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To obtain solid polymer electrolytes (SPEs) having high ionic conductivity together

with mechanical integrity, we have synthesized polystyrene (PSt)‐polyether (PE)

diblock copolymers via one‐pot anionic polymerization. The PSt block is expected to

aggregate to act as hard fillers in the SPE to enhance the mechanical property. The

PE block consists of random copolymer (P (EO‐r‐MEEGE)) of ethylene oxide (EO)

and 2‐(2‐methoxyethoxy) ethyl glycidyl ether (MEEGE) in different molar ratios

([EO]/[MEEGE] = 100/0, 86/14, 75/25, 68/32, and 41/59). The introduction of the

MEEGE moiety in PEO reduced the crystallinity of PEO, and the fast motion of the

MEEGE side chain caused plasticization of the PE block, thereby contributing to the

fast ion transport. SPEs were fabricated by mixing the obtained diblock copolymer

(PSEx) and lithium bis(trifluoromethanesulfonyl) amide (LiTFSA) with [Li]/[O] = 0.05.

Ionic conductivity of the obtained SPEs was dependent on the molar ratio of EO in

the PE block (x) as well as the weight fraction of PE block ( f PE) in the block copolymer.

PSE0.86 ( f PE = 0.65) exhibited high ionic conductivity (3.3 × 10−5 S cm−1 at 30°C;

1.1 × 10−4 S cm−1 at 60°C) comparable with that of P (EO‐r‐MEEGE) (PE0.85;

f PE = 1.00) (9.8 × 10−5 S cm−1 at 30°C; 4.0 × 10−4 S cm−1 at 60°C).

KEYWORDS

block copolymer, one‐pot living anionic polymerization, solid polymer electrolytes

1 | INTRODUCTION

Since the first proposal on solid polymer electrolytes (SPEs),

consisting of poly(ethylene oxide) (PEO) and lithium salt,1 for applica-

tion in lithium batteries, a number of researches on SPEs have been

reported.2-35 Typical SPEs consist of polyethers (PEs) and lithium

salts, where the lithium cations are coordinated by the ether oxygen

atoms, and can move in synchronization with the segmental motion

of the PE chain. To enhance the ionic conductivity of PEO‐based

SPEs, suppression of crystallization and decrease in glass transition

temperature (Tg) of the PEO are generally required. While the ionic

conductivity of the SPEs increases with an increase in salt concentra-

tion because of an increase in the number of the mobile carrier, a

decrease in the conductivity becomes apparent at higher salt concen-

trations, resulting from a decrease in the carrier mobility owing to an

increase in Tgs, which is caused by pseudo cross‐linking between the

lithium cation and the ether oxygen atoms. In order to increase the

ionic conductivity of SPEs, we have proposed introduction of an

oligo‐ether side chain on the PEO main chain.10-15 Owing to the

faster molecular motion and its smaller temperature dependency of

the side chain than those of the main chain, high ionic conductivity

can be attained. Specifically, a random copolymer, poly(ethylene

oxide‐r‐2‐(2‐methoxylethoxy) ethyl glycidyl ether) (P (EO‐r‐MEEGE)),

polymerized from ethylene oxide (EO) and 2‐(2‐methoxyethoxy) ethyl

glycidyl ether (MEEGE) was designed, and P (EO‐r‐MEEGE) ([EO]/

[MEEGE] = 73/27 mol/mol; [Li]/[O] = 0.06) electrolyte showed high

ionic conductivity (3.3 × 10−4 S cm−1 at 30°C; 1.4 × 10−3 S cm−1 at

60°C).13 A polymer electrolyte of a chemically cross‐linked P (EO‐r‐

MEEGE) network having mechanical integrity also maintained high

conductivity (4.0 × 10−4 S cm−1 at 60°C; [Li]/[O] = 0.04; [EO]/

[MEEGE] = 85/15).14 However, since the chemically cross‐linked

polymer networks cannot be further processed neither thermally

nor via solution, SPEs using block copolymers have been pro-

posed.18-36 The block copolymers consisting of a soft segment such
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as PE and a hard segment with high Tg such as polystyrene (PSt)

