A Systematic Study of Vinyl ether-based
Poly(ethylene oxide) Side Chain Polymer
Electrolytes

Andreas J. Butzelaar®, Kun L. Liu®, Philipp Roring®, Gunther Brunklaus®¢, Martin Winter",
Patrick Theato**¢

a) Karlsruhe Institute of Technology (KIT), Institute for Chemical Technology and Polymer
Chemistry (ITCP), Engesserstral3e 18, 76131 Karlsruhe, Germany.

b) Helmholtz-Institute Miinster, IEK-12, Forschungszentrum Jiillich GmbH, Corrensstral3e 46,
48149, Miinster, Germany.

c) MEET Battery Research Center / Institute of Physical Chemistry, University of Miinster,
Corrensstralle 46, 48149 Miinster, Germany.

d) Karlsruhe Institute of Technology (KIT), Soft Matter Laboratory - Institute for Biological
Interfaces III (IBG-3), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen,
Germany.

KEYWORDS: Polymer Electrolyte; PEO architectures; Vinyl ether with PEO side chains;
‘Grafting-to’; Thermal and electrochemical properties; Li* conductivity

Abstract: Herein we report on the synthesis of a systematic library of vinyl ether-based
poly(ethylene oxide) PEO side chain copolymers in order to reduce crystallization of PEO. The
influence of different grafted PEO side chain lengths, the grafting density and the [Li"]:[EO]
ratio after mixing with LiTFSI on the glass transition temperature (Ty), the crystallinity and the
resulting ionic conductivity was examined. Copolymers bearing longer PEO side chains and
higher grafting densities show higher crystallization tendencies while their 7y is reduced at the
same time. Furthermore, the addition of LiTFSI reduces the crystallization, but increases the
T,. Since these effects are directly impacting the ionic conductivity, we demonstrate that the
different parameters need to be carefully adjusted in order to balance their influence. In this
way, a fundamental view enlightening PEO side chain copolymers for their application as
polymer electrolytes is provided.

1. Introduction
The introduction of the first rechargeable lithium-ion battery (LIB) by Sony Corporation in

1991 enabled their commercialization and exploitation in numerous technical applications such
as portable electronic devices and electric vehicles.! Nearly 30 years later, the battery sector is

still constantly growing due to an expanding demand in rechargeable batteries and extensive



research in this area.? Currently, commercially available LIBs employ liquid organic solvents
as electrolytes. However, organic liquid electrolytes have significant drawbacks since they are
in most cases toxic, volatile, and flammable,** eventually resulting in fire or explosion in case
of mechanical, thermal, or electrical impact.® In contrast, solid-state electrolytes (SSEs) are
beneficial in terms of mechanical strength, toxicity, electrochemical stability and thermal
tolerance, thus potentially eliminating the safety issues of organic liquid electrolyte-based
batteries.® SSE materials in principle can be divided into inorganic solid electrolytes and
polymer electrolytes (PEs), the latter further categorized into solid polymer electrolytes (SPE)
and gel polymer electrolytes (GPE).” In polymer electrolytes, the ions diffuse in general in the
space provided by the free volume of the polymer, meaning that conductivity is only possible
above the glass transition temperature (Ty) of the polymer.>

Even though many polymer electrolytes have been introduced,'®!'? poly(ethylene oxide)
(PEO) as ion conducting matrix for alkali metal salts!® is among the most utilized polymer
electrolytes for which extensive studies have been conducted.'*!” PEO affords a good chain
flexibility, low glass transition temperature (Tg), remarkable electrochemical stability against
lithium metal, and great solubility for conductive lithium salts, but it still suffers from low ionic
conductivities of 107 to 10! mS ecm™ at temperatures below its melting point (~65°C).'8
Nevertheless, its potential for solid state battery application in electric vehicles was successfully
demonstrated by Bolloré,' introducing the Lithium Metal Polymer (LMP) battery technology
to the markets in 2011, and to date, more than 8000 vehicles are operated based on the LMP
technology, illustrating that PEO and variants thereof are not only of contemporary interest but
also practically extremely relevant.?%2!

