The Pennsylvania State University
The Graduate School

Departmenbf Materials Science and Engineering

INORGANIC BACKBONE IONOMERS: DESIGN AND

DIELECTRIC RESPONSE OF SINGLE -ION CONDUCTING

POLYMERS

A Dissertationin
Materials Science and Engineering
by

Joshua Bartels

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

DecembeR015



Thedissertatiorof Joshua Bartelwas reviewed and approved* by the following:

Ralph H. Colby

Professor of Materials SciencechEngineering
DissertationAdvisor

Co-Chair of Committee

James Runt

Professor of Materials Science and Engineering
DissertationAdvisor

Co-Chair of Committee

Michael A. Hickner
Professor of Materials Science and Engineering

Harry R. Allcock
Evan Righ Professor of Chemistry

Susan Sinnott
Professor of Materials Science and Engineering
Head of the Department Materials Science and Engineering

*Signatures are on file in the Graduate School



ABSTRACT

lon-conducting polymersvere studiedprimarily throughthe use of dielectric
spectroscopy. The conclusions drawn from ion conduction moéi¢te dielectric data
are corroborated by additional inggmlent experiments, includingray scattering,
calorimetry, prism coupling, and DFT calculatiorithe broad concern of this dissertation
is to understand and clarify a path forward in ion conducting polymer research. This is
achieved by considering leWg ionomers and the advantages imparted by siloxane and
phosphazene backbones. The most sucdedsflectric spectroscopy model for the
materials studied is the electrode polarization model (EP), whereas other,raodelas
the Dyre random barrier modéail to describe the experimental results.

Seven nonionic ether oxygen (EO) containing polgweere studiedh orderto
observe the effect that backbone chemistry has on dipole ma@ionventional carben
carbon backbone E@ontaining polymers show no distinct advantage over similar EO
pendant polysiloxane or polyphosphazene systerhe mobilty and effective backbone
Tg imparted by the inorganic backbones are comparable. A short EO pendant results in a
lower static dielectric constant due to restricted motion of dipoles close to the chain. T
flexibility and chemical versatilitpf inorganicbackbone polymensotivates further study
of two ionomersystems.

A polypohosphazene iodide conducting system was characterized by dielectric
spectroscopy and-ray scatteringTwoend At ai |l 6 functionali zat.i
were used, a tail wittwo EOs and an alkyl tail of six carbons. This functional gradaygs

an important role in ion dynamics and can wrap around the ion arsbdedte when EOs



iv
are present. The iodic@nmonium ionomerare observed to hawsmusually large high
frequency eelectric constants due to atomic polarization of ions. The strength of the
atomic polarization scales with ion content. The aggregation state of ions is able to be
determined from analysis of the static dielectric constant and sRoellentagreement
with x-ray scatteringand DFT calculationgach ionomestrongly favoring the formation
of quadrupoles.

Finally a polysiloxane ionomer was consideegdl was mixedavith threeanion
and/or cation solvating additivegetraglyme, tetraethylene glycol, angranched
poly(ethylenimine) The EP modebf the dielectric responsgives the conducting ion
concentration and the mobilibf conducting ions and shows imerease in conducting ion
concentration with both anion solvating and cation solvating additiMes static dielectric
constant indicates an increased preference for ion pairs when anion receptors are present.
Most interestingly the additive that best decreased the glass transition temperature and
increased the static dielectric constant did eetilt in the best dc conductivity. The best
dc conductivity resulted frortetraglyme because sblvated cationsvithout interacing
with the polymer.

