

Molecular weight Thermal characteristics
Mn Mw Mn/MW Tg Tm Td
[gmol™]® [gmol™]® [=] [°Cl®  [Cl® [C]°
\Ej\ 9.42x10°>  1.87x10* 1.98 —20.3 553 366
CN

2 Determined by gel permeation chromatography (M, and My)
b Determined by differential scanning calorimetry (7 and Tr)
¢ Determined by thermogravimetry (7a)

I then prepared electrolytes via mixing the PCEO with LiTFSA at varied concentrations
of a =1, 3, and 10, where a is the molar ratio of CEO repeating units to Li*, [CN]/[Li"].
Differential scanning calorimetry (DSC) confirms a unique salt concentration dependence of
T, for PCEO electrolytes, suggesting pivotal roles of the nitrile groups in the Li* coordination
structure (Figure 3.2a). Thermogravimetry-mass spectroscopy (TG-MS) analysis confirms
the superior thermal stability of the PCEO electrolytes compared to that of the liquid
electrolytes currently employed in lithium-ion batteries as well as indicates the salt

concentration-dependent change in the Li* coordination structure (Figure 3.2b).
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Figure 3.2 (a) Differential scanning calorimetry (DSC) and (b) thermogravimetry (TG)
curves and corresponding mass spectrometry (MS) analysis for pristine PCEO and
PCEO.LiTFSA electrolytes (a = 1, 3, and 10). DSC measurements were performed under a
N, atmosphere at a heating rate of 10°C min~!. The TG curve was obtained under a He
atmosphere at a heating rate of 20°C min™! after each sample was preheated at 150°C for 10
min. The detected MS fragment was assigned to the cyanoethoxy side chain (m/z = 26, 53),
the PCEO main chain (m/z = 29, 41, 55, 84), and TFSA (m/z = 48, 64, 69, 85). The broken
line shows the overall MS curve. All of the MS intensities were normalized by the sample
mass.

As shown in Figure 3.2a, T slightly decreased in proportion to the concentration of the
salt (—20.3°C for pure PCEO, —18.9°C for a = 10, —24.3°C for a = 3, and —28.9°C for a = 1),
which was consistent with our previous report.>* It should be pointed out that the T; for pure
PCEOQ is considerably higher than that of PEO (—64°C),!¢ probably due to the dipole—dipole
interactions between the polar nitrile groups, which can increase the cohesive energy of pure
PCEO. The T; of the polyether electrolyte is known to increase in line with the concentration
of Li* due to the strong ionic interaction between Li* and electron-donating ether oxygen,
which restricts the segmental motion.!” The unusual salt concentration dependence of T thus
suggests a significant role of Li" coordination structure in the (physico)chemical properties
of the PCEO electrolytes.

The thermogravimetric curve for pure PCEO showed a plateau extending up to ca. 380°C,

indicating a minimal weight loss and good thermal stability up to 380°C (Figure 3.3). A sharp
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decrease observed at >380°C corresponds to the degradation of the PCEO backbone, and
PCEO completely dissociated at 450°C. Three weight loss steps, 300—350, 350—400, and
>400°C, were observed for the PCEO electrolytes (Figure 3.2b). The first step is up to ca.
350°C with a weight loss of around 11.1% (a = 1) < 18.3% (a = 3) < 23.6% (a = 10), which
agrees well with the weight fraction of the cyanoethoxy moiety (CH2CH>CN) for each
electrolyte, 12.0% (a = 1) <20.6% (a = 3) <27.6% (a = 10). I thus assigned the first weight
loss to the decomposition of the cyanoethoxy side chain, further supported by the mass
spectrometry (MS) analysis, where the clear peaks corresponding to the cyanoethoxy side
chain (m/z = 26 and 53) were observed at 300—350°C. The slight (~80°C) shift of the MS
peak of the cyanoethoxy side chain for a = 3 suggests the destabilization of the side chain by
LiTFSA. The coordination of Li* to the nitrile group probably affected the thermal stability
of the cyanoethoxy side chain; hence, the shift of the MS fragment for the cyanoethoxy side
chain implies the unique contribution of the nitrile group to the Li* coordination structure for
a = 3. The second (350—400°C) and third (>400°C) steps can be assigned to the
decomposition of a remaining moiety of PCEO (mostly from the PCEO main chain) and
LiTFSA, respectively, consistent with the previous studies'® and TG-MS analyses. The MS
peak of the PCEO main chain (m/z = 29, 41, 55, 84) shifted to a lower temperature by
increasing the salt concentration, which indicated the destabilization of the PCEO main chain
under high salt concentrations. A previous study suggests that the interaction between the
cation and ether oxygen within the polymer structure lowered its thermal decomposition
temperature,'® and thus, the observation reflects the increasing contribution of ether oxygen
on the Li* coordination; a = 1 > a =3 > a = 10. The MS fragment for TFSA (m/z = 48, 64,
69, 85) observed at ca. 450°C for a = 1 agreed well with the TFSA fragment observed for
the LiTFSA solid (Figure 3.3), which indicates the existence of undissociated salt under high

salt concentrations (a = 1).
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Figure 3.3 (a) Thermogravimetry (TG) curves for pristine PCEO and PCEO/LiTFSA
electrolytes (¢ = 1, 3, and 10). (b) thermogravimetry (TG) curves and corresponding mass
spectrometry (MS) analysis for pure LiTFSA. TG curve was obtained under He atmosphere
at a heating rate of 20°C min™! after each sample was pre-heated at 150°C for 10 min.
Detected MS fragment (m/z = 48, 64, 69, 85) was assigned to TFSA. Broken line shows
overall MS curve.

3.3.2. Lithium-ion coordination structure

A combined spectrochemical and theoretical analysis revealed that the Li* coordination
structures within PCEO electrolytes varied with salt concentrations. The major components
were suggested to be a nitrile group in the PCEO side chain at low salt concentrations (a >
3), whereas the TFSA anion became a dominant component at high concentrations (a = 1)
(Figures 3.7-3.13).

Molecular dynamics (MD) simulations were used to clarify the coordination structures
within PCEO electrolytes. To confirm the validity of the force field parameters used in the
MD simulations, I performed high-energy X-ray total scattering (HEXTS) experiments and
compared them with the MD-derived X-ray radial distribution functions, GMP(r). The GMP(r)
profiles successfully reproduced the corresponding experimental radial distribution functions,
G°**(r), in the r’[G(r)—1] form, derived from HEXTS experiments (Figures 3.4 and 3.5).
Therefore, the result validates the parameters used in the MD simulations for short-range
structures, which enables us to obtain the molecular-level insight into the Li" coordination

structures within the first coordination shell based on the MD simulations.
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Figure 3.4 Structure factor in the form S(g) for PCEO3;LiTFSA obtained from high-energy
X-ray total scattering (HEXTS) measurements (open circles) and all-atom molecular
dynamics (MD) simulations (continuous red lines).
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Figure 3.5 Difference radial distribution functions in the 7*[G(r)—1] form for PCEO;LiTFSA
obtained from high-energy X-ray total scattering (HEXTS) measurements (open circles) and
all-atom molecular dynamics (MD) simulations (continuous red lines).

A detailed analysis of the atom—atom pair correlation functions, gMPX~Y(r), provides a
holistic picture of the coordination structure within the PCEO electrolytes (Figures 3.7a and
3.9). To clarify the intermolecular interactions between Li” and other components, the total
GMP(r) was divided into GingaMP(r) and GinerP(r) (Figure 3.6). The extracted Giner"2(r)
comprised all of the gMPX—Y(r) values, including the information required to understand the
Li" coordination structure; gMPLi"—Npceo(r), gMPLi*~Opcro(r), gMPLi*—Orrsa(r), and

gMPLi*Nrrsa(r).
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Figure 3.6 Partial Gvp(7)s for typical (a) intramolecular and (b) intermolecular contributions
in PCEO3LiTFSA electrolyte.

Salt concentration dependence was clearly observed for the pair correlation functions of
Li*—Npceo (gMPLi*~Npceo(r)) for PCEO electrolytes (Figure 3.7a). A peak appeared at 1.88
A for all of the systems, which was attributed to the nearest-neighbor Li*—Npcro interaction
in the first solvation shell. ?° The average coordination number NMPLi"*—Npcro(r), which was
calculated by integrating the gMPLi*—Npcro(7) up to a given r, decreased in proportion to the
concentration of the Li salt; 3.58 (a = 10) < 2.29 (a = 3) < 0.94 (a = 1) (see the plateau in
NMPLi*—Npcgo(r) at r = 2.0-3.0 A). Given that the coordination number of Li* in the organic
solution and/or polymer electrolyte is around 45, 21?2 the nitrile group within PCEO can be

the major component coordinating to Li* at the relatively low salt concentration (a > 3).
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Figure 3.7 Interaction between Li" and the nitrile group in PCEO. (a) Li"—Npcgo pair
correlation functions (gMPLi*—Npcro(r): left axis, solid lines) and corresponding integrated
profiles (coordination number NMPLi*—Npcgo(r): right axis, broken lines) for PCEO,LiTFSA
electrolytes (@ = 1, 3, and 10). Npceo represents the coordinating N atom in PCEO. (b)
ATR—Fourier transform infrared (FTIR) spectra (open circle) and typical curve-fitting results
(solid line) of v(C=N) for pristine PCEO and PCEO,LiTFSA electrolytes (a = 1, 3, and 10)
in the frequency range of 2220-2300 cm™' at room temperature. Peak deconvolution was
performed by PeakFit software using pseudo-Voigt functions with a fixed half-width at half-
maximum.

Further support comes from infrared spectroscopy, where the estimated coordination
number (N'®) obtained from the IR peak area of the deconvoluted CN stretching vibration
(ca. 2250—2280 cm™") agreed well with the MD result (Figure 3.7b). A clear peak was
observed at ca. 2250 cm™! for pure PCEO, which was found to diminish by increasing the
salt concentration, in line with the growth of the peak at ca. 2280 cm™!. As these two bands
(2250 and 2280 cm™") have similar wavenumbers to those in Raman spectra of the PCEO
electrolyte,”? they were assigned to the characteristic C=N stretching mode of the nitrile
group in the polymer side chain without (free-CN) and with Li* coordination (bound-CN),
respectively. The integrated intensities of those two peaks (free-CN and bound-CN) thus can
be used to estimate the coordination number for the nitrile group to Li" (Table 3.4). The
experimentally estimated coordination number (N'®) was calculated by the following

equation
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NIR = Apeny  Con

a Apeny + Afeny Cui
where Ap(CN) and A{CN) are the IR peak areas for bound-CN (2280 cm™) and free-CN

(4)

(2250 cm™), respectively, and cen and cii are the concentrations of CN (repeating PCEO
monomer unit) and LiTFSA, respectively.?® The obtained N'® was 3.58 (a = 10) >2.29 (a =
3)>0.94 (a = 1), which showed the similar value and salt concentration dependence expected
from MD simulations. The molar absorption coefficient (eqcn)) analysis also supports the
MD-simulated coordination number (Figure 3.8). The trends in experimentally and
theoretically estimated coordination numbers thus suggest the less contribution from the

nitrile group to the Li* coordination structure as the salt concentration increases.

Table 3.4 IR peak area ratio of bound-CN obtained from the deconvoluted v(C=N) peak. The
estimated coordination number for PCEO,LiTFSA (a = 1, 3, and 10) based on bound-CN
peak ratio is also shown.

a Peak area ratio of bound CN [%] Estimated coordination umber
1 94.23 0.94
3 76.29 2.29

10 35.78 3.58
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Figure 3.8 Agcny/cLi plotted as a function of salt concentration a (= cen/cLi) for
PCEO.LIiTFSA. The solid line represents the least-square linear fitting to obtain Jxcn)y and
N® from the slope and the intercept, respectively. The linear least-square fitting for low
concentration region (a = 10—40) and high concentration region (a = 1-5) provided average
N®of 3.74 and 1.20, respectively, based on the following relationship,

A C
f(CN) CN N[R) = ereny(a— N'R).
CLi CLi

= &fcN) (

Ether oxygen within the PCEO structure can coordinate with Li" and often play a
significant role in ion conduction of polyether electrolytes.”* Based on gMPLi*—Opcro(r) from
MD simulations (Figure 3.9) and detailed analysis of the IR spectra (Figure 3.11), I propose
that the contribution of ether oxygen to the Li* coordination structure is notably small for the

PCEO system.
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Figure 3.9 Atom—atom pair correlation functions (gMPLi"*—X(r): left axis, solid lines) and
the corresponding integrated profiles (coordination number NMPLi*—X(r): right axis, broken
lines) for (a) Li*—Opcko, (b) Li*—Orrsa, and (¢) Li*—Nrrsa for PCEOLiTFSA electrolytes (a
=1, 3, and 10). Opcro, Otrsa, and Ntrsa represent the coordinating O atom in PCEQO,
including both O atoms in main and side chains, an O atom in TFSA anion, and a N atom in
the TFSA anion, respectively.