To improve the ionic conductivity of PEO, its inherent crystallization can be reduced by

2223 nanofillers,”* blending with other

different approaches such as the addition of plasticizer,
polymers® or by crosslinking.?®?” One additional approach comprises the synthesis of polymers

bearing grafted PEO side chains. Because of being anchored to the backbone chain, the



crystallization of the PEO side chains is reduced resulting in superior ionic conductivity at lower
tempera‘[ures.28

In 2016, Itoh et al.? described the ionic conductivity of pure vinyl ether-based ethylene oxide
side chain homopolymers with (O-CH-CHb»), side chain lengths of n = 3, 6, 10 and 23.5 units,
corresponding to a side chain molecular weight of ~ 160, 300, 470 and 1000 g mol™
respectively. They found the highest ionic conductivity when using LiTFSI with a ratio of
[Li*]:[EO] 1:20 and the longest side chain (23.5 units/1000 g mol™!) at temperatures above
20 °C. However, the majority of their employed side chains were relatively short (10 units or
less), and they did not use a PEO side chain longer than 23.5 units (1000 g mol), although
their findings show a clear trend that longer side chains might be beneficial above room
temperature. In addition, to best of our knowledge, there is no report of the impact of the
grafting density of such vinyl ether-based PEO side chain PEs on the achievable
electrochemical properties.

Therefore, we expand the area of vinyl ether-based PEO side chain structures in this study in
order to draw a comprehensive picture of how the different parameters such as PEO side chain
length, LiTFSI content and grafting density influence the thermal properties as well as the ionic
conductivity of those PEs. This will provide an important and fundamental understanding of
the structure-property relationship that is valuable for various PEO side chain polymer

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

2. Experimental Section
2.1 Materials

Isobutyl vinyl ether (IBVE, 99%, Aldrich), acetic acid (100%, CarlRoth), diethylene glycol
vinyl ether (98%, TCI), p-toluenesulfonyl chloride (99%, Aldrich), triethylamine (99%,
Aldrich), 2,6-di-tert-butylpyridine (DtBP, >97%, Aldrich), ethylaluminum sesquichloride

(0.4 M in hexane, Acros Organics), sodium hydride (60 % dispersion in mineral oil, Aldrich),



poly(ethylene oxide) monomethyl ether (M, ~ 400, 550, 1000, 2000, TCI), poly(ethylene oxide)
monomethyl ether (M, ~ 750, Aldrich), were used as received. Cyclohexyl vinyl ether (> 98%,
TCI) was  filtered  through  activated basic  alumina  prior to  use.
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSIL, 99.95%, Aldrich) was dried at 80 °C
under vacuum for 2 days and subsequently stored inside a glove box (MBraun Unilab,
< 0.1 ppm H>0, < 0.1 ppm O) under inert argon atmosphere. The adduct of IBVE and acetic
acid (i.e. the cationogen) was synthesized as described in literature.>* All other solvents and
reagents were of analytical grade or higher and were used without further purification.

2.2 Synthesis of diethylene glycol vinyl ether tosylate (2)

Diethylene glycol vinyl ether (4.84 g, 36.6 mmol, 1.00 eq.) and triethylamine (4.07 g,
40.3 mmol, 1.1 eq.) were given into a round-bottom flask and taken up with 50 mL of
dichloromethane (DCM). The reaction mixture was cooled to 0 °C and while tosyl chloride
(7.33 g, 38.5 mmol, 1.05 eq.) was added under stirring. After 1 hour, the ice bath was removed,
and the reaction mixture was stirred for additionally 20 hours before it was stopped. The
solution was washed twice with 1 M HClq,), once with 1 M NaOHq,) and once with pure
water. The combined aqueous phases were extracted twice with DCM. The combined organic
phases were then dried over CaCO3/MgSOs, filtered, and the solvent was removed under
reduced pressure yielding a slightly yellow oil. Subsequently, the crude product was purified
by column chromatography using DCM:petrol ether in a ratio of 3:1. The obtained product was
dried over CaH; and filtered through basic alumina to yield 4.51 g (81%) of a colorless oil.

'"H NMR (400 MHz, DMSO-ds) 6 7.78 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H), 6.47
(dd, J=14.3,6.8 Hz, 1H), 4.16 (dd, J=14.3, 1.8 Hz, 1H), 4.12 (t, J= 4.4 Hz, 2H), 3.97 (dd, J
=6.8, 1.8 Hz, 1H), 3.70 (t, J= 5.0, 4.4 Hz, 2H), 3.59 (t, J=4.2 Hz, 2H), 3.54 (t, /=49, 4.4
Hz, 2H), 2.42 (s, 3H).

13C NMR (101 MHz, DMSO-ds) & 151.79, 144.89, 132.38, 130.12, 127.62, 86.93, 69.92,
68.74, 67.90, 67.08, 21.09.

