The Pennsylvania State University
The Graduate School
Department of Materials Science and Engineering

MOLECULAR MOBILITY, MORPHOLOGY, AND ION CONDUCTION IN
IONOMERS FOR ELECTROACTIVE DEVICES

A Dissertation in
Materials Science and Engineering
by
Gregory J. Tudryn

 2012 Gregory J. Tudryn

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

May 2012

ii
The Dissertation of Gregory J. Tudryn was reviewed and approved* by the following:

Ralph H. Colby
Professor of Materials Science & Engineering and Chemical Engineering
Dissertation Advisor
Chair of Committee

James Runt
Professor of Materials Science and Engineering

Michael A. Hickner
Assistant Professor of Materials Science and Engineering
Virginia S. and Philip L. Walker, Jr. Faculty Fellow

Scott T. Milner
Joyce Chair and Professor of Chemical Engineering

Karen I. Winey
Professor of Materials Science & Engineering and
Chemical & Biomolecular Engineering
University of Pennsylvania
Special Member

Gary L. Messing
Distinguished Professor of Ceramic Science and Engineering
Head of the Department of Materials Science and Engineering

*Signatures are on file in the Graduate School

iii

ABSTRACT
A sequential study of ion-containing polymers capable of ion solvation with varied ion
content, dielectric constant, and counterions is presented in this dissertation in order to compare
ion transport properties in ionomers with various ionic interactions. Structure-property
relationships in these ion containing polymers are defined using x-ray scattering, rheology and
dielectric spectroscopy, enabling the quantification of ion transport dynamics. Poly(ethylene
oxide), (PEO) based ionomers are investigated in order to probe the relation between ion
conduction and segmental relaxation, and copolymers of PEO and Poly(tetramethylene oxide),
(PTMO) further develop an understanding of the trade-off between ion solvation and segmental
dynamics. Ionomers with ionic liquid counterions probe diffuse charge interactions and steric
effects on ion transport, and incorporation of ionic liquids into ionomer membranes such as
Nafion provides desirable thermal and ion conducting properties which extend the use of such
membranes for electroactive devices.
PEO ionomers exhibit a strong relation between ionic conductivity and segmental
dynamics, providing insight that the glass transition temperature, T g, dominates the ion
conduction mechanism. Increasing temperature induces aggregation of ionic groups as evidenced
by the static dielectric constant and X-ray scattering as a function of temperature, revealing the
contribution of ionic dipoles in the measured dielectric constant. The trade-off between ion
solvation and fast polymer segmental dynamics are quantified in copolymer ionomers of PEO and
lower Tg PTMO. While conducting ion content remains nearly unchanged, conductivity is
lowered upon incorporation of PTMO, because the vast majority of the PTMO microphase
separates from the PEO-rich microdomain that remains continuous and contributes most of the
ion conduction.

Dielectric constants and X-ray scattering show consistent changes with
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temperature that suggest a cascading aggregation process in Na ionomers as ionic dipoles
thermally randomize and lower the measured dielectric constant of the medium, leading to further
aggregation. We observe amplified microphase-separation through ionic groups preferentially
solvated by PEO chains, as seen in block copolymers with added salt. Even at 25%PEO /
75%PTMO the ionomers have VFT temperature dependence of conducting ion mobility, meaning
that the 25% PEO/ion microphase is still continuous
A model is developed to describe the frequency dependent storage and loss modulus and
the delay in Rouse motion due to ion association lifetime, as functions of ion content and
molecular weight for our low molecular weight ionomers. The ion rearrangement relaxation in
dielectric spectroscopy is clearly the ion association lifetime that controls terminal dynamics in
linear viscoelasticity, allowing a simple sticky Rouse model, using the most-probable distribution
based on NMR Mn, to fully describe master curves of the frequency dependent storage and loss
modulus.
Using insight from ionic interaction strength, ionic liquids are used as counterions,
effectively plasticizing the ionomers without added solvent. Ionic interactions were weakened
with increasing counterion size, and with modification of cations using ether-oxygen, promoting
self-solvation, which increases conducting ion density by an order of magnitude.

Room

temperature ionic liquids were subsequently used in combination with Nafion® membranes as
electroactive substrates to correlate ion transport to morphology as a function of volume fraction
of ionic liquid. This study illuminated the critical volume uptake of ionic liquid in Nafion,
identifying percolation of ionic pathways and a significant increase in dielectric constant at low
frequencies, indicating an increase in the number density of ions capable of polarizing at the
electrode surface.
Consequently, the fundamental information obtained about the structure-property
relations of ionomers can be used to predict and design advanced ion-containing polymers to be
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used in battery membranes and a variety of electroactive devices, including actuators and
electromechanical sensors.
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Chapter 1

Introduction
An ionomer, or ion containing polymer, refers to a polymer with covalently tethered ionic
moieties, typically less than fifteen mole percent.1 The selection of backbone chemistry, ion type,
and arrangement of polycation, polyanion, or zwitterionic architectures largely affect morphology
and physical characteristics.2-7 However, unlike typical polyelectrolytes, a unifying theme is the
tendency of ions to be condensed among counterions due to low dielectric constant properties of
the host polymer backbone.1,

8-14

The field of ionomers has been expanding for nearly half a

century due to intriguing and tunable material properties for use in a wide range of industrial
applications, such as permselective membranes, processing aids, adhesives, and impact-resistant
coatings.1,

3, 15

The work presented in this dissertation focuses on the structure-property

relationship governing the motion of ions and polymer segments for use in electroactive
applications.

1.1 Motivation
Polymer electrolytes are an integral component in electroactive devices such as batteries,
fuel cells, and actuators, facilitating ion migration between active electrodes of the apparatus
while insulating against electron conduction.13,

16, 17

General device operation, detailed

categorically shortly hereafter, is governed by specific electrochemistry or polarization
phenomena; however bulk ion transport through each electrolyte constituent (liquid, gel, or solid)
is governed by an encompassing convention necessitating: 1- ionic dissociation, and 2- ion
migration.12, 18-21
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The discovery and design of new materials for secondary (rechargeable) batteries, from
nickel cadmium (NiCd) to nickel metal hydrides (NiMH) to lithium ion (Li-ion), has enabled the
expansion of the mobile device market space due to continually improving power density and
energy density batteries, Figure 1-1. The lithium-ion battery market is now driving fundamental
research in materials to meet the demands of new emerging generations of high-performance
devices.

Figure 1-1: (a) Energy density versus power density for energy technology, courtesy US Defense
Logistics Agency (b) Schematic of a secondary lithium ion battery during discharge.17

The demonstration of lithium cobalt oxide (LiCoO2) cathodes at Oxford by Goodenough
in 1980,22 combined with safer and more easily processed lithium intercalating graphite anodes23
established the current model for industrial scale lithium ion batteries the general public
associates with today, Figure 1-1, 1-2.
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Figure 1-2: (a) Electrochemical half-reaction at the cathode for a lithium ion battery using
lithium cobalt oxide cathodes, and the (b) half-reaction at the anode for a graphite-based anodes
where ion transport between these two electrode reactions is facilitated by an electrolyte layer.

The major challenges repeatedly presented to battery developers include improving cost,
safety, and charge/discharge rate.21 Current lithium ion batteries often rely on ion transport
through polar solvents such as mixtures of ethylene carbonate and dimethyl carbonate to solvate
lithium ions for transport between electrodes. Industry has initiated a shift away from these
electrolyte materials due to toxicity and flammability issues, leakage and packaging
complications, and inability to inhibit catastrophic lithium dendrite formation.24 Emerging solid
(polymer) electrolytes are chiefly designed around the use of poly(ethylene oxide), PEO to
provide a chelating, or solvating mechanism toward lithium ions via coordination with ether
oxygen dipoles.2, 13, 16, 25
PEO has been selected as the primary polymer electrolyte due to availability and ease of
processing, non-toxicity, and the well explored ability to successfully dissolve lithium salts, using
a crown-ether like mechanism recognized nearly 40 years ago.25-27 Using dissolved salts in
electrolyte layers in batteries often leads to the limiting phenomena of concentration polarization,
where weakly coordinating anions such as with LiClO4, LiPF6, and LiBF4 have significant
mobility, thus lowering the lithium transference number, and encumbering lithium intercalation
into and out of the active electrodes. Exploiting ionomers as electrolyte layers circumvents anion
conduction issues as the negative charge can be covalently bonded to the polymer backbone, thus
promoting single ion conduction, and forcing transference number toward unity as anion motion
is delayed greatly.

4
Fuel cells are divided into a range of sub-categories, from high temperature solid oxide
fuel cells (SOFC) and molten carbonate fuel cells (MCFC), to phosphoric acid doped (PAFC),
direct methanol (DMFC), and the more widely discussed proton exchange membrane fuel cell
(PEMFC), also known as a polymer electrolyte membrane fuel cell, briefly discussed here.
Successful operation of a fuel cell is dependent upon integration and synergistic operation of a
plethora of components, including but not limited to: a proton conducting/electron insulating
electrolyte membrane, catalyst coatings, gas diffusion media, microporous layers, and bipolar
plates, Figure 1-3.

Figure 1-3: Schematic detailing the assembly order and fuel flow in a single fuel cell, courtesy
Ballard Power Systems Inc. Compression of components upon the electrolyte layer insulates the
gap between electron conducting components, while permitting ion motion through the ionomeric
electrolyte layer.

The electrochemical half-cell reactions are governed by the Nernst equation,28 however a
key determining factor for facile ion transport through the electrolyte layer is hydration, which is
directly tied to membrane morphology.

The mechanical and thermo-oxidative stability

5
requirements of PEMFC membranes have driven the field towards the use of perfluorinated
sulfonic acid ionomers, often based on DuPont’s Nafion ®. The inert perfluorinated backbone
capability to crystallize, and super-acid properties of fluorinated sulfonic acid groups yield
morphology that is largely debated by experts such as Gebel, Kreuer, Paddison, Moore and
others,29-39 yet highly sought after to reproduce and improve percolated ionic channel formation at
lower hydration levels.30, 40-42

Figure 1-4: (a) The evolution of ionic domains in Nafion with increased water content proposed
by Gebel30 and (b) a schematic showing the network formation and stages in a hydroniumhydrogen bonded network in the process of structural (Grotthuss) diffusion.29

Due to high ionic pairing, membranes operate in a hydrated state,29, 30, 43, 44 permitting
polar water molecules to form solvation shells, screening charges to promote ionic dissociation
and facilitate an ionic transport transition from vehicular diffusion to structural (Grotthuss)
diffusion at sufficient water uptake, Figure 1-4.29 Investigation and fundamental understanding of
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the transition of Nafion and other ionomer morphologies from isolated ionic domains
(aggregates) to conductive ionic pathways is consequently an area of intrigue for design of ionic
polymers.45-47
The emerging field of ionic actuators designed around ionic polymer metal composites
(IPMC), exclusively uses the phenomenon of electrode polarization to harness mechanical
response from ionic motion, Figure 1-5.5, 48, 49

Figure 1-5: (a) Schematic of an ionomer actuator where anions are capable of polarization, and
(b) an ionic polymer conductor network composite actuator where both cations and anions are
mobile and bending is a result of volume differential at the electrodes upon macroscopic
polarization.50

Given the absence of tailored electrochemical reactions, electrode design for ionic
actuators is commonly less complex than other electroactive devices, and design is primarily
focused on increasing surface area while retaining appropriate modulus and maximizing ion
intercalation speed.48,

51

The performance of the device can be directly correlated to the

electroactive substrate where ion mobility and number density respectively control actuation
timescale (device response speed), and magnitude (actuation strength).49

Since bending is
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proportional to ion size, recent ionic actuator design has adopted the use of bulky, diffuse ionic
liquids,5,

50, 52-54

discussed in more detail in later chapters. The drive to maximize electrolyte

membrane conductivity without stringent electrochemistry restrictions has led to flourishing
ionomer design and a new foothold into fundamental understanding of ionic transport through
ionomers which can be directly translated and adapted to design of electrolytes in other
electroactive devices. Work by Long, Gibson, Nemat-Nasser, and Zhang show favorable solid
state ionic conduction and mechanical integrity through the use of imidazolium cations and other
bulky ions,50,

54, 55

however frequently require additional ionic liquid to provide the desired

ambient conductivity and modulus.50, 52 Acknowledging the immeasurable combinations of ionic
liquid architectures and resultant properties, a well-defined toolset based on structure-property
relationship for design of ionomeric substrates for this class of electroactive device is
consequently still unmapped, however much research of these materials is underway to gain the
opportunity for isolating particular functionalities desirable for ion transport.4, 56-60

1.2 Background
Traditional use of ionomers in commercial products include toughened barrier films such
as poly(ethylene-co-methacrylic acid), e.g. DuPont’s Surlyn ®, ion exchange media from
sulfonated polystyrene, and ion selective membranes from perfluorosulfonic acids, e.g. DuPont’s
Nafion ® (discussed in detail in chapter 7), Figure 1-6.
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Figure 1-6: (a) Poly(ethylene-co-methacrylic acid) chemical repeat structure with sodium
counterion, (b) Sulfonated polystyrene chemical repeat structure with sodium counterion, (c)
Nafion chemical structure for Nafion ® NRE 211 from E.I. du Pont de Nemours (DuPont), where
n1=6-10, n2=n3=1, n4=2.
An issue with the majority of ionomer classes used for ion transport, as with the examples
in Figure 1-6, is a repeating polymer backbone structure of inherently low polarity.

Low

dielectric constant, or the lack of large labile dipole moments to solvate ions, results in limited
dissociation of counterions, as ionic dissociation is governed by the fundamental physics of
Coulomb’s law, Equation 1-1.9

E

e2
4 0 d



lB
kT
d

(1-1)

where E is the energy of ionic dissociation, e is the magnitude of each monovalent charge
separated by a distance d, ε0 is vacuum permittivity, and ε is the dielectric constant of the
surrounding medium.9, 13 The length scale recognized as the Bjerrum length, lB, is the distance of
d at which the energy to overcome the Coulombic attractive force equals thermal energy, kT,
which is representative of the entropy gained from releasing a counterion.8, 9, 13 The low dielectric
constant in typical polymers yields a Bjerrum length by more than an order of magnitude larger
than in water for a simple salt such as sodium chloride (> 100Å vs.7Å in water). This simple
relationship explains the tendency of forming condensed ions and few mobile ions in polymeric
systems, resulting in low conductivity.13, 18, 24, 61, 62
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The condensation of counterions into ionic pairs creates a propensity for polar ionic
groups to microphase separate from the polymer backbone, which inhibits facile ion transport and
often yields intractable processing characteristics. Studies by Eisenberg, Chu, Weiss, Cooper,
Thomas, and Winey explore this phenomenon referred to as ionic aggregation.63-70

The

Eisenberg-Hird-Moore (EHM) multiplet-cluster model for random ionomer morphology
encompasses this phenomenon, Figure 1-7, which is more thoroughly explored in Chapter 2.

Figure 1-7: The Eisenberg-Hird-Moore (EHM) multiplet-cluster model schematic for random
ionomer morphology with approximate size scales of an individual ionic aggregate and region on
restricted mobility from x-ray scattering on a poly(styrene-co-sodium methacrylate) ionomer.63

The presence of ionic groups and ionic aggregates tethered to polymer chains restricts
polymer segmental dynamics, manifesting in tunable physical characteristics such as altered
solubility, increased toughness and raised glass transition temperature (Tg) by as much as 8K per
mole percent of ionic monomers.1, 71, 72 Increased toughness via an extended rubbery plateau73
results from ionic dipolar interactions,71 which contribute to the number density of physical
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crosslinks per chain effectively coupling with the entanglements per polymer chain,74 thus
prolonging terminal response, or polymer diffusion, Figure 1-8.

Figure 1-8: (a) Storage modulus as a function of frequency for very lightly sulfonated
polystyrene oligomers with prolonged terminal flow in linear viscoelastic behavior relative to
unmodified polystyrene due to a proposed (b) pairwise ionic interactions between polymer
chains, dependent on sulfonation level and ion pair dipole strength.72

Fundamental research by Register and Winey groups have noted the presence of ionic
monomers altering polymer crystallinity as a result ions excluded from the polymer crystalline
phase,75-77 Figure 1-9. The exclusion of ions from the lattice during polymeric crystal growth
restricts crystal size to where visible light wavelengths can be transmitted without being scattered,
thus enabling transparent crystalline films such as Surlyn®. Following the notion that ionic
groups can dictate film mechanics and optical clarity; a highly altered morphology furthermore
affects ionic transport properties in polymers used in electrolyte layers such as poly(ethylene
oxide), PEO,77 and Nafion ®.34, 36, 76
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Figure 1-9: (a) X-ray scattering of PEO-based ionomers showing crystal size reduced and
eventually prevented as ionic content is increased with shorter PEO spacers due to (b) ions being
excluded from lamellae.77

Ion transport through an ionomer film, used as an electrolyte layer, is largely coupled to
segmental motion of polymer chains which provides dynamic free volume for ions to migrate,
and in turn is associated with the distribution of ions and hierarchical morphology. Given that
ionic motion is tied to free volume provided by polymer segments, ionic conductivity can often
be predicted by how quickly polymer segments relax, revealed by the ionomer T g, Figure 1-10.13,
62, 78, 79

Ion content increases Tg, thus decreasing conductivity as segmental motion is slowed.80, 81

To counteract this effect, Balsara, Kerr, Allcock, Shriver, and West turn to low Tg polymer
architectures such as alkyl ethers, phosphazenes, and siloxanes which are known to provide T gs in
a range of 250K down to 123K.56, 82-85 Low Tg polymers are able to produce higher conductivity
at ambient conditions by forcing the increase in Tg to sub-ambient temperatures. Improvements
to conductivity in polymer electrolytes have thus been largely ex post facto, and only a limited
number of groups have investigated the underlying physics of the correlation between ionic
motion and polymer segmental dynamics.13, 61, 80, 86-88
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Figure 1-10: Glass transition temperature increasing for PEO-Li salt mixtures78,
based ionomers as ion content (Li/EO ratio) is raised.81

79

and PEO-

Beyond Tg suppression, researchers have begun investigating fundamental ionic transport
properties such as obstructing or weakening Coulombic pair attraction in the electrolyte layer to
improve conducting ion density and mobility. Three general methods for inhibit ionic pairing
energy are to use:

1. Solvation of ionic species using polar molecules
2. Steric hindrance of cation-anion contact pairs
3. Delocalized charge centers

affecting the cation-anion attractive potential energy well (Figure 1-11) by 1: lowering the energy
to exit the well, 2: limiting how deep into the well the charge is allowed, 3: and raising the well
minimum by diffusing the charge centers, respectively.89 Work by Liu et al suggests if lithium in
LiF is replaced with tetramethyl ammonium, the pair energy is lowered to 70% of the LiF pair
energy. Similar reduction to 70% pair energy is observed when F is replaced with tetraphenyl
borate, and tetramethyl ammonium tetraphenyl borate has pair energy 40% of the LiF pair energy.
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Figure 1-11: Representative potential energy curve for cation-anion interaction energy as a
function of distance between charge centers, d.

Method one is often explored through the use of polar ionomers, such as PEO-based
sulfonates discussed in Chapters 3, 4, and 5. Methods two and three are investigated through the
design and use of ionic liquids, in Chapters 6 and 7, which impart larger ionic volumes than alkali
metal ions, key in maximizing mechanical response in actuators from polarization of ions at
electrodes under an applied field.51, 54
Ionic liquids are derived from the area of molten salts that melt below 373K, due to
cation-anion size and shape disparity which frustrates the formation of a stable crystal lattice.55, 58,
59, 90-96

Since they exist in the liquid state, yet contain long-range Coulombic forces, and often

have bulky charge-diffuse chemical structures, ionic liquids are known to provide physical
characteristics such as:

Negligible vapor pressure
High ionic conductivity
Wide electrochemical windows
High thermal stability
Moderate dielectric constant
Poor electron conductivity
Tunable solubility
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The ability to design and tune the functionality of ionic liquids provides the opportunity
to gain deep understanding of ionic motion, and when coupled with ionomers improves the
fundamental knowledge of ion transport through a polymer electrolyte membrane to be used in an
electroactive device.

1.3 Purpose and Relevance of this Work
Despite several decades of research, a comprehensive fundamental understanding of ion
motion through ionomers is still unfinished. The use of single-ion conductors has become of
particular interest for fundamental research, as conductivity is proportional to the product of the
number density of ions and their mobility, convoluting ionic motion in salt systems whereas
ionomeric single-ion conductors eliminate the second half of Equation 1-2, effectively
simplifying the interpretation of microscopic phenomena from macroscopic measurements.

 DC    p0e    n0e

(1-2)

 DC    p0e   pe

(1-3)

And for single-ion cation conductors:

where ζDC is the dc conductivity, p0 is total cation content, p is number density of simultaneously
conducting cations, n is anion number density, μ is respective ionic mobility, and e is the
respective charge per carrier. Here we refer to mobility calculated as µ ≡ µ+p0/p, and is often
faster than cation mobility based on all cations.
The unifying theme of this work is based around improving fundamental understanding
of ion transport in ionomer electrolytes using polymer dynamics and structure-property
relationships, and can be tied directly to the methods listed in section 1.2: solvation, steric
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hindrance and delocalization of ionic charges. Figure 1-12 maps the dissertation layout to the
experimental exploration of these concepts.

Figure 1-12: The investigated relationships between ionomer dynamics and ion transport for
electroactive devices, covering concepts in the chapters of this dissertation.

Chapter 2 covers the major techniques used throughout the chapters and the origin of the
theories used to extract additional information from broadband dielectric relaxation spectroscopy
(DRS), small angle X-ray scattering (SAXS), and rheometry. Chapter 3 is an extension of
experimental studies based on the works presented by references 80 and 81, where sulfonation
content is varied for PEO-based polyester ionomers.