(a) Li‘_OPLIEU—mam (b) LiT_OPLE(,ys\dG

Figure 3.10 Atom—atom pair correlation functions (gMPLi-X(r): left axis, solid lines) and
corresponding integrated profiles (coordination number NMPLi*—X(r): right axis, broken
lines] for (a) Li'—OpcEo-main and (b) Li*—Opcgo-side for PCEOLLITFSA (a = 1, 3, and 10)
electrolytes.
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Pair correlation functions of Li*—Opcko (g¥PLi*~Opcro(r), Figure 3.9a) showed a distinct
peak at 1.83 A, attributed to the nearest-neighbor Li*—Opcro interaction in the first solvation
shell.?> Note that gMPLi*—Opceo(r) contains contributions from oxygen atoms in both the
main chain (Omain) and side chain (Osige), in which almost identical behavior toward Li*
coordination was confirmed (Figure 3.10). The average coordination number
NMPLi*~Opceo(r) increased with increasing concentration of the Li salt; ~0 (a = 10) < 0.5 (a
=3) < 1.1 (a = 1). Although NMPLi*~Opceo(r) increases under high salt concentrations (a =
1), the Li* coordination number is still significantly smaller than that of the previously
reported PEO electrolyte (coordination number ~3),26 which is in agreement with the
preferable coordination of the nitrile group to Li* for PCEO electrolytes. The small
coordination number for Li'—Opcro corresponds to the less strong interaction between Li*
and ether oxygen, which can be the reason for the unique salt concentration dependency of
Ty for PCEO electrolytes (Figure 3.2a). The degree of interaction between ether oxygen and
Li*, estimated from the C—O—C asymmetric stretching vibration (ca. 1105 cm™") of the PCEO
electrolyte with the Lil salt (Figure 3.11), supports the salt concentration dependence of the
MD-simulated coordination number for Li*—Opcgo. The observed trend of the Li*—ether
oxygen interaction from the MD simulation and IR analysis was in agreement with the
thermal stability trend of the PCEO main chain observed in TG-MS (Figure 3.2b), which

further validates our result.
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Figure 3.11 ATR-FTIR spectra (open circle) and typical curve-fitting results (solid line) of
(a) v(CN) and (b) vas(COC) for pristine PCEO and PCEQ,LIil electrolytes (a = 1, 3, and 10)
in the frequency range of (a) 2220-2300 cm™! and (b) 990—1200 cm™' at room temperature.
Peak deconvolution was performed by PeakFit software using pseudo-Voigt functions with
fixed half-width at half-maximum.

The intermolecular interaction between Li" and the TFSA anion was analyzed by pair
correlation functions of Li*—Orrsa (gMPLi*—Orrsa(r), Figure 3.9b) and Li*—Nrtrsa
(gMPLi"—Nrrsa(r), Figure 3.9¢). The average coordination number for Li*—Otrsa revealed a
low salt dissociation degree under high salt concentrations (a = 1), while that of Li*—Nrgsa
can be used to determine the ratio of two possible conformers of the TFSA anion,
monodentate and bidentate, at varying salt concentrations.

The gMPLi*—Otrsa(r) showed a significant peak at 1.83 A, which can be assigned to the
nearest-neighbor Li'—OTFSA interaction.’’3° The average coordination number
(NMPLi"—Orrsa(r)) tend to increase with an increase in salt concentration; 0.4 (a =10) < 1.3
(a=3)<2.0(a=1). The trend thus suggests a decrease in salt dissociation degree within the
PCEO electrolytes by increasing the salt concentration, which was in line with the IR analysis
of the CFs bending vibration (ca. 740—745 cm™') (Figure 3.12) and the TG-MS analysis of
the TFSA fragment (Figure 3.2b).

114



Bound
ca. 745 cm™’ Free

ca. 740 cm™!

Figure 3.12 ATR-FTIR spectra (open circle) and typical curve-fitting results (solid line) of
CF3 bending vibration for pristine PCEO and PCEO,LiTFSA electrolytes (a = 1, 3, and 10)
in the frequency range of 720-760 cm™' at room temperature. Peak deconvolution was
performed by PeakFit software using pseudo-Voigt functions with fixed half-width at half-
maximum.

The correlation between Li' and the Ntrsa atom is known as a probe to distinguish the
two possible conformers of TFSA, monodentate and bidentate, in the Li* complexes.’'*? In
the gMPLi*—Nrrsa(r) for the PCEO system, two intense peaks appeared at 3.38 and 4.13 A,
which can be ascribed to the TFSA anions coordinating with Li* in a bidentate manner (bi-
TFSA) and a monodentate manner (mono-TFSA), respectively, based on the previous
theoretical and spectroscopic studies®*3* (Figure 3.9¢). The gMPLi*—Nrrsa(r) showed salt
concentration dependence, where only mono-TFSA exists at a low salt concentration (in this
study, @ = 10) and bi-TFSA started to coexist when increasing the salt concentration (a < 3).
A similar trend was reported in aqueous and nonaqueous solutions at high salt concentrations,
where charged ion aggregates exist in the form of mononuclear complexes, e.g., Li* having
a four-coordinated structure with the oxygen atom within bi-TFSA.3* The observed trend
thus suggests the increased population of the charged ion aggregates (e.g., Li(TFSA),") at
high salt concentrations (a = 1).3°

Figure 3.13 summarizes the salt concentration dependence of the average coordination

number of the Li*—nitrile group, Li*—TFSA anion, and Li*—ether oxygen atom for PCEO
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electrolytes obtained from the MD simulation and IR spectroscopic analysis. Both
experimental and theoretical values are in excellent agreement, which confirms the validity

of the methods used in this study.
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Figure 3.13 Salt concentration dependence of the average coordination number of the
Li*—nitrile group (Nitrile), Li*—"TFSA anion (Anion), and Li'—ether oxygen atom (Ether) for
PCEO/LIiTFSA (a = 1, 3, and 10). The MD-simulated coordination number (solid legend,
solid line) was calculated by integrating the gMPLi*~Npcpo(r), gMPLi*—Orrsa(r), and
gMPLi*—Opcro(r), respectively, up to a given r. The IR-estimated coordination number (open
legend, broken line) was calculated by integrating the intensities of free-CN and bound-CN
peaks (for Li*—nitrile group) observed in ATR-IR spectra. The inset shows the typical
snapshot of the Li" coordination structure found in the PCEO electrolyte at the corresponding
salt concentration. Pink, blue, light blue, red, yellow, green spheres represent Li, Npcko,
Nrtrsa, O, S, and F atoms, respectively. Spectator atoms are depicted as gray spheres for ease
of visibility.

Li* is mostly surrounded by the nitrile group (N = 3.58) within the side chain of PCEO
under low salt concentrations (¢ = 10). The trend thus clearly suggests the preferable
coordination of the nitrile group to Li" compared to ether oxygen. The addition of salt leads
to less contribution of the nitrile group to the Li" coordination structure and alternatively
increases the Li" coordination numbers of the TFSA anion and an ether oxygen atom. The
nitrile group remains as major species within the Li* coordination structure (N =2.29) at a =

3, while the TFSA anion becomes dominant species (N = 2.0) under a high salt concentration
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of a = 1, indicating the low salt dissociation at a given concentration. The contribution from
ether oxygen on Li" coordination remains small (N < 1.1) throughout the salt concentration

range, which clearly separates the PCEO electrolytes from the PEO-based counterparts.

3.3.3. Ion transport property

To understand the impact of the Li" coordination structure on ionic conductivity in detail,
I measured ionic conductivity at various temperatures for PCEO electrolytes (Figure 3.14).
An almost tenfold increase in the Li* conductivity was confirmed for PCEO electrolytes with
a = 3, which was associated with the enhanced interchain Li" transfer, involving the
decoordination process, and good segmental mobility of the polymer due to the unique Li*

coordination structure involving both the nitrile group and ether oxygen.
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Figure 3.14 Ionic conductivities for PCEO,LiTFSA electrolytes (a =1, 3, and 10) plotted
against (a) 1000/T and (b) 1000/(T —T, + 50 K). Fitting curves to the Vogel-Tammann—
Fulcher (VTF) equation are shown in solid lines in panel (a). The inset in pael (a) shows
representative Nyquist plots at 60°C. The analyzed parameters in the VTF equation are on
the right side of the graph.

The ionic conductivity obtained from electrochemical impedance spectroscopy (EIS)
displayed the typical curved increase in ionic conductivity upon increasing the operating
temperature for all of the PCEO electrolytes, suggesting that ions were transported mainly
via a segmental motion of polymer as was the case for PEO-based electrolytes (Figure
3.14a).3%%7 Note that the overall conductivity for PCEO electrolytes is lower than that of

previously reported PEO-based counterparts.*® The primary reason for this low conductivity
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is the relatively high T, of pure PCEO (ca. —20°C) compared to that of PEO (—64°C),!¢
probably originating from the strong dipole—dipole interaction between the nitrile group.
Although Tj is regarded as a comprehensive and global descriptor of ionic conductivity for

polymer electrolytes,’’

it is not the case for the ionic conductivity trend observed here,
considering that the 7 slightly decreased in proportion to the concentration of the salt (a =
10 (—18.9°C) > a =3 (—24.3°C) > a = 1 (—28.9°C)) (Figure 3.2a).

The effects of the Li" coordination structure on the ionic conductivity were evaluated
independently from the effects of differences in 7y by plotting the ionic conductivities on a
shifted temperature scale of 1000/(7 — T, + 50 K), which highlights the intrinsic conductivity
originating from the Li" coordination structure, rather than its general flexibility (Figure
3.14b).3%4° The trends in conductivity follow the order PCEOoLiTFSA = PCEOsLiTFSA >
PCEO\LiTFSA, which coincides with the trends in Li* coordination number of nitrile group
(Figure 3.14). A notable improvement in the ionic conductivity observed for @ = 10 and 3,
conditions where Li* is coordinated mainly by a nitrile group (N > 2), indicates the unique
Li*-transfer process, which is irrelevant to the segmental motion of the polymer. The nitrile
group-dominated coordination structure is preferable for the interchain Li* transfer involving
the decoordination process (short-range Li" conduction), via interconnected coordinating
sites in the polymer, probably due to the (1) moderate interaction between Li* and the nitrile
group and (2) characteristic linear structure of the nitrile group providing large free volume
in the direct vicinity of the Li" coordination site.

For further understanding of the ion transport properties of PCEO electrolytes, the
Vogel-Tammann—Fulcher (VTF) equation (eq 5), i.e., a modified Arrhenius equation
proposed for describing the temperature dependence of the viscosity in amorphous glasses,

was employed>®

_5 )
R(T — To)) ®)

Here, o(7) is the ionic conductivity at a specific temperature, 4 is a constant related to the

1
o(T) = AT zexp (—

maximum number of charge carriers, B is the pseudoactivation energy of ion conduction, R
is the gas constant, 7'is the temperature, and 7o is the VTF temperature often chosen to be 50

K below T5.#'™* The experimental data showed a good agreement with the fitting line (solid
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lines in Figure 3.14), and the analyzed parameters in the VTF equation are summarized in
Figure 3.14.

As expected, 4 values increased with an increase in salt concentration, which indicates
that even at high salt concentrations (@ = 1), majority of the salt can dissociate into Li" and
TFSA™ and act as a charge carrier. However, an increase of the 4 values was not fully
proportional to the salt concentration (especially from a = 3 to 1), consistent with a decrease
in the salt dissociation degree under high salt concentrations suggested by the MD simulation
and IR spectroscopy (Figure 3.13). The pseudoactivation energy (B) also increased with
increasing salt concentrations (11.4 (a = 10) < 13.5 (a =3) < 16.5 (a = 1)), which indicated
a slight mechanistic difference in ion transport under different salt concentrations.** The
slight change can be related to the change in the Li* coordination structure and/or the amount
of undissociated salt depending on the salt concentration.

Imaginary impedance is known to represent the capacitive response of the impedance
measurement, where peak frequency describes the timescale of specific processes (Figure
3.15). Although there is still no consensus for the detailed assignments of imaginary
impedance behavior for polymer electrolytes, the slope in the low-frequency region and the

n** and

peak in the high-frequency region are believed to correspond to ionic (DC) polarizatio
ion-pair relaxation or segmental relaxation of polymer chains,* respectively. The peak top
frequency for the high-frequency region shows a maximum value at a salt concentration of a
= 3 followed by a =10 and 1, which follows the observed ionic conductivity trends (Figure
3.14). Thus, the result indicates that local flexibility of ion pairs and/or polymer chains play

a significant role in the ion conduction in polymer electrolytes.
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Figure 3.15 Frequency dependence of imaginary impedance (Z2’”) for PCEO,LiTFSA (a =1,
3, and 10) electrolytes during EIS measurement with the conductivity cell [SS | electrolytes |
SS] measured at open circuit potential with amplitude of 10 mV at 70°C.

The lithium transference number (71i+) calculated by the potentiostatic polarization
(Bruce—Vincent) method (Figure 3.16 and Table 3.5) revealed that the 7+ for PCEO

electrolytes increased with increasing salt concentration (Table 3.6).

Figure 3.16 Time dependence of DC polarization and corresponding Nyquist plots before
and after polarization used to calculate the transference number for PCEO,LiTFSA (a =1, 3,
and 10). EIS measurement was performed using the symmetric cell of [Li metal | polymer
electrolyte | Li metal] at 70°C.
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Table 3.5 Measured parameter used to calculate the transference number for PCEO,LiTFSA

(a =1, 3, and 10) and the corresponding calculated values of Li* transference numbers at
70°C.

p I Iss Frequency [Hz] AV oo

[LA]  [uA]  RI[Q] R [Q] R [Q] Ri' [Q] [mV] L
6309.67 T

I 3204 1982 heesn 32270 1123 1975 10 0.70
166807 ]

303861 2313 e 19741 2668 2724 10 0.58

10 3370 1110 7943.0 I 10 0.33

2537.3 2631.9 246.7 399.7

Table 3.6 List of Li" transference numbers (7.i+) for PCEO,LiTFSA electrolytes (a = 1, 3,
and 10) at 70°C obtained by a potentiostatic polarization method.”

a fLi+ log oLi+ oLi+ [Sem™]
1 0.70 —5.78 1.66x10 °
3 0.58 ~5.20 6.26%10 °
10 0.33 ~5.75 1.80x10 °

4 Estimated Li” conductivities (o1i+) for PCEO,LITFSA electrolytes (a =1, 3, and 10) at 70°C
calculated by #1i+xo (70°C) is also shown.

