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Abstract

A molecular thermodynamic model based on the Adam–Gibbs configurational entropy model and the modified double lattice model with

the free volume effect is applied to interpret ionic conductivities of solid polymer electrolytes with various pressures. Quantitative

descriptions according to the proposed model are in good agreement with experimental data for the given systems.

Our results show that an eutectic point moves toward higher Tm and lower weight fraction of salt, and the ionic conductivity significantly

decreases with increasing system pressure.
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1. Introduction

Solid polymer electrolytes (SPEs), formed by dissolving

salts in a polymer matrix, have long received extensive

attention because of their potential for achieving high ionic

conductivities. Among them many direct applications are

high-energy-density batteries, electrochromic display

devices (ECD), and fuel cells [1–2].

Since the first empirical results related to the identifi-

cation of a new group of electrolytes composed of

polyethers and alkali metal salts were published [3–4],

several characterization studies have been made [5].

However, most of those works were focused on the

evaluation of ionic transport properties of polymer electro-

lytes and only a few investigations involved the character-

ization of their physicochemical properties have been made.

For example, several PEO–zinc salt complexes have been

characterized by thermo-optical analysis (TOA), differential

scanning calorimetry (DSC), extended X-ray absorption fine

structure (EXAFS), a.c. impedance measurements, transport

number determinations, and Raman and IR spectroscopy

[6–10].

Investigations of the manufacturing process of lithium

polymer battery reveal that there is a pressure imposed on

the SPE to improve the degree of contact between

electrolyte and electrode. Physical properties of the

compressed SPE systems would be totally different from

those of the incompressed SPE systems. Therefore, it is

desirable to develop a molecular thermodynamic model in

the prediction of ionic conductivity for the compressed SPE

system.

Gibbs et al. [11,12] developed the configurational

entropy model for polymer properties, which has been

discussed extensively by Goldstein [13]. Configurational

entropy (or free volume) models can be expressed in the

form of a Vogel– Tamman – Fulchur (VTF) equation

[14–16], which is generally used for describing the

dependence of conductivity on temperature. Sørensen and

Jacobsen [17] developed a simple model that accounts

quantitatively for the concentration dependence of the

conductivity for the low purity type electrolyte. MacFarlane

et al. [12,18] investigated the effect of plasticizer on the

conductivity by using the Adam–Gibbs model combined

with Flory’s configurational entropy at the fixed

temperature.

However, in previous studies of the conductivity of SPE,

it is hard to find a theoretical consideration that can describe

phase behavior and predict the pressure effect on the

conductivity.

0032-3861/03/$ - see front matter q 2003 Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0032-3861(03)00295-7

Polymer 44 (2003) 3753–3759

www.elsevier.com/locate/polymer

* Corresponding author. Tel.: þ82-2-2290-0529; fax: þ82-2-2296-0568.

E-mail address: ycbae@hanyang.ac.kr (Y.C. Bae).

http://www.elsevier.com/locate/polymer


In this study, based on the Adam–Gibbs configurational

entropy model and the modified double lattice (MDL)

model with free volume effect [19], we develop a new

thermodynamic model taking into account the pressure

effect on the ionic conductivities of the compressed SPE

systems. In PEO/ZnBr2 system, values of salt–salt and

polymer–salt interaction energy parameters, which are

obtained from the melting point depression data, are directly

used to predict the change of ionic conductivity with various

pressures.

2. Model development

In this study, to account for the pressure effect on ionic

conductivities of SPE/salt systems, three theoretical aspects

are taken into account. The first is the MDL model with the

free-volume effect. The second is Flory’s melting point

depression of polymers and the third is Adam–Gibbs

configurational entropy model.

2.1. Modified double lattice model

2.1.1. Primary lattice

Oh et al. [19] proposed a new Helmholtz energy of

mixing as the form of Flory – Huggins theory. The

expression is given by

DA

NrkT
¼

f1

r1

� �
ln f1 þ

f2

r2

� �
ln f2 þ xOBf1f2 ð1Þ

where Nr is the total number of lattice sites and k is the

Boltzmann’s constant. ri is the number of segments per

molecule i. xOB is a new interaction parameter and function

of ri; ~e :

xOB ¼ Cb

1

r2

2
1

r1

� �2

þ 2 þ
1

r2

� �
~e

2
1

r2

2
1

r1

þ Cg ~e

� �
~ef2 þ Cg ~e

2f2
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~e is a reduced interaction parameter given by

~e ¼ e=kT ¼ ðe11 þ e22 2 2e12Þ=kT ð3Þ

where e11; e22 and e12 are for the corresponding nearest-

neighbor segment–segment interactions.