2.3 Synthesis of precursor polymer A/B



Cyclohexyl vinyl ether (A: 8.81g, 69.84 mmol, 100.00 eq.; B: 1.76 g, 13.96 mmol,
60.00 eq.), diethylene glycol vinyl ether tosylate (5.00 g, 17.46 mmol, 25.00 eq.; B: 4.00 g,
13.96 mmol, 60.00 eq.), the cationogen (A: 0.112 g, 0.70 mmol, 1.00eq.; B: 0.037 g,
0.23 mmol; 1.00 eq.), THF (A: 2.52 g, 2.83 mL, 34.92 mmol, 50.00 eq.; B: 0.839 g, 0.944 mL,
11.64 mmol, 50.00 eq.), DtBP (A: 0.668 g, 3.49 mmol, 5.00 eq.; B: 0.222 g, 3.49 mmol,
5.00 eq.) and A: 100 mL/B: 30 mL of dry toluene were mixed in a pre-dried round-bottom flask
and closed air-tight. Subsequently, the flask was placed in an ice bath and the polymerization
was started via addition of EtzAl,Cl3 (A: 0.864 g, 3.49 mmol, 5.00 eq.; as 0.4 M solution in 8.73
mL of n-hexane; B: 0.288 g, 1.16 mmol, 5.00 eq.; as 0.4 M solution in 2.91 mL of n-hexane).
After 2 hours the reaction was quenched by addition of 10 mL of a 1% NH4OH in MeOH
solution. Subsequently, most of the methanol was removed under reduced pressure and ethyl
acetate and brine were added to separate the phases. The organic phase was washed three times
with 1 m HClug) and the combined aqueous phase was extracted once with EtOAc. The
combined organic phases were dried over MgSOys, filtered and most of the solvent was removed.
Then, the polymer was further purified by precipitating three times from THF into MeOH.
Subsequently, the resulting white solid was dried at 40 °C under vacuum overnight. Yield: A:
10.8 g (78%)/B: 4.3 g (79%)

"H NMR (400 MHz, Chloroform-d) & 7.87 — 7.69 (m, 2H, Harom. tosyl), 7.38 — 7.28 (m, 2H,
Harom. tosyl), 4.25 — 3.98 (m, 2H, OCH2CHztosyl), 3.70 — 3.37 (m, XH, CH backbone + CH>
ethylene oxide), 3.37 — 3.18 (m, YH, CH cyclohexyl), 2.52 — 2.37 (m, 3H, CHj3 tosyl), 2.01 —
0.94 (m, ZH, CH; backbone + CH> cyclohexyl).

A:X=11,Y=4,Z=50;B: X=8,Y=1,Z=14

A: SEC M, =21200 g mol"! D= 1.43; B: SEC M, = 17200 g mol! B =1.52

2.4 Synthesis of PEO side chain copolymers A/B
General procedure: Sodium hydride (60% dispersion in mineral oil, 3.2 eq. in respect to
tosyl groups in the precursor copolymer A/B, final concentration = 0.134 mol L!) was placed

into a round-bottom flask and the atmosphere was changed to N, before being suspended in



dry tetrahydrofuran (THF). While stirring, poly(ethylene oxide) monomethyl ether (mPEQOz); z
= 400, 550, 750, 1000, 2000; 3.00 eq., final concentration = 0.126 mol L") dissolved in dry
THF was slowly added. After the H> formation stopped (~ 30 min), the precursor copolymer
A/B (1.00 eq., final concentration = 0.042 mol L!) in THF was added and the reaction mixture
was heated to 40 °C and stirred for 24 hours. The reaction was stopped by addition of H>O and
the solvent was removed under reduced pressure. Subsequently, the remaining crude mixture
was taken up in a small amount of methanol and dialyzed against methanol to remove the excess
of mPEOz. Spectra/Por™ 6 dialysis tubing with a molecular weight cut-off (MWCO) of 2 kD
was used for the removal of mPEOz =400, 550 and 750, 3.5 kD for the removal of mPEO1000
and 8 kD for the removal of mPEO2000, respectively. After the completed dialysis, the solvent
was removed under reduced pressure and the resulting polymer was dried at 40 °C under
vacuum overnight. Typical yields 60-80%. More details can be found in Table S1/2.

2.5 Polymer electrolyte (PE) preparation

Prior to the PE preparation, the respective polymer was dried at 80 °C under vacuum
overnight. The polymer as well as the corresponding amount of LiTFSI with predefined ratios
of [Li"]:[EO] 1:5, 1:10, 1:15 or 1:20 were both dissolved in acetone. Subsequently, both
solutions were combined to yield a homogenous mixture. Acetone was removed slowly under
reduced pressure at 50 °C, followed by drying the polymer electrolytes under reduced pressure
(10 mbar) and 80 °C for 24 hours.