High ion conductivities have not been observed in polymer systems that decouple
charge transportdm polymer motion, and therefore low ibnomers are the natural path
forward for commercially viable ionomers. Inorganic backbone polymers impart gglow T
without bringing any strong disadvantage to ionomers. These materials are very important

for devebping superior ion conductors and sholbdgpursued in future ionomer research.
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Chapter 1

lon Conduction in Polymers

1. lonomers: Motivation

1.1 Batteries

lons can be incorporated into polymer chemical structures in méfieyedit ways for
many different purposes The strong interaction between ions dramatically affects the
physical characteristics of a simple polyr
application, ranging from golf ball coatings to energy matétridlse common commercial
battery (Figure 41) functions by reducing an icat an electrode, thereby producing a
current that can be applied to a wide variety of devices, from small electronic devices such
as watches, video recorders, and cell phones to larger machines such as electric powered

carg?s
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Figure 1-1 Example diagram of a solid polymer electrolyte baftery

As applications become more ubiquitous and demanding it becomes important to reduce
the size of batteries. The highestrgy density electrode available is solid lithium, driving
a large amount of research intoibn batteries. There is also extensive research into
optimal electrodes, but that will not be discussed and this dissertation focuses exclusively
on the electroel separator. The battery needs to move lithium ions from the cathode to the
anode to discharge, and therefore the ions must travel through soroenghurcting
material that is able to separate the electrodes. In practice, these two functions are often
achieved through two different materials, where a mixture of high dielectric constant
solvents solvates and transports the ions and a polyased separator maintains electrode
separationThe first commercially empl elgasatine x amp |
1991 that used lithium ion electrodes (not solid lithium) with a polyvinylidene difluoride
separator and a mixture of alkyl carbonates to promote conduction of ''i salvariety

of carbonates is used to prevent crystallization and reach a eutectic point to allow operation



3

over a wider range of temperaturesCommon carbonates include ethylene carbonate,

propylene carbonate, dimgtlcarbonate and ethyl methyl carbonate.

A few major concerns arise from using polar solvents for ion transport in batteries.
Primarily, as more chargdischarge cycles occur, the lithium is deposited unevenly on the
electrode. Dendrites may form amxtend through the separator, eventually shorting out
the battery. These shorts are able to cause fires, which are enabled further by the flammable
nature of the common organic solvents used in the elecfréft&iquid components in a
battery also allow for dangerous leaks of harmful and toxic solvents. There is therefore
interest in developing a solid electrolyte that is able to conduct ions sufficiently well and

prevent dendrite growth.

1.2 Solid Polyner Electrolytes

Polymers provide an ideal platform for electrode separators as they can have sufficiently
high modulus and are able to solvate cations and conduct ions through the amorphous
matrix. Polyethylene oxide (PEO) was first determined to bearadidate for ion
conduction in 1973 by Fenton et al. and has been extensively studietf.siRotymer
electrolytes were first made by dissolving salt into the polymer matrix. The major issue
with such sakin-polymer systems comes from the mobility of the anion. Both the anion
and the cation are able to diffuse and participate in conduclibis. poses a problem as
anions are able to polarize and build up at the cathode, reducing the lifetimeebattery.

Anion mobility also contributes to the measured bulk conductivity ofisgdblymer

systems and therefore the conductivity does not reflect the mobility of the lithium ions.
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The transference number for lithium, the ratio of the total outhat is carried by lithium,

is very low and ranges from 0-D.3!%. A low lithium transference number indicates that
conductivty dominated by anion motiéfi*®>. The clear advantage saitpolymer systems
provide is simplicity of preparation. Salt structure and concentration can be quickly and

easily vaied to produce a wide experimental basis.

The disadvantages present in saipolymers systems can be solved by covalently
bonding the anion to the polymer chain. When attached to the polymer, the mobility of the
anion is greatly limited and canmdiffuse without diffusive polymer motion, which occurs
at very long times. It has even been observed that the anion does not participate in
conduction and the transference number of lithium approaches 1 when the anion is
covalently bound to the polymér’. However, the conductivity of singien conductors
is often much lower than that of a sdtiped system because only the cation contributes to
conduction in singlégon conduabrs in addition to slower polymer motions due to ionic
crosslinks'®. Such polymers are categorized as ionomers or polyelectrolytes. Nonionic
monomers are commonly functionalized with pendants that are able to promote ion

conduction by solvating ions or incesag the dielectric constant.

1.3 The Dielectric Constant

Many functional groups are available to be incorporated to modify the dielectric constant.
Polymer pendants that are strongly polar with a high dipole moment are favorable, as they
can increasehe dielectric constant of the polymer and screen the eati@n interaction.