Universal constants

Parameters, Cb and Cg; are universal constants. These

constants are not adjustable parameters and are determined

by comparing with Madden et al.’s Monte-Carlo simulation

data (r1 ¼ 1 and r2 ¼ 100). The best fitting values of Cb and

Cg are 0.1415 and 1.7985, respectively [19].

2.1.2. Secondary lattice

In Freed’s theory [20,21], the solution of the Helmholtz

energy of mixing for the Ising model is given by

DA

NrkT
¼ x1 ln x1 þ x2 ln x2 þ

z ~ex1x2

2
2

z ~e2x2
1x2

2

4
þ · · ·: ð4Þ

where z is the coordination number and xi is the mole

fraction of the component i.

To obtain an analytical expression for the secondary

lattice, we defined a new Helmholtz energy of mixing as the

fractional form to improve the mathematical approximation

defect by revising Eq. (4). This secondary lattice is

introduced as a perturbation to account for oriented

interaction. The expression is given by

DAsec;ij

NijkT
¼

2

z

"
h ln hþ ð1 2 hÞlnð1 2 hÞ

þ
zCad ~e ijð1 2 hÞh

1 þ Cad ~e ijð1 2 hÞh

#
ð5Þ

where DAsec;ij is the Helmholtz energy of mixing of the

secondary lattice for i– j segment–segment pair and Nij is

the number of i – j pairs, d ~e is the reduced energy parameter

contributed by the oriented interactions and h is the surface

fraction permitting oriented interactions. For simplicity, h is

arbitrarily set to 0.3 as Hu et al. [22,23] suggested. Ca is a

universal constant. Ca also is not an adjustable parameter

and is determined by comparing with Panagiotopolous

et al.’s Gibbs–Ensemble Monte-Carlo simulation data of

Ising lattice. The best fitting value of Ca is 0.4880 [19].

2.1.3. Incorporation of secondary lattice into primary

lattice

To account for the oriented interaction, the secondary

lattice contribution is a perturbation to the primary lattice.

To incorporate a secondary lattice, we replace e ij by e ij 2

DAsec;ij=Nij in Eq. (2). Following the definition of ~e in Eq.

(3), if oriented interaction occurs in i– j segment–segment

pairs, we replace ~e by e =kT þ 2 DAsec;ij=NijkT in Eq. (2). If

oriented interaction occurs in i– i segment–segment pairs, ~e

is replaced by e=kT 2 DAsec;ii=NiikT .

2.2. MDL model with hole

To account for free-volume effects of the MDL model,

which is an incompressible model, we follow an approach

outlined in principle by Kleintjens [24,25]. In this approach,

the lattice is made up of occupied and vacant lattice sites

(molecules and holes, respectively), and on a rigid lattice

densities can be varied by adjustment of the concentration of

holes.

2.2.1. Helmholtz energy of mixing

We design two-step process to expand a close-packed

polymer solution to volume V at temperature T and pressure

P: For the first step, close-packed pure components are

mixed to form a close-packed polymer solution N1
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molecules of solvent 1 and N2 molecules of polymer 2. In

this step, Eq. (1) is directly used to express the contribution

to the Helmholtz function of mixing.

