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ABSTRACT
In this study, we focus on how to measure conducting ion mobility and conducting ion
number density in ion-containing polymers. From a fundamental side, we do not yet understand
how to design the ion-containing polymers to have a large and rapid ion response to an applied
field. It is therefore necessary to develop precise measurement of number density and mobility of
charge carriers. That can give rise to better understand the generation and transport processes of
ionic carriers in these polymers. On the practical side, the fundamental performance
characteristics make it possible to optimize the design of ion-containing polymers for advanced
devices. We studied dielectric properties and ion conduction of poly(ethylene oxide) (PEO) based
polyester copolymer ionomers, with and without crown ether, using dielectric relaxation
spectroscopy. Addition of crown ether to PE600-0.5Li enhanced ionic conductivity. A physical
model of electrode polarization enabled the ionic conductivity to be separated into conducting ion
mobility and conducting ion concentration. The formation of Li-complex with crown ether causes
a large increase in the static dielectric constant as well. The increase of the static dielectric
constant boosts the number density of conducting ions, and this has the largest contribution to
increased conductivity. In addition to the dielectric relaxation spectroscopy measurement, we
suggested that a Hall Effect measurement may be able to directly measure both number density of
conducting ions and their mobility even though the method has only been extensively used for the
characterization of classical semiconductor materials. We defined and discussed fundamental
equations of d.c. and a.c. Hall effect. Furthermore, the essential components of an apparatus for
ionic Hall Effect measurements are investigated in several ionic systems. With these theoretical
and experimental results, we tried to estimate Hall voltage of PE600-0.1Na using d.c. Hall Effect
measurement.
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Introduction and Motivation

During the past two decades, the demand for the storage of electrical energy has grown
rapidly, not only for portable applications such as cell phones and computers, but also for electric
vehicles and for the effective commercialization of renewable resources such as solar and wind
power.1 Batteries are the systems with tremendous potential for such requirement, offering high
energy density, flexible and lightweight design, and longer lifespan than comparable energy
storage technologies.2 A battery is composed of two electrodes connected by an ionically
conductive material called an electrolyte, which enables ion transfer between the two electrodes.
Battery performance involves complex, interrelated physical and chemical processes between
electrode materials and electrolytes. Rechargeable, also known as secondary, batteries have
developed over the years from lead-acid through nickel-cadmium and nickel-metal hydride
(NiMH) to lithium-ion.3 NiMH batteries were the initial workhorse for electronic devices, but
they have almost been completely displaced from the market by lithium-ion because the lithium,
with the highest oxidation potential of any element and low density, is in principle ideally suited
for high energy density and design flexibility.4
Existing battery technologies have serious issues with: (1) cost, (2) limitation of energy
storage capacity of individual battery cells, (3) the lack of fast recharge cycles with long cell
lifetimes, and (4) safety. There has still been a significant lack of understanding of the
mechanisms and kinetics of the elementary steps such as charge transfer phenomena and charge

2
carrier and mass transport that occur during battery operation even though batteries have been
studied for 100 years. These insufficient technologies can bring us serious problems in terms of
safety. For instance, highly reactive lithium metal in contact with a liquid electrolyte is dangerous
because a lithium-metal/liquid electrolyte combination raises the growth of dendrites during each
subsequent discharge-recharge cycle.5,6 This potentially leads to not only explosion hazards but
also reduced cycle lifetime. To circumvent the safety issues surrounding the use of the Li metal,
the replacement of the liquid electrolyte with a solid polymer electrolyte (SPE) would be highly
desirable.7
The first SPE showed a remarkably high degree of conductivity in alkali metal salts in
polyethylene oxide (PEO).8 The conductivity was 1  10 7 S/cm at room temperature. Alkali
metal salts can be dissolved in PEO up to a maximum molar ratio of one of the salt to every four
ether monomer unit. Typical salts are LiClO4 and NaCNS. The presence of the lone pair of
electrons on the oxygen atoms of the polyether allows a good solvating power to the well-know
formation of crown ether complexes by certain cyclic oligomers of ethylene oxide.4 The SPE also
has features such as flexibility, processability, ease of handing and relatively low impact on the
environment that polymers inherently posses. Their combination of solid yet flexible properties
and film-forming ability with ionic conductivity makes them ideally suited for the development
of rechargeable lithium batteries. Nevertheless, the SPE still poses the challenge of how close its
electrochemical properties can be made to those of a liquid electrolyte cell with typical room
temperature conductivity of 0.1 S/cm. Therefore, various efforts have so far been made to
improve the ionic conductivity of the SPE. Figure 1.1 shows the ionic conductivity of various
types of SPE. The efforts aimed at enhancing the ionic conductivity of polymer electrolytes have
been insufficient to allow operation at room temperature. Therefore, there must be many
fundamental performance characteristics required of polymer electrolytes to make them
technologically viable. The issues of concern here include: conducting ion (1) conductivity, (2)
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mobility, and (3) concentration. This thesis will concentrate on these, the more fundamental
factors to better understand ion transport mechanism and how these are analytically characterized
to achieve practical performance targets.
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Figure 1.1. Ionic conductivity as a function of inverse temperature for various
solid polymer electrolytes. 1, first-generation PEO-LiCF3SO3; 2, new solutes with highdissociation PEO-Li((CF3SO2)2N); 3, low-Tg combination polymer; 4, plasticized
polymer electrolyte PEO-Li(CF3SO2)2N + 25% w/w PEG-dimethylether; 5, gel-type
polymer (cross-linked PEO-dimethacrylate-Li((CF3SO2)2N)-PC 70%); 6, gel electrolyte
P(VDF-HFP)/EC/DMC-LiPF6.2
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1-1. Historical development of polymer electrolytes for ion transport

In polymers, the total conductivity results from both electrons and ions. In a given case,
however, it is likely that one type of conductivity will predominate. As illustrated in Table 1.1,
conduction of polymers can be divided into electronic and ionic conduction modes. For electronic
conduction, either electrons or holes may be the majority carrier and the process may be either
intrinsic, a property of pure material, or extrinsic, a property of doped materials to obtain higher
conductivity. Similarly, although the detailed mechanisms are quite different, ionic conductivity
depends on the dissociation of pairs of positive ions (cations) and negative ions (anions). Thus,
ionic conduction is provided by a strong correlation between relative permittivity and
conductivity, which is readily explained by the reduction of the Coulombic forces between ions in
a high relative permittivity medium. In this study we will focus on fully understanding
conductivity in polymer ionics, or solid polymer electrolyte, rather than electronic conduction.

Table 1.1. Modes of conduction in polymers.9
I. Electronic

II. Ionic

Conduction by electrons or holes

Conduction by small cations and/or anions

(a) Intrinsic

(a) Intrinsic (self dissociating)

(b) Extrinsic (donor or acceptor)

(b) Extrinsic (impurities or dopants)

Historically, a solid electrolyte was first discussed carefully by Faraday10, who
concentrated on salts such as silver sulfide and lead fluoride. In the 1970s, polymer electrolytes
were first reported by Fenton, Parker and Wright11 and have been extensively developed by
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Armand12. They lead to a fascinating range of physical properties, including the ability to
transport cations or anions, or both, rapidly through a solid medium.

Table 1.2. A classification of solid electrolytes13
Ceramic

Salt

Polymer

Glass

Ion pathways

Static

Static

Dynamic

Static

Conductivity

Activated
(Arrhenius)

Faraday
transition

Bent
(VFT)

Activated
(Arrhenius)

The most distinguished thing about polymer electrolytes within the general category of solid
electrolytes (see Table 1.2) is that they are soft disordered materials. Structurally, polymer and
glassy materials are amorphous, exhibiting short-range structural order and they generally reveal
a glass transition temperature. Ceramic and salt materials, on the other hand, are a crystalline
ionic conductors which have conduction pathways between favored sites such as vacancies. That
allows ions to move from one site to another. As displayed in Fig 1.2, the ceramic and glassy
materials show simple Arrhenius forms for the conductivity, given by

 A



   0 exp   
T

(1.1)

In polymer electrolytes, on the contrary, the curve is bent and is best fitted to an expression of the
form



B 

 T  T0 

   0 exp  

(1.2)

with prefactor  0 and Vogel temperature T0 , related to the glass-transition temperature Tg
roughly by14

T0  Tg  50 K

(1.3)
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This is normally called VFT (Vogel-Fulcher-Tammann) behavior. The simplest understanding of
VFT conductivity behavior is that conduction can occur only when the conducting ions move
from one free volume space to another. The free volume model will be presented in Sec. 1-2.1 in
detail.
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Figure 1.2. Ionic conductivity versus temperature for the different solid electrolyte
classes. The polymer electrolyte is a complex of Li triflate (trifluoroethylene sulfonate)
with a host polymer of amorphous poly(ethylene oxide). AgI and β-alumina represent the
salt and ceramic classes of Table 1.2, respectively.13 The ionomer, PE600-0.5Li, will be
discussed in chapter 2.
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For successful practical applications, a polymer electrolyte must have a range of critical
properties including the following15: (1) adequate ionic conductivity, (2) high cation mobility
with a unit transference number ( t  1 ), (3) good mechanical properties, (4) the ability to form
good interfacial contacts with electrodes, (5) a large electrochemical stability window, (6) ease of
processing, (7) chemical and thermal stability, and (8) safety. Therefore, a number of new forms
of polymer electrolyte have been developed to achieve the required performance16: (1) a
plasticized electrolyte, usually obtained by the addition of small amounts of a high dielectric
constant liquid to a solvating polymer electrolyte in order to enhance its conductivity, (2) a
polymer-salt complex, consisting of a co-ordinating polymer, typically a polyether, in which a
suitable salt co-crystallizes, (3) a single ion conductor, which has anions covalently bound to the
polymer chain and hence only cations contribute to ionic conduction.