The dipole moment of a molecule depends on the electronegativity of adjacent atoms as
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well as the orientation of electron lone p&iS. Small changes in bonding can have a
profound effect o the dipole moment; this is seen in the difference in the dipole moments

of ethylene carbonate and dimethyl carbonate. The cyclic bonding of ethylene carbonate
restricts the rotation of oxygen lone pairs and forces the dipoles orientation to align;
wheras the GO bond is free to rotate in dimethyl carbonate. The result is a low dipole
moment for dimethyl carbonatee = s i9miDl)ar t o an et her o0XYy(
a high dielectric const arfithatfiscamongthehhighestne c ¢

organic dipole moments known.
Lo [
~ W‘\ /\<

Dimethyl Carbonate (u=0.91D) Ethylene Carbonate (u =4.8D)

Figure 1-2 Dipole orientations of two similar carbonates result in large differences in the
dipole moment of the molecule.



1.4 Sgmental Motion Decoupling vs lowT g ionomers

lonically conductive polymers show great promise, but currently have insufficient
conductivities for commercial use. Many methods to increase ion conduction have been
researched by the scientific communityin the case of PE®ased iorconducting
polymers, the mobility of the conductive ions is strongly coupled with the polymer
segmental mobility, thegl This gives two research paths to pursue, either developing low
Tg polymers or decoupling ion motion frosegmental dynamics. An important question

is raised: which of these two methods should be pursued?

Decoupling of conductivity is observed in the literature but has not produced sufficiently
high conductivitie$?4 This is observed in polyacrylamide sulfonates by Forsyth et al
where a low conductivity of T8 S/cm at 100°C is observe®®. The motivation for
invesigating decoupling of segmental motion and conductivity in solid polymer
conductors originates fr omlsB0O5% wherircomi c 6
temperature conductivities around2®/cm are obtained below the glass transition
temperature. As polymer backbones become mgict the chains cannot pack well and
there is an increase in free volume. This effect is observed in the fragility of polymers,
where high fragility corresponds to more rigid chains that pack poorly. It is suggested that
an increase in free volume majoa ions to move more freely through the system without
being shuffled through the amorphous matrix by segmental nddtiofihis research
direction is unintuitive as it is difficult to design polymers with low fragility. In addition,
ion sites must be properly spaced with a low energy barrier to hdppilgsigning a

polymer that creates the proper environment for decoupled hopping is extremely difficult
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and has yet to yield adequate coaiities. It is therefore more reasonable to pursue ion
conduction through segmental motion of solvated ions througiTlganomers based on

PEO.

Low Tg polymers have insufficient moduli to prevent lithium dendrite and often even flow
at room tempeture but the modulus can be increased by using block copolymer
chemistry”?® or by chemically crosslinking polymer chaits These methods are
successful at overcoming the mechanical limitations of-Tgwpolymers and are not

considered further in this work.

The target industry room temperature conductivity of ancimmducting polymers is
around 1x1§ S/cm, wilich is the conductivity of currently used solvent
electrolyte/polymesseparator batteri&'s An ionomer would be able to reach thisget
conductivity if it has a sufficiently low I Figure 13 shows the correlation betweeg T
and conductivity for ionomers, its upward trend suggests thgtaaolind-105 °C will
result in a commercially viable iononi&r The approximately linear trend of increasing
conductivity begins to plateau arousish °C and accessing sufficiently high conductivity

via Tg alone may not be possible and other factors must be considered as well.
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Figure 1-3 Room temperature conductivities for single ion conducting polymers versus
respective glass transition temperattfre

