
Influence of a rigid polystyrene block on the free volume and ionic
conductivity of a gel polymer electrolyte based on poly(methyl
methacrylate)-block-polystyrene

Xinghua Guan,1,2 Fang Chen,1,2 Zhiguang Li,1,2 Hualong Zhou,1,2 Xiaoyan Ma1,2

1Key Laboratory of Space Applied Physics and Chemistry, Ministry of Education, Shaanxi Province, School of Science,
Northwestern Polytechnical University, Xi’an 710129, China
2Key Laboratory of Polymer Science and Technology, Shaanxi Province, School of Science, Northwestern Polytechnical University,
Xi’an 710129, China
Correspondence to: X. Ma (E - mail: m_xiao_yana@nwpu.edu.cn)

ABSTRACT: Diblock copolymers poly(methyl methacrylate)-block-polystyrene with three different molar ratios [poly(methyl methacry-

late)/polystyrene (PS) 5 1:1, 1:1.5, and 1:1.8] were synthesized by atom transfer radical polymerization and used as a polymer matrix

for gel polymer electrolytes (GPEs). The positron annihilation lifetime spectroscopy was applied to determine the free-volume behav-

iors of different GPEs, respectively. We illustrated that a proper PS ratio may led to the formation of a high fraction of free volume,

and the influence of the PS ratio on the free-volume fraction was caused by the different morphologies of the GPEs because of the

different packing densities of the PS rigid block. The ionic conductivity was correlated with the free volume in the GPE through the

study of the ionic conductivity dependence on the temperature; this followed the Vogel–Tamman–Fulcher equation. Moreover, an

ionic conductive model was proposed, in which variations of the free-volume behavior provide different ionic-conducting abilities.

Thermogravimetric analysis indicated that GPEs based on different block copolymers exhibited high liquid-electrolyte preservation

properties. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43901.
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INTRODUCTION

Lithium-ion batteries have become the leading portable power

source, particularly for consuming electronics devices, because

of their advantages of high power density, long recycling life,

and high specific capacity.1–4 Recently, many researchers have

expected to apply lithium-ion batteries, with their higher power

density, to the development of electrical vehicles with extended

long distances.5–9 Conventional liquid electrolytes exhibit rapid

and high ion conductivity when they are treated as principle

electrolyte materials in current lithium-ion batteries. However,

technical obstacles to the commercial viability of liquid-

electrolyte lithium-ion batteries are mainly attributed to the poor

stability and flammability, which are due to the leakage or evapora-

tion of the organic solvent. Gel polymer electrolytes (GPEs) con-

taining lithium ions present a high ionic conductivity and excellent

compatibility with electrodes during the charge–discharge cycling

processes through the immersion of liquid electrolyte in a continu-

ous polymer matrix.5–8,10 Many types of matrix polymers can be

used to prepare GPEs. These polymers include poly(ethylene

oxide),9,11–14 polyacrylonitrile,11 poly (methyl methacrylate)

(PMMA),15–18 poly(vinyl chloride),19 and poly(vinylidene

fluoride).20,21

PMMA has become one of the most commonly used polymer

matrixes in GPEs because of their high ion solvation and trans-

portation ability, which are due to the polarity and excellent

compatibility with electrodes. PMMA-based gel electrolytes have

a high ionic conductivity and good electrochemical stability.

However, pure PMMA cannot meet current demands because of

its low mechanical strength; this results in the restriction of

applications of PMMA-based GPEs. The mechanical strength

increases significantly with the increasing percentage of

PMMA.22 Indeed, the use of copolymers as polymer matrixes in

GPEs is a quite promising approach because of the combination

of the advantages of different segments, such as comblike

copolymers.23 In our previous studies, we found that comblike

PMMA-based copolymers with rigid segments in the main
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chain and soft segments as branches are promising polymer

matrixes for GPEs.24–26 This will lead to a larger liquid-

electrolyte absorption of GPEs and will enhance the ionization

of lithium perchlorate (LiClO4) and improve the migration of

Li1. Meanwhile, block copolymers (BCPs) have been investi-

gated as functional polymers matrixes for GPEs because the

ability to tune the ionic conductivity and mechanical strength

through immersion advantages of two different blocks via cova-

lent bonds.20,27–29 In general, the structure of the rigid block

can give the gel system higher mechanical properties and ther-

mal stability, whereas the soft polar block can offer the gel sys-

tem a favorable ionic conductivity because of outstanding

compatibility with the liquid electrolyte.30 In addition, the self-

assembly behavior of the microphase separation of BCPs may

form a continuous ionic path, and this can contribute to ionic

conductivity.31–33

However, until now, the dependence of the free volume on the

ionic conductivity caused by compositional factors of BCPs has

rarely been reported. It will be a promising achievement if the

relationship between the free volume and ionic conductivity of

BCP-based GPEs are clearly studied.