1-1.1. Plasticized polymer electrolyte

In order to further enhance ionic conductivity, plasticized systems in which the small
molecule additive as a lubricant or the conducting phase itself have been studied. For lithium
secondary batteries, Tsunemi et al.17 used inorganic salts having low dissociation energy (LiClO4)
and organic solvents having both high boiling points and high room temperature dielectric
constants ( ) , such as propylene carbonate (   64.4 ) and ethylene carbonate (   89.0 ). These
electrolytes were incorporated into such polymers having moderately high dielectric constant as
polyvinylidene fluoride (   9.2 ) and polyacrylonitrile (   8.0 ). Ionic conductivity of
106 S/cm were observed in those systems at room temperature. Using a plasticizing solvent in a

polymer-salt system is a fascinating option for enhancing the conduction properties. Plasticizers
modify the electrolyte through an increase in configurational entropy, which consequently lowers
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the Tg and increases ionic mobility.16 Conductivity is critically affected by the physical properties
of the solvent, which are viscosity, mobility, dielectric constant and ion solvation. A high
dielectric constant increases the level of salt dissociation, while low viscosities lead to high ionic
mobility. The main role of small molecules is therefore not only to plasticize the host polymer,
improving flexibility and segmental motion, but also to solvate the cation which reduces ion-ion
interaction energy.

1-1.2. Poly(ethylene oxide)-based polymer electrolyte

The development of ion-conductive polymers without organic solvent commenced with
earnest in the 1980s after the reports of Wright and Armand. The study of PEO-salt complexes
started from the analysis of the complex crystalline structures. The polymer-salt systems may be
amorphous, crystalline or amorphous-crystalline mixtures, depending on the polymer, salt and
preparation condition.18 One model considered that a helical PEO chain surrounds cations to
provide a specific path-way for cation transport.19 Berthier et al.20 reported that such crystalline
phases are basically electrical insulators so that ion transport occurs principally in amorphous
regions. However, the Bruce group21-23 recently showed new crystalline polymer electrolytes with
the 6:1 complex (PEO6:LiAsF6), involving very short PEO chains, make a unique exception to the
rule that only amorphous polymers conduct.
To enhance ionic conductivity of polymer-salt systems, it will be necessary to facilitate
the dissociation of inorganic salts in polymer. The thermodynamics of complexation has been
considered in detail by Bruce.24 The following requisites must be considered: (1) smaller lattice
energy of an inorganic salt, (2) larger ion solvation energy from the polymer, and (3) higher
dielectric constant of the polymer. The lattice energy of the salt depends on the charge density of
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ions. Highly charged ions with small radii will lead to large lattice energies. In the case of
polymer electrolyte, cations and anions are embedded in the polymer matrix; however, the anions
are barely coordinated by the polymer chains. They are stabilized in the polymer electrolyte
mainly by their attraction to the cations. In contrast, the cations are strongly coordinated by the
ether-oxygen of the polymer host. The solvation of cations is determined by the donor number of
the polymer and of anions by the acceptor number. A polyether such as PEO has a small acceptor
number and high donor number, meaning that the ether-oxygen solvates the cation but not the
anion.25 The dielectric constant of a polymer matrix has an influence on the dissociation energy of
inorganic salt. Barker9,26 found that the logarithm of the ionic conductivity of many conventional
polymers was proportional to the inverse of the dielectric constant  of the polymer. In this case,
the number density of ionic carrier, n , is expressed by

 W 
n  n0 exp  

 2 kT 

(1.4)

where n0 and W are the total number density of ions and the dissociation energy of the salt,
respectively. The dielectric constant of PEO, where the crystalline and amorphous phases coexist,
is   4 at 25 0C, while that of the amorphous phase is   8 .27 This relatively high dielectric
constant of amorphous PEO in comparison with those of typical polymers ( 2    10 ) makes
PEO more effective than most as a polymer matrix from the view point of salt dissociation. On
the other hand, poly(propylene oxide) (PPO), which is fully amorphous, has a lower room
temperature dielectric constant (   5.5 )28, resulting in lower salt dissociation and ionic
conductivity, shown in Fig. 1.3. However, the dielectric constant of PEO is considerably low in
comparison with polar organic solvents such as propylene carbonate,   64.4 at 25 0C.16 The
low dielectric medium makes it possible to form ionic clusters.29 This ion aggregation can
become a serious restriction for ionic conductivity.
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Figure 1.3. Conductivity-temperature behavior of LiBF4 complexes of PEO and
PPO.30

1-1.3. Single ion conductors

In the ordinary solid polymer electrolytes with dissolved salt, a significant decrease in
ionic conductivity occurs under direct current during discharge.31 This is due to the fact that there
is no electrode reaction for the anions, which move faster than the cations and accumulate at the
anode unless the salt diffusion coefficient is sufficiently large to allow the concentration gradient
to relax.32 This accumulation of anions lowers the field that moves the cations, resulting in
voltage losses owing to concentration polarization that may cause poorer performance and even
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undesirable change in the electrolyte state such due to phase transitions and salt precipitation.33
There is therefore an essential requirement that the SPE is designed to have only cation migration.
Such materials are called single ion conductors. In addition, the single ion conductors are
expected to attain larger energy densities and high power densities.34
To avoid concentration polarization, the free movement of anions needs to be either
limited or totally eliminated. The former case is related to the simple introduction of anion
trapping sites to polymer electrolytes, to retard the free movement of anions. Mehta et al.35-37
individually examined the boron-in-chain type solvent-free polymer electrolyte. Their boroxine
ring containing polymer electrolyte showed high tLi + of 0.7. The Angell38-40 group also reported
anion-trapping and polyanion electrolytes based on acid-in-chain borate polymers to improve the
cation transference number. The ionic conductivities reached 7.6  10 5 S/cm at 25 0C. The latter
case arises from covalently bonding anions to the polymer backbones to form single ion
conductors with a unity lithium transference number. Different strategies have been used in the
synthesis of single ion conductors. Anions have been incorporated into side chains of combbranched polymer33,41,42, have been mixed with polyether electrolytes43, and have been attached to
the linear poly(ethylene glycol) (PEG) chain.44-47 In this thesis we will fully explore ion transport
mechanisms of single ion conductors.

1-2. Ion-conduction mechanisms in polymers

1-2.1. Macroscopic model

Ionic transport in single-ion conductors differs from that in conventional liquid
electrolytes or polymers with dissolved salts. In the latter systems, ions might be imagined to
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move with their co-ordination spheres but in the case of high molar mass polymers, this cannot
happen. The polymer chains cannot move significant distances and it is necessary for ions to
dissociate to some extent from their co-ordination sphere in order to move through the polymer
matrix. Consequently, a different ion transport mechanism must operate. Extensive work has been
done in modeling and understanding transport mechanisms in polymer electrolytes.48 Miyanmoto
and Shibayama49 derived the ionic conduction in polymers based on a free-volume theory:





   0 exp    Vi / V f   E j  W / 2  / kT 


(1.5)

where E j is the activation energy for ion transfer in polymer, W is the dissociation energy of a
salt in polymer,  is the dielectric constant of polymer, k is Boltzmann’s constant, T is the
absolute temperature,  is a numerical factor to correct for the overlap of the free volume, Vi is
the minimum hole size necessary for ion transfer, formed by thermal fluctuation of the free
volume, and V f is the average free volume per ion above a glass transition temperature ( T  Tg ),
given by





V f  Vg  f g   T  Tg 



(1.6)

where Vg , f g and  are the relative volume at Tg , the free-volume fraction at Tg , thermal
expansion coefficient of the free volume, respectively. From Eq. (1.5) and (1.6) a system which
has a high dielectric constant and a sufficient free volume (far above Tg) can show relatively high
ionic conductivity. Williams, Landel, and Ferry14,50 introduced the WLF equation which describes
the temperature dependence of dielectric or mechanical relaxation times for the local main-chain
motion of many amorphous polymers:

log

 T 

 Tg 





C1 T  Tg





C2  T  Tg



(1.7)

where C1 and C2 are the WLF parameters of the free-volume equation for the ionic transport.
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The WLF equation itself is an empirical equation, rather than the result of any theoretical
approach. In an attempt to understand how the conductivity mechanism works, quasithermodynamic theories which were developed by Cohen and Turnbull51 (free volume theory)
and by Adam and Gibbs52 (configurational entropy theory) have been applied with some success
to consideration of transport properties in polymer electrolytes. These theories indicated that
above Tg , the polymeric material becomes macroscopically rubbery rather glassy, in other words,
any given polymer chain becomes locally mobile at the glass transition. Therefore, it is only the
thermal energy in excess of the glass transition temperature that provides actual mobility of the
local polymer chain segments.51,52 In this sense, one is not surprised that the Arrhenius behavior,
involving inverse temperature, is replaced by the VFT involving the inverse of T  T0 . The fact
that the temperature dependence of the ionic conductivity follows the WLF equation means that
ion conduction in polymer solids significantly relies on the segmental motion of polymer chain:
that is, the dissociated cation which is stabilized by the coordination of more than one ether
oxygen is coupled with the segmental motion as well.25
To understand this mechanism from the point of view of potential fields, the ion transport
mechanism of the inorganic salt crystals is compared with that in polymer electrolyte (see Fig.
1.4). In the inorganic salt, a potential-energy barrier is generated by the crystal field, and the ion
migration is due to a ion hopping mechanism whereby ions hop over the barrier.53 Even if it
seems difficult to migrate ions in polymer solids, segmental motion makes it possible for ions to
migrate in the matrix. Thus, higher segmental motion at room temperature is required to lower the
effective barrier and produce good ion conduction.
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Figure 1.4. Schematic representation of sequential potential fields for ion
conduction (a) inorganic salt crystal and (b) polymer electrolyte.25