~Ar:I ¼
DAI

NrkT
¼

f1

r1

� �
ln f1 þ

f2

r2

� �
ln f2 þ xOBf1f2 ð6Þ

For the second step [24], the close-packed polymer solution

considered to be a pseudo-pure substance is mixed with N0

molecules of holes 0 to form an expanded polymer solution

with volume V at T and P: In this step, the close-packed

polymer solution is a pseudo-pure substance a; its average

chain length ra and its energy parameter eaa are estimated by

the following mixing rules,

1

ra

¼
f1

r1

� �
þ

f2

r2

� �
ð7Þ

eaa ¼ f2
1e11 þ 2f1f2e12 þ f2

2e22 ð8Þ

The contribution of the second step to the Helmholtz energy

of mixing is again expressed by Eq. (6)

DAII

NlkT
¼ w0 ln w0 þ

wa

ra

� �
ln wa þ x0

OBw0wa ð9Þ

where Nl is the total number of sites including holes, w0 and

wa are volume fractions of holes and of the pseudo

substance, respectively, while f is the volume fraction for

close-packed lattice: x0
OB and ~e II are a new interaction

parameter and a reduced energy defined by

x0
OB ¼ Cb

1

ra

2 1

� �2

þ 2 þ
1

ra

� �
~e II

2
1

ra

2 1 þ Cr ~e II

� �
~e IIwa þ Cg ~e

2
IIw

2
a ð10Þ

~e II ¼ eaa=kT ð11Þ

2.3. Equation of state

We obtain an equation of state from the Helmholtz

energy of mixing for the expanded polymer solution. We

defined a reduced temperature ~T; a reduced pressure ~P and a

reduced density ~r;

~T ¼ ~e21
II ¼ kT =eaa ð12Þ

~P ¼ Pv0
=eaa ð13Þ

~r ¼ Nrv
0
=V ð14Þ

where v0 is the hard-core volume of one site or one segment

calculated by

v0 ¼
X

i

fiv
0
i ¼ f1v0

1 þ f2v0
2 ð15Þ

The reduced density ~r is related to the volume fraction by

~r ¼ Nr=Nl ¼ wa; 1 2 ~r ¼ w0 ð16Þ

Upon the substitution of those reduced variables into Eq.

(10), we obtain the reduced Helmholtz energy of mixing for

the second step.

~Ar:II ¼
DAII

NrkT

¼ ~T ~r
21ð1 2 ~rÞlnð1 2 ~rÞ þ

1

ra

� �
ln ~rþ x0

OBð1 2 ~rÞ

� �
ð17Þ

Then, the reduced pressure becomes

~P ¼ ~r
2 › ~Ar:II

› ~r

 !
~T:f

ð18Þ

~Ar:I (Eq. (6)) for the first step is independent of density due

to the closed-packing, therefore it makes no contribution to

the pressure. Substitution of Eq. (17) into Eq. (18) gives an

equation of state for polymer solutions.

~P ¼ ~T

"
2 lnð1 2 ~rÞ2

 
1 2

1

ra

!
~r

2

(
Cb

 
1

ra

2 1

!2

þ

 
2 þ

1

ra

!
~e II

2

 
1

ra

2 1 þ Cr ~e II

!
~e IIð1 2 2 ~rÞ

)
~r
2 þ Cr ~e

2
IIð2 2 3 ~rÞ ~r

3

#

ð19Þ

2.4. The chemical potentials

Chemical potentials for the two components are

calculated by

m1 2 m0
1 ¼

›DmixA

›N1

� �
T ;V ;N2

¼ r1 DfE þ f2

dDfE

df1

� �
ð20Þ

m2 2 m0
2 ¼

›DmixA

›N2

� �
T ;V ;N1

¼ r2 DfE 2 f1

dDfE

df1

� �
ð21Þ

where

DfE ¼ DAðIþIIÞ=Nr ð22Þ

dDfE
df1

¼
›DfE
›f1

þ
›DfE
› ~r

› ~r

›f1

þ
›DfE

› ~e II

› ~e II

›f1

þ
›DfE
›ra

�
›ra

›f1

ð23Þ
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and the terms in Eq. (23) are given by

›DfE
›f1

¼ kT
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›DfE
›ra

›ra

›f1

¼ ~TkT

"
2 ln ~rþ

(
2Cb

 
1 2

1
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!
2 ~e II þ ~e II ~r

)

£ ð1 2 ~rÞ

#" 
1
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2
1
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2.5. Theory of the melting point depression

In a semi-crystalline system, the condition of equilibrium

between a crystalline polymer and the polymer unit in the

solution may be described as follows [26]

mc
u 2 m0

u ¼ mu 2 m0
u ð28Þ

where mc
u, mu and m0

u are chemical potentials of the

crystalline polymer segment unit, of the liquid (amorphous)

polymer segment unit and in standard state, respectively.