Furthermore, the 7.i+ at a > 3 showed a significantly improved value compared to those
for PEO-based electrolytes (zi+ < 0.3) as well as conventional organic liquid-based
electrolytes (#Li+ ~0.5) under similar salt concentrations.!” The obtained concentration

dependence can be interpreted either in terms of trapping of anions in the Li* complexes®*4°

or the formation of ionic aggregates.*’>°

Estimated Li" conductivities (ovi+) for PCEO electrolytes showed the highest value at a
= 3 with moderate #;+ = 0.58 and the highest gio1 = 1.08 x 107 S cm™! among the salt
concentrations tested. Note that the ionic conductivity poorly correlates with the change in
T, for PCEO electrolytes, whereas it coincides with the trends in the Li" coordination number
of the nitrile group (Figure 3.14). Therefore, I propose that the Li* coordination structure be
one of the key descriptors to understand the unique oLi+ for PCEO electrolytes.

At a = 10, Li" interacts preferably with the nitrile group, forming an “isolated”

coordination structure with a negligible contribution from the ether oxygen atom (Figure

3.13). Since the ether oxygen atom plays a vital role in the interchain Li* transfer, involving
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the decoordination process, proposed as the critical step for Li* transport within PEO-based
electrolytes,®® the oLi+ value became significantly low at @ = 10. The TFSA anion, on the
other hand, is preferably transferred owing to the loose interaction with the ether oxygen
atom, which can also be the reason for the low #1;+ value at a = 10.

The contribution from the ether oxygen atoms and TFSA anions to Li* coordination
structure increases at a = 1, leading to an increase in #i+ while decreasing the total
conductivity of electrolytes due to the restriction of the anion movement and the presence of
ionic aggregates, respectively. The coordination structure at a = 1 for dissociated Li* contains
two oxygen and/or nitrogen atoms from the polymer and one or two oxygen atom(s) from
TFSA anions (Figure 3.13). MD simulations indicate that most of the anions become
involved in the Li" complex structure and no longer transfer freely in volume between the
chains. Furthermore, the large concentration of anions is unfavorable for anion transport, in
which most of the conduction sites are already occupied. The presence of charged ionic
aggregates (e.g., Li(TFSA),"), suggested by MD simulations (Figure 3.9c), may play a
significant role in the decrease of ionic conductivity. The relatively large molecular weight
and/or volume of charged ion aggregates compared to that of fully dissociated ions hinders
the effective ion conduction, resulting in low ¢ values at a = 1.

Li* interacts with both the nitrile group and ether oxygen atom at @ = 3 (Figure 3.13),
leading to moderately stabilizing Li" within the coordination structure. A characteristic
coexistent state of the three components (nitrile group, ether oxygen, and TFSA anion) may
play a significant role in accelerating the interchain Li* transfer involving the decoordination
process (short-range Li" conduction) as was the case for polyacrylonitrile-based
electrolytes.’! The previous study by Brooks et al. suggests that the PEO polymer is too
flexible and overly holding onto the Li*, leading the Li* to stay too long associated with a
region of PEO.?® The relaxation of the Li* coordination structure by the nitrile group thus has
a positive impact on the interchain Li* transfer, involving the decoordination process, while
maintaining the sufficiently low 7} without inhibiting the segmental motion of the polymer.
Furthermore, the characteristic linear structure of the nitrile group may provide large free

volume in the direct vicinity of the Li” coordination site, which accelerates the intermolecular
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coordination of Li*, eventually resulting in Li" transfer involving the decoordination process,
from one coordination site to another in the presence of an electric field.>

An analysis of #.i+ for the PC4EO electrolyte, having CoHs instead of the nitrile group of
PCEOQO (detailed for Chapter 4), further supports our hypothesis. The lithium transference
number was indeed affected by the existence of the nitrile group since #.i+ for the PC4EO
electrolyte was significantly lower (7Li+ = 0.14) compared to that for the PCEO electrolyte
(tLi+ = 0.58, Table 3.6). Therefore, having both the nitrile group and ether oxygen in the Li*
coordination structure is responsible for reducing the energy barrier of the Li" transfer for the
PCEO electrolyte at a = 3 by accelerating interchain Li" transfer involving the decoordination

process while maintaining the high segmental mobility of the polymer.

Table 3.7. Molecular weight (M,, number average and M,, weight average) of the
synthesized PC4EO polymer.

Molecular weight
PC4EO My My, My/My

[gmol™]® [gmolT]® [-]
fof,

0 5.66x10*  1.06x10° 1.86

1
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5 L 4.5x10°

Esoxto®r  elLeeen,,
S
N 1.5x10°

0.0

00 5.0x10° 1.0x10* 1.5x10¢ 2.0x10*
Z' [Ohm]

Current [A]
w

Time [h]

Frequency [Hz] AV ,
Ih [pA]  Iss [pA] RI[Q] RS[Q] RI[Q] R[Q] [mV] e
PC4EOQO;

LiTFSA 5.095 1.300 3129 3198 10693 13429 10 0.14

Figure 3.17 Time dependence of DC polarization and corresponding Nyquist plots before
and after polarization used to calculate the transference number for PC4EO,LiTFSA (a = 3).
EIS measurement was performed using the symmetric cell of [Li metal | polymer electrolyte
| Li metal] at 70°C. The measured parameter and obtained transference number for
PC4EO,LiTFSA (a = 3) is summarized below the graph.
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3.4. Conclusions

Details of the Li" coordination structure and its importance to the ionic conductivity of
the PCEO electrolyte, consisting of a polyether having a nitrile group and a LiTFSA salt,
were elucidated by combining molecular dynamics (MD) simulations and
spectro(electro)chemical analyses. The estimated Li" coordination structure from both the
MD simulation and infrared spectroscopy was in good agreement, which validates the
proposed Li" coordination structure at various salt concentrations. The contribution of the
nitrile group to Li* coordination decreased with an increase in salt concentration, while the
contribution of ether oxygen remained relatively small throughout, compared to the typical
polyether electrolytes. The distinctive suppression of ether coordination to Li* was
responsible for (1) a slight decrease of Ty and (2) the characteristic high Li* transference
number (>0.5) at the high salt concentration (a > 3). The importance of the Li* coordination
structure to Li* conductivity was also emphasized; cocontribution of a nitrile group and ether
oxygen to the Li* coordination structure is a key to accelerate the interchain Li* transfer
involving a decoordination process (short-range Li* conduction) while maintaining good
segmental mobility of the polymer (long-range Li* conduction). The nitrile group within the
Li* coordination structure moderately stabilizes the Li* without overly holding onto the Li*,
as well as providing free volume in the direct vicinity of the Li* coordination site, which
promotes intermolecular coordination of Li". The subsequent Li" transfer, involving the
decoordination process, from one coordination site to another can be assisted by the existence
of ether oxygen within the Li" coordination structure. The requirement for highly Li*-
conductive polymer electrolytes thus fulfilled by designing the coordination structure
consisting of the nitrile group and ether oxygen, which achieves the optimized stability of
Li* within the coordination shell, at the same time, sustains polymer segmental mobility at
high salt concentrations. This work provides a strategy to design the Li* coordination
structure for efficient Li" transfer within the polymer electrolyte, which is crucial for the

implementation of all-solid lithium-ion batteries.
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Chapter 4

Effect of alkyl side chain length on the lithium-ion conductivity for

polyether electrolytes: importance of lithium-ion coordination structure
4.1. Introduction

Designing the steric effect of the alkyl chain is one of the potential strategies to control
the coordination structure within the PEs. Redfern et al. compared the coordination structures
of PEO and poly(tetramethylene oxide) (PTMO) and clarified that steric crowding around
lithium-ion for PTMO electrolyte decreased the stability of the coordination structure.!
However, changing the steric effect of the alkyl chain also affects physicochemical properties,
including dielectric constant, internal free volume, and hydrophobicity, which affect the salt
dissociability,”> polymer segmental mobility,> and lithium-ion conduction pathway,*?
respectively. Therefore, in order to establish the polymer design strategy based on the fine-
tuning of the alkyl chain length, it is essential to clarify the effect of the alkyl chain on the
various physicochemical properties, including the coordination structure.

In this study, I investigated the influence of the alkyl side chain on the coordination
structure around lithium-ion and ether groups, as well as the lithium-ion transport properties
for polyether electrolytes. I systematically compared model polymers with varied alkyl side
chain length, poly(3-ethyl-3-(alkyl)oxymethyloxetane) (alkyl; methyl, ethyl, butyl, hexyl,
octyl, and dodecyl, described as PCmEO, m =1, 2, 4, 6, 8, and 12) (Figure 4.1), in order to
establish a simple and effective polymer design strategy based on the tuning of the alkyl side
chain. The length of the alkyl side chain affects the stability of the lithium coordination
structure; the electrolyte with a short alkyl side chain (m = 1) formed the stable coordination
structure due to the multiple interaction between ether groups and lithium-ion. Relatively
large steric hindrance of the alkyl side chain (m = 2—12) effectively suppressed the interaction
between ether oxygen and lithium-ion, which slightly destabilized the lithium coordination
structure and improved the segmental mobility as well as the activation energy of lithium-
ion transfer at the electrode-electrolyte interface. Polymer segmental mobility was also

improved with the extension of the alkyl side chain due to the internal plasticizing effect. The
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dielectric constant of the polymers decreased by extending the non-polar alkyl side chain,
reducing the salt dissociability. Lithium-ion transference number increased with the
extension of the alkyl side chain, indicating the effective suppression of the bulky anion
transfer by its steric hindrance. In addition, the space between well-aligned alkyl side chains
(m = 12) can be act as a rapid lithium-ion pathway, leading to the high lithium-ion
conductivity of 2.94 x 10°S c¢cm™" at 70°C. The results highlight that the alkyl side chain
length dictates critical factors determining lithium-ion conductivity, such as lithium transfer
energetics both in bulk and at the electrode-electrolyte interface, polymer segmental mobility,
and salt dissociability. The precise tuning of an alkyl side chain thus can be a simple and
effective design strategy to improve the PE properties required for realizing safe and high-

performance all-solid rechargeable battery technologies.

o—(cH2

Figure 4.1 The structure of matrix polymer, PCmEO (m =1, 2, 4, 6, 8, and 12).
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4.2. Experimental section

4.2.1. Preparation of polymers

Poly(3-ethyl-3-(alky/)oxymethyloxetane), PCmEO, having an alkyl side chain with
various lengths (m =1, 2, 4, 6, 8, and 12) was used in this study (Figure 4.1). PCmEO was
synthesized based on previous studies.®’ The monomers of PCmEO, CmEO, were
synthesized from the coupling of 3-ethyl-3-hydroxymethyloxetane (EHO) and alkyl
compounds modified with leaving groups, in base solution (Figure 4.2a). Prepared CmEO
was polymerized by a ring-opening cationic polymerization (ROCP) using the cationic

initiator, BF3-OEt,, in the solvent of 1,2-dichloroethane (Figure 4.2b).

< OoH ) X base
> + XACHy ) H —(————
- solvent

. OﬁCHQ'ﬁH BF;-OEt;

1,2-dichloroethane

Figure 4.2 (a) Synthesis of 3-ethyl-3-(alky/)oxymethyloxetane (CmEO, m=1, 2, 4, 6, 8, and
12). X stands for the following leaving groups; iodo, bromo, or methanesulfonyl group. (b)
Polymerization of CmEO (m =1, 2, 4, 6, 8, and 12).

(m = 1) 3-ethyl-3-methyloxymethyloxetane (C1EQO) was synthesized from EHO (8.75 mL,
0.075 mol), iodomethane (6.23 mL, 0.10 mol), and 40—60wt% sodium hydride (4.11 g, 0.10
mol). Sodium hydride dispersed in mineral oil was washed with hexane prior to use. Sodium
hydride and EHO were dissolved in 150 mL of tetrahydrofuran (THF) at room temperature
under an argon atmosphere, subsequently heated to 50°C to activate EHO. lodomethane was
then added to the activated EHO solution and refluxed overnight for Williamson-ether
reaction. THF in the obtained mixture was removed using a rotary evaporator, subsequently
diluted with dichloromethane, and washed with water. The obtained organic extract was
dehydrated with magnesium sulfate, followed by the removal of dichloromethane by
distillation. The residue was distilled under reduced pressure (150°C, 150—200 hPa) by
Kugelrohr. Yield: 6.17 g, 63.2%.
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CIEO (1.92 mL, 0.015 mol) and the initiator (37.9 pL, 0.30 mmol) were dissolved in 1,2-
dichloroethane (DCE) (total volume: 5 mL). The polymerization was performed at 0°C for 3
h under an argon atmosphere. The reaction was quenched with the addition of aqueous 4 M
NaCl/l M NaOH (5 mL), and the reaction mixture was subsequently added to
dichloromethane and washed with water. After removing dichloromethane using a rotary
evaporator, the residue was dissolved in a small amount of THF. The solution was poured
into a large amount of methanol to precipitate the polymerized C1EO (PC1EO). The resulting
polymer was collected by decantation and dried at 130°C under vacuum for overnight. Yield:
1.60 g, 81.9%, colorless crystal.

C1EO "H NMR (8, ppm from tetramethylsilane (TMS) in CDCls): 0.89 (t, 3H,— J= 7.3 Hz,
—CH,-CHs), 1.74 (q, 2H, J = 7.3 Hz, -CH>—CH3), 3.40 (s, 3H, —O—CHa), 3.51 (s, 2H,
—CH,—0—CH3), 4.42 (dd, 4H, J = 32.0 Hz, 5.8 Hz, ring, -CH,—O—CH>").