1-2.2. Microscopic model

While quasi-thermodynamic approaches such as free volume and configurational entropy
models give impressive qualitative understandings of conductivity in polymer electrolytes, a more
microscopic model, which describes the actual motion of individual ions, is of great value in
correlating designable properties such as ionic charge, charge density, polymer flexibility, and
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interactions with transport.13 Such a model is the dynamic bond percolation (DBP)54-59 model ,
which was originally developed to deal with polymer/salt complexes. The model is intended to
describe diffusion of ions in a disordered medium undergoing dynamic rearrangement processes
on a timescale short compared to the observation time. The model is characterized by three
factors: an average hopping rate between two sites available for ionic occupancy w , a relative
probability of a given site being available f , and a mean renewal time  ren for dynamic motion
of the medium to rearrange the assignments of closed and open bonds.55 In the standard
percolation model, the hopping is either permitted or not permitted55:
 0, probability 1-f
wij  
 w, probability f

(1.8)

Each hopping rate is defined as either 0 (the hopping is forbidden) or w (the hopping is allowed).
Their relative probabilities are given by f and 1  f , respectively. Then, in the simplest onedimensional model, the diffusion coefficient obeys55:

D~ X2

0

/  ren

(1.9)

Here the numerator is the mean-square displacement of the ion in the absence of renewal, and the
denominator is the average renewal time. This time corresponds to a characteristic relaxation time
for a polymer’s configurational degree of freedom. Equation (1.9) indicates that the diffusion
coefficient is inversely proportional to the renewal time, which, in turn, is proportional to
segmental relaxation time of the polymer host. Therefore, the DBP model explains the coupling
between ion transport and polymer relaxation.
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1-2.3. Ion association in polymer electrolyte

Liquid electrolyte solutions are sufficiently dilute (1-10 millimolar) to be described by
the Debye-Huckel60 or Onsager61,62 models. Their theories suggested that there is a tendency for
ions having a charge opposite to that of the central ion to be sufficiently dispersed around the
central ion so that the diluted system forms an ionic atmosphere around a central ion. By contrast,
molten salts are very concentrated (typically 20 molar), ion-ion interactions are pronounced, and
alternative theories such as that of Fuoss63 are required. Polymer electrolytes typically have
(repeat unit):(cation) ratios, n , in the range 8 to 30, corresponding to 0.7 to 2.5 molar for
PEOn:LiClO464 and ion aggregations such as ion pairs, triples, or quadrupoles are an important
factor of their behavior.
Since the ion clusters can contribute to the conduction process, it is necessary to
understand ion aggregation. In the medium of low dielectric constant, ions will tend to associate
under the influence of coulombic forces to form ion pairs, triplets, and higher aggregates. The
formation constants for the steps in this association can be expressed in terms of the degree of
association, 1    , which, in turn, can be expressed in terms of probability of the ions being a
interionic distance apart, using the Maxwell-Boltzmann distribution law.65 In 1926 Bjerrum first
treated the ion pair formation with this method. Fuoss and Kraus66 extended the dissociation
constant in terms of the size of the ions involved and the dielectric constant of the solvent. They
also introduced the dissociation constant of triple ions, formed from a neutral molecule and a
simple ion by the action of electrostatic forces.67 Pettit and Bruckenstein29, furthermore,
considered the formation of higher aggregates up to sexapoles. In spite of these pioneering works,
it is difficult to define the structure of charge carriers (single ions, ion triples, etc.) in the
conduction process of polymer electrolyte. This problem causes a wrong result which is that
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many calculations only consider the model of single ions. It is important, therefore, to gain
theoretical understanding of formation of ion complexes and to validate the theoretical findings
with the suitable experimental methods.

1-3. Ionic transport properties

1-3.1. Conducting ion concentration

The ionic conductivity  can be simply expressed by

  ne

(1.10)

where n , e and  are total number density of conducting ions, elementary electric charge, and
conducting ion mobility, respectively. To design ion-conducting polymers with a high ionic
conductivity, an effort must be made to increase the two factors n and  . For a salt dissolved in
a polymer host, the formation of ion pairs produces neutral species and the concentration of
conducting ions decrease. Although larger aggregates such as triple ions may be charged, their
mobilities will be compensated by size in comparison to free ions and the conductivity will be
reduced again. For these reasons, it is necessary to understand ion association and measure the
number density of each state when considering ion transport in polymer electrolytes. MacCallum
et al.68 obtained the dissociation constant of pair and triplet ions through the conductance
measurement and calculated the concentration of ions in each state. Torell and Schantz et al.69-72
developed the analyses of the ion aggregation phenomena in PPO and PEO based NaCF3SO3,
LiCF3SO3, and LiClO4 complexes as functions of salt concentration and temperature by using
Raman spectroscopy. They showed that the amount of dissociated ions, n , decreases as
temperature is raised in an Arrhenius fashion. This result, however, is different from that
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indicated in Eq. (1.4), which is that the number of dissociated ions is considered to increase as
temperature is raised. The reason is that Torell and Schantz used Raman spectroscopy to measure
an increase in the contact pair population as temperature is raised, from which they infer that the
free ion content decreases. In the case of separated pairs, on the other hand, the perturbation of
the vibrational states of the anion is usually too small to be detected.46 Thus, both separated pairs
and unpaired ions are spectroscopically counted as being free.

1-3.2. Conducting ion mobility

The mobility of conducting ions is obviously a crucial factor in terms of fast and/or deep
discharge, energy density, and cycle number. As with the identification of specific charged
species in polymer electrolytes, the relative mobilities of these species and the actual
measurement of their relative mobilities remain among the most controversial issues yet to be
resolved. There are numerous techniques available for measuring transport properties: TubandtHittorf methods73,74, radiotracer diffusion measurements75, and pulsed field gradient (PFG) NMR
diffusion measurement76,77. The Tubandt-Hittof method is to detect the net response only of
charged species when an electrolyte is polarized. Its disadvantage is that low currents must be
employed to prevent the use of large potential differences which might promote the degradation
of the polymer at the electrode/electrolyte interface.74 Diffusion techniques such as PFG NMR are
purely nuclei sensitive and do not respond to the electric field. As a result, the combined flux of
both charged and electrically neutral species such as ion pairs is measured.
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1-4. Purpose of this study

Although both Raman spectroscopy and NMR allow the determination of ion mobility
and ion association, the measured results are still unsatisfactory and not fully understood. These
relate particularly to the inadequate understanding of the mechanism of ion transport. Thus, the
two most important factors of ion transport to optimize the design of polymer electrolyte must be
addressed: (1) ion mobility and (2) conducting ion concentration. In chapters 2 and 3 we present
the relationship between these two factors in single ion conductor systems using two very
different methods. We believe that our work provides a promising approach to understand the
mechanism of ion transport in polymer systems and hope that this will be useful to allow a design
of high energy density, high power density, and safe rechargeable batteries.

Measurement of Conducting Ion Mobility and Concentration in
Ion-containing Polymer using Dielectric Relaxation Spectroscopy

Ionic conduction in ion-containing polymers is of considerable interest from both
fundamental and applied viewpoints. Recently, scientists are attempting to understand ioncontaining polymers for advanced devices such as electrochemical membranes for lithium
batteries and fuel cells and electromechanical devices for actuators and sensors. From the
fundamental side, we do not yet understand how to design ion-containing polymers to have a
large and rapid flux of ions in response to an applied field. Therefore, precise measurements of
number density and mobility of charge carriers is vital to optimize the design of ion-containing
polymers as well as better understand the generation and transport processes of ionic carriers in
these polymers. Ionic conductivity in ion-containing polymers can be measured by using
dielectric relaxation spectroscopy. A physical model of electrode polarization makes it possible to
determine ionic mobility and conducting ion concentration as a function of temperature as well.