Chapter 4 is adapted from a 2012

publication in Macromolecules, also covering method 1 in section 1.2 where the trade-off
between solvation and segmental dynamics is probed through the use of polyester copolymer
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ionomers of varying ratio of PEO and poly(tetramethylene oxide) (PTMO) spacers between ionic
sites, thus adjusting dielectric constant, and molecular mobility while maintaining constant ion
content. Chapter 5 explores the rheological response of copolymer ionomers with both varied ion
content and varied solvating ability.

Chapter 6, adapted from a 2011 publication in

Macromolecules, and Appendix B cover methods 2 and 3 from section 1.2 where counterions are
exchanged from alkali metal cations to observe conductive, morphological, and mechanical
impact of ammonium and phosphonium ions of varying size and functionality, revealing a selfsolvating mechanism for ether-oxygen functionalized cations. In Chapter 7 and Appendix D
ionic liquids are utilized in Nafion to observe fundamental transport properties related to
macroscopic actuator performance, revealing dielectric strength after polarization to be a stepfunction of ionic pathway percolation, thus contributing toward a better understanding of the
morphological transition of Nafion over a broad range of solvent uptakes.
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Chapter 2

Characterization Techniques Applied to Ionomers
This chapter highlights the more elaborate experimental techniques used in this
dissertation, general interpretation of the data, and historical origin of commonly applied physical
models for ionomers. The material properties probed specifically by the selected techniques are
conductive, morphological, and mechanical properties.

Less intricate instrumentation and

specific sample preparation are highlighted in detail in subsequent chapters.

2.1 Introduction to Dielectric Relaxation Spectroscopy
Dielectric relaxation spectroscopy (DRS) is a technique that applies an ac electric field
across a sample, sweeping in frequency, to probe the response of molecular dipoles and ionic
species. Historically, “dielectric relaxation” was coined by Dr. Petrus Debije (Peter Debye) in
1927 as the re-orientation of molecular dipoles,1 which manifests as the dispersion of real
permittivity (dielectric storage, ε’) and occurrence of dielectric absorption (dielectric loss, ε’’);
analogous to a material’s storage modulus (G’) and loss modulus (G’’). The specific instrument
used in this work is a Novocontrol, GmbH, Concept 40 impedance analyzer with a Quatro
Cryosystem high precision temperature control accessing temperatures between -140C and 300C,
+/-0.05C using a nitrogen flow over the sample cell. The working frequency range is 10 -2 Hz to
107 Hz, experiments are set to voltage amplitude of 0.1V (within the linear response range of the
materials investigated in this dissertation). This instrument uses 8-11 reference resistors and a
minimum of 3 reference capacitors per measurement to yield impedance values between 0.01 and
1014 Ohms with loss factor precision of tan δ ≈ 3 x 10-5.2
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Measurement of impedance and phase angle (related to loss tangent) can be related to
resistance and Ohm’s law through Figure 2-1 below,

Figure 2-1: Complex impedance plane used to illustrate the relation between (complex)
impedance, (real) resistance, and phase angle.

Ohm’s law, Equation 2-1, defines resistance, R, related to the material property resistivity, ρ,
through sample geometry, length l, and area A.

R

l

(2-1)

A

Complex conductivity, ζ*, can accordingly be related to complex impedance via the relation

* 

l 1
A Z*

(2-2)

where the real portion of complex conductivity is obtained from the conversion of the function

 '  Re( *) 

l
1
Re
A
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(2-3)

However, the complex resistivity in the denominator is not directly converted as the reciprocal of
the real, and can be reorganized as:
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and simplified using a simple trigonometry identity to yield

(2-4)
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(2-5)

where conductivity can be obtained as

 '

l cos 
A Z*

(2-6)

The data from dielectric relaxation spectroscopy are calculated from the alpha analyzer in
windeta,2 using a series of reference capacitors to yield the complex dielectric constant and phase
angle. These values can be used to resolve conductivity, dielectric storage, and dielectric loss,
which are more commonly used to resolve polymer segmental dynamics and other relaxation
phenomena over a range of timescales and temperatures.

2.1.1 Theory and Phenomena
This technique is often applied to dipolar liquids and solids. Stockmayer categorizes
polymers using 3 classes of polymeric dipoles.3

Type A dipoles align along the polymer

backbone, Type B align rigidly orthogonal to the polymer backbone direction, and Type C
dipoles (associated with local motion) are classified as attached to a flexible side chain.
Fluctuations and conformational re-orientation from Type B dipoles are largely responsible for
measurable signal correlating to polymer segmental mobility, illustrated in Figure 2-2.4 This
process is related to Tg and can be correlated to the glass transition identified from differential
scanning calorimetry, often associated with the temperature where the dielectric relaxation occurs
on the order of 100s.5 In PEO-based polymers, type B dipoles are representative of lone electron
pairs on an ether-oxygen group, which are involved the main relaxation process, discussed
extensively in this work.
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Figure 2-2: Hierarchical view of (a) a polymer chain length scale 10-200nm, (b) cooperative
segmental motion length scale of 2-10nm, α-process and (c) local dipole motion length scale of
<1nm, β-process.

The complex dielectric function, ε* is related to the applied electric field, E, and
dielectric displacement, D, by dielectric permittivity of vacuum, ε0=8.854 x 10-12AsV-1m-1,
Equation 2-7.

D   * 0 E

(2-7)

Complex dielectric permittivity can be resolved into in-phase (storage, real component),
and out-of-phase response (loss, imaginary component) via the relationship:

 *()   '()  i "()

(2-8)

where ω is angular frequency in radians/second, and ω is related to frequency (f) in Hertz by
ω=2πf. Dipolar motion under an applied field manifests as a stepwise increase in the storage
component and a peak in the loss component in the frequency domain, Figure 2-3.
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Figure 2-3: Two simulated dielectric relaxation processes revealed as steps in the dielectric
constant, and peaks in the dielectric loss. Dielectric loss is shown as two separate simulated
curves to clarify individual peak locations for each process.

Figure 2-3 depicts two separate relaxation processes, where each individual relaxation is
represented by a simple Debye function, Equation 2-9.

The high frequency ε’ is nearly

independent of frequency, and is often referred to as the infinite dielectric constant, ε ∞, and can be
predicted from the square of the sample’s refractive index as it is related to high-frequency
responses toward the electronic (optic) polarization range where large dipoles are unable to
respond to such high frequencies.6

 *( )    

s  
  '( )  i "( )
1  i

(2-9)

where εs is the static dielectric constant related to the polymeric dipole motion, and η is the
relaxation time in seconds. The second step in Figure 2-3, εEP, is the dielectric storage after
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electrode polarization and is discussed in detail in a following section. Since the complex
dielectric function can be broken into storage and loss components, the simple Debye relaxation
function also capable of being resolved into two individual functions, Equations 2-10, 2-11,
storage:

 '( )    

s  
1   2 2

(2-10)

and loss:

 "( ) 

 s     
1   2 2

(2-11)

where εs- ε∞ is often referred to as the dielectric strength (Δε), or the step size of the relaxation
after dipole alignment with the applied field. The relaxation process is related to dipole motion
on the polymer backbone and manifests as a peak in dielectric loss at the timescale where the
dipoles become labile and offer segmental motion. The peak in dielectric loss can be fit to obtain
the relaxation timescale, as annotated in Figure 2-3; this fitting procedure is discussed in section
2.1.3.
Other modes of polymer motion include small, local rotations of dipoles and are often
referred to as β-relaxations, or γ-relaxations depending on the size and type of local dipole
rotations. These relaxations are observed at temperatures lower and frequencies higher than those
associated with segmental motion.

2.1.2 Ionic Conductivity
Macroscopic ionic conductivity in dielectric spectroscopy is considered translational
motion of ionic species rather than a simple dipolar response, and manifests as an increase of
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dielectric loss while sweeping to lower frequencies.

Conductivity contributes to the loss

component of the complex dielectric function, and can be obtained through the relation

 '( )   0 ''( )

(2-12)

At high frequencies, dielectric loss and consequently ζ’ is large due to an abundance of
small dipoles capable of rotating with the applied field, Figure 2-4.
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Figure 2-4: Angular frequency dependent dielectric constant, dielectric loss, loss tangent, and
conductivity for a PEO/PTMO (100/0) Li ionomer at 323K. Solid lines represent timescales
(ω=1/) dashed lines represent the segmental relaxation frequency and the attempted ion hopping
timescale from Equation 2-13.7

As frequency is lowered, longer timescales and larger dipolar relaxations are probed. At
sufficiently low frequency, ionic dipoles become able to rotate, and subsequently counterions are
capable of sub-diffusive conductivity, probing local energy minima,8 where long timescales allow
ions to overcome large enough energy barriers to become diffusive, Figure 2-5. The frequency at
which ions are capable of “hopping” into local minima is observed where the high-frequency
powerlaw-like ε’(ω) values diminish into the DC plateau, Figure 2-4, and is estimated by Dyre et
al. by Equation 2-13.7 Diffusive ionic motion, DC conductivity, is observed as ζ’(ω) becomes
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independent of frequency until sufficiently low frequency where the onset of electrode
polarization (EP) occurs, discussed in section 2.1.4.

 '(h )  2 '(DC )

(2-13)

Figure 2-5: Schematic demonstrating barriers to ionic jumps over (a) short timescales, (b)
intermediate timescales, and (c) long time scales where ionic motion has overcome the largest
barriers necessary for diffusive motion (dc conduction).7
There have been observations of conductivity in glassy materials obeying the relation
proposed by Barton, Nakajima, and Namikawa, (BNN).9, 10

 dc   0 

(2-14)

where ωα is the dynamic Tg, or segmental relaxation frequency of the glassy material at that
temperature. This leads to the concept that conductivity relies on (and may arise from) dipole
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relaxations coupled with migrating ions, including ion pair dipoles. This concept of ionicpolymer dipole relaxation strength giving rise to measurable conductivity is explored more
acutely in Chapter 4.

2.1.3 Fitting Functions
Polymer segmental relaxations in dielectric spectroscopy arise from fluctuations of
dipoles along the polymer backbone under the applied field and are related to the glass transition
of the polymer. This process manifests as a peak in the dielectric loss which can be convoluted
with the loss process of ionic conductivity in these materials, discussed previously. Numerical
methods can be used to calculate the loss component of the complex dielectric function from the
real component, as the two are related via the Kramers-Kronig integral transforms for converting
between dielectric storage:4

 '(0 )    

2



 ''( )


0

2


d
 02

(2-15)

and dielectric loss:

 ''(0 ) 
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   '( ) 2 0 2 d
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(2-16)

where the additional term in the loss component is due to ionic conductivity, usually well above
Tg.11, 12 Because the dielectric storage does not contain conductivity contributions, a “conductionfree” dielectric loss can be derived. To clearly resolve the segmental (α) process, or dynamic T g,
a derivative formalism, developed by Wübbenhorst and van Turnhout. based on the KramersKronig transform above, is used to remove conductivity and is calculated from the frequencydependent dielectric constant ε’(ω):11, 12
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To curve resolve the contributions from electrode polarization (EP) and the α-relaxation,
we simultaneously fit EP to a simple power law function and the α-relaxation over a range of
temperatures using the appropriate form11, 12 of the Havriliak-Negami (HN) function,4, 13
*
 HN
( ) 



(2-18)

[1  (i HN ) a ]b

where Δε is the relaxation strength, HN is a relaxation time, and a and b are shape parameters.
Setting a=1 and b=1 yields a simple Debye relaxation. Symmetric functions (a=1) yield the ColeCole function where peak broadness is adjusted as b is varied, Figure 2-6a, and the ColeDavidson function is obtained by varying a and holding b=1, Figure 2-6b.14-16 It is important to
note that both shape parameters are varied to achieve the best dielectric loss peak fit, however
physical constraints require that the product of a and b must equal or less than 1, however in
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Figure 2-6: Simulated dielectric loss showing parameter dependence for changing the (a)
broadening exponent to yield a Cole-Cole plot, and conversely only changing the (b) asymmetry
exponent to yield a Cole-Davidson plot.
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Figure 2-6 demonstrates that peak maxima timescale is robust with adjusted broadness,
however the maxima slightly shifts with the adjustment of the asymmetry parameter, a. To
accurately locate the timescale of polymer segmental relaxation, associated with the peak of the
α-process, from dielectric loss (or derivative loss) data, the timescale needs to be converted from
the HN fitting process (ηHN is the “characteristic time”) using the following relationship:4
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(2-19)

The timescale of segmental motion often follows Vogel-Fulcher-Tammann (VFT)
temperature dependence, Equation 2-20.

This empirical equation follows similar

physical origins as the Williams-Landel-Ferry (WLF) relationship. Both equations are
related to the ability of the polymer to provide dynamic free volume at increasing
temperatures above the glass transition.



B 

 T  T0 

     exp 

(2-20)

where η∞ is the timescale of the polymer relaxation at arbitrarily high temperature, B (also written
as B/T0) is inversely related to polymer fragility, T is absolute temperature, and T 0 is the Vogel
temperature (typically Tg-50K), below which the ability to provide any additional amount of free
volume is diminished.

2.1.4 Electrode Polarization
The use of single-ion conductors (ionomers) allows application of an electrode
polarization model17,

18

which treats the system as though tethered ions have insignificant
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contribution to macroscopic conducting ion mobility, thus allowing us to separate conductivity of
the mobile cations into three components: the temperature dependent number density p of
simultaneously conducting ions, the mobility μ of those conducting cations, and the known
monovalent ion charge e, the product of which determines the conductivity of single-ion
conductors.

 DC  pe

(2-21)

Electrode polarization is seen in our dielectric measurements at low frequencies, as
counterions polarize at the non-injecting brass electrodes, Figure 2-7, causing increased
capacitance, and lower conductivity, Figure 2-4.4, 18, 19 It is noteworthy that electrode polarization
is performed using low voltage within the linear response of the sample (0.1V).

All

measurements, unless noted, were performed on polished, cleaned, and vacuum dried brass
electrodes.

Figure 2-7: Schematic representation of (a) a typical DRS sample confined between two brass
electrodes, where long timescales yield (b) electrode polarization, which can be described by (c)
an accumulation of ion charge at the surface of the non-injecting brass electrodes.

Although the concern of zeta-potential has been raised,20-22 there is no practical method
for measuring zeta-potential of our sample-electrode arrangements, as each sample measured
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represents a separate polymer electrolyte. To help alleviate this concern, a series of electrode
materials were tested on an ideal system in Chapter 6, yielding results nearly identical between
gold electrodes and freshly polished brass. All measurements are performed with consistent
composition, mirror-finish brass electrode material and methodology in order to compare across
sample electrolytes referenced to brass (or gold) electrode materials accordingly.
Two observable timescales can be defined for measurement of ion transport properties, 23
the timescales for conduction (ηζ), and electrode polarization (ηEP):
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where εs is the measured static relative permittivity of the sample before electrode polarization, ε 0
is the permittivity of vacuum and εEP is the significantly increased permittivity after electrode
polarization. The Macdonald model treats electrode polarization as a simple Debye relaxation.
The loss tangent is taken as the ratio of Equation 2-11 to Equation 2-10 and reduced to provide a
single equation to obtain the timescales in Equations 2-22 and 2-23.17, 18
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The angular frequency, ω, dependence of the loss tangent is fit to Equation 2-24, to determine 
and EP. The model then allows determination of the number density of conducting ions p and
their mobility  from EP and , where

1   EP 
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where

lB 

e2
4 0 s kT

(2-27)

is the Bjerrum length, L is the sample thickness, k is the Boltzmann constant and T is absolute
temperature. Equation 2-25 shows that the number density of conducting ions is determined from
the square of the magnitude of electrode polarization (EP/ = εEP/εs) while the mobility
(Equation 2-26) is reciprocally related to the product of the magnitude and timescale of electrode
polarization. The timescale EP is proportional to electrode spacing L, as expected by the
Macdonald model17 and observed for polyester-sulfonate ionomers based on poly(ethylene
oxide).18,

19

This indicates the number density of conducting ions p and their mobility  are

material properties that are independent of L.
The Arrhenius temperature dependence of conducting ion content is seen throughout this
work and is concurrently observed in various ionomer systems.18, 19, 23-28 Fitting to the Arrhenius
equation (dashed line) is performed using the stoichiometric ion content as the high temperature
limit, allowing us to elucidate trends ion activation energy for ionomers with varied chemical
structure and counterion type.

 E 
p  p exp   a 
 RT 

(2-28)

Ionic mobility is often found to follow VFT behavior, Equation 2-26, similar to the segmental
motion described in section 2.1.3, Equation 2-20. This reflects the relation between polymer
chains providing free volume, or vacancies, for ions to migrate through, and ion motion often
coordinated with solvating dipoles, all which give rise to the signal discussed in section 2.1.3.
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where the B parameter is inversely related to fragility, T0 is the Vogel temperature, and μ∞ is
mobility at arbitrarily high temperature. Since fitting of equation 2-24 is limited by accessible
temperature, the DC conductivity is divided by the Arrhenius fit for p over wider range of data to
calculate an “extended mobility” range. Mobility is then re-combined with Equation 2-28 to
provide a more detailed expansion of Equation 2-21:

  Ea
B 


 RT T  T0 

 DC  ep  ep  exp 

(2-30)

2.1.5 Thermal Randomization
Static dielectric constant is a material property obtained from the low-frequency plateau
value of ε’(ω) before the onset of electrode polarization (EP). Since electrode polarization can
obscure this value, it is calculated using Equation 2-22 from the measured DC and  obtained
from fitting Equation 2-24, yielding the low frequency static dielectric constant, εs before the
onset of electrode polarization and macroscopic charge accumulation.4 The dielectric constant of
ionomers (and polar liquids) typically scales inversely with temperature due to thermal
randomization,29 which can be described as a broadened distribution of dipole orientations as
temperature increases. Here, we view both aforementioned polymer dipole rotation (related to αrelaxation), and polymer-ion dipole rotation (noted as the α2-relaxation) with the applied a.c.
voltage as the major contributors to measured static dielectric constant. 19 The α2-relaxation is
responsible for ionic motion, where shortly thereafter EP commences, leading to an overlap with
the α2 and EP processes in dielectric loss and no clear flat region of ε’(ω) to extract εs. To
alleviate this, α2 is obtained from the derivative formalism, Equation 2-17 using the HN Equation
2-18, and εs is extracted from the fit of Equation 2-24 using Equation 2-22.
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Figure 2-8: Dielectric constant for copolymer ionomers of varied PEO/PTMO ratios with (a)
lithium and (b) sodium counterions. Solid lines are thermal randomization fits of data in the
vicinity of 303K to Equation 2-31.

Ionomer static dielectric constants often have high values similar to Figure 2-8,
suggesting that ionic dipoles contribute significantly to the measured dielectric constant, as the
most polymer backbones (such as PEO) have dielectric constants below 10. High dielectric
constant values for ionomers suggest that most ionic aggregates are solvated into isolated pairs
and provide significant contribution to dielectric constant, while low values suggest strong ionic
aggregation and few isolated pairs capable of providing any labile dipole moments to increase
dielectric constant. Solid lines in Figure 2-8 represent the ~1/T temperature dependence of a
polar medium due to thermal randomization of dipoles (broadened distribution of dipole
cooperative orientations with increasing temperature), predicted by Onsager:29
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where ε∞ is the high frequency permittivity, and νpair and mpair are the number density and strength
of ionic dipoles, respectively. Equation 2-31 in Figure 2-8 is fit adjusting



pair

m2pair as a
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parameter set at ambient conditions (1000/T ≈ 3.3) to show the temperature response predicted
from thermal randomization, given the room temperature dielectric constant.

2.2 Small Angle X-ray Scattering (SAXS)
Cogent design of ionomers for electroactive devices is dependent on transport
phenomena and comprehensive understanding of the hierarchical morphology from which it is
obtained. X-ray scattering is a non-destructive method used to measure material nanostructure
through the use of incident X-ray radiation interacting with varying electron densities throughout
the sample. Since the technique probes a hierarchy of size scales simultaneously, it is often used
with complementary microscopy techniques such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM) which offer realspace imaging of a single magnification at a time. X-ray scattering provides insight to spatial
arrangement, size, shape and orientation of scattering objects over a broad range of size scales.
This technique is a powerful tool used to study crystal structures, particle dispersions, and ionic
aggregation states in ion containing polymers. Discussed here are general details of the method,
interpretation, and models used in ionomer characterization.

2.2.1 Instrumentation
X-rays are generated and focused through finely tuned optics to produce nearly
monochromatic X-ray radiation (Cu Kα λ=1.5418Å, Mo Kα λ=0.7107Å).

As with all

electromagnetic radiation, photonic X-ray energy can be related to wavelength via Equation 2-32.

E (eV ) 

hc





12420eVÅ



(2-32)
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Detailed description of the operation of X-ray sources are beyond the scope of this chapter,
however a comprehensive description of X-ray generation is provided by Ryong-Joon Roe in
reference 27.
Multiple collimation pinholes, or slits, define a precise cross-section of the X-ray beam.
Incident X-rays interact with spatial variations in sample electron density, producing interferences
in the transmitted (or reflected) waves, Figure 2-9, and can be correlated to scattering feature
arrangement or spacing through the use of Bragg’s principles:

n  2d sin 

(2-33)

where n is 1 for most polymers, λ is the x-ray wavelength dependent upon source, d is the
distance between scattering objects, and 2θ is the scattering angle relative to the incident beam
collected on a 2-dimensional area detector, Figure 2-9, Figure 2-10.

Figure 2-9: (a) Schematic of incident X-ray waves scattered by particles30 and the (b)
corresponding angle created from the scattered beam, which is observed by the detector.31

Due to the nature of wave interferences and beam diffraction, X-ray scattering is often
referred to as an inverse-space measurement, where objects are not observed directly, but rather
information is collected about the correlation distance to the next scattering object. While the use
of this concept often relies on complicated models to extract large amounts of information, it
collects an ensemble average of data over multiple orders of size simultaneously, and is a
powerful technique in providing bulk morphology details for both isotropic and anisotropic
materials, Figure 2-11.31, 32
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Figure 2-10: Representative SAXS configuration schematic for bench top (non-synchrotron)
instruments, where sample to detector distance is typically 150cm, probed morphology size scales
listed in Table 2-1.