Given Figure 13 it is clear that ionomers should be designed to hdew d4. This can
be accomplished by either incorporating flexible chemistries or by reducing pelymer
polymer interactions. The strongest irtdiain interaction comes from ionic associations
creating ionic crosinks. As ion content increases there am®re crosdinking
interactions and theglincreases, shown below in Figurell The effect that ion content
has on T is not identical for every polymer structure as there can be a linear increase in
Tg, which is observed in vinylpyridinium ionomers d¢bre 14A), or a nonlinear

dependence such as seen in sulfonated polypentamers (FigBje 1
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Figure 1-4[A] The change in the glass transition temperature of vinylpyridinium ionomers
as a function of ion contént The Ty increases linearly for different ion chemistries. [B]
The Ty for different ion conentrations of sulfonated polypentamers; Tg increases
nonlinearly with increasing ion contént
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A design principle would then follow that ionomers should have minimal ion content to
achieve the lowestgI'but maximizing dc conductivity is not so simple. lonic conductivity
can increase with increasing ion content due to arease in the number of conducting
species. However, simply including more ions does not translate into a linear increase in
conducting ions. lon content has a strong effect on the dc conductivity of ionomers at T
lonomers have conductivities at uch lower than that of glass electrolytes that are
operated well below theirgTWhen ion content is increased in ionomers the dc conductivity

at Tgincreases, with a trend pointing toward the conductivity of glass electrolytes (inset in

Figure 15).
] 0'1 1 n“ ‘_
™ V] ilass Electrolytes
1074 g 1077 e
- 3}
5] _
10° ot &
-
| s | -7 10']5
& 10 1 10
-53 -3
A 10 p, [nm"]
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D l 0 Short Tf:N A
® Intermediate-TEN A
]0"3 Q Int»::rmvf:diale-BF4 A a
s Long-Tf N A
10

24 28 32 3.6 40 44 48 52
1000/T [K™]

Figure 1-5 dc conductivity as a function of inverse temperature for imidazolium ionomers.
Inset shows that as ion content increases the dc conductivigyiratréases towards that
of ionic glasses.
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Figure 15 shows a change in the temperature dependence of conductivity at low
temperatures for three of the four samples. This transition occuksaadTIsuggests a
change of conduction mechanism when polymer motion becomes restricted. The sample
thatdoes not show this behavior has the lowest ion content; at high ion contents it may be
possible for ions to conduct by hopping between sites, but this mechanism is dominated by

the segmental shuffling of ions when the polymer is abgve T

The other majoifactor that contributes to ion conduction is solvation of ions.- lon
solvating species stabilize ion dissociation and promote more conducting species. Without
solvation, it is very difficult for ions to dissociate and diffuse or hop through the system.
PEO has been determined to be the best available polymer at solvating'¢atiohis
commonly incorporated in ionomer structures. Polypropylene oxide (PPO) units also
solvate cations and are ugedprevent crystallization. However, PPO is not as commonly
used as PEO because PPO does not wrap around the cation as well,as®fing less
solvating stability. PEO units are therefore often incorporated into ionomers as pendants

to solvate cations and move ions through the amorpimafisx by segmental motion.

lon selection plays an important role in ion conductivity as the ionic association energy
is diminished as charge becomes more diffus@ the case of Lion conductors the cation
is fixed, but there r@ many choices available for the anion. A bulky and chdiffiese
anion, bis(trifluoromethane)sulfonamide (THSlhas been studied by many research
groups and found to help obtain high dc conduction v&fiEs* lon selection is
commonly limited to monovalent ions. Other anions that may be covalently bonded to

polymer backbones include tribuomethanesulfonate, sulfonate, carbonate, phosphonate,
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and tetraphenyl borate. If lithium is not required, cation selection includes the alkali ions,

ammoniums, imidazoliums and phosphoniums.

The work in this thesis focuses on {oonducting polymersral developing a better
understanding of the segmental dynamics that promote ion conduction. This research aims
to better understand the mechanism of ion transport and the role of dielectric constant to
determine design principles that will guide the depeient of new superior ien
conducting ionomers. Dipole relaxations contain vital information relevant to ion motion
and we consider them carefully, chiefly through employing dielectric relaxation

spectroscopy.

2. The Dielectric Spectroscopy Experiment

2.1 Experimental Fundamentals

Dielectric relaxation spectroscopy (DRS), or electrical impedance spectroscopy, is an
essential method for studying the dynamics of dipoles and charge motion. DRS therefore
has a central importance when consideringaondicting polymer system. A polymer
sample is placed between parallel plate electrodes with a carefully controlled thickness.
An AC field with a controlled frequency is applied to the sample at a single temperature

and theresulting ac current is measutedf.
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Y]
~50 mi::runL (U) 0.1V ac

Figure 1-6 Diagram of a dielectric relaxation spectroscopy experiment.