2-1. Plasticizing polyester ionomers with crown ether

We design, synthesize and characterize poly(ethylene oxide) (PEO) based polyester
copolymer ionomers that have anions bound to the polymer chain, with Li+ counterions. These
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soft ionomers are single-ion conductors that are potentially useful as separators between the
electrodes of a lithium battery47. Lightly sulfonated ionomers that are primarily PEO exhibit room
temperature conductivities that are too low to be practical47,78. Analysis of electrode polarization
in dielectric spectroscopy reveals the reason for this low conductivity: only a tiny fraction of Li+
counterions are participating in conduction47, owing to the strong interaction between sulfonate
and Li+ in the low dielectric constant medium of PEO. Various approaches have been adopted in
order to improve the ionic conductivity of polymer electrolyte systems. These include: (1)
modification of the PEO host79, (2) customized design of a variety of host polymers80, and (3) the
use of additives such as plasticizers.81 The focus of the present study is the effect of the addition
of crown ethers on the conductivity of PEO-based polymer electrolytes.
The discovery of the crown ethers by Pedersen82 stemmed from efforts to control the
catalytic activity of vanadium and copper by complexation with multidentate ligands. The first
identified crown ether, named dibenzo-18-crown-6, was not the target of synthesis in his
experiment but a slight amount of unexpected by-product in a 0.4 % yield. However, his
appreciation of the importance of the discovery, followed by energetic research in the area,
established the foundation for the present status of crown ethers throughout the world. The most
striking characteristic of crown ethers is their selective complexation ability. They bind the
cationic portion of alkali and alkaline earth metal salts, ammonium salts and ionic or polar
organic compounds (guest), into the cavity of the crown ring (host).83 The complex of crown
ether with a guest is formed by ion-dipole interaction between the cation and the lone pairs of
electrons in the oxygen atoms in the ring structure of the cyclic polyether. The selectivity of
crown ether for a given cation is dependent principally on the following points: (1) relative size of
the cavity of the crown ring and the diameter of the cation, (2) number of donor atoms in the
crown ring and the topological effect, (3) the relationship between the hardness of the cation and
that of the donor atom, and (4) valence of the cation.84 Therefore, much interest has been focused
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to the effects of crown ethers on the electrochemical properties of solid electrolyte systems. Some
of the earliest work using crown ether in polymer-salt complexes was that of Kaplan et al. who
observed the effect of the addition of crown ether to poly(vinylene carbonate) containing lithium
trifluoromethanesulfonate (LiCF3SO3).85,86 Nagasubramanian et al. showed that the addition of
12-crown 4-ether (12C4) to PEO electrolytes containing LiCF3SO3, LiBF4, or LiClO4 improved
the ionic conductivity of PEO electrolytes.87,88 Matsuda group investigated the effects of 12C4 or
15C4 on the conducting behavior of complexes of PEO-grafted poly(methylmethacrylate) (PEOPMMA) and lithium (Li) salts. The addition of crown ethers improved the ionic conductivity.89
The crown ethers are macrocylic compounds in which ether oxygens inside of the ring structures
are perfectly arranged to permit metal ions to enter and interact with the oxygen lone pairs.90,91
incorporation of crown ethers may lead to fast cationic conduction in ion-containing polymers
owing to the hypothesis that the crown ethers may create a natural ion channel where a cation
may be able to easily enter and move.92

O

O

O

O

Figure 2.1. Chemical structure of 12-crown 4-ether (C8H16O4)

In this chapter we describe an approach to improving the ionic conductivity of PEO-based
ionomers which involves the incorporation 12C4 (see Fig. 2.1). The useful property of the 12C4
for its application is that Li+ is surrounded by two separate 12C4 entities to form a puckered
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sandwich arrangement, being coordinated only by the crown ether oxygens.93 Thus, these
structure types can demonstrate the use of crown ether in effecting cation and anion separation. In
this study we add crown ethers to sulfonated ionomers that are PEO-based and measure
conductivity by dielectric relaxation spectroscopy.

2-2. Experimental

2-2.1. Materials

Sodium polyester ionomers synthesized by Shichen Dou47,94 were dissolved in water and
then diafiltered with deionized water using an Amicon 1000 molecular weight cut-off membrane.
Those ionomers were then dissolved in 0.5 M LiCl/H2O and diafiltered to exchange the sodium to
lithium (Li+). Diafiltration was considered complete when the dialyzate exhibited constant
conductivity ( ~ 10 µS/cm). The concentrated ionomer solution was then freeze dried and vacuum
dried at 120 0C to constant mass. The polymer is labeled PE600-xLi where x is the fraction of
ionic isophthalate groups that are sulfonated. The structure of the ionomers is shown in Fig. 2.2.
1,4,7,10-Tetraoxacyclododecane (12-crown 4-Ether) (95+ %), supplied by Tokyo Chemical
Industry, was added to a know mass of PE600-0.5Li ionomer in Teflon plate with a ratio of 12C4
to PE600-0.5Li of 0.3:1 and 0.5:1. The PE600-0.5Li ionomer without crown ether was also
prepared for comparison of their ionic conductivity. These samples were stored inside desiccators
for 50 days before measurement in order to provide enough time for 12C4 to fully diffuse into the
ionomer. 1H NMR was used to confirm the structure of the polymer as well as the 12C4 content.
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Figure 2.2. Chemical structure of the polyester random copolymer ionomers
PE600-xLi (x=0.5).

2-2.2. 1H NMR

1

H NMR spectra were recorded on a Bruker DPX-400 spectrometer with XWINNMR

software. Typically 20 mg of samples were dissolved in 0.6 ml of a deuterium oxide solvent
(D2O, 99.9 %) which was supplied by Combridge Isotope Laboratories. The spectra were used to
verify the ionomer structure and to quantitatively determine the amount of crown ether inside the
ionomers. That will be discussed in Section. 2-3.1.

2-2.3. Dielectric relaxation spectroscopy

The ionomers with 12C4 are liquids at room temperature. A dry melt ionomer was
transferred onto one brass electrode with 3 cm diameter. To control the sample thickness at 50
µm, silica spacers were placed on top of the sample after it had flowed to cover the electrode. The
second electrode was placed on top and gravity formed a 50 µm sandwich as the extra sample
was squeezed away. The sandwiched ionomers between two electrodes were placed in the
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Novocontrol GmbH Concept 40 broadband dielectric spectrometer, after being dried in a vacuum
oven for 24 h at 80 0C. The dielectric permittivity was measured using an AC voltage amplitude
of 0.1 V for all experiments. Frequency sweeps were performed isothermally from 10 MHz to
0.01 Hz in the temperature range from -20 to 60 0C for the samples with crown ether or from -20
to 120 0C for the sample without crown ether because the boiling point of 12C4 is between 61 and
70 0C. The analyses of conductivity and electrode polarization are described in Secs. 2-3.4 and 23.5, respectively.

2-3. Results and discussion

2-3.1. 1H NMR spectra

Figure 2.3 shows the 1H NMR peak assignments for the PE600-0.5Li ionomers with and
without crown ether. In the system with crown ether we can observe the chemical shift at ~3.6
ppm. On the other hand, the neat ionomer does not show such a peak at 3.6 ppm. Basically, the
peak between 3.3 and 4.0 ppm is assigned to the NMR absorbance of ether groups.95 The peak at
~3.6 ppm is assigned to the adsorption of crown ether. The three peaks at about 7.8, 8.3, and 8.6
ppm are assigned to the NMR absorbance of  aromatic protons. The chemical shifts between
3.4 and 4.5 ppm correspond to  protons. The 1H NMR peaks of the protons in the repeat unit do
not overlap with other peaks, the relative quantity of crown ether can be evaluated from the
integrated intensity of the protons in the repeat unit (see Table 2.1). From the result, only a tiny
fraction of crown ether is present, most was lost in the vacuum oven drying.
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Figure 2.3.

1

H NMR spectra of (a) PE600-0.5Li/50%12C4, (b) PE600-

0.5Li/30%12C4, and (c) PE600-0.5Li/0%12C4.
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Table 2.1. Integrated intensity of the  and  protons and actual wt % of crown
ether.
wt % of
crown ether
added





 /

wt % of
crown ether
in sample

PE600-0.5Li/0%12C4

0%

7.06

91.42

12.95

0%

PE600-0.5Li/10%12C4

30%

7.77

110.57

14.23

10%

PE600-0.5Li/12%12C4

50%

7.48

108.64

14.52

12%

Sample

2-3.2. Dielectric spectra

To validate the expected hypothesis, we investigate not only the transport of Li+ but also
the local dynamics in these systems, using dielectric relaxation spectroscopy. Figure 2.4 shows
dielectric loss  ''   spectra for PE600-0.5Li/0%12C4, PE600-0.5Li/10%12C4, and PE6000.5Li/12%12C4 at 298 K, well above their glass transition temperature Tg. In dielectric loss
spectra, an electrode polarization (EP) peak is observed for these ionomers. The EP frequency for
10%
0%
the ionomer with 12C4 (12%
EP or  EP ) is higher than that for the ionomer without 12C4 ( EP ) .

The crown ether clearly increases the conductivity, and also speeds electrode polarization. 12C4
may effectively gives rise to both cation solvation and anion separation due to the fact that
lithium ions sit above the ring plane of 12C496, so that 12C4 makes it possible to provide more
facile Li+ mobility.
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Figure 2.4. Dielectric loss at 298 K for the PE600-0.5Li/0%12C4 (▲), PE6000.5Li/10%12C4 (■), and PE600-0.5Li/12%12C4 (●).