The schematic in Figure 2-10 is representative of an X-ray bench top configuration used
for observing size scales typically between 1-100nm.

Common two-dimensional detectors

include phosphorous-based image plates, gas-phase proportional counters with anode arrays
(Molecular Metrology, Rigaku), and CCD arrays or “pinhole cameras” (MAR).

Two

dimensional data collected over a given period of scattering time are typically integrated
azimuthally to be displayed using classic coordinate axes, where size scales can be calculated,
power laws fit to show fractal relations (section 2.2.2) or models can be applied to extract more
detailed information (section 2.2.3).
Alteration in sample-detector distances allows adjustments of feature sizes probed, where
shortened s-d distances capture higher (wide) angles of diffraction revealing smaller morphology
features. Conversely, Ultra Small Angle Scattering (USAXS) is capable of resolving features
close to the incident beam, which often requires large s-d distances. USAXS is often a costly
technique done at Synchrotron sources which provide brilliant levels of X-ray photons necessary
for the extensive collimation needed to observe very small scattering angles in the vicinity of the
direct (transmitted) beam. This technique typically does not use a two-dimensional detector, but
rather a Bonse-Hart camera, which is a configuration of a photodiode-picoammeter apparatus
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mounted to a stepper motor used to scan through the scattered beam. A general range of size
scales obtained using these X-ray scattering techniques is listed in Table 2-1.

Figure 2-11: (a) Isotropic scattering captured on a 2-dimensional detector of silver behenate, and
(b) anisotropic scattering of microtubules in solution, where scattering peaks at wide angles
(vertically) correspond to small tubule dimensions, and scattering at small angles reveal larger
dimensions of the tubules. The dark circle at the image center is masking of the direct beam via
an X-ray blocking beamstop, courtesy Penn State Materials Research Institute.

Table 2-1: Typical range of bench-top experimental scattering size scales (can vary depending on
instrument type, optics and detector arrangement). Ultra small angle X-ray scattering (USAXS)
is often done using synchrotron radiation, while small angle (SAXS), intermediate angle (IAXS),
and wide angle X-ray scattering (WAXS) can be done on commercially available instruments.
Instrument

q-range (Å-1)

2θ-range ( o) *

Size scale (nm)

USAXS

0.0001 – 0.1

0.0015 – 1.4

6,000 – 6

SAXS

0.007 – 0.15

0.1 – 2.1

90 – 4.2

IAXS

0.02 – 0.45

0.28 – 6.4

21 – 1.5

WAXS

0.4 – 3.5

5.5 – 52

0.5 nm

*Higher angles are possible depending on detector geometry and X-ray sources.

43
2.2.2 Interpretation
Wide-angle diffraction methods describe scattered beam angles using 2θ, small angle
scattering data is more often displayed using scattered intensity, I, as a function of wavevector, q,
related to scattering angle 2θ:

q

4



sin 

(2-34)

which can be related to the scattering object inter-particle spacing inversely:

d

2
q

(2-35)

where d is domain spacing between scattering objects.
Scattering intensity, I(q), is commonly used to describe the hierarchical structure of a
scattering object through the use of power law relationships, which scale depending on object
mass fractal growth and particle surface interface properties (smoothness). Porod scattering
named after Dr. Günther Porod who developed the worm-like chain model in polymer physics,33,
34

generally refers to a scattering power law of I~q-4, or more generally: I~q-(6-ds) (or Porod’s law),

which describes a spherical particle with a sharp (smooth) interface with the surrounding matrix
of contrasting electron density. Other Porod slopes specifically for fractal scattering objects can
be calculated using mass fractal dimension, dm and surface fractal dimension, ds using35, 36

I (q)  q (2dm ds )  q ds 2dm
however power laws for non-fractal scatterers are often more complicated.36

(2-36)
Figure 2-12

highlights the hierarchical morphology obtained from X-ray techniques, related to Equation 2-23,
where primary particle spacing is noted at q=1.5 Å-1, grown particle size at q= 0.05 Å-1, aggregate
fractal growth at q= 0.001 Å-1, and overall agglomerate radius of gyration at q=2x10-6 Å-1. Table
2-2 correlates scattering object structures with possible dm and ds values in Equation 2-23.
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Figure 2-12: Scattering profile for precipitated silica demonstrating the different ranges of size
scales captured using the instruments categorized in Table 2-1. Colored data points highlight
ranges of morphology features (from right to left): particle nucleation, particle growth size,
aggregate fractal growth, and overall agglomerate size (radius of gyration).30, 37
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Table 2-2: Fractal structures corresponding to general X-ray scattering power laws.30

Structure

Scaling Relation

Porod Slope

dm = 3
Smooth Surface

-4
ds = 2

dm = 3
-3 ≤ Slope ≤ -4

Rough Surface

2 ≤ ds ≤ 3

1 ≤ ds= dm ≤ 3
-1 ≤ Slope ≤ -3

Mass Fractal

R d s ~ R dm

Power law relations often provide sufficient detail to describe scattering objects, however
more complex scattering models are required in less straightforward cases or when more detail is
demanded. Dynamic polymer studies such as the evolution of block copolymer-based micellar
structure with increasing volume fraction,38 or ionic aggregation in ionomers39-50 are cases that
have attracted X-ray scattering techniques and development of intricate scattering functions to
better describe morphological phenomena.
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2.2.3 Models for Ionomer Systems
Counterion condensation and resulting ionic aggregation in ionomers can be observed via
the electron density contrast between commonly carbon-based polymer matrix and often higher
electron density ionic sites. The “ionomer peak” is characteristically a broad isotropic peak in
intensity located near 0.2 Å-1, between the polymer amorphous halo and low-q upturn.32, 41 An
early ionic aggregate scattering model by Yarusso and Cooper is built on the assumption of hardsphere particles, with liquid-like disorder, within a polymer matrix of uniform electron density.39

I (q)  (Const ) Vcore (qRcore ) 

1

2

 8V
1   ca
V
 avg


  (2qRca )


(2-37)

where the particle radius is defined by Rcore, with a corona of polymer representing a steric
limitation between neighboring aggregates at radius Rca, the corresponding volumes associated
with those radii, Vcore and Vca, and the total average volume, Vavg. The constant parameter is
adjusted based on intensity, ε ≈ 1, and Φ is the spherical form factor:

( x) 

3(sin x  x cos x)
x3

(2-38)

and Figure 2-13 provides a schematic representation of the Yarusso-Cooper model for ionomer
microstructure.
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Figure 2-13: The Yarusso-Cooper hard-sphere scattering model (Equation 2-37) represented
schematically, with relative electron density profile below noting high electron density for ionrich aggregate cores.39

Adjustments to the Yarusso-Cooper model were presented in 1984 in the KinningThomas model, Equation 2-39, for modified hard spheres51 adjusting the multi-body correlation
function52 to a non-interacting hard sphere assumption for all scattering objects in the system as a
radial function from a central particle,53 Equation 2-41.

I (q) 

(Const ) 2 (qRcore )
 G (2qRca ) 
1  24 

 2qRca 

(2-39)

where

4
3

   Rca3

1
Vp

(2-40)
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and Φ remains spherical as described in equation 2-38, where the Percus-Yevick structural factor
is expanded as:

2
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where

x  2qRca

(2-42)

These models have been proven useful as powerful complementary techniques for realspace imaging, for instance when scattering objects align vertically in transmission electron
microscopy, which masks a number of ionic capable of top-down observation.54 With this
consideration in real-space imaging, the Yarusso-Cooper and Kinning-Thomas models have been
reasonably consistent with scanning transmission electron microscopy in providing ionomer
aggregate parameters such as radius, and radius of closest approach as a function of ion content,
and counterion type.50,

54-56

Figure 2-14 shows the Kinning-Thomas model fit to ionomers of

varied counterions, and paired with STEM imaging to give aggregate information (radius shown
here) as a function of counterion radii.50
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Figure 2-14: (a) X-ray scattering of lightly sulfonated polystyrene ionomers with various
counterions fit to the Kinning-Thomas modified hard sphere model, Equation 2-39, and (b) an
example STEM image confirming aggregate radius, fit from SAXS, as a function of cation radius
(open points: Rcore, filled points: Rca).50

While these models focus primarily on aggregate size and inter-aggregate spacing giving
rise to the ionomer peak, the evolution of these models has led to additional interpretation of the
ionomer peak width, and speculation on intra-aggregate information, discussed by Eisenberg,
Hird, and Moore, (EHM, shown in Chapter 1).57 The ability to extract nanostructure information
has allowed many research groups to build detailed interpretations of the X-ray scattering of
ionomers58 and relate those to other physical properties. The EHM model describes the corona of
polymer surrounding scattering objects as a region of restricted chain mobility manifesting in
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higher glass transition41, 42, 59, 60 temperatures leading to modified chain reptation and mechanical
properties.61-66
The models presented above are convenient for systems consisting of spherical ionic
domains, where shape is captured by the form factor Φ. Simple adjustments to the form factor
lead to shapes applicable to other systems such as surfactant micelles 38, bicontinuous
microemulsions,67 and less straightforward ionomers such as Nafion,40, 68-74 described in Chapter
7. To demonstrate, adjustments to the form factor are seen in Equation 2-43 and 2-44, where
hollow spheres and cylindrical shells, respectively, are calculated from electron density and
particle elongation principles highlighted by Higgins and Benoît.75

 3(sin xint  xint cos xint ) 3(sin xext  xext cos xext ) 
( x)  


xint 3
xext 3



(2-43)

where x = 2qRsubscript, as in Equation 2-42. Cylindrical shells can be written as:
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(2-44)

Where N is the number of scattering objects, L is object length, ρ is electron density, and
subscripts 1, 2, and s refer to inner core, outer shell, and surrounding matrix (solvent).
It has been demonstrated that X-ray scattering is a powerful tool for fundamental studies
of ionomer due to the favorable electron density contrast between the polymer and ionic
aggregates. This contrast can be tuned via the selection and exchange of counterions, however

51
this is shown to have profound effect on morphology and transport properties due to variation in
electrostatic interaction, discussed in detail in Chapters 3, 4, and 6.
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Chapter 3
Molecular mobility, Li+, and Na+ Conduction in Poly(ethylene oxide)-Based Polyester
Sulfonate Ionomers
This chapter investigates segmental dynamics and transport of Na + cations in
poly(ethylene oxide)-based sulfonate ionomers, in relation to previous work with Li+ counterions,
as sulfonate content is increased. Dielectric relaxation spectroscopy reveals ionomers with high
ion content exhibit slowed segmental dynamics, resulting in higher glass transition temperatures
(Tg) and suppressed dc conductivity at ambient temperature. Heated X-ray scattering illuminates
increasing ionic aggregation with increased temperature in Na ionomers, consistent with rapidly
decreasing dielectric constant, extracted from the Macdonald electrode polarization model in
dielectric spectroscopy.

At elevated temperatures, solvating PEO chains are expelled from

partially solvated ionic aggregates, allowing the emergence of the traditional ionomer peak in Xray scattering. This work is part of extensive investigation into these model ionomers,1-3 to gain
understanding of ionomer morphology, segmental dynamics, and counterion motion, forming the
basis of Chapters 4, 5, and 6.

3.1 Introduction
As electronic devices continue to offer more functionality and higher levels of wireless
networking, the necessity of more robust, film forming electrolytes is driving design of new ion
containing materials for battery electrolytes.4-9
conductors is underway1,

2, 7, 10-18

Extensive work on PEO-based single ion

to enable fundamental understanding of ion conduction in

ionomers, where the cation transference number can approach unity. As described in Chapter 1,
the electrolyte’s role in conducting ions can be described as a two step process in liquids:
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solvation of ionic species via polar solvent interactions, and conveyance of the conducting ionic
moieties to and from the electrodes.19 Low ion conductivity in polymer electrolytes is due to
strong coupling of ion motion with segmental dynamics,4, 8, 20-23 related to the electrolyte glass
transition temperature, which is often a function of lithium salt loading.19 The push for polymer
electrolytes is high due to advantages over traditional liquid electrolytes such as the potential for
weight reduction, flexibility, lower toxicity, and mitigation of catastrophic lithium dendrite
formation.24 Attaining these properties is reliant upon substantial improvements in polymer
electrolyte conductivity, which depends heavily upon an expansion of the fundamental
knowledge of ion transport. PEO is frequently utilized as a polar matrix in polymer electrolytes
due to the ether-oxygen ability to solvate cations similar to a crown-ether solvating mechanism.4,
8, 22, 25

Here we study PEO-based single-ion conductors with systematically varied sulfonate

content, and observe the effect on ion transport with Li+ or Na+ counterions. Use of single-ion
conductors (ionomers) by covalently tethering anions to the polymer minimizes contributions
from anion migration, thus increasing Li+ and Na+ transference numbers to unity, and allows
direct application of the Poisson-Boltzmann equation for cation transport dynamics.
Consistent with previous work,2 we find glass transition temperature (Tg) of PEO-based
ionomers with various ion contents is a dominating factor for ionic conductivity. Other previous
work provides evidence that counterion conductivity and mobility are increased with PEO
oligomer length between ionic sites, due to suppressed Tg providing faster segmental motion.
Analogous studies by Angell and Prud’homme26 show decreased isothermal ionic conductivity
with increased lithium salt loading as Tg is raised, due to ionic groups acting as physical
crosslinks.27 Plasticized ionomers regain segmental mobility thus increasing conductivity,12,

28

however often at the cost of mechanical properties.
Here, we probe the difference in conduction mechanism as we systematically replace
non-sulfonated phthalates between PEO of molecular weight M=600 g/mol with sulfonated
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phthalates. The molecular structure of the ionomers and nonionic polymers in this study are
shown in Figure 3-1.

Figure 3-1. PEO polyester ionomers with varied ion content using controlled ratios of sulfonated
phthalates (X) and non-sulfonated phthalates (Y). Nonionic copolymers consist solely of
chemical repeat structure (Y).

Previous work on PEO-based sulfonate polyester ionomers investigated Li counterions
and is revisited here with fully reanalyzed Li data, using a Debye fitting of electrode polarization
in place of a two component complex fitting.2 The data analysis here also uses a method to
extend conducting ion mobility closer to Tg to improve the precision of the Vogel temperature.
This chapter is an extension of the work published in 2011 in the Journal of the American
Chemical Society, Vol. 133, pg 10826-10831,15 and identifies the correlation between increasing
ion content and the emergence of temperature dependent ionic aggregation.

3.2 Experimental Techniques
In this study, we synthesize a series of novel copolyester ionomers as single-ion
conductors by melt polycondensation between oligomeric diols (PEO600) and dimethyl 5sulfoisophthalate sodium salt. Nonionic counterparts are synthesized using dimethyl isophthalate.
The sodium cation was exchanged to lithium by aqueous ion exchange, followed by exhaustive
dialysis to remove salt impurities. The preparation details are described in a previous study. 1
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These novel ionomers were characterized with 1H NMR, heated X-ray scattering (q = 0.001-1.7
Å-1), differential scanning calorimetry (DSC) and dielectric relaxation spectroscopy (DRS).

3.2.1 Synthesis and Ion exchange
Poly(ethylene glycol) (PEG600, 99%), triphenyl phosphite (TPP, 97%), titanium (IV)
isopropoxide (99.999%), lithium chloride (99+ %), dimethyl isophthalate (DMI, 99%), and
dimethyl 5-sulfoisophthalate sodium salt (DM5SIS, 98%) were supplied by Aldrich.
The synthesis of the polyester copolymer ionomers, Table 3-1, was performed by a twostep melt polycondensation by Shichen Dou and Daniel King. Monomers were dried under
vacuum for a minimum of 72 hrs at 353K over 4A molecular sieves prior to synthesis. A threeneck glass reactor was heated dry and assembled with a mechanical stirrer. Following an argon
purge (three times), the reactor was charged with oligomeric diol and esters (diols:diesters =
1:0.88 molar ratio) and titanium (IV) isopropoxide catalyst (0.05 wt %), then maintained under an
argon atmosphere. A batch of approximately 60 grams was mechanically stirred while
maintaining a reaction temperature of 483 K for 4 hrs, then 503 K for 2 hrs. The methanol
condensate was removed using a liquid nitrogen cold trap. Secondly, diesters (12 mole% of diols)
and triphenyl phosphite (0.05 wt % of total reagents) were added after cooling to 453 K, then
reheated and maintained at 523 K for 2-3 hrs. The total molar ratio of diols/diesters was
controlled at 1:1. Vacuum (<1mTorr) was applied for the final 0.5-1 hr at 523 K to remove low
molecular weight species. The completion of the reaction was signaled by an abrupt increase in
the viscosity, at which point the reactor was refilled with argon gas and cooled to room
temperature. Nonionic polymers were prepared in the same manner, replacing DM5SIS with
DMI, with an additional lower temperature initial step owing to the larger vapor pressure of DMI.
All ionomers contain PEO600 spacers between isophthalate linkages, and nomenclature refers to
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percentage of tethered sulfonates on isophthalates with respect to total phthalates, accompanied
by alkali counterion type.

Table 3-1: Molecular properties of PEO nonionic copolymers and sulfonate-ionomers with Na
and Li counterions; Mn (g/mol) from NMR, and calorimetric Tg (K).
Sample

Li

Na

Mn

DSC Tg

Mn

DSC Tg

ion content
(cm-3)

12000

228
229
227
228
230
239
255

12000

228
229
230
232
233
245
271

0
2.15 x 1019
4.30 x 1019
7.89 x 1019
1.22 x 1020
3.51 x 1020
7.17 x 1020

Cation/EO
(% Sulf.)
0%
3%
6%
11%
17%
49%
100%

0.0000
0.0022
0.0043
0.0084
0.0129
0.0385
0.0769

4300
6500
11000
6800
4600

4300
6500
11000
6800
4600

Following synthesis, samples were dissolved in de-ionized water and exhaustively
dialyzed to remove any impurities using Amicon PLAC membranes of cutoff 3000g/mol until the
dialyzate reached the conductivity of the inlet de-ionized water stream (~0.5μS/cm). Sodium
ionomers were exchanged to lithium counterions after dissolving in de-ionized water and
exposing to a high LiCl concentration (Li:Na=1000:1) solution, then dialyzed to remove excess
salt. For consistent comparison to previous work, the same Li exchanged ionomers as previously
studied were used for this comparison. Efficiency of cation exchange and ionomer purity was
assessed as >99.9% using inductively coupled plasma to measure atomic emission of sulfur and
residual sodium spectra on a Perkin-Elmer Optima 5300. Water was removed using a rotaryevaporator, then samples were annealed at 353–363 K at <0.1 mTorr for a minimum of 96h.
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3.2.2

Thermal Characterization
Purified materials were analyzed using a Seiko SSC-5200 DSC under ultra high purity

nitrogen. Samples of ca.5.0 mg were heated to 403K for 30 min, cooled to 183 K at 10 K/min
and held isothermally for 5 min before ramping to 403 K at 10 K/min. The glass transition
temperature, Tg, was identified as the midpoint of the heat capacity change.

3.2.3

X-ray Scattering
To minimize the exposure of the materials to moisture, previously dried materials were

loaded into stainless steel liquid cells and stored under vacuum at elevated temperatures for 24hrs
or longer to allow samples to flow into the 1mm thick cavity under vacuum and eliminate
bubbles.

Samples were tightly sealed between Kapton windows using Calrez gaskets and

annealed in vacuum under the same conditions as above.
Heated Small-angle x-ray scattering (SAXS) data were collected using a Peltier heatingcooling stage with pinhole collimation and a Mar CCD detector on Beam line 12-BM at the
Advanced Photon Source at Argonne National Labs, Lemont, Illinois under beam conditions of
18KeV and 100mA. Heating and cooling rate were 10K/min, allowing samples to equilibrate for
40-60 minutes at 298, 323, 373K +/- 1K unless otherwise noted. These ionomers have Tg far
below room temperature and relatively low molecular weight, so they are able to approach
thermodynamic equilibrium rapidly. Previous rheological studies demonstrated that the terminal
relaxation time of PEO 600 100% Na ionomers is ~ 1 second or less at 303K, with similar
timescales for Li ionomers in Chapter 5.1
Background scattering of Kapton from an empty cell was subtracted from the samples’
scattering after normalization by beam exposure time and direct beam intensity from current
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measured by a photodiode in the beam stop and calibrated to absolute intensity from glassy
carbon. Heated USAXS scattering data were collected using 2-D slit collimation and a BonseHart detector at beamline 32-ID under beam conditions of 12 keV and 90mA. Data reduction and
analysis were performed using the Irena macro package29 within Wavemetrics Igor software.
SAXS data were reproduced on a Molecular Metrology X-ray scattering system using Cu
Kα X-rays (λ=1.54Å) from a Microsource liquid cooled anode generator operated at 45 kV and
0.67 mA. The beam was triple pinhole collimation under vacuum. The scattering data were
collected using a Molecular Metrology gas phase two-dimensional proportional counter.
Reduction and analysis of data was completed using Matlab software to subtract scattering
background and normalize by beam intensity and exposure time.

3.2.4

Dielectric Relaxation Spectroscopy (DRS)
A Novocontrol GmbH Concept 40 broadband dielectric spectrometer applying a.c.

voltage with amplitude 0.1V was used to study the linear dielectric and conductometric response
of all ionomers.

Purified ionomers were heated at 363K for 4 days under vacuum on freshly

polished brass electrode disks of 30mm diameter to ensure complete contact and removal of water
and voids. This helps eliminate artificially high conductivity in hygroscopic samples due to
water. Sample geometry was dictated by 50μm silica fiber spacers with a top electrode of 20mm
diameter applied after drying the sample with thickness exceeding 50μm. Freshly polished brass
gives very reproducible results and was selected as the electrode material for reasons discussed in
Chapter 2.30
Before measurements, samples were annealed in the instrument at 393K for 1 hr under
nitrogen to facilitate further drying (< 25ppm water content by Karl-Fischer titration). Isothermal
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frequency sweeps from 107 Hz to 10-2 Hz were conducted in 10K or 5K steps at temperatures
down to 253K. Precise temperature control, within +/- 0.05 K, was maintained at each setpoint.