show a microphase separation in the solid state. 18-35,37 An ion con-

duction path is formed by the PE soft segments, and the aggregation

of the hard segment acts as hard fillers and/or physical cross‐linking

points. Thus, the polymer electrolytes can be processed from solu-

tions or from melts by heating above Tg of the hard segments. More-

over, use of PSt and PE is also beneficial in terms of polymer

synthesis. These polymers are easily obtained with a molecular

weight determined and with a relatively narrow polydispersity index

via living polymerization method. Therefore, molecular weight depen-

dence is easy to investigate, and distinct microphase separation

structure is expected.

Herein, we propose SPEs utilizing the diblock copolymers

consisting of PSt and P (EO‐r‐MEEGE), having both thermoplasticity

and high ionic conductivity. The diblock copolymer is represented as

PSEx, where the subscript “x” indicates molar ratio of the EO unit in

the synthesized PE segment ([EO]/([EO] + [MEEGE])). The PSExs with

several x values were synthesized under the following regulations: (1)

total molecular weight (Mn,total) is ca. 20 000 and (2) weight fraction of

PE block segment ( f PE) is ca. 0.6. In addition to the PSExs, we also pre-

pared PSE having a large f PE (named as L‐PSEx) in order to investigate

the effect of PE fraction in the block copolymer on the ionic conduc-

tivity and rheological property.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Dehydrated tetrahydrofuran (THF) (Kanto Chemical), dehydrated

dimethyl sulfoxide (DMSO) (Kanto Chemical), 1 M sec‐butyl lithium

(sec‐BuLi) in hexane solution (Kanto Chemical), 2,2‐diethyl‐1,3‐

propanediol (DEPD) (TCI), 1 M phosphazene base (t‐BuP4) in hexane

(Sigma‐Aldrich), and lithium bis(trifluoromethanesulfonyl) amide

(LiTFSA) (Morita Chemical) were used without further purification.

Ethylene oxide (EO) was purchased from NOF Corporation and

purified by distillation after drying with calcium hydride. MEEGE was

synthesized according to the reported procedure.12,14 Styrene (Wako

Chemical) was distilled under vacuum with calcium hydride prior to

use. THF solution of potassium naphthalene was prepared according

to the method reported in literature, and its concentration was

determined by titration using aqueous hydrochloric acid.38,39

2.2 | Measurements

1H NMR spectra were recorded on a JEOL AL400 spectrometer in

CDCl3. Gel permeation chromatography (GPC) measurements (elu-

ent: THF; detector: refractive index (RI)) were performed on a

SHIMADZU GPC system equipped with two TSKGEL Multipore

HXL‐M (TOSOH) columns and analyzed by using PSt standards.

Thermogravimetric (TG) analysis and differential scanning calorime-

try (DSC) analysis were conducted by a TG/DTA6200 (Seiko Instru-

ments) and a DSC220C (Seiko Instruments), respectively. The TGA

samples were put in an Al‐pan and heated from 30°C to 550°C at

a rate of 10°C minute−1 under nitrogen atmosphere. Ten milligrams

of DSC samples encapsulated into an Al‐pan were firstly heated at

120°C and then cooled to −150°C. The second scan was recorded

from −150°C to 120°C at a heating rate of 10°C minute−1. The

ionic conductivities of the polymer electrolytes were measured by

an LF Impedance Analyzer 4192A (Hewlett Packard) over a

frequency range of 5 Hz to 13 MHz. The samples were sandwiched

by two stainless steel disk electrodes separated by a

polytetrafluoroethylene (PTFE) spacer with an inner diameter of

13 mm and thickness of 1 mm. The cell constant was evaluated

by 0.01 mol L−1 potassium chloride aqueous solution at 25°C. The

temperature dependence measurements were carried out during

cooling from 100°C to 0°C after allowing the sample at each tem-

perature for 1 hour. The rheological measurements were conducted

by a Physica MCR301 (Anton Paar) equipped with a Peltier‐type

temperature control system. A parallel plate of 25‐mm diameter

was used as a measuring jig.