We chose positron annihilation lifetime spectroscopy (PALS) as

the approach to study the free-volume behavior of GPEs; this is

the technique used to determine the free-volume behavior in

solid materials such as polymers through the probing of the

lifetime of ortho-positronium (o-Ps). The PALS technique has

been applied to many polymeric systems, including polymer-in-

salt electrolytes34 and proton-exchange membrane fuel cells,35,36

for free-volume behavior determination. It has almost been

agreed that a correlation exists between the free volume and the

ionic conductivity.34,37–40 PALS will provide enough free-volume

characters of different GPEs based on different poly(methyl

methacrylate)-block-polystyrene (PMMA-b-PS block) copoly-

mers. Polystyrene (PS) has exhibited good mechanical perform-

ances. As a result, the PMMA-b-PS BCP can improve the

mechanical stability of the gel electrolytes.

For this purpose, we used PMMA-b-PS BCPs with different PS

chain lengths as model polymer matrixes, preparing GPEs by

immersing them with liquid electrolyte. The aim of this study

was to investigate the influence of the PS ratio on the GPE free

volume and its correlation between the segmental mobility and

ionic conductivity.

EXPERIMENTAL

Materials

Styrene and methyl methacrylate were purchased from Tianjin

Fuchen Chemical Reagents Factory (China). Methyl methacry-

late was washed with a 5% sodium hydroxide solution to

remove the inhibitor and then with distilled water until the

monomer became neutral. A specific amount of magnesium sul-

fate was added to the solution after 24 h, and then, the solution

was vacuum-distilled at 60 8C. The styrene was treated with the

same procedure. However, the final vacuum distillation was

applied at 80 8C.

Copper(I) chloride (CuCl) was added to glacial acetic acid and

stirred without light for 10 h. The obtained solution was

washed with ethanol and then acetone until the color turned

gray–white. The prepared CuCl powder was heated for 24 h in

a vacuum at 40 8C and then placed in a light-resistant bottle.

Tetrahydrofuran (THF) was distilled under atmospheric pressure

at 70 8C after reflux with sodium. Dimethylformamide (DMF)

was applied after vacuum distillation at 90 8C. Pentamethyldie-

thylenetriamine (PMDETA) and ethyl 2-bromoisobutyrate were

purchased from Aladdin Reagent (China) Co., Ltd., and were

used without further purification.

Electrochemical-device-grade propylene carbonate (PC) was

dried by 4-Å molecular sieves. LiClO4 was dried at 120 8C for

1 h and dissolved in PC to prepare polymer electrolytes with a

concentration of 1 mol/L.

Synthesis of PMMA-b-PS

Three PMMA-b-PS BCPs with different PMMA and PS ratios

were synthesized through two-step atom transfer radical poly-

merization, as shown in Scheme 1, through the tuning of the

feeding ratio of styrene in second step.41

To synthesize the macroinitiator, the reactants, including methyl

methacrylate, CuCl, PMDETA, and ethyl 2-bromoisobutyrate,

with a molar ratio of 100:1:2:1 were added to certain amount of

THF (solvent), and they were all placed in a three-necked flask.

After the mixture solution was cooled to 0 8C, a vacuum and

nitrogen gas were applied the sequential solution with stirring

at 60 8C for 5 h under a nitrogen atmosphere. The obtained

solution was filtered through an alumina column to remove

cupric ion. Then, a white precipitate was obtained through the

addition of methanol. The macroinitiator was dried overnight

at 40 8C under reduced pressure. The 1H-NMR spectrum of the

macroinitiator is shown in Figure S1 in the Supporting

Information.