Fundamentally, the dielectric spectrometer only measures two freqdependent
valuss, the resistance (R) and phase angl e shi
the instrument are calculated. The phase angle shift is the lag of the resulting current I(t)

due to the applied potential U(t).



14

U(t) - Applied Potential

I(t) - Resulting Current

(- Phase Angle Shift

Figure 1-7 The phase angle arises from the lag between the applied potential and the
measured current.

It is common to analyze the impedance (Z), and this is understandable as it is the simplest
rel ation to R ar/dAltdiough thib relatiors straightférivaydiandesasy
to process, it is difficult to gain an intuitive understanding of the physical significance of

Z6 and Zo6

(@)}

and analysis is often extended
the dielectric spectrometer to a condutyivmeter. There is much more information
available from the dielectric experiment and the rest of this chapter is devoted to explaining

advanced methods of dielectric analysis.
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Phase Angle ()

Resistance (R) >

Figure 1-8 The relation between the complex impedance and theureghresistance and
phase angle.

2.2 The Dielectric Constant

A more useful method of data analysis is to focus on the dielectric constant. The complex

dielectric constant (U*) is related to the

-7 — (1)

Where(s the imaginary number, is the radial frequency in rad/andod is the capacity of the

emptycapacitorThe compl ex conductivity (0*) is mat hem
constant,

o] Q-7 (2)

And the complex dielectricconsant can be deconvoluted into

(UfA) components.

-1 - ®el (3
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The dielectric permittivity, Uo, measures
understood as di pppllectededtric feldi Bha pesnittivity is definedh e

as the ratio of an electric field in a vacuum to that of the same field in a material; it is the
ability of the materi al to affect the prop
is the umecoverable polarization and gives information about dipole relaxation processes

and diffusive motion of charge.

free

= 4 dipoles
CQ Cl eSe &
AC C I .
C) CQJ i (_) 1
&
free relaxing
= 2
¢ temperature, time 800 W i
: dmole;s

log f

Figure 1-9 At longer times, dipoles in a liquid sample become free to align with the electric
field, resulting in an increase the permittivity at low frequencies.

As the frequency of the applied field goes to lower frequencies and longer times, more
di poles will be able to relax and align wi

For this r eas etreaseWih decteasing frdquen@y vféhe applied field.
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2.3 Types of Polarizations

log €'
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QD ~
—
QD ~—
(7]

The ideal shape of the permittivity is shown in FigwE0lwhere dow plateau value at

high frequencies goes through a steep increases at some relaxation time and eventually
comes to a higher plateau value when the relaxation is completed. Each step that occurs in
Ud corresponds to a relaxation pmorgagics, Of
molecules there are walkefined polarizations that occur at characteristic timescales. At
very high frequencies (16 Hz) in the UV/Vis region, only electrons are capable of
responding to the el ectric ¢fisabdededasksdheonl y
electromagnetic field goes to lower frequencies{10Hz) or longer wavelengths atoms

are abl e jtlroughontuaed atamic vibrafions, as seen in FTIR measurements.
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At this timescale the total polarization includes b k a Wd, and for conventional
dielectric experiments the d.iCentinaingttodower c ons:
frequencies (10 Hz) allows for dipoles to move and orient themselves with the electric

field. Orientational polarizatiorik) is observed in dielectric spectroscopy, and has a wide

range of frequencies that it occurs due to the necessity of molecular motion to have dipoles
align to the electric field. At even longer times, dipoles and charges can build up on
surfaces and eate mesoscopic or macroscopic polarizations. These polarizations are
called MaxwelWagnerSillars polarization at phase boundaries or electrode polarization

at the electrodenaterial interface.

A relaxation also appears in the dielectric loss asaf ff&at can be described by a Debye
or modified Debye equation, and will be discussed further in a later section. Translational
motion of ions appears in the dielectric loss as a decreasing-{mowevrith a slope of
135381n the case of iorwonducting materials it is difficult to resolve relaxations as the dc

conductivity of ions dominates the dielectric loss.