3.3 Results and Discussion

3.3.1 Thermal Characterization
Figure 3-2 correlates glass transition temperature with ion content via cation/ether
oxygen (EO) ratio, emphasizing the increase in Tg as ion content increases. Tg of PEO-based
ionomers, and lithium salt-doped PEO increases strongly with ion content31 because ion pairs
associate to form physical (temporary) crosslinks that restrict segmental motion due to strong
specific interactions between cations (Li+ or Na+) and ether-oxygen. Physical crosslinks in saltdoped PEO can be interpreted as ether oxygen coordination (solvation) from two or more
polymer chains simultaneously on a “shared” cation.8 In ionomers, physical crosslinks are often
viewed as dipolar interactions between ion pairs, where two or more dipoles form stable
quadrupoles, or primary aggregates. PEO ionomers contain both ether oxygen coordination as
well as dipolar aggregation. At room temperature, near Tg, sodium ionomers exhibit less ionic
aggregation and more cation ether-oxygen interactions than lithium ionomers. Consequently, Na
ionomers have consistently higher Tg than Li ionomers, as noticed previously.1
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Figure 3-2: Glass transition temperature of PEO polyester ionomers with Na (red) and Li (blue)
counterions as a function of ion content (Cation/EO ratio) compared to lithium-salt doped PEO
data from literature (open points).1, 2, 26, 32 Lines slopes represent Na (544*Cation/EO) and Li
(350*Cation/EO) ionomer trends.

In addition to the PEO ionomers discussed here, PEO doped with lithium salt from
Vachon and Prud’homme32 appear to follow a simple linear Tg dependence (Figure 3-2) that may
be described by the Fox equation, approaching the Tg of neat PEO at low salt loadings. Tg
increasing with addition of lithium salt33 is described by the physical crosslinking mechanism
between cations and ether-oxygens, contributing to additional resistance to chain motion. As
noted earlier, segmental motion, related to Tg, is crucial for ion transport, and molar conductance
is known to exhibit a maximum in isothermal dc conductivity as a function of lithium salt loading
due to poor segmental dynamics at high ion content.27, 32 Recently, neutron scattering of PEO
ionomers confirm slowed segmental dynamics, given sufficient ion content, particularly near the
sulfonate sites.16
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3.3.2 X-ray Scattering
Figure 3-3 shows the X-ray scattering for the nonionic PEO homopolymer compared with
the PEO Li and Na 100% ionomers. All three materials exhibit nearly identical amorphous halos
at q ≈ 16 nm-1 corresponding to an average non-bonded interatomic chain spacing of 0.42 nm as
expected for amorphous PEO.14 As expected for the short PEO segments connected by phthalates
in these polymers, crystalline reflections are absent. As previously reported, the PEO Li 100%
ionomer exhibits ionic aggregation at room temperature, giving rise to an interaggregate
scattering peak at q = 2.7 nm-1 (spacing 2.3 nm), that becomes better defined with increasing
temperature, Figure 3-4.14, 15
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Figure 3-3: Small angle X-ray scattering of PEO-based ionomers with Li (blue) and Na (red)
counterions taken by Wenqin Wang at UPenn. Nonionic analog copolymer scattering (open
squares) exhibits similar amorphous halo as the ionomers near 16nm-1.
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Previous work demonstrated that extent of aggregation in PEO 600 Li 100% ionomers
increases slightly at elevated temperatures as solvating chains are excluded from ionic aggregates,
Figure 3-4.15 The more highly solvated aggregates in Na ionomers, which exhibit higher Tg, do
not display an ionomer peak at ambient temperature due to solvating chains which dissolve ionic
aggregate sites into isolated pairs.

Upon heating, the emergence of a thermally reversible

ionomer peak appears near 2.5nm-1 due to NaSO3 dipole-dipole pairing.
Figure 3-4 demonstrates the Na ionomers exhibiting strong temperature dependence of
ionic aggregation unlike the Li ionomers. A representative Kinning-Thomas X-ray scattering
model (highlighted in Chapter 2) is fit for Li and Na 100% ionic aggregates at high temperatures,
in summation with a Lorentzian function which captures the amorphous halo at 15 nm-1.
Parameters to the fit are listed in Table 3-2, where A is a scaling prefactor, R1 is the ionic core
radius, RCA is the radius of closest approach (core + corona, determining the spatial correlation
limit), Np is the number density of aggregate scatterers (1/aggregate volume, 1/V p), and the
background constant is the low intensity limit baseline, below which is incoherent instrumental
scattering.
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Figure 3-4: (a) X-ray scattering of PEO ionomers taken by Wenqin Wang at UPenn,15 with Li
and (b) Na counterions revealing temperature response of ionic aggregation near 2.5nm-1. Red
curves correspond to 120oC, orange: 100oC, green: 80oC, blue: 60oC, purple: 45oC, black: 25oC.
Data have been multiplied on the intensity scale to superimpose their amorphous halos.
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Table 3-2: Kinning-Thomas modified hard sphere scattering model parameters for PEO 600
ionomers at 100% sulfonation with Li and Na counterions in Figure 3-4.
Li 100%

Parameter

Na 100%

o

120oC
18.1
0.536
0.939
0.0427
10.21

120 C
20.5
0.558
1.018
0.0405
18.87

A
R1 (nm)
RCA (nm)
Np (nm-3)
Background Const.
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Figure 3-5: Kinning-Thomas modified hard sphere model fits from Figure 3-4 shifted on the
intensity scale to superimpose amorphous haloes (Lorentzian peaks), revealing similar aggregated
states at elevated temperatures for Li and Na PEO ionomers.

In conjunction with the benchtop X-ray scattering experiments, synchrotron scattering
was performed on Na ionomers for further investigation of the thermal aggregation phenomenon
as a function of sulfonate content. Figure 3-6 reveals that the highest levels of sulfonate content
are subject to thermally induced aggregation. At elevated temperature, Li and Na aggregates
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exhibit relatively similar aggregate size and spacing, Table 3-2. The 100% and 50% Na ionomers
exhibit distinct thermal aggregation near 0.25 Å-1 (2.5 nm-1), while the 17% Na ionomer peak is
subtle at elevated temperature, Figure 3-6. Lower percentages have no clear aggregation upon
heating, resembling the scattering from the nonionic polymer, Figure 3-7. The ion content
dependence of this phenomenon, and the lack of such event in the nonionic polymers, provides
convincing evidence that the thermally induced scattering peak originates from ionic aggregation.
Weaker temperature dependence of aggregation in lower ion content ionomers may be due to
more successfully solvated ionic aggregates, providing PEO separated ion pairs, or simply due to
lower electron density contrast associated with lower ion content. In addition, ionomers of lower
sulfonation have more random distribution of ionic sites due to the high temperature
transesterification step during synthesis. The 100% Na ionomer SAXS is paired with USAXS in
Figure 3-8 to observe possible larger structures, revealing the lack of temperature response on
size scales larger than the ionic aggregate size.
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Figure 3-6: Synchrotron X-ray scattering of PEO-based polyester ionomers with Na counterions
at sulfonated phthalate levels of (a) 100% (b) 49% (c) 17% (d) 11% observing thermally induced
ionic aggregation at higher sulfonation content.
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Figure 3-7: Synchrotron X-ray scattering of PEO-based polyester ionomers with Na counterions
at sulfonated phthalate levels of (a) 17% (b) 11% (c) 0% observing thermally induced ionic
aggregation at higher sulfonation content.
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Figure 3-8: Synchrotron small angle X-ray scattering of PEO 600 Na 100% ionomer (Figure 36a) paired with ultra small angle X-ray scattering, showing thermal response only on ionic
aggregate size scales.

3.3.3 Dielectric Relaxation Spectroscopy (DRS)

3.3.3.1 Conducting Ion Number Density and Mobility
Although described in more detail in Chapter 2, the fitting routine to extract conducting
ion density and mobility from dielectric relaxation spectroscopy is repeated here for convenience.
As noted in section 3.1, Li ionomer data has been reanalyzed using the loss tangent Debye
function fitting process described in Chapter 2.
Ionomers behave as single-ion conductors, such that tethered sulfonate ions have
negligible contribution to macroscopic conducting ion mobility. This permits the application of
an electrode polarization model3, 34 allowing separation of conductivity from mobile cations into
three components: the temperature dependent number density p of simultaneously conducting
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ions, the mobility µ, of those conducting cations, and the known monovalent ion charge e. The
product of these parameters determines the conductivity of single-ion conductors.

 DC   pe

(3-1)

The phenomenon of counterions polarizing at electrodes at low frequency in dielectric
measurements is referred to as electrode polarization, EP, which leads to increased capacitance,
and lower conductivity, Figure 3-9.2, 3, 35
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Figure 3-9: Angular frequency dependent dielectric constant, dielectric loss, loss tangent, and
conductivity for a PEO600 Li 100% ionomer at 323K. Solid lines represent timescales (ω=1/)
fit from Equation 3-4, dashed lines represent the α2 relaxation frequency and the attempted ion
hopping timescale described in Chapter 2, where ’(ωh) =2DC.36

Two observable timescales can be defined for measurement of ion transport properties, 30
the timescales for diffusive conduction (ηζ), and electrode polarization (ηEP):

 

 s 0
 DC

(3-2)

 EP 

 EP 0
 DC

(3-3)
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where εs is the measured static relative permittivity of the sample before electrode polarization, ε 0
is the permittivity of vacuum and εEP is the significantly increased permittivity after electrode
polarization. The Macdonald model treats electrode polarization as a simple Debye relaxation
and the loss tangent is fit to obtain the timescales in Equations 3-2 and (3-3).3, 34

 EP
1   2  EP

tan  

(3-4)

The angular frequency, ω, dependence of the loss tangent is fit to Equation 3-4, to
determine  and EP. The model then allows determination of the number density of conducting
ions p and their mobility  from EP and ,

1   EP 
p


 lB L2    



eL2 
2
4 EP
kT

2

(3-5)

(3-6)

where

lB 

e2
4 0 s kT

(3-7)

is the Bjerrum length, L is the sample thickness, k is the Boltzmann constant and T is absolute
temperature. Equation 3-5 shows that the number density of conducting ions is determined from
the square of the magnitude of electrode polarization (EP/ = εEP/εs) while the mobility
(Equation 3-6) is reciprocally related to the product of the magnitude and timescale of electrode
polarization. The timescale EP is proportional to electrode spacing L, as expected by the
Macdonald model34 and observed for polyester-sulfonate ionomers based on poly(ethylene
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oxide).2,

3

This indicates the number density of conducting ions p and their mobility µ are

material properties that are independent of L.

Table 3-3: Parameters describing the temperature dependence of ionic segmental relaxation time,
conducting ion mobility, and conducting ion density for Li-ionomers (top), and Na-ionomers
(bottom).*

peak
Ionomer

∞

B
-10



p

∞

T0

B

T0

Ea

p∞

-4

Li 100%
Li 49%
Li 17%
Li 11%
Li 6%
Li 3%

3.6x10
6.8x10-11
1.0x10-11
2.1x10-11
2.1x10-11
2.1x10-11

194
187
174
187
187
187

4.6x10
7.3x10-4
6.4x10-5
3.9x10-5
1.3x10-5
1.0x10-5

600
540
430
390
450
400

220
214
211
214
211
214

20.2
15.5
13.4
12.1
9.4
11.1

5.06x1021
4.74x1020
4.59x1020
1.92x1020
1.22x1020
1.42x1020

Na 100%
Na 49%
Na 17%
Na 11%
Na 6%
Na 3%

6.2x10-11 1300 225
1.1x10-10 1290 199
7.5x10-11 1470 179

1.4x10-2
5.4x10-3
6.7x10-4
2.4x10-4
7.7x10-5
3.7x10-5

700
600
500
390
312
343

238
217
210
214
226
221

19.3
20.1
16.9
17.4
15.1
14.3

8.76x1020
1.52x1021
9.28x1020
6.51x1020
2.58x1020
2.58x1020

1500
1540
1360
1030
1030
1030

*VFT Parameters for PEO/PTMO ionomers: ∞ (s), B (K), T0 (K), mobility (cm2/Vs), conducting
ion activation energy (kJ/mol) and intercept, p∞ (cm-3) from fitting data to Equations 3-8, 3-9,
and 3-13.

The Arrhenius temperature dependence of conducting ion content is seen in Figure 3-10
and is observed in various ionomer systems.1-3,

10-12, 30, 37

Fitting to the Arrhenius equation,

Equation 3-8 (solid lines), is performed while allowing the high temperature limit to adjust, in
order to compare the fit accuracy with stoichiometric ion content, parameters listed in Table 3-3.
Figure 3-10 elucidates that ion content for PEO ionomers have similar conducting ion density
(also observed in Chapter 4), revealing the trend of decreasing fraction of conducting ions relative
to total ion content, with increasing ion content. This upper limit of conducting ion density was
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also observed in a previous study of polyester Li ionomers,2 and is suggested by Lemaitre-Auger
et al. in salt doped PEO electrolytes with limited molar conductance.26
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Figure 3-10: Conducting ion density for (a) Li ionomers (left) as a function of sulfonate content
and (b) Na ionomers (right) as a function of sulfonate content. Ion fractions calculated from total
ion content, p0 (dashed line), from Table 3-1. Lines represent Arrhenius fits with parameters in
Table 3-3.

Figures 3-10 (a) and (b) collapse p values onto a general Arrhenius temperature
dependence, suggesting the PEO medium only allows a certain population of conducting ions
which is independent of ion content as long as there is a sufficient amount of available ions.
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Figure 3-10 confirms previous work showing low fraction of ions simultaneously participating in
ion conduction, however during the lifetime of the experiment all ions do contribute to
conductivity by exchanging between various states (isolated pairs, triple ions, quadrupoles, etc.).
At sufficiently low frequencies corresponding to the timescale , DC conductivity is achieved,
and counterion mean-squared displacement is diffusive. The reported values here are viewed as
an instantaneous snapshot, representing the thermodynamically relevant level of counterions
participating in the formation of the double layer at the electrode surface, which is the subject of
the applied mean-field solution of the Poisson-Boltzmann equation, relating p to electrode
polarization magnitude34 (Equation 3-5).
Ionomers containing PEO exhibit nearly identical conducting ion density, similar to other
studies of PEO polyester ionomers,2 and PEO-based copolymer ionomers in Chapter 4. Figure 310 shows that the total number of ions participating in conduction remains independent of
sulfonate content, resulting in lowered percentage of conducting ions as sulfonate content is
increased. Lower conducting ion fraction and tendency to aggregate at high ion content suggests
possible limitations to the PEO solvating mechanism. This may arise from limitations to the
number of ether oxygens that can sterically coordinate with an ion (pair), reflected in increased T g
in salt-doped PEO.8, 32
Since the instrumental window for low frequency EP is limited at lower temperature, we
expand the temperature range to quantify conducting ion mobility by using the wide range of DC
conductivity and Equation 3-1. This “extended mobility” method uses the DC conductivity
divided by the product of the elementary charge e and the Arrhenius conducting ion content (p fit
to Equation 3-8 in Figure 3-10) yielding the reported conducting ion mobility in Figure 3-11. For
each ionomer, the conducting ion mobility exhibits Vogel-Fulcher-Tammann (VFT) behavior.

 B 

 T  T0 

   exp 

(3-9)
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where µ∞ is the high temperature limit of mobility, while µ diverges at the Vogel temperature T0
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(c.a. Tg - 50K), and B/T0 is inversely related to the fragility.38
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Figure 3-11: Conducting ion mobility for (a) Li and (b) Na PEO ionomers as a function of
sulfonate content, plotted against 1/T and (c), (d) plotted against 1/T normalized by glass
transition temperature. Lines represent VFT fits to Equation 3-9 with parameters in Table 3-2.

Figure 3-11 reveals strong VFT temperature dependence of mobility suggesting that
counterions are successfully migrating through PEO via segmental motion of the polymer
backbone. The propensity of cations to coordinate with ether oxygen on the polymer backbone to
facilitate ion transport also results in higher Tg with increased ion content. This increase in Tg
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leads to lower ionic mobility in high ion content ionomers at room temperature, particularly for
Na ionomers, resulting in the observed crossing of mobility temperature response at ion content
of 49% and higher. Since conductivity is tied to ionic mobility through segmental motion, this
effect in VFT behavior is also observed in conductivity, whose temperature dependence is
effectively the product of Equations 3-8 and 3-9.

3.3.3.2 Polymer Segmental Dynamics
PEO segmental relaxations in dielectric spectroscopy arise primarily from Type B dipole
relaxations on the polymer backbone under an applied field. To better resolve the segmental (α)
process, or dynamic Tg, the derivative formalism from Chapter 2 is used to calculate a
“conduction free” dielectric loss and is calculated from the frequency-dependent dielectric
constant ε’(ω):39, 40
"
 der
( )  

  '( )
2  ln 

(3-10)

The contributions from electrode polarization (EP) and the α-relaxation are
simultaneously fit over a range of temperatures using a simple power law function for EP (of
slope -1.8), and using the appropriate form39, 40 of the Havriliak-Negami function,35, 41 for the αrelaxation:
*
 HN
( ) 


[1  (i HN ) a ]b

(3-11)

where Δε is the relaxation strength, HN is a relaxation time, and a and b are shape parameters
(a=1 and b=1 yields a simple Debye relaxation), demonstrated in Figure 3-12.
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Figure 3-12: Derivative loss (black) calculated from Equation 3-10 of PEO600 Na 100% at 35oC,
fit to a powerlaw function and Havriliak-Negami function (red), Equation 3-11, dashed lines
represent the curve resolved components.

Figure 3-13 shows the peak relaxation time of the α-process of the nonionic polymers as
functions of temperature, obtained from the following relationship:35

a 

    HN  sin

2  2b 


1/ a

ab 

 sin

2  2b 


1/ a

(3-12)
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Figure 3-13: The segmental relaxation time for PEO nonionic polymers and ionomers.
Ionomeric peak times extrapolate to above at the DSC Tg, suggesting that it is the α2-process.
Lines represent VFT fits to Equation 3-13.

It is important to note that the α-relaxation time of nonionic copolymers extrapolate
approximately to 100s at the DSC Tg.38 This corresponding timescale confirms this temperature
dependent process as the segmental motion of the polymer backbone. The nonionic polymer
segmental motion (α), is progressively slowed by the addition of ions, and at high ion content
segmental motion is restricted sufficiently by ionic interaction with chains, reflected in increased
Tg, and defines the major segmental relaxation mode (α2).2, 16 It should be noted that there is a
single observable relaxation process in the Na ionomers, suggesting the larger magnitude and
close proximity of the α2-relaxation dominates the signal from dielectric loss with respect to any
residual α-relaxation and the ionomer segmental motion is henceforth referred to as α 2. This ioncoupled segmental mode involves ionic dipole rotation as well as polymer dipole rotation,
increasing the relaxation strength significantly (>20) compared to the typical relaxation strengths
observed in the nonionic polymers (<10). Figure 3-13 demonstrates the less aggregated Na
ionomers, observed from SAXS, have slower segmental motion at low temperature than Li
counterparts due to a higher abundance of ionic dipole-chain interactions (partially dissolved
aggregates), corresponding to higher Tg.

As aggregation occurs at high temperatures both
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ionomers have relatively similar extent of aggregation, and consequently similar relaxation
timescales. The α2-relaxation time of all ionomers calculated from Equation 3-12 above follow
similar Vogel-Fulcher-Tammann (VFT) response to that of µ, with relaxation time ηα (ηα2)
diverging at the Vogel temperature T0, where B/T0 is inversely related to the fragility38 and η∞ is
the high temperature limit of the relaxation time.



B 

 T  T0 

     exp 

(3-13)

3.3.3.3 Ionic Conductivity
DC conductivity, DC, is defined as the in-phase conductivity, ζ’(ω)=ε”(ω)ε0ω,
independent of frequency over approximately a three decade range, shown earlier in Figure 3-9.
Due to ionic motion relying on segmental dynamics, which is slowed at higher ion contents,
Figure 3-14 shows that the temperature dependence of the DC conductivity for these ionomers
follows VFT behavior seen in mobility and is well described by the product epμ formally written
in Equation 3-14.

  Ea
B 


 RT T  T0 

 DC  ep  ep  exp 

(3-14)
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Figure 3-14: (a) DC conductivity for Li ionomers showing a decrease in conductivity at low
temperatures with higher ion content due to slowed segmental motion associated with increased
Tg. (b) DC conductivity for Na ionomers shows a similar reduction in ionic conductivity with
increased ion content. Both sets of ionomers display VFT behavior, consistent with fits
constructed for ionic mobility in section 3.3.3.1. Lines represent Equation 3-14, with parameters
from the fit of conducting ion content in Figure 3-10 to Equation 3-8 and VFT parameters from
the fit of conducting ion mobility in Figure 3-11 to Equation 3-9, with all parameters listed in
Table 3-3.

Ion conduction identically follows the ionic mobility VFT temperature dependence,
which is defined by the polymer segmental motion. The 11% and 17% ion content ionomers
have the higher conductivity at low temperature, while higher ion contents have the highest
conductivity at high temperatures, well above Tg. Higher sulfonate percentage polymers have
lower conductivity at ambient temperatures (near Tg), due to higher Tg from slowed segmental
dynamics. To normalize samples by their respective Tgs, conductivity can be plotted against TTg,1,

2, 10

which provides similar results as Tg/T shown in Figure 3-15 showing conductivity

relative to each ionomer glass transition.

This reduction consequently provides a rational

ordering, where conductivity increases systematically with sulfonate content.
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To expand upon ion conductivity coupled primarily to PEO dynamics, Figure 3-16
illustrates the relationship between DC conductivity and the product of the ionomer segmental
relaxation and the magnitude of that relaxation.42 This strong correlation suggests that the α2relaxation corresponds to ions exchanging states, and is signaling the main ion transport mode in
these ionomers. The solid line represents the power law of unity relation predicted by the DebyeStokes-Einstein equation.
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Figure 3-16: DC conductivity for PEO Li and Na ionomers plotted against the product of ionic
segmental relaxation frequency and strength.