Three PMMA-b-PS copolymers with different block ratios were

synthesized through changes in the feed amount of styrene with

the previously obtained macroinitiator. Three reagent mixture

compositions, including styrene, PMMA–Cl, CuCl, and

PMDETA with molar ratios of (50, 100, or 150):50:1:2, were

mixed in sequence in a three-necked flask with THF as the sol-

vent. After a process of frozen-vacuum releasing three times, the

solutions were stirred at 90 8C for 10 h under a nitrogen atmos-

phere. The obtained solution was filtered through an alumina

column for the removal of cupric ion. Then, a white precipitate

PMMA-b-PS was obtained through the addition of methanol.

The 1H-NMR spectra of three BCPs is shown in Figure S2 in

the Supporting Information.

Scheme 1. Synthesis of the PMMA–Br and PMMA-b-PS copolymers.
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The average molecular weights of the PMMA macroinitiator

and BCPs were determined through gel permeation chromatog-

raphy (GPC) calibrated with standard PS and with THF as the

eluent. A Waters 1515 GPC instrument was used at an elution

rate of 1 mL/min. The PMMA macroinitiator and three differ-

ent BCPs were shown with different number-average molecular

weights, which were 15,800 (polydispersity index 5 1.12), 32,900

(polydispersity index 5 1.38), 39,600 (polydispersity index-

5 1.21), and 44,400 (polydispersity index 5 1.15), respectively.42

The three different BCPs were named PMMA-b-1PS, PMMA-b-

1.5PS, and PMMA-b-1.8PS, respectively, on the basis of the

molar ratio, as determined by GPC and 1H-NMR.

Preparation of the GPEs

A liquid electrolyte was prepared by the dissolution of LiClO4

in a plasticizer PC to obtain an LiClO4 solution with a concen-

tration of 1 mol/L. The GPE precursor was prepared by the

mixture of the polymer THF solution and liquid electrolyte

under sonification, in which the weight ratio of the polymer

matrix and liquid electrolyte was 40:60. The solutions obtained

were cast on a PTFE plate to enable the solvent to gradually

evaporate at 40 8C for approximately 12 h, as we usually did for

other GPE systems24 to obtain the polymer gel electrolytes.

PALS

All PALS measurements were performed with a fast–fast coinci-

dence system at time resolution of 280 ps at room temperature.

For each sample, the polymer films were stacked to obtain sam-

ple plates approximately 1.5 mm in thickness and 1 cm in

diameter. The positron source (20 lCi), Na, was sandwiched

between two identical pieces of the samples. Each spectrum

contained approximately 1 3 106 and 4 3 106 counts of the

positron annihilation technique fitting and maximum third life-

time methods, respectively.

Ionic Conductivity

Impedance spectra were performed with an HIOKI-3532 LRC

meter with a frequency range of 42 Hz to 5 MHz and a temper-

ature range of 20 to 50 8C. The GPE with a 1 3 1 cm square

and thickness around 100 lm were placed between two stainless

steel electrodes, were applied for impedance measurements. The

ionic conductivity was calculated with the following equation:

Ionic conductivity 5 L= S3Rbð Þ (1)

where Rb is the bulk resistance of the GPE obtained by the

impedance spectra, L is the thickness of the GPE membrane

(cm) and is equal to 0.10 6 0.02 mm, and S is the contact area

between the electrolyte membrane and stainless steel electrode

(cm2) and is equal to 1 cm2.

Thermal Analysis of the GPEs

Differential scanning calorimetry analysis of the GPEs was per-

formed with a Mettler DSC1 differential scanning calorimeter at

a heating rate of 10 8C/min and in the temperature range of

2100 to 150 8C under an N2 atmosphere.

Thermogravimetric analysis (TGA) was conducted with a TA

Q500 thermogravimeter under an N2 atmosphere at a heating

rate of 10 8C/min.

RESULTS AND DISCUSSION

Free-Volume Behavior by PALS

PALS was performed quantitatively on each of the GPE samples

to define the free-volume characteristics of the GPEs. The nano-

hole shape was assumed to be spherical. As described for the

PALS measurement on polymer materials by many other

researchers, all of the measured spectra were resolved into three

components with positron annihilation technique fitting for dis-

crete analysis. The first lifetime component (s1 5 0.125 ns) and

the intermediate lifetime component (s2 5 300–400 ps) were

attributed to the self-annihilation of para-positronium and posi-

tron annihilation, respectively. The third lifetime component

(s3> 1 ns) resulted from the pickoff annihilation of o-Ps with

different distributions of free-volume holes, which mainly repre-

sented the free-volume information of the polymer. The relation

between the o-Ps lifetime and the radius of the free-volume

holes (R) followed the equation43:

s3 5
1

2
12

R

R11:656
1

1

2p
sin

2pR

R11:656

� �� �21

(2)

On the basis of the free-volume theory proposed by Tao and

Eldrup,44,45 o-Ps particles reside in a spherical potential well

and possess an infinite potential barrier of radius R0. The thick-

ness of the electron layer formed on the wall of the hole is

presented as DR. Subsequently, the effective radius of the layer

becomes R 5 R0 2 DR. The fitting of the observed o-Ps lifetimes

in polymers with known hole sizes indicates that DR is 1.656 Å.