3. A Dipole in an Electric Fied

3.1 The ClausiusMosotti Equation

We now consider the basic electrostatic interactions following the derivation of the
fundamental ClausiuMlosotti equation given by Deb¥fin addition to the influence of

other useful resourc&s’’3%42. A careful consideration of electrostatic interactions in an



19

electric field enables deeper understanding of the data obtained from dielectric

experiments.

Consider a particle placed between two parallel plates separated a distance d (such as that
described for dielectric spectroscopy) wit

electric field B occurs perpendicularly between the plates (Shown loyvarm Figure 1

11).

N
||
|
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l
l
l
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Figure 1-11 A particle between a parallel plate capacitor. The particle is considered a
point dipole at the center of a cavity of molecular dimensfons

The force on the particle in a vacuum is determined from the elthsgribution on the

plates

0o 1, @4
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The 4° factor comes from the Gauss integral
in Gaussian units, as t hie. Teeleleadtrit intensity Eof e | d i

the applied field can be defined as the voltage V applied over the distance between

electrodes d.
E=vid (5

When considering a particle in some dielectric material, the particle can be thought of as a
point dipole that is at the center of a cawfymolecular dimensions. It is the flexibility of
this assumption of fAmolecular di mensionso t

to determine the dipole of a single monomer.

vy
Z ‘v

o 2
o

Figure 1-12 A dipole at the center of a cavity in a diglecmedium is strengthened when
aligned with the electric field. A polarization develops at the edge of the cavity due to the
surrounding dielectri€.

The applied electric field causes a polarization from the tupldf electrons othe end of
the cavity. This polarizatiohcauses an additional for€e to arise, and must be included

in the total force acting on the particle due to the applied feldas two components, the

polarization at the electrodweaterial interface-8 ) and the polarization at the cavity
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containing the par t/3).clTheel/3 fattdr @mds fromehe faet thdt i e | d

not all particles are aligned with the applied electric field, and the average angle of
alignmentis <cd&l > whi c h ifjtleeexperimant islin tie linear response regime

and dipoles are randomly oriented.
O “ 0—-"10 (6)

Debye acknowledges a third force on the particle that is due to correlated dipoles but
suggests it should be ignored as it magpgroximated to be zero in most situations. The
total force can be written as the sunFeindF1 can be rewritten with the electric intensity

E.
0 0 -* 1)

Whi ch when combined with Maxwel |splacenfent nd a me
(D) such thathe dielectric constant is the ratioof DtolE, = D/ E; and we may
D by the electric intensity plus the additional polarization of charge on the plates, D = E +

4 | we write F in terms of the dielectric
"0 -0¢ - (8)

The polarizability of the material can be defined as a nd/vhereé( Is the dipole moment
of the particle. The polarization can also be described as the dipole moment per unit
volume (), such thatO * & These equins allow us to describe the polarizability as a

function of the dielectric constant.
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o'a '| O '|-0¢ - —— 9)

— 1 —(@109

Equation 10 is in cgs units and if it is to be usedl units with a unitless dielectric
constant, i t sdfastor brdthe ilefi side. EEquational0 Wak ihdepéndently
developed by Clausifisand Mosottt* and is hence called ti@ausiusMosotti equation.

Lorentz did similar worf® but discussed it in terms of the refractive indgxinstead of

the dielectric constant, awas easier to experimentally measure. The Lofkotentz

eqguation simplifies to the ClausiMo s ot t i equation wiitThist he as
assumption is only valid at high frequencies when only atquiarizations are able to

contribute to the dielgctric constant ; t ha

The refractive index may be measured in multiple ways. The most common method used

is a refractometer, where a liquid sample is placed between two prisms anddantinc

light is applied at varying angles. The critical angle of total internal reflection is determined
and the refractive index is determined fro
coupler to determine the refractive index due to its ease oivitisgoolymer thin films.