Figure 3-16 shows that the Na ionomers are surely aggregating with increased
temperature, however maintain a slope of unity. The BNN method successfully reduces each ion
type independent of ion content, but Li is approximately 3x larger than Na, which may be a result
of Δεα2 being much smaller for Li ionomers than for Na ionomers.
Figure 3-17 compares the 100% ionomers for Li, Na, and Cs, confirming the reduced
conductivity at ambient temperatures for higher T g Na and Cs ionomers that exhibit thermally
induced ionic aggregation, discussed more thoroughly in the following section. It is important to
note the conductivity near Tg follows the trends dictated by segmental motion, whereas
conductivity well above Tg is more dictated by Coulombic interactions, providing the basis of
bulky ionic liquid counterion investigation in Chapter 6 and Appendix B.
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3.3.3.4 Dielectric Constant
Static dielectric constant is a material property obtained from the low-frequency plateau
value of ε’(ω) before the onset of electrode polarization (EP). Since electrode polarization can
obscure this value, it is calculated using Equation 3-6 from the measured DC and  obtained
from fitting Equation 3-4, yielding the low frequency static dielectric constant, εs before the onset
of electrode polarization and macroscopic charge accumulation.35 The dielectric constant of
ionomers (and all liquids) typically scales inversely with temperature due to thermal
randomization,43 which can be described as a broadened distribution of dipole orientations as
temperature increases. Here, we view both aforementioned polymer dipole rotation (related to αrelaxation), and polymer-ion dipole rotation (related to α2-relaxation) with the applied a.c. voltage
as the major contributors to measured static dielectric constant.2
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Figure 3-19: (a) Static dielectric constant, εs of nonionic PEO copolymer and 100% sulfonated
PEO ionomers with Li (blue), Na (red) and Cs (green) counterions. (b) A simplified four-state
model of ions used to illustrate cation-anion states that can contribute significantly to εs such as
contact pairs, and separated pairs (states 2,4), and states that don’t contribute notably to ε s (1),
where states (3+, 3-) are transient states contributing to ionic conductivity but have populations
too low to influence εs.

Figures 3-18 and 3-19 suggest that ionic dipoles contribute to the measured dielectric
constant, as the PEO nonionic polymer has dielectric constants between 6 and 14, which is large
for polymers but small relative to the PEO ionomers. High dielectric constant values for Na (and
Cs) ionomers, Figure 3-19, suggest that significant amounts of ionic aggregates are solvated into
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isolated pairs and provide considerable contribution to dielectric constant.

Since ion pairs

contribute to the measured dielectric constant, aggregation is considered dielectrically inert and
can be viewed as two or more ionic dipoles associating and effectively negating each other,
Figure 3-19. The more aggregated Li ionomers have low dielectric constant values suggesting
fewer isolated pairs capable of providing labile dipole moments to increase dielectric constant.
The temperature dependent aggregation observed in Na ionomer SAXS predicts a decreasing
number of labile ionic pairs at high temperatures as they aggregate. Solid lines in Figure 3-19
represent the ~1/T temperature dependence of a polar medium due to thermal randomization of
dipoles, fit to the low temperature data using the Onsager equation:43

 ( s    )(2 s    )  ( s    )(2 s    ) 






 s (   2)2
 s (   2)2

 nonionic 


 pair m2pair  9 0kT 

(3-15)

where ε∞ is the high frequency permittivity (principally determined by electronic polarization,
ε∞=2.1), and νpair and mpair are the number density and strength of ionic dipoles, respectively. The
nonionic polymer and Li ionomer exhibit nearly the temperature dependence of dielectric
constant predicted by Onsager,43 over the entire temperature range studied (Figure 3-19),
consistent with small changes in SAXS ionomer peak upon heating.
adjusting



pair

Equation 3-15 is fit

m2pair as a parameter set at ambient conditions (1000/T ≈ 3.3, Table 3-4) to

show the temperature response predicted from randomization, given the room temperature
dielectric constant.
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Figure 3-20: Proposed reversible aggregation mechanism in PEO 600 Na 100% ionomers.15

Table 3-4: Adjusted parameters for Onsager prediction (Equation 3-15) fit at 303K.
PEO600 100%
(Cation)
Nonionic
Li
Na
Cs



pair

m2pair / 9 0 k (K)
410
1670
3950
4270

The nonionic polymers and Li-ionomers behave nearly as simple polar liquids with
εs~1/T; however the dielectric constant of Na (and Cs) ionomers deviates from this prediction,
decreases more rapidly than 1/T from Equation 3-15. Consistent with previous studies of PEO
polyester ionomers,2 ionomer data near room temperature obey Equation 3-15, however
sufficiently lowered dielectric constant due to thermal aggregation drives ion pairs to aggregate,
and dielectric constant is lowered further.15 Elimination of isolated ion pairs (aggregation, Figure
3-20) from the medium establishes a cascading process where increasing temperature leads to a
reduction in dielectric constant and further formation of aggregates, driving the dielectric constant
lower toward that of the nonionic polymer.15 Additionally, separated ion pairs are likely less

90
favorable at high temperatures, where entropy favors contact pairs, also contributing to a drop in
εs and increasing aggregation.
Figure 3-21 attempts time-temperature superposition (tTS) of Li, Na, and Cs ionomers for
the frequency dependent dielectric storage, ε’(ω), as a function of temperature. Since Li 100%
ionomer closely obeys the 1/T dependence seen in the nonionic polymer, tTS applies successfully
for frequencies higher than EP. The disparity in temperature dependence between the nonionic
polymer and Na 100% ionomer lead to failure of tTS near the frequency corresponding to εs. The
Cs ionomer tTS fails catastrophically due to the exaggerated difference in temperature
dependence from nonionic polymer since thermal aggregation is even more prevalent in the larger
diameter Cs counterion ionomer. Aggregation due to this cascading dielectric constant process is
expected to be universal in this class of materials, since ionomers above T g behave fundamentally
as polar liquids.15, 43 Thermally induced ion aggregation,15 has been noted in other ionomers,44
and this phenomenon is investigated as a function of polymer solvating capability in Chapter 4.
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Figure 3-21: Dielectric constant as a function of frequency normalized by the geometric mean
between ηs and ηEP for PEO 600 ionomers at 100% sulfonation with (a) lithium (b) sodium, and
(c) cesium counterions, demonstrating time-temperature superposition failing for ionomers with
notable thermally induced aggregation.
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3.4 Summary
PEO-based polyester sulfonate ionomers were synthesized to study the correlation of
ionomer segmental dynamics, morphology, ion transport properties and dielectric constant as
sulfonate content is increased. Dielectric relaxation spectroscopy revealed high ion content to
exhibit slower segmental dynamics and consequently higher glass transition temperatures (Tg).
DC conductivity was shown to be strongly coupled to segmental dynamics, and consequently led
to lower ionic conductivity for high sulfonate content ionomers at ambient temperature owing to
elevated Tg. X-ray scattering at room temperature reveals Li ionomers to have ionic aggregation,
and a lack of an ionomer peak in Na ionomer x-ray scattering at ambient temperature. Heated Xray scattering exposed increasing ionic aggregation with increased temperature in Na ionomers,
consistent with dielectric constant temperature dependence for Li, Na, and Cs ionomers extracted
from the Macdonald electrode polarization model in dielectric spectroscopy.

At elevated

temperatures, solvating PEO chains are expelled from partially solvated Na ionic aggregates,
exposing an ionomer peak near 2.5nm-1 in X-ray scattering. This observation has important
consequences for PEO-based polymer electrolytes designed for rapid ion transport, and is
examined further in Chapter 4 where polymer solvating capability is investigated.
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Chapter 4

Molecular Mobility and Cation Conduction in Polyether-ester-sulfonate
Copolymer Ionomers
Poly(ethylene oxide) [PEO] ionomers are candidate materials for electrolytes in energy
storage devices due to the ability of ether oxygen atoms to solvate cations. Copolyester ionomers
are synthesized via condensation of sulfonated phthalates with glycol mixtures of PEO and
poly(tetramethylene oxide) [PTMO] to create random copolymer ionomers with nearly identical
ion content and systematically varying solvation ability. Variation of the PEO/PTMO
composition leads to changes in Tg, dielectric constant and ionic aggregation; each with
consequences for ion transport. Dielectric spectroscopy is used to determine number density of
conducting ions, their mobility, and extent of aggregation. Conductivity and mobility display
Vogel temperature dependence and increase with PEO content; despite the lower Tg of PTMO.
Conducting ion densities show Arrhenius temperature dependence and are nearly identical for all
copolymer ionomers that contain PEO. SAXS confirms the extent of aggregation, corroborates
the temperature response from dielectric measurements, and reveals microphase separation into a
PTMO-rich microphase and a PEO-rich microphase that contains the majority of the ions. The
tradeoff between ion-solvation and low Tg in this study provides fundamental understanding of
ionic aggregation and ion transport in polymer single-ion conductors.

4.1 Introduction
The increasing demand for electronic devices integrated into everyday life has driven the
need for improved fundamental understanding of ion transport and materials design for higher
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performance and more robust electrolytes.1-3 The electrolyte’s role in conducting ions can be
described as a two step process in liquids: solvation of ionic species via polar solvent interactions
and conveyance of the conducting ionic moieties to and from the electrodes.1-3 Conduction in
polymer electrolytes is similar in concept, albeit slower due to strong coupling of ion motion with
segmental dynamics,1-6 particularly for cations, causing higher frictional resistance to ion motion
than predicted by the Stokes-Einstein relation.7 Nevertheless, demand for polymer electrolytes is
high due to the potential advantages, i.e., ease of thin film coating, flexibility, lower toxicity, and
mitigation of catastrophic lithium dendrite formation.8 Achieving these advantages requires
improvements in conductivity, and therefore advancement in the fundamental knowledge of ion
transport. Here we systematically vary the polymer’s ability to solvate cations at nearly fixed ion
content, and observe the effect on ion transport in sulfonate ionomers with Li+ or Na+
counterions. Use of single-ion conductors (ionomers) by covalently tethering anions to the
polymer minimizes contributions from anion migration, thus increasing Li + and Na+ transference
numbers to unity, and allows direct application of the Poisson-Boltzmann equation for cation
transport dynamics.
Previously,9 we found for PEO-based ionomers with various ion contents that glass
transition temperature (Tg) is a dominating factor. Higher molar mass PEO spacers between
sulfonate sites increase Li+ counterion conductivity and mobility, despite lower stoichiometric ion
content, due to lower Tg which provides faster segmental dynamics. Similarly, Sun and Angell
also reported that conductivity of ionomers at a single temperature decreases with increasing ion
content due to the effect of ionic groups acting as physical crosslinks, raising T g.10 Tg effects were
demonstrated by plotting conductivity against T-Tg or Tg/T for PEO ionomers as a function of
varied PEO segment length between ionic sites,9, 11, 12 or by plotting molar conductance against αrelaxation frequency for PEO copolymer ionomers.9
Polymers containing other polyethers such as poly(propylene oxide) (PPO)13 and
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poly (tetramethylene oxide) (PTMO)14,

15

have also attracted attention as electrolytes.

Shilov14 reported on carboxylate-polyurethanes prepared from PTMO oligoethers, which
exhibited low conductivity due to poor solvation of ionic groups in PTMO-rich soft segments.
Polizos et al.15 indicated that ionic conductivity of PEO-PTMO based polyurethane ionomers
increases with increasing mole fraction of PEO segments. Ether oxygens in PEO exhibit
improved solvation of Li+ ions compared to PTMO. Here, we probe the difference in conduction
mechanism as we systematically replace PEO of molecular weight M=600 g/mol between
sulfonated phthalates with PTMO of M=650 g/mol. The molecular structure of the ionomers and
nonionic polymers in this study are shown in Figure 4-1.

Figure 4-1: (a) Polyester random copolymer ionomers with controlled ratios of PEO (X) and
PTMO (Y) and (b) nonionic random copolymer analogs using non-sulfonated phthalates.

Use of PTMO leads to polyesters with lower Tg, but PEO-based nonionic polyesters have
nearly double the dielectric constant of PTMO nonionic polyesters, Li-PEO ionomers have about
three times the dielectric constant of Li-PTMO ionomers and Na-PEO ionomers have roughly
eight times the dielectric constant of Na-PTMO ionomers, due to higher ether-oxygen content
from fewer carbons between oxygens, which impart increased solvation to small Li or Na cations.
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4.2 Experimental Techniques
In this study, we synthesize a series of novel copolyester ionomers as single-ion
conductors by melt polycondensation between oligomeric diols (PEO600 and PTMO650) and
dimethyl 5-sulfoisophthalate sodium salt. Nonionic counterparts are synthesized using dimethyl
isophthalate. Previous studies of PEO/PTMO polymer blends and block copolymers16, 17 indicate
an interaction parameter18 χ = -0.082+74.5/T, and demonstrate that a mixture of the two
oligomeric component precursors should exhibit an upper critical solution temperature of
approximately 315 K. It is important to note that our melt synthesis occurs well above the UCST
of the two oligomeric diol components (483–523 K), indicating that transesterification11 should
create truly random copolymers.
The sodium cation was exchanged to lithium by aqueous ion exchange, followed by
exhaustive dialysis to remove salt impurities. The preparation details are described in a previous
study.11 These novel ionomers were characterized with 1H NMR, X-ray scattering (q = 0.07-17
nm-1), differential scanning calorimetry (DSC) and dielectric relaxation spectroscopy (DRS).

4.2.1 Synthesis and Ion Exchange
Poly(ethylene glycol) (PEG600, 99%), poly(tetramethylene glycol) (PTMG650, 99%),
triphenyl phosphite (TPP, 97%), titanium (IV) isopropoxide (99.999%), lithium chloride (99+ %),
dimethyl isophthalate (DMI, 99%), and dimethyl 5-sulfoisophthalate sodium salt (DM5SIS, 98%)
were supplied by Aldrich.
The synthesis of the polyester copolymer ionomers, Table 4-1, was performed by a twostep melt polycondensation. Monomers were dried under vacuum for a minimum of 72 hrs at 353
K over 4Å molecular sieves prior to synthesis. A three-neck glass reactor was heated dry and
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assembled with a mechanical stirrer. Following an argon purge (three times), the reactor was
charged with oligomeric diol and esters (diols:diesters = 1:0.88 molar ratio) and titanium (IV)
isopropoxide catalyst (0.05 wt %), then maintained under an argon atmosphere. A batch of
approximately 60 grams was mechanically stirred while maintaining a reaction temperature of
483 K for 4 hrs, then 503 K for 2 hrs. The methanol condensate was removed using a liquid
nitrogen cold trap. Secondly, diesters (12 mole% of diols) and triphenyl phosphite (0.05 wt % of
total reagents) were added after cooling to 453 K, then reheated and maintained at 523 K for 2-3
hrs. The total molar ratio of diols/diesters was controlled at 1:1. Vacuum (< 1 mTorr) was applied
for the final 0.5-1 hr at 523 K to remove low molecular weight species. The completion of the
reaction was signaled by an abrupt increase in the viscosity, at which point the reactor was
refilled with argon gas and cooled to room temperature. Nonionic polymers were prepared in the
same manner, replacing DM5SIS with DMI, with an additional lower temperature initial step
owing to the larger vapor pressure of DMI. Copolymers were prepared by using PEG600 and
PTMG650 diols with 13 and 9 monomeric units, respectively.

PTMG was selected as an

appropriate co-monomer as the diol of oligomeric propylene oxide does not polymerize via this
specific chemistry.

Nomenclature refers to PEO/PTMO oligomer ratio (X/Y), and alkali

counterion to the sulfonate anion covalently tethered to the isophthalate.

Table 4-1: Molecular properties of PEO/PTMO nonionic copolymers and sulfonate-ionomers
with Li and Na counterions, Mn (g/mol) from NMR, and calorimetric Tg (K).
Sample
Cation/EO
(PEO/PTMO)
100/0

0.077

75/25
50/50
25/75

0.083
0.091
0.100

0/100

0.111

Nonionic

Li

Na

ion content
(cm-3)

Mn

DSC Tg

Mn

DSC Tg

Mn

DSC Tg

6000

228

4600

255

4600

271

7.17 x 1020

3500

221

6400
7300
6500

258, 212
261, 213
286, 213

6400
7300
6500

272, 213
277, 213
286, 212

7.02 x 1020
6.87 x 1020
6.72 x 1020

12000

210

6700

210

6700

209

6.57 x 1020
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Samples were then dissolved in de-ionized water and exhaustively dialyzed to remove
any impurities using Amicon PLAC membranes of cutoff 3000g/mol until the dialyzate reached
the conductivity of the inlet de-ionized water stream (~0.5S/cm). Sodium ionomers were
exchanged to lithium counterions after dissolving in de-ionized water and exposing to a high LiCl
concentration (Li:Na=1000:1) solution, then dialyzed to remove excess salt. Efficiency of cation
exchange and ionomer purity was assessed as >99.9% using inductively coupled plasma to
measure atomic emission of sulfur and residual sodium spectra on a Perkin-Elmer Optima 5300.
Water was removed using a rotary-evaporator, then annealing samples at 353–363 K at <0.1
mTorr for a minimum of 96h.

4.2.2 Thermal Characterization
Purified materials were analyzed using a Seiko SSC-5200 DSC under ultra-high-purity
nitrogen. Samples of ca.5.0 mg were heated to 403K for 30 min, cooled to 183 K at 10 K/min
and held isothermally for 5 min before ramping to 403 K at 10 K/min. The glass transition
temperature, Tg, was identified as the midpoint of the heat capacity change. Modulated DSC was
also conducted using a TA Q1000 MDSC with a modulation of 1.0 K every 40s superimposed on
top of heating/cooling rates of 3 K/min, to detect the Tg for the low-fragility PTMO-rich
microphase.

4.2.3 X-ray Scattering
To minimize the exposure of the materials to moisture, previously dried materials were
loaded into capillaries under vacuum at elevated temperatures (343–383K, depending on the
viscosity of the ionomers) for at least 24hrs. As the samples flow into the capillary under
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vacuum, bubbles are eliminated. For high viscosity samples, open-ended capillaries are stored at
elevated temperature under vacuum until the X-ray scattering experiments could be performed.
Alternatively, for very high viscosity ionomers, the sample was placed on a ruby mica window
and annealed in vacuum under the same conditions as above.

Temperature scanning was

performed from room temperature to 373, 393, or 423K with a step size of 25K and heating and
cooling rates of 10K/min. The samples were equilibrated at each temperature for 5-10 min before
starting data collection; typically, data collection times were 60 min at each temperature. Note
that these ionomers have Tg far below room temperature and relatively low molecular weight, so
they are able to approach thermodynamic equilibrium rapidly. Previous rheological studies
demonstrated that the terminal relaxation time of Li-PEO or Na-PEO ionomers (100/0) is ~ 1
second or less at 303K,11 while the Na-PTMO ionomer (0/100) has relaxation time ~ 104 s.
The X-ray scattering system used Cu Kα X-rays from a Nonius FR 591 rotating-anode
generator operated at 40 kV and 85 mA. The bright, highly collimated beam was obtained via
Osmic Max-Flux optics and triple pinhole collimation under vacuum. The scattering data were
collected using a Bruker Hi-Star multiwire detector with sample to detector distances of 11, 54,
and 150cm corresponding to wide, intermediate, and small angle scattering. The 2-D data
reduction and analysis were performed using Datasqueeze software.19 Background scattering
from an empty capillary or blank mica window was subtracted from the samples’ scattering after
normalization by beam exposure time and direct beam intensity from current measured by a
photodiode in the beam stop. The I(q) data from the three sample-detector distances were

stitched together by multiplicative shifting on the intensity scale.
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4.2.4 Dielectric Relaxation Spectroscopy (DRS)
A Novocontrol GmbH Concept 40 broadband dielectric spectrometer applying a.c.
voltage with amplitude 0.1V was used to study the linear dielectric and conductometric response
of all ionomers. Purified ionomers were heated at Tg + 80K for 4 days under vacuum on freshly
polished brass electrode disks of 30mm diameter to ensure complete contact and removal of water
and voids. This helps eliminate artificially high conductivity in hygroscopic samples due to
water. Sample geometry was dictated by 50μm silica fiber spacers with a top electrode of 20mm
diameter applied after drying the sample with thickness exceeding 50μm. Freshly polished brass
gives very reproducible results and was selected as the electrode material for reasons discussed
previously.20
Before measurements, samples were annealed in the instrument at 393K for 1 hr under
nitrogen to facilitate further drying (<25ppm water content by Karl-Fischer titration). Isothermal
frequency sweeps from 107 Hz to 10-2 Hz were conducted in 10K or 5K steps at temperatures
down to 253K. Precise temperature control, within +/- 0.05 K, was maintained at each setpoint.

4.3 Results and Discussion

4.3.1 Thermal Characterization
Figure 4-2 correlates glass transition temperature with cation/ether oxygen (EO) ratio,
emphasizing the connection between ion content and Tg. Tg increases strongly with ion content21
because ion pairs associate to form physical (temporary) crosslinks that restrict segmental motion
and the ether oxygens have strong specific interaction with Li + or Na+ cations.

Physical

crosslinks in ionomers are viewed as dipolar interactions between ion pairs, where two or more
dipoles form stable quadrupoles, or primary aggregates.

Sodium ionomers have less ion

104
aggregation at room temperature, and Tg, and consequently the Na ions are more effective at
restricting segmental motion of the polymer, leading to consistently higher Tg in the Na ionomers,
as noticed previously.11
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Figure 4-2: Glass transition temperature of PEO ionomers increasing as ion content is increased
(open symbols), and two Tg values upon addition of PTMO comonomer (filled symbols),
indicating microphase separation above a Cation/EO ratio of 0.08 (thereby having some PTMO)
for ionomers with lithium counterions (blue squares) or sodium counterions (red circles). Solid
curves represent Fox equation fits (Equation 4-1 with parameters in text; Tg data and fits are
summarized in Table S1, see Supporting Information) to the PEO600 ionomer copolymers with
mixtures of sulfonated and non-sulfonated phthalates, dashed curves represent Fox predictions
(Table A-2) for the PEO600/PTMO650 copolymer ionomers with only sulfonated phthalates.