The average free-volume size (V) is defined as follows:

V 5
4pR3

3
(3)

The relative intensity of the longest living component (I3) is

correlated with the intensity of the free-volume hole. The frac-

tion of the free volume (Fr) is evaluated with eq. (4):

Fr 5 VI3 (4)

The free-volume-related parameters were calculated from eqs.

(2)–(4) and are listed in Table I.

Table I. Free-Volume Parameters of the Four GPE Membranes at 25 8C

Sample PMMA PMMA-b21PS PMMA-b21.5PS PMMA-b21.8PS

s3 (ns) 2.22 6 0.013 2.15 6 0.012 2.09 6 0.012 2.08 6 0.012

I3 (%) 9.78 6 0.063 10.97 6 0.068 10.84 6 0.072 10.35 6 0.077

R (Å) 3.04 6 0.10 2.99 6 0.14 2.93 6 0.22 2.92 6 0.17

V (Å3) 118.03 6 0.11 111.41 6 0.22 105.69 6 0.54 103.86 6 0.32

Fr 11.54 6 0.01 12.22 6 0.02 11.46 6 0.04 10.75 6 0.03
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We picked s3 and I3 of four different GPE systems and drew a

bar graph to illustrate the free-volume change as the PS block

ratio increased, as shown in Figure 1. After comparing the

parameters of the four GPE systems, we observed that s3 of the

pure PMMA-based GPE (2.22 ns) decreased with increasing PS

ratio in the copolymer matrix. I3 and Fr reached the highest val-

ues for the PMMA-b-1PS based GPE and decreased at a higher

PS ratio. The higher s3 was detected for the pure PMMA-based

GPE because of the amorphous phase with a random configura-

tion of polymer chains. With the introduction of the PS block,

the formation of the ordered phase caused a reduction in s3

because there was more PS block in a denser and packed state.

A comparison of the average free-volume hole diameters of dif-

ferent GPEs suggested free-volume holes of similar sizes for all

of the GPEs. However, the total fraction of the free volume (I3

and Fr) increased significantly for PMMA-b-1PS because of the

high packing density of the rigid PS region under a proper PS

ratio. When the proper PS ratio was exceeded, a decrease in the

free volume was detected because of the irregular packing pat-

tern of the PS region.

The continuous analyses of the o-Ps lifetime distribution by the

programming of the maximum entropy lifetime method of dif-

ferent GPEs at 25 8C are shown in Figure 2. The border distri-

bution was obtained for the GPE of pure PMMA. With the

introduction of the PS rigid block, the o-Ps lifetime distribution

turned into a two-peak distribution for the GPE with PMMA-

b-1PS. Beyond this PS block ratio, it turned back into a single

distribution. This phenomenon illustrated that the rigid PS

block ratio may have had different influences on the o-Ps life-

time distribution because of the packing density of the ordered

PS region in the GPE. With a proper ratio of PS (PMMA-b-

1PS), which could cause an increase in the ordered region by

enhancing the packing density of the PS domain, two different

o-Ps lifetime distribution were observed.46 A similar tendency of

two o-Ps lifetimes was reported to be due to different phase

states of the polymer.36 The free-volume fraction depended on

the ordered or amorphous phase of the polymer, in which the

larger free volume was attributed the amorphous domain, as

shown by the long o-Ps lifetime and vice versa. This may give

us a clue that phase separation could have occurred in PMMA-

b-1PS because of the enhancement of the packing density of PS.

When the proper PS ratio was exceeded, the inhibition of the

formation of the rigid PS domain was introduced because of

the poor PS packing pattern with longer PS blocks.