2.3 | Synthesis of block copolymers, PSt‐b‐P (EO‐r‐
MEEGE) (PSExs)

In case of a feed molar ratio of [EO]/[MEEGE] = 9/1 (PSE0.86), 1.0 mL

of 1 M sec‐BuLi/hexane solution was dissolved in 50 mL of

dehydrated THF under nitrogen at −78°C. Then, 6.6 mL of styrene

(58 mmol) was added promptly into the solution and stirred for 1 hour

followed by continuous addition of 6.7 mL of EO (135 mmol) and

2.5 mL of MEEGE (16 mmol) and stirred for 1 hour at −78°C. After

the temperature was gradually increased to 0°C for 3 hours, 1.0 mL

of t‐BuP4 (1.0 mmol) was added to the solution and stirred for 4 days

at room temperature. The polymerization reaction was terminated by

addition of a 1 M hydrochloric acid. The precipitated salt was removed

by suction filtration, and the reprecipitation was carried out three

times by using THF as a good solvent and hexane as a poor solvent.

Light yellow powder was obtained after vacuum drying. The other

PSExs were prepared in the similar manner as PSE0.86. For L‐PSE0.73

with high total molecular weight, 0.5 mL of 1 M sec‐BuLi/hexane solu-

tion was dissolved in 40 mL of dehydrated THF under nitrogen at

−78°C. Then, 5.5 mL of styrene (48 mmol) was added promptly into

the solution and stirred for 1 hour followed by continuous addition

of 3.5 mL of EO (70 mmol) and 5.0 mL of MEEGE (31 mmol) that were

continuously added into the reaction solution and stirred for 1 hour at

−78°C. After the temperature was gradually increased to 0°C, 0.75 mL

of t‐BuP4 (0.75 mmol) was added into the reaction solution. After

ascertaining the consumption of MEEGE through gas chromatography,

3.5 mL of EO (70 mmol) and 5.0 mL of MEEGE (31 mmol) were added

again and the solution was stirred for 4 days at room temperature. The

polymerization reaction was stopped by adding 1 M hydrochloric acid.

The precipitated salt was removed by suction filtration, and the

reprecipitation was carried out three times by using hexane. The

obtained polymer was dissolved in THF, and the solution was passed

through a basic alumina column, followed by a reprecipitation

procedure. Light yellow powder was obtained after vacuum drying.
1H NMR (CDCl3, 400 MHz) δ: 6.58‐7.08 (m, Ar‐H of PSt), 3.45‐3.75

(m, CH2 and CH of PE), 3.38 (s, CH3 of MEEGE), 1.28‐1.84 (m, CH2

and CH of PSt).
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2.4 | Synthesis of P (EO‐r‐MEEGE) (PE0.85)

First, 105 mg of DEPD (0.75 mmol) was dissolved in 30 mL of

dehydrated THF under nitrogen. Then, 4.71 mL of 0.32 M potassium

naphthalene (1.5 mmol) was added into the reaction solution and

stirred for 1 hour at 0°C, followed by the addition of 20 mL of

dehydrated DMSO and again stirred for 1 hour at 0°C. After stirring

for 1 hour, 10.5 mL of EO (211 mmol) and 15 mL of MEEGE (94 mmol)

were continuously added into the solution and stirred for 1 hour at

0°C, and then, the temperature of the reaction solution was gradually

increased to room temperature, and stirred for 60 hours. The reaction

was then stopped by adding 1 M hydrochloric acid. The precipitated

salt was removed by suction filtration, and the reprecipitation was

conducted three times by using a cold diethyl ether cooled in dry

ice‐methanol bath. The obtained polymer was dissolved in dichloro-

methane and passed through the basic alumina column. The

reprecipitation was conducted again, and the light yellow solid was

obtained after vacuum drying. Molecular weight and molar ratio of

EO segment (x) of the resultant polymer evaluated by 1H NMR was

32 000 and 0.85, respectively. 1H NMR (CDCl3, 400 MHz) δ: 3.45‐

3.75 (m, CH2 and CH of PE main chain), 3.38 (s, CH3 of MEEGE),

1.25 (q, CH2 of DEPD), 0.78 (t, CH3 of DEPD).