Consistent with previous work,9 Figure 4-2 shows that Tg increased as expected with
increased ion content for PEO ionomers (open symbols) as the ratio of sulfonated to nonsulfonated phthalates is increased. Here, the PEO/PTMO copolymers ion content is kept roughly
constant (Table 4-1) while PTMO comonomer content is increased (filled symbols), thus
continuing to increase the cation to ether-oxygen ratio.

Two Tg values are observed for

copolymer ionomers (Figure 4-2), suggesting microphase separation into PEO-rich and PTMOrich microdomains. The Tg of the PEO-rich microphase steadily increases with PTMO content,
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while the PTMO-rich microphase Tg barely changes because ions prefer to be solvated by PEO
rather than the poorly solvating PTMO microphase. Ions remaining in the PTMO-rich regions
strongly aggregate (as discussed below) with minimal impact on T g. The characteristic increase
in Tg of the PEO-rich microdomains with increasing ion content can be predicted by a simple
three component Fox equation, Equation 4-1.

1 PEO SP NP



Tg TgPEO TgSP TgNP

(4-1)

Where the three  represent the volume fractions of components within the PEOmicrodomain: PEO, sulfonated phthalates (SP), and non-sulfonated phthalates (NP). The Tg
values of each component within the PEO microdomain are obtained from fitting Equation 4-1 to
the Tgs of PEO polyester ionomers with varied sulfonate content, open symbols in Figure 4-2,
yielding the four component Tg values: TgPEO = 214K, TgSP (Na) = 690K, TgSP (Li) = 475K and
TgNP = 285K. The Fox equations for the PEO-ionomers with Li and Na counterions (all having
cation/EO < 0.08) are shown as the solid curves in Figure 4-2 and also summarized in Table A-1.
For the PEO/PTMO copolymer ionomers (cation/EO > 0.08), the dashed curves in Figure
4-2 are the predictions of the same Fox equations (with NP  0 ), assuming all ions and no
PTMO reside in the PEO-microdomains, making the PEO microphase identical to a simple PEO
ionomer. By ignoring the PTMO that may be present in the PEO-rich microdomains, the Fox
equation can be used to calculate a lower bound on the ion content in the PEO-rich
microdomains. The measured Tg values (closed symbols) are consistently above the Fox
predictions (dashed curves) for the reason that cations are more strongly solvated within the PEOrich microdomains. Ions near the microdomain interface may preferentially migrate to the more
polar PEO microdomain, resulting in higher Tg values than predicted by the Fox equation. Table
A-2 suggests the ion partitioning favors the PEO microphase (consistently larger than the

106
corresponding ratio of PEO/PTMO), resulting in a slightly higher T g of the PEO microphase
compared to the Fox equation prediction, as observed in Figure 4-2.
The lower Tg of the PTMO-rich microdomains, seen in each of the copolymers, is
comparable to the nonionic PTMO polymer and the PTMO ionomers. The expected third Tg,
associated with an ionic aggregated microphase within the PTMO-rich domains, is likely above
the range of the DSC experiments undertaken here. For the microphase separated nonionic 50/50
copolymer (see the following X-ray scattering results), one would expect two resolvable Tg
values, however DSC of this copolymer displays only a single broad transition (breadth >15K).
This is similar to the broad segmental relaxation observed in dielectric spectroscopy experiments
(section 4.3.3), and a similarly narrow difference in Tg values (18K) when comparing the
nonionic polymers, (100/0 and 0/100). Collectively, it seems that the ions prefer the PEO-rich
microphase and this enhances the effective repulsion between the two microphases,22-27
promoting microphase separation in the ionomer copolymers.

107
4.3.2 X-ray Scattering

4.3.2.1 Nonionic Polymer X-ray Scattering
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Figure 4-3: (a) Room temperature X-ray scattering of nonionic polyester PEO and polyester
PTMO homopolymers, and the 50/50 nonionic polyester copolymer. Curves are vertically shifted
for clarity. (b) Elevated temperature X-ray scattering of the 50/50 nonionic polyester copolymer
with curves vertically shifted by their amorphous halos for comparison.

Figure 4-3a shows the X-ray scattering for the nonionic 50/50 PEO/PTMO copolymer
compared with the nonionic PEO and PTMO homopolymers. The scattering patterns at 20OC
show thermal reversibility after data collection at 100oC. All three materials exhibit nearly
identical amorphous halos at q ≈ 15 nm-1 corresponding to an average non-bonded interatomic
chain spacing of 0.42 nm as expected for amorphous PEO.28 As expected for the short PEO and
PTMO segments in these polymers, crystalline reflections are absent. The other noteworthy
feature in Figure 4-3a is the broad scattering shoulder in the small-angle regime for the nonionic
50/50 copolymer. Relative to room temperature, this feature decreases in scattering intensity at
100°C, Figure 4-3b. We propose that the shoulder arises from microphase separation into PEOrich and PTMO-rich microdomains. Microphase separation becomes less pronounced at higher
temperature, consistent with the χ calculated for blends of PEO and PTMO. The 50/50 nonionic
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copolymer microphase separates on the ~10nm scale into PEO-rich and PTMO-rich
microdomains, but the Tg of these are too close to resolve in DSC. The schematic in Figure 4-4
depicts the morphology of the PEO/PTMO system, beginning with the nonionic series in the top
row. The low-q upturn is a long-standing unresolved issue in the scattering field. Perhaps the
upturn is related to long-range inhomogeneities arising from ion and phthalate distributions in the
copolymers, with additional possibility of density fluctuations.

Figure 4-4: An approximate morphology schematic for PEO/PTMO ionomers at room
temperature as a function of copolymer content and counterion type with ~30nm box sizes. Blue
indicates PEO, red indicates PTMO, light blue indicates lithium, green indicates sodium.

4.3.2.2 Ionomer X-ray Scattering
Figure 4-5a shows the room temperature X-ray scattering profiles for PEO/PTMO
copolymer ionomers with Li counterions. As previously reported, the 100/0 Li-PEO ionomer
exhibits ionic aggregation at room temperature, giving rise to an interaggregate scattering peak at
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q = 2.7 nm-1 (spacing 2.3 nm), that becomes better defined with increasing temperature.28, 29 The
0/100 Li-PTMO ionomer shows a significantly stronger interaggregate scattering peak at lower
q = 1.9 nm-1 (3.3 nm) indicating that the ionic aggregates are further apart, as shown
schematically in Figure 4-4. In addition, the relative intensity of the interaggregate scattering
peak for the Li-PTMO ionomer is more than twice as large as the amorphous halo, while the
comparable peak for the Li-PEO ionomer is approximately half the peak intensity of the
amorphous halo. This difference can result from the following attributes of the morphology: the
electron density difference between aggregates and the matrix, interfacial sharpness between the
aggregates and the matrix, and uniformity of aggregate size, shape and separation. Knowing that
the PEO matrix solvates ions more efficiently than PTMO, we propose that the electron density
difference is larger in the PTMO ionomer (more of the ions aggregate in the PTMO ionomer) and
this contributes significantly to the more intense interaggregate scattering peak. DRS provides
additional support for this interpretation, as will be discussed below.
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Figure 4-5: (a) Room temperature X-ray scattering for PEO/PTMO Li ionomers vertically
shifted by the amorphous halo. (b) Elevated temperature X-ray scattering data for the 50/50 Li
ionomer. (c) Elevated temperature X-ray scattering for the 0/100 Li ionomer.

The X-ray scattering from Li-PEO/PTMO ionomers in Figure 4-5 shows evidence of both
ionic aggregates and the microphase separation observed for the nonionic 50/50 copolymer in
Figure 4-3. As PTMO is incorporated into the Li ionomers, the microphase separation feature
appears and moves to higher q as PTMO content increases. This shift indicates that the distance
between microphase separated domains becomes smaller as the average number of consecutive
PEO oligomers decreases (decreasing PEO content). At elevated temperatures for the 50/50 Li
ionomer, Figure 4-5b, there are two specific morphology changes. First, as seen in the nonionic
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case (Figure 4-3b), the low angle scattering contribution from microphase separation decreases in
intensity. Second, the contribution from interaggregate scattering increases. Previous work
demonstrated that extent of aggregation in Li-PEO ionomers increases at elevated temperatures as
solvating chains are excluded from ionic aggregates.29 Similar trends were observed for the 25/75
Li and 75/25 Li ionomers upon heating; see Appendix A Figures A-1 and A-2. The state of ionic
aggregation for the Li-PTMO ionomer is unchanged upon heating because there are very few
isolated ion pairs at room temperature available to form aggregates (or associate with pre-existing
aggregates) at higher temperature (Figure 4-5c). As depicted in Figure 4-4, the Li-PEO/PTMO
ionomers exhibit both microphase separation and ionic aggregates, and the interaggregate
spacings are smaller in the PEO-rich than in the PTMO-rich microdomain. A more detailed
interpretation of the scattering data is limited because the scattering features for microphase
separation and ionic aggregates shift in peak intensity and position as a function of copolymer
content. DRS plays a critical role in discerning the morphologies of these complex materials;
indeed we draw the PEO-rich microdomains of the 25/75 ionomers (both Li and Na) as
continuous in Figure 4-4 as required by the conductivity data presented below.
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Figure 4-6: (a) Room temperature X-ray scattering for PEO/PTMO Na ionomers vertically
shifted by the amorphous halo. (b) Elevated temperature X-ray scattering data for the 50/50 Na
ionomer. (c) Elevated temperature X-ray scattering for the 0/100 Na ionomer.

Figure 4-6a shows room temperature scattering profiles for PEO/PTMO ionomers with
Na counterions. As reported previously, a notable feature of the Na-PEO ionomers at room
temperature, relative to Li-PEO ionomers, is the absence of an interaggregate scattering peak.
This indicates that the NaSO3 ion pairs exist in a variety of local environments ranging from
isolated ion pairs to ionic aggregates without a well-defined interaggregate distance.28 The Tg for
100/0 Na is higher than for 100/0 Li (Figure 4-2), because the ionic aggregates in 100/0 Li are
less effective at impeding cooperative segmental motion than the more solvated NaSO3 isolated
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ion pairs in 100/0 Na. This finding is consistent with earlier studies of PEO-sulfonate ionomers.9,
11

The 100/0 Na-PEO-based ionomer is therefore depicted in Figure 4-4 as a uniform blue/green

color without aggregates. In contrast, the 0/100 Na-PTMO-based ionomer has strong X-ray
scattering evidence of ionic aggregates with a peak at q = 1.65 nm-1 (spacing 3.8 nm). The low
dielectric constant and poor ion-solvation of the PTMO matrix encourages aggregation of NaSO3
ion pairs, keeping Tg of the polymer phase low. Figure 4-6c shows that this extent of ionic
aggregation is temperature independent, whereas PEO 100/0 Na-ionomers exhibit a strong
increase in number density of aggregated ions as temperature is raised.29
The absence of ionic aggregates in the 100/0 Na ionomer has interesting ramification for
the Na-PEO/PTMO ionomer morphologies. As for the Li copolymer ionomers, the microphase
separation feature moves to larger q with increasing PTMO content. However, from the X-ray
scattering data, PEO microdomains appear to be devoid of ionic aggregates, suggesting instead
that PEO microdomains contain mostly solvated NaSO3 ion pairs at room temperature. The
solvated NaSO3 is represented in Figure 4-4 by the increasingly green hue of the PEO-rich
microdomain as PTMO content increases. Ionic aggregation in the PTMO microphase is certainly
apparent in the 25/75 Na ionomer and may also be present in the 50/50 Na ionomer, given that
the strong scattering from microphase separation might obscure the interaggregate scattering
peak, suggesting small fractions of ions isolated within the PTMO microdomain or interface.
Relative to room temperature, the 50/50 Na ionomer at 100°C (Figure 4-6b) exhibits less
microphase separation and more ionic aggregation. Similar trends were found for the 25/75 Na
and 75/25 Na ionomers upon heating; see Appendix A Figures A-3 and A-4. Previous work
established that isolated ion pairs aggregate upon heating with a well-defined interaggregate
distance in 100/0 Na ionomers, although the peak intensity remained lower than the amorphous
halo.29
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4.3.3 Dielectric Relaxation Spectroscopy (DRS)

4.3.3.1 Polymer Segmental Dynamics
Polymer segmental relaxations in dielectric spectroscopy arise from dipole relaxations
along the polymer backbone under an applied field. To clearly resolve the segmental (α) process,
or dynamic Tg, a derivative formalism is used to remove conductivity and is calculated from the
frequency-dependent dielectric constant ε’(ω):30, 31
"
 der
( )  

  '( )
2  ln 

(4-2)

To curve resolve the contributions from electrode polarization (EP) and the α-relaxation,
we simultaneously fit EP to a simple power law function and the α-relaxation over a range of
temperatures using the appropriate form30, 31 of the Havriliak-Negami function,32, 33
*
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where Δε is the relaxation strength, HN is a relaxation time, and a and b are shape parameters
(a=1 and b=1 yields a simple Debye relaxation). Figure 4-7 shows the peak relaxation time of the
α-process of the nonionic polymers as functions of temperature, obtained from the following
relationship:33
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Figure 4-7: The α (segmental) relaxation time for nonionic PEO/PTMO copolymers extrapolates
approximately to 100s at the DSC Tg, verifying that it is the α-process. Lines represent VFT fits
to Equation 4-5.

It is important to note that the α-relaxation time of all copolymers extrapolate
approximately to 100s at the DSC Tg.34 This allows us to definitively assign this process to the
segmental motion of the polymer backbone. Figure 4-7 is consistent with the nonionic 0/100
polymer being significantly less fragile than PEO-containing polymers. The 50/50 nonionic
polymer has a single relaxation process, Figure A-5, suggesting that the dynamic Tgs from the
PEO-rich and PTMO-rich microphases are within close proximity and irresolvable, similarly
noted in the DSC Tgs.
The strength of the α-relaxation for the nonionic copolymers is typical for polymer
segmental motion (<10), whereas their ionomer counterparts also exhibit a single relaxation with
considerable relaxation strength (>20), Figure A-6. This is reminiscent of segmental processes
dominated by a slower ion-coupled polymer motion (α2).9 It should be noted that there is a single
observable relaxation process in the PEO/PTMO ionomers, suggesting the greater magnitude and
close proximity of the α2-relaxation dominates the signal from dielectric loss with respect to any
residual α-relaxation and the ionomer segmental motion is henceforth referred to as α2. The α2-
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relaxation time of ionomers (Figure A-7) calculated from Equation 4-4 above follows similar
Vogel-Fulcher-Tammann (VFT) response to that of the α-relaxation of the nonionic polymers,
with relaxation time ηα (or ηα2) diverging at the Vogel temperature T0, B/T0 is inversely related to
the fragility and η∞ is the high temperature limit of the relaxation time.



B 

 T  T0 

     exp 

(4-5)

4.3.3.2 Conducting ion number density and mobility
The use of single-ion conductors (ionomers) allows application of an electrode
polarization model35,

36

which treats the system as though tethered sulfonate ions have

insignificant contribution to conduction, thus allowing us to separate conductivity of the mobile
cations into three components: the temperature dependent number density p of simultaneously
conducting ions, the mobility µ of those conducting cations, and the known monovalent ion
charge e, the product of which determines the conductivity of single-ion conductors.

 DC   pe

(4-6)

Electrode polarization is seen on our dielectric measurements at low frequencies, as
counterions polarize at the electrodes, causing increased capacitance, and lower conductivity,
Figure 8.9, 33, 36 We apply Macdonald's mean-field model of electrode polarization even though
many of our materials show microphase separation, because the PEO-rich phase with the majority
of the ions should preferentially adsorb to the electrodes and the model simply treats the double
layers that polarize within ~1 nm of the electrode surfaces. The PEO-rich phase is always
continuous, allowing application of the Macdonald model, and is verified from the temperature
dependences of the PEO segmental dynamics, ionic mobility, and ionic conductivity, discussed in
Section 4.3.3.3.
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Figure 4-8: Angular frequency dependent dielectric constant, dielectric loss, loss tangent, and
conductivity for a PEO/PTMO (100/0) Li ionomer at 323K. Solid lines represent timescales
(ω=1/) fit from Equation 4-9, dashed lines represent the α2-relaxation frequency from Equation
4-5 and the attempted ion hopping timescale where ’(ωh) =2DC.37

Two observable timescales can be defined for measurement of ion transport properties, 20
the timescales for conduction (ηζ), and electrode polarization (ηEP):

 

 s 0
 DC

(4-7)

 EP 

 EP 0
 DC

(4-8)

where εs is the measured static relative permittivity of the sample before electrode polarization, ε0
is the permittivity of vacuum and εEP is the significantly increased permittivity after electrode
polarization. The Macdonald model treats electrode polarization as a simple Debye relaxation
and the loss tangent is fit to obtain the timescales in Equations 4-7 and 4-8.35, 36

tan  

 EP
1   2  EP

(9)

118
The angular frequency, ω, dependence of the loss tangent is fit to Equation 4-9, to
determine  and EP. The model then allows determination of the number density of conducting
ions p and their mobility  from EP and ,

1   EP 
p


 lB L2    



2

eL2 
2
4 EP
kT

(4-10)

(4-11)

where

lB 

e2
4 0 s kT

(4-12)

is the Bjerrum length, L is the sample thickness, k is the Boltzmann constant and T is absolute
temperature. Equation 4-10 shows that the number density of conducting ions is determined from
the square of the magnitude of electrode polarization (EP/ = εEP/εs) while the mobility
(Equation 4-11) is reciprocally related to the product of the magnitude and timescale of electrode
polarization. The timescale EP is proportional to electrode spacing L, as expected by the
Macdonald model35 and observed for polyester-sulfonate ionomers based on poly(ethylene
oxide).9,

36

This indicates the number density of conducting ions p and their mobility  are

material properties that are independent of L.
The Arrhenius temperature dependence of conducting ion content is seen in Figure 4-9
and is observed in various ionomer systems.9,

11, 12, 20, 36, 38-40

Fitting to the Arrhenius equation

(dashed line) is performed using the stoichiometric ion content as the high temperature limit,
allowing us to elucidate the trend that ionomers with any PEO content have reduced activation
energy, listed in Table 4-2.

 E 
p  p exp   a 
 RT 

(4-13)
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Figure 4-9: Temperature dependence of simultaneously conducting ion density for (a) Li
ionomers and (b) Na ionomers as functions of PTMO content. Lines represent Arrhenius fits to
Equation 4-13 with the high-temperature limit fixed to the total ion content (p∞=p0, listed in Table
4-1) with activation energy Ea listed in Table 4-2.

An important conclusion from Figure 4-9 is the relatively low fraction of ions
simultaneously participating in ion conduction. It should be clarified that over the lifetime of the
experiment, all ions within the PEO microdomain do contribute to conductivity by exchanging
between various states (isolated pairs, triple ions, quadrupoles, etc.). Once beyond the timescale

  2  1/  2 , DC conductivity is achieved; we evaluate conductivity at the electrode polarization
onset, about a factor a 10 lower in frequency (Figure 4-8). The reported values of p are viewed as
an instantaneous snapshot, representing the thermodynamically relevant level of counterions
participating in the formation of the double layer for which the mean-field solution of the
Poisson-Boltzmann equation relates p to electrode polarization magnitude35 (Equation 4-10).
Ionomers containing PEO exhibit nearly identical conducting ion density, similar to other
studies of PEO polyester ionomers.9 To expand the temperature range of our conducting ion
mobility, we use Equation 4-6 and divide DC conductivity by the product of the elementary
charge e and the Arrhenius conducting ion content (p fit in Figure 4-10 to Equation 4-13) and plot
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this conducting ion mobility in Figure 4-10. For each ionomer, the conducting ion mobility
exhibits VFT behavior.
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Figure 4-10: Temperature dependence of conducting ion mobility for (a) Li ionomers and (b) Na
ionomers as functions of PTMO content. Lines represent VFT fits to Equation 4-14 with
parameters in Table 4-2, except the 0/100 PTMO ionomers, whose Arrhenius activation energies
for ion mobility are listed in Table 4-2.

The identical conducting ion content and strong (VFT) temperature dependence of
mobility suggests that counterions are successfully migrating through PEO rich microphases due
to stronger solvation. This preferential transport mechanism leads to local “crowding,” where
mobility is sacrificed. Each ionomer loses a factor of 3-10 in conducting ion mobility with each
25% decrease in PEO content, which is not reflected in conducting ion density, but is clear in
Figure 4-10 and will also be apparent in DC conductivity.
The exceptions are the PTMO (0/100) ionomers, as they exhibit significantly weaker
Arrhenius temperature dependences of conductivity and conducting ion mobility. Ion motion is
still coupled to segmental motion of the PTMO but in both the PTMO ionomers and the nonionic
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PTMO polymer, the segmental motion is notably less fragile (Arrhenius temperature dependence)
than in the ionomers and nonionic polymers containing PEO.