To assess how important the influence of crown ether is on the polymer relaxation, we
need loss peaks to show dipolar relaxation processes. However, it is not clear to observe dielectric
relaxation processes on the dielectric loss spectra of the ionomers since conduction and electrode
polarization can mask the dielectric response of the sample.97 Thus, we used the derivative
formalism to understand the relaxation process in the temperature range98 where EP and
conductivity dominate;

 der    

  '  
2  ln 

(2.1)
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The results are presented in Fig. 2.5. A  process corresponding to the segmental relaxation of
the polymer backbone is observed on the three systems. The frequencies of the  process are
similar. This result indicates that the addition of crown ether in the ionomer has no influence on
the segmental motion of polymer, but enables lithium ion to move from site to site aided by
cooperative motion of crown ether.
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Figure 2.5. Derivative spectra at 263 K for the PE600-0.5Li/0%12C4 (▲),
PE600-0.5Li/10%12C4 (■), and PE600-0.5Li/12%12C4 (●).
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2-3.3. Static dielectric constant

The application of a steady electric field to a system of dipolar molecules results in a net
orientation of the dipoles in line with the applied field. The most common polarity scale relies on
the static dielectric constant s which reflects the orientational polarization caused by molecular
dipole moments and the molecular polarizability.99 The value of s , shown in Fig.2.6, was
obtained from the low-frequency plateau of the  '   spectra after subtraction of EP.
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Figure 2.6. Static dielectric constant as a function of inverse temperature for pure
PE600-0.5Li ionomers, two mixtures of ionomers and 12-crown-4, and pure 12-crown-4.
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At lower temperature the dielectric constants for both ionomers with and without crown ether are
close to each other. Near the melting temperature Tm  of the crown ether or above Tm , however,
the  s for the ionomer combined with crown ether is higher than that of the neat ionomer.
Fragiadakis46 concluded that PEO-based polyurethane ionomers with lithium, where its chemical
structure is similar to this system, tend to form primarily ion pairs and quadrupoles, the latter
having no dipole moment. The fact that crown ethers form stable complexes with lithium ions
enables separating the quadrupoles into ion pairs. Presumably the crown ether can easily interact
with Li+ in the ion pair but not so easily with the quadrapole. That contributes to the increase of
the static dielectric constant. The static dielectric constant of dipolar molecules can be also
understood in terms of the Onsager equation47,61

  s     2 s      Nm2
2
9 0 kT
 s    2 

(2.2)

where N and m are the number density and dipole moment of the dipoles, respectively,   is
the high-frequency limit of the dielectric constant,  0 is the permittivity of vacuum, and k is
Boltzmann’s constant. The Onsager equation can be reduced to

s 

A

2


A2   2
Nm2
with A   

    2 2
4
2
2 18 0 kT

(2.3)

The simplified Onsager equation suggests that the system which has larger dipole moment of the
dipoles makes it possible to show higher static dielectric constant. The dipole moment for a
sulfonate-Li ion pair is m pair  5.74 D , obtained using ab initio calculation in vacuum. On the
contrary, the values of m pair for a crown ether-Li ion pair are 17.14 D in the same surrounding
medium, assuming all ions are in ion pairs. The larger dipole moment for a crown ether-Li ion
pair has a significant influence on effective dipole moment for a sulfonate-lithium ion pair in the
ionomer with crown ether. For example, an average distance between cation and anion of the ion
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pair would increase due to the complex of crown ether with Li+. The larger distance, therefore,
corresponds to a larger dipole moment than a just contact pair. The strong decrease in s with
increasing temperature due to thermal randomization is a consequence of the factor 1/T in the
Onsager equation (thermal randomization of dipoles).

2-3.4. Ionic conductivity

Figure 2.7 describes d.c. conductivity of these ionomers as evaluated from a roughly 3decade frequency range where the in-phase part of the conductivity  '     ''    0 is
independent of frequency. With increasing temperature, the dc conductivity increases rapidly.
Interestingly, the ionic conductivity for PE600-0.5Li with crown ether is higher than that without
crown ether. The addition of crown ether improves the ionic conductivity. It is generally observed
that the addition or mixing of crown ethers to organic solutions of Li salts enhances the ionic
conductivity.100 The affinity of oxygen in the crown ether toward Li+ encourages ionic
dissociation of the salt in the solution. This would be the case for the ionomers with 12C4. The
lithium ion dissociated from sulfonate anion owing to the selectivity of crown ether takes part in
ion conduction. In order to investigate the mechanism of conduction in more detail, we fit the
temperature dependence of conductivity to a Vogel-Fulcher-Tammann (VFT) equation:


BT0 

 T  T0 

 DC   0 exp  

(2.4)

where  0 is a constant, T0 is the Vogel temperature where the free volume is zero, and B is the
so-called strength parameter related to the divergence from Arrhenius temperature dependence.
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Figure 2.7. (a) Temperature dependence of ionic conductivity for PE600-0.5Li with 12C4
and without 12C4 (Lines indicate fits of the VFT equation (Eq. (2.2)) to the data) and (b)
ac conductivity as a function of frequency at the several temperatures for PE600-0.5Li.
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The fit parameters  0 , T0 , and B are given in Table 2.2. This form was originally used to
describe the viscosity of polymeric materials, where viscosity and conductivity are inversely
related by the Walden relationship.101

Table 2.2. Parameters of the VFT equations for the DC conductivity and ion
mobility.
DC conductivity
Sample

log  0
(S/cm)

B

0% 12C4

-2.2

10% 12C4
12% 12C4

Ion mobility

(K)

log  0
(cm2V-1S-1)

B

2.2

198

-2.8

1.4

206

-1.9

2.0

199

-3.0

1.2

212

-1.7

2.2

197

-2.6

1.3

210

T0

T0
(K)

The similar temperature dependences of viscosity, segmental motion and ionic conductivity
strongly suggest that structural motions of the polymer are necessary for ionic motion leading to
conduction. This confirms that in these ionomers there is strong coupling between ion transport
and segmental motion which is observed in the derivative spectra of Fig. 2.5.
It is clear that an increase in the conductivity takes place in the ionomers containing
crown ethers. However, in order to better understand the conduction mechanism, it is necessary to
distinguish whether the increase in ionic conductivity is due to a larger fraction of conducting
ions or to an increase in ion mobility, because conductivity depends on the number density of
conducting ion as well as their mobility. The result is presented in the following section.
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2-3.5. Electrode polarization model

The ionic conductivity can be separated into the contributions of conducting ion mobility
and conducting ion concentration using a physical model of electrode polarization (EP) which
was observed in the dielectric loss spectrum.45-47 The EP occurs at low frequencies, where the
transporting ions have sufficient time to polarize at the blocking electrodes during the cycle. That
polarization manifests itself in (1) an increase in the effective capacitance of the cell (increasing
the dielectric constant) and (2) a decrease in the in-phase part of conductivity, as the polarizing
ions reduce the field experienced by the transporting ions. The polarization time scale when the
conducting ions fully polarize at the electrode is

 EP 

 EP 0
 DC

(2.5)

where  EP is the (considerably larger) effective permittivity after the electrode polarization is
complete,  0 is the permittivity of vacuum, and  DC is the d.c. conductivity. The Macdonald and
Coelho model102,103 treats electrode polarization as a simple Debye relaxation

 EP
  

 EP
1  i EP

(2.6)

where  EP   EP   s . The Debye relaxation makes it possible to determine  EP and  EP
through fitting to the experimental data. The Macdonald and Coelho model then determines the
mobility  and the number density of conducting ions p from  EP and  EP :



p

eL2 s

(2.7)

4 EP EP kT

4 0 kT   EP 
 s  eL 

2

(2.8)
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where L is the spacing between electrodes, e is the elementary charge, k is the Boltzmann
constant, and T is absolute temperature.
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Figure 2.8. Dielectric constant and loss as a function of angular frequency at 298
K for PE600-0.5Li. Lines are fits of Eq. (2.6) (dash line) and Eq. (2.9) (solid line) with

n  0.884 to the data

The experimental data can be analyzed using an empirical modification of the Macdonald
model46,47

 EP
  

 EP

 i EP 1 n  i EP

(2.9)
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Equation (2.9) provides a much better fit to the experiment data than the original Macdonald
model (Eq. (2.6)) (see Fig. 2.8). The exponent n has been suggested to relate to electrode
roughness  0  n  1 .104 The  ' and  '' data are fit to Eq (2.9) yielding  EP and  EP , from
which Eq (2.7) and (2.8) are used to obtain  and p . The Debye relaxation (Eq. (2.6)) is a
special case of Eq. (2.9) with n  1 .

2-3.5.1. Conducting ion mobility

The ionic conductivity can be separated into the contributions of conducting ion mobility
and conducting ion number density. The ion mobility determined from the EP model (Eq. (2.9)) is
displayed in Fig. 2.9. To account for the ion mobility, we fit the results using a VFT equation.