C1EO BC NMR (8, ppm from CDCl3 (77.0 ppm)): 7.99 (—CH>—CH3), 26.54 (—CH>—CH3),
43.15 (>C<), 59.14 (—O—CH3), 73.30 (—CH>—0O—CH3), 78.27 (—CH>—O—CH>-).

PCIEO "H NMR (3, ppm from TMS in CDCl;3): 0.84 (t, 3H,~ J= 7.5 Hz, -CH>—CHs), 1.38
(q, 2H, J= 7.3 Hz, —CH,—CH3), 3.19 (s, 4H, -CH>,—O—CH»—), 3.23 (s, 2H, —CH,—O—CHa),
3.29 (s, 3H, —-O—CHa).

(m = 2) 3-ethyl-3-ethyloxymethyloxetane (C2EO) was synthesized from EHO (8.75 mL,
0.075 mol), bromoethane (7.46 mL, 0.10 mol) and 40—60wt% sodium hydride (4.00 g, 0.10
mol). Sodium hydride dispersed in mineral oil was washed with hexane prior to use. Sodium
hydride and EHO were dissolved in 150 mL of THF at room temperature under argon
atmosphere, subsequently heated to 50°C to activate EHO. Bromoethane was then added to
the activated EHO solution and refluxed overnight for Williamson-ether reaction. THF in the
obtained mixture was removed using a rotary evaporator, subsequently diluted with
dichloromethane, and washed with water. The obtained organic extract was dehydrated with
magnesium sulfate, followed by the removal of dichloromethane. The distillate residue was
applied to a silica column (eluent = ethyl acetate: hexane, 5: 5 (vol)). After removing the
eluent by distillation, the residue was distilled under reduced pressure (150°C, 280—240 hPa)
by Kugelrohr. Yield: 3.70 g, 34.2%.

C2EO (3.15 mL, 0.020 mol) and the initiator (50.2 puL, 0.40 mmol) were dissolved in
DCE (total volume: 5 mL). The polymerization was performed at 0°C for 4 h under an argon

atmosphere. The reaction was quenched with the addition of aqueous 4 M NaCl/1 M NaOH
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(5 mL), and the reaction mixture was subsequently added to chloroform and washed with
water. After removing chloroform using a rotary evaporator, the residue was dissolved in a
small amount of THF. The solution was poured into a large amount of methanol to precipitate
the polymerized C2EO (PC2EQ). The resulting polymer was collected by decantation and
dried at 100°C under vacuum for overnight. Yield: 2.06 g, 71.4%, cloudy white solid.

C2EO 'H NMR (8, ppm from TMS in CDCl3): 0.89 (t, 3H,— J = 7.3 Hz, >C—CH>—CH3),
1.21 (t, 3H,~ J=7.0 Hz, -O—CH,—CHs), 1.75 (q, 2H, J = 7.3 Hz, >C—CH,—CHs), 3.53 (q,
2H, J= 7.2 Hz, —O —CH»—CHz), 3.54 (s, 2H, —CH,—O—CH>—CH3) 4.43 (dd, 4H, J = 31.3
Hz, 5.8 Hz, ring, >C—CH>—O—CH,—Cx<).

C2EO BBC NMR (8, ppm from CDCl;3 (77.0 ppm)): 8.08 (>C—CH>—CHj3), 14.94
(-O-CH,~CHs), 26.60 (>C—CH,—CHs), 4323 (>C<), 66.72 (—O—CH.—CHs), 73.02
(—CH,—0O—CH>—CH3), 78.51 (>C—CH>—O—CH,—Cx).

PC2EO 'H NMR (8, ppm from TMS in CDCls): 0.83 (t, 3H,— J = 7.5 Hz, >C—CH>—CH3),
1.15 (t, 3H,~- J = 6.8 Hz, -O—CH»—CH3), 1.38 (q, 2H, J = 7.5 Hz, >C—CH,—CH3), 3.20 (s,
4H, >C—CH,~O—CH,~C<), 3.25 (s, 2H, ~CH»—O—-CH,—CHs), 3.42 (q, 2H, J = 7.2 Hz,
—O—CH>—CHy).

(m = 4) Butyl methanesulfonate (BuOMs) was synthesized from butanol (22.9 mL, 0.25 mol)
and methanesulfonyl chloride (19.3 mL, 0.25 mol). Butanol and methanesulfonyl chloride
were dissolved in co-solvent consist of 104 mL of triethylamine and 200 mL of
dichloromethane, subsequently stirred for 5 h at 0°C for the butanol mesylation. The reaction
mixture was washed with water and aqueous 1M HCI. The obtained organic extract was
dehydrated with magnesium sulfate, followed by the removal of dichloromethane by
distillation. Yield: 31.86 g, 83.7%.

3-ethyl-3-butyloxymethyloxetane (C4EO) was synthesized from EHO (10.10 mL, 0.087
mol), BuOMs (9.93 mL, 0.072 mol), and 40—60wt% sodium hydride (4.12 g, 0.10 mol).
Sodium hydride dispersed in mineral oil was washed with hexane prior to use. Sodium
hydride, EHO, and BuOMs were dissolved in 150 mL of THF at room temperature under
argon atmosphere, subsequently heated to 50°C, and refluxed overnight for Williamson-ether
reaction. THF in the obtained mixture was removed using a rotary evaporator, subsequently
diluted with dichloromethane, and washed with water. The obtained organic extract was
dehydrated with magnesium sulfate, followed by the removal of dichloromethane by
distillation. The residue was distilled under reduced pressure (150°C, 200—150 hPa) by
Kugelrohr. Yield: 9.40 g, 75.6%.
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C4EO (3.82 mL, 0.020 mol) and the initiator (50.2 uL, 0.40 mmol) were dissolved in
DCE (total volume: 5 mL). The polymerization was performed at 0°C for 3 h under argon
atmosphere. The reaction was quenched with the addition of aqueous 4 M NaCl/1 M NaOH
(5 mL), and the reaction mixture was subsequently added to chloroform and washed with
water. After removing chloroform using a rotary evaporator, the residue was dissolved in a
small amount of THF. The solution was poured into a large amount of 2-propanol to
precipitate the polymerized C4EO (PC4EO). The resulting polymer was collected by
decantation and dried at 130°C under vacuum for overnight. Yield: 2.51 g, 72.9%, colorless,
highly viscous liquid.

BuOMs 'HNMR (8, ppm from TMS in CDCls): 0.95 (t, 3H,— J=7.3 Hz, -CH>—CH3), 1.44
(sext.,2H,~ J=7.3 Hz, -CH>,—CH3), 1.73 (quin., 2H, J = 7.3 Hz, -CH>,—CH>—CH3), 3.02 (s,
3H, —SO,—CHj3), 4.24 (t, 2H, J = 6.7 Hz,—O—CH,-).

C4EO 'H NMR (5, ppm from TMS in CDCl): 0.92 (m, 6H, >C—CH,—CHs,
—CH,—CH>—CH3), 1.37 (sext., 2H,— J=6.7 Hz, -CH>—CH>—CH3), 1.56 (quin., 2H,— J=6.7
Hz, -CH,—CH>,—CH»—), 1.74 (q, 2H, J = 7.3 Hz, >C—CH>—CH3), 3.46 (t, 2H, J = 6.7 Hz,
—O0—CH>—CH>-), 3.53 (s, 2H, -CH>—O—CH>—CH>—), 4.39 (dd, 4H, J=34.8 Hz, 6.1 Hz, ring,
>C—CH,—O—CH,—Cx).

C4EO BC NMR (3, ppm from CDCl3 (77.0 ppm)): 8.19 (>C—CH,—CH3), 13.90
(—CH>—CH»—CHs), 1932  (—CH»—CH»—CH3), 26.71 (>C-CH>—CHs), 31.64
(—CH,—CH>—CH>—), 43.40 (>C<), 71.30 (-O—CH>—CH>™), 73.34 (—CH,—O—CH>—CH2—),
78.63 (=C—CH>—O—-CH>—Cx).

PC4EO 'H NMR (3, ppm from TMS in CDCl3): 0.83 (t, 3H,~ J = 7.5 Hz, >C—CH>—CH3),
091 (t, 3H,-J = 7.5 Hz, -CH,-CH>—CHs), 1.32-1.40 (m, 4H, >C-CH>—CHj,
—CH,—CH>—CH3), 1.51 (quin., 2H, J = 7.0 Hz, —O—CH>—CH:-), 3.19 (s, 4H,
>C-CH,—O—-CH,—(x), 3.24 (s, 2H, —CH,—O—-CH>—CHz-), 3.35 (t, 2H, J = 6.8 Hz,
—0O—-CH,—CH2-).

(m = 6) 3-ethyl-3-hexyloxymethyloxetane (C6EO) was synthesized from EHO (5.70 mL,
0.050 mol), 1-bromohexane (6.96 mL, 0.050 mol), and tetrabutylammonium bromide
(TBAB) (1.62 g, 0.0050 mol). EHO, 1-bromohexane and TBAB were dissolved in co-solvent
consist of 250 mL of toluene and 250 mL of aqueous 40wt% NaOH. The solution refluxed
overnight at 60°C with a strong stir for Williamson-ether reaction. The obtained reaction
mixture washed with water, subsequently dehydrated with magnesium sulfate, and then
toluene was removed by distillation. The residue was distilled under reduced pressure (100°C,

1.3 hPa) by Kugelrohr. Yield: 5.90 g, 58.9%.
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C6EO (3.21 mL, 0.014 mol) and the initiator (40.0 uL, 0.32 mmol) were dissolved in
DCE (total volume: 4.5 mL). The polymerization was performed at 0°C for 3 h under an
argon atmosphere. The reaction was quenched with the addition of aqueous 4 M NaCl/1 M
NaOH (5 mL), and the reaction mixture was subsequently added to chloroform and washed
with water. After removing chloroform using a rotary evaporator, the residue was dissolved
in a small amount of THF. The solution was poured into a large amount of 2-propanol to
precipitate the polymerized C6EO (PC6EO). The resulting polymer was collected by
decantation and dried at 130°C under vacuum for 1.5 days. Yield: 2.30 g, 80.3%, colorless,
highly viscous liquid.

C6EO 'H NMR (3, ppm from TMS in CDCl): 0.85-0.93 (m, 6H, >C—CH,—CHj,
—CH,—CH>—CH3), 1.24-1.38 (m, 6H, -CH>—CH,—CH>—CH3), 1.57 (quin., 2H,— J=6.7 Hz,
—O-CH,—CH»>), 1.74 (q, 2H, J = 7.3 Hz, >C—CH,—CH3), 3.45 (t, 2H, J = 6.7 Hz,
—O—-CH>—CH»™), 3.52 (s, 2H, -CH,—O—CH>—CH>—) 4.39 (dd, 4H, J= 34.3 Hz, 6.1 Hz, ring,
>C—CH>—O—CH>—Cx).

C6EO 3C NMR (8, ppm from CDCl; (77.0 ppm)): 8.17 (>C—CH,—CHj3), 14.09
(-CH—CH>—CHj3), 22.59 (-CH»-CH»—CHs), 26.70 (>C—CH>—CHj3), 29.19
(—CH>—CH>—CH>—CH3), 29.46 (—CH,—CH>—CH3), 31.62 (—O—CH>—CH>—), 43.37 (>C<),
71.61 (—O—CH>—CH»—), 73.32 (-CH>—O—-CH>—CH;—), 78.62 (>C—CH>—O—-CH,—C<).
PC6EO 'H NMR (8, ppm from TMS in CDCls): 0.83 (t, 3H,— J = 7.5 Hz, >C-CH>—CH3),
0.89 (t,3H,— J=6.5 Hz, -CH,—CH,—CH3), 1.26—1.33 (m, 6H, —CH,—CH,—CH>—CH3), 1.38
(q, 2H, J = 7.3 Hz, >C—CH»>—CH3), 1.52 (quin., 2H, J = 6.9 Hz, -O—CH>—CH>—), 3.19 (s,
4H, >C—CH>—0O—CH>—Cx), 3.24 (s, 2H, —CH>—O—CH,—CH»>—), 3.34 (t, 2H, J = 6.8 Hz,
—O—-CH>—CH>™).

(m = 8) 3-ethyl-3-octyloxymethyloxetane (C8EO) was synthesized from EHO (6.84 mL,
0.070 mol), 1-bromooctane (8.64 mL, 0.050 mol), and TBAB (1.62 g, 0.0050 mol). EHO, 1-
bromooctane, and TBAB were dissolved in co-solvent consist of 200 mL of toluene and 200
mL of aqueous 40wt% NaOH. The solution refluxed for 3 days at 70°C with a strong stir for
Williamson-ether reaction. The obtained reaction mixture washed with water, subsequently
dehydrated with magnesium sulfate, and then toluene was removed by distillation. The
residue was distilled under reduced pressure (150°C, 5.3 hPa) by Kugelrohr. Yield: 4.02 g,
35.2%.

C8EO (4.09 mL, 0.016 mol) and the initiator (40.0 uL, 0.32 mmol) were dissolved in
DCE (total volume: 5.0 mL). The polymerization was performed at 0°C for 4 h under an

argon atmosphere. The reaction was quenched with the addition of aqueous 4 M NaCl/1 M
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NaOH (5 mL), and the reaction mixture was subsequently added to dichloromethane and
washed with water. After removing dichloromethane using a rotary evaporator, the residue
was dissolved in a small amount of THF. The solution was poured into a large amount of 2-
propanol to precipitate the polymerized C8EO (PC8EO). The resulting polymer was
collected by decantation and dried at 100°C under vacuum for overnight. Yield: 2.33 g, 63.7%,
colorless, highly viscous liquid.