Ionic Conductivity and Dependence on Temperature

To investigate the influence of the PS block ratio on the ionic

conductive behavior, we used electrochemical impedance spec-

troscopy (EIS) spectroscopy of the four GPEs at different tem-

peratures, as shown in Figure 3. The shapes of the EIS curves

were different with the introduction of the PS block, and this

was mainly attributed to the electrode/electrolyte behavior dif-

ference. For the GPE based on pure PMMA, the EIS spectra

showed that a semicircle at higher frequencies corresponded to

the charge transfer limited process and the linear portion at

lower frequencies corresponded to the diffusion process. It was

reasonable that the charge transfer resistance decreased with

increasing temperature for the GPE based on PMMA. All of the

GPEs based on different PS block ratios showed the disappear-

ance of the semicircle at higher frequencies because of the faster

charge transfer caused by the enhancement of the electrode/

electrolyte interfacial behavior.

To understand the ionic conductivity behavior among the GPEs

with different PS block ratios, the impedance differences from

20 to 50 8C are shown in Figure 4. Including the pure PMMA

GPE, the four GPEs showed similar tendencies of impedance,

which decreased with increasing temperature.

The dependence of the conductivity on temperature was deter-

mined in the temperature range from 20 to 50 8C. The imped-

ance plots of the membranes at different temperatures are

shown in Figure 4, which shows a significant increase in the

ionic conductivity in the range of all of the GPE systems from

20 to 50 8C. All of the GPEs of the copolymer showed a higher

conductivity than that of the pure PMMA. PMMA-b-1PS exhib-

ited the highest ionic conductivity among the four GPEs.

As all we know, the ionic conductivity depends on the mobility of

the polymer segment and on the size and density of the free-

volume cavity.24,28,29 The polymer segmental mobility was enhanced

with increasing temperature; this benefitted ion-hopping among

Figure 1. Lifetimes (s3 and I3 values) for the four GPE systems with dif-

ferent PS ratios.

Figure 2. o-Ps lifetime distributions for the four GPE membranes. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4390143901 (4 of 8)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


polymer backbone. Meanwhile, an increase in the free volume led

to an increase in the mobility of both the ion and segmental

mobility, and this all favored ion transportation. Thus, the ions

could be transported through the free volume, and this raised the

conductivity of the GPE system.20,47 We found that both a higher

free volume and a higher ionic conductivity in the GPE-based

PMMA-b-1PS.

To better investigate the ionic conductive mechanism, the con-

ductivity–temperature relationship was fitted with the Vogel–

Tamman–Fulcher (VTF) empirical equation. In our system, it

was reasonable for the measured glass-transition temperature of

the soft PMMA block (Tg2) to be used as a reference tempera-

ture (T0) to fit the VTF equation, which is shown to have excel-

lent fitting in Figure 5:

Figure 3. EIS spectra of GPEs based on (a) 40 wt % PMMA, (b) 40 wt % PMMA-b21PS, (c) 40 wt % PMMA-b-1.5PS, and (d) 40 wt % PMMA-b21.8PS

at different temperatures. Z05 the real part of the impendence; Z005 the imaginary part of the impendence. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 4. Dependence of the ionic conductivity (r) on the temperature

(T) for the four GPEs. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. VTF plots for the four GPEs. r 5 ionic conductivity;

T 5 temperature; T0 5 reference temperature. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Ionic conductivity 5 AT 1=2exp 2E T2T0ð Þ½ � (5)

where A is the pre-exponential factor, E is the pseudo-activation

energy for the redistribution of the free volume, and T is the

temperature. The Tg2 values of the different BCPs were obtained

by differential scanning calorimetry (Figure S3, Supporting

Information). The A and E values obtained by the fitting of

conductivity data to eq. (5) are given in Table II. The excellent

fitting of the VTF equation usually indicates ionic transporta-

tion followed amorphous polymer electrolyte behavior.48 In

general, A is proportional to the numbers of ionic charge

carriers in the electrolyte. We found that PS block ratio was

correlated with the density of the charge carrier because it

showed a tendency to increase A and then decrease with

increasing PS ratio. The phenomenon corresponded well with

the previous discussion; the number of charge carriers increased

with the proper PS block through the formation of a larger free

volume. Once that limit was exceeded (1:1 in this system), the

numbers of charge carrier decrease with increasing PS ratio

because of the reduction in the free volume. The resistance

measurement also showed that the enhancement of the charge

transfer between the electrode and GPE resulted from the intro-

duction of PS, as discussed previously. The E values maintained

a value around 4 meV; this showed that the PS block ratio

almost did not affect the energy character.

