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CHAPTER I

INTRODUCTION

The rapid development of portable electronic devices and electric/hybrid

vehicles has increased the demand for compact, lightweight, high capacity batteries.

Polymers are widely studied due to their significant potential as Solid Polymer

Electrolytes (SPEs) for an application as a medium in rechargeable batteries. Wright

first reported that SPEs exhibit significant ionic conductivity (Wright, 1975). The

potential use of SPEs in batteries applications was first suggested by Armand

(Armand et al., 1979).

SPEs consist of salts dissolved in solid high molecular weight polymer. These

compounds are solid state coordination compounds and as such sit between

coordination chemistry and conventional solid state chemistry.  Polymer, which can

dissolve salt must be comprise of O, N or S atoms because these atoms can interact

with cation, and make decompositive salt to have a better ionic conductivity.

Poly(ethylene oxide) (PEO) is the most interesting base material because of its

high chemical and thermal stability. PEO can also solvate a wide variety of salts, even

at very high salt concentrations (Bruce, 1995; Preechatiwong et al., 1996; Chintapalli,

1996; Mendolia et al., 1995; Quartarone et al., 1998; Song et al., 1999). The solvation

of salts occurs through the association of the metallic cations with the oxygen atoms

in the backbone. Although PEO has been by far the most common systems studied,

several other polymers or copolymer are regarded as possible fruitful alternatives.
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Examples include poly(propylene oxide) (PPO), poly(vinyl chloride) (PVC),

polyether-urethanes and many more. However, none of these appears to have the

same ability to solvate salts as PEO (Johansson, 1998).

Pure PEO is a semicrystalline polymer, possessing both an amorphous and a

crystalline phase at room temperature. The multi-phase nature of PEO is most often

regarded as a major problem in real working systems, since the ionic conduction has

been shown to take place mainly in the amorphous phase. Furthermore, the same is

true for the study of specific properties, where the effect of a variable can be

concealed by the changes in the relative amounts of each phase.

Many investigations have been done to reduce the crystalline content, via

various approaches such as using blends, copolymers, comb-branch polymers and

cross-linked polymer networks (Mendolia et al., 1995; Quartarone et al., 1998; Song

et al., 1999; Sukeshini et al., 1998). The most dramatic improvement in the ionic

conductivity of SPEs, with reduction of their crystalline content, is the addition of a

low molecular weight or plasticizer. Plasticizer can result in greater ion dissociation

which allows greater numbers of charge carriers for ionic transport. In several

previous studies (Song et al., 1999; Sukeshini et al., 1998), the ionic conductivity of

SPEs was increased by the addition of low-molecular-weight poly(ethylene glycol),

(PEG), which has the same repeating unit as PEO. PEG gives a higher conductivity

due to a lower viscosity and a higher concentration of hydroxyl groups. Both features

help to enhance the mobility of the ions, to reduce crystallinity, to decrease the glass

transition temperature (Tg) and the activation energy for ion conduction. In addition, it

helps to increase the proportion of amorphous region and consequently enhance the

conductivity. From these reason, PEG is selected as a plasticizer.
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It is commonly accepted that the knowledge about the polymer conformation 

should contribute to an understanding of the ion-polymer interaction which plays an 

important role to ion conduction mechanism in SPEs. Theoretical studies based on 

statistical thermodynamics have been extensively performed for macromolecules in 

order to interpret and to understand their physical properties which strongly depend 

on the spatial arrangement of chain molecules. The Rotational Isomeric State (RIS) 

theory is an excellent calculation technique to predict the conformation-dependent 

physical properties of polymeric chains. The theory assumes that each skeletal bond 

has a small number of discrete rotational states and considers interactions between 

atoms on a chain separated by only a small number of bonds (short-range 

interactions). Interaction appearing upon a rotation around a single bond and two 

consecutive bonds is called the first-order interaction and the second-order 

interaction, respectively. These interactions are then parameterized and grouped into 

the matrix called the statistical weight matrix. Then the conformation-dependent 

physical properties can be computed from these statistical weight matrices. The most 

frequently calculated properties are the mean-square end-to-end distance 
0

2r , the 

characteristic ratio ( )nC  and the mean-square radius of gyration 
0

2s .

Thermal and electrical behavior of PEO-salt systems can be better understood

by characterization of the crystalline and amorphous phases presented in the complex.

The construction of phase diagrams has been quite useful in understanding the

conductivity, stability and mechanical properties over a wide range of compositions

and temperature. Stainer et al. (1984) and Robitaille et al. (1987) constructed the

phase diagram for the PEO/NH4SCN system and PEO/NaSCN system. In addition to
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derive a phase diagram from an experiment, theoretical models can also be employed

to explain the phase diagram characteristics. A molecular thermodynamic model

based on an extended Flory-Huggins theory which consider both ion-polymer

interactions and ion-ion interactions is used to interpret the liquidus curves in the

resulting phase diagram of polymer/salt systems (Kim et al., 1999). Adam and Gibbs

analyzed the WLF-type (Williams, Landel and Ferry) behavior in terms of

configurational entropy, using some simplified arguments. The Adam-Gibbs

configurational entropy model is generally used for describing the dependence of

conductivity (σ) on temperature. Kim and coworker (Kim et al., 1998) established the

phase diagrams of PEO/MnBr2, PEO/MnI2 and compared their experimental results

with the developed thermodynamic model.

In this research work, we will study the effect of adding PEG on the structure 

and ionic conductivity of SPEs based on PEO host polymer at various plasticizer 

content and salt concentrations. The study will involve experiment, molecular 

modeling and theory.



5

Research Objectives

1. To develop the Rotational Isomeric State (RIS) model capable of describing the

conformational characteristics of PEO and compare their conformation-dependent

properties with those obtained from experiment.

2. To study the effect of adding salt on the structures, crystallinity and ionic

conductivity in PEO complex.

3. To study the effect of adding plasticizer (PEG) on the structures and ionic

conductivity in PEO/PEG/salt complexes.

Scope and Limitation of the Studies

Experimental Part

In this research work, structures and properties of thin film based on 

PEO/PEG/salts complexes at various salt concentrations and percent plasticizer will 

be investigated. The experimental techniques employed in this study were as follows:

• Viscometry: to determine the intrinsic viscosity.

• Nuclear Magnetic Resonance (NMR) Spectroscopy: to study the structures and 

dynamics  of PEO chain in solution with and without salt.

• Fourier Transform Infrared Spectroscopy (FT-IR): to monitor an ionic 

association and to study the interaction between PEO and salt.

• X-Ray Powder Diffraction (XRD): to characterize crystallinity structure of 

sample.
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• Differential Scanning Calorimeter (DSC): to obtain the melting point, percent 

crystallinity and to construct the phase diagram of this material.

• Conductivity measurement: to determine the ionic conductivity.

Computational and Theoretical Part

The RIS model will be employed to predict the conformational dependent 

properties of PEO such as mean-square end-to-end distance 
o

r 2 , characteristic ratio 

( )nC  and mean-square radius of gyration 
o

s 2 , by using statistical weight matrices as 

input. The elements of the matrices can be estimated from the conformational energy 

calculations for small representative segment of polymer molecules by Molecular 

Mechanics (MM) calculation.

The theoretical treatment for this work is composed of two main parts. First, the 

Adam-Gibbs configurational entropy model will be modified to predict the 

dependency of an ionic conductivity on salt concentration. Second, an extended 

Flory-Huggins theory will be employed to correlate the phase behavior of this 

complex.



CHAPTER II

LITERATURE REVIEW

2.1 Solid Polymer Electrolyte (SPEs)

Solid Polymer Electrolytes (SPEs) consist of salts dissolved in solid high

molecular weight polymer. Polymer, which can dissolve salt must be comprise of O,

N or S atoms because these atoms can interact with cation, and make decompositive

salt to have a better ionic conductivity. A considerable scientific effort has been

dedicated to exploring and understanding the characteristics of these electrolyte

systems. Many investigations have focused on developing SPEs with high ionic

conductivities (10-3 S cm-1 or higher) at ambient temperature. In majority of reported

systems (Chintapalli, 1996; Bruce, 1995), an alkali or alkaline earth metal salt is

solubilized in polymer, generally through complex formation with ion-chelating

monomer units or with pendant moieties of the macromolecule. One of the earliest

example involved complexes of alkali salts with poly(ethylene oxide) (PEO) studied

in detail by Wright and co-workers (Fenton et al., 1973; Wright, 1975). However, it

was particularly Armand and co-worker who pointed out and explored the usefulness

of ion-conducting polymer electrolytes in high energy density storage device (Armand

et al., 1979).

Two general types of polymer electrolytes have been intensively investigated,

SPEs and polyelectrolytes. A typical SPEs consists of a coordinating polymer, usually
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a polyether, in which a salt, e.g. LiClO4, is dissolved (Figure 2.1a). Both anions and

cations can be mobile in these types of electrolytes. By contrast, polyelectrolytes

contain charged groups, either cations or anions, covalently attached to polymer,

Figure 2.1(b), so only the counterion is mobile.

Several advantages result from replacing the aqueous electrolytes of 

conventional batteries with SPEs. First, polyethers have good chemical stability and 

are generally unreactive with lithium, which is a very attractive battery anode because 

of its high reducing power and low equivalent weight. Second, SPEs can be used as 

thin layer, thus, the battery volume and weight devoted to the electrolyte are 

decreased. In addition, their mechanical properties are very attractive: Polymer 

electrolytes are deformable, flexible, and easily fabricated by conventional 

manufacturing processes. The typical polymer-based battery is a layered thin-film 

structure in which a thin polymer electrolyte (~20-50 mm thick) is sandwiched 

between a lithium anode and an intercalation cathode (e.g., V6O13) (Figure 2.2). The 

entire cell can be produced as a continuous tape and can be rolled or folded into its 

finished shape (Mendolia et al., 1995).

Figure 2.1 Example system to illustrate the contrast between (a) SPEs

containing a salt MX and (b) polyelectrolyte in which the anion is attached to

the polymer (Bruce, 1995).

(a) (b)

OCH2CH2OCH2CH2OCH3

P N

OCH2CH2OCH2CH2OCH3

n

+M
X-

OCH2CH2SO3
-

P N

OCH2CH2OCH2CH2OCH3

n
M+
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When salt is dissolved into polymer matrix, solid polymer electrolyte, SPE, is 

formed. To make these SPEs, the salts used are often of low-lattice energy and the 

polymer matrix must be polar, at least locally. The free energy change of dissolving a 

salt can be written:

mmm STHG ∆−∆=∆                                               (2.1)

where 0〈∆ mG  denotes to a spontaneous reaction. The mixing entropy, 

mS∆ , consists of two main components: translational entropy and configurational 

entropy. The introduction of salt reduces the freedom of the polymer chain motion, 

via the formation of cation-polymer bonds, and therefore causes a reduction in 

translational entropy. The flexibility of the polymer on the other hand, provides the 

possibility to adopt several conformations suitable for multidentate cation 

Figure 2.2 Schematic of polymer-based batteries. The thin-film

composites are very flexible and can be folded or rolled into various

geometries (Mendolia et al., 1995).
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coordination which may contribute with a positive configurational entropy. At first, it 

was believed that the total entropy of solvation was always likely to be positive. 

However, SPEs have been observed to behave in an opposite way to most liquid 

electrolytes as a function of temperature. Salt precipitation has been observed when 

increasing the temperature, an indication of a negative entropy contribution to the 

solvation. The mixing enthalpy, mH∆ , includes the starting components, lattice 

energies, the coulombic ion-ion interaction energy and the ion solvation energy. A 

spontaneous solvation, i.e. a negative mG∆ , often requires a salt of low lattice energy 

which can be overcome by the ion-solvent interactions. In an ideal SPE, the dissolved 

cations bind electrostatically to the polymer backbone and the anions are believed to 

diffuse more or less freely in the matrix. In non-ideal materials ion-pairs or more 

complex species might form (Figure 2.3).

This is also a general goal in the search for good SPEs - high transport 

numbers for the cation being of primary importance, local cell concentrations are 

avoided to ensure a high ionic conductivity. The ion conduction mechanisms of the 

anion and cation clearly differ; the anion diffuses more or less freely, while the cation 

is believed to "hop" between polymer chains and between "hops" use the segmental 

motion of the polymer while temporarily bonded. The possible conformations of the 

polymer in the cation-polymer complexes locally obtained are of importance for the 

solvation as stated above in Eq. (2.1), as well as for the cation conduction mechanism.
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2.2 Poly(ethylene oxide), PEO

Intial investigations of ionically conductive polymers were principally focused 

on poly(ethylene oxide), PEO. PEO can dissolve at room temperature in many 

common solvents such as acetonitrile, dichloromethane, carbon tetrachloride, 

tetrahydrofuran and benzene. The strong interaction between high-molecular-weight 

PEO and inorganic salts was first reported more than 20 years ago (Fenton et al., 

1973), and it is now know that PEO can solvate a wide variety of salts, even at very 

high salt concentrations. The solvation of salts occurs through the association of the 

metallic cations with the oxygens in the polyether backbone (Figure 2.4). The 

solvated ions can be quite mobile in the polymeric solvent, and thus give rise to 

significant bulk ionic conductivities.

Figure 2.3 Schematic representation of possible local interactions in a

polymer electrolyte.
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Figure 2.4 Solvation of a salt by a PEO chain. The primary interaction is

between the ether oxygens and the cation.

Figure 2.5 Conductivities of various PEO-based electrolytes containing 

divalent cations. The composition of each system is indicated as a molar 

ratio of polymer repeat units to salt. The Knee in the curves at around 60°C 

is attributed to the melting of crystalline PEO (Mendolia et al., 1995).
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Pure PEO is a semicrystalline polymer, possessing both an amorphous and a 

crystalline phase at room temperature. Significant ionic transport occurs only within 

the amorphous phase. This feature explains the dramatic decrease in ionic 

conductivity seen in many PEO-based systems for temperatures below the melting 

point of pure crystalline PEO (Tm ~ 66°C) (Figure 2.5); the crystalline PEO regions 

are non-conductive and serve to hinder bulk ionic transport. Clearly, the inherent 

crystallinity of PEO is not very attractive for applications in solid electrolytes.

The use of PEO relies on the solvating power of the -CH2CH2O- units and its 

high chemical and thermal stability. PEO itself is stable up to 350°C in the absence of 

O2 (Jones et al., 1990). The PEO polymer chain is highly flexible, i.e. it contains no 

double bonds, and it can therefore coordinate various alkali-metal, alkaline-earth-

metal, transition-metal and lanthanide ions in a remarkably tight fashion by the ether 

oxygens' electron lone pairs (Bruce et al., 1993). The concentration of the electron 

lone pairs (~1022 cm-3) and the polarisability of the ether groups gives it properties 

resembling those of water (Baril et al., 1997). However, when acting as a ligand the 

coordination strength of the polyether might be expected to be enhanced due to the 

multidentate nature and the flexibility of the polymer chain. Several low energy 

conformations can be adopted, exact appearances and relative amounts depending on 

the cation coordinated.

However, the flexibility, which clearly governs some of the highly desirable 

properties of this polymer, does have the disadvantage that PEO based systems are 

prone to crystallization (Takahashi et al., 1973), which is prominent in pure PEO, and 

reaches a crystallinity maximum of ~ 95 % for Mw = 6000 Daltons (Brown et al., 

1982). Above this Mw the long range disorder entanglement efficiently prevents the 
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same magnitude of crystallization. The multi-phase nature of PEO is most often 

regarded as a major problem in real working systems, since the ion conduction has 

been shown to take place mainly in the amorphous phase (Berthier et al., 1983). 

Furthermore, the same is true for the study of specific properties, where the effect of a 

variable can be concealed by the changes in the relative amounts of each phase.

Several crystal structures of alkali-metal complexes MXPEOn have been 

determined, all with high salt concentrations (n = 3, 4) (Chatani et al., 1987; Lightfoot 

et al., 1992; Chatani et al., 1990; Lightfoot et al., 1994; Thomson et al., 1996) and 

also the crystal structure of long chain PEO itself (Takahashi et al., 1973). All 

crystallise in helical structures, with the geometry and chain conformation varying 

both depending on the nature of the cation and anion. Some general tendencies are 

evident from these studies; the anion never interacts directly with the polymer chain 

in any of these structures, nor does any cation coordinate to more than one PEO helix 

strand. No cation has a higher coordination number (CN) than 7 and for lithium CN is 

equal to 5.

Figure 2.6 PEO viewed perpendicular to the crystalline helix.
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However, little is known of the "structure" in the amorphous phase; a notable 

exception is the study of amorphous LiCF3SO3PEO3 by Frech (Frech et al., 1997). 

This is especially true for lower salt concentrations (higher O/M ratios), which more 

closely resemble real working systems. For these most of the structural work has been 

done indirectly using vibrational spectroscopy (Berson et al., 1995; Wendsjo et al., 

1992) and NMR (Berthier et al., 1983; Johansson et al., 1992).

2.3 Salts

When review the field of SPEs, the dominant use of lithium salts is obvious. 