2.6 Electrochemical Impedance Spectroscopy (EIS)

For EIS measurements, coin cell-type cells (CR2032) were assembled, where the previously
prepared polymer electrolytes were sandwiched between two stainless steel electrodes using a
Mylar foil spacer ring (thickness / = 100 um, inner diameter = 8 mm) Subsequently, these cells
were preconditioned in a temperature chamber (Binder MK53, controlled with the Autolab
Software Nova 2.1.3) with a gradual increase of temperature from 20 °C — 70 °C in 10 °C steps

while maintaining each temperature for 2 h. 1h after the preconditioning was finished,



measurements were carried out by gradually increasing the temperature in 10 °C steps from
0 °C to 70 °C with each temperature being maintained for 2 h to attain a thermal equilibrium.
The measurements were performed using a PGSTAT302N potentiostat/galvanostat (Autolab)
over a frequency range of 1 MHz — 1 Hz with an amplitude of 10 mV. The ionic conductivity
o was calculated according to the following equation: o= (1/Rv):(/ A'); Rp being the bulk
resistance that can be accessed from the Nyquist plot (Figure S7), / is the film thickness
(/=100 pm) and 4 is the film area (4 = 5.03 * 10 m?). For each PE three coin cells were
prepared and measured. Subsequently, the mean average ionic conductivity of these three
measurements was derived and discussed.

2.7 Thermal Gravimetric Analysis (TGA)

Thermal Gravimetric Analysis (TGA) was carried out by a TGA 5500 (TA Instruments) at a
heating rate of 10 K min™! under nitrogen atmosphere up to 800 °C.
2.8 Differential scanning calorimetry (DSC)

Differential scanning calorimetry was conducted on a DSC Q200 (TA Instruments) in a range
from -75 °C to 70 °C with a scan rate of 5 K min™! for all measurements.
2.9 Size Exclusion Chromatography (SEC)

Size exclusion chromatography was carried out in THF on a Tosoh Bioscience HLC-
8320GPC EcoSEC system equipped with 3 PSS SDV columns 5 pum (100 A, 1000 A,
100000 A) (8 « 300 mm), a UV and a differential refractive index (RI) detector. The operation
temperature was set to 35 °C with a flow rate of 1 mL min™'. The system was calibrated using
poly(methyl methacrylate) (PMMA) standards ranging from 800 to 2.2 * 10° g mol™!. Typically,

50 uL of a 2.0 mg mL"! sample solution was injected onto the columns.

3. Results and Discussion

3.1 Synthesis Strategy



Based on the results of Itoh et al.?° different vinyl-ether based PEO side chain copolymers
were synthesized. In doing so, the focus was laid on side chain lengths above 10 repeating units
(up to 54 units) since longer side chains showed promising ionic conductivities in their study.
Simultaneously, a relatively low grafting density of 20% ([comonomer]:[PEO side chain] 4:1)
was targeted to ensure a significant spatial distance between each PEO side chain, thus possibly
suppressing crystallization.

To fulfill this goals, poly(ethylene oxide) methyl ethers (mPEQOz; z is hereby defined as the
corresponding average molar mass as indicated by the supplier) were used for the synthesis of
a series of five different vinyl ether-based copolymers (polymer series Az; z is defined as the
molar mass of the corresponding mPEQz) bearing PEO side chains via the ‘grafting-to’
approach described by Gao and Matyjaszewski.>! For this, a precursor polymer 3 was
synthesized by cationic copolymerization of cyclohexyl vinyl ether 1 and diethylene glycol
vinyl ether tosylate 2. Herein, 1 was chosen to ensure a spatial separation of the PEO chains by
its bulky cyclohexyl motif while featuring comparable oxidative stability to PEO'® (Figure S6).
Afterwards, post-polymerization modification (PPM) employing a nucleophilic attack of in-situ
generated mPEOz-alkoxides was conducted in order of obtaining the desired PEO side chain

copolymers 4 (see Scheme 1).
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Scheme 1. Route for the synthesis of vinyl ether based PEO side chain copolymers. Starting
with cyclohexyl vinyl ether (1) and diethylene glycol vinyl ether tosylate (2), a precursor
polymer (3) was synthesized via cationic polymerization using the base-assisted initiating
system®?. Afterwards, this precursor polymer was functionalized using post-polymerization



modification via nucleophilic substitution with in-situ generated mPEO alkoxides obtaining the
final polymers (4). All reactions featured quantitative conversions.

The successful and quantitative PPM was proven by SEC (Figure 1a, Table S1Fehler!
Verweisquelle konnte nicht gefunden werden.) and '"H NMR spectroscopy (Figure 1b), as well

as the thermal properties, as discussed in the following.
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Figure 1. Successful and quantitative post-polymerization modification shown by a) SEC
(exemplary polymer A1000) and b) 'H NMR spectroscopy (exemplary polymer A400).