Prism coupling works similarly to a refractometer but only uses one prism and instead
couples the incident laser into the film to determine the angle of internal reflection.
Dielectric spectroscopy can also determine the réfiadhdex vialh. The limited
frequency range available to a dielectric spectrometer may not be high enough to accurately
measure¢ and may include additional polarizations that are not present at optical

frequencies, resulting in a higher value.
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320 ager 6s Modi f i c a-MésatthRelatibn The Cl ausi us

The ClausiusMosotti equation is not limited to describing a high frequency response and
can also be used to describe the dielectric constant when orientational polarizations are
present. The ClausitMosotti equation can be applied in a wide range of situations but is
|l ess accurate at |scSubsdiptsenyst e nsed teascuratélyedenete U |
the relation between the polarizability and the dielectric constant being considered. When
Equation 10 is applied to low frequencies where all types of polarization contributes to the
response (a atomic, ei electronic, oi orientational) and the dielectric response is

characterized by t hseweshtamt i ¢ di el ectric con
— — (13

When the equation is applied to high frequencies where no orientational polarization is

present the high fr gcharaetericey thedrespohse.ct ri ¢ cons
= — (12

To characterize the orientatdi-dihwelsubttactpol ar

Equation 12 from Equation 11 and simplify to find:

-l — (13
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We define the orientational polarization as the average dipole moment multiplied by the
number density of dipoles and may write it in terms of the electric field by the relation

given by Rajé&? (pg. 57)

0 —O0 (14

The factor relating the polarization and the electric field is defined as the polarizability. By

substituting ot hEguateifamit3 omamfbdl written i

W - (19)

Lars Onsager modified this equation in 1$38y adding an additional field that arises
from the polarization created from the dipole itself. This reacfield affects the
polarization at the boundary of the cavity and modifies the local field. A formal derivation
of the equation is given by Onsager in his 1936 paper. Onsager finds a corrective factor

(A) to replace the first term in Equation 15,

5 —(16)
The Onsager and Clausitdo s ot t i solutions for o@U have ¢
simple |iquids, but ¢1dremelateddipbles.nmietOnsageral s t

equation providea good description of the dielectric constant of polar liquids that cannot
hydrogen bond and is regularly employed in understanding dielectric data. The Onsager

equation can be written in Sl units as:

(17
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4. lonomer Conduction Models

When ions are given sufficient time to diffuse through the system they eventually pack
close to the corresponding electrode, creating an ion rich dtayae If only one type of

ion is mobile, as is the case with singd@ conducting ionomers, a depleted region will
develop at the electrode opposite of the packed region. The result of this change in charge
density is a polarization across the entire system that has the sanieideadput opposite

direction, of the applied fiefd.

M

o

d +d
—_ —
2Lp 2Lp

Figure 1-13 The charge distribution of aan-conducting system under the influence of a
constant dc electric field.
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4.1 DC Conductivity and EP Model

The electrode polarization that occurs at low frequencies can be analyzed to obtain
information regarding ion diffusion in the system. Macdotlaldd Coelhtf developed a

model that treats the electroplelarization as a Debye relaxation.

e — (18)

Il n practice it is difficult to fit both U®b
(tan U0 = U0 *Fshovda useful modifieation and the eguation becomes:

o wE] —— (19

Where ¥ i s t he gmmgarediting paranetgrs. €lneseytwo pdameters

are characteristic times that correspond to when the ions build up a packed region near the
electo desp) (@B nd when i on motg) dime pdagizatmmregsiredito f f u s i
cancel the applied voltage requires a very
regiono (their surface density i ¢gengthesbl bel
that they are noninteracting. The equivalent circuit nfddelates these two values to

their correspondingngledmittivity plateaus

T — (20

T —  (2)
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There are limitations to the application of this model #ngl necessary to compare the

ti mescales obtained from fitting in tan
(ao6). Three major regimes -ppear in 006 an
C | B | A

Figure 11 14EP model fitting of tan UsatnapvdlleDebye

o

that correspond to features in Uuo0. Regi on
and region C is after electrode polarization is completed.

At the fastest time scales (Regime A) ion motion is not diffusive and AC conductivity
and appears in (06 as an increasing power

by Dyre, who proposed a model to fit this behaiié?. At intermediate times (Region B

whege td)< ilbn motion becomes diffusive and













































































































































































































































































































































































































