The reason is the proposed use of these salts in all solid-state thin-film batteries where 

lithium provides the largest possible potential window. Also it is the lightest of all 

metals, providing high gravimetric Coulombic density despite the low transition 

number of one electron per lithium atom. For the reaction:

                                    LiFFLi 22 2 ↔+

the cell voltage is theoretically ~ 6 V (Aylward et al., 1994). In practice other 

components than 2F  are used, but still a cell voltage above 3 V is easily reached. The 

anode, previously often pure lithium metal, now is often a carbon-based intercalation 

compound which prevents some mortal phenomena to occur i.e. dendrite growth of

lithium which would result in a short-circuit. Lithium is the obvious choice of cation, 

although work considering sodium have also received attention (Doeff et al., 1995).
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The ionic conductivity, σ, for a dilute homogenous system at a given 

temperature, can generally be expressed as:

∑= iii qn µσ                                                  (2.2)

where in  is the number of charge carriers i, iq  their charge and iµ  their mobility. 

The ionic conductivity should thus increase with salt concentration, if all dissolved 

species were to carry charge at the same rate as for lower concentrations. However, 

this is not true in SPEs as increasing the concentration leads to formation of neutral 

ion-pairs which are insensitive to the applied field (reduced in ) and in addition higher 

aggregates, e.g. triplets, although charged, should move slower due to their higher 

mass. At the same time, the cations that coordinate the ether oxygens of the polymer 

chains cause the polymer chains to "stiffen". This decreases the number of free sites 

along the chains available for further coordination, which decreases iµ . Furthermore, 

Eq. (2.2) is valid when the system is dilute.

One way to enhance the ionic conductivity, is by using anions that do not 

easily form ion-pairs, which results in a large number of solvated charge carriers, 

even at modest concentrations. The salt used still must have a low enough lattice 

energy to fulfill Eq. (2.1).

The charge density of the anion should be low to reduce the number of ion-

pairs with lithium. The ion conductivity increases for a given cation (i.e. lithium) in 

the series (Bakker, 1995).
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F– < Cl– < Br– < I– < ClO4
– < CF3SO3

– (triflate) < [(CF3SO2)2N]– (TFSI)

Because of the need for even more non-coordinating anions the current attention is 

mainly focused on large anions with an extensively delocalised negative charge. 

These are in many cases derived from the triflate anion and their lithium salts provide 

even higher ionic conductivities.

2.4 Optimizing Polymeric Electrolytes

The previous discussion shows that unmodified PEO is not ideal polymer host 

for ambient-temperature solid electrolytes; for example, its crystalline nature alone is 

a great hindrance to ionic transport. In attempts to improve the performance of PEO-

salt systems, researchers have sought alternate polymeric media based on the 

following criteria:

1. The polymer host should be completely amorphous because crystalline

phases are nonconductive.

2. A polymer with a lower Tg should result in greater ionic mobilities at room

temperature.

3. The system should promote a high level of salt dissociation so that the

number of charge carriers is large.

4. The system should facilitate cationic transport.

5. The electrolyte should have good bulk mechanical properties.
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In general, PEO-salt electrolytes have satisfactory mechanical properties, 

except at high temperature at which they begin to flow. Good mechanical properties 

in polymers can be ensured through several mechanisms: by keeping at least one 

component of the electrolyte below its Tg, by incorporating crystalline domains into 

the system, by the use of inert fillers, or by cross-linking the polymer. Clearly, 

methods of improving mechanical properties sometimes do so at the expense of ionic 

conductivity. The various polymeric electrolyte systems that have been investigated 

over the years can be divided into seven categories: (1) various simple 

homopolymers, (2) networks, (3) copolymers and comb-branch polymers, (4) 

polyelectrolytes, (5) polymer blends, (6) polymers with inert fillers and (7) plasticized 

polymers. In each category, some improvement over simple PEO-salt systems has 

been attained. The plasticized systems will be much more interest because these 

systems have been most successful in achieving significant conductivities at room 

temperature.

2.5 Enhancement conductivity of SPEs

Plasticized Systems

The most dramatic improvements in the ionic conductivity of polymer 

electrolytes have been achieved through the use of plasticizers. The conductivities

were enhanced by producing systems with less crystallinity and lower glass-transition 

temperatures than found in simple PEO-salt systems. Plasticizers, in addition to 

reducing the crystalline content and increasing the polymer segmental mobility, can 
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result in greater ion dissociation, thus allowing large numbers of charge carriers for 

ionic transport; in addition, the cationic transport may be enhanced.

In several studies (Hardy et al., 1985; Spindler et al., 1986; Ito et al., 1987; 

Takeoka et al., 1991; Iwatsuki et al., 1992), the ionic conductivity of polymer 

electrolytes was increased by the addition of low molecular weight poly(ethylene 

glycol), PEG, which has the same repeat unit as PEO. The conductivity increases as 

the molecular weight of the PEG plasticizer decrease and as its content increase (Ito et 

al., 1987). The PEG aids in ionic transport mainly by reducing crystallinity and 

increasing the free volume of the system.

PEO-based electrolytes plasticized with PEG can possess extremely high 

conductivities, into the range of 10-3 S cm-1 at 25°C (Ito et al., 1987), but they are not 

practical for lithium battery applications because the hydroxy end groups of the PEG 

molecules react with lithium. To avoid this problem, researchers have eliminated the 

troublesome end groups of PEG by either lithiating them (Wahg et al., 1990) or 

replacing the hydroxy groups with less reactive methoxy ones (Kelly et al., 1985; 

Sandner et al., 1992). However, the resulting systems, though electrochemically 

stable, are about an order of magnitude less conductive.

2.6 General Concepts of Electrically and Ionically Conducting 

Polymers

The range of electrical conductivity in materials is one of the largest vibrations 

in any material property (Blythe, 1979). While one tend to regard polymers primarily 

as insulators, it has been recognized that polymer could be a conductive material even 
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at low level. The conductivity, σ, of material is defined by Duke and Gibson (1978) as 

in Eq. (2.3).

EJ σ=   (2.3)

where J  is the steady-state current density in A cm-2 and induced by an applied 

electric field ( )E  in V cm-1. Both J  and E are vectors. As a consequence, σ is a 

tensor. By assuming that the induced current flows parallel to the imposed fields, 

Gutmann and Lyons (1976) and Duke and Gibson (1978) stated that a tensor, σ, can 

be treat as a scalar and simply expressed as the general conduction process 

contributing from several types of charge carriers as Eq. (2.2).

Here, conductivity (σ) is the charge transport across a unit cross-sectional area 

per second per unit electric field applied. iq  is the charge on ith species having the 

concentration, or density, in  per cubic centimeter and mobility of the iµ . The latter 

parameter is the velocity which the carrier moves under unit electric field, i.e., under 

potential gradient of 1 volt cm-1. It dimension is cm2 volt-1 sec-1. Therefore, the unit of 

conductivity is given as ohm-1 cm-1 or Siemen cm-1, where Siemen = ohm-1. High 

ionic conductivity is a result of ions being able to diffuse though an electrolyte 

medium. Since it is difficult for ions to move freely in a crystal lattice, electrolytes are 

rarely used below their melting, Tm, or glass transition, Tg, temperatures where ion 

mobility is hindered. The relationship of the conductivity of a homogeneous 

electrolyte can be described by an Arrhenius type equation called the Vogel-

Tammann-Fulcher (VTF) Eq. (2.4).



21

( ) ( )( )0exp TTEAT a −−=σ   (2.4)

Here A  is the pre-exponential factor and is related to the number of charge carriers

and aE  is the apparent activation energy for ion transport. oT  is the temperature at

which the conductivity is zero and is usually taken to be 50 K lower than Tm or Tg.

The larger the difference between oT  and the use temperature, T , the higher the

conductivity (Stowe, 2001).

Measuring Ionic Conductivity

Ohm’s law, Eq. (2.5), describes the current ( )I  as a function of the applied 

voltage ( )V  and the resistance ( )R  of electrolyte.

I
VR =                                                      (2.5)

Conductivity (σ) is directly related to Ohms in that σ (in S cm-1) is defined as the 

reciprocal of resistivity ( )ρ  in Ω cm unit, as shown in Eq. (2.6).

ρ
σ 1

=                                           (2.6)

and
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⎟
⎠
⎞

⎜
⎝
⎛=

l
ARρ              (2.7)

Where A  (in cm2) is the area and l  (in cm) is the length of the electrolyte sample. It 

follows then that

RA
1

=ρ                                  (2.8)

In order to characterize the conductive properties of the electrolyte alone, it is 

necessary to minimize the resistive components of the electrode materials. In practice, 

electrodes of highly electronically conductive and inert material, such as stainless 

steel or platinum, are used in place of actual working electrode materials. Here, in the 

intercalation of ion and reactions with the electrode surface are minimized and hence, 

only the resistive components of the electrolyte are measured (Stowe, 2001).

2.7 Phase Diagrams

Thermal and electrical behavior of PEO-salt systems can be better understood 

by characterization of the crystalline and amorphous phases present in the complex. 

The construction of phase diagrams has been quite useful in understanding the 

behavior of these materials over a wide range of compositions and temperatures. At 

high temperature or in systems with no crystallization the ions are solvated by the 

polymer to form a homogeneous polymer-salt solution. However, in PEO-based 
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complexes crystallization occurs, leading to the formation of spherulites of well-

defined PEO-salt stoichiometries. The amorphous regions within the spherulitic 

material often have a different stoichiometry and these electrolytes are therefore 

heterogeneous at room temperature. Phase diagrams have been established for a 

number of polymer electrolytes based on information obtained from Differential 

Scanning Calorimetry (DSC), optical microscopy, Nuclear Magnetic Resonance 

(NMR), X-Ray Diffraction (XRD) and conductivity studies. It is essential to know the 

microscopic structure and morphology of polymer electrolyte systems that form 

crystalline phases, as ionic conduction takes place only in the amorphous phase 

(Berthier et al., 1983). The characterization of phase behavior for the PEO-salt 

systems is qualitative as these systems often consist of several phases, which greatly 

influence their properties. While phase diagrams can be used to interpret the 

dependence of the conductivity on concentration and temperature. The relative 

amounts of each phase in turn depend on the type of polymer and salt used 

polydispersity and purity of the polymer, thermal history of the system and 

preparation procedures.

Due to the occurrence of crystallization kinetics in polymers at low 

temperatures, often it is only possible to approach of thermal equilibrium. Thus the 

determination of phase diagrams for the polymer-salt systems often becomes 

complicated. Amorphous phases coexist with crystalline phases and can dissolve salts 

up to a saturation limit, which may not appear in the phase diagram. The thermal 

history affects the nature of the crystal spherulites, which will be reflected in the 

phase-diagram. The presence of impurities such as water, solvent and low molecular 

weight fractions could also have a significant effect on the phase behavior. The phase 



24

diagrams have to be therefore interpreted carefully. However, a general description of 

macroscopic structure upon cooling of an amorphous electrolyte can be sought from 

the phase diagram.

The phase diagrams for PEO-LiCF3SO3, PEO-LiClO4, PEO-LiAsF6, PEO-LiI 

and PEO-NaI systems have been reported by Fauteux and co-workers based on 

microscopy, x-ray diffraction, conductivity and DSC studies (Robitaille et al., 1986; 

Fauteux et al., 1987). All these systems show the presence of a eutectic and at least 

one salt-rich crystalline intermediate compound with n = 3 stoichiometry. The PEO-

LiClO4 and PEO-LiAsF6 systems exhibit the formation of a second isomorphous, 

crystalline intermediate compound of n = 6 stoichiometry. Phase diagrams have also 

been reported for other PEO-salt systems such as PEO-NH4SCN (Iwamoto et al., 

1968), PEO-KSCN (Lee et al., 1986) and PEO-NaSCN systems (Lee et al., 1986; 

Robitaille et al., 1987), PEO-Cu(CF3SO3)2 (Chatani et al., 1990) and PEO-Pb

(CF3SO3)2 (Lightfoot et al., 1992).

The crystal structures of polymer-salt complexes provide insight into the 

structure of polymer-salt complexes. The crystal structures of (PEO)3NaI (Chatani et 

al., 1987) and (PEO)3NaSCN (Chatani et al., 1990) were obtained from stretched 

oriented fibers. The crystal structure of (PEO)3NaClO4 was obtained for the first time 

using powder X-ray diffraction (Lightfoot et al., 1992). Recently, the crystal 

structures of the polymer electrolyte, (PEO)3LiCF3SO3 (Lightfoot et al., 1993), as 

well as that of (PEO)4KSCN, (PEO)4NH4SCN and (PEO)4 RbSCN were determined 

by Bruce et al. Using powder diffraction techniques (Bruce et al., 1992; Bruce, 1995; 

Lightfoot et al., 1994). The crystal structure of (PEO)3NaClO4 is shown in Figure 2.7. 

The PEO chains are wrapped around the Na+ ions and each Na+ ion is coordinated to 
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four ether oxygens of the polymer chain and two oxygens each from a different ClO4
-. 

Every ClO4
- unit bridges two neighbouring Na+ ions by each donating an oxygen to 

the coordination sphere of each Na+ ion. The structure of (PEO)3NaI is similar to that 

of (PEO)3NaClO4.

In the (PEO)4MSCN complexes (M = K+, NH4
+ or Rb+) the cations are seven 

coordinate with five ether oxygens and two nitrogens form the SCN- anions. In the 

case of (PEO)3LiCF3SO3, the Li+ is five coordinate with three ether oxygens and one 

oxygen from each of two triflate units. It has been shown recently that the local 

structure in the compound does not change significantly even upon heating to high 

temperature. Thus, the crystal structures of polymer-salt complexes can provide 

insight into the structure of amorphous polymer-salt complexes and the ion-transport 

thereafter.

Figure 2.7 Crystal structure of the (PEO)3NaClO4 complex (Lightfoot et al., 1992).
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Figure 2.8 Phase diagram of the PEO-LiCF3SO3 system (Vallee et al., 1992).
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Figure 2.9 Phase diagram of the PEO-LiClO4 system (Vallee et al., 1992).
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2.8 The Rotational Isomeric State (RIS) Theory

A polymer consists of macromolecules, molecules differ from small molecules 

is in the enormous number of conformations that they populate at ordinary 

temperatures. A variety of models have been developed for averaging conformational 

dependent properties over the enormous number of conformations accessible to a 

macromolecule. Theoretical studies based on statistical thermodynamics have been 

extensively performed for macromolecules in order to interpret and to understand 

their physical properties which strongly depend on the spatial arrangement of chain 

molecules. The RIS theory is a powerful method for relating an atom-based model for 

the local structure of a chain to its conformation-dependent physical properties.

The application of rotational isomeric state techniques to polymers is not new. 

This approach was first adapted almost 50 years ago (Volkenstein, 1951) in the 

mathematical treatment of the Ising representation of a linear array of 

neighbor-dependent magnetic dipoles. Also, the generator matrix technique employed 

in RIS calculations was invented a decade earlier, for another purpose (Kramers et al., 

1941). The special strength of the model is the ability of constructing a formalism 

based on the detailed informations about the covalent structure (bond lengths, bond 

angles, torsion angles, and torsion potential energy functions) and evaluating it 

quickly by the use of generator matrices without the need of enormous computational 

power. A decade after the first adaptation of the model, there was a strong increase in 

the use of the RIS model. Flory’s classic book (Flory, 1969) appeared on 1969 as a 

first example of literature on its applications to macromolecules. Since the first 

appearance of Flory’s book, formulations have been simplified and generalized, and 
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new formulations for the treatment of additional properties have been created. The 

technique has also become popular among chemical synthesists who try to understand 

the way in which the physical properties of macromolecules are determined by the 

monomer units in the chains.



CHAPTER III

RESEARCH METHODOLOGY

3.1 Apparatus and Materials

- Glassware for SPE preparation and viscosity measurement

- Magnetic stirrers and magnetic bars

- Oven and vacuum oven for drying salt and removing solvent

- Glass plate 30 x 20 cm for sample casting.

- Cannon-Ubbelohde Viscometer no. 150.

- Digital temperature controller, capable of maintaining 10-100°C + 0.01°C.

- Poly(ethylene oxide) (PEO MW 4 x 106), Aldrich.

- Poly(ethylene glycol) ( PEG MW 600 and 20,000), Fluka.

- Lithium trifluoromethanesulfonate (LiCF3SO3), Fluka.

- Potassium Thiocyanate (KSCN), APS Finechem.

- Methanol (CH3OH), Analytical Reagent, Merck

- Benzene (C6H6), Analytical Reagent, Merck
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3.2 Computational Part

3.2.1 Polymer Conformation and RIS Theory

RIS theory based on statistical approaches have been extensively performed 

for macromolecules in order to interpret and understand their physical properties 

which strongly depend on the spatial arrangements of chain molecules, designated by 

the term “configuration”. A macromolecule that often comprises tens of thousands of 

atoms may adopt an enormous amount of configurations, thus, it would be almost 

impossible to consider each of them individually in a reasonable time interval. This 

leads to the necessity of adopting a statistical approach by which the properties can be 

deduced as averages over the total population of configuration which differ from one 

another by the angles of rotation about the bonds of the structure and also, by the 

bond lengths and bond angles. According to the RIS theory, the continuous ranges of 

rotation angles accessible to a given bond of a polymer chain are replaced by discrete 

rotational states that are often three in number and chosen to coincide with one of 

most stable states having potential minima. Fluctuations about the minima are random 

and therefore compensatory in their effect on the average properties. The geometrical 

parameters defining bond lengths and bond angles are thermally fluctuating with 

narrow ranges and therefore can be kept constant at their mean values. As a result, the 

number of configuration variables is reduced significantly and thus the number of 

admissible configurations. The “configurational” search for the most stable states 

becomes a “conformational” search (the term “conformation” is referred to as the 

class of configurations generated by executing rotations about single bonds).
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RIS theory successfully describes the conformational characteristics of a 

single polymer chain in its unperturbed state. The basic idea from this model is to 

determine the torsional rotations about the bonds of the backbone as discrete states. In 

the RIS scheme, the configurational partition function may be written as

( )[ ]∑ ∑ −=
1

/...exp... 1
φ φ

φφ
n

RTEZ n                                    (3.1)

When nearest neighbor dependence is taken into account, the weight associated with a 

given conformation is

( )[ ]∏ −−
i

ii RTE /,exp 1 φφ                                          (3.2)

The statistical weight for a bond pair in a given conformation is then given by

( ) ( )[ ]RTEu iiiii /,exp, 11 φφφφ −− −=                                 (3.3)

The partition function can then be expressed as the sum over all rotational states of 

the product of these weights. That is

( )∑ ∑∏ −=
i n i

iiiuZ
φ φ

φφ ,... 1                                    (3.4)

In the matrix form, this can be rewritten as
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∏=
i

iZ U                                                  (3.5)

where Ui is the statistical weight matrix associated with bond i. It has m rows and n

columns, corresponding to the m rotational states of bond (i-1) and the n rotational 

states of bond i.