C8EO 'H NMR (8, ppm from TMS in CDCls): 0.85-0.93 (m, 6H, >C—CH,—CHs,
—CH,—CH>—CH3), 1.22-1.37 (m, 10H, -CH>—CH>—CH,—CH>—CH»—CH3), 1.57 (quin., 2H,~
J = 6.7 Hz, -O—CH:—CH:-), 1.74 (q, 2H, J = 7.3 Hz, >C—CH>—CH), 3.44 (¢, 2H, J = 6.7
Hz, ~O—CHy—CHa-), 3.52 (s, 2H, ~CH>~O—CHy,—CHa—) 4.38 (dd, 4H, J = 34.3 Hz, 6.1 Hz,
ring, >C—CH>—O—CH,—Cx).

C8EO BC NMR (3, ppm from CDCl; (77.0 ppm)): 8.19 (>C—CH,—CHj3), 14.06
(-CH~CH»—CH3), 22.62 (-CH»~CH,—CHs), 26.10 (~O—CH;~CH,~CH>-), 26.70
(>C—CHa—CHs), 29.25 (~O—~CH,—CHo—CHy—CH,-), 29.38 (~CHy—CH,—~CHa—CHs), 29.50
(~CH>~CH,—CHs3), 31.80 (<O—CH,—CHy—), 43.37 (>C<), 71.61 (~O-CH,—CH,-), 73.32
(—CH,—0O—CH>—CHy-), 78.61 (>C—CH>,—O—CH,—CXx).

PC8EO 'H NMR (3, ppm from TMS in CDCl3): 0.83 (t, 3H,~ J = 7.5 Hz, >C—CH>—CH3),
088 (t, 3H—-J = 65 Hz, —-CH,CH»—CHis), 124-1.33 (m, 10H,
—CH,—CH,—CH,—CH,—CH»—CH3), 1.38 (q, 2H, J= 7.2 Hz, >C—CH,—CH3), 1.52 (quin., 2H,
J = 68 Hz, ~O—CH,—CH»-), 3.19 (s, 4H, >C—CH»O-CH»—C<), 324 (s, 2H,
~CH,~O—CHy—CHa-), 3.33 (t, 2H, J = 6.3 Hz, ~O—CHy—CHy-),

(m = 12) 3-ethyl-3-dodecyloxymethyloxetane (C12EO) was synthesized from EHO (6.84
mL, 0.070 mol), 1-lododecane (10.74 mL, 0.050 mol), and 40—60wt% sodium hydride (3.37
g, 0.070 mol). Sodium hydride dispersed in mineral oil was washed with hexane prior to use.
Sodium hydride and EHO were dissolved in 400 mL of THF at room temperature under argon
atmosphere, subsequently heated to 60°C to activate EHO. 1-Iododecane was then added to
the activated EHO solution and refluxed for 1 day for Williamson-ether reaction. THF in the
obtained mixture was removed using a rotary evaporator, subsequently diluted with
chloroform, and washed with water. The obtained organic extract was dehydrated with
magnesium sulfate, followed by the removal of chloroform by distillation. The distilled
residue was applied to a silica column (eluent = ethyl acetate: hexane, 1: 9 (vol)), and then
the eluent was removed by distillation. Yield: 5.60 g, 39.4%.

C12EO (5.64 mL, 0.016 mol) and the initiator (40.0 puL, 0.32 mmol) were dissolved in

DCE (total volume: 5.0 mL). The polymerization was performed at 0°C for 2 days under an
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argon atmosphere. The reaction was quenched with the addition of aqueous 4 M NaCl/1 M
NaOH (5 mL), and the reaction mixture was subsequently added to dichloromethane and
washed with water. After removing dichloromethane using a rotary evaporator, the residue
was dissolved in a small amount of THF. The solution was poured into a large amount of 2-
propanol to precipitate the polymerized C12EO (PCI12EO). The resulting polymer was
collected by decantation and dried at 100°C under vacuum for overnight. Yield: 2.35 g, 51.6%,
colorless, highly viscous liquid.

CI2EO 'H NMR (3, ppm from TMS in CDCl3): 0.86—0.91 (m, 6H, >C—CH,—CHj3,
—CH,—CH,—CHa), 1.21-1.36 (m, 18H,
—CH,—CH,—CH»>—CH,—CH,—CH>—CH»,—CH,—CH»>—CH3), 1.57 (quin., 2H,— J = 6.7 Hz,
—~0—-CH>—CH»-), 1.74 (q, 2H, J = 7.3 Hz, >C—CH,—CH3), 3.45 (¢, 2H, J = 6.7 Hz,
~0-CH»~CHy-), 3.52 (s, 2H, ~CH,~O—CHy—CHy-) 4.39 (dd, 4H, J = 34.3 Hz, 6.1 Hz, ring,
>C—CHy~O—CH—C<).

CI2EO BC NMR (8, ppm from CDCl; (77.0 ppm)): 8.16 (>C—CH>—CH3), 14.09
(-CHy-CH,~CH3), 22.66 (~-CH»-CH,~CHs), 26.10 (-O—CH,~CH,~CHa>-), 26.70
(>C—CH»—CH3), 29.51 (-CH,—CH>—CH>—CH>—CH>,—CH,—CH,—CH>—CH3), 31.89
(-O-CH—CH,~CHy-), 4337  (>C<), 71.62  (-O-CH»—CH»-),  73.33
(—CH,—O—CH>—CH»y-), 78.61 (>C—CH>,—O—CH,—Cx).

PC12EO 'NMR (8, ppm from TMS in CDCls): 0.83 (t, 3H,~ J = 7.3 Hz, >C—CH>—CHa),
088 (, 3H-J = 68 Hz ~—CHCH-CHs), 122-132 (m, I8H,
—CH,—CH,—CH>—CH,—CH,—CH>—CH,—CH,—CH>— CHj), 1.37 (q, 2H, J = 7.3 Hz,
>C—CH,~CHs), 1.52 (quin, 2H, J = 6.6 Hz, —O—-CH,—CHy-), 3.18 (s, 4H,
>C—~CHr,-O—~CHy—C<), 323 (s, 2H, ~CH,~O—CH,—CHy-), 3.33 (t, 2H, J = 6.5 Hz,
~0-CH>—CHa).

4.2.2. Preparation of polymer electrolytes

PCmEO electrolytes were prepared by mixing the PCmEO and 1.0 M lithium
bis(trifluoromethane sulfonyl)amide (LiTFSA) in tetrahydrofuran (THF) solution,
subsequently heated under a vacuum to remove THF, which confirmed using infrared
spectroscopy. The mixing ratio of polymer repeating unit and LiTFSA was set to 5. Prepared

PEs are denoted as PCmEO-LiTFSA throughout the study.

4.2.3. Characterization methods

The structures of the synthesized compounds were identified using nuclear magnetic
resonance (NMR) spectroscopy. The spectra of 'H NMR and '3C NMR were recorded with
an FT-NMR spectrophotometer (JNM-LA-500, JEOL). The molecular weight of the
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polymers was measured by a gel permeation chromatography (GPC) system (CBM-20A, LC-
20AD, DGU-20A, CTO-20A, and RID-10A, Shimadzu) using THF as the elution solvent
and polystyrene standards for the calibration of columns.

The concentration of the LiTFSA in polymer electrolytes was estimated from the
reference density value for the LITFSA melt! and the density of the monomer as polymer
density. The monomer density was obtained from the mass ratio of each monomer and pure
water with the same volume at room temperature (20—25°C). LiTFSA concentration in
polymer electrolytes was calculated assuming no density change occurs when mixing the salt

and polymers. The concentration was calculated by the following formula;
(M)
WLi Yp
)+ G

cLi is LITFSA concentration in polymer electrolytes, Mi; is the molar number of LiTFSA in

CLi =

polymer electrolytes, wi; is the total weight of LITFSA in polymer electrolytes, wp, is the total
weight of the polymer in polymer electrolytes, pi;i is the density of the LITFSA melt (here,
1.97 g cm™), and pm is estimated polymer density from monomer density.

A differential thermogravimetric analyzer (Thermo Plus Evo II, RIGAKU) was used to
determine the thermal decomposition temperature (74). A small amount of the pure polymers
or PEs (~10 mg) was put on an aluminum pan. Pure polymer samples were heated from room
temperature to 500°C at a heating rate of 20°C min~'. Polymer electrolytes were first heated
to 150°C and kept for 10 min and cooled to 50°C, and then heated again to 500°C at a heating
rate of 20°C min™! to remove absorbed water within the PEs. The final heating scan was
recorded as the thermogravimetry (TG) curve of the samples. Thermal decomposition
temperature was determined as the intersection of the baseline and the diagonal line of the
largest mass loss. Gas chromatography-mass spectrometry (GC-MS) was performed by gas
chromatograph/mass spectrometer (GCMS-QP2010 Ultra, SHIMADZU) with double-shot
pyrolyzer (PY-2020iD, Frontier Lab) and thermal desorption system (TD-20, SHIMADZU).
A small amount of PC1EO-LiTFSA or PC12EO-LiTFSA (~ 0.6 mg) and quarts wool were
put on a stainless-steel cup. The sample was first heated to 150°C and kept for 10 min, and

then heated again to 600°C at a heating rate of 20°C min™".
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A differential scanning calorimeter (DSC7020, HITACHI) was used to determine the
glass transition temperature (7), crystallization temperature (7¢), and melting temperature
(Tm)- A small amount of the polymers or the PEs (~ 10 mg) was hermetically sealed in an
aluminum DSC pan. The samples were first heated to 120°C and cooled to —100°C and then
heated again to 120°C at a heating/cooling rate of 10°C min™! (for PC12EO and PC12EO-
LiTFSA, the samples were cooled to —150°C). The second heating scan was recorded as the
DSC thermogram of the samples. The thermal transition temperatures (7, 7c, and Tr) were
determined as the intersection of the baseline and the diagonal lines of the second heat flow
step.

Infrared (IR) spectra of the PEs were measured by a Fourier transform infrared
spectrometer (Nicolet iS50, Thermo-Fisher Scientific) in the wavenumber range of
5504000 cm™! with a resolution of 4 cm™'. The measurements were performed by attenuated
total reflection (ATR) configuration with ZnSe prism. The polymer electrolyte was sealed
between the ATR stage and glass plate with the grease in an Ar-filled glove box to avoid
moisture absorption. Raman spectra of the PEs were measured by a laser Raman
spectrophotometer (MRS-3100, JASCO) equipped with a 532 nm laser. The polymer
electrolyte was sealed between two glass plates having a rubber spacer (5 mm in thickness)
in an Ar-filled glove box to avoid moisture absorption. Raman spectra were measured in the
wavenumber range of 100-3000 cm™! with a resolution of 4 cm™'. The spectra of IR and
Raman were analyzed with a commercially available peak fitting software (PeakFit™ ver.

4.12, Seasolve Co.). A pseudo-Voigt function was used for the peak deconvolution.

4.2.4. Electrochemical measurements

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were performed to study
the electrochemical stability of the PEs. Each PCmEO-LiTFSA infiltrated in glass filter paper
(GA-55, ADVANTEC) was placed between electrodes in a 2032-type cell. Linear sweep
voltammograms were obtained using lithium metal foil as the counter and reference electrode,
and a stainless-steel disk as the working electrode. Cyclic voltammograms were obtained
using lithium metal foil as the counter and reference electrodes, and a nickel disk as the

working electrode. The cell was stabilized by storing in a thermostat chamber (WFO-450ND,
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EYELA) at 60°C for several days. Linear sweep voltammetry was performed from the open
circuit potential to 7 V vs Li/Li*. The potential range was set to 2.5 to —0.5 V vs Li/Li* for
CV measurement. Linear sweep voltammetry and CV were carried out at a scan rate of |
mV s™! with an electrochemical measurement system (HZ-5000 and HZ-7000, Hokuto
Denko) at 70°C in a constant climate cabinet (LU-114, ESPEC).

The ionic conductivity of each PE was measured by electrochemical impedance
spectroscopy using an SP-150 potentio/galvanostat (BioLogic). The polymer electrolyte was
placed between two stainless-steel electrodes separated by a PTFE spacer, and the cell
temperature was controlled from 20°C to 100°C with a constant climate cabinet (SU-242,
ESPEC). All the measurements were performed after holding the temperature for at least 1
h. The diameter of the semicircles observed in the Nyquist plot (Figure 4.10) was defined as
the electrolyte resistance (Rpui). The ionic conductivity (o) was calculated with the following
equation,

l

c= —
Rpux -4

(D
where / and A4 are the thickness and the surface area of electrolyte, respectively.

The transference numbers of lithium-ion (#.i+) in the PEs were determined using the
electrochemical method proposed by Bruce and Vincent.®? The required parameters were
obtained using potentiostatic polarization and electrochemical impedance spectroscopy with
a multi electrochemical measurement system (HZ-Pro S4, Hokuto Denko). The polymer
electrolytes infiltrated in glass filter paper (GA-55, ADVANTEC) were placed between two
lithium metal foil electrodes in a 2032-type cell. The cell was stored in a thermostat chamber
(WFO-450ND, EYELA) at 60°C for several days for stabilization. Electrochemical
impedance spectroscopy was performed before and after the potentiostatic polarization at
70°C in a constant climate cabinet (SU-222, ESPEC). The following equation gives the
transference number of lithtum-ion (7Li+),

IssRe'(AV — IoR;")
loRe'(AV — IssRy")

Li+ —

2)
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where AV is the applied potential (AV = 10 mV), [y is the initial current of the potentiostatic
polarization, Iss is the steady-state current of the polarization, R.' is the electrolyte resistance
before the polarization, and R.' is the steady-state electrolyte resistance during the
polarization, Ry is the interfacial resistance before the polarization, and R is the steady-state
interfacial resistance during the polarization.