Microstructure Morphology Model for the

PMMA-b-PS Based GPE

On the basis of the previous analysis, we deduced that the micro-

structure of the GPE, which was related to the free-volume struc-

ture, played an important role in determining the ionic

conductivity. The reasonable microstructure model for the PMMA-

b-PS based GPE with different PS ratios is illustrated in Figure 6.

For the pure PMMA-based GPE, an amorphous structure with a

small free-volume fraction represented a longer o-Ps lifetime. The

inner chain interactions tended to enhance the entanglement of

PMMA segments and cause a decrease in the free-volume fraction

in the GPE system; this hindered the transportation of Li1 and

resulted in the lowest ionic conductivity among the GPEs. The

introduction of a small amount of PS segments in PMMA-b-1PS

led to an enhancement in the compatibility of two blocks by

Table II. Fitting Parameters of the VTF Equation: A and E

Sample PMMA PMMA-b-1PS PMMA-b-1.5PS PMMA-b-1.8PS

Tg (8C) 7.81 21.11 14.69 15.83

A (S cm21

K21/2)
0.21 0.59 0.22 0.07

E (meV) 4.0 4.1 3.9 3.7

Tg, glass-transition temperature.

Figure 6. Scheme of the transportation of Li1 of the GPEs based on the (a) pure PMMA matrix, (b) PMMA-b-PS with a longer PS block ratio, and (c)

PMMA-b-PS with a shorter PS block ratio. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. TGA curves of the four GPE membranes. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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weakening the entanglements of the PMMA chains in GPE and

producing a rigid PS microphase. This resulted in an increase in the

free-volume fraction. However, with the continuous increase in the

PS segmental ratio in the BCP, the free-volume fraction and ionic

conductivity of the GPE decreased in comparison with the PMMA-

b-1PS copolymer-based GPE because the steric hindrance of PS

may have caused a larger domain of the PS microphase. This

showed us a clear mechanism of the ionic conductivity difference

due to the influence of the PS ratio in the BCP.

Liquid-Electrolyte Preservation Property of the GPE Systems

TGA was used to evaluate the preservation of the liquid electro-

lyte of the GPEs for further battery applications. Figure 7 shows

typical TGA curves in the four GPE membranes. Two-step deg-

radation was observed for all of the samples. The first degrada-

tion step, from 80 to 340 8C, was attributed to the loss of the

PC solvent, whose boiling point was 242 8C. The second degra-

dation step, from 340 to 500 8C, was caused by the decomposi-

tion of the polymer matrix. When the weight loss was 5%, the

thermal decomposition temperatures of PMMA, PMMA-b-1PS,

PMMA-b-1.5PS, and PMMA-b-1.8PS were 90.5, 156.5, 162.0,

and 167.9 8C, respectively. These results demonstrate that the

introduction of the PS block with different ratios in PMMA

obviously improved the thermal stability of the PMMA-based

GPEs. Furthermore, the inset in Figure 7 shows the weight loss

below 200 8C; it demonstrates the liquid-electrolyte preservation

properties of the different GPEs. It shows that a half PC loss

was reduced for all of the GPEs containing PMMA-b-PS com-

pared to that of the GPE with pure PMMA. It clearly indicates

that the PC preservation properties were enhanced through the

introduction of the PS block to the PMMA matrix.

CONCLUSIONS

Three BCPs PMMA-b-PSs with different block ratios (1:1, 1:1.5,

and 1:1.8) were synthesized and evaluated as polymer matrixes

for GPEs of lithium-ion batteries. After we compared the PALs

data, we found that the PS rigid block length had a great influ-

ence on the free-volume behavior of the GPEs. The PMMA-b-

1PS showed a larger free-volume fraction compared to the pure

PMMA and other GPEs with longer PS ratios. The difference in

the free-volume behavior was mainly caused by the different

packing densities of the PS rigid block, and the ionic conductiv-

ity was correlated with the free volume in the study of the ionic

conductivity dependence on the temperature; this followed the

VTF equation. The results of this study suggest that different

rigid PS block lengths may play different roles in segmental

packing and this may influence the micromorphology of GPEs

and provide different ionic conducting abilities. TGA of the

GPE membranes indicated that the introduction of PS signifi-

cantly enhanced the liquid-electrolyte preservation properties of

the GPEs.
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