The conformational properties, A, are assumed to be a function only of 

dihedral angles in the chain backbone. According to statistical mechanics, the average 

value, A , is approximated as a sum over the discrete rotational states by

( ) ( )∫ ∫ −>=< −
nnn ddARTEZA φφφφφφ ......]/...exp[... 111

1                  (3.6)

The statistical weights may then be used to calculate conformational properties by the 

following expression

∏−=><
i

iZA G1
0                                             (3.7)

where Gi are “super” generator matrices defined by

( ) isii FEUG ⊗=                                            (3.8)

Here ⊗  indicates a direct matrix product, iF  is the diagonal array of generator 

matrices Fi, and Es is the identity matrix of the same order as Fi. Some conformational 
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dependent properties can be estimated from the RIS model such as the mean-square 

end-to-end distance 
o

r 2 , mean-square radius of gyration 
o

s 2 , mean-square dipole 

moment 
o

2µ .

Conformational dependent Properties Calculated from RIS Theory

RIS theory is excellent for the rapid analysis of conformation-dependent 

physical properties of chain molecules. The most frequently calculated property is the 

mean square end-to-end distance, 
o

r 2  (subscript zero designates the unperturbed 

state). The other properties susceptible to rapid computation include the mean-square 

radius of gyration 
o

s 2 , and the mean-square dipole moment 
o

2µ . Next, illustrate 

the methodology used in RIS for taking 
o

r 2 as follows:

To begin, an arbitrary conformation of a linear polymer chain is considered. 

Beginning at one end of the chain, the backbone atoms are identified by labels 

ranging from 0 to n for a chain consisting of n backbone bonds. Let each bond be 

characterized by a vector ib  (Figure 3.1). By convention, bond i connects backbone 

atoms i-1 and i. For a specific conformation, the squared end-to-end distance of the 

chain is

                                     ( )2
21

2 ... nbbbr +++=

∑ ∑∑
= 〈=

+==
n

i ji
jii

n

ji
ji bbbbb

1

2

1,

.2.                                          (3.9)
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Following Flory (Flory, 1988), let a coordinate system be associated with each 

backbone bond (excluding the first) as illustrated in Figure 3.1. For bond i, the ix

axis is collinear with the bond, with the origin at backbone atom i-1. The iy  axis is in 

the plane defined by bond i and i+1 with its positive direction chosen such that its 

projection on the 1−ix  axis is positive. The direction of the iz  axis is chosen so that it 

completes a right-handed coordinate system. Note that a bond vector ib  is expressed 

in its own coordinate frame as the column vector

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

0
0
b

bi                                                        (3.10)

A vector in the coordinate frame of bond i+1 can be expressed in the 

coordinate frame of bond i by making use of the transformation matrix iT .

( ) ( )1+= i
i

i vTv                                                       (3.11)

0

i-2

bi-1

i-1

yi

bi

i

xi

i+1

i+2

n

φi
θi

Figure 3.1 Chain representation and coordinates used in the RIS calculation.
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where, using the dihedral and valence angles as defined in Figure 3.2, the 

transformation matrix is given by

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−−
−=

φφθφθ
φφθφθ

θθ

cossincossinsin
sincoscoscossin

0sincos

iT                                (3.12)

The subscript i  on the left-hand side means that the θ  and φ  values within the matrix 

are those for bond i . Note that iθ  is defined to be the supplement of bond angle i . 

The value of iφ  in iT  is that for the specific conformation being considered. By 

convention, φi is 180° when the bond is in the planar trans conformation, and 

deviations from 180° are measured in right-handed sense (i.e., a positive rotation is 

one that would “unscrew” the bond if it were a right-handed screw). RIS theory 

normally assumes that the value of iθ  is conformation independent, but relaxing this 

assumption does not significantly complicate calculations of chain properties. A bond 

vector jb , as expressed in its own coordinate frame, can be transformed into 

coordinate frame i  as follows (for j > i):

jjii bTTT 11... −+                                                   (3.13)

Henceforth, bond vector ib  are understood to be expressed in their own coordinate 

frames. Using Eqs. (3.9) and (3.13), the expression for 2r  becomes
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∑ ∑
= <

−++=
n

i ji
jjii

T
ii bTTTbbr

1
11

22 ...2                                    (3.14)

This can be expressed in the matrix form as

nFFFr ...21
2 =                                               (3.15)

where the generator matrix F  for a given bond is

i

T

i bT
bTb

F
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

≡
100

0
21 2

                                          (3.16)

except for the first and last bonds of the chain. Note that some of the members of iF

are themselves matrices of vectors, making iF  a 5×5 matrix. The superscript T

denotes the transpose of a matrix or vector.

For terminal bonds, the F  matrices take on a special form. Form the first 

bond, the matrix is

[ ]12
1 21 bTbF T≡                                               (3.17)

and for the last bond,
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n

n b
b

F
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

≡
1

2

                                                       (3.18)

The easiest way to see that Eqs. (3.14) and (3.15) are indeed equivalent is to explicitly 

perform the matrix multiplication in Eq. (3.15) for chains of two, three, and four 

bonds and observe the pattern that emerges.

Equation (3.15) gives the squared end-to-end distance for a specific 

conformation, but many different conformations are possible. We require a suitably 

weighted average of this quantity over all conformations. It is at this point that the 

statistical weights are introduced.

Let the statistical weight matrix for an interior bond of the chain be written as

i

i uu
uu

U
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
= ′′

′′

OMM

L

L

ββαβ

βααα

                                        (3.19)

where K,, βα ′′  represent states of bond 1−i , and K,, βα  represent states of bond i. 

Then let a new generator matrix iG  be defined as

( ) ( )
( ) ( )

i

i FuFu
FuFu

G
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
≡ ′′

′′

OMM

L

L

βα
βα

ββαβ

βααα

                                  (3.20)
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As was the case for the F  matrices, the G  matrices at the chain ends take on special 

forms:

[ ]00011 LFG ≡                                                (3.21)

and

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

≡

n

n

n

n

F

F
F

G
M

                                                    (3.22)

Observe that with the above definitions, the matrix product

nGGG K21                                                      (3.23)

generates all possible serial products, nFFF K21 , corresponding to all possible chain 

conformations. Each of these products is multiplied by its overall statistical weight 

(itself a product of bond statistical weights). It only remains to normalize Eq. (3.23) in 

order to obtain the mean-squared end-to-end distance.

The normalization factor is simply the serial product of the statistical weight 

matrices, otherwise known as the configurational partition function:

nUUUZ K21=                                                   (3.24)
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where, as usual, terminal matrices have a special form:

[ ]0011 L≡U                                                 (3.25)

and

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

≡

1

1
1

M
nU                                                          (3.26)

the number of entries in these vectors being determined by the dimensions of the 

neighboring weights matrices.

Thus, the final expression for the mean-squared end-to-end distance of the 

chain is

nGGGZr K21
1

0

2 −=                                          (3.27)

This is quite a remarkable result. In this expression, an average over an 

enormously large number of conformations has been reduced to a simple serial 

product of matrices, while still accounting for the specific geometry and chemical 

makeup of the chain. Other conformational properties are also calculated in a similar 

way as 22 nlr
o

.



40

3.2.2 RIS Parameters from Molecular Mechanics (MM) Technique

There are various methods on obtaining the RIS parameters. The classical 

techniques are usually based on an assumption of unknown variables denoted as 

statistical weights for each conformation. These parameters are then parameterized 

with some selected conformational dependent properties deriving from experiments. 

This classical method has been done in the past and works reasonably well. 

Unfortunately, there are some limitations on employing this technique due mainly to a 

difficulty on assigning the conformational states as well as lack of experimental data 

to verify the model.

The RIS model derived from the computational method provides an alternative 

and a convenient way to solve those problems. Molecular Mechanics is the 

calculation technique based on the approximated potential model, which can be 

divided into two terms

( ) bondnonbond VVrV −+=                                                      (3.28)

( ) ( ) ( )torsionbendstretchbond VVrVVwhere χθ ++=                       (3.29)

( ) ( ) ticelectrostaWaalsdervanbondnon rVrVV += −−−                                   (3.30)

The collective set of the parameters called “force field” can be obtained

basically by spectroscopies such as IR, Raman, NMR, and X-ray and by higher level
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ab initio quantum simulations. Molecular optimization is then performed to find the

minimum energy state of a molecule for each conformer. The structure obtained by

the energy minimization exists at the deep well of the potential function satisfying

following conditions.

0)(
=

∂
∂

r
rV  and 0)(

2

2

>
∂

∂
r

rV                                    (3.31)

To find the minimized structure, many efficient search algorithms have been

developed, such as Newton-Raphson and conjugate gradient method. In this work, we

adopt the default force field and search algorithm provided by Chem3D software

(CambridgeSoft Corporation). The conformational energies are obtained by rotating

the dihedral angles and should correspond to the minimized structure at each pair of

dihedral angle (φi, φj). The increment in dihedral angle for φi and φj (at C-C, C-O or O-

C bond) is set to 10° (rotation from 0° to 360°). Three short segments of PEO chain

used in the computation are presented in Figure 3.2.
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g+ a

(a)

(b)

(c)
Figure 3.2 Schematic representation of three short segments of PEO chain

(a) C-C, C-O bond pair (b) C-O, O-C bond pair (c) O-C, C-C bond pair.
The model assumes three states (trans, gauche+ and gauche-, abbreviated as t,

nd g-, for each rotatable bond). The statistical weight ( )
ji

U φφ  can be defined as:

( )[ ]

( )[ ]RTV

RTV
U

ji

ji

o

ji

ji

φφ

φφ
φφ

φφ

,

360

10

360

10

,

exp

exp

0

00

−

−

=

∑∑

∑∑
                            (3.32)
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Where ( )jiV φφ ,  is a conformational energy (kcal mol-1) at φi and φj, R  is the 

gas constant and T  is the absolute temperature (K). Then, the statistical weight 

matrix for each bond pair is of the form:

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−−+−−

−++++

−+

ggggtg

ggggtg

tgtgtt

UUU
UUU
UUU

                                      (3.33)

To test the quality of parameters obtained from MM method, some 

conformational dependent properties and fraction of bond conformation can be 

calculated using the RIS scheme and then compared with results obtained from 

experiments.

3.3 Theoretical Part

3.3.1 Adam-Gibbs configuration entropy model

In this section Continuum quasi-thermodynamic theories (the free volume and 

the configurational entropy models) are considered for the interpretation of the 

conductivity behavior of solid polymer electrolytes as a function of stoichiometry and 

temperature.
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The Free Volume Models

Doolittle’s empirical relation between the fluidity of simple hydrocarbons and

their free volume ( )fυ  is as follows:

[ ]fobA υυφ −= exp                                              (3.34)

where A  and b  are constants and oυ is the van der Waals volume of the molecule.

As with the same form of Doolittle’s Eq. (3.34), Cohen and Turnbull 

developed a relation between the diffusion constant D  in a liquid of hardspheres and 

the free volume. This derivation is based on the concept that the statistical 

redistribution of the free volume occasionally opens up voids large enough for a 

diffusive displacement. The relation is:

[ ]fAD υγυ *exp −=                                             (3.35)

where ( )ugaA *=  is a proportionality factor that is related to a geometric factor 

( )g , the molecular diameter ( )*a , and the gas kinetic velocity ( )u . γ  is a numerical 

factor between 0.5 and 1.0 that is introduced to correct for the overlap of the free 

volume. *υ  is the minimum required volume of the void. To test the applicability of 

Eq. (3.35) to real liquids, Cohen and Turnbull assume that the free volume is 

equivalent to the total thermal expansion at constant pressure. Then
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( )om

T

T
of TTdT

o

−=
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
= ∫ υααυυ 1exp                            (3.36)

where α  is the thermal expansion coefficient, mυ  is the mean value of the molecular 

volume ( )oυ , T  is temperature, and oT  is the temperature at which the free volume 

disappears. Substituting Eq. (3.36) into Eq. (3.35) gives

( )⎥⎦
⎤

⎢
⎣

⎡

−
−

=
om TT

ugaD
αυ
γυ *

* exp                                       (3.37)

From the Nernst-Einstein relationship ( )DTknq B
2=σ  between conductivity 

( )σ  and diffusivity ( )D , where n is the carrier concentration, q  is the carrier charge, 

and Bk  is the Boltzmann constant, Eq. (3.37) results in the Vogel-Tamman-Fulchur 

(VTF) form:

( ) ⎥
⎦

⎤
⎢
⎣

⎡
−
−

=
oTT

BAT expσ                                          (3.38)

where A  and B  are constants.
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The Configurational Entropy Models

Adam and Gibbs constructed the partition function for the fraction 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 W  of a mass-transporting cooperative rearrangement, this 

yields:

⎥
⎦

⎤
⎢
⎣

⎡ ∆
−=

∗

Total
cB

c

TSk
S

AW
µ

exp                                            (3.39)

where A  is a constant, µ∆  is the potential energy hindering the cooperative 

rearrangement per monomer unit, *
CS  is a critical configurational entropy, Bk  is the 

Boltzmann constant, T  is the absolute temperature, and Total
cS  is the total molar 

configurational entropy at temperature T . To evaluate the temperature dependence of 

Total
cS , we can write

( ) ( ) ( )op

T

T

p
o

Total
C

Total
C TTCdT

T
C

TSTS
o

ln∆=
∆

=− ∫                   (3.40)

with pC∆ the difference in a specific heat between the equilibrium melt and the glass 

at ( )[ ]0=o
Total
Co TST . From substituting Eq. (3.40) into (3.39), we obtain
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( )⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

∆
∆−

=
opB

C

TTCTk
S

AW
ln

exp
*µ                                      (3.41)

From the assumption, ( ) ( ) ooo TTTTT −≈ln  and 1≈oTT , Eq. (3.41) can be 

written as the same form of the VTF Eq. (3.38) with pBc CkSB ∆∆= *µ .

( ) ⎥
⎦

⎤
⎢
⎣

⎡
−
−

==
oTT

BATW expσ                                      (3.42)

In this study, a configurational entropy model as a function of isothermal composition

will be applied to the conductivity results obtained in experiment. The primary 

exposition of theory is concerned with amorphous polymer/salt systems. Then, the 

model is extended to semicrystalline polymer/salt systems. Using Flory’s lattice 

treatment of polymer solutions. At the outset, the molar entropy corresponding to a 

number of different arrangements of polymer and salt ion in mixing is

⎥
⎦

⎤
⎢
⎣

⎡
+−= 2

2

2
1

1

1
1 lnln φ

φ
φ

φ
rr

kS                                    (3.43)

where 1φ , 2φ , 1r  and 2r  are the volume fractions and relative molar volumes of 

components 1 and 2, respectively. 2r  is defined by

11

22
2 MW

MW
r

υ
υ

=                                                     (3.44)
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where 1υ , 2υ , 1MW  and 2MW  are specific volumes of salt and polymer, and 

molecular weights of salt and polymer, respectively; 11 =r  for the salt ion. The 

mixing entropy does not take into account the difference between the salt cation and 

the salt anion.

The disorientation of polymer contributes to the entropy equal to

( ) ⎥
⎦

⎤
⎢
⎣

⎡ −
−=

e
zr

r
kS 1ln12

1

1
2

φ                                         (3.45)

where z  is the lattice coordination number taken as 6 in this study. Flory proposed 

that the configurational entropy of amorphous polymer/solvent system (or amorphous 

polymer/salt system) should be expressed as 21 SS + . However, in a solid polymer 

electrolyte system, a drop of chain flexibility with an increase of salt concentration 

should be considered (i.e., the configurational entropy loss). Hence, the entropy 

introduced to correct for a drop of chain flexibility is

( )
e

zfkS B
1ln13

−
= φ                                                 (3.46)

( ) 11 φλφ sf =                                                     (3.47)

where sλ  is a degree of specific interaction between the salt ion and the base group of 

polymer, which is inversely proportional to temperature, 1φλs  is associated with the 

length of coordinated chain. The entropy ( )[ ]ezkB 1ln −  arises from the fact that the 
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segment location relative to that of the immediate predecessor is not predetermined in 

the lattice.

The total molar configurational entropy ( Total
cS ) of the amorphous 

polymer/salt system is obtained by combining Eqs. (3.43), (3.45), and (3.46).

( )
e

z
e

zr
rrr

kS sB
Total
C

1ln1ln1lnln 12
2

2
2

2

2
1

1

1 −
+

−
−+−−= φλ

φ
φ

φ
φ

φ
        (3.48)

If the semicrystalline polymer/salt system was considered, the deduction of 

( ) ( )ezfkS CB 1ln4 −= φ  should be taken into account, where Cφ  is the volume 

fraction of the crystalline unit in the polymer.