B 

 T  T0 

   exp  

(2.10)

Fitting parameters for the ion mobility are shown in Table 2.1. As is the case of the ionic
conductivity, ion mobility shows a VFT tendency with increasing temperature dependence. The
VFT dependence of ion mobility reflects the coupling of segmental motion of polymer backbone
and ion motion. As expected, the ion mobility of Li+ in PE600 was improved by the addition of
12C4. At first glance it might seem that lithium-crown ether complexes should decrease ion
mobility because of surrounding the cation with a large bulky group. The addition of crown ethers
to ion-containing polymer system leads to a reduction in cation-anion interaction and thus
promotes cation dissociation. As long as the system shows slightly weaker interaction between
lithium ion and crown ether, the cation motion may be less suppressed while some enhancement
of cation dissociation is maintained. This may be connected with ion transport mechanisms which
are the free volume theory105 and dynamic bond percolation model106. The proposed models
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indicate that spaces or channels for ionic motion to move from site to site must form due to
activated motions of the polymer host. In this case the crown ethers which can move a little, but
only in a narrowly confined region in the polymer matrix are located at the fixed sites. The
cations, assisted by the segmental motion of the polymer host, could exchange themselves
between the nearest-neighbor crown ether molecules. This may provide a possible description of
the enhanced ion mobility in these materials.
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Figure 2.9. Ion mobility  vs inverse temperature. Lines are fits of Eq. (2.10) to
the data
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2-3.5.2. Conducting ion concentration

Figure 2.10 shows conducting ion concentration in the ion-containing polymers,
determined using the EP model. The result indicates that the addition of crown ether to PE6000.5Li ionomer raises the number density of conducting ions.
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Figure 2.10. Conducting ion concentration p as a function of inverse temperature.
The inset shows p divided by the total ion concentrations p0 . Lines are fits of Eq. (2.11)
to the data.
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The temperature dependence of conducting ion concentration for these ionomers is well described
by an Arrhenius equation
 Ep
p  p exp   a
 RT





(2.11)

where p is the conducting ion concentration as T   and Eap is an activation energy for
conducting ions. The Arrhenius temperature dependence indicates that the conducting ions will
be fully dissociated at infinite temperature. The activation energy of the conducting ion
concentration in these ionomers is associated with the binding energy of an ion pair because the
main driving force for pair formation seems to be electrostatic attraction between cation and
anion.46

Table 2.3. Fitting parameters for Eq. (2.11) for the conducting ion concentration.
Conducting ion concentration
Sample

log p (cm-3)

Eap (kJ/mol)

0% 12C4

20.6

14.0

10% 12C4

20.6

11.2

12%12C4

20.6

12.5

Arrhenius plots and corresponding fit parameters are displayed in Fig 2.10 and Table 2.3. The
Arrhenius plots were fitted with the known total ion concentration ( p0  3.9  1020 cm -3 )
calculated from the stoichiometry.47 Interestingly, the ionomer with crown ether shows a lower
activation energy than that without crown ether. To explain this behavior, it was proposed that the
activation energy of the sulfonated ionomer is simply described by the Coulomb energy45,47
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Ea 

q2
4 0 s r

(2.12)

The Coulomb equation suggests that Ea is directly related with the dielectric constant s as well
as the separation between cation and anion r . Not only PE600-0.5Li with crown ether showed
higher s , but also the systems might have longer r due to the formation of complex between Li
ion and crown ether, than that without crown ether. Thus, the more the dielectric constant and the
separation, the less the activation energy. This would lead to a decrease in the activation energy
with increasing the amount of crown ether. However, this simple model is not sufficient to
describe higher conducting ion concentration in 10%_12C4, and additional effects resulting from
ionic interaction play an important role in determining the fraction of conducting ions in terms of
the amount of crown ether. Further investigations are necessary to clarify this point.

2-4. Summary

In order to see whether the presence of the crown ether would give rise to a conductivity
enhancement as well as account for its mechanism, we studied dielectric properties and ion
conduction of PEO-based polyester copolymer ionomers with and without crown ether using
dielectric relaxation spectroscopy. It appears that the addition of crown ether to PE600-0.5Li
improves its ionic conductivity from 10-7 to 10-6 S/cm at room temperature. The dc conductivity
is strongly coupled with segmental motion of polymer chain so that the temperature dependency
of ionic conductivity followed VFT behavior. A physical model of EP makes it possible for dc
conductivity to be separated into (1) conducting ion mobility and (2) conducting ion
concentration. The observation of EP in dielectric loss spectra indicated that lithium ions bound
with 12C4 is faster than those which show strong affinity with PEO. The result was also observed
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in the temperature dependency of conducting ion mobility. A reduction in interaction between
sulfonate anion and lithium cation owing to the incorporation of crown ether leads to a slight
improvement of the ion mobility. The formation of Li-complex with crown ether causes a large
increase in the static dielectric constant, suggesting that most ions form separated ion pairs. The
increase of the static dielectric constant boosts the number density of conducting ions, and this
has the largest contribution to increased conductivity. Nevertheless, it is not clear at this stage
why such small quantities of crown ether should enhance conducting ion concentration. It is
necessary to independently investigate conducting ion concentration and mobility using
complementary method.

2-5. Future work

Dielectric relaxation spectroscopy was used here to understand ion transport properties of
these ionomers, which are conducting ion mobility and concentration. The fact that very small
fractions of the ions participated in ion conduction indicates a very large fraction of ions bound in
ion pairs or larger aggregates. To fully understand the basic mechanism of ion transport in these
materials, it is necessary to investigate the distribution of ion states, which are ion pairs, triples,
and quadrupoles. The ab initio calculation, a powerful tool for studying intermolecular
interaction107,108, quantifies interaction energies between cations and anions in different polar
media, enabling a detailed estimation of interaction energies of each ion state. Furthermore, the
number density of ion pair can be not only described by the Onsager equation, but also compared
with conducting ion concentration.

Double a.c. Hall Effect Measurement of the Number Density of
Charge Carriers and their Mobility

In this chapter we focus on how to directly measure conducting ion number density p
and conducting ion mobility  , making use of a Hall Effect which is the production of a
potential difference, called the Hall voltage, across a conductor in which an electric current
perpendicularly flows in the presence of a magnetic field. The Hall voltage can be measured by
using either d.c. or a.c. sources to supply the sample current and the magnetic field. We not only
analyze fundamental theories about the two Hall measurements to apply the concepts to ioncontaining polymer systems but also investigate the necessary apparatuses and technologies for
measuring the Hall Effect of the low-mobility systems. On the basis of the theoretical and
experimental backgrounds we will fully explore the possibilities of measuring ionic Hall Effect
using a double a.c. Hall measurement.

3-1. d.c. Hall Effect

3-1.1. Basic equations for d.c. Hall Effect
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In 1879 Hall discovered Hall effect, which uses a combination of electric and magnetic
fields to determine the number density p , mobility  and the sign of the charge carrier in
semiconductors.109 The magnetic field applied to a conductor, perpendicular to the current flow
direction, produces a Hall voltage perpendicular to both the magnetic field and the current
direction. The measured Hall voltage determines the Hall coefficient, which makes it possible to
distinguish the carrier sign, the concentration of charge carriers, and their mobilities.110
The Hall Effect has been extensively used for the characterization of classical
semiconductor materials (doped Si, GaAs) where it enables determination of mobility and
concentration of electrons or holes.110 Figure 3.1 shows the Hall Effect in a p-type semiconductor.
The applied current I and measured voltage along the x-direction, V , are given by

I  qwdpvx  qwdp x  p

V 

 sI
wd

(3.1)
(3.2)

where q is the carrier’s charge (usually  e ),  is the resistivity, s is the voltage measuring
length (see Fig. 3.1), p and  p are the number of holes and the hole mobility, and vx and  x
are the carrier velocity and electric field along x-direction. If a uniform magnetic field B is
applied perpendicular to the direction in which holes drift in a p-type bar, the motion of holes
tends to be deflected due to the total force, which is given by the vector expression:

F  q(  v  B)

(3.3)

The important result of Eq. (3.3) is that in the y-direction there is no net force on the holes since
no current can flow in that direction and Fy  FE  FLO  0 . In order to maintain a steady state
flow of holes down the length of the bar, the electric field  y must balance the product Bvx :

 y  Bvx 

BI
qwdp

(3.4)
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Figure 3.1. Schematic illustrating the Hall Effect in a p-type sample

The electric field in the y-direction produces the Hall voltage VH
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The Hall coefficient RH is defined as a ratio

RH 

VH d
1

BI
qp

(3.6)

The Hall voltage and the Hall coefficient give the number density of holes p and electrons n :

p

1
1
;n  
qRH
qRH

(3.7)
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The sign of the Hall voltage and the Hall coefficient determine the sign of the charge carrier, as
illustrated in Figure 3.2.

Figure 3.2. Different signs of charge carriers give different signs of Hall voltage

The mobility  p is simply the ratio of the Hall coefficient and the resistivity:

p 


qp



RH

(3.8)



In addition, the Hall angle  between the current and the net electric field is

tan   

y
 B p ;  arctan  B p 
x

(3.9)

by combining Eq. (3.1) and (3.4). The Hall angle depends only on carrier mobility and magnetic
field. At weak magnetic field, this reduces to

  B p

(3.10)

It is interesting to note that the Hall Effect demonstrates a current deflection effect. When
both holes and electrons are present, the Hall coefficient in Eq. (3.6) becomes111

 p  b n    B  p  n
2

2

RH 

n

2
2
2
q  p  bn    n B   p  n  



(3.11)
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This result is relatively complex and depends on the mobility ratio b   n /  p and on the
magnetic field strength B . Eq. (3.7) is derived under simplifying assumptions of energyindependent scattering mechanisms. With this assumption relaxed, the expression for the hole and
electron densities become111,112

p

r
r
;n  
qRH
qRH

(3.12)

where r is the Hall scattering factor, defined by r    /    , with  being the relaxation
2

2

time between carrier collisions. The scattering factor depends on the energy distribution of the
relaxation times. This energy distribution is a function of the scattering processes such as acoustic
phonon, ionized impurities, or neutral impurities.113 Thus the quantity r depends on the
scattering mechanism and generally lies between 1 and 2. The scattering factor is also a function
of magnetic field and temperature and can be determined by measuring RH in the high magnetic
field limit:

r

RH ( B )
RH ( B   )

(3.13)

3-1.2. Measurement Procedures

In many cases the specific resistivity and the Hall Effect of a conducting material are
measured by cutting a sample in the form of a bar as illustrated in Fig. 3.1. The specific resistivity
is derived from the potential drop between the points 2 and 3 or 6 and 5 in the absence of the
magnetic field (see Fig. 3.1). On the other hand, as the current flows into 1 and out of 4, the Hall
voltage is measured between 2 and 6 or between 3 and 5 in the presence of a magnetic field. The
equations derived in Section. 3-1.1 apply for this geometry.
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Hall samples come in two basic geometries: (1) bridge type and (2) lamella type. The
choice of the bar sample shape shown in Fig. 3.1 is sometimes not recommended because of
contact resistance fluctuations with time, temperature and other variables. To ease the contact
problem, the Hall bridge has extended arms as shown in Fig. 3.3(a).114 The lamellar specimen
may be of arbitrary shape, but a symmetrical configuration is preferred as shown in Fig. 3.3(b) to
(c). For the lamellar shape it is important for the contacts to be small and to be placed as close to
the periphery as possible.