2.5 | Preparation of Li‐doped PSEx electrolyte
membranes

Polymer electrolyte membranes consisting of PSEx and LiTFSA were

prepared by solution cast method. LiTFSA was dissolved in aTHF solu-

tion of 10 wt% PSEx at [Li]/[O] = 0.05, and stirred for 6 hours. The

resultant solution was cast on a polyethylene terephthalate (PET)

sheet surrounded by a silicone wall with a height of 0.5 mm. The

sheets were placed under ambient atmosphere overnight, and then

dried under vacuum at 60°C for 12 hours. Transparent and self‐

standing polymer electrolyte films were peeled from the PET sheet.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of PSExs and fabrication of
electrolyte membrane

Block copolymer PSExs consisting of PSt and P (EO‐r‐MEEGE) were

synthesized via one‐pot anionic polymerization as shown in SchemeS1 1.

The PSt segment was initially polymerized from sec‐butyl carbanion,

and then, EO and MEEGE were added into the reaction solution. For

the polymerization of EO and MEEGE, the polymer ends were ─

CH2CH2O
−Li+ (or ─CH2CHRO−Li+, where R is the side chain of

MEEGE) resulting from the reaction between the carbanion at the “liv-

ing” reaction end of PSt and one EO (or MEEGE) molecule.40-43 How-

ever, the polymer ends are inactive for the ring‐opening anionic

polymerization of EO and MEEGE owing to the formation of a strong

ion pair between the alcoholate anion and lithium cation. t‐BuP4,

which has strong Lewis basicity and coordinates to the lithium cation,

was added into the reaction mixture for the progress of the polymer-

ization reaction between EO and MEEGE, wherein the polymer ends

became active for ring‐opening anionic polymerization.41-43

We have synthesized five PSExs with different molar ratios of EO

and MEEGE, which were estimated from the ratio of the integration

value of the methyl proton (δ 3.38) at the end of MEEGE side chain

and another methylene and methine protons (δ 3.45‐3.75) from their
1H NMR spectra (Figure S1). The calculated molar ratios of the EO

in the PE block segment were 1.00 (PSE1.00), 0.86 (PSE0.86), 0.75

(PSE0.75), 0.68 (PSE0.68), and 0.41 (PSE0.41) with weight fraction of

PE segment in the resultant PSExs ( f PE) of 0.52 to 0.65. All PSExs,

except for PSE0.41, showed total molecular weight (Mn,total) of ca.

20 000 as expected and narrow polydispersity index (Mw/Mn,total)

(Table T11). Monomodal GPC curves of the PSExs and PSt

macromonomer were observed (Figure S2), indicating that PE block

was successfully polymerized from the carbanion PSt ends. Since

[EO]/[MEEGE] in feed and that in the copolymer are nearly

consistent, the reactivity of EO and MEEGE as a monomer of anionic

polymerization is the same. We have also synthesized L‐PSE0.73 with

high f PE (= 0.75) in order to probe the effect of f PE on the ionic

conductivity and rheological property.

The obtained PSEx electrolyte membrane had poor film formabil-

ity, and self‐standing thin film could not be prepared, because the

PSExs are cross‐linked at only one polymer end. However, we could

obtain self‐standing membrane when the thickness was ca. 500 μm,

as showing in Figure S3.