By substituting Eq. (3.48), and 2lnBc kS =∗  into Eq. (3.39), a new 

configurational entropy model as a function of isothermal composition can be 

obtained as following.

( ) ⎥
⎦

⎤
⎢
⎣

⎡ ′−
==

B
Total
C kS

BAW expφσ                                  (3.49)

where constant B′  is defined by

Tk
B

B

2lnµ∆
=′                                                  (3.50)
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From Eqs. (3.48-3.50), the dependence of conductivity on salt composition and the 

chain length can be described and used to predict the maximum of the conductivity 

for amorphous polymer/salt systems.

3.3.2 Flory-Huggins theory

When we consider a salt effect of the free energy of mixing, we assume that 

the salt is a particle, and the consequential decrease of entropy should be corrected in 

the interaction energy term ( )χ .

Correlating Equations

For a binary polymer/salt system, the Flory-Huggins expression for the molar 

Gibbs energy of mixing G∆  at a temperature T  is given by

212
2

2
1

1

1 lnln φφχφ
φ

φ
φ

FHrrRT
G

++=
∆                               (3.51)

where R  is the gas constant; 1φ , 2φ , 1r  and 2r  are volume fractions and relative 

molar volumes of components 1 and 2, respectively, and FHχ  is the Flory-Huggins 

interaction parameter. Recently, Qian and coworker (Qian et al., 1991) suggested a 

semiempirical form for χ . They replaced FHχ  by ( )2,φTg , a function of temperature 

and concentration. The Gibbs free energy of mixing and chemical potentials in terms 

of the new interaction parameter χ  from the relation, /
1gg φχ −= , are given by
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Qian and coworker proposed that χ  was given by the product of a

temperature-dependent term, ( )TD , and a concentration dependent term, ( )φB :

( ) ( ) ( )2, φφχ BTDT =                                                 (3.55)

Following Flory (Flory, 1953) and Qian (Qian et al., 1991) suggest

 ( ) Td
T
ddTD o ln2

1 ++=                                       (3.56)

where od , 1d  and 2d  are constants for a given binary system. For the concentration-

dependent term, they use

( ) 2
22212 1 φφφ bbB ++=                                        (3.57)
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where 1b  and 2b  are constants for a given binary system.

In this study, we use simple functions of temperature and composition 

reported elsewhere (Kim et al., 1998):

( )
T
d

dTD 1
0 +=                                                    (3.58)

( ) 22 1 φφ bB +=                                                    (3.59)

where 0d , 1d and b  are adjustable model parameters.

The Melting Point Depression Theory

In a semicrystalline system, the condition of equilibrium between crystalline

polymer and the polymer unit in the solution may be described as follows:

00
uuu

c
u µµµµ −=−                                              (3.60)

where c
uµ , uµ  and 0

uµ  are chemical potentials of crystalline polymer segment unit, 

of liquid (amorphous) polymer segment unit and chemical potential in the standard 

state, respectively. Now the formal difference appearing on the left-hand side is 

expressed as follows:



53

( )00 1 muu
c
u TTH −∆−=− µµ                                        (3.61)

where uH∆  is the heat of fusion per segment unit, T  and 0
mT  are the melting 

temperature of the species in a mixture and of the pure phases, respectively. The 

right-hand side of Eq. (3.60) can be restated as follows:
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where uV  and 1V  are the molar volumes of the polymer repeating unit and of salt 

ions, respectively. By substituting Eqs. (3.61) and (3.62) into Eq. (3.60) and replacing 

T  by 2,mT , the equilibrium melting temperature of the mixture is given by

        ( )⎢
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The subscripts 1, 2 and u refer to the salt ion, the polymer and the polymer segment 

unit, respectively. Similarly, we obtain

                 ( )⎢
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From Eqs. (3.63) and (3.64), we can predict liquidus curves in the phase diagram of 

binary polymer/salt systems.

3.4 Experimental Part

3.4.1 Preparation of PEO/PEG/salts complexes

PEO (MW 4 x 106 g mol-1) and PEG (MW 600g mol-1) were used as received. 

The salts were dried in the vacuum oven at ~ 100-140 °C for 48 hours and then stored 

in a glove box or alternatively in a dessicator. Stoichiometric amount of PEO and the 

desired salt (different salt concentration and percent plasticizer) were dissolved in 

methanol and stirred continuously for 24 hours at room temperature. A set up of tools 

was shown in Figure 3.3a. After continuous stirring, the solution was allowed to stand 

at room temperature for 24 h to facilitate degassing. To obtain thin film of the sample, 

the gelatinous polymer solution was cast on the glass plate (Figure 3.3b). The films 

were dried in vacuum oven at 50 °C for 24 hours to remove solvent.
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The concentration of salt in polymer-salt complexes was expressed in terms of 

molar ratios of the ether oxygen in the polymer to metal cation of salt (O:M). The 

O:M ratios could be converted to molal concentrations (moles of salt per kg of 

polymer) or to weight ratios ( )w  of salt to polymer using Eqs. (3.65) and (3.66) 

respectively.

( ) ( )oxygenperMWOMMolal 1000: ×=                               (3.65)

( ) ( )oxygenpersaltpolymersalt MWMWOMWWw ×== :                  (3.66)

where ( )1+= nMWMw polymeroxygenper . The amount of PEG was expressed as a 

weight percent (wt %) of the PEO present, followed by

( ) ( )[ ] 100% ×= PEOWtPEGWty                                    (3.67)

(a) (b)

Figure 3.3 Preparation of SPEs films (a) sets up of tool for mix sample and

(b) aluminum plate for cast sample.
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3.4.2 Characterization

3.4.2.1 Viscometry

The intrinsic viscosities, [ ]η , of PEO was measured using a

Cannon-Ubbelohde capillary viscometer No 150 (Figure3.4). Polymer solution was

prepared directly by dissolving a known weight of PEO in benzene. Viscosities of

benzene and PEO solution were measured at 25, 30, 40, 50 and 60 °C. Concentrations

were expressed in g dl-1 of solution. A constant temperature bath was used to maintain

the temperature of the solutions. The bath was thermostatted to ± 0.1 °C in order to

measure the intrinsic viscosity.

The capillary viscometers used for dilute solution measurements are 

made of glass. They were operated by filling with a suitable volume of liquid, 

drawing the liquid level to a point above the upper mark on the bulb, and measuring 

the time required for the liquid meniscus to fall from the upper mark to the lower 

Figure 3.4 A Cannon Ubbelohde capillary viscometer No 150.
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mark. The flow time is related to the viscosity of the liquid and is determined by the 

driving pressure, using an equation known as Poiseuille’s Law,

lV
PtR

lQ
PR

88

44 ππη ==                                         (3.68)

where  R   is the radius of the capillary, P  is the pressure driving the fluid through 

the capillary,  l  is the length of capillary,  tVQ =  is the volumetric flow rate,  V   

is the volume of liquid, and  t   is the time of flow. However, there are many sources 

of error in capillary viscometry depending upon the viscosity level, the nature of the 

fluid, and the geometric design of the capillary viscometer. Several corrections are 

important for dilute solutions of polymers.

The Poiseuille equation, after a kinetic energy correction and an 

entrance correction, has the form

⎟
⎠
⎞

⎜
⎝
⎛ −=−= 21

At
BtA

t
BtA ρρρη                                      (3.69)

where η  is the viscosity of the liquid, ρ  is the liquid density, and A  and B  are

constants for the particular viscometer. A  and B  can be obtained graphically by

plotting tρη  versus 21 t . The intercept of the line though the data point gives A

and the slope gives ( )AB− .

The relative viscosity, relη , is measured first and can be calculated by

an equation
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where the subscript 0 refers to the pure solvent.

In dilute solution, the ratio 0ρρ is usually closed to unity, so that

( )
( )2

00

2

1
1

AtBt
AtBt

rel −
−

=η                                                   (3.71)

If the viscometer has an outflow time greater than 100 sec for the pure solvent, the

kinetic energy correction 2AtB are negligible compared to unity, and then

0t
t

rel =η                                                           (3.72)

The relative viscosity is used to calculate the reduced viscosity, ( redη ), 

and the inherent viscosity, ( inhη ). For given polymer solution, the reduced viscosity 

and inherent viscosity calculated according to the following equations.

cc
relsp 1−

=≡
ηη

η                                   (3.73)

c
relη

η
ln

≡                                           (3.74)
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where  spη  is 1−relη  and c is the polymer concentration ( )dlg .

After that, [ ]η  can be determined by using the Huggins and Kraemer

Equation, which is the viscosity number (the reduced viscosity) or the logarithmic

viscosity number (the inherent viscosity), extrapolated to c = 0. It is shown as follows:

[ ] ⎟
⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
≡

→→ cc
rel

oc

sp

c

ηη
η

ln
limlim

0
               (3.75)

The unit of [ ]η  is dlg .

An extrapolation to infinite dilution requires a measurement of the 

viscosity at several concentrations. The sample concentration should not be too large 

because additional effects may then arise from intermolecular forces and 

entanglements between chains. The Huggins and Kraemer Equation are used for this 

extrapolation.

The Huggins Equation is

[ ] [ ] ck
c
sp 2ηη

η
′+=                                      (3.76)

and the Kraemer Equation is

[ ] [ ] ck
c

rel 2ln
ηη

η ′′+=                              (3.77)
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where both k ′ and k ′′ are constants.

Furthermore, the intrinsic viscosity is related to 
0

2r , which can be

predicted by RIS theory. The relation is equated as follows:

[ ]
23

0

2

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
Φ=

M

r
η                                               (3.78)

where Φ  is the hydrodynamic factor (2.6 × 1021) and M  is the average molecule

weight.

3.4.2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

The 1H and 13C-NMR experiments were performed on a Varian Unity 

INOVA NMR spectrometer operating at 300 MHz. The spectra were collected on 5% 

wt of PEO in D2O solution with and without salt (K2SO4). 1H and 13C-NMR spin 

lattice relaxation times ( )1T  were measured using a 180o-τ-90 o pulse sequence. The 

temperature was varied from an ambient temperature to ca. 80 °C to study the effect 

of temperature changes on the properties of PEO solutions.

3.4.2.3 FT-IR Spectroscopy

Infrared spectroscopy is an important technique in organic chemistry.  

It is an easy way to identify the presence of certain functional groups in a molecule.  



61

Also, one can use the unique collection of absorption bands to confirm the identity of 

a pure compound or to detect the presence of specific impurities.

The interactions between PEO/PEG/salt complexes and salt association 

were investigated by FTIR. The study was carried out with FT-IR spectrometer 

Perkin-Elmer model: spectrum GX as shown in Figure 3.6. The numbers of scans 

were 4 at the resolution of 4 cm-1. The range of measurement was between 4000 cm –1 

and 400 cm -1.

Figure 3.5 300 MHz Unity Inova NMR spectrometer.
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3.4.2.4 X-ray Power Diffraction (XRD)

X-ray diffraction is an important instrumental technique to the 

materials scientist. With many materials, this technique provides a quick and easy 

way to figure out what is happening after they are synthesized or reacted. Of course 

this is limited to crystalline materials, but with exceptions of solids such as gels, 

glasses and polymers above their glass transition temperature, some degree of order is 

demonstrated. This allows a determination of what it is that we are dealing with at an 

atomic level, it gives a chance to model intermediate phases, and design ways to make 

out come suit our needs.

The sources of the x-rays are from the excitation of a Cu target (other 

metals can be used but, this was used in all of these experiments so it will be focused 

on here) that causes the removal of an electron from the atomic core. Upon relaxation 

of the atom by dropping an electron from an outer shell into the core, there is the 

Figure 3.6 FTIR spectrometer Perkin-Elmer model: spectrum GX.
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emission of a photon. For the success of this, the electron used to excite the copper 

target much contain a high amount of kinetic energy. When the copper target is used, 

the process occurring is the removal of an electron in the 1s shell which is replenished 

by an electron dropping from the 2p orbital. The x-ray produced by this is termed Kα

emission. Kβ emission is when the replenishing electrons are provided by the 3d 

orbital. This occurs, but it is not so favorable as the Kα, which is more intense. 

Therefore, the x-ray from the target is filtered through nickel prior to hitting the 

sample to absorb the Kβ the nickel can dispose of this energy as non-radiative decay.

A Bruker D5005 X-ray generator was used to give Cu Kα radiation. 

The diffraction patterns were recorded at room temperature between 2θ values 10° to 

60°.

Figure 3.7 Bruker, model D5005 X-ray diffractometer with Ni-filtered Cu Kα
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3.4.2.5 Differential Scanning Calorimeter (DSC)

The melting temperature, Tm and the percentage crystallinity of PEO

and SPEs films were investigated using a PerkinElmer PYRIS (Diamond) Differential

Scanning Calorimeters (DSC) as shown in Figure 3.8. Indium sample was employed

to calibrate the machine. The amount of sample used in the study was about 10 mg,

loaded using aluminum pans, the range of testing temperature was from 25 °C to 200

°C with the heating ramp 10 °C min-1 under an inert gas atmosphere.

Figure 3.8 PerkinElmer PYRIS (Dimond) Differential Scanning

Calorimeters (DSC).
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3.4.2.6 Conductivity measurement

Conductivity measurement was performed using a Hewlett-Packard 

4339B high resistance meter (Figure 3.9). The samples were sandwiched between the 

stainless steel blocking electrodes in sample holder (4 cm in diameter). A potential 

difference of 1 volt was applied to the sample. Electrification time as 60 second was 

used for measurement.

Figure 3.9 Hewlett-Packard 4339B high resistance meter.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Computational Part

4.1.1 Conformational Energy from Molecular Mechanics Calculation

RIS model was employed to predict the conformational dependent properties 

of PEO  using statistical weight matrices as the input. The elements of these matrices 

were estimated from the conformational energy map for small representative segment 

of polymer molecules calculated by Molecular Mechanics (MM) technique at 300 K. 

Model of PEO chain was represented by four skeletal bonds or pairs of dihedral 

angles (φi, φj). To find the minimized structure, the default force field was adopted 

with the search algorithm provided by Chem3D software. The conformational 

energies were obtained by rotating the dihedral angles and the optimized structure

should be corresponded to the energy minimum structure for each pair of dihedral 

angles. An increment of dihedral angles (φi, φj) was set to 10° (rotation from 0° to 

360°). Model of PEO used in the computation are defined by three short segments 

according to each skeleton bond as follows: C-C, C-O and O-C bond.
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Figure 4.1 Schematic representation of PEO model with O-C and

C-C (φ1, φ2) bond pair.
Figure 4.2 Schematic representation of PEO model with C-C and

C-O (φ2, φ3) bond pair.
Figure 4.3 Schematic representation of PEO model with C-O and

O-C (φ3, φ1) bond pair.
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The skeletal bond conformations can be treated according to the rotational 

isomeric state model. The model assumes three discrete states: trans, gauche+ and 

gauche-, abbreviated as +gt,  and −g . The nine pair-wise dependent rotational 

isomeric states ),,,,,,,,( −−−++−++−+−+ ggggggggtgtgtgtgtt  and conformational energy 

contour maps for each bond pair of PEO model are plotted in Figure 4.4 - 4.6. The 

positions and magnitudes of the energy minima on the resulting energy-contour maps 

yield the values of the preferred rotational angles and their associated statistical-

weights for each two-bond sequence. The conformational properties for the whole 

polymer chain can then be calculated from the properties of individual two-bond 

sequences using matrix multiplication technique.
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Figure 4.4a The nine pair-wise dependent rotational isomeric states of the

optimized PEO model with O-C and C-C (φ1, φ2) bond pair.

g- g+ = 290°, 70°

t g+ = 180°, 70°

g+ g+ = 70°, 70° g+ t = 70°, 180°

t t = 180°, 180°

g- t = 290°, 180°

g+ g- = 70°, 290°

g- g- = 290°, 290°

t  g- = 180°, 290°

= O atom = C atom= H atom
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Figure 4.4b The conformational energy contour map (kcal mol-1) for the

optimized PEO model with O-C and C-C (φ1, φ2) bond pair.

kcal mol-1

φ1

φ2
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g- g+ = 270°, 90°

t g+ = 180°, 90°

g+ g+ = 90°, 90° g+ t = 90°, 180°

t t = 180°, 180°

g- t = 270°, 180°

g+ g- = 90°, 270°

g- g- = 270°, 270°

t  g- = 180°, 270°

Figure 4.5a The nine pair-wise dependent rotational isomeric states of the

optimized PEO model with C-C and C-O (φ2, φ3) bond pair.

= O atom = C atom= H atom



72

kcal mol-1

φ3

φ2

Figure 4.5b The conformational energy contour map (kcal mol-1) for the

optimized PEO model with C-C and C-O (φ2, φ3) bond pair.
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g- g+ = 270°, 90°

t g+ = 180°, 90°

g+ g+ = 90°, 90° g+ t = 90°, 180°

t t = 180°, 180°

g- t = 270°, 180°

g+ g- = 90°, 270°

g- g- = 270°, 270°

t  g- = 180°, 270°

Figure 4.6a The nine pair-wise dependent rotational isomeric states of the

optimized PEO model with C-O and O-C (φ3, φ1) bond pair.