●

●

●

●
●

●
(a)








(b)





(c)

Figure 3.3. (a) Bridge-type Hall configuration, (b) and (c) lamella-type Hall
configuration
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Furthermore, the theoretical foundation of the Hall measurement evaluation for irregularly shaped
samples is based on conformal mapping developed by van der Pauw.115,116 He introduced how the
resistivity, carrier concentration, and mobility of a flat sample of arbitrary shape can be
determined without knowing the current pattern if the following conditions are fulfilled: (1) the
contacts are at the circumference of the sample, (2) the contacts are sufficiently small, (3) the
sample is uniformly thick, and (4) the sample surface is singly connected, i.e., the sample does
not contain isolated holes.
A variety of procedures have been used to make electrical contacts to samples used for
Hall Effect measurements. In most cases the making of reliable ohmic contacts is one of the
problems which should be solved for reasonable measurements. Pressure contacts are common
for room temperature measurements on metals as well as used for high temperature Hall
measurements.117 For high temperature application or reactive materials, graphite is used for
pressure contacts.117 Soldered contacts using indium or low temperature indium eutectic alloys
can be used for making reliable contacts to low temperature bandgap semiconductors.117 The
soldering should preferably be done in an oxygen-free environment in order to prevent the
formation of a cold-solder joint. Furthermore, painted contacts made of a metallic powder such as
silver or gold in a colloidal organic binder are used for basic contacts on small bandgap
semiconductors. For organic materials gold or platinum electrodes are deposited at a thickness of
50-100 nanometers by vacuum evaporation or sputtering through a shadow mask.
In an ideal case these Hall electrodes are point contacts placed on an equipotential plane
so that VH  0 for B  0 : in reality there is usually a misalignment potential V0 between them.
The potential measured between the Hall electrodes for B  0 is, therefore, the sum of the
misalignment potential and of the Hall voltage, Vm  VH  V0 . The misalignment potential can be
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eliminated by measuring Vm for two opposite orientation equal amplitude magnetic fields while
keeping all other parameters constant.

3-1.3. Limitation of d.c. Hall Effect for Ionic Hall Effect

The basic concepts for d.c. Hall Effect in semiconductors should be, in the same way, of
great help in the understanding of ion transport phenomena in polymer complexes. Moreover,
elementary theoretical approaches for the estimation of Hall Effect in ionic solutions have been
reported. Friedman118 introduced a Brownian motion based model of ionic mobility where the
Hall coefficient is directly proportional to the imposed magnetic field strength and inversely
proportional to the coefficient of friction between ions and solvent. The results indicated that the
Hall Effect is large enough to be measurable, at least for solutions of quite mobile ions.
However, measuring the Hall Effect of ions in a solid with a direct current is very
difficult because the mobility of ionic carriers is less than one-millionth of the highest mobility of
electrons or holes in semiconductors.118 Owing to the small mobility, the Hall angle is also small
and therefore the Hall field is even smaller. The small Hall voltage determined in this manner
may be in serious error where the electromotive force due to temperature gradients is large
compared with the Hall voltage.119 Polarization effects due to the space charge near the electrodes
under an electric field also causes additional difficulties in the Hall effect measurements.120
Furthermore, in the case of materials for high-speed devices having many conducting layers, the
straightforward d.c. Hall Effect techniques can be of only very limited use to analyze the
materials.121 Under d.c. measurements it is very unlikely to apply a uniform magnetic force upon
the overall sample. Also it is difficult to analyze the data performing depth profiling because
space charges can accumulate or deplete across the sample layer boundaries depending on the
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relative strength of their respective electrochemical potential. For these reasons we need a highly
sensitive Hall Effect measurement for the realization of the measurement of the ionic Hall Effect,
even if there is practical theoretical knowledge which has been reported in ionic systems.

3-2. a.c. Hall Effect

Mobility measurements of charge carriers in conducting materials are complicated by two
experimental factors: (1) the high impedance level of the samples, (2) the difficulties of applying
Ohmic electrodes to the material.122 Non-Ohmic contacts result in a space charge effect within the
material that distorts and decreases the effective electric field in the region of the Hall electrodes.
An a.c. Hall measurement method can provide an excellent solution to avoid these problems.
The a.c. Hall voltage can be measured by using (1) a.c. current and d.c. magnetic field,
(2) d.c. current and a.c. magnetic field, or (3) a.c. current and a.c. magnetic field of different
frequencies. Olson and Wertz123 reported that a Hall Effect apparatus with method (1) has
increased sensitivity compared with conventional d.c. Hall measurements. Using the same
method Macdonald and Robinson124 avoided space charge difficulties in colored alkali halides by
applying an alternating voltage and measuring with an a.c. Hall voltage detector. Method (2) is
rarely used due to the a.c. magnet requirement. Method (3) is the best detection system because
the Hall voltages are measured at the sum and difference frequencies of alternating current and
a.c. magnetic field.
In this double a.c. method, the current I at frequency 1 and the magnetic field B at
frequency

2 are expressed by
I  I 0 cos 1t 

(3.14)
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B  B0 cos 2t 
The Hall voltage VH oscillates at two frequencies

(3.15)

  1  2 or   1  2 is

VH   RH / d  IB   RH / d  I 0 cos 1t  B0 cos 2t 
 ( RH / 2d ) I 0 B0  cos  1  2  t   cos  1  2  t  
The Hall signal is selected and amplified at both the sum frequency
frequency

(3.16)

  and the difference

 with the aid of lock-in amplifiers in order to isolate those two signals from the

other components of the Hall signal.
In 1950, Russell and Wahlig125 proposed the first alternating current methods for more
precise determination of Hall coefficients. An alternating current and an alternating magnetic
field of a different frequency are passed through a sample to create a Hall voltage along the third
axis that consists of two parts, one part oscillating at the sum of the two input frequencies and the
other part oscillating at the difference of the two input frequencies. Pell and Sproul126 introduced
a sensitive recording a.c. Hall Effect apparatus. It is especially optimized for measuring Hall
voltage in samples of very low conductivity. The Hall voltage is measured by use of a magnetic
field reversed periodically, an oscillator, and an a.c. amplifier and phase sensitive detector with a
recorder output. Gobrecht et al.127 have also extended the utility of such a.c. Hall measurements to
samples with high resistances. An a.c. generator which provides the current drives an amplifier
which also has a compensator to eliminate the misalignment potential. The a.c. Hall output
voltage is applied to a preamplifier which also serves as impedance transformer. After
amplification, the Hall output voltage is detected synchronously by an amplifier which provides
the proper phase compensation with respect to the current. The alternating magnetic field has also
been accomplished by rotating a washer-shaped sample in a d.c. magnetic field.128 In this manner
we can simulate an a.c. magnetic field without the penalties imposed by the impedance and time
constants of the magnet and its power supply. A similar improved apparatus adapted to the
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measurement of low mobility and high resistivity systems was described by Hermann and
Ham.129 The sample is rotated at 20 Hz in a static magnetic field by a synchronous motor. The
current to the sample is a 13.33 Hz signal and the magnetic field and the current are in phase with
the line frequency. A phase-sensitive synchronous amplifier is used to detect the Hall voltage at
33.33 Hz. Its bandwidth is reduced to 0.05 Hz and the misalignment voltage which appears at
13.33 Hz is rejected. This double modulation method was also applied to high impedance
photoconductors in order to do photo-Hall mobility measurements. The magnetic field is
modulated by rotating the sample in the field and the density of charge carriers is modulated by a
chopped light beam directed through an aperture in the center of the magnet pole while a d.c.
electric field is applied to it along a direction perpendicular to the magnetic field.
These a.c. Hall measurements show more advantages than the original d.c. measurement.
The a.c. excitation current reduces both thermoelectric and galvanomagnetic effects in the sample
as well as space charge effects at the electrical contacts.130 The use of an a.c. current also allows
the use of lock-in amplifiers with filters which reject all frequency components except the desired
Hall component.128 The multiple commutations of current and magnetic field polarities necessary
to eliminate thermoelectric and thermomagnetic errors and misalignment voltages which appear
in d.c. measurements112,117 are not required with the double a.c. method.131 The theory of the a.c.
Hall Effect in inhomogeneous solids is also developed using the effective-medium theory.132,133
The results describe the frequency dependence of the effective conductivity, the Hall
conductivity, the Hall mobility and the Hall coefficient.
In 1964, Greenfield134 accurately measured a Hall coefficient of 9 liquid metals using the
double a.c. method. Kyser and Thompson135 extended the double a.c. method to metal-ammonia
solutions. With the double a.c. method, Read and Katz136 measured the ionic Hall effect in single
crystal NaCl at high temperature. Kanede et al.120 and Newman et al.137 measured the ionic Hall
effect in solid electrolyte RbAg4I4 and C5H6NAg5I6. For dilute solution, Bellissent et al.138 and
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Meton et al.139 reported the experimental quantity of ionic Hall effect and Levitt140 calculated
ionic mobilities and transport numbers from Shockley’s equation. Modern work141-146 also shows
rather convincingly that the double a.c. method can be extremely sensitive. For example, Kasai et
al.145 have established a highly sensitive and precise double a.c. Hall Effect apparatus for a wide
range of specimen resistance, from 100 mΩ to 100 GΩ. Therefore, the a.c. Hall effect system
combined with both theoretical works and the advanced a.c. techniques has potential to measure
the ionic Hall Effect in single ion conducting ionomers. The estimated result can play an
important role in comprehensive understanding of ion transport in ion-containing polymers as
providing the ion density and mobility.