Lithium-ion transfer resistance at the lithium metal electrode-polymer electrolyte
interface was estimated by electrochemical impedance spectroscopy using a multi-
electrochemical measurement system (HZ-Pro S4, Hokuto Denko). A lithium symmetric cell
was used as in the 7 i+ measuring 2032-type cell. The cell temperature was raised from 60°C
to 80°C in a constant climate cabinet (SU-222, ESPEC) and kept for at least 1 h at the target

temperature before each measurement.
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4.3. Results and discussion

4.3.1. Characterization of polymers and electrolytes

Successful synthesis of PCmEO (m = 1, 2, 4, 6, 8, and 12) was confirmed by 'H NMR
spectrometry. The molecular weight of each PCmEO obtained from the chromatogram of gel
permeation chromatography (GPC) (Table 4.1 and Figure 4.3) was more than 10 kg mol ™!,
which was large enough to exclude the contribution of the molecular weight of the polymer
on the physicochemical properties.! PCmEO electrolytes were prepared by mixing the
PCmEOQO and 1.0 M lithium bis(trifluoromethane sulfonyl)amide (LiTFSA) in tetrahydrofuran
(THF) solution, subsequently heated under a vacuum to remove THF, which confirmed using
infrared spectroscopy. The mixing ratio of polymer repeating unit and LiTFSA was set to 5.
Prepared PEs are denoted as PCmEO-LiTFSA throughout the study. The amount of LiTFSA
in PEs, LiITFSA weight ratio, and LiTFSA concentration are listed in Table 4.2.
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Figure 4.3 The chromatogram of PCmEO (m becomes longer in order from top to bottom;
m=1, 2,4, 6,8, and 12) obtained by gel permeation chromatography (GPC) using THF as
the elution solvent, deriving polymer molecular weight. The chromatogram was detected by
a refractive index (RI) detector.
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Table 4.1 The molecular weight of PCmEO obtained from GPC chromatogram calibrated
with polystyrene. M, is the number-average molecular weight, M, is the weight-average
molecular weight, M,/ M, is the dispersity of molecular weight, Mmonomer 1S Monomer
molecular weight, and DP is the degree of polymerization calculated from division of M, by
monomer molecular weight.

Mn MVV Mmono
m kgmol'] [kgmol] MM 1ol bp
1 59.0 147.0 2.49 130.19 453
2 26.7 48.4 1.81 14421 185
4 27.1 475 176 172.27 157
6 101.1 172.7 171 20032 505
8 7322 135.1 1.85 22838 321
12 11.0 235 2.14 284.48 38.7

Table 4.2 Estimated CmEO monomer density and lithium salt concentration of polymer
electrolytes.

m monomer density LiTFSA ratio LiTFSA concentration
[g mL™"] [wt%] [mol L]
1 1.018 30.6 1.28
2 0.915 28.5 1.07
4 0.902 25.0 0.91
6 0.894 22.2 0.79
8 0.894 20.1 0.70
12 0.807 16.8 0.52

4.3.2. Electrochemical and thermal stability

Voltametric and thermogravimetric analysis revealed that the electrochemical and
thermal stability of newly synthesized PCmEO-LiTFSA electrolyte partially affected by the
length of the alkyl side chain, yet it possessed sufficient electrochemical and thermal stability
for ~4 V-class lithium secondary batteries which can operate up to ~250°C (Figure 4.4). The
oxidation stability of PCmEO-LiTFSA was assessed with linear sweep voltammetry (LSV)
at 70°C (Figure 4.4a, Figure 4.5). Oxidation current was observed from ca. 4.0 V vs. Li/Li*
for PCmEO-LiTFSA (m = 1, 4, 6, 8, and 12), which agreed well with the oxidative
decomposition potential of polyether electrolytes.!"»'? Relatively low oxidation stability of
ca. 3.5 V for PC2EO-LiTFSA indicates the unique inter/intra molecular interaction within

the electrolyte. Cyclic voltammogram for PCmEO-LiTFSA showed stable lithium
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deposition/stripping reaction at ca. 0 V vs. Li/Li* (Figure 4.6), suggesting that PCmEO-
LiTFSA electrolytes are applicable to the ~4 V-class batteries.!?
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Figure 4.4 Electrochemical and thermal stability of newly synthesized PCmEO and
corresponding electrolytes. (a) Linear sweep voltammogram from rest potential (ca. 3.0 V)
to 7.0 V for PCmEO-LiTFSA on stainless steel working electrode at a scan rate of 1 mV s™'.
Thermogravimetric (TG) curves of (b) PCmEO (pure polymers) and (¢) PCmEO-LiTFSA
(PEs). TG curve was obtained under He atmosphere at a heating rate of 20°C min".
Thermogravimetry of the PEs was performed after pre-heating at 150°C for 10 min to remove
water. Blue, green, yellow, orange, red, and purple line shows m =1, 2, 4, 6, &, and 12,
respectively.
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Figure 4.5 Linear sweep voltammogram for PCmEO-LiTFSA on stainless steel working
electrode at 70°C normalized by the peak current. Potential was scanned from the rest
potential (ca. 3.0 V) to 7.0 V at a scan rate of 1 mV s~!. Symbol marks indicates the starting
points of current peak rising; m = 1 (blue circle), m = 2 (green down triangle), m = 4 (yellow
square), m = 6 (orange hexagon), m = 8 (red diamond), and m = 12 (purple triangle).
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Figure 4.6 Cyclic voltammograms of (a) PC1EO-LiTFSA, (b) PC2EO-LiTFSA, (c) PC4EO-

LiTFSA, (d) PCO6EO-LiTFSA, (e¢) PCS8EO-LiTFSA, and (f) PCI12EO-LiTFSA on Ni
electrode at a scan rate of 1 mV s ! at 70°C.
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Thermogravimetric analysis confirms the improvement of the thermal stability of
PCmEO-LiTFSA with the shortening of the alkyl side chain (Figure 4.4b, c). The observed
trend indicates the effect of the alkyl side chain on the interaction between dissociated ions
and PCmEO, which dictates the thermal stability of the electrolytes. Thermogravimetric
curves for pure PCmEO showed a plateau extending up to ca. 350°C, indicating minimal
weight loss and good thermal stability up to 350°C. A weight-loss observed at >350°C
corresponds to the evaporation of short molecules, which can be generated from the thermal
decomposition of polymers initiated by the radical cleavage of the C—O or the C—C covalent
bond.'* Thermal decomposition temperature (74) of all pure PCmEO was at 370+15°C, which
is similar to other polyethers (e.g., Tqa of PEO; ca. 400°C)!> (Table 4.3). Similar Ty for all the
pure PCmEOQ, regardless of the alkyl side chain length, confirms the negligible effect of the
alkyl side chains on the thermal decomposition process of pure PCmEO.

The thermal decomposition temperature of PCmEO-LiTFSA (m > 2) decreased
compared to the corresponding pure PCmEO (Figure 4.4b, c), suggesting the acceleration of
the thermal decomposition by LiTFSA. PCmEO-LiTFSA (m > 2) were destabilized due to
the interaction between ether groups and lithium-ion, which weakened the C—O covalent
bonds.!'* Thermal decomposition temperature (74) of PCmEO-LiTFSA (m < 8) electrolytes
showed alkyl side chain length dependence; m =1 (383°C)>m =2 (367°C) >m =4, 6, and
8 (359°C, 352°C, and 356°C, respectively) (Figure 4.4c, Table 4.3). The observed
improvement of the thermal stability for PCmEO-LiTFSA with the shortening of the alkyl
side chain (m < 8) suggested the suppression of the radical cleavage of the covalent bond,
which initiated the thermal decomposition of PCmEO-LiTFSA. The previous study on PEO
electrolytes (e.g., PEO-LiCl)'* suggests that the dissociated ion act as a radical trap and
effectively inhibit the chained radical decomposition. Therefore, the 74 trend may reflect the
amount of the dissociated ion in PCmEO-LiTFSA; the amount of the dissociated ion was
increased with the shortening of the alkyl side chain. On the other hand, PC12EO-LiTFSA
showed an extremely low 74 of 279°C, which was inconsistent with the explanation based on
the ion dissociability. I propose that the alignment of the long alkyl side chain (m = 12) via
hydrophobic interactions hinders the approach of the dissociated ions at the vicinity of the

alkyl side chain,*® inhibiting the dissociated ions to act as a radical trap effectively. Further
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support comes from gas chromatography-mass spectrometry (GC-MS), which confirms the
decomposition of the alkyl side chain occurred before that of the polymer main chain for
PC12EO-LiTFSA, unlike PC1EO-LiTFSA (Figure 4.7).

Subsequent weight loss was observed at 410-440°C (m > 2) and > 440°C (m = 1) for
PCmEO-LiTFSA (Figure 4.4c), which corresponds to the thermal decomposition of the
TFSA anion and the polymer residue. The assignment was supported by (1) the detection of
the TFSA anion and trace amount of polymer residue at a given temperature in GC-MS
(Figure 4.7), (2) the good agreement with the weight loss and the added weight of TFSA in
PCmEO-LiTFSA.

Temperature / °C

Figure 4.7 Gas chromatography-mass spectrometry (GC-MS) curves for (a), (b) PCIEO-
LiTFSA and (c), (d) PCI2EO-LiTFSA, recorded from 150°C to 500°C under He flow. TIC
in (a) and (c) indicates the total ion chromatogram. Assignment for each m/z is as follows.
(b) m/z = 41: *CH,—CH=CH; derived from the decomposition of ethyl group, m/z = 71:
O=CH—CH—CH=O0 derived from the decomposition of polymer main chain, m/z = 45:
*CH2,—0—CHj derived from the decomposition of methoxymethyl group (polymer side chain),
and m/z = 64: O=S=0 derived from the decomposition of TFSA anion. (d) m/z = 41:
‘CH>—CH=CHp> derived from the decomposition of ethyl group or dodecyl group, m/z = 71:
O=CH—"CH—CH=0 derived from the decomposition of polymer main chain, m/z = 55:
CH3;—"CH—CH=CH; derived from the decomposition of dodecyl group, and m/z = 64:
0=S=0 derived from the decomposition of TFSA anion.
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4.3.3. Segmental mobility

Differential scanning calorimetry (DSC) revealed that the length of alkyl side chains
affects the phase transition behavior of the PCmEO and the corresponding electrolytes. The
PCmEO showed crystallinity for m = 1, 2, §, and 12 except with moderate length alkyls (m
=4 and 6), and the crystallinity was confirmed only for PC12EO-LiTFSA among PEs. The
extension of the alkyl side chain improved the segmental mobility; the internal plasticizing
effect and the steric hindrance of the alkyl side chain are keys to improve the segmental

mobility of the polymer and the PE, respectively (Figure 4.8, Table 4.3).
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Figure 4.8 Differential scanning calorimetry (DSC) curves for PCmEO (dash line) and
PCmEO-LIiTFSA (solid line) recorded during the heating step from —100°C to 120°C
(PCI12EO and PC12EO-LiTFSA were heated from —150°C) after pre-heating up to 120°C
under N> flow. Guidelines and arrows indicate the glass transition temperature.
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Differential scanning calorimetry curves showed distinctive endothermic peaks for pure
PCmEO (m =1, 2, 8, and 12), which corresponds to the transition of the polymer from the
crystalline state into the state of viscous flow (Figure 4.8).%!¢ The crystal melting temperature
(Tm) of PCIEO and PC2EO was close to Tm of PEO (65—70°C),!”!8 suggesting the formation
of a PEO-like crystal phase. The melting temperature of pure PCmEO (m =4 and 6) was not
observed, indicating the inhibition of the crystal formation due to the large steric hindrance
of the alkyl side chain. Despite the existence of long alkyl side chains, PCmEO (m = 8 and
12) showed Tm of —24.7°C and —31.1°C, respectively. The observation suggests the existence
of the well-aligned structure of long alkyl side chains via hydrophobic interaction.” The
melting temperature was not observed for PCmEO-LiTFSA electrolytes (m = 1—8) due to the
sterical suppression of the crystal formation by LITFSA.!” The unusual observation of Ty for
PCI12EO-LiTFSA electrolytes suggests the existence of a unique well-aligned structure even
with Li salt, consistent with the exceptionally low 74 of PC12EO-LiTFSA (Figure 4.4c),
further suggesting the strong hydrophobic interaction between long alkyl side chains.

The glass transition temperature (7%) is tied to the polymer segmental mobility, which is
one of the important descriptors to determine the ion transport property for PE. The glass
transition temperature (7,) of pure PCmEO decreased with the extension of the alkyl side
chain from —34.7°C (m = 1) to —100.9°C (m = 12) (Figure 4.8). The observed alkyl chain
length dependence of 7, can be due to the internal plasticizing effect of alkyl side chains,
originating from the large free volume within polymer chains by an alkyl side chain.’> The
addition of LiTFSA increased the 7 of PEs for 5—18°C compared to the corresponding pure
PCmEO, mainly due to the multiple interaction (coordination) between ether oxygen and
lithium-ion, which inhibited the bond rotation within the polymer required for the smooth
segmental motion.!” The gap of T between PCmEO and PCmEO-LiTFSA (AT,) correlates
with the length of alkyl side chain; m =1 (18.1°C) > m = 2, 4, and 6 (8.8°C, 13.1°C, and
13.1°C, respectively) > m = 8 and 12 (4.5°C and 5.6°C). The difference of A7, between m
=1 and m > 2 suggests the inhibition of the interaction between ether group and lithium-ion
by the steric hindrance of the alkyl side chain (m > 2), which originates a relatively large gap
of Ty between pure polymer and the corresponding electrolyte. The notably small A7, for

PC8EO and PC12EO probably derived from the side chain aggregation or alignment in
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PC8EO-LiTFSA and PC12EO-LiTFSA. I hypothesize that the hydrophobic phase (mainly
consist of side chain aggregation or alignment) determines the segmental mobility, and only
minor contribution from hydrophilic phase on the segmental mobility, where the interaction
between ether group and lithium-ion mainly affects. Although I could not observe the alkyl
side chain aggregation for PCS8EO-LiTFSA, our hypothesis is partially supported by the TG
and DSC analysis, confirming the side chain alignment for PC12EO-LiTFSA (Figure 4.4c,
4.8).