= O atom = C atom= H atom
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φ1

φ3

Figure 4.6b The conformational energy contour map (kcal mol-1) for the

optimized PEO model with C-O and O-C (φ3, φ1) bond pair.

kcal mol-1
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4.1.2 Statistical Weight Matrices of PEO

The bond lengths, bond angles, torsion angles and dipole moment vectors used

in this calculation are listed in Table 4.1.

Table 4.1 Geometrical parameters used in the RIS model

Bond length (Å) Bond angle (°) Torsion  angle (°)

     C-C   1.512   ∠ CCO   110.7 t g+ g-

     C-O   1.431   ∠ COC   106.8 C-C 180 70 290

     O-C   1.431   ∠ OCC   110.7 C-O 180 90 270

O-C 180 90 270

The conformational energies estimated from MM calculation are 

parameterized and grouped into the matrix by Eq. (3.32). The statistical weight 

matrices of (O-C, C-C), (C-C, C-O) and (C-O, O-C) bond pairs are as follows:

                                 =−CCOCU

g+ t g-

g+ 0.9315 0.9690 0.8611

t 0.9927 1.0000 0.9903

g- 0.8540 0.9607 0.8835
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                                =−COCCU

                                =−OCCOU

                                                                                                             (4.1)              (4.1)

4.1.3 Conformational Dependent Properties of PEO

The RIS model is excellent for the rapid analysis of conformation-dependent 

properties of chain molecules in their ‘unperturbed’ state. The most frequently 

calculated property is the mean square unperturbed end-to-end distance, 22 nlr
o

(subscript zero designates the unperturbed state or θ  point). Other properties 

susceptible to rapid computation include the mean-square dipole moment,

22 nm
o

µ , and the mean-square radius of gyration, 22 nls
o

. The viscosity of

dilute polymer solution in θ  condition can be estimated from 22 nlr
o

 via the 

equivalent sphere model for hydrodynamic properties.

g+ t g-

g+ 0.9313 0.9928 0.8536

t 0.9687 1.0000 0.9604

g- 0.8609 0.9903 0.8833

g+ t g-

g+ 0.9221 0.9750 0.8315

t 0.9741 1.0000 0.9672

g- 0.8314 0.9678 0.8742
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This section present an application of the RIS model to estimate the mean 

square unperturbed dimension and compare it to experimental result. Values of 

22 nlr
o

, 22 nls
o

 and 22 nm
o

µ , were computed for PEO chain using the RIS 

model with geometrical parameters listed in Table 4.1. The statistical weight matrices

used in this calculation are from Eq (4.1). The results are summarized in Table 4.2.

Table 4.2 22 nlr
o

, 22 nls
o

 and 22 nm
o

µ  for PEO as estimated from the RIS 

model and experiments.

Properties RIS calculation

(300K )

Experimental result

22 nlr
o

3.608 4.0a (313 K)

3.3b (298 K)

22 nls
o

5.412 -

22 nm
o

µ 0.635 0.62c (293 K)

a Mark and Flory, 1965. bIntrinsic viscosity. cBak, Elefante and Mark, 1967.

Conformational-dependent properties from the RIS model are in excellent 

agreement with those values from experimental results. For example, 22 nlr
o

 from 

the previous literature measurement is 4.0 + 0.4 at 313 K (Mark et al., 1965) and 0.62 

at 293 K for 22 nm
o

µ  (Bak et al., 1967). The concurrence of these values with 

experimental results proposes that the conformation energy obtained from molecular 
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mechanic (MM) calculation by the default force field in Chem3D software can be 

used to construct an appropriated RIS model to predict other conformational-

dependent properties.

Temperature Coefficients

The temperature coefficient of statistical properties such as the 

unperturbed, random-coil dimension 
o

r 2  assumes particular importance in the study 

of the configurations of chain molecules. In such configurational analyses, the 

temperature coefficient, d ln dTr
o

2 , are interpreted using RIS theory to yield chain 

conformational energies, which, in turn, may be used to interpret and even predict 

values of other configuration-dependent properties of the molecule. The results are 

shown in Table 4.3 from RIS calculation of the temperature coefficient for PEO. The 

result thus obtained, 103 d ln dTr
o

2  = 0.12 K-1, is comparable to the previous 

reported value of 0.23 + 0.02 K-1 (Bluestone et al., 1974).

Table 4.3 Temperature coefficients d ln dTr
o

2 , of PEO.

d ln dTr
o

2  (103 K-1)

RIS calculation 0.12

Bluestone et al., 1974 0.23 + 0.02a

a determined in benzene.
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Intrinsic Viscosity Measurement

Intrinsic viscosities of PEO in benzene were measured at 25°, 30°, 40°, 

50° and 60 °C. At least four concentrations were investigated for each polymer 

solution. Intrinsic viscosities, [ ]η , were obtained in the usual manner by extrapolation 

of cspη  to infinite dilution. According to Eq. 3.75.

Table 4.4 Intrinsic viscosities of PEO in benzene.

Intrinsic viscosities [ ]η  (g dl-1)Temperature

(°C) MW = 600 g mol-1 MW = 20,000 g mol-1

25 0.0316 0.3507

30 0.0114 0.3099

40 0.0946 0.2097

50 0.0307 0.1792

60 0.0192 0.0756

The intrinsic viscosities of PEO in benzene at 25 °C were 0.0316 (MW = 600 

g mol-1) and 0.3507 g dl-1 (MW = 20,000 g mol-1) for two PEO samples. These results 

give molecular weights equal to 590 and 19,709 g mol-1, respectively, according to the 

relationship (Bluestone et al., 1974).

[ ] 686.041097.3 vM−×=η                                         (4.2)
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where vM  is a viscosity average molecular weight. Our finding seems to be

reasonable as there are close to the molecular weight provided by the manufacture

(600 and 20,000 g mol-1). The dependence of ln [ ]η  on temperature for these two

samples is shown in Figure 4.7. The results are well represented by the linear

correlation as straight lines with covariance equal 0.966 and 0.961. The slopes of the

lines give 103 d ln dT
o

η  = -0.070 and -0.041 K-1 for 600 and 20,000 g mol-1,

respectively. These values are comparable in magnitude to range of values –1.2 to

–2.0 K-1 obtained by de Candia and coworker on four PEO fractions having viscosity-

average molecular weights vM  in the interval 400-4,000 g mol-1 in the

thermodynamically good solvents (Candia et al., 1972).

The result of temperature coefficient from RIS theory rarely gives agreement

with experimental result. Among the reasons for this are following:

1. An energy minimization is equivalent to a zero-temperature calculation,

whereas the chain statistics are desired at finite temperature.

2. The energy is calculated in vacuum, yet statistical weights can be affected

by solvent, by other chain in the system, and by far-removed atoms in the same chain.

This may seems surprising given that RIS theory by design applies only to θ  chains.

3. The force field used might not be sufficiently accurate. Even a small error

in, e.g., the energy of a gauche state relative to a trans state can have a large effect on

the calculated conformational statistics of a chain. Although high-quality force fields

and quantum methods exist, good first-principles predictions of chain statistical

require accuracies on the order of 0.1 kcal mol-1 for the energy difference between

accessible conformations.
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Figure 4.7 Intrinsic viscosity vs. temperature for PEO in benzene; the

molecular weights of the two samples are (a) 600 and (b) 20,000 g mol-1
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4.2 Experimental Part

4.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is the most effective and significant method for observing 

the structure and dynamics of polymer chain both in solution and in the solid state. 

This part deals with solution NMR spectroscopy. Corresponding information may be 

obtained mainly by 1H and 13C spectroscopy.

Figure 4.8 shows the 300 MHz 1H NMR spectra for 5% wt of PEG in D2O 

solution recorded at 25.0 °C just below the melting temperature of PEO. From the 

spectra obtained the absorption signal only for PEG protons around 3.7 ppm and 4.8 

ppm. Based on these results, the peak at 3.7 ppm is a typical NMR signal for the 

methylene proton on PEG and at 4.8 ppm owing to OH in chain end PEG.

Figure 4.8 300 MHz 1H NMR spectra for 5% wt of PEG in D2O solution

recorded at 25.0 °C.

O
OH

b

a
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Next, 13C NMR spectra for 5% wt of PEG in D2O solution were performed on 

a Varian Unity INOVA NMR spectrometer operating at 300 MHz (Figure 4.9). The 

NMR signals observed at 60.70 and 72.06 ppm are caused by carbon in terminal 

hydroxyethyl groups (a, 60.70 ppm and b, 72.06 ppm). The methylene (CH2, c) in 

PEO split to three peaks at ~ 70 ppm.

Figure 4.9 300 MHz 13C NMR spectra for 5% wt of PEG in D2O solution

recorded at 25.0 °C.

O
O

OH

a

b

c
n
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Spin-Lattice Relaxation Times ( )1T

Proton spin-lattice relaxation times ( )1T  for a 5 %wt solution of PEO in D2O, 

measured over the temperature range 298-353 K are shown in Figure 4.10. The major 

contribution to proton relaxation in dilute solutions of PEO comes from the dipole-

dipole interaction between the geminal protons in the methylene group. The 

observation that the temperature dependence of the PEO proton relaxation rate in 

dilute aqueous solution is accounted for by changes in the viscosity of the solvent is in 

agreement with the findings of Bieze (Bieze et al., 1994). This result came from 

measured deuteron relaxation rates in deuteriated PEO-H2O solutions over the range 

0-70 °C.

When K2SO4 is added to D2O solutions of PEO, it has a pronounced effect on 

1T . From experimental result 1T  values change from 0.71 sec without adding salt to 

0.63 sec in 0.45 M K2SO4 solution at room temperature (298 K). It is speculated that 

the added salt drastically changes the solution viscosity of D2O, through ion-solvent 

interactions, without interacting with PEO. Under these circumstances, a larger 

effective solvent viscosity would presumably impede polymer mobility, and lower the 

1T  values.
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Figure 4.10 Temperature dependent of 1H spin-lattice relaxation times for

( ) 5 %wt solution of PEO in D2O ( ) 5 %wt solution of PEO and 0.45

M K2SO4 in D2O.
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4.2.2 PEO-salt complexes (SPEs)

4.2.2.1 Effect of adding salt

SPEs are the materials of current interest due to ease of preparation in 

thin film, wide range of composition and mainly use in polymer batteries. Since the 

discovery of PEO-MX complexation, the complexes of PEO with alkali metal salts, 

divalent metal salts and transition metal salt ions have been studied. In the present 

study the polymer electrolytes belonging to the systems of (PEO)xLiCF3SO3 and 

(PEO)xKSCN having oxygen to metal ion ratio (O:M) between 3 and 60 are studied 

by using the following techniques : FT-IR; XRD; DSC and conductivity 

measurement.

 4.2.2.1.1 Infrared spectroscopy (IR)

I. (PEO)xLiCF3SO3

The ionic transport in SPEs is strongly related to the cation-ether 

oxygen coordination bonds, to the freedom of polymer chains movements and to their 

rearrangements. Local relaxation and sequential motions of polymer host become 

essential to confer high ionic conductivity to the SPEs. Supporting evidence for ion 

association has been provided by vibrational spectroscopy studies. Different ionic 

species have been spectroscopically distinguished in polymer-salt system.
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Ionic Association as a Function of Salt Concentration

Complexes of lithium triflate with poly(ethylene oxide) have been 

studied extensively by infrared spectroscopy in order to infer free ions, ion pairs and 

ion aggregates. The symmetric deformation mode of CF3, δs(CF3), is sensitive to ionic 

association in polymer-salt system. Figure 4.11 shows the spectra for (PEO)xLiCF3SO3

systems as a function of O:M ratio in the δs(CF3) spectral region, including pure PEO 

for comparison. At dilute salt concentrations, bands due to “free” triflate ion at 753 

cm-1 and the ion pair at 757 cm-1 in 30:1 ratio are present. With increasing salt 

concentration, a band appears at 760 cm-1 attributed to the (PEO)xLiCF3SO3

compound and the intensity grows until there is only a single band centered at this 

frequency for the 4:1 ratio. These assignments are consistent with an ab initio

calculation and normal coordinate analysis (Huang et al., 1994).
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Conformation of PEO Backbone

The 1000-800 cm-1 spectral region shown in Figure 4.12 is the 

characteristics of C-O stretching and CH2 rocking modes. Spectral changes in this 

region reflect changes occurring in the local structure of the polymer backbone. The 

spectrum of pure PEO is also shown for comparison. The mode responsible for the 

band at 844 cm-1 is primarily due to the CH2 rocking motion with a little C-O 

stretching motion mixed in, while the bands at 964 and 949 cm-1 originate primarily in 

the C-O stretching motion with some contribution from the CH2 rocking motion. No 

significant changes are seen in the spectra of the dilute samples with O:Li+ ratio of 

50:1. When the salt concentration increases to 30:1, bands appear at 860, 834, 969, 

A
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O:Li+
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16:1
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Figure 4.11 IR spectra of (PEO)xLiCF3SO3 as a function of O:Li+ ratio

in the δs(CF3) region.
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956 and 952 cm-1. The frequencies of these bands primarily due to CH2 rocking 

motion are particularly sensitive to the local conformation of the polymer, specifically 

the O-C-C-O torsional angle. The appearance of one mode at a higher frequency and 

the second mode at a lower frequency than observed in pure PEO, originates from the 

interaction of lithium ion with ether oxygens. To coordinate the cation, the O-C-O-C 

torsional angle decreases in the compound relative to its value in pure PEO.
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Figure 4.12 IR spectra of (PEO)xLiCF3SO3 as a function of O:Li+ ratio in the

900-800 cm-1 spectral region.
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1400-1300 cm-1

Figure 4.13 shows IR spectra in the 1400-1300 cm-1 region. The peaks 

at 1361 and 1342 cm-1 are CH2 wagging modes which are the characteristic of 

crystalline PEO. With an increase in salt concentration, the intensity of 1361 cm-1

decreased drastically and replaced by a broad band at 1350 cm-1 for 4:1 compound, 

the broad band at 1350 cm-1 is assigned to crystalline content of PEO.
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Figure 4.13 IR spectra of (PEO)xLiCF3SO3 as a function of O:Li+ ratio in the

1400-1300 cm-1 spectral region.
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II. (PEO)xKSCN

Polymer Backbone Conformation and CH2 Twisting Mode

1400-1200 cm-1

Figure 4.14 shows the IR spectra in the 1400-1260 cm-1 region. The 

peak at 1280 cm-1 is due to the CH2 twisting mode in pure PEO. The intensity of these 

peaks decreases with increasing salt concentration. Although these modes between 

pure PEO and the compound shift very little, there are significant intensity differences 

as evident in the spectra. For (PEO)xLiCF3SO3 system, peaks at 1361 and 1342 cm-1

are due to the CH2 wagging of crystalline PEO. With increasing salt concentration, 

the peak at 1361 cm-1 is replaced by a broad band at 1350 cm-1 (amorphous PEO).
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Polymer Backbone Conformation

1000-800 cm-1

The 1000-800 cm-1 region is the characteristics of the C-O stretching 

and CH2 rocking mode. The bands in this region reflect the conformation of the 

polymer backbone and are sensitive to the interaction between cation and polymer 

backbone. Figure 4.15 shows the IR spectra of (PEO)xKSCN complex as a function of 

O:M ratio. The spectrum of pure PEO is also included for comparison. As described 

in (PEO)xLiCF3SO3 system, peak at 844 cm-1 is ascribed primary to the rocking 
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Figure 4.14 IR spectra of (PEO)xKSCN as a function of O:K+ ratio in the 1400-

1300 cm-1 spectral region.
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motion of CH2 units. With increasing salt concentration, several changes are visible. 

The peak at 844 cm-1 begins to decrease in its intensity and new peak appears at 833 

cm-1. The peak at 833 cm-1 is due to the compound of PEO and KSCN.
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Figure 4.15 IR spectra of (PEO)xKSCN as a function of O:K+ ratio in

the 900-800 cm-1 spectral region.



94

Ionic Association as a Function of Salt Concentration

2400-1800 cm-1

Figure 4.16 presents the IR spectra for pure PEO and (PEO)xKSCN 

system in 2400-1800 cm-1 region. The bands in this region are related to ion-ion and 

ion-polymer interactions. The peak at ~2050 cm-1 characterizes C-N asymmetric 

stretching of SCN- anion.  With an increase in salt concentration, this peak is sharper 

and it is more intensed for 16:1 and 5:1 complex. From these results, it suggests that 

an increase in salt concentration lead to ionic association increase.
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Figure 4.16 IR spectra of (PEO)xKSCN as a function of O:K+ ratio in

the 2400-1800 cm-1 spectral region.
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4.2.2.1.2 X-ray Diffraction (XRD)

Thermal and electrical behavior of PEO-salt systems can be better 

understood by characterization of the crystalline and amorphous phases of PEO and 

its complex. The XRD was performed to study the crystalline content. The results are 

described as follow

Figure 4.17 (a) and (b) shows the X-ray diffractograms in the 2θ region 

from 5° to 40° for the (PEO)xLiCF3SO3 complexes with O:Li+ ratios of 4:1, 8:1, 16:1 

and 30:1. In addition, XRD patterns for pure PEO and LiCF3SO3 are also given for 

comparison. The XRD patterns for pure PEO gave two strong peaks, at 19° and 23°. 