3.2 Thermal characterization

The thermal properties of the PEO side chain vinyl ethers were analyzed via DSC and TGA
(summary given in Table 1). While the precursor A showed 5% weight loss (7gs) at 190 °C,
the functionalized PEO side chain polymers A400 - A2000 were stable up to 7as ~ 340 °C
showing a good thermal stability as wells as proving once more the clean post-polymerization
modification (Figure S5Fehler! Verweisquelle konnte nicht gefunden werden.). Furthermore,
the thermal stability after the addition of LiTFSI ([Li"]:[EO] 1:10) was also examined, since
this is more representative of the real application of these polymers. Only a negligible shift
towards lower decomposition temperatures was observed, most probable because pure LiTFSI

shows a lower T4 (333 °C*?) than the pure polymers A400 - A2000.



Table 1. Summary of the glass transition temperature 7T, the melting temperature 7y, and the
temperature at 5% weight loss Tgs with and without added LiTFSI ([Li‘]:[EO] 1:10) for
polymer A400 - 2000 as well as the precursor A.

EO T Tm Tg+LiTFSI T+ Tas Tas+
Entry . LiTFSI LiTFSI
units” o ) ) )
S I e . e
Pl:;c:;rs - 5 n.e. n.d. n.d. 190 n.d.
P‘:‘y‘g})‘” 11.3 -66 1 35 n.v. 350 320
Polymer
A550 15.8 -67 14 -41 n.v. 336 306
Polymer
A750 19.8 -65 27 -40 n.v. 356 328
Polymer
A1000 24.3 n.v. 34 -41 n.v. 346 286
Polymer
A2000 54.0 n.v. 50 -43 n.v. 351 306

n.e. = not existent, n.d. = not determined, n.v. = not visible, *calculated by 'H NMR integrals.

Generally, DSC measurements of PEO-based polymer electrolytes are of particular interest
since the results are closely related to the ionic conductivity***°. While the precursor polymer
A had a glass transition temperature T of around 5 °C, the series of modified polymers A400
- A2000 showed the usual characteristics of PEO-based materials owing to their semi-
crystalline structure.’®3” Therefore, regarding their side chain length, a Ty and/or a melting point
T'm of the PEO side chains was observed. For polymers bearing shorter PEO side chains
(polymers A400 - A750) a 7, at around — 65 °C was detected, which is in accordance with the
typical temperature reported in the literature’®. However, for longer side chain lengths
(polymers A1000 & A2000 corresponding to around 24 & 54 EO repeating units) the 7 could
not be observed under the measuring conditions used, owing to their higher degree of

crystallinity. Instead, prominent melting points were detected. It has to be mentioned that



although polymers A400 - A750 showed a glass transition temperature, they still featured
melting points owing to their semi-crystalline structure.

One key point is displayed in the fact that EO side chain length, melting point 71, and required
energy per mass to melt the crystalline phases AHmelt (equals to the integral of Tm) are directly
correlated. Polymer A400 with a side chain length of around 11 EO repeating units only
showed a barely visible melting point at around -1 °C. However, with increasing side chain
length, the melting point shifted towards higher values while also the peak integral (AHmelt)
increased (Figure 2b, 2¢). Since AHnelt 1s directly correlated to the degree of crystallinity, the
reduction of the latter in comparison to pure PEO (196.4 J g)*° could be calculated (Figure
2¢). It is remarkable that polymer A400 showed a reduction in crystallinity of around 98%,
while a reduction of around 81% was found for polymer AS50. Interestingly, even polymer
A2000, which contains around 54 EO repeating units, still featured a remarkable reduction in
crystallinity of 48%. Overall, these results showed the successful approach of side chain
architectures in order to reduce the crystallinity of such PEO-based materials by a significant
degree.

Additionally, the thermal behavior of the polymer materials after mixing with LiTFSI was
examined. As shown in Table 1, the polymer electrolytes did not show any melting point after
mixing with LiTFSI in a ratio of [Li"]:[EO] of 1:10. Instead, they featured a glass transition
temperature that was shifted to higher temperatures in comparison to the pure materials. Both
effects the reduction in crystallinity as well as the shift of the 7y are typical for blends of PEO-
based materials with LiTFSL* On one hand, this is caused by the so-called quasi-ionic cross-
linking, which describes the physical linking of different PEO chains by polar interaction
originating from the coordination of lithium ions, thus decreasing mobility and therefore
increasing the 7,. On the other hand, the quasi-ionic cross-linking and the bulky TFSI™ anion
are suppressing crystallization of PEO chains by hindering their alignment. Generally, as

29,41

reported in literature™”*', especially short PEO side chains suffer from a huge increase in the



glass transition temperature after mixing with lithium salts, probably due to the higher number
of inter chain cross-links in comparison to intra chain cross-links. Since the shortest used side
chain in this work has already around 11 EO repeating units, this effect was not very prominent,
but yet polymer A400 showed a noticeable higher T, than the longer polymer derivatives A550

— A2000 (Table 1).
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Figure 2. DSC analyses of polymers A400 - A2000. a) Showing exemplarily the difference in
the thermal behavior before the attachment of PEO side chains, after the attachment and after
blending with LiTFSI ([Li*]:[EO] 1:10). b) Depiction of the increasing value as well as the area
of the melting points Tm of the polymers bearing different PEO side chain lengths. c)
Development of the melting points with increasing side chain length and corresponding
percental reduction of crystallinity in comparison to pure PEO. (see also Table S3) d)
Dependency of the glass transition temperature 7 of polymer A1000 regarding different
[Li"]:[EO] ratios. The nearly linear trend can be explained by the direct correlation of lithium
ions and quasi-ionic cross-linking points.