Table 4.3 List of the thermal transition temperatures obtained by thermogravimetry (TG) and
differential scanning calorimetry (DSC). Thermal decomposition temperature (73) was
determined as the intersection on the baseline and diagonal line of the largest weight loss on
the TG curves. Melting temperature (7m) was defined as the intersection of the baseline and
diagonal line of the endothermic peak on the DSC curves. Glass transition temperature (7)
was determined as the intersection on the baseline and diagonal line of baseline shift on the
DSC curves. The gap of 74 and 7 between PCmEO and PCmEO-LiTFSA were described as
ATy and AT, respectively.

Ta [°C] AT Tm [°C] T, [°C] AT
Pure PEs d Pure PEs Pure PEs Ty

1 373 383 +10 64.4 - —34.7 -16.6 +18.1
2 368 367 -1 27.6 - —41.9 —-33.1 +&.8
4 375 359 -16 - - —-63.5 -50.4 +13.1
6 376 352 24 - - -70.3 -57.2 +13.1
8 384 356 —28 —-24.7 - -72.8 —68.3 +4.5
12 372 279 —-93 -31.1 —34.8 —-100.9 —-95.3 +5.6

“ATq = Ta (PEs) — T4 (Pure polymers)
PATy = Ty (PEs) — T (Pure polymers)

4.3.4. Bulk 1on transport property

Electrochemical impedance spectroscopy (EIS) revealed that the ionic conductivity (o)
for PCmEO-LiTFSA (m = 1-6) at low temperature (< 30°C) increased with the extension of
the alkyl side chain, while the opposite tendency was the case at high temperature (> 70°C)
except PCmEO-LiTFSA (m = 8 and 12) (Figure 4.9). The observed trend at low and high
temperature regions can correlate with polymer segmental mobility and lithium salt
dissociability, respectively. The transference number of lithium-ion was increased with a
long alkyl side chain, suggesting the dominant effect of alkyl side chain length on the bulky
TFSA transport. Furthermore, the aggregated/aligned alkyl side chain within PCmEO-
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LiTFSA (m = 8 and 12) was suggested to act as a rapid lithium-ion transport pathway (Table
4.4).
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Figure 4.9 lonic conductivities (o) for PCmEO-LiTFSA (m =1, 2, 4, 6, §, and 12) plotted
against 1000T"!. Vogel-Tammann—Fulcher (VTF) fitting curves are shown in solid line. The
measurements were performed at the temperature range of 20—100°C. Each symbol shows
m = 1 (blue circle), m = 2 (green down triangle), m = 4 (yellow square), m = 6 (orange
hexagon), m = 8 (red diamond), and m = 12 (purple triangle).

The obtained ionic conductivity () increased with the extension of the alkyl side chain
(m = 1-6) at low temperature region (< 30°C) (Nyquist plots of the electrochemical
impedance spectroscopy (EIS) are shown in Figure 4.10); the lowest 6 form=1(3.70 x 107
S cm™!) and the highest 6 form =6 (6.09 x 1077 S ecm™!) at 30°C (Figure 4.9 and Figure 4.11).
The observation resembles the 7, trend (Table 4.3), suggesting that polymer segmental
motion plays a vital role in determining the ionic conductivity especially at low temperatures
(< 30°C). The Arrhenius plot of o showed curved shape, further supporting the hypothesis
that ionic conductivity heavily depends on the polymer segmental mobility?® similar to
polyether electrolytes.?!> The ionic conductivity at high temperature region (> 70°C)
showed an opposite trend with the alkyl side chain length (m = 1-6); the lowest ¢ was

observed form =6 (3.22 x 107 S cm™!) and the highest 6 form =2 (5.19 x 107° S cm™') at
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100°C (Figure 4.9 and Figure 4.11). The contribution of the polymer segmental mobility on
the ion conduction is known to decrease as the temperature rise.?* Therefore, I hypothesize

that there is a dominant factor determining the o at high temperature (> 70°C) instead of the

polymer segmental mobility.

)
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80
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Figure 4.10 Nyquist plot for the electrochemical impedance spectroscopy (EIS) at 80°C
using the symmetric cell with (a) stainless-steel blocking electrode for ionic conductivity
measurements and (b) lithium non-blocking electrode for analysis of lithium-ion transfer at
electrode-clectrolyte interface. Three large and bright marks indicate 10000 (indicated with

allow), 1000, and 100 Hz frequency response.
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Figure 4.11 Alkyl side chain length dependence of the ionic conductivity (o) for PCmEO-
LiTFSA at 30°C, 60°C, and 100°C. Each symbol shows m = 1 (blue circle), m = 2 (green
down triangle), m = 4 (yellow square), m = 6 (orange hexagon), m = 8 (red diamond), and m

=12 (purple triangle).
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To clarify the dominant factor determining the o at high temperature (> 70°C), the
Vogel-Tammann—Fulcher (VTF) equation (equation 3), i.e., a modified Arrhenius equation
proposed for describing the temperature-dependence of viscosity in amorphous glasses, was

employed.?*?>

=AT"'? __5 3

ol
Here, A4 is a parameter that relates to the number of charge carriers, B is the pseudo activation
energy for the ion transport, R is the gas constant, and 7o is an ideal glass transition
temperature (here, To = T, — 50 K?** T, from DSC measurements (Table 4.3)). The
experimental data showed a good agreement with the fitting line for all the electrolytes
(Figure 4.9), and the obtained VTF parameters were summarized in Table 4.4.

The A4 value decreased with the extension of the alkyl side chain except for PCmEO-
LiTFSA (m = 8 and 12). I propose that the 4 value trend reflects the decrease in the salt
concentration (Table 4.2) and the decrease in salt dissociability. The TG analysis supported
the argument, where the thermal stability decreased with the extension of the alkyl side chain
due to the lack of dissociated ions (Figure 4.4c). I concluded that the degree of salt
dissociability could be a dominant factor determining the ion transport within PCmEO-
LiTFSA (m = 1-6) at high temperatures (> 70°C).

The ionic conductivity of PCmEO-LITFSA (m = 8 and 12) did not follow the above
trends; showing the highest segmental mobility and the lowest salt dissociability (Figure 4.4c
and Figure 4.8). The pseudo activation energy of the ion transport (B) notably increased for
PCmEO-LiTFSA (m = 8 and 12) from ca. 13 kJ mol™! (PCmEO-LiTFSA (m = 1-6)) to >15
kJ mol™!. The observation suggests the unique ion transport mechanism for PCmEO-LiTFSA
(m = 8 and 12). The ion transport mechanisms were almost identical for PCmEO-LiTFSA
(m < 6), consistent with the pseudo activation energy value of 0.125 eV (= 12.1 kJ mol™)
reported for PEO-LiTFSA .2 Therefore, PCmEO-LiTFSA (m = 1-6) similarly transfers the
ions to the PEO-LiTFSA system, where the ion is transferred via the polymer segmental
motion,?? including the reorganization process of a polymer chain.?’ I here propose that
PCmEO-LIiTFSA (m = 8 and 12) transfers lithium-ions through a unique ion transport

pathway between aligned and/or aggregated long alkyl side chains.’ The existence of aligned
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and/or aggregated alkyl side chain structure was confirmed by DSC analysis (Figure 4.8) and
consistent with the AT, trend discussed in section 4.3.4. The higher ionic conductivity for
PCI12EO-LiTFSA than PCS8EO-LiTFSA suggests the formation of more well-aligned ion
transport pathways in PCI12EO-LiTFSA, consistent with the stronger hydrophobic
interaction between alkyl side chain for m = 12 suggested by the 74 and T}, analysis (Figure
4.4c, 4.8). Although the estimated salt dissociability of PC12EO-LiTFSA is low, 4 value of
PC12EO-LiTFSA is relatively high, probably reflecting the higher frequency of the lithium-
ion exchange from the coordination site to another through well-aligned ion transport
pathways. PCS8EO-LiTFSA form incomplete ion transport pathways due to relatively weak
hydrophobic interaction of alkyl side chain compared to m= 12, resulting in the lower 4 value
than PC12EO-LiTFSA.

Lithium transference number (71.i+) calculated by the potentiostatic polarization (Bruce-
Vincent) method (Details of 71.;+ derivations are shown in Figure 4.12 and Table 4.5) revealed
that #i+ increased with the extension of alkyl side chain from m =1 (#.i+ = 0.15) to m = 12
(tLi+ = 0.46) (Table 4.4). The significantly low 7.+ for PC1EO-LiTFSA was comparable to
that of PEO-based electrolyte (e.g. PEO-LiTFSA, #.i: < 0.2),283% suggesting PEO-like
lithium-ion transport mechanism in PCIEO-LiTFSA. In contrast, the increase of 7+ for
PCmEO-LIiTFSA with the extension of the alkyl side chain suggested the contribution of the
alkyl side chain to suppress TFSA transport. The steric hindrance of the alkyl side chain
selectively suppressed the transport of TFSA anion with a large ionic radius compared to
lithium-ion. The highest lithium-ion conductivity (ovi+) was achieved for PC4EO electrolyte
among the electrolytes tested, indicating the optimized balance between polymer segmental
mobility, LiTFSA dissociability, and #.;+ for alkyl side chain length of m = 4. Comparable
oLi+ was observed for PC12EO-LiTFSA, probably due to the formation of rapid lithium-ion
transport pathways within the hydrophobic phase of the aligned alkyl side chain.
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Table 4.4 Parameters of Vogel-Tammann-Fulcher (VTF) equation, lithium-ion transference
number (7Li+), and lithium-ion conductivity (oLi+) at 70°C. 4 is a fitting parameter relevant to
the number of charge carriers, B is the pseudo activation energy of ion conduction, and 7o is
an ideal glass transition temperature, defined as 7o = 7;—50. Lithium-ion transference number
(tLi+) was obtained by electrochemical methods using chronoamperometry and
electrochemical impedance spectroscopy. Lithium-ion conductivity (oLi+) was calculated by
multiplying transference number (7.i+) and ionic conductivity (o) at 70°C.

A B oLi+ at 70°C
[Sem” K2 [kJ mol™'] To[K] fLiv [x 106 S cm™']
] 15.03 13.6 206.6 0.15 0.84
> 3.70 125 190.1 0.28 2.93
4 2.92 13.7 172.8 0.30 3.02
6 1.72 13.7 166.0 0.34 2.87
8 1.72 15.3 154.9 0.37 1.90
12 7.11 19.7 127.9 0.46 2.94

20 30 0 0] 20

Time / hour Time / hour Time / h

Time / hour ur
Figure 4.12 Chronoamperogram at 10 mV at 70°C and corresponding Nyquist plot for the
electrochemical impedance spectroscopy (EIS) before and after the chronoamperometry; (a)
m=1,b)m=2,(cym=4,(d)m=6,(e)m=28, and (fy m=12.
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Table 4.5 Electrochemical parameters obtained from Figure 4.12, where /o is the initial
current of the potentiostatic polarization, /ss is the steady-state current of the polarization,
Ry’ is the bulk resistance before the polarization, and Rp/ is the steady-state bulk resistance
during the polarization, Ry is the interfacial resistance before the polarization, Ry is the
steady-state interfacial resistance during the polarization, and calculated Li" transference
number (fLi+).

Io Iss Ry’ Ry Ry R/ fi
[wA]  [pA]  [kQ]  [kQ]  [kQ]  [kQ] H

1 0716 0.111 938 925 417 432 0.15
2 0903 0.231 1020 11.03 1.75 1.78  0.28
4 1.337 0380 5.65 6.0l 192 206 030
6
8

1.531 0483 625 6.82 1.06 1.17  0.34
0.803 0.285 10.00 10.51 215 228 0.37
12 0465 0.201 21.86 23.10 1.91 1.96 0.46

4.3.5. Lithium-ion transfer at the lithium metal electrode-polymer electrolyte interface

The lithium-ion deposition/reduction process at the electrode-electrolyte interface also
plays a significant role in the performance of the next-generation lithium secondary batteries.
The activation energy of the lithium-ion transfer at the electrode-electrolyte interface (Einc)
partially depends on the alkyl side chain length; PC1EO-LiTFSA showed the notably high
Eine of 116.3 kJ mol™!' while the rest of PCmEO-LiTFSA (m > 2) showed Ein of 68—82 kJ
mol ™! (Figure 4.13).

Arrhenius plot of the interface resistance (Rint) showed a linear relationship, suggesting
that the polymer segmental motion was not involved in the lithium-ion transfer at the
electrode-electrolyte interface (Figure 4.13). The activation energy of lithium-ion transfer at
the electrode-electrolyte interface (Eine)*'* became higher in PCmEO-LiTFSA (> 68 kJ
mol ™) than in liquid electrolytes (53—59 kJ mol™"), where the process is dominated by the
(de-)solvation process of the lithium-ion.’! The trend in Ein suggested that the sluggish
(de-)coordination process within polymer matrix compared to that in liquid electrolytes.
PC1EO-LiTFSA showed the highest Eint of 116.3 kJ mol™! among the PCmEO electrolytes
while the PCmEO-LiTFSA (m > 2) showed Ein within the range of 68—82 kJ mol ™. T here

propose that the Ein reflects the stability of the lithium-ion coordination structure, closely
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related to the strength of the interaction between ether oxygen and lithium-ion. The notably
high Eiy value of PC1EO-LiTFSA thus indicates the stable structure around lithium-ion,
which was consistent with the largest 47, for PC1EO, suggesting the multiple and stable

interaction between lithium-ion and ether group (Table 4.3).