The 30:1 and 16:1 complex also gave peaks at the same positions, but with lower 

intensities. This result is further evidence that the melting peak at 69.0 °C in DSC 

thermogram come from crystalline PEO, because the pure PEO phase still exist. It can 

be concluded that the crystalline phase in the film has the same structure as PEO, but 

at a lower percentage. Some portions of (PEO)xLiCF3SO3 complex existed as an 

amorphous phase, and thus did not give a peak in the XRD pattern. The diffraction 

pattern of the 8:1 complex showed a completely amorphous phase. No peaks are 

observed in the XRD pattern, except a very broad humped baseline ranged from 17°

to 30°. No peaks of pure LiCF3SO3 were observed, suggesting no free salt phase. The 

4:1 complex showed absolutely different patterns from pure PEO. The peaks at 19 and 

23° disappeared, suggesting that there was no free PEO crystalline phase. Many new 

peaks exist, implying that a new crystalline complex with well-defined structure is 

present.



96

Figure 4.18 shows X-ray diffractograms of (PEO)xKSCN complexes as 

a function of salt concentration in the 2θ region from 5° to 40° for the (PEO)xKSCN 

complexes, including pure PEO and pure KSCN for comparison. It can be seen that 

the 50:1, 30:1 and 16:1 complexes also gave peaks at the same positions 

corresponding to pure PEO (at 19 and 23°). The intensities of these peaks decrease 

while those due to PEO decrease (salt concentration increase) from 50:1 to the 30:1 

complexes. It indicates that the crystalline phase of PEO still existed, but at a lower 

percentage. The peaks due to pure PEO are faintly visible in the 16:1 complexes and 

completely disappear in the 4:1 complexes.
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Figure 4.17(a) X-ray diffraction patterns of (PEO)xLiCF3SO3 complex,

including pure PEO and pure LiCF3SO3.



98

L
in

 (C
ou

nt
s)

5 10 20 30 40

Figure 4.17(b) X-ray diffraction patterns of (PEO)xLiCF3SO3 complex.

2-Theta-Scale

8:1

16:1

30:1

O:Li+

4:1



99

10 20 30 40

2-Theta-Scale

L
in

 (C
ou

nt
s)

PEO

KSCN

4:1

16:1

30:1

50:1

O:K+

Figure 4.18 X-ray diffraction patterns of (PEO)xKSCN complex, including
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4.2.2.1.3 Differential Scanning Calorimeter (DSC)

Thermal behavior of PEO-salt complexes can be better understood by 

characterization of the crystalline and amorphous phase present in the complexes by 

using differential scanning calorimeter (DSC). The DSC thermograms of the PEO-salt 

complex give information on melting temperature (Tm), enthalpy of melting ( H∆ ) 

and percentage of crystallinity (%). The percentage of crystallinity can be calculated 

by integrating the area under the melting peak to obtain the endothermic energy 

change and comparing to a 100% crystalline PEO.  The percentage of crystallinity 

was evaluated from the following equation.

100% 0 ×
∆
∆

=
m

m

H
H

itycrystallin

where mH∆  is the enthalpy of melting of each sample and 0
mH∆  is the enthalpy of 

melting of 100% crystalline PEO. The reported value of H∆ for 100% crystalline 

PEO is 45 cal g-1 or 188.1 J g-1 (Preechatiwong, et al., 1996).

The melting temperature and percentage crystallinity for each PEO-salt 

sample is summarized in Table 4.5. From DSC thermograms of pure PEO presented 

in Figure 4.19, the melting temperature of pure PEO is 69 °C and the percentage of 

crystallinity is approximately 70%. To compare DSC thermograms of pure PEO 

(Figure 4.19) with (PEO)xLiCF3SO3 complex (Figure 4.20). In low salt concentration 

(16:1 ratio), the melting temperature of crystalline PEO is still observed with a lower 

crystallinity than pure PEO. In addition, 16:1 complex has a weak endotherm peak at 
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133 °C. From Rhodes et al. (2001), the 10:1 and 20:1 complex has a weak endotherm 

peak at 145 °C and 120 °C, respectively. They suggested that these peaks indicate 

very small amounts of the crystalline (PEO)3LiCF3SO3 compound. In 3:1 complex, 

the melting temperature of crystalline PEO disappears, but show a high melting 

temperature at 189 °C of the fully complexed polymer-salt phase.

Table 4.5 Melting temperatures, enthalpy of melting and percentage crystallinity of 

(PEO)xLiCF3SO3 and (PEO)xKSCN complexes.

Composition Tm (°C) mH∆  (J g-1) Crystallinity (%)

PEO 69.018 131.638 69.983

LiCF3SO3 226.100 - -

KSCN 185.273 - -

   (PEO)xLiCF3SO3 16:1 69.041 65.566 34.857

   (PEO)xLiCF3SO3 3:1 189.508 57.691 -

   (PEO)xKSCN 50:1 74.136 84.844 39.413

   (PEO)xKSCN 30:1 67.861 77.085 36.077

   (PEO)xKSCN 16:1 63.070 39.958 21.243

   (PEO)xKSCN 5:1 -* - -

* no peak observed in DSC thermogram
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Figure 4.21 shows DSC thermograms for (PEO)xKSCN complex with O:K+

ratios ranging from 30 to 5. The melting temperature, enthalpy of melting and 

percentage crystallinity of (PEO)xKSCN are similar to those of (PEO)xLiCF3SO3

complex, i.e. when the salt concentration increases the percentage of crystallinity 

decrease. The complex at low salt concentration (30:1 and 16:1) result in lower 

crystallinity. It was assumed that the heat of fusion of the (PEO)xKSCN crystalline 

phase at the ratio 16:1 equals that of pure PEO (Preechatiwong et al., 1996). There is 

no strong peak in the DSC thermogram of the 5:1 complex; therefore, the mixture at 

this composition is completely amorphous.
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4.2.2.1.4 Conductivity Measurement

I. (PEO)xLiCF3SO3

Comparison of the ionic conductivity for (PEO)xLiCF3SO3 at room 

temperature with various salt concentrations is illustrated in Table 4.6 and Figure 

4.22. A trend is observed in which conductivity increases with increasing salt 

concentration to a maximum (16:1), then it decreases at very high salt concentrations. 

The decrease in conductivity in (PEO)xLiCF3SO3 was  suggested to higher percentage 

of associated ions, ion pair and triple ions. This conclusion is supported by IR, XRD 

and DSC results. In IR spectra of (PEO)xLiCF3SO3 (see Figure 4.11) at high salt 

concentrations (8:1 and 4:1 complexes), a band appears at 760 cm-1 attributed to ion 

pairs. XRD patterns and DSC thermogram at high salt concentrations suggest a new 

crystalline complex present.
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Table 4.6 Ionic conductivity of pure PEO and (PEO)xLiCF3SO3 electrolytes at room

temperature.

O:Li+

ratio

Weight Fraction

of salt

Volume Fraction

of salt

Conductivity

 (S cm-1)

3:1 0.542 0.347 0.385 x 10-9

4:1 0.470 0.301 2.200 x 10-9

8:1 0.307 0.197 4.800 x 10-9

16:1 0.181 0.116 8.330 x 10-9

20:1 0.151 0.097 2.270 x 10-9

30:1 0.106 0.068 0.714 x 10-9

40:1 0.081 0.052 0.330 x 10-9

60:1 0.056 0.036 0.313 x 10-9

Pure PEO 0.000 0.000 0.125 x 10-9
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Figure 4.22 Ionic conductivity of pure PEO and (PEO)xLiCF3SO3 complexes

at various salt concentrations.
II. (PEO)xKSCN

The ionic conductivity measurements carried out at room temperature 

PEO)xKSCN with various salt concentration are presented in Table 4.7 and Figure 

3. Similar to  (PEO)xLiCF3SO3 complexes, the ionic conductivity increases when 

salt concentration increases until the ratio O:K+ equals to 16:1. After this point, 

ionic conductivity decreases at high salt concentrations. A similar trend was also 

erved by Preechatiwong et al. (1996) and Zalewska et al. (2001). They found that 

highest ionic conductivity of (PEO)xKSCN was at 8:1 complexes. In this work, 

8:1 complex could not be prepared because it was less soft.
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Table 4.7  Ionic conductivity of pure PEO and (PEO)xKSCN electrolytes at room

temperature.

O:K+

ratio

Weight Fraction of

salt

Volume Fraction

of salt

Conductivity

(S cm-1)

5:1 0.306 0.163 1.150 x 10-9

16:1 0.121 0.064 1.430 x 10-9

20:1 0.099 0.053 0.710 x 10-9

30:1 0.068 0.036 0.400 x 10-9

40:1 0.052 0.028 0.390 x 10-9

50:1 0.042 0.022 0.350 x10-9

60:1 0.035 0.019 0.300 x 10-9

Pure PEO 0.000 0.000 0.125 x 10-9
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Figure 4.23 Ionic conductivity of pure PEO and (PEO)xKSCN complexes

at various salt concentrations.
Our results suggest that (PEO)xLiCF3SO3 complexes give higher ionic 

uctivity than that of (PEO)xKSCN complexes. Because the amount of charged 

ies introduces on of the most complex features in the polymer-salt complex, 

h may result in the presence of ion pairs, triplets, or even higher degrees of 

ciation multiplets. As a result, the conductivity is reduced since neutral ion pairs 

eutral multiplets do not contribute to the conductivity. In IR spectra of (PEO)xKSCN

plex (Figure 4.16), ion association occurs at wavenumber ~2100 cm-1. This 

action was stronger than (PEO)xLiCF3SO3 complex ( ~760 cm-1) and hence 

ce the ion mobility for conduction.
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Next the ionic conductivity as a function of salt concentration is presented. At 

low salt concentrations, increasing the salt concentration increases conductivity 

because there is more number of free carrier ions. At high salt concentrations, 

conductivity decreases because the crystalline complex between PEO and salt is 

formed.
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4.2.2.2 Effect of adding plasticizer

PEO-salt complexes are the earliest and the most extensively studied 

system. There electrolytes commonly exhibit conductivities ranging from 10-8 to 10-4

S cm-1 at temperatures between 40 °C and 100 °C, which excludes practical 

applications at ambient temperature. This obstacle originates from, first, the high 

degree of crystallinity which is unfavourable for ion conduction in these complexes, 

and, second, the low solubility of salt in the amorphous phase (Berthier et al., 1983). 

Many valuable investigations have therefore focused primarily on the enhancement of 

the room temperature conductivity. The most striking advancements in the ionic 

conductivity of polymer electrolytes have been attained through the incorporation of 

substantial amounts of plasticizers. In addition to reducing the crystalline content and 

increasing the polymer segmental mobility, plasticizers can result in greater ion 

dissociation which allows greater numbers of charge carriers for ionic transport. Low-

molecular-weight polyethers and polar organic solvents are two common plasticizers 

for these purposes. Yang and coworker studied the effect of adding dimethyl ether 

PEG (MW 750 g mol-1) on PEO/LiClO4 complex. They found that PEO/LiClO4

electrolyte blended with 50 mass% of dimethyl ether PEG has an ionic conductivity 

close to 2 x 10-5 S cm-1 at 25 °C, which is about 200 times above that of the additive-

free complex (Yang et al., 1990).

In this work, thermal and vibrational spectroscopic studies on the role 

of plasticizers in (PEO)xLiCF3SO3 and (PEO)xKSCN system are reported. The results 

of ionic conductivity measurements are also presented. The plasticizer used in this 
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study is low molecular weight poly(ethylene glycol) (PEG), which is –OH terminate 

and molecular weight equal 600 g mol-1.

4.2.2.2.1 Infrared Spectroscopy (IR)

I. (PEO)xLiCF3SO3 with different %wt of PEG

Ionic Association in Plasticized (PEG) SPEs

Ionic association is one of the main factors limiting ion conduction in 

solid polymer electrolytes (SPEs). This effect reduces the efficiency of the materials 

in any potential applications. One method of improving the conductivity of SPEs, 

without a great loss of their mechanical properties, is the addition of a low molecular 

weight co-solvent or plasticizer. The bands in the symmetric deformation of CF3, δ

(CF3), spectra region are shown in Figure 4.24 for the (PEO)xLiCF3SO3 system with 

different weight percent of PEG. As seen in the previous part (4.2.2.1.1), this band is 

sensitive to environmental changes around the triflate ion. There are three bands in the 

δ(CF3) region: a small band at 753 cm-1 assigned to “free” triflate ions, a large band at 

757 cm-1 assigned to ion pairs and a small band at 760 cm-1 assigned to a higher 

aggregate or (PEO)3LiCF3SO3 compound. These assignments are based on numerous 

spectroscopic studies of the triflate ion vibrations in a variety of ethylene-oxide based 

solutions. Here, “free” triflate ion refers to the triflate species with no degree of ionic 

association but may exhibit weak interactions with the polymer host (PEO). In the 

16:1 complex, after an addition of PEG, the band at 760 cm-1 due to the higher 
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aggregate is presented. There is a very slightly change in the intensity of this band. 

With increasing PEG content to 100 % weight PEG, the intensity of these band 

decrease and shift to 753 cm-1. Chintapalli et al. (1996) also observed a similar trend 

in the PEO/LiCF3SO3 system plasticized with ethylene carbonate (EC) and propylene 

carbonate (PC). They found that, with an addition of EC or PC, the intensity of peaks 

at 753 and 757 cm-1 grow in both plasticized systems at the expense of the compound 

peak at 760 cm-1. The intensity for the peaks of ion pair in the PC plasticized system 

increase and numbers of free ions are greater than that in the EC plasticized system.
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Conformation of PEO Backbone

In Figure 4.25, the infrared spectra of (PEO)16LiCF3SO3 at different % 

weight of PEG compound are compared with the spectra of pure PEO and PEG in the 

800-900 cm-1 region. Vibrational modes of this spectral region were assigned to a 

mixture of predominantly CH2 rocking and C-O stretching motions. The frequencies 

and intensities of these modes are sensitive to the values of backbone torsional angles. 

Thus, this band is ideal for monitoring the changes in the conformation of PEO upon 

addition of PEG. In (PEO)xLiCF3SO3 system, the band at 844 cm-1 is ascribed 

primarily to the CH2 rocking motion mixed with C-O stretching. In the                 

(PEO)16LiCF3SO3 plasticized system, the coordination between cation and ether 

oxygen could be observed from the shift of C-O-C stretching peak, because of the 

strong positive effect of cation and plasticizer which decreases the electron density of 

C-O-C bond and weaken the C-O-C bond strength. Upon addition of plasticizer, there 

does not seem to be a very significant change in the conformation region.
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Interaction between Plasticizer and PEO

Further evidence for the preferential interaction of PEG with the 

crystalline PEO phase rather than (PEO)3LiCF3SO3 compound can be seen in Figures 

4.26, which shows infrared spectra in the CH2 wagging region. As mentioned before, 

it is established that the bands at 1360 and 1343 cm-1 are due to the crystalline PEO 

phase, while the band at 1353 cm-1 originates in the (PEO)3LiCF3SO3 compound. 

Upon addition of PEG, the intensity of bands due to crystalline PEO slightly decrease 

and then they are replaced by a broad band roughly centered at 1350 cm-1.
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II. (PEO)xKSCN with different %wt of PEG

Ionic Association in Plasticized (PEG) SPEs

Infrared spectra in 2200-1900 cm-1 region for pure PEO and         

(PEO)16KSCN complex at different % weight of PEG are present in Figure 4.27. As 

mentioned before, the band at 2050 cm-1 is ascribed to the C-N asymmetric stretching 

vibrations of the SCN- anion. The intensity of infrared spectra slightly changes with 
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an addition of PEG. From this result, it suggests that an increasing PEG content 

reduce ionic association.
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Figure 4.27 IR spectra of (PEO)16KSCN at different % weight PEG in

the 2100-2000 cm-1 region
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Conformation of PEO Backbone

Figure 4.28 shows infrared spectra of (PEO)16KSCN with different % 

weight of PEG in the 900 to 800 cm-1 region. This region is the characteristics of C-O 

stretching and CH2 rocking modes. The peak at 844 cm-1 is the CH2 rocking mode 

coupled with C-O stretching vibrations of PEO molecules. This band is sensitive to 

the interaction between the cation and polymer backbone. The band at 844 cm-1

slightly decreases in its intensity with increasing % weight of PEG.

A
bs

or
ba

nc
e

Wavenumber (cm-1)

PEO

PEG

+ 0%

+ 15%

+ 30%

+ 50%

Figure 4.28 IR spectra of (PEO)16KSCN at different % weight PEG in the

900-800 cm-1 region.
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Interaction between Plasticizer and PEO

Figure 4.29 shows infrared spectra of (PEO)16KSCN as a function of 

different % weight PEG in the  1400 to 1260 cm-1 region. A similar trend to       

(PEO)16LiCF3SO3 is observed at different % weight PEG. The doublet peaks at 1360 

and 1343 cm-1 are due to the CH2 wagging of crystalline PEO. With increasing % 

weight of PEG, the peak at 1360 cm-1 is replaced by a broad band at 1353 cm-1. This 

peak is arisen from an amorphous PEO.
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Figure 4.29 IR spectra of (PEO)16KSCN at different % weight PEG in

the 1400-1300 cm-1 region
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4.2.2.2.2 X-ray Diffraction (XRD)

The XRD patterns of the (PEO)16LiCF3SO3 at different % weight of 

PEG for 2θ region between 5° to 40° are reproduced in Figure 4.30. The 

diffractograms of the (PEO)16LiCF3SO3  with % weight of PEG ranging from 15% to 

100% display a characteristic crystalline peak centered around 15, 19 and 23° which 

is ascribed to crystalline PEO. Addition PEG to the sample also gave peaks at the 

same positions but with lower intensities. It should be emphasized that                

(PEO)16LiCF3SO3 at different % weight of PEG still have the crystalline phase but at 

a lower content than (PEO)16LiCF3SO3. For the plasticized (PEO)16LiCF3SO3, the 

intensity of crystalline PEO decreases with more PEG.