Furthermore, polymer A1000 (average-length PEO side chain within polymer series A) was
chosen to be candidate presenting the influence of LiTFSI concentration onto the glass
transition temperature (Figure 2d). Four different blends employing [Li"]:[EO] ratios of 1:5,
1:10, 1:15 and 1:20 were prepared and DSC measurements were conducted. All four ratios were
sufficient in completely suppressing the crystallization of PEO side chains, while the
corresponding 7, increased nearly linearly with increasing LiTFSI concentration from -51 °C
([Li']:[EOQ] = 1:20) up to -33 °C ([Li']:[EO] = 1:5). This can be explained by the fact that the
number of quasi-ionic cross-linking points increases with each added lithium ion up to a

saturation limit where each oxygen atom already coordinates to one Li" ion.

3.3 Ionic Conductivity

Temperature dependent electrochemical impedance spectroscopy (EIS) was conducted to
elucidate the impact of the PEO side chain length and the LiTFSI salt content on the ionic
conductivity. In this regard each Polymer A400 - A2000 was used to obtain four different
polymer electrolytes featuring [Li"]:[EO] ratios of 1:5, 1:10, 1:15 and 1:20, respectively. All
ionic conductivity plots comprising all different LiTFSI ratios are shown in Figure 3.

As generally known for PEO-based polymer electrolytes, a strong dependency of the LiTFSI
content on the ionic conductivity was observed, reflecting trends that were already discussed
for the evaluation of the DSC data. As shown in Figure 2d, high contents of Li" ions lead to a
high number of quasi-ionic cross-linking points and thus making the side chains immobile
resulting in a high 7. However, low T} values are generally preferred, since segmental motion
of PEO chains significantly assist ion transport in such materials and thus 7, can be used to
have an indicator of the (side) chain mobility.*>* In addition, very high amounts of Li* ions

18,44

hinder ion transport via inter/intra-chain hopping since most oxygen atoms are already

occupied thus limiting the free volume. As a result, the ionic conductivity employing a LiTFSI



content of [Li']:[EO] of 1:5 was the worst for all polymers studied in comparison to their
mixtures featuring lower LiTFSI contents, respectively (Figure 3a-e).

It has to be further considered that there are several parameters influencing the ionic
conductivity of polymer electrolytes in different ways analogous to the influence on the thermal
properties (Table S4). It is well known, that the TFSI™ anion decreases the crystallinity as well
as the 7 due to its bulky structure, thus acting as plasticizer and therefore having a positive
impact on the ionic conductivity.*> However, since LiTFSI is introduced as a salt, the number
of Li" ions is equivalent to the number of TFSI" anions and since the Li" ions drastically increase
the Ty (quasi-ionic cross-linking), the total amount of LiTFSI has to be adjusted carefully.
Furthermore, longer PEO side chain lengths increase the crystallinity as result of chain
alignment in the pure polymer, but also decrease the 7y showing higher side chain mobility as
discussed previously for the DSC data (Table 1 and Figure 2).

The combined effects of these different parameters acting together are reflected in the ionic
conductivity behavior. Polymer A400 - A1000 (i.e. polymers with a side chain length of up to
24 EO repeating units) exhibited the highest ionic conductivity with a low amount of LiTFSI
of 1:20 in comparison to higher amounts, since the crystallinity was already drastically reduced
by the side chain architecture and the drawback of using more Li" ions was higher than the
positive influence of the TFSI™ anion (Figure 3a-d). Opposite to this, polymer A2000 bearing
the longest PEO side chain showed that the ionic conductivity at [Li"]:[EO] of 1:20 suffered
from a significant drop below 40 °C due to a beginning partial crystallization (Figure 3e). Since
the increasing side chain length also increased the chain alignment and therefore crystallinity,
a higher LiTFSI content of 1:15 was beneficial, because of the vanished crystallinity by the
additional TFSI™ anions. This general trend is summarized in Table S4Fehler! Verweisquelle
konnte nicht gefunden werden..