EH][
/ kd mol™!

2.9
10007 / K

Figure 4.13 Reciprocal of lithium metal electrode-polymer electrolyte interface resistance
(Rint) for PCmEO-LIiTFSA electrolytes (m =1, 2, 4, 6, 8, and 12) plotted against 1000T .
Arrhenius fitting lines are shown in solid lines. The measurements were performed at the
temperature range of 60—80°C using lithium symmetric cell.

4.3.6. Interactions around lithium-ion

The infrared (IR) and Raman spectroscopic analysis confirmed that the amount of ether
oxygen interacting with lithium-ion was notably larger for PCIEO-LiTFSA compared to
PCmEO-LiTFSA (m > 2), whereas the number of TFSA anion interacting with lithium-ion

was increased with the extension of the alkyl side chain (Figure 4.14).
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Figure 4.14 The interaction between Li* and ether group/TFSA anion in PCmEO-LiTFSA.
(a) Infrared (IR) spectra of vas(COC) region and (b) Raman spectra of ds(CF3) region (solid
line). The alkyl side chain becomes longer in order from top to bottom; m =1, 2, 4, 6, §, and
12. Peak deconvolution was performed by PeakFit software using pseudo-Voigt functions
with a fixed half-width at half-maximum, and representative deconvoluted peaks are shown
for PC12EO-LiTFSA. The open circle is shown typical curve-fitting results. (c) The alkyl
side chain length dependency of the ratio of the peak area assigned to polar groups (red square
for ether groups and blue circle for TFSA anion) interacting with lithium-ion (/) to the total
peak area (It + Ip).
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Infrared (IR) spectra for pure PCmEO showed the intense peak at 1094—1100 cm™,
which can be assigned to vas(COC) of ether groups on main and/or side chain (Figure 4.15
and 4.17).>* The shouldered peak was observed in the v,(COC) region for the corresponding
PCmEO-LiTFSA (Figure 4.14a and Figure 4.17), which could be due to the overlapping of
the peaks assigned to ether group without any interactions (denoted as free ether) (ca. 1100
cm™") and ether group interacting with lithium-ion (denoted as bound ether) (ca. 1080 cm™).
A clear peak shift from 1095 cm™! to 1084 ¢cm™! was confirmed by introducing excessive
lithium iodide in PC1EO (Figure 4.18), which validates the newly appeared peak (1084 cm™)
corresponds to the vas(COC) of bound ether. Further support came from the redshift of the
peak at 1066 cm™" of vas(COC) of pure tetrahydrofuran to 1043 ¢m™' for neat LiTFSA
solution in tetrahydrofuran (Figure 4.18), indicating the weakening of the C—O bond due to
the interaction between ether oxygen and lithium-ion.*3-¢ The ratio of bound ether to all ether
groups, i.e., bound and free ether group, was calculated by comparing the deconvoluted
vas(COC) peak area. The ratio of bound ether became the largest for m = 1 compared to m =
2—12 (Figure 4.14c red square symbol), suggesting the effective inhibition of the interaction
between ether oxygen and lithium-ion by the sterically hindered alkyl side chain (m > 2).24
However, the ratio of the bound ether remained almost the same for PCmEO-LiTFSA with
m > 2, probably due to the hydrophobic exclusion, which inhibits the approach of the alkyl
side chain to the vicinity of the hydrophilic Li"-coordination site. As a result, the ethyl(-ene)
side chain (m = 2) connected on ether groups could stay at the vicinity of the ether group,

which effectively inhibits the interaction between lithium-ion and ether oxygen.
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Figure 4.15 Attenuated total reflection (ATR) infrared (IR) spectra of the PCmEO (m
becomes larger in order from top to bottom; m =1, 2, 4, 6, §, and 12).

1100 1000

enumber / cm

Figure 4.16 Attenuated total reflection (ATR) infrared (IR) spectra of the vas(COC) region
for PCmEO (m becomes larger in order from top to bottom; m=1, 2, 4, 6, §, and 12).
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Figure 4.17 Attenuated total reflection (ATR) infrared (IR) spectra of the PCmEO-LiTFSA
(m becomes larger in order from top to bottom; m =1, 2, 4, 6, 8, and 12).

TFSA anion

1.0 M LiTFSA
n THF

Figure 4.18 Deconvoluted ATR-IR spectra of the v.s(COC) region for PC1EO-LiTFSA.
ATR-IR spectra for pure PC1EO, PC1EO-Lil (1 polymer unit mol / 1 Lil mol), 1.0 M
LiTFSA in THF, and pure THF is also shown for comparison.
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Raman spectra showed an intense peak at 740—746 cm™!, which corresponds to 8s(CF3)
of TFSA anion (Figure 4.14b).3” The 85(CF3) peak can be deconvoluted into two peaks, which
were assigned to TFSA anion with (bound TFSA, 746 cm™") and without (free TFSA, 740
cm™!) interacting to lithium-ion.%3® The increase of the amount of bound TFSA in line with
the extension of the alkyl side chain suggest the decreased lithium salt dissociability for
PCmEO-LiTFSA with a long alkyl side chain, which confirms the salt dissociability trend
suggested from TG and VTF (4 value) analysis. The decrease of salt dissociability was
probably due to the decrease in the dielectric constant by increasing the non-polarity with
the extension of the alkyl side chain.?

The electrolyte properties (including thermal stability, thermal phase transition,
segmental mobility, salt dissociability, ionic conductivity, lithium-ion transference number,
and lithium-ion transfer at the electrode-electrolyte interface) are heavily affected by the

length of the alkyl side chain (Figure 4.19).

(b) m =2-6

. Lithium-ion
— : TFSA anion

Polymer main chain

Alkyl side chain

Hydrophobic phase

Figure 4.19 The proposed model for the ion transportation within PCmEO-LiTFSA. (a) m
=1; ether group interacts well with lithium-ion and isolates the TFSA anion, (b) m =2—6;
alkyl side chain dispersed and suppressed the interaction between ether group and lithium-
ion as well as TFSA anion and lithium-ion, (¢) m = 8; alkyl side chain partially aggregates
and inhibits the transport of ions, and (d) m = 12; alkyl side chain aligned via hydrophobic
interaction and provide rapid lithium-ion transport pathways. Red and yellow circles
correspond to the lithium-ion and TFSA anion, respectively. Blue and purple curves represent
polymer main chain with ether group and alkyl side chain, respectively. The purple area
shows a hydrophobic phase with alkyl side chain aggregation.
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The short alkyl side chain (m = 1) with small steric hindrance showed negligible effect
on the interaction between ether groups and lithium-ion, leading to form coordination
structure similar to that of PEO electrolytes. The stable coordination structure of PC1EO-
LiTFSA significantly increases the glass transition temperature (Figure 4.8 and Table 4.3)
and the activation energy of lithium-ion transfer at the electrode-electrolyte interface (Eint)
(Figure 4.13). On the other hand, relatively large steric hindrance of the alkyl side chain (m
= 2—6) effectively suppressed the interaction between ether oxygen and lithium-ion, which
corresponds to the smaller A7 and Ejy than PC1EO-LiTFSA (Table 4.3 and Figure 4.13).
Although a long alkyl side chain (m = 8 and 12) suppressed the interaction between ether
oxygen and lithium-ion, it can be partially aligned and/or aggregated due to the large
hydrophobic interaction between the side chains, decreasing 47, compared to PCmEO-
LiTFSA (m < 6). In addition, the alkyl side chain with m = 12 aligned well in the electrolyte,
leading to create rapid lithium-ion transport pathways and give relatively high lithium-ion
conductivity (ori+) (Table 4.4).

The unique character of the alkyl side chain associated with the extension of the alkyl
groups also plays a significant role in determining the electrolyte properties. Polymer
segmental mobility increased with the extension of the alkyl side chain (Table 4.3 and Figure
4.8) due to the increase in the internal plasticizing effect of the alkyl side chain. The extension
of the alkyl side chain also decreased the LiTFSA dissociability by reducing the overall
dielectric constant of electrolytes derived from the increased contribution from the non-polar
alkyl side chain. The decrease in the number of dissociated ions with the extension of the
alkyl side chain decreases the thermal stability (Table 4.3) and the ionic conductivity at high
temperatures (> 70°C) (Table 4.4). The transference number of lithium-ion (#.i+) increased
with the extension of the alkyl side chain due to the effective inhibition of the transport of
bulky TFSA anion by large steric hindrance of the alkyl side chain. The balance between
polymer segmental mobility, salt dissociability, and the transference number of lithium-ion
decides the oi+; alkyl side chain with moderate chain length (m = 4) showed the highest oL+

of 3.02 x 107 S ¢m™! among the electrolyte tested in this study.
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4.4. Conclusions

The influence of alkyl side chain length on the interaction between lithium-ion and ether
groups, as well as the lithium-ion transport within polyether-based electrolyte was clarified
by thermal, electrochemical, and spectroscopic analysis. The length of the alkyl side chain
significantly affects the lithium coordination structure; the electrolyte with a short alkyl side
chain (m = 1) has the most stable lithium coordination structure surrounded by ether oxygen,
while the extension of the alkyl side chain (m = 2—12) effectively suppressed the interaction
between ether oxygen and lithium-ion, leading to decrease the glass transition temperature
and the activation energy of lithium-ion transfer at the electrode-electrolyte interface.
Various characteristics of the alkyl side chain associated with the extension of the alkyl
groups also play a significant role in determining the electrolyte properties. The increase in
the internal plasticizing effect of the alkyl side chain increases the polymer segmental
mobility. The decrease in the overall dielectric constant of electrolytes derived from the
increased contribution from the non-polar alkyl side chain decreases the LiTFSA
dissociability. The decrease in the number of dissociated ions with the extension of the alkyl
side chain decreases the thermal stability and the ionic conductivity at high temperatures (>
70°C). The transference number of lithium-ion (#.i+) increased with the extension of the alkyl
side chain due to the effective inhibition of the transport of bulky TFSA anion by significant
steric hindrance of the alkyl side chain. Furthermore, the hydrophobic phase with aligned
and/or aggregated long alkyl side chains (m = 12) acts as a rapid lithium-ion transport
pathway, leading to high lithium-ion conductivity of 2.94 x 107%S cm™. Alkyl side chain
with medium length (m = 4) showed the highest lithium-ion conductivity of 3.02 x 1076 S
cm™!, due to the optimized balance between polymer segmental mobility, salt dissociability,
and the transference number of lithium-ion. The result thus emphasizes the importance of
optimizing the length of the alkyl side chain to improve (electro)chemical properties of PE.
Proposed polymer design strategy can be used in combination with existing strategies,
including but not limited to the composition tuning of copolymer matrices and the topology
design of non-linear polymers, further increasing the lithium conductivity to meet the

requirement for implementing the all-solid rechargeable battery technologies.
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General conclusions

This work mainly focused on the effect of the coordination structure around Li” on the
ion transport properties using polyether-based electrolytes. Various polyoxetane derivatives
were synthesized with/without nitrile group and alkyl groups on its side chain, and which
compared for coordination structure and Li" transport properties. I have got insights of the
ideal coordination structure and its control method using polymer structural factors, in
addition to the simple effect of its characteristics.

® Ether group has high donating ability, which make the coupling of Li* transport to
polymer segmental motion and contribute to the long-range Li* displacement via
polymer segmental motion. However, the coordination structure is too stable consisted
with the multiple interaction between ether groups and Li™.

® Nitrile group has dipole, which induce high dissociability of lithium salt and increase
polymer segmental mobility with high Li* concentration due to the relaxation of
dipole-dipole interaction between nitrile groups. The coordination structure partially
contributed by nitrile group was moderately stabilized and provided free volume in the
direct vicinity due to its relatively low donating ability and linear structure.

® Alkyl groups on side chain have non-polarity and steric volume, which increase
polymer segmental mobility and suppress the anion transport, but which inhibit salt
dissociation due to low dielectric constant. The steric restriction also affects the
coordination structure. Ethyl group suppress the coordination of adjacent ether groups
and contribute to the relaxation of coordination structure. The steric effect on

coordination structure is similar even with longer alkyl side chains than ethyl groups.

Previous research had already suggested the negative effect of too stable coordination
structure, because which inhibit polymer segmental motion and decrease relative Li"
conductivity compared than that of anion. This work showed the positive effect of the
moderately stabilized coordination structure and the void in the vicinity of coordination
structure for efficient Li" transport which provides co-contribution of high polymer

segmental mobility and frequent and continuous Li* exchange. In addition, I can suggest the
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simple method to control the coordination structure with the introduction of linear polar

group and steric alkyl groups through this work.

There is an urgent demand to improve the safety of electrolytes in order to increase the
LIB size and to realize next-generation batteries with even higher performance. Polymer
electrolytes can achieve high safety of batteries, but they are required to improve Li"
conductivity, including polymer segmental mobility, lithium salt dissociability, and efficient
Li* transport. The control method of the coordination structure suggested from this study is
a new design strategy of PEs that can solve fundamental low Li" conductivity of polymer
electrolytes. I believe that when the design strategy of polymer electrolytes based on
moderated coordination structure combines with previous approaches, such as composite
material, polymer architecture modification, or monomer design, the next-generation lithium
batteries will be realized with ideal polymer electrolytes having sufficient Li" conductivity

and functionality.
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