Figure 4.31 shows the XRD patterns of (PEO)16KSCN at different % 

weight of PEG in the 2θ region between 5° to 40°. Similar result to Figure 4.30, the 

intensity of crystalline peak at 15% weight of PEG is higher than 50% weight of PEG. 

It suggests that with increasing PEG content, the intensity of crystalline PEO 

decreases.
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Figure 4.30 X-ray diffraction patterns of (PEO)16LiCF3SO3 at

different % weight of PEG.
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Figure 4.31 X-ray diffraction patterns of (PEO)16KSCN at
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4.2.2.2.3 Differential Scanning Calorimeter (DSC)

The effect of adding PEG on the changes of Tm and mH∆  of PEO and 

PEO/LiCF3SO3 were investigated using DSC technique. Tm, mH∆  and the percentage 

crystallinity for each specimen are shown in Table 4.8.

Figure 4.32 shows DSC thermograms of PEO + 100%PEG and    

(PEO)4LiCF3SO3  + 100 %PEG specimens. The effect of adding PEG is seen as a 

shift in the melting temperature from 69.0 °C to 66.8 °C. It suggests that there is more 

amorphous domain in the complex due to the miscibility of PEG with PEO. mH∆  and 

the percentages crystallinity of PEO + 100 %PEG are lower than that of PEO. It 

indicates that PEG is compatible with PEO and PEG reduces the crystallinity of PEO. 

XRD results of PEO + PEG system also support this idea.

From Table 4.8 and Figure 4.32, mH∆  and the percentages 

crystallinity of (PEO)4LiCF3SO3 are lower than pure PEO.  For the PEO/LiCF3SO3

specimen at 4:1 ratios with 100 %wt PEG, there are two melting peaks at 57.6 °C 

(Tm1), and 137.5 °C (Tm2). The first peak is due to salt associated with pure PEO and 

the peak at high melting temperature (137.5 °C) suggests the presence of complex 

phase. Supportive evidence is obtained by XRD results for (PEO)16LiCF3SO3 + %wt 

PEG shown in Figure 4.30. A reduction in Tm1 of PEO/LiCF3SO3 4:1 from 69.0 °C to 

57.6 °C as the addition amount of PEG suggests that PEG is compatible with PEO 

and there is more amorphous domain in the complex.

Plasticized system of (PEO)xKSCN at O:K+ ratios 16:1 show the DSC 

results in Table 4.8 and Figure 4.33. From this thermogram, there is a shift in melting 
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temperature from 68.1 °C to 63.2 °C and a decrease in percentage crystallinity. From 

these results, it indicates that there is more amorphous phase in the complex.

Table 4.8 Melting temperatures and percent crystallinity of polymer electrolytes as a 

function of adding PEG.

Composition Tm (°C) mH∆  (J g-1) Crystallinity (%)

PEO 69.018 131.638 69.983

PEG - -a -

LiCF3SO3 226.100 - -

KSCN 185.273 - -

PEO+100%PEG 66.888 71.472 37.997

PEO+15%PEG 68.136 90.908 48.330

(PEO)4LiCF3SO3

+ 100%PEG 57.563 24.812 13.191

(PEO)16KSCN

+15%PEG 63.177 51.421 27.337

a no peak observed in DSC thermogram
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4.2.2.2.4 Conductivity Measurement

I. (PEO)xLiCF3SO3

Table 4.9 and Figure 4.34 show ionic conductivity measurements 

carried out at room temperature of (PEO)xLiCF3SO3 with various O:Li+ ratio and % 

weight PEG. It can be seen that ionic conductivity increases with LiCF3SO3

concentration (O:Li+ ratio) up to 16:1 and then decreases at high LiCF3SO3

concentration. A trend that observed with increasing salt concentration at high content 

suggested to higher percentage of associated ions. This conclusion is supported by 

results from IR, XRD and DSC experiments.

In plasticized system, adding of PEG shows better ionic conductivity. 

The ionic conductivity of (PEO)xLiCF3SO3 varying % weight PEG (~10-8 S cm-1) is 

about an order of magnitude higher than (PEO)xLiCF3SO3 (~10-9 S cm-1) that are not 

plasticized. The increasing ionic conductivity, which may be explained by the 

following factors. Firstly, with addition PEG as plasticizer the ionic conductivity is 

enhanced because PEG induces more amorphous phase. Secondly, adding PEG 

decreases the effect from ionic association. This conclusion is consistent with earlier 

results from IR, XRD and DSC. The highest ionic conductivity was at O:Li+ ratio 

16:1 and 100 % weight PEG.
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Table 4.9 Ionic conductivity of (PEO)xLiCF3SO3 and (PEO)xLiCF3SO3 + % weight

PEG electrolytes.

Conductivity (S cm-1) at O:Li+ ratio% wt PEG

4:1 8:1 16:1 20:1

0 % 0.220 x 10-8 0.480 x 10-8 0.833 x 10-8 0.227 x 10-8

15 % 0.278 x 10-8 0.570 x 10-8 1.330 x 10-8 0.288 x 10-8

30 % 0.335 x 10-8 0.910 x 10-8 1.600 x 10-8 0.367 x 10-8

50 % 0.810 x 10-8 1.200 x 10-8 1.800 x 10-8 0.645 x 10-8

100 % 0.710 x 10-8 1.300 x 10-8 2.150 x 10-8 0.676 x 10-8

Figure 4.34 Ionic conductivity against % weight PEG of (PEO)xLiCF3SO3.
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A plot of room temperature ionic conductivity versus % weight PEG 

for the (PEO)xKSCN system is shown in Table 4.10 and Figure 4.35. It can be seen 

that for given % weight PEG, it exhibits an enhanced conductivity that is at least 2 

order higher than unplasticized (PEO)xKSCN. This can be explained on the basis that 

the plasticizer interacts with the crystalline PEO rendering the complexes amorphous 

and hence the conductivity increases. The maximum value of an ionic conductivity is 

seen when O:K+ ratio is 16:1 with 50 % weight PEG.

The conductivities of PEO/PEG/LiCF3SO3 complexes are found to be 

higher than the corresponding PEO/PEG/KSCN complexes. In general, ionic 

conduction in polymer complexes depends on the number of carriers, ionic mobility 

and phase relation.

Table 4.10 Ionic conductivity of (PEO)xKSCN and (PEO)xKSCN + % weight PEG

electrolytes.

Conductivity (S cm-1) at O:K+ ratio% wt PEG

16:1 30:1 50:1

0 1.43 x 10-9 0.40 x 10-9 0.35 x 10-9

15 1.90 x 10-9 1.20 x 10-9 1.30 x 10-9

30 2.20 x 10-9 1.55 x 10-9 1.50 x 10-9

50 2.53 x 10-9 1.63 x 10-9 1.59 x 10-9

100 2.41 x 10-9 1.51 x 10-9 1.43 x 10-9
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Figure 4.35 Ionic conductivity against % weight PEG of (PEO)xKSCN.
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4.3 Theoretical Part

4.3.1 Ionic conductivity based on Adam-Gibbs configuration entropy

model

Figure 4.36 shows the composition dependence of the conductivity for 

PEO/LiCF3SO3 system. The conductivity (dark square) is measured by high resistance 

meter. Solid line is calculated from the proposed model in section 3.3.1. The 

properties of the chosen model systems are listed in Table 4.11. By substituting values 

of 4 × 106 g mol-1 (MW2), 156 g mol-1 (MW1), 11 =r , 9.057,332 =r , and 

6=z  into Eqs. (3.48-3.50), the best fit to the curvature of the conductivity plot 

(the solid line in Figure 4.36) was obtained. Adjustable model parameters ( A , B′ , 

and sλ ) are listed in Table 4.12. The pre-exponential factor A  is regarded as being 

inversely proportional to charge carriers in the system and decreases as the number of 

charge carriers increase. If the temperature of the system increases, A  is observed to 

decrease for the model systems. B′  can be explained in terms of µ∆ , the activation 

energy required to rearrange a small side-chain segment at a given salt concentration. 

The degree of specific interaction (- sλ ) is related to a small entropy loss with 

increasing salt concentrations.
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When more salt is added to the system, the short-range specific interaction between 

salt ions and the polymer leads to the loose complex formation, raises the Tg and 

makes the segmental motion more difficult. The proposed model predicts a maximum 

conductivity at the volume fraction of LiCF3SO3  ≈ 0.15.

Figure 4.36 The conductivity dependence on salt concentrations for the

PEO/LiCF3SO3 system. The conductivity (dark square) is measured by Hewlett-

Packard 4339B high resistance meter. Solid line is calculated by Eqs. (3.48-3.50).
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Table 4.11 List of Molecular Weight, Density and Molar Volume for a Model

System.

System MW

(g mol-1)

Density

(g cm-3)

Molar Volume

(cm3 mol-1)

PEO 4,000,000 1.21 3,305,785

LiCF3SO3 156 1.56 100

KSCN 97 1.88 51.6

Figure 4.37 The conductivity dependence on salt concentrations for the 

PEO/KSCN system. The dark square is measured by Hewlett-Packard 4339B high 

resistance meter. Solid line is calculated by Eqs.(3.48-3.50).

                                        

                                        

                                        

                                        

                                        

                                        

0.0 0.1 0.2 0.3 0.4 0.5
-70

-60

-50

-40

-30

-20

-10

ln
 σ

 (S
 c

m
-1
)

Volume Fraction of KSCN



135

Figure 4.37 shows the conductivity dependence on salt concentrations for 

PEO/KSCN system. The proposed model predicts a maximum of conductivity at 

volume fraction of KSCN ≈ 0.10. As shown in Figure 4.37, the conductivity of 

PEO/KSCN systems is lower than that of PEO/LiCF3SO3 system. This is consistent 

with the analysis of three adjustable model parameters: A  = 4081, B′  = 21.430, and 

sλ  = -1.283 for the PEO/LiCF3SO3 system, and A  = 4445, B′  = 23.981, and sλ  = -

1.181 for the PEO/KSCN system, respectively. The proposed model describes very 

well the conductivity behavior of the complexes, including the maximum of 

conductivity at the volume fraction of salt ≈ 0.15 and ≈ 0.1 for PEO/LiCF3SO3 and 

PEO/KSCN, respectively.

Table 4.12 List of Adjustable Parameters for the Configurational Entropy Model.

Polymer host salt A , B′ , sλ ,

PEO LiCF3SO3 4.081 × 103 21.430 -1.283

PEO KSCN 4.445 × 103 23.981 -1.181
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4.3.2 Phase Diagram based on Flory-Huggins theory

Figure 4.38 shows phase behaviours of the PEO/LiCF3SO3 system. Dark 

circles (• ) were measured by DSC and Solid lines were calculated from Eqs. (3.63) 

and (3.64). Other experimental data were obtained by DTA or DSC (+, ×) (Minier et 

al., 1984; Weston et al., 1981), conductivity (∆ ) (Robitaille et al., 1986) and thermo-

optical analysis (∇ ) (Kim et al., 1998). The melting points obtained by DSC (• ) are 

consistent with data measured by others. From the proposed model which describes 

the thermo-dynamic equilibrium of the amorphous phase with the crystalline phase, 

Eq. (3.63) was used for the calculation of the polymer-rich liquidus curve, and Eq. 

(3.64) for the calculation of the salt-rich one. The density of PEO and LiCF3SO3 was 

taken as 1.21 g cm-3 and 2.69 g cm-3. By substituting values of R = 1.98 cal K-1 mol-1, 

1H∆ = 2513.5 cal mol-1, 1r  = 1, 2r  = 2594.92, and o
mT 1, = 499.29 K into Eq. (3.64), the 

best fit to the salt-rich liquidus curve (solid line on the right-hand side) was obtained. 

Adjustable model parameters are od = -4.523, 1d = 2304.7, and b = -0.253. 

Substituting the same adjustable model parameters, uH∆ = 1980 cal mol-1, uV = 36.6 

cm3 mol-1, 1V = 57.99 cm3 mol-1 and o
mT 2, = 338.15 K into Eq. (3.63) give the solid line 

on the left-hand side. As shown in Fig. 4.38, the theoretical prediction not only gives 

an excellent agreement with experimental results but also identifies the eutectic point 

at the intersection of the two liquidus curves at a weight of LiCF3SO3 ≈ 0.05.
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Figure 4.38 Phase diagram of the PEO/LiCF3SO3 system. The transition 

temperatures were obtained using various experimental-techniques: DSC or DTA

(+, ×), conductivity (∆ ) and thermo-optical analysis technique (∇ ). This study: 

DSC (• ) and theory (solid lines).



CHAPTER V

CONCLUSION

The characterization of the PEO chain was investigated using molecular 

modeling technique and the Rotational Isomeric State (RIS) model. Conformational-

dependent properties calculated values are in excellent agreement with those values 

obtained from experimental results. For example, the characteristic ratio and dipole 

moment ratios obtained from measurement are 4.0 + 0.4 at 313 K and 0.62 at 293 K, 

respectively. The concurrence of these values with experimental results proposes that 

the conformation energy obtained from the Molecular Mechanics (MM) calculation 

by the default force field in Chem3D software can be used to construct the statistical 

weight matrices for the RIS model with a reasonable accuracy.

The effect of plasticizer (PEG) has been studied in the PEO/salt (LiCF3SO3 or 

KSCN) system using infrared spectroscopy, x-ray diffraction and differential scanning 

calorimeter augmented with measurements of conductivity. Plasticizers affect the 

crystalline content and ionic conductivity in the PEO/salt complexes. This study 

shows that the PEG is able to decrease crystalline content and can enhance ionic 

conductivity. The ionic conductivity is increased by an order of magnitude compare to 

the non-plasticized system. The ionic conductivity of PEO/LiCF3SO3 complexes is 

higher than the corresponding PEO/KSCN complexes. The maximum value of ionic 

conductivity was seen when O:M ratio (ether oxygen in the PEO to metal cation of 
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salt) equals to 16:1 with 100%wt PEG for PEO/PEG/LiCF3SO3 complexes and 16:1 

with 50%wt PEG for PEO/PEG/KSCN complexes.

The theory based on the Adam-Gibbs configurational entropy model describes 

the composition dependence of the conductivity for the semicrystalline PEO/salt 

systems very well. Three adjustable model parameters are sufficient for elucidating 

the conductivity behavior of chosen systems without losing the physical meaning of 

the model parameters. The phase diagrams of SPEs systems composed of PEO and 

LiCF3SO3 were constructed and the liquidus curves between crystalline phase and 

amorphous phase were calculated from Flory-Huggins equation based on Flory’s 

melting depression concept. The proposed model describes very well the phase 

behaviours and also predicts remarkably well a eutectic point at the intersection of 

two liquidus curves for PEO/LiCF3SO3 system.
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APPENDIX A

Supplementary Infrared Active Bands Of PEO In The Amorphous Phase (A),

The Crystalline Phase (X) And The Polymer-Salt Complex

((PEO)xLiCF3SO3 and (PEO)xKSCN).

PEO

(A)

PEO

(X)

(PEO)9 LiCF3SO3 (PEO)x KSCN Peak assignment

2090-2020 -SCN  asym.

stretching

1367 (C)

1361 1361 (P) ws(CH2) + v(CC)

1350

1353 (C)

1343 1343 (P) was(CH2)

1340 (C)

1325

1309 (C)

1298 (C) vas(SO3)

1294

1288 (C) vas(SO3)

1280 1280 (P) tas(CH2) + ts(CH2)
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PEO

(A)

PEO

(X)

(PEO)9 LiCF3SO3 (PEO)x KSCN Peak assignment

1263 (C) vas(SO3)

1250

1244 1244 (P) tas(CH2)

1236 tas(CH2) - ts(CH2)

1233 (C) vs(CF3)

1179 (C)

1160 (C) vas(CF3)

1150 1150 (P) v(CC) - vas(COC)

1144 1144 (C, P) v(CC) - vas(COC)

1142

1138 (C)

1113 vs(COC) or vas(COC)

1110 1111 1111 vs(COC) or vas(COC)

1092 (C)

1082 (C)

1061 1061 (P) vas(COC) + rs (CH2)

1045 (C) vs(SO3)

1040

993

969 (C)

963 964 (P) ras (CH2)
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PEO

(A)

PEO

(X)

(PEO)9 LiCF3SO3 (PEO)x KSCN Peak assignment

952 (C)

948 949 rs (CH2) – vas(COC)

940 (C)  

934

927 (C)

860 (C)

856 857

844 844 (P) ras (CH2)

833 (C)

828 828 (P)

760 (C) δs(CF3)

746  SCN  sym. stretching

470 SCN bending
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 Solid Polymer Electrolytes (SPEs) are subject to intense study because they are vital 
components of modern electronic devices. SPEs consist of salts dissolved in solid high molecular 
weight polymer. Poly(ethylene oxide) (PEO) is the most interesting base material because of its high 
chemical and thermal stability, PEO can also solvate a wide variety of salts, even at very high salt 
concentrations. Theoretical studies based on statistical thermodynamics have been extensively 
performed for macromolecules in order to interpret and to understand their physical properties which 
strongly depend on the spatial arrangement of chain molecules. The Rotational Isomeric State (RIS) 
theory is an excellent calculation technique to predict the conformation-dependent physical properties 
of polymeric chains. RIS theory assumes that each skeletal bond has a small number of discrete 
rotational states and considers interactions between atoms on a chain separated by only a small number 
of bonds (short-range interactions). Interaction appearing upon a rotation around a single bond and two 
consecutive bonds is called the first-order interaction and the second-order interaction, respectively. 
These interactions are then parameterized and grouped into the matrix called the statistical weight 
matrix. Then the conformational dependent physical properties can be computed from these statistical 
weight matrices. The most frequently calculated properties are the mean-square end-to-end distance     

0

2r , the mean-square radius of gyration 
0

2s  and the characteristic ratio (Cn).