When comparing the highest obtained ionic conductivity for polymer A400 - A1000, longer

side chains perform better (24 > 20 > 16 > 11 units) at all measured temperatures as indicated



in Figure 3f and more precisely in Figure 4. However, when comparing polymer A1000 (24
units) with polymer A2000 (54 units), it is noticeable that a tradeoff between the ionic
conductivity at higher and lower temperatures is established. While the longer side chain (54
units) showed a higher ionic conductivity at higher temperatures (30 °C and above) the shorter
side chain (24 units) resulted in superior ionic conductivity at lower temperatures (20 °C and
below). This effect can be explained by the previously described circumstances that the
suppression of crystallization and the influence on the 7 cannot be addressed individually.
Therefore, polymers with shorter side chains show a well suppressed chain alignment enabling
superior ionic conductivity at lower temperatures but the disadvantage regarding their 7, and
thus their low side chain mobility results in lower ionic conductivities at higher temperatures,
where suppression of chain alignment does not play any role, while polymers with longer side
chains show a lower 7 (higher side chain mobility) and thus featuring higher ionic conductivity
at higher temperatures, but their lack in suppression of chain alignment results in comparable

lower ionic conductivities at lower temperatures.
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Figure 3. a) - e) Temperature dependent ionic conductivity derived from EIS measurements of
the different copolymer systems bearing different PEO side chain lengths. LiTFSI content was
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Figure 4. Depiction of the ionic conductivity in respect to EO side chain length for the different
polymers A400 - A2000. The best performing [LiTFSI]:[EO] ratio taken from Figure 3f is
displayed. It is notable that up to 24 repeating units a longer side chain is preferable at each
measured temperature. This changes in the transition from 24 to 54 repeating units. At 30 °C
and higher the longer side chain shows the higher ionic conductivity, while at temperatures
below 30 °C the shorter side chain shows higher ionic conductivity.

3.4 Influence of the Grafting Density

Furthermore, the influence of the grafting density of the PEO side chains on the ionic
conductivity was examined. Therefore, comparable statistical copolymers with a grafting
density of 50% (polymer series B; Figure 5a, Table S2) in comparison to 20% for polymer
A400 - A2000 were synthesized. While doing so, we focused on the shortest (~ 11 EO units)
and the longest side chains (24 and 54 EO units) as wells as [Li"]:[EO] ratios of 1:15 and 1:20
for the EIS measurements as a consequence of the previously discussed results.

When comparing the DSC results of polymer series B (Table 2) with series A (Table 1), it
became obvious that a higher grafting density resulted in a higher melting point (10, 5 and 3 °C
increase for polymer B400, B1000 and B2000, respectively) going hand in hand with a higher
degree of crystallinity (Table S3). Still, polymer B400, B1000 and B2000 featured remarkable
reductions in crystallinity of 75, 51 and 39% in comparison to pure PEO, respectively (Figure
5b). However, at the same time the 7, of polymers B400, B1000 and B2000 after mixing with

LiTFSI was noticeable lower for each polymer (Table 2) in comparison to their counterparts



featuring lower grafting densities (Table 1). Furthermore, different amounts of LiTFSI were
mixed with polymer B1000 analogously to its counterpart polymer A1000 revealing a lower
T, for each composition (Figure 5c). All these phenomena are direct results of the higher
grafting density. Since there are more chains present and the distance between the chains is
smaller in polymers with higher grafting densities, it is easier for them to crystallize. On the
other side, there are also more side chains per main chain, resulting in smaller number of chains
taking part in the inter chain quasi-ionic cross-linking by Li" ions and thus lowering 7.

Table 2. Overview of the 3 different synthesized copolymers featuring a grafting density of

50%. Ty and T was obtained by DSC measurements. Samples with added LiTFSI featured a
[Li"]:[EO] ratio of 1:10.

T, Tm Tg + LiTFsI Tm +LiTFSI
Entry EO units*
[°C] [°C] [°C] [°C]
1t ‘]’;Zﬂmﬂer 11.7 . 9 42 .
Pl‘;ll%“&gr 252 nv. 39 4 nv.
Pl‘;lzyo‘(‘)‘gr 522 o 53 44 o

*Calculated by '"H NMR integrals (difference to polymer series A within the error), n.v. =
not visible.
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Figure 5. a) Three statistical copolymers (polymer B400 - B2000) were synthesized featuring
a higher grafting density (monomer ratio 1:1; grafting density 50%) in comparison to polymer
A400 - A2000 (monomer ratio 4:1; grafting density 20%). b) Development of the melting points
of polymer B400 - B2000 with increasing side chain length and corresponding percental
reduction of crystallinity in comparison to pure PEO. (see also Table S3) ¢) Dependency of the
glass transition temperature 7 of polymer B1000 in regard to different [Li*]:[EO] ratios. As
comparison the 7, of polymer A1000 (see also Figure 2d), which features the same side chain
length but lower grafting density, is shown. d) Temperature dependent ionic conductivity
derived from EIS measurements of polymer B400 - B2000 comprising [Li"]:[EO] ratios of 1:15
and 1:20.