4.3.3.3 Ionic Conductivity
DC conductivity, DC, is defined as the in-phase conductivity,  '     "   0 ,
independent of frequency over approximately a three decade range. Figure 4-11 shows that the
temperature dependence of the DC conductivity for these ionomers is well described by the
product epμ formally written in Equation 4-15.
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Figure 4-11: (a) DC conductivity for Li ionomers showing a decrease in conductivity, as low T g,
low dielectric constant PTMO is incorporated into the ionomer. (b) DC conductivity for Na
ionomers shows a similar reduction in ionic conductivity with increased PTMO content. Both
PTMO ionomers display nearly Arrhenius behavior, consistent with having lower fragility than
PEO. Lines represent Equation 4-14, with Arrhenius parameters from the fit of conducting ion
content in Figure 4-9 to Equation 4-13 and VFT parameters from the fit of conducting ion
mobility in Figure 4-10 to Equation 4-14 (with 0/100 PTMO ionomers Arrhenius), with all
parameters listed in Table 4-2.
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Ion conduction relies on polymer segmental motion, so T g suppression is important for
improvements in conductivity. Lower Tg PTMO should provide faster segmental dynamics
(Figure 4-7). The tradeoff of enhanced segmental relaxation for superior solvating ability favors
the PEO for conductivity in these copolymers, however, as the ions prefer to reside in the PEOrich domain. Higher PTMO monomer ratios result in a systematic decrease in conductivity,
despite faster segmental dynamics observed in the nonionic PTMO polymer. Both Li and Na
PTMO (0/100) ionomers exhibit Arrhenius conductivity, consistent with the Arrhenius ionic
segmental dynamics of the PTMO ionomers (Table 4-2 and Figure A-7).
To expand upon ion conductivity coupled primarily to PEO dynamics, we compare in
Table 4-2 the VFT (Equation 4-5, 4-14) parameters from α2-process fitting and ion mobility
calculated in section 4.3.3.2; the Vogel temperature T0 for ion mobility is 9-30 K higher. Figure
4-12 illustrates the relationship between DC conductivity and the product of the ionomer
segmental relaxation and the magnitude of that relaxation.41 This strong correlation suggests that
the α2-relaxation corresponds to ions exchanging states and is signaling the main ion transport

DC (S/cm)

mode in these ionomers.
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Figure 4-12: DC conductivity for PEO/PTMO ionomers plotted against the product of ionic
segmental relaxation frequency and strength for Li and Na.
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Rather than directly compare fragility which depends upon the selected T g value,34 Figure
4-13 suggests that ion motion is coupled to segmental motion, as trends in B/T0 (inversely related
to fragility) from ionic segmental dynamics are similar to those from ion mobility. Segmental
dynamics become slightly less fragile with lower PEO content, however 0/100 PTMO
copolymers exhibit markedly lower fragility, supporting the proposed continuous conducting
PEO microphase in ionomers containing even only 25% PEO, as we suggest in Figure 4-4.
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Figure 4-13: B-parameters divided by Vogel temperatures (reciprocally related to fragility), from
fitting data for lithium (blue open symbols) and sodium (red filled symbols) ionomers having
different PEO/PTMO ratios, where the VFT expression is fit to the relaxation time of the α2process (Equation 4-5; squares) and ion mobility (Equation 4-14; triangles) using the parameters
from VFT fits listed in Table 4-2.
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Table 4-2: Parameters describing the temperature dependence of ionic segmental relaxation time,
conducting ion mobility, and conducting ion density for Li-ionomers (top), and Na-ionomers
(bottom).*

PEO/PTMO

α2
∞

B


T0

100/0 Li
75/25 Li
50/50 Li
25/75 Li
0/100 Li

-9

6.33x10
4.15x10-10
3.28 x10-11
8.01 x10-12
1.28 x10-17

1150
1630
2340
3000
--

209
200
180
173
--

100/0 Na
75/25 Na
50/50 Na
25/75 Na
0/100 Na

4.72x10-10
4.95x10-10
2.65x10-10
4.52x10-11
3.53x10-16

1270
1420
2000
2310
--

227
220
199
199
--

Ea

∞

p

B

T0

Ea

Ea

----89.5

-3

1.5x10
1.6x10-3
1.4x10-3
1.1x10-3
1.1x10-1

689
890
1190
1410
--

218
214
202
202
--

----45.5

15.5
14.6
14.7
16.6
25.0

----84.3

1.4x10-2
8.7x10-3
1.1x10-2
9.0x10-4
8.7x10-4

729
798
1120
1010
--

238
233
217
229
--

----25.2

18.2
17.2
17.1
17.8
32.3

*VFT Parameters for PEO/PTMO ionomers: ∞ (s), B (K), T0 (K), mobility (cm2/Vs), conducting
ion activation energy (kJ/mol) from fitting data to Equations 4-5, 4-13 and 4-14 where intercept,
p∞ (cm-3) set to p0 values from Table 4-1.
The natural bond-angles in PEO allow crown-ether-like solvating ability, with multiple
oxygens on the same chain able to solvate a single cation,42 notably not possible for other alkylethers, such as PTMO. The clear ionic aggregate peak seen in X-ray scattering at high PTMO
content suggests that the subtle transition from 2 to 4 carbons between oxygens along the
backbone (0.077-0.111 Cation/EO) and associated lowered solvation ability leads to a dramatic
decrease in the number of ions simultaneously contributing to ionic conductivity.

4.3.3.4 Dielectric Constant
Static dielectric constant is a material property obtained from the low-frequency plateau
value of ε’(ω) before the onset of electrode polarization (EP). Since electrode polarization can
obscure this value, it is calculated using Equation 4-7 from the measured DC and  obtained
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from fitting Equation 4-10, yielding the low frequency static dielectric constant, εs before the
onset of electrode polarization and macroscopic charge accumulation.33 The dielectric constant of
ionomers (and all liquids) typically scales inversely with temperature due to thermal
randomization,43 which can be described as a broadened distribution of dipole orientations as
temperature increases. Here, we view both aforementioned polymer dipole rotation (related to αrelaxation), and polymer-ion dipole motion (related to α2-relaxation) with the applied a.c. voltage
as the major contributors to measured static dielectric constant.9
70
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Figure 4-14: Dielectric constant for copolymer ionomers of varied PEO/PTMO ratios with (a)
lithium and (b) sodium counterions. Solid lines are thermal randomization fits of data in the
vicinity of 303K to Equation 4-16 with parameters listed in Table 4-3.

Figure 4-14 suggests that ionic dipoles contribute significantly to the measured dielectric
constant, as the PEO (100/0) nonionic counterparts, Figure A-7, have dielectric constants between
6 and 14 (Figure A-8), respectable for polymers but small compared to the PEO (100/0)
ionomers. High dielectric constant values for 100/0 ionomers suggest that most ionic aggregates
are more solvated into isolated contact pairs and separated pairs, providing significant
contribution to dielectric constant, while low values suggest strong ionic aggregation and few
isolated pairs capable of providing any labile dipole moments to increase dielectric constant.
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Solid lines in Figure 4-14 represent the ~1/T temperature dependence of a polar medium due to
thermal randomization of dipoles, predicted by Onsager:43



pair

 (   )(2 s    )  ( s    )(2 s    ) 

m2pair  9 0 kT  s 





 s (   2)2
 s (   2)2

 nonionic 


(4-16)

where ε∞ is the high frequency permittivity (principally determined by electronic polarization,
ε∞=2.1), and νpair and mpair are the number density and strength of ionic dipoles, respectively. The
three nonionic polymers exhibit exactly the temperature dependence of dielectric constant
predicted by Onsager,43 over the entire temperature range studied (Figure A-8). Equation 4-16 is
fit adjusting



pair

m2pair as a parameter set at ambient conditions (1000/T ≈ 3.3, Table 4-3,

Figure A-9) to show the temperature response predicted from randomization, given the room
temperature dielectric constant.

Table 4-3: Adjusted parameters for Onsager prediction (Equation 4-16) fit at 303K.



Sample
(PEO/PTMO)
100/0
75/25
50/50
25/75
0/100

pair

m2pair / 9 0 k (K)

Li

Na

Nonionic

1670
1090
710
700
400

3950
3950
2500
1660
460

410
310
210

The nonionic polymers and Li-ionomers behave as simple polar liquids with εs~1/T;
however it is clear that the dielectric constant of Na-ionomers decreases more strongly than the
predicted 1/T from Equation 4-16. Consistent with previous studies of PEO polyester ionomers,9
ionomer data near room temperature obey Equation 4-16, however when dielectric constant drops
sufficiently, ion pairs begin to aggregate, and dielectric constant is lowered further.29 Aggregation

127
can be viewed as two or more ionic dipoles associating and effectively negating each other. Since
ion pairs contribute to the measured dielectric constant, removal of isolated ion pairs from the
medium establishes a cascading process where increasing temperature leads to a reduction in
dielectric constant and further formation of aggregates, driving the dielectric constant lower
toward that of the nonionic copolymer.29 Aggregation upon heating, due to lower dielectric
constant, is expected to be universal in this class of materials, since ionomers with solvated ions
(i.e. freely rotating ion pairs) above Tg behave fundamentally as polar liquids.29, 43 Thermally
induced ion aggregation,29 has been noted in other ionomers.44
Here we show aggregation induced through the progressive addition of a comonomer of
lower solvating ability. Figures 4-14a and 4-14b show that copolymers with higher PTMO
content have lower dielectric constants at room temperature, similarly approaching the dielectric
constant of the nonionic copolymer. Particularly noteworthy is 0/100 Na in Figure 4-14b near
room temperature (from 300K to ca. 325K); this ionomer has twice the dielectric constant of the
nonionic PTMO homopolymer. As temperature is raised from ~325K to ~375K the ionomer’s
dielectric constant steadily drops to that of PTMO homopolymer and the two have identical εs
from ~375K to 400K.

This is consistent with results of the temperature dependent X-ray

scattering presented earlier, in which increased extent of aggregation was observed with increased
temperature where Na-PEO ionomers are less aggregated at low temperature and tend to
aggregate upon heating.29
The incorporation of isolated ion pairs (ionic dipoles) into aggregates is also confirmed
by the drop in dielectric constant, as removal of labile pairs reduces εs. Since inter-aggregate
spacing (d) does not change significantly upon heating, we assume isolated pairs enter the
aggregates from the matrix, thus causing aggregates to become “more ionic”, rather than more
numerous, similar to recently studied sulfonated polystyrene ionomers.45
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Figure 4-15: (a) Bjerrum length divided by cation-anion contact pair separation distance (i.e. pair
energy/kT) versus PTMO content for PEO/PTMO copolymer ionomers with lithium counterions
(Li+SO3- dpair = 0.24nm) and (b) sodium counterions (Na+SO3- dpair = 0.27nm), showing the
increased distance (energy) required to successfully separate a counterion as PTMO content is
increased. Arrows denote increasing temperature; Li ionomers have interaction change of ~10%,
while Na ionomers change by a factor of more than 2 due to ion aggregation on heating.

Figure 4-15 demonstrates the increased dissociation energy required to successfully
remove a cation from a tethered sulfonate on the ionomer backbone.

The Bjerrum length

(Equation 4-12, the distance at which Coulomb energy = kT) increases as PTMO content
increases due to lower dielectric constant. As PTMO content increases, the dissociation energy of
an ionic pair approaches that of the poorly solvating PTMO nonionic polymer. The Li-ionomers
do not change their aggregation state on heating, so their static dielectric constant obeys the
Onsager equation (Figure 4-14a) meaning that the Bjerrum length barely changes with
temperature (Figure 4-15a). In contrast, the Na-ionomers aggregate strongly in the PEO-rich
microphase on heating,29 imparting a much stronger temperature dependence to their static
dielectric constant (Figure 4-14b) and their Bjerrum length changes by a factor of roughly 2
(Figure 4-15b).

129
4.4 Summary

Copolymer ionomers of sulfonated phthalates with PEO and PTMO spacers were
synthesized in order to investigate the influence of the trade-off between solvating ability of PEO
and faster segmental dynamics of PTMO on ion transport properties. The change from 2 to 4
carbons between oxygens leads to dramatic differences in ionic aggregation. While conducting
ion content remains nearly unchanged, conductivity is lowered upon incorporation of PTMO,
because microphase separation strongly influences mobility by confining conducting ions to the
PEO microdomain. Dielectric constants and X-ray scattering show consistent changes with
temperature that suggest a cascading aggregation process in Na ionomers as ionic dipoles
thermally randomize and lower the measured dielectric constant of the medium, leading to further
aggregation. We observe amplified microphase-separation through ionic groups preferentially
solvated by PEO chains, as seen in block copolymers with added salt.22, 23, 25, 46 Even at 25%PEO
/ 75%PTMO the ionomers have VFT temperature dependence of conducting ion mobility,
meaning that the 25% PEO/ion microphase is still continuous. This observation may have
important consequences for building solid polymer electrolytes exhibiting rapid ion transport.

130
4.5 References
(1) Gray, F., Solid Polymer Electrolytes. VCH: New York, 1991.
(2) McLin, M. G.; Angell, C. A. The Journal of Physical Chemistry 1996, 100, 1181-1188.
(3) Armand, M. Solid State Ionics 1983, 9-10, 745-754.
(4) Armand, M. Solid State Ionics 1994, 69, 309-319.
(5) Armand, M. B. Annual Review of Materials Science 1986, 16, 245-261.
(6) Sloop, S. E.; Kerr, J. B.; Kinoshita, K. Journal of Power Sources 2003, 119-121, 330-337.
(7) Xu, K. Chemical Reviews 2004, 104, 4303-4418.
(8) Goodenough, J. B.; Kim, Y. Chemistry of Materials 2009, 22, 587-603.
(9) Fragiadakis, D.; Dou, S.; Colby, R. H.; Runt, J. Journal of Chemical Physics 2009, 130,
064907-11.
(10) Sun, X.-G.; Angell, C. A. Solid State Ionics 2004, 175, 743-746.
(11) Dou, S. C.; Zhang, S. H.; Klein, R. J.; Runt, J.; Colby, R. H. Chemistry of Materials 2006,
18, 4288-4295.
(12) Fragiadakis, D.; Dou, S. C.; Colby, R. H.; Runt, J. Macromolecules 2008, 41, 5723-5728.
(13) Furukawa, T.; Mukasa, Y.; Suzuki, T.; Kano, K. Journal of Polymer Science Part BPolymer Physics 2002, 40, 613-622.
(14) Shilov, V. V.; Shevchenko, V. V.; Pissis, P.; Kyritsis, A.; Gomza, Y. P.; Nesin, S. D.;
Klimenko, N. S. Solid State Ionics 1999, 120, 43-50.
(15) Polizos, G.; Georgoussis, G.; Kyritsis, A.; Shilov, V. V.; Shevchenko, V. V.; Gomza, Y. P.;
Nesin, S. D.; Klimenko, N. S.; Wartewig, S.; Pissis, P. Polymer International 2000, 49,
987-992.
(16) Fairclough, J. P. A.; Ryan, A. J.; Turner, S.; Hamley, I. W.; Mai, S. M.; Booth, C.; Denny,
R. C. Physical Chemistry Chemical Physics 1999, 1, 2093-2095.

131
(17) Mai, S. M.; Fairclough, J. P. A.; Hamley, I. W.; Matsen, M. W.; Denny, R. C.; Liao, B. X.;
Booth, C.; Ryan, A. J. Macromolecules 1996, 29, 6212-6221.
(18) Eitouni, H. B.; Balsara, N. P., Thermodynamics of Polymer Blends. In Physical Properties
of Polymers Handbook, Mark, J. E., Ed. Springer New York: 2007; pp 339-356.
(19) Heiney, P. A. Commission on Powder Diffraction Newsletter 2005, 32, 9-11.
(20) Tudryn, G. J.; Wang, S.-W.; Liu, W.; Colby, R. H. Macromolecules 2011, 44, 3572-3582.
(21) Eisenberg, A.; Kim, J.-S., Introduction to Ionomers. Wiley Interscience: New York, 1998.
(22) Wang, Z. G. Journal of Physical Chemistry B 2008, 112, 16205-16213.
(23) Goswami, M.; Kumar, R.; Sumpter, B. G.; Mays, J. Journal of Physical Chemistry B 2011,
115, 3330-3338.
(24) Wang, J.; Chen, W.; Russell, T. P. Macromolecules 2008, 41, 4904-4907.
(25) Epps, T. H.; Bailey, T. S.; Waletzko, R.; Bates, F. S. Macromolecules 2003, 36, 2873-2881.
(26) Wang, Z.-G. Physical Review E 81, 021501.
(27) Wang, R.; Wang, Z.-G. Journal of Chemical Physics 2011, 135, 014707.
(28) Wang, W.; Liu, W.; Tudryn, G. J.; Colby, R. H.; Winey, K. I. Macromolecules 2010, 43,
4223-4229.
(29) Wang, W.; Tudryn, G. J.; Colby, R. H.; Winey, K. I. Journal of the American Chemical
Society 2011, 133, 10826-10831.
(30) van Turnhout, J.; Wubbenhorst, M. Journal of Non-Crystalline Solids 2002, 305, 50-58.
(31) Wubbenhorst, M.; van Turnhout, J. Journal of Non-Crystalline Solids 2002, 305, 40-49.
(32) Havrilia.S; Negami, S. Journal of Polymer Science Part C-Polymer Symposia 1966, 14, 99117.
(33) Kremer, F.; Schönhals, A., Broadband Dielectric Spectroscopy. Springer-Verlag: Berlin,
2003.
(34) Angell, C. A. Journal of Non-Crystalline Solids 1985, 73, 1-17.

132
(35) Macdonald, J. R. Physical Review 1953, 92, 4-17.
(36) Klein, R. J.; Zhang, S. H.; Dou, S.; Jones, B. H.; Colby, R. H.; Runt, J. Journal of Chemical
Physics 2006, 124, 144903.
(37) Dyre, J. C.; Maass, P.; Roling, B.; Sidebottom, D. L. Reports on Progress in Physics 2009,
72, 046501.
(38) Klein, R. J.; Welna, D. T.; Weikel, A. L.; Allcock, H. R.; Runt, J. Macromolecules 2007, 40,
3990-3995.
(39) Klein, R. J.; Runt, J. Journal of Physical Chemistry B 2007, 111, 13188-13193.
(40) Lee, M.; Choi, U. H.; Colby, R. H.; Gibson, H. W. Chemistry of Materials 2010, 22, 58145822.
(41) Sidebottom, D. L. Reviews of Modern Physics 2009, 81, 999-1014.
(42)

Armand, M. B.; Bruce, P. G.; Forsyth, M.; Scrosati, B.; Wieczorek, W., Polymer
Electrolytes. John Wiley & Sons, Ltd: 2011.

(43) Onsager, L. Journal of the American Chemical Society 1936, 58, 1486-1493.
(44) Galambos, A. F.; Stockton, W. B.; Koberstein, J. T.; Sen, A.; Weiss, R. A.; Russell, T. P.
Macromolecules 1987, 20, 3091-3094.
(45) Castagna, A. M.; Wang, W.; Winey, K. I.; Runt, J. Macromolecules 2010, 43, 10498-10504.
(46) Wanakule, N. S.; Virgili, J. M.; Teran, A. A.; Wang, Z. G.; Balsara, N. P. Macromolecules
2010, 43, 8282-8289.

Chapter 5
Linear Viscoelasticity of Sulfonated Polyester Ionomers
This Chapter investigates the linear viscoelastic properties of sulfonated polyester
ionomers using small amplitude oscillatory shear rheometry. Ionic interactions with polymer
chain segments manifest as an increase in Tg and delayed Rouse motion. Time temperature
superposition is applied to create rheology master curves and investigate the delay in chain
motion related to ionic interactions and a relaxation modulus model is created to obtain
information about the ionic association timescale. This work is part of extensive investigation
into these model ionomers,1-3 to gain understanding of ionomer morphology, ion dynamics, and
molecular mobility.

5.1 Introduction
As electroactive devices shift towards the use of polymer electrolytes, understanding of
the mechanical response, limits, and processing conditions of solid polymer electrolytes is
beneficial for novel electroactive device design. New ion containing materials for battery
electrolytes4-10 provide unexplored challenges in process scale-up, fabrication, and integration as
liquid electrolytes are gradually replaced with film forming electrolytes. As described in Chapter
1, the electrolyte’s role in conducting ions can be described as a two step process in liquids:
solvation of ionic species via polar solvent interactions, and conveyance of the conducting ionic
moieties to and from the electrodes.10,

11

The aforementioned polar interactions have dramatic

effects on solid electrolyte mechanical response, emphasized by the ion content dependence of
glass transition temperature (Tg), observed in Chapters 3 and 4. Ionomer rheology is still not well
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understood, and the PEO ionomers used here provide a system with weaker interactions than
conventional ionomers, allowing observation of terminal response near room temperature. As
part of extensive work on PEO single ion conductors1,

2, 8, 12-19

this work provides a means to

determine the association lifetime η related to ionic interactions in PEO-based ionomers.
Previous investigation of PEO-based sulfonated polyester ionomers with Na counterions
provides X-ray scattering evidence of the lack of extensive ionic aggregation at low
temperatures.1,

17

The case of non-phase separated morphology presents the unique ability to

apply time-temperature superposition (tTS) principles to ionomers in order to extract fundamental
information about ionic interaction strength and relaxation time as a function of ion content. In a
previous investigation,2 the Tg of PEO-based ionomers was found to increase with increasing ion
content2 due to ionic groups acting as physical crosslinks,20, 21 decreasing ionic conductivity as
segmental motion is slowed. Similarly, other work suggests counterion mobility increases in PEO
ionomers as oligomer length between ionic sites is lengthened, thus improving segmental
motion.1,

3

Related phenomena is observed in plasticized ionomers, where ionic conductivity

increases due to improved segmental motion as physical crosslinks are dissipated.14, 22
This chapter focuses on the mechanical response, probing a broad range of timescales and
temperatures to contribute a rheological understanding of ion content, and PEO spacer length
effect on ionomer chain dynamics, ionic interaction timescales, and chain diffusion.

This

information can be obtained by systematically replacing non-sulfonated phthalates between PEO
of molecular weight M=600 g/mol with sulfonated phthalates, and adjusting PEO spacer length to
M=400 and 1100 g/mol for ionomers using fully sulfonated phthalates. Finally, the mechanics of
the PTMO ionomers discussed in Chapter 4 are compared to observe the rheology of ionomers
with lower solvating ability. The molecular structure of the ionomers and nonionic polymers in
this study are shown in Figure 5-1.
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Figure 5-1: (a) PEO polyester ionomers with varied ion content using controlled ratios of
sulfonated phthalates (X) and non-sulfonated phthalates (Y). Nonionic copolymers consist solely
of chemical repeat structure (Y). (b) PEO/PTMO copolymer polyester ionomers with varied PEO
content using ratios of oligomers. (c) Nonionic PEO/PTMO copolymer polyesters created using
non-sulfonated phthalates.