Now the formal difference of appearing on the left-hand side

is expected as follows:

mc
u 2 m0

u ¼ 2DHuð1 2 T=T0
mÞ ð29Þ

where DHu is the heat of fusion per segment unit, T and T0
m

are melting temperature of the species in a mixture and of

the pure phases, respectively. The right-hand side of Eq.

(28) can be restated as follows:

mu 2 m0
u ¼

Vu

V1

r1

r2

›DmixA

›N2

� �
T ;V ;N1

ð30Þ

where V1 and Vu are the molar volumes of the salt and of the

repeating unit, respectively. By substituting Eqs. (29) and

(30) into Eq. (28) and replacing T by Tm;2; the equilibrium

melting temperature of mixture is given by

1

Tm;2

2
1

T0
m;2

¼ 2
1

DHuTm;2

Vu

V1

r1

r2

›DmixA

›N2

� �
T ;V ;N1

ð31Þ

The subscripts 1, 2 and u refer to the salt, the polymer, and

polymer segment unit, respectively. Similarly, we obtain

1

Tm;1

2
1

T0
m;1

¼ 2
1

DH1Tm;1

›DmixA

›N1

� �
T ;V ;N2

ð32Þ

2.6. Ionic conductivity

Adam and Gibbs [12] construct the partition function for

fractions of the overall system that can or cannot undergo a

configurational transition, and then evaluate the overall

entropy in terms of the configurational entropy of oligomer

subunit. For the probability of a mass-transporting coopera-

tive rearrangement this yields:

~W ¼ A exp
2DEPspc

kTSTotal
c

� �
ð33Þ

where A is a constant, DEP is the potential energy hindering

the cooperative rearrangement per monomer unit, spc is a

critical configurational entropy, and STotal
c is the total molar

configurational entropy at temperature T : To evaluate the

temperature dependence of STotal
c , we can write

STotal
c ðTÞ2 STotal

c ðT0Þ ¼
ðT

T0

DCp

T
dT ¼ DCp lnðT =T0Þ ð34Þ

with DCp the difference in a specific heat between the

equilibrium melt and the glass at T0½S
Total
c ðT0Þ ¼ 0�: From

substituting Eq. (34) into Eq. (33), we obtain

~W ¼ A exp
2DEPspc

kT DCp lnðT =T0Þ

" #
ð35Þ

From the assumption, lnðT=T0Þ < ðT 2 T0Þ=T0 and
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T =T0 < 1, Eq. (35) can be written as the same form of the

VTF14 – 16 with �B ¼ DEPspc =k DCp:

~W ¼ sðTÞ ¼ A exp
2 �B

T 2 T0

� �
ð36Þ

In this study, we introduce a confugurational entropy model

as a function of isothermal composition. The primary

exposition of theory is concerned with amorphous polymer/

salt systems. To do so, we appeal to the MDL model

treatment of polymer solutions [19]. The proposed config-

urational entropy of polymer/solvent system should be

expressed as

S ¼ Scomb þ Svac ð37Þ

Scomb is a well-known combinatorial entropy of mixing in

Eq. (1), and Svac is an entropy of mixing holes in Eq. (9) and

(16). There are

Scomb ¼ 2k
f1

r1

ln f1 þ
f2

r2

ln f2

� �
ð38Þ

Svac ¼ 2k
1 2 ~r

~r
lnð1 2 ~rÞ þ

ln ~r

r

� �
ð39Þ

The mixing entropy does not take into account the

difference between the salt cation and anion. In a SPE

system, we consider a drop of chain flexibility with an

increase of salt concentrations (i.e. the configurational

entropy loss). Hence, the entropy introduced to correct a

drop of chain flexibility is

Sflex ¼ kf ðf1Þln
z 2 1

e
ð40Þ

f ðf1Þ ¼ lsf1 ð41Þ

where ls is a degree of specific interaction between the salt

ion and the base group of polymer, which is inversely

proportional to temperature. lsf1 is associated with the

length of coordinated chain. The entropy, k ln½ðz 2 1Þ=e�,

arises from the fact that the segment location relative to that

of the immediate predecessor is not predetermined in the

lattice. The total configurational entropy STotal
c of the

amorphous polymer/salt system is obtained by combining

Eqs. (38)–(40).