3.2 | Thermal properties of PSEx

Thermal decomposition temperatures of all the synthesized PSExs

were higher than 340°C, regardless of the ratio of [EO]/[MEEGE]

(Figure S4). Table T22 summarizes the melting points (Tms) and Tgs of

the nondoped and Li‐doped PSExs. Figure F11A shows the DSC curves

of the nondoped PSExs. The Tm peak of PSE1.00 associated with

SCHEME 1 Synthetic route of PSt‐P (EO‐r‐
MEEGE) block copolymers (PSExs)

KOKUBO ET AL. 31

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

kokubo
取り消し線

kokubo
挿入テキスト
Translucent

kokubo
取り消し線

kokubo
取り消し線

kokubo
取り消し線



crystallization of PEO was observed at 43.9°C, and that of PSE0.86

shifted to lower temperature at −4.9°C. Tms of PSExs for x = 0.75,

0.68, and 0.41 were not observed, indicating that the PE segment

became amorphous owing to the randomly introduced MEEGE

structure into PEO. Two Tgs derived from PE and PSt were observed,

indicating that microphase separation structure was formed.

As shown in Figure 1B, Tg of all the Li‐doped PSExs increased by

about 10°C in contrast to the corresponding nondoped PSExs, which

could be attributed to a decrease in the segmental motion of PE chain

caused by the inter and intra cross‐linking due to the complex forma-

tion between the lithium ions and oxygen atoms in the PE chain. Tgs of

PSt were observed at a temperature equal to or slightly lower than

that of undoped system. However, the distinct Tg of L‐PSE0.73 could

not be determined due to too small changes in the heat capacity

around Tg, resulting from large f PE.

3.3 | Effect of f PE on the rheological properties

Figure F22 shows temperature dependence of storage modulus (G′) and

loss modulus (G″) for PSE0.68 ( f PE = 0.57) and L‐PSE0.73 ( f PE = 0.75).

PSE0.68 showed several times higher G′ value than L‐PSE0.73 at room

TABLE 1 Molecular weight characteristics of the synthesized PSEx block copolymers

PSEx Mn,PSt
a Mw/Mn,PSt

a

[EO]/[MEEGE] (Molar Ratio)

Mn,PE
b Mn,total Mw/Mn,total

b f PE
cIn Feed In Copolymerb

PSE1.00 8500 1.21 1.0/0.0 1.00/0.00 11 300 19 800 1.04 0.57

PSE0.86 7400 1.29 0.9/0.1 0.86/0.14 13 600 21 000 1.28 0.65

PSE0.75 9100 1.20 0.8/0.2 0.75/0.25 10 200 19 300 1.35 0.53

PSE0.68 8400 1.21 0.7/0.3 0.68/0.32 11 300 19 700 1.37 0.57

PSE0.41 6500 1.38 0.5/0.5 0.41/0.59 7100 13 600 1.26 0.52

L‐PSE0.73 9400 1.21 0.7/0.3 0.73/0.27 28 200 37 600 1.17 0.75

aDetermined by GPC analysis.
bDetermined by 1H NMR analysis.
cMn,PE/Mn,total.

TABLE 2 Thermal properties of the PSExs for nondoped ([Li]/[O] = 0) and Li‐doped ([Li]/[O] = 0.05) PSExs

Diblock Copolymer

[Li]/[O] = 0 [Li]/[O] = 0.05

Tm, °C Tg,PE, °C
a Tg,PSt, °C

b Tm, °C Tg,PE, °C
a Tg,PSt, °C

b

PSE1.00 43.9 −53.8 84 17.3 −44.7 84

PSE0.86 −4.9 −64.8 72 − −52.5 71

PSE0.75 − −65.7 76 − −52.8 74

PSE0.68 − −67.5 76 − −51.5 71

PSE0.41 − −65.1 79 − −49.1 75

L‐PSE0.73 −17.8 −67.1 77 − −52.0 n.d.

Abbreviation: n.d., not determined.
aTg derived from polyether block.
bTg derived from PSt block.