5.2 Experimental Techniques
In this study, the series of novel copolyester ionomers synthesized by melt
polycondensation

between

oligomeric

diols

(PEO600,

PTMO650)

and

dimethyl

5-

sulfoisophthalate sodium salt from Chapters 3 and 4 are used to study rheological properties of
ether-oxygen based ionomers. Nonionic counterparts are synthesized using dimethyl isophthalate.
The sodium cation was exchanged to lithium by aqueous ion exchange, followed by extensive
purification. Ionomer synthesis and preparation details are described in a previous study and in
Chapters 3 and 4.1 These novel ionomers were characterized with 1H NMR, size exclusion
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chromatography (SEC) measurements to supplement thermal measurement and linear viscoelastic
characterization of ionomers using parallel plate oscillatory shear rheometry.

5.2.1 Synthesis and Ion Exchange
Poly(ethylene glycol) (PEG600, 99%), triphenyl phosphite (TPP, 97%), titanium (IV)
isopropoxide (99.999%), lithium chloride (99+ %), dimethyl isophthalate (DMI, 99%), and
dimethyl 5-sulfoisophthalate sodium salt (DM5SIS, 98%) were supplied by Aldrich.
The synthesis of the polyester copolymer ionomers, Table 5-1, was performed by a twostep melt polycondensation by Shichen Dou and Dan King. Monomers were dried under vacuum
for a minimum of 72 hrs at 353K over 4A molecular sieves prior to synthesis. A three-neck glass
reactor was heated dry and assembled with a mechanical stirrer. Following an argon purge (three
times), the reactor was charged with oligomeric diol and esters (diols:diesters = 1:0.88 molar
ratio) and titanium (IV) isopropoxide catalyst (0.05 wt %), then maintained under an argon
atmosphere. A batch of approximately 60 grams was mechanically stirred while maintaining a
reaction temperature of 483 K for 4 hrs, then 503 K for 2 hrs. The methanol condensate was
removed using a liquid nitrogen cold trap. Secondly, diesters (12 mole% of diols) and triphenyl
phosphite (0.05 wt % of total reagents) were added after cooling to 453 K, then reheated and
maintained at 523 K for 2-3 hrs. The total molar ratio of diols/diesters was controlled at 1:1.
Vacuum (< 1mTorr) was applied for the final 0.5-1 hr at 523 K to remove low molecular weight
species. The completion of the reaction was signaled by an abrupt increase in the viscosity, at
which point the reactor was refilled with argon gas and cooled to room temperature. Nonionic
polymers were prepared in the same manner, replacing DM5SIS with DMI, with an additional
lower temperature initial step owing to the larger vapor pressure of DMI. For ionomers
containing PEO600 between isophthalate linkages, nomenclature refers to percentage of tethered
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sulfonates on isophthalates with respect to total phthalates, accompanied by alkali counterion
type.

For ionomers containing PEO600 and PTMO650 between isophthalate linkages, all

isophthalates contain tethered sulfonates, nomenclature refers to the ratio of PEO to PTMO
oligomers, accompanied by alkali counterion type.

Table 5-1: Molecular properties of PEO nonionic copolymers and sulfonate-ionomers with Na
and Li counterions; Mn (g/mol) from 1H NMR, and calorimetric Tg (K).

Sample

Li

Cation/EO

0%
11% a
17% a
49% a
100% a

0
0.0084
0.0129
0.0385
0.0769

Mn
6000
5800
8700
4700
4600

100/0 b
50/50 b
0/100 b
100/0 b
50/50 b
0/100 b

0.0769
0.0769
0.0769
0
0
0

4600
7300
6700
6000
7300
12000

a

Na

DSC Tg
228
228
230
239
253

Mn
6000
5800
8700
4700
4600

DSC Tg
228
232
233
245
271

253
261/213
210
228
221
210

4600
271
7300 277/213
6700
209
6000
228
7300
221
12000
210

ion content
(cm-3)
0
7.89 x 1019
1.22 x 1020
3.51 x 1020
7.17 x 1020
7.17 x 1020
6.87 x 1020
6.57 x 1020
0
0
0

a: percentage of phthalates that are sulfonated in PEO600 ionomers and nonionic polymer
b: PEO600/PTMO650 composition ratio of ionomers and nonionic polymers
*Note: 0% ≡ 100/0 Nonionic, 100% ≡ 100/0 Ionic

Following synthesis, samples were dissolved in de-ionized water and exhaustively
dialyzed to remove any impurities using Amicon PLAC membranes of cutoff 3000g/mol until the
dialyzate reached the conductivity of the inlet de-ionized water stream (~0.5μS/cm). Sodium
ionomers were exchanged to lithium counterions after dissolving in de-ionized water and
exposing to a high LiCl concentration (Li:Na=1000:1) solution, then dialyzed to remove excess
salt. Efficiency of cation exchange and ionomer purity was assessed as >99.9% using inductively
coupled plasma to measure atomic emission of sulfur and residual sodium spectra on a Perkin-
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Elmer Optima 5300. Water was removed using a rotary-evaporator, then samples were annealed
at 353–363 K under vacuum for a minimum of 96h.

5.2.2

Thermal Characterization
Purified materials were analyzed using a Seiko SSC-5200 DSC under ultra high purity

nitrogen. Samples of ca.5.0 mg were heated to 403K for 30 min, cooled to 183 K at 10 K/min
and held isothermally for 5 min before ramping to 403 K at 10 K/min. The glass transition
temperature, Tg, was identified as the midpoint of the heat capacity change during heating.

5.2.3 Mass Spectrometry
1

H NMR spectra were obtained using a DPX-300 spectrometer in solutions of

perdeuterated dimethyl sulfoxide. These spectra were used to verify the polyester ionomer
structure, and to determine the number-average molar mass (Mn), using the ratio of chain end
protons to mid-chain protons,1 which is applicable to samples of relatively low Mn. Here we use
the same method of Mn determination from 1H NMR as in reference 1, with the adjustment of the
4.6ppm α-peak label to correctly refer to the end group hydroxyl proton.

Size exclusion

chromatography (SEC) was performed on a PE LC 200 pump coupled to a Varian 356-LC
refractive index detector and 2 PolarGel-M columns from Polymer Laboratories using 0.01M
LiBr in DMF at 323K.
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5.2.4 Linear Viscoelasticity
Mechanical response of the ionomeric and nonionic polyesters was studied using
oscillatory shear rheometry, performed on a Rheometric Scientific Advanced Rheometric
Expansion System (ARES)-LS1 rheometer with a force rebalance transducer providing 0.22000g-cm torque precision.

Measurements utilized 7.9 mm diameter parallel plates at

temperatures more than 40K above Tg and 4.0 mm diameter plates at temperatures near Tg,
verifying small strain amplitudes (linear response) using isothermal strain amplitude sweeps at
fixed frequency. Samples were dried under vacuum at 363K for approximately 72 hours to
removed voids and water, then heated under nitrogen for >4 hours on the instrument plates at
393K for precise geometry and proper contact. All measurements were performed under nitrogen
blanket temperature control with precision of +/- 0.5 K. Time-temperature superposition was
found to work well for the ionomers studied, and was used to construct master curves with
reference temperatures of 303K, unless otherwise noted.

5.3 Results and Discussion

5.3.1 Thermal Characterization
Glass transition temperature increases with increasing ion content (Cation/EO ratio), of
PEO-based ionomers, Figure 5-2, due to ion pair association acting as physical (temporary)
crosslinks. These physical crosslinks restrict segmental motion due to strong specific interactions
between cations (Li+ or Na+) and ether-oxygen. Physical crosslinks in salt-doped PEO arise from
ether oxygen coordination (solvation) occurring from two or more polymer chains simultaneously
on a “shared” cation.9 Typically, ionomeric physical crosslinks are viewed as dipolar interactions
between ion pairs, where two or more dipoles form stable quadrupoles, or primary aggregates.
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PEO ionomers exhibit both ether oxygen coordination and ionic aggregation.

At room

temperature, near Tg, sodium ionomers exhibit less ionic aggregation and enhanced cation etheroxygen interactions than Li ionomers. Consequently, Na ionomers have consistently higher Tg
than Li ionomers, due to reduced segmental mobility, as noted previously.1
290
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PEO600/PTMO650 Li series
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0.04
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Figure 5-2: Glass transition temperature of PEO polyester ionomers with Na (red) and Li (blue)
counterions as a function of ion content (Cation/EO ratio)1, 2 for PEO ionomers and PEO/PTMO
copolymer ionomers.

Figure 5-2 also provides the Tg of PEO/PTMO copolymer ionomers studied in Chapter 4
is also provided in Figure 5-2. The phase separated morphology exhibits increasing Tg of the
high polarity PEO conducting phase, while the low-polarity PTMO phase remains largely
unaffected as ion content increases. As noted earlier, segmental motion, related to T g, is crucial
for ion transport in PEO ionomers, where slowed segmental dynamics have been confirmed for
PEO segments within the vicinity of sulfonate sites.18, 20, 23 Slowed segmental dynamics correlates
to a delay in Rouse motion due to ionic association breaking time observed from rheology.
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5.3.2 Molecular Weight Distribution
Figure 5-3 shows the molecular weight determination of representative PEO polyester
ionomers from most-probable weight fraction. Each molecular weight in the distribution
represents a given weight fraction to establish the predicted bulk relaxation modulus as a function
of time, Section 5.3.3.3. The Flory most-probable distribution is based on the number average
degree of polymerization:

Nn 

1
1 p

(5-1)

where p is the extent of reaction, and can be used to determine the number fraction distribution
for linear polymers from condensation polymerization:

nN  p N 1 (1  p)

(5-2)

and subsequently used to obtain the weight fraction of N-mers:

wN 

N
nN ( p)  Np N 1 (1  p) 2
Nn

(5-3)

which is used to build the distribution of molecular weights for the polymers and ionomers based
on values obtained from 1H NMR. This distribution is critical to calculate for model fitting since
high molecular weight chains determine the longest relaxations, and therefore the onset and shape
of the terminal (chain diffusive) response in linear viscoelastic measurements. The polydispersity
index (PDI) of these ionomers follow that of a linear condensation polymer:

Nw
 1 p
Nn

(5-4)
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Figure 5-3: Flory most-probable weight fraction distribution, WN, centered on Mn from 1H NMR
and finely tuned to fit the low frequency ionomer terminal response of G’ and G’’, shown here for
Na ionomers with (a) 100% sulfonated phthalates, and (b) 49% sulfonated phthalates.

Mn is calculated from chain end groups in 1H NMR to predict the approximate peak
maximum in the molecular weight distribution. A comparison of molecular weights determined
from 1H NMR and SEC is provided in Table 5-2. For comparison of technique limits, NMR
chain end calculations are limited to relatively low Mn, restricted to where the ratio of protons on
chain ends to main chain protons is not negligible, while large M n values of high ion content
ionomers in SEC indicate possible polymer aggregation in solution.
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Table 5-2: Comparison of polymer and ionomers molecular weights for different techniques, M n
values in g/mol. PEO n values represent PEO or PTMO repeat units per oligomeric spacer, LMW
refers to the lower molecular weight version of that ionomer.
molecular weight
Ionomer

(PEO)n Mn (NMR) Mn (SEC)

PEO 600-0%a
PEO 600-Na 11%a
PEO 600-Na 17%a
PEO 600-Na 49%a
PEO 600-Na 100%a
PEO 600-Na 100% (LMW)a

13
13
13
13
13
13

6000
5800
8700
6800
6300
4600

PEO/PTMO (100/0)b-0%
PEO/PTMO (50/50)b-0%
PEO/PTMO (0/100)b-0%
PEO/PTMO (100/0)b Na
PEO/PTMO (50/50)b Na
PEO/PTMO (0/100)b Na

13/9
13/9
13/9
13/9
13/9
13/9

6000
7300
12000
4600
7300
6700

PEO 400c-Na 100%
PEO 1100c-Na 100%
PEO 400c-Li 100%
PEO 600c-Li 100%
PEO 600c-Li 49%
PEO 1100c-Li 100%

8.5
25
8.5
13
13
25

3300
4500
3300
4600
6800
4500

1900
1360
5480

10660
1900
1900
4660
10660
6060

7210

a: percentage of phthalates that are sulfonated in PEO600 ionomers and nonionic polymer
b: PEO600/PTMO650 composition ratio of ionomers and nonionic polymers
c: Mn of PEO spacer between sulfonated phthalates in 100% sulfonated ionomers, 1100
spacer length more precisely replaces the 900 nomenclature in previous publications.1,3
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5.3.3 Linear Viscoelasticity

5.3.3.1 Oscillatory Shear
Linear viscoelasticity probed by small amplitude oscillatory shear is useful for observing
the impact of associating ion pairs, or aggregates, acting as physical cross-links between chains.2437

Figure 5-4 shows the master curves for these ionomers over a broad range of moduli and

angular frequencies, constructed using time-temperature superposition referenced at 303K.38 The
effective monomer time, η0, can be taken as the reciprocal of the frequency of the high frequency
crossing of G’ and G’’. The lowest frequency crossing of G’ and G’’ determines the terminal
relaxation time, ηR,39 beyond which yields a decay of G’ and G’’ with power laws of 2 and 1,
respectively. These two fundamental time scales allow us to quantify the viscoelastic delay
resulting from ionic associations and correlate that with ion content to obtain information about
ionic association lifetime and interaction energy. The presence of ionic interactions in ionomers
follows the trend seen in reversible networks with physical cross-links. Both systems similarly
exhibit prolonged viscoelastic relaxation times relative to non-associating analogs, due to
temporary associations.31, 33, 35
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Figure 5-4: Storage (filled symbol) and loss modulus (open symbols, left axis) for nonionic PEO
polyester (gray) and PEO-sulfonate polyester with Na counterions (dark red). Master curves
referenced at 303K. Original data were taken from frequency sweeps of 100rad/s to 0.1 rad/s
taken at 5-10K intervals at temperatures between -228C and 343K.

Figure 5-4 compares the 100% sulfonated phthalate PEO ionomers to the nonionic
counterpart; both exhibiting unentangled Rouse-like dynamics. The interpretation of Rouse
dynamics is supported from measured low molecular weight, granting significantly fewer than 4
entanglements per chain (PEO entanglement molecular weight is 2000g/mol),39 and the
characteristic slope of -1/2 between glassy and diffusive motion, described in depth in Section
5.3.3.2.
The ionomer master curve is situated at lower frequencies than the nonionic polymer,
suggesting the simple Rouse dynamics are delayed due to additional frictional constraints from
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ionic interactions. The prolonged relaxation modes and the significantly higher viscosity (right
axis) of the ionomers compared to the nonionic case predict inherent implications to processing
while using ion containing materials.40, 41
An important feature to note from Figure 5-4 is the successful application of timetemperature superposition (tTS).

Time-temperature superposition expands the window of

frequency through the use of characteristic material temperature dependence. These principles
were set forth by Williams-Landel-Ferry42 as an extension of Doolittle’s free space equations for
temperature dependence of viscosity,43-47 which was established empirically upon the same
principles proposed by Vogel, Fulcher, and Tammann.48 The failure of tTS in ionomers (and
most microphase separated morphologies) is rooted in the disparity between the temperature
dependence of the polymer liquid relaxation modes, and microphase separated ionic domains,
which exhibits a separate (slower) frictional term with a unique (stronger) temperature response
for mechanical relaxation. The temperature shifts for frequency of the nonionic PEO polyester
and PEO ionomers are shown in Figure 5-5, where both ionic and nonionic cases have reasonably
predictable WLF temperature response. The successful application of tTS for the PEO ionomer
data is due to low degree of phase separation from ether-oxygen solvation of aggregates into ion
pairs (or likely separated ion pairs) at low temperatures.17
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Figure 5-5: Frequency shift factors for tTS of (a) PEO-based Na polyester ionomers, and (b)
PEO-based 100% sulfonated Li ionomers of varied PEO spacer length, all following WLF type
temperature response.

Although Na ionomers show no aggregation at low temperatures, ions clearly play a role
in chain dynamics as suggested by the delay in Rouse dynamics. The presence of ionic
interactions with ether oxygen simply delays Rouse dynamics, as opposed to a different form of
relaxation response, supported by Figure 5-6. The normalization of the rheology master curves
by the timescale of the high frequency crossing of G’ and G’’, and vertical shifting by the
corresponding modulus at that frequency, yields a direct comparison of the ionic and nonionic
polymers in Figure 5-6. The master curves for chains of similar molecular weight both share
Rouse-like attributes and nearly superimpose once the delay is eliminated.
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Figure 5-6: Nonionic PEO polyester (gray) and PEO-sulfonate polyester with Na counterions
(dark red) rheology master curves from Figure 5-4 shifted in frequency by the timescale (η0)
associated with glassy response and the corresponding modulus (Gg). The overlay of master
curves suggests the ionomer exhibits similar Rouse dynamics to the nonionic polymer.

To further depict the delay in chain dynamic incurred by the presence of ions, we
compare intermediate levels of ion contents to the 100% and 0% in Figure 5-7. The intermediate
ion contents shift the master curves to intermediate delays corresponding to the respective ion
content, and is reminiscent of the ion content dependence of Tg in Figure 5-2.
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Figure 5-7: Nonionic PEO polyester (gray) and PEO-sulfonate polyester ionomers over a range
of sulfonation exhibiting similar Rouse dynamics, however delayed progressively with increasing
ion content. All master curves referenced at 303K.

The Rouse dynamics of all chains in Figure 5-7 appear to follow the suggested simple
delay due to a characteristic ionic association time, η. The application of tTS works as expected
for nonionics, and also applies to non-aggregated PEO ionomers, although not as perfectly as ion
content is raised. Similarly, decreasing spacer length from 1100 to 400 in Figures 5-9, 5-10
shows tTS applies, however less elegantly than with the nonionic polymers. It is apparent that
beyond the relaxation timescale of ionic associations, η, the Rouse dynamics of these polymers
conform well to the application of tTS, as expected since η controls the friction for t > η (or ω <
1/η).
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Figure 5-8: PEO Na ionomer master curves shifted horizontally to overlay the glassy response
time (high frequency crossing point of G’ and G’’) and respective glassy modulus, Gg. All master
curves referenced at 303K.
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Figure 5-9: PEO-sulfonate polyester Na ionomer master curves with 100% sulfonated phthalates,
and varied oligomeric PEO spacers of molar mass 1100, 600, and 400. Decreasing PEO spacer
length exhibits a shift to lower frequencies, as overall ion content is increasing, delaying the
Rouse motion. All master curves referenced at 303K.
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Figure 5-10: PEO-sulfonate polyester Li ionomer master curves with 100% sulfonated
phthalates, and varied oligomeric PEO spacers of molar mass 1100, 600, and 400. Decreasing
PEO spacer length exhibits a shift to lower frequencies, as overall ion content is increasing,
delaying the Rouse motion. PEO 1100 and 400 Li master curves referenced at 303K, PEO 600 Li
master curve referenced at 288K.

The phase separated case of the PEO/PTMO copolymer polyester ionomers studied in
Chapter 4 is discussed here briefly. Time temperature superposition is successfully applied to the
nonionic PTMO polyester, Figure 5-11. Due to crystallization precluding tTS in the PTMO
nonionic polymer (0/100), the sample was quenched to kinetically trap chains in the amorphous
phase in order to study temperatures far below Tm without crystallization. The master curve was
gradually built using temperatures from above and below the crystallization temperature window
with the same WLF principles. The gap in G’ and G’’ data in Figure 5-11 near 104 rad/s
represents the region where crystallinity prevents successful melt rheometry measurements on a
wholly amorphous sample.
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Figure 5-11: Nonionic PTMO polyester master curve with non-sulfonated phthalates, the gap in
G’ and G’’ near 104 rad/s represents inaccessible frequencies due to rapid crystallization. Master
curve referenced at 303K.
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Figure 5-12: PTMO polyester ionomer master curve with Na counterions. The highly aggregated
morphology leads to the broad rubbery plateau between 10-2 – 107 rad/s due to ionic aggregates
behaving as physical crosslinks. Master curve referenced at 303K.
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The PEO/PTMO polyester ionomers with both PEO and PTMO comonomers are not
shown here, as tTS fails due to multiple temperature dependencies. The PTMO Na ionomer
master curve shown in Figure 5-12, reveals successful application of tTS despite the clear ionic
aggregation noted in X-ray scattering in Chapter 4. The low polarity of the PTMO spacers
induces significant aggregation, where nearly all ions are within an aggregate with few remaining
ion pairs interacting with ether-oxygens, as suggested by dielectric spectroscopy in Chapter 4.
The low-Tg, non-solvating chains are capable of relaxation of spacers between ionic sticking
points, however the physical crosslinks from ionic aggregates delays terminal response in a
fashion similar to entanglements, thus exhibiting a pronounced rubbery plateau with plateau
modulus of 1.1 x 107 Pa. The low polarity matrix creates a large energy barrier to ionic motion
between aggregates, leading to a very long dissociation time of the aggregates and thus
determining the timescale for diffusive motion which causes the short chain rheology to appear as
a highly entangled physical network, even though the molecular weight of the PTMO 650 Na
ionomers is no higher than the other ionomers.

Conversely, the solvated aggregates, and

relatively shorter timescales of PEO-ion dissociation clearly provide delayed Rouse motion,
where the delay can be related in a straightforward manner to ionic interaction energy. Using
successful application of tTS in Na PEO ionomers with different ion content, we aim to gain a
better understanding of this ion interaction energy in PEO ionomer electrolytes.

5.3.3.2 Melt Dynamics
Polymer dynamics in the earliest form was conceptualized by Rouse as a series of beads
connected by springs, providing solid-like response at short timescales or high frequencies, more
complex viscoelastic flow at intermediate timescales, and diffusive motion beyond the
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characteristic Rouse time. Diffusion of a polymer chain over distances on the order of its size or
larger is described by the diffusion coefficient:

R2

b2
D

R 0N

(5-5)

where R is the polymer’s root-mean-square end-to-end distance, ηR is the