In this present work, RIS theory was developed in order to describe the conformational 
characteristics of PEO and compared their conformational dependent properties with those obtained 
from experiment.
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ABSTRACT The research in solid polymer electrolytes (SPEs) for 
an application as novel energy storage materials has been performed at 
the School of Chemistry, Institute of Science, Suranaree University of 
Technology during the past 3 years. The system of interest is the 
plasticized PEO based electrolyte film of various compositions
PEO/PEG/salt where PEO, PEG and salt act as a polymer host, a 
plasticizer and ionic charge, respectively. In this paper, we present the 
results from the system xPEO/LiCF3SO3/PEG, where x varies from 4 to 
20 which were prepared by solution casting. The thermal properties, X-
ray diffraction, vibrational spectra and electrical conductivity were 
studied. In addition, both DSC and XRD indicate a decrease in the 
percent of crystallinity for the plasticized system. Complexation of salt 
to polymer was substantiated by the appearance of new bands not 
present in PEO/PEG and also broadening of the C–O–C vibrations as 
the salt content increased. Room temperature conductivity changed 
increasing from 1.33x10-8 S cm-1 for 15 %wt PEG to 2.15x10-8 S cm-1

for 100 %wt PEG. This conductivity is much higher than in similar 
PEO/LiCF3SO3 systems that are not plasticized. The plasticizer seems 
to play a catalytic role in dissociating the salt and increasing the carrier 
concentration.

1. INTRODUCTION

The rapid development of portable electronic 
devices and electric/hybrid vehicles has increased 
the demand for compact, lightweight, high 
capacity batteries. Polymers are widely studied 
due to their significant potential for an 
application as a medium in rechargeable batteries.
One of the earliest example involved complexes 
of alkali salts with poly(ethylene oxide) (PEO) 
studied in details by Wright and co-workers [1, 
2]. However, it was particularly Armand and co-
worker who pointed out and explored the 
usefulness of ion-conducting polymer electrolytes 
in high energy storage materials [3]. Since then,
the application of this polymer-salt comlex or 
Solid Polymer Electrolyte (SPEs) to lithium 
batteries has been much interest. The research 
and development effort has been made 
throughout the world, the United States, Japan 
and Europe in particular. In these countries, such 
work is quite active in national projects such as 
USABC in the USA, NEDO in Japan and JOULE 
in Europe.

There are several advantages from replacing 
the aqueous electrolytes of conventional batteries 

with SPEs. First, polymers have good chemical 
stability and are generally unreactive with 
lithium, which is a very attractive battery anode 
because of its high reducing power and low 
equivalent weight. Second, SPEs can be used as 
thin layer; thus, the battery volume and weight 
devoted to the electrolyte are decreased. In 
addition, their mechanical properties are very 
attractive: polymer electrolytes are deformable, 
flexible, and easily fabricated by conventional 
manufacturing processes. The typical polymer-
based battery is a layered thin-film structure in 
which a thin polymer electrolyte (~20-50 mm 
thick) is sandwiched between a lithium anode and 
an intercalation cathode (e.g., V6O13) (Figure 1). 
The entire cell can be produced as a continuous 
tape and can be rolled or folded into its finished 
shape [4].

Solid Polymer Electrolytes (SPEs) consist of 
salts dissolved in high molecular weight polymer. 
Polymer, which can dissolve salt must be 
comprise of O, N or S atoms because these atoms 
can interact with cation, and dissociate to have a 
better ionic conductivity. A considerable 
scientific effort has been dedicated to exploring 
and understanding the characteristics of these 



157

electrolyte systems. Many investigations have 
focused on developing SPEs with high ionic 
conductivities (10-3 S/cm or higher) at ambient 
temperature. In majority of reported systems [5, 
6], an alkali or alkaline earth metal salt is 
solubilized in a polymer, generally through 
complex formation with ion-chelating monomer 
units or with pendant moieties of the 
macromolecule.

Poly(ethylene oxide) (PEO) is the most 
interesting base material because of its high 
chemical and thermal stability. PEO is a 
semicrystalline polymer, possessing both an 
amorphous and a crystalline phase at room 
temperature. It can also solvate a wide variety of 
salts, even at very high salt concentrations. The 
solvation of salts occurs through the association 
of the metallic cations with the oxygen atoms in 
the backbone. Several other polymers or 
copolymer are regarded as possible fruitful 
alternatives. However, none of them appears to 
have the same ability to solvate salts as PEO.

The multi-phase nature of PEO is most often 
regarded as a major problem in real working 
systems, since the ionic conduction has been 
shown to take place mainly in the amorphous 
phase. Furthermore, the same is true for the study 
of specific properties, where the effect of a 
variable can be concealed by the changes in the 
relative amounts of each phase. Many 
investigations have been done to reduce the 
crystalline content, via various approaches such 
as using blends, copolymers, comb-branch 
polymers and cross-linked polymer networks [4, 
7-9]. The most dramatic improvement in the ionic 
conductivity of SPEs, with reduction of their 
crystalline content, is the addition of a low 
molecu la r  weigh t  o r  p las t i c ize r .  The  
conductivities were enhanced by producing 
systems with less crystallinity and lower glass-
transtion temperatures than those found in simple 
PEO-salt systems. Plasticizers, in addition to 

reducing the crystalline content and increasing 
the polymer segmental mobility, can result in 
greater ion dissociation, thus allowing large 
numbers of charge carriers for ionic transport; in 
addition, the cationic transport may be enhanced.

In this research work, we are interested in 
polymer electrolytes based on PEO/PEG/salt 
system at various plasticizer content and salt 
concentrations. In particular, PEO, PEG and salt 
act as a polymer host, plasticizer and ionic
charge, respectively. PEG is selected because it 
has the same backbone structure as PEO and it is 
a suitable model to study experimentally and 
theoretically for the role of plasticizer on 
structures and properties of SPEs. Adding PEG to 
the system is expected to increase the proportion 
of amorphous region and consequently enhance 
the conductivity.

2. EXPERIMENTAL

2.1 Sample Preparation

PEO (MW 4 x 106 g mol-1, Aldrich) and PEG 
(MW 600 g mol-1, Fluka) were used as received. 
The salts, lithium trifluoromethanesulfonate 
(LiCF3SO3, Fluka), were dried in the vacuum 
oven at  ~ 100-140 °C for  48 hours.  
Stoichiometric amount of PEO and the desired 
salt (different salt concentration and percent 
PEG) were dissolved in methanol and stirred 
continuously for 24 hours at room temperature. 
After continuous stirring, the solution was 
allowed to stand at room temperature for 24 h to 
facilitate degassing. To obtain thin film of the 
sample, the gelatinous polymer solution was cast 
on the glass plate. The films were dried in 
vacuum oven at 50 °C for 24 hours to remove 
solvent.

2.2 Sample Characterization

The interactions between salt and polymer in
PEO/PEG/LiCF3SO3 complexes and salt 
association were investigated by FTIR. The study 
was carried out with FT-IR spectrometer Perkin-
Elmer model: spectrum GX. The numbers of 
scans were 4 at the resolution of 4 cm-1. The 
range of measurement was between 4000 cm –1 

and 400 cm-1. The diffraction patterns were 
recorded with a Bruker D5005 X-ray generator at 
room temperature between 2θ values 10 ° to 60 °.
DSC data were collected with Perkin-Elmer 
DSC-7 of 8 – 10 mg from 25 to 100 °C at heating 
rate of 10 °C min-1 under N2 atmosphere with the 
flow rate ~ 87 mL min-1. Conductivity 
measurement was performed using a Hewlett-

Figure 1 Schematic of polymer-based
batteries. The thin-film composites are very
flexible and can be folded or rolled into
various geometries [4].
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Packard 4339B high resistance meter. The 
samples were sandwiched between the stainless 
steel blocking electrodes in sample holder (4 cm 
in diameter).

3. RESULT AND DISCUSSION

3.1 Fourier Transform Infrared
Spectroscopy (FT-IR)

3.1.1 Ionic Association

Ionic association is one of the main factors 
limiting ion conduction in SPEs. This effect 
reduces the efficiency of the materials in any 
potential applications. One method of improving 
the conductivity of SPEs, without a great loss of 
their mechanical properties, is the addition of a 
low molecular weight co-solvent or plasticizer. 
The bands in the symmetric deformation of CF3, 
δ(CF3), spectra region are shown in Figure 2 for 
the PEO/LiCF3SO3 system with different weight 
percent of PEG. This band is sensitive to 
environmental changes around the triflate ion 
(CF3SO3). There are three bands in the δ(CF3) 
region: a small band at 753 cm-1 assigned to 
“free” triflate ions, a large band at 757 cm-1

assigned to ion pairs and a small band at 760 cm-1

assigned to a higher aggregate or (PEO)
3LiCF3SO3 compound. These assignments are 
based on numerous spectroscopic studies of the 
triflate ion vibrations in a variety of ethylene-
oxide based solutions. Here, “free” triflate ion 
refers to the triflate species with no degree of 
ionic association but may exhibit weak 
interactions with the polymer host (PEO). In the 
16:1 complex, after addition of PEG, the band at 
760 cm-1 due to the higher aggregate is presented. 
There is a very slightly change in the intensity of 
this band. With increasing PEG content to 100% 
weight PEG, the intensity of these band decrease 
and shift to 753 cm-1.

3.1.2 Conformation of PEO Backbone

In Figure 3 the infrared spectra of the 16:1 
PEO/LiCF3SO3 at different % weight PEG 
compound are compared with the spectra of pure 
PEO and PEG in the 800-900 cm-1 region. 
Vibrational modes of this spectral region were 
assigned to a mixture of predominantly CH2
rocking and C-O stretching motions. The 
frequencies and intensities of these modes are 
sensitive to the values of backbone torsional 
angles. Thus, this band is ideal for monitoring the 
changes in the conformation of PEO upon 
addition of PEG. In PEO/LiCF3SO3 system, the 
band at 844 cm-1 is ascribed primarily to the CH2
rocking mixed with C-O stretching. In the 16:1 
PEOLiCF 3 SO 3  plas t ic ized  sys tem,  the  
coordination between cation and ether oxygen 
could be observed from the shift of C-O-C 
stretching peak because of the strong positive 
effect of cation and plasticizer which decrease the 
electron density of C-O-C bond and weaken the 
C-O-C bond strength. Upon additon of 
plasticizer, there does not seem to be a very 
significant change in the conformation region.
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Figure 2 IR spectra of 16:1 PEO/LiCF3SO3 at
different % weight PEG in 800-700 cm-1 region.
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Figure 3 IR spectra of 16:1 PEO/LiCF3SO3 at
different % weight PEG in 900-800 cm-1 region.
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Figure 4 IR spectra of 16:1 PEO/LiCF3SO3 at
different % weight PEG in 1400-1300 cm-1 region.
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3.1.3 Interaction between plasticizer and 
PEO

Further evidence for the preferential 
interaction of the PEG with the crystalline PEO 
phase rather than (PEO)3LiCF3SO3 compound 
can be seen in Figures 4, which shows infrared 
spectra in the CH2 wagging region. It is 
established that the bands at 1360 and 1343 cm-1

are due to the crystalline PEO phase, while the 
band at 1353 cm-1 originate in the (PEO)
3LiCF3SO3 compound. Upon addition of PEG, the 
bands due to crystalline PEO slightly decrease in 
intensity, while replaced by a broad band roughly 
centered at 1350 cm-1.

3.2 X-Ray Diffraction (XRD)

T h e  X R D  p a t t e r n s  o f  t h e  1 6 : 1  
PEO/LiCF3SO3 at different % weight of PEG for 
2θ region between 5° to 40° are reproduced in 
Figure 5. The diffractograms of the 16:1 
PEO/LiCF3SO3 with % weight of PEG ranging 
from 15% to 100% display characteristic 
crystalline peaks centered around 15°, 19° and 
23° which is ascribed to crystalline PEO. 
Addition PEG to the sample also gives peaks at 
the same positions but with lower intensities. It 
should be emphasized that 16:1 PEO/LiCF3SO3 at 
different % weight of PEG crystalline phase still 
existed but at a lower crystalline content than 
16:1 PEO/LiCF3SO3. For the 16:1 PEO/LiCF3SO3
at 15 % and 100% weight of PEG, the intensity of 
crystalline PEO decreases more with addition 
100% than 15% weight of PEG.

3.3 Differential Scanning Calorimeter 
(DSC)

The effect of adding PEG on the changes of 
Tm and ∆Hm of PEO and PEO/LiCF3SO3 were 
investigated using DSC technique. Tm, ∆Hm and 
the percentages crystallinity for each specimen 
are shown in Table 1.

The DSC thermograms of PEO + PEG and 
PEO-LiCF3SO3 4:1 + 100 %wt PEG specimens 
are shown in Figure 6. The plasticizing effect of 
PEG is clearly seen as a shift in the melting 
temperature of PEO from 69.0 °C to 66.8 °C. It 
suggests that there is more amorphous domain in 
the complex due to the miscibility of PEG with 
PEO. ∆Hm and the percentages crystallinity of 
PEO + 100 %wt PEG are lower than that of PEO. 
It reveals that PEG is compatible with PEO and 
PEG reduces the crystallinity of PEO. XRD 
results of PEO + PEG system also support this 
idea.

Table 1 Melting temperatures and percent 
crystallinity of polymer electrolytes as a function 
of adding PEG.

Composition Tm
(°C)

∆Hm
(J g-1)

Crystalli
nity (%)

PEO 69.018 131.638 69.983
PEG -a

LiCF3SO3 226.100 - -
PEO+100%PEG 66.888 71.472 37.997

4:1 PEO/LiCF3SO3
+100%PEG 57.563 24.812 13.191

a no peak observed in DSC thermogram

However, ∆Hm and the percentages 
crystallinity of PEO/LiCF3SO3 4:1 are lower than 
those of pure PEO.  For the PEO/LiCF3SO3
specimen at ratios of 4:1 with 100 %wt PEG, 
there are two melting peaks at 57.6 °C (Tm1), and 
137.5 °C (Tm2). The first peak is due to salt 
associated with pure PEO and a new endotherm
peak at high melting temperature (137.5 °C) 
suggests the presence of complex phase. 
Supportive evidence is obtained by XRD results 
for PEO/LiCF3SO3 + %wt PEG shown in Figure 
5. A reduction in Tm1 of PEO/LiCF3SO3 4:1 from 
69.0 °C to 57.6 °C as the addition amount of PEG 
suggests that PEG is compatible with PEO and 
there is more amorphous domain in the complex.

3.4 Conductivity measurement

Comparisons of the ionic conductivity for 
PEO/LiCF3SO3 at room temperature with various 
LiCF3SO3 concentration and %wt PEG content 
are presented in Figure 7. The results display the 
ionic conductivity against %wt PEG, which ionic 
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+ 50 %wt PEG

+ 100 %wt PEG
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Figure 5 X-ray diffraction patterns of 16:1
PEO/LiCF3SO3

16:1 PEO/LiCF3SO3
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conductivity increases with the LiCF3SO3
concentration upto O:Li+ ratio equal to 16:1 and 
then decreases at very high LiCF3SO3
concentration. A decrease in ionic conductivity at 
high salt concentration was suggested to higher 
percentage of associated ions, ion pairs or ions 
acting as a transient cross-linking agent [10,11]. 
The FTIR, XRD, and DSC results shown earlier 
also confirm this discussion.

In plasticized system, adding PEG shows 
better ionic conductivity. The ionic conductivity 
of PEO/LiCF3SO3 + %wt PEG (~10-8 S cm-1) is 
about 10 times higher than PEO/LiCF3SO3 (~10-9 

S cm-1). The conductivity is improved due to an 
increase in the amorphous phase, which enhance 
the ion mobility. The FTIR, XRD, and DSC 
results also support this conclusion as a 
substantial amount of PEG plasticizer is
incorporated in SPEs films. PEG reduces the 
crystallinity of PEO and PEO/LiCF3SO3 system 
by more than 45% and 80%, respectively.  The 
ionic conductivity increases with increasing %wt 
PEG content and then it decreases at very high
PEG content. It should be noted that the increase 
in an ionic conductivity to a maximum point for 
each sample depended on the amount of salt and 
PEG. The maximum value of an ionic 
conductivity is seen when O:Li ratio is 16:1. In 
our work, PEO/PEG/LiCF3SO3 electrolyte has the
highest ionic conductivity when O:Li+ ratio is 
16:1 with 100 %wt PEG.

4. CONCLUSION

The FTIR, XRD and DSC results showed that 
the PEG was able to decrease the crystalline 
content and improve the ionic conductivity of 
PEO/LiCF3SO3 systems. A trend was observed in 
which the conductivity increased with increasing 

salt concentration to a maximum O:Li+ ratio 
equal 16:1, then decreased at very high salt 
concentration. The best composition that gave the 
highest ionic conductivity in this work was 16:1 
PEO/LiCF3SO3 with 100 %wt PEG.
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Figure 7 Ionic conductivity against % wt PEG of O:Li+

ratio.
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