As already stated for the discussion of the ionic conductivities of polymers A400 - A2000,
the DSC results of polymers B400 - B2000 are in line with the results of the EIS measurements
(Figure 5d, Figure 6 and Table 3). Although, the initial suppression of crystallization by the
side chain architecture was worse for copolymers featuring a higher grafting density in
comparison to the copolymers featuring a lower grafting density (Table 3), it was still sufficient

to eliminate crystallization in combination with added LiTFSI for polymer B400 and B1000



(11 and 24 EO repeating units). At the same time, there was an improvement regarding the 7§
resulting in higher chain mobility and thus in higher ionic conductivities at all measured
temperatures in comparison to polymer A400 and A1000, respectively (Figure 6 and Table
3). For polymer B2000 the trend of a temperature-dependent tradeoff, which was already
observed for its counterpart polymer A2000, continued. Here, the higher grafting density
resulted once more in a reduced suppression of chain alignment but a slightly lower Ty, which
consequently established an even bigger tradeoff between higher and lower temperatures
(Figure 6 and Table 3). When summarizing these findings, it can be stated that an increasing

grafting density results in the same effect as increasing side chain length.

1001 lonic conductivity vs side chain length
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Figure 6. Depiction of the ionic conductivity in respect to EO side chain length for the different
polymers B400 - B2000 (—m—). The best performing [LiTFSI]:[EO] ratio taken from Figure
5d is displayed (B400 & B1000: [Li]:[EO] 1:20; B2000: [Li]:[EO] 1:20) . As comparison the
ionic conductivity of polymer A400, A1000 and A2000 (o) taken from Figure 4 is shown.

Table 3. Summarizing comparison of the reduction of the crystallinity (RC) of the copolymers
in comparison to pure PEO, the T, ([Li']:[EO] ratio 1:10) of the polymer electrolyte and the
ionic conductivity at 0 as wells as 60 °C.

RC Tg + LiTFsI 60°C* 060°C*
Entry
[%] [°C] [mS em™] [mS cm!]
Polymer A400 98 -35 0.26+ 10 0.35+ 10

Polymer B400 75 -42 1.72 ¢ 107 1.67 + 10!



Polymer 70 -41 1.17 « 1073 1.07 « 107!
A1000

Polymer 50 -42 2.79 « 1073 2.14 10!
B1000

Polymer 48 -43 0.80 1073 2.19+ 10"
A2000

Polymer 39 -44 0.36+ 107 3.07 <10
B2000

* taken from Figure 6

4. Conclusion

A series of different vinyl ether-based PEO side chain copolymers was synthesized and the
corresponding polymer electrolytes featuring different PEO side chain lengths, different
grafting densities and varying LiTFSI salt contents were studied. Consequently, a detailed
picture of the influence of these different parameters onto the thermal behavior and the ionic
conductivity was drawn. Herein, we were able to show that the PEO side chain approach is
capable of reducing the degree of crystallinity of PEO phases dramatically, ranging from a
reduction by 98% (polymer A400) to 39% (polymer B2000) in comparison to pure PEO.
Furthermore, we described precisely that copolymers bearing longer PEO side chains and
higher grafting densities showed higher crystallization tendencies but lower Tgs. Also, the
addition of LiTFSI reduced the crystallization due to the TFSI™ anion acting as plasticizer, while
the Li" cations increased the T; as a result of quasi-ionic cross-linking of PEO chains. When
summing up all these effects, it is obvious that each parameter has positive and negative
influences onto the thermal behavior. Since this is directly reflected in the ionic conductivity, a
‘sweet spot’ has to be found in order to minimize chain alignment, while at the same time
maintaining a low 7. However, this seems only to be partially possible, because at one point a
tradeoff between high and low temperature ionic conductivity is established. Consequently, the

best achieved ionic conductivity at room temperature (20 °C) was 2.19 « 102 mS cm’



comprising polymer B1000 (50% grafting density, 24 units side chain) and a [LiTFSI]:[EO]
ratio of 1:20, while at 60 °C polymer B2000 (50% grafting density, 54 units side chain) showed
the best results (3.07 « 10! mS cm™) when employing a [LiTFSI]:[EO] ratio of 1:15. Overall,
we could provide a fundamental and detailed view of the strong relationship between structure
and ionic conductivity, thus acting as guidance for future studies on PEO-based side chain

architectures for application as solid polymer electrolytes.
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