Figure 3.4. Chemical structure of the polyester copolymer ionomer PE600-xNa
(x=0.1)

3-3. Results and discussion

To study the ionic Hall Effect of ion-containing polymer, we choose a polyester
copolymer ionomer based on poly(ethylene oxide) (PEO). It is a single-ion (Na+) conductor, with
sulfonate anions covalently bound to the polymer chains.147 The structure of the ionomer is shown
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in Fig. 3.4: the materials are similar to those studied in ref. 39, where ion content was varied by
changing the length of the PEO subchains. Here, instead, ion content is systematically varied by
changing the ratio of ionic to non-ionic isophthalate groups while keeping a fixed PEO segment
molecular weight of 600 (13 EO repeat units).

Top Glass

Glass Barrier (1mm)
Pt Electrode

3m

A

A`

(a)

Glass Substrate

Sample

(b)

Figure 3.5. Hall sample cell: (a) top view with a glass substrate and four Pt
electrodes (b) cross section along cut A-A`

Samples for Hall measurements were placed onto a sample cell which consisted of a
substrate and four electrodes. (see Fig. 3.5) The sample cell was glass and the electrodes were
deposited on a glass substrate using a sputtering method. To study the influence of electrodes on
the Hall measurements, we also demonstrated different kinds and shapes of electrodes like Fig.
3.6. Using an I-V Curve Tracer which shows the relationship between current and voltage, we
found that Pt electrodes showed ohmic contact with the sample, but Cu electrodes showed nonohmic contact with one. We may explain this result from a contact issue between electrode and
sample. Both the electrode and sample have their own work function, q , which is the minimum
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energy required for an electron or ion to escape from the sample into vacuum.148 In ionic systems
this is simply the ion pairing energy. When a metal with work function q m is brought in
contact with a sample having a work function q s , potential barriers arise in the metal-sample
contacts. The work function of Cu is 4.65 eV and that of Pt is 5.65 eV.149 Their differences have
an influence on the contact between the metal and sample. The potential barriers also depend on
interfacial states between electrode and sample.150 The nature of the actual interface may be
strongly influenced by chemical interactions between the two materials.

(a)

(b)

(c)

(d)

Figure 3.6. Four kinds of sample cells: (a) and (b) Cu electrodes, (c) and (d) Pt
electrodes
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Before a top glass plate was placed on the sample, it was dried in a vacuum oven at 373 K for one
day. The glass barrier was used to control the sample thickness at 1 mm. A Spectromagnetic
Industries d.c. Hall Measurement system was used to measure the Hall voltage. To measure
conductivity and Hall coefficient, the sample cell was attached to a sample holder, as shown in
Fig 3.7. We used a van der Pauw geometry which was mentioned in Sec. 3-1.2. In the basic van
der Pauw contact arrangement, the four contacts made to the sample are numbered clockwise in
ascending order when the sample is viewed from Fig. 3.8 with the magnetic field perpendicular to
the sample.

Figure 3.7. Schematic illustrating the Hall sample holder with four-point probe.
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Figure 3.8. Measuring resistivity (a) and Hall coefficient (b) using a van der Pauw
geometry

The Hall voltage measurements are further complicated by an ohmic voltage contribution that
arises from the misalignment of the Hall probes. This large ohmic voltage contribution must be
eliminated by making voltage measurements in the two oppositely oriented magnetic field
directions

Vm (), Vm () 

VH  Vm ()  Vm () / 2 .

shown in Fig. 3.9 and subtracting the two readings:151
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(a)

(b)

Figure 3.9. Measured voltage: (a) Vm () along + direction of magnetic field, (b)

Vm () along – direction of magnetic field.

The measurements were conducted in d.c. current I  0.3mA and d.c. magnetic field B  0.5T
at room temperature. Figure 3.10 shows the time dependency of voltage VH measured between
the Hall contacts under those conditions. The measured voltage is around 0.7685V . Its
magnitude may come from misalignment of the electrodes because the two pairs are not perfectly
perpendicular. The + direction voltage VM () is changing with time a lot. This result presumably
reflects that we measured some electronic drift. It is quite clear that the d.c. Hall measurement
cannot measure the Hall voltage of the ion-containing polymer system. In order to measure its
Hall voltage we need to change from + direction to – direction very rapidly. In practice the
method is done more easily in the frequency domain with oscillating electric field and oscillating
magnetic field. That will be the double a.c. Hall Effect measurement discussed in Section 3-2.

60

B=0.5T, Current=0.3mA, Thickness=1mm, Total Time=75min
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Figure 3.10. Voltage between the Hall contacts VH recorded as a function of time
for PEO-10%Na at I  0.3 mA , B  0.5T , and T  298 K .

3-4. Summary

In addition to the dielectric spectroscopy measurement, we suggested the Hall Effect
which is a manifestation of the Lorentz force on an ensemble of charged particles constrained to
move in a given direction and subjected to a transverse magnetic field in order to understand ion
transport and interaction of mobile ions with ion-containing polymers. These understandings
require to precisely quantify two vital quantities, ion concentration and ion mobility, in various
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conditions. The double a.c. Hall effect method introduced in this chapter is designed to measure
both number density of conducting ions and their mobility.
We defined and discussed the fundamental equations of both d.c. and a.c. Hall Effect,
which give some ideas to figure out how the Hall Effect systems can directly measure
concentration of charge carriers and their mobilities. Moreover, we investigated not only the
essential components of apparatus for Hall Effect measurements but also the reported previous
and modern works which succeeded to measure ionic Hall Effect in liquid solutions, dilute
electrolytes, or solid electrolytes.
With these theoretical and experimental results, we tried to estimate Hall voltage of
PE600-0.1Na using d.c. Hall measurement. The results indicate that this technique may not be
useful to measure Hall voltage of ion-containing polymer system with low mobility. Therefore,
we need highly sensitive Hall Effect measurement for the realization of the measurement of the
ionic Hall Effect. The double a.c. Hall Effect measurement is ideal for samples with charge
carrier mobility too low for the d.c. Hall Effect measurement. All in all, we believe that our work
provides new pathways for understanding the ion transport behavior of ion-containing polymer
system and hope that this will drive additional experimental research in this area.

3-5. Future Work

1. We are preparing to use a double a.c. Hall Effect measurement system supplied by
LakeShore Cryotronics of Westerville.152 Their small electromagnet is suitable for our purpose.
Driven with 35 V input, this magnet can produce magnetic field strengths of order 2 T. This
system also makes it possible to get quite sinusoidal magnetic field at frequencies less than 1 Hz.
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Moreover, we can even control temperature. The block diagram of our system is shown in Fig.
3.11.
2. With the new double a.c. Hall Effect system, we will observe the ionic Hall Effect of
ion-containing polymer systems. For this experiment, the Hall data will be obtained over a wide
temperature range from the near glass transition temperature of the sample to the high
temperature (120 0C). The carrier density p and its mobility  p can be extracted from the Hall
measurements. Thus we can show the temperature dependence of p and  p and also obtain
activation energy for ion conduction in the system. These results can compare with the results by
dielectric spectroscopy method.
3. When an electric field  x is applied in the x direction, each carrier experiences a net
force  q x from the field. This force may be insufficient to alter appreciably the random path of
an individual carrier: each group of carriers drifts with a different drift velocity. In crossed
electric and magnetic fields the magnetic forces acting on carriers moving with different
velocities. Therefore, the Hall electric field,  y , as defined in Eq. (3.4) cannot balance the
magnetic forces, B x , for each group of carriers. For carriers drifting faster as a result of the
external electric field, the Hall electric field is too weak to balance the magnetic forces, and these
carriers also drift in the direction of resultant magnetic forces. For carriers drifting slower, the
Hall electric field overcompensates the action of the magnetic forces, and these carriers drift also
as a result of the Hall electric field. These results cannot satisfy the condition of a zero transverse
current. The existence of the transverse current components means the existence of a kind of
current deflection effect, mentioned in Section. 3-1.1. With the double a.c. method we may be
able to explain this process by taking into account the scattering of carriers. We need to take
account of the distribution of velocities and the interactions of the charge carriers with impurities,
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defects, and lattice thermal vibration of material. The Hall system with a frequency response
makes it possible to study the temperature dependence of the Hall scattering factor r as
discussed in Section. 3-1.1 because we can control the relaxation time between carriers collision,

 . This result will be quite useful to figure out ion transport mechanisms with scattering process
in ion-containing polymer systems.

Figure 3.11. Block Diagram for double a.c. Hall Effect measurements
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