STotal
c =k ¼ 2

f1

r1

ln f1 2
f2

r2

ln f2 2
1 2 ~r

~r
lnð1 2 ~rÞ

2
ln ~r

r
þ lsf1 ln

z 2 1

e
ð42Þ

By substituting Eq. (42) and spc ¼ k ln 2 [12,28] into Eq.

(33), we obtain a configurational entropy model as a

function of isothermal composition.

~W ¼ sðfÞ ¼ A exp
2B0

STotal
c =k

� �
ð43Þ

where B0 is defined

B0 ¼
DEP ln 2

kT DCp

ð44Þ

From Eqs. (42)–(44), we can describe the dependence of

conductivity on salt composition and the chain length and

calculate qualitatively the change of ionic conductivity with

various pressure for the given systems.

3. Results and discussion

Fig. 1 shows the phase behavior of PEO/ZnBr2 system.

Fig. 1. (a) Phase diagram of PEO/ZnBr2 system. The transition

temperatures are obtained using TOA technique (W). The solid lines are

calculated from the proposed model. (b) Enlarged the eutectic point region

in Fig. 2(a), solid up-triangles are eutectic points computed by the proposed

model with various pressure.

Table 1

Melting point temperature, heat of fusion, molecular weight, density, and

molar volume for each sample

T0
m

(K)

DH

(J/mol)

MW

(kg/mol)

Density

(kg/m3)

V ð£106Þ

(m3/mol)

PEO 338 8284.32a 900b or 5000c 1210 36.60

ZnBr2 667 10466.82 0.225 4200 53.60

ZnI2 719 16677.13 0.319 4740 67.39

a

8284.32 J/unit.
b

Kim et al.’s system [27].
c

Yang and Farrington’s system [6].
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Open circles are experimental data from Kim et al. [27]. The

polymer-rich liquidus curve and salt-rich curve are

calculated from Eqs. (31) and (32). Densities of PEO and

ZnBr2 are taken as 1.21 and 4.2 g cm23, respectively. By

substituting values of P ¼ 0 atm; DH1 ¼ 10466:82 J=mol;

r1 ¼ 1; r2 ¼ 13870 and T0
m;1 ¼ 667:15 K into Eq. (32), the

best fit to the salt-rich liquidus curve (solid line in Fig. 1) is

obtained. Adjustable model parameters are

e11=k ¼ 975:31 K, e12=k ¼ 918:54 K; and de12=k ¼

4844:06 K: In this study, we obtained them from melting

point temperature data of the given system (Table 1).

Substituting the same adjustable model parameters with

DHu ¼ 8284:32 J=mol; Vu ¼ 36:6 cm3=mol; V1 ¼ 53:6 cm3=

mol and T0
m;2 ¼ 338:15 K into Eq. (31) gives the solid line

on the left-hand side of Fig. 1(a). As shown in Fig. 1(a), for

P ¼ 0 atm; the theoretical prediction (solid lines) not only

gives an good agreement with the experimental data but also

identifies the eutectic point at the intersection of two

liquidus curves. Fig. 1(b) is the phase diagram enlarged the

eutectic point region. Dashed ðP ¼ 10 atmÞ and dotted ðP ¼

20 atmÞ lines in polymer-rich liquidus curve absolutely

show that Tm increases with pressure. As shown in this

figure, we expect that as the pressure increases, the eutectic

point moves toward higher Tm and lower weight fraction of

salt.

Figs. 2 and 3 represent conductivity data dependent on

pressure at T ¼ 333 and 353 K for PEO/ZnBr2 systems,

respectively. Open circles are experimental data from Kim

et al. [28] Solid, dashed and dotted lines are calculated by

the proposed model with P ¼ 0; 10; 20 atm; respectively. By

substituting values of e11=k ¼ 975:31 K; e12=k ¼ 918:54 K,

and de12=k ¼ 4844:06 K; and z ¼ 6 into Eqs. (42)–(44), the

best fit to conductivity data (the solid lines in Figs. 2 and 3)

are obtained. Dashed ðP ¼ 10 atmÞ and dotted ðP ¼ 20 atmÞ

lines in Figs. 2 and 3 show that the ionic conductivity

decreases with increasing the pressure. Adjustable model

parameters (A; B and ls) are listed in Table 2. The pre-

exponential factor A is related to charge carriers such as

Znþ2, ZnBrþ1, ZnBr21
3 , Br21 and other ion clusters in the

system, and decreases with the number of charge carriers. B0

is related to the activation energy required to rearrange a

small side-chain segment at a given salt concentration.