FIGURE 1 DSC curves of (A) nondoped PSExs ([Li]/[O] = 0) and (B) LiTFSA‐doped PSExs ([Li]/[O] = 0.05) at a heating rate of 10°C minute−1

[Colour figure can be viewed at wileyonlinelibrary.com]
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temperature as PSE0.68 has larger weight fraction of the PSt block seg-

ment. As the temperature increased, the G′ and G″ of PSE0.68 exhib-

ited a crossover at 70°C, where coincided with Tg of PSt and PSE0.68

started to flow, whereas the crossover temperature of L‐PSE0.73

appeared at a higher temperature of 80°C. The difference in the soft-

ening temperature may result from the difference in the segmental

motion of the PE block. The Tg of PSt having molecular weight of

9000 lies at ca. 90°C.44 The mobility of the PE in PSE0.68 would be

high owing to the less effect of the polymer entanglement, and the

aggregation of the PSt might be suppressed. As a result, the softening

temperature decreases below Tg of PSt homopolymer. On the con-

trary, the mobility of the PE chain in L‐PSE0.73 is limited due to the

entanglement of the long PE chain behaving as a pseudo cross‐linking

point, resulting in the inhibition of decrease in the plasticizing

temperature. Consequently, the polymer entanglement may affect

the rheological property of the block copolymer. In addition, G′ of L‐

PSE0.73 exhibited a rubbery plateau in the temperature range between

−20°C and 50°C, possibly resulting from the effect of polymer

entanglement.

3.4 | Ionic conductivity

The Arrhenius plots of the ionic conductivity for the Li‐doped PSExs

([Li]/[O] = 0.05) are shown in FigureF3 3. The plots for P (EO‐r‐MEEGE)

(Tg = −52.3°C) having x value of 0.85 without PSt block (PE0.85; [Li]/

[O] = 0.05) are also shown for the comparison. A large decrease in

the conductivity of PSE1.00 observed at temperatures below 50°C

corresponded to the crystallization process of PEO chain, since the

measurement was conducted with cooling. Actually, the Tm peak of

PSE1.00 was observed around 50°C in the DSC curve conducted

heating (Figure 1B). Other PSExs did not exhibit a sudden change in

the conductivity because of amorphous nature of the PE block

segments (Figure 1B).

PSE0.86 showed the highest conductivity in the block copolymer

electrolytes, which is about 60% of that of PE0.85 (without PSt

segment) in the measuring temperature range. It has been reported

that P (EO‐r‐MEEGE) doped with LiTFSA exhibits a conductivity max-

imum at x = 0.8 to 0.7,13 owing to the fast molecular motion of the

MEEGE side chains. However, as shown in the inset of Figure 3, the

ionic conductivity at 60°C did not simply correlate with the Tg values.

PSE0.86 has higher weight fraction of the PE block segment

( f PE = 0.65) than another PSExs ( f PE = 0.52‐0.57), which contributes

to an increase in the fraction of the ion conduction path, since the

block copolymers, whose segments are incompatible with each other,

form phase‐separated structure depending on the fraction of each

block.18–20,22–35,37

Figure S5 shows Arrhenius plots of ionic conductivity for PE0.85

(without PSt segment), L‐PSE0.73, and PSE0.68 ([Li]/[O] = 0.05) with dif-

ferent f PE of 1.0, 0.75, and 0.57, respectively, wherein it showed that

the higher the f PE, the higher is the conductivity. This result supports

that the formation of the continuous phase relies on f PE values.

Figure F44 displays the relationship between the ionic conductivity

and f PE values at 30°C and 60°C. It is clearly evident that the conduc-

tivity gradually decreases with decreasing the weight fraction of PE

FIGURE 2 Temperature dependence of storage modulus (G′) and
loss modulus (G″) for PSE0.68 and L‐PSE0.73 with [Li]/[O] = 0.05 at
ω = 1 rad second−1 [Colour figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 3 Temperature dependence of ionic conductivity for PSExs
and PE0.85 (P (EO‐r‐MEEGE); x = 0.85). [Li]/[O] is 0.05 for all the
polymer electrolytes. Inset: Relationship between Tg and ionic
conductivity at 60°C of PSExs with [Li]/[O] = 0.05. The symbols are
the same as those in the Arrhenius plots [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 4 f PE dependence of the conductivity for PSExs, L‐PSE0.73,
and PE0.85 at 30°C and 60°C. The data for PSE1.00 at 30°C are
removed due to its partially crystalline nature [Colour figure can be
viewed at wileyonlinelibrary.com]
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block in the block copolymers. Here, the influence of x on the ionic

conductivity should be considered. As aforementioned that, according

to a previous report, P (EO‐r‐MEEGE) showed the maximum conduc-

tivity at x = 0.8 to 0.7, and the conductivity at low x was about one‐

third of the maximum one.13 On comparing PSE0.41 and PSE0.75 with

nearly the same f PE (0.52‐0.53), the ionic conductivities at 30°C were

4.36 × 10−6 and 5.92 × 10−6 S cm−1, respectively, which are almost

similar values, indicating that f PE primarily determines the ionic con-

ductivity. However, if we assume a simple distinct two‐phase model

with continuous PE segment phase, the conductivity should decrease

in proportion to f PE. The experimental results appear to reflect such

assumption when f PE > 0.75, where the PE continuous phase may

be formed. On the contrary, the conductivity of PSExs having lower

f PE drastically decreased, where such simple assumptions cannot be

applied and PSt domains greatly block the ion transport. According

to the previously reported studies,24,26 a continuous phase of the

block copolymer with small f PE is hardly developed such as lamellae,

whereas the continuous phase develops such as hexagonally perfo-

rated lamellae and hexagonally packed cylinders as the f PE value

increases. In our case, change in microphase separation structure

may occur around f PE = 0.65 to 0.75.

Finally, we checked the ionic conductivity of L‐PSE0.73 at high

temperatures. FigureF5 5 shows Arrhenius plot of the ionic conductivity

measured from 100°C to 0°C. The dashed line indicates the calculated

value by using the Vogel‐Tamman‐Fulcher (VTF) parameters of

L‐PSE0.73 in Table S1. The conductivity at 100°C shifted to a higher

value from the fitting line. The PE ion conduction path structure would

collapse at the high temperature due to glass transition of the PSt seg-

ment. However, the segmental mobility of the PE chain can increase

owing to the relaxation of the PSt segment. Jannasch et al have

reported similar results utilizing an SPE consisting of LiTFSA and

polyethylene‐b‐P (EO‐r‐PO)‐b‐polyethylene (propylene oxide (PO)),

where polyethylene segments act as hard segments.18 The ionic con-

ductivity of the SPE increases because of the greater mobility of the

PE segment above the Tm of polyethylene (100°C). In other words,

the ionic conductivity deeply correlates with the softening

temperature.

4 | CONCLUSIONS

We have synthesized diblock copolymers (PSExs) comprising PSt and

PE block segments, which have several weight fractions of the PE seg-

ment ( f PE = 0.52‐0.75) and several molar ratios of EO and MEEGE (EO

ratio: x = 0.41‐1.00), via one‐pot anionic polymerization. To activate

the PSt polymer ends, t‐BuP4 was used for ring‐opening anionic poly-

merization reaction due to acceleration of the dissociation of the

alcoholate‐lithium ion pair (–O−Li+). A decrease in x (an increase in

the MEEGE fraction) in the PE segment suppressed the crystallization

of PEO segments. By introducing the MEEGE moiety, the PSExs

showed high ionic conductivity owing to the suppression of the crys-

tallization of PEO and fast molecular motion of the MEEGE side

chains. The ionic conductivity was greatly affected by f PE values, even

though it was not simply in proportion to f PE but appeared to be

affected by block copolymer morphology.
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