Especially, at higher temperature, it is well known that

strong ion associations occur and the entropy loss of salt

ions follows. However, the entropy from the segmental

movements of polymers offset the entropy loss from

associations of salt ions. Consequently, we expect that the

value of B0 decreases with increasing temperature. Physi-

cally, B0 is related to the potential energy hindering the

cooperative rearrangement of the polymer/salt system. ls is

the degree of specific interactions for the system. As the

system temperature increases, values of the three parameters

A; B0 and ls are observed to decrease for the model systems

as listed in Table 2.

Figs. 4 and 5 represent conductivity data with various

pressures at T ¼ 333 and 373 K for the PEO/ZnI2 system,

respectively. Open circles are experimental data from Yang

Fig. 2. The composition dependence of the conductivity at various pressures

for the PEO/ZnBr2 system. The conductivity was obtained using an a.c.

impedance analysis (W) at T ¼ 333 K: The solid, dashed and dotted lines

are calculated by the proposed model with P ¼ 0; 10, 20 atm, respectively.

Fig. 3. The composition dependence of the conductivity at various pressures

for the PEO/ZnBr2 system. The conductivity was obtained using an a.c.

impedance analysis (W) at T ¼ 353 K: The solid, dashed and dotted lines

are calculated by the proposed model with P ¼ 0; 10, 20 atm, respectively.

Fig. 4. The composition dependence of the conductivity at various pressures

for the PEO/ZnI2 system. The conductivity was obtained using an a.c.

impedance analysis (W) at T ¼ 333 K: The solid, dashed and dotted lines

are calculated by the proposed model with P ¼ 0; 10, 20 atm, respectively.

Y.S. Choi, Y.C. Bae / Polymer 44 (2003) 3753–37593758



and Farrington [6]. Solid, dashed and dotted lines are

calculated by the proposed model with P ¼ 0; 10, 20 atm,

respectively. As shown in Figs. 4 and 5, for P ¼ 0 atm; the

theoredical prediction (solid lines) gives a good agreement

with experimental data. Dashed ðP ¼ 10 atmÞ and dotted

ðP ¼ 20 atmÞ lines in Figs. 4 and 5 definitely show that ionic

conductivity decreases with pressure. Adjustable model

parameters are listed in Table 2. When the temperature was

raised from 333 to 373 K, values of A; B0 and 2ls decrease

without losing physical meaning of each parameter.

4. Conclusion

In this study, we develop a thermodynamic model taking

into account the pressure effect on the ionic conductivities

of the compressed SPE systems. The proposed model based

on the theory of melting point depression, the Adam–Gibbs

configurational entropy model and MDL model with free

volume effect is able to describe the compression depen-

dence of the conductivity for the polymer/salt systems and

agree fairly well with experimental data.

Our results show that an eutectic point moves toward higher

Tm and lower weight fraction of salt and the ionic conductivity

significantly decreases with increasing the pressure.
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Table 2

Adjustable model parameters of given systems for the configurational entropy model

Polymer (MW2) Salt T (K) A B0 ls e11=k (K) e12=k (K) de12=k (K)

PEO (900) ZnBr2 333 0.85 £ 1023 2.502 22.651

PEO (900) ZnBr2 353 0.72 £ 1023 2.432 22.351

PEO (5000) ZnI2 333 0.58 £ 1023 3.087 20.561 355.42 186.79 301.78

PEO (5000) ZnI2 373 0.52 £ 1023 2.799 20.069 355.42 186.79 301.78

Fig. 5. The composition dependence of the conductivity at various pressures

for the PEO/ZnI2 system. The conductivity was obtained using an a.c.

impedance analysis (W) at T ¼ 373 K: The solid, dashed and dotted lines

are calculated by the proposed model with P ¼ 0; 10, 20 atm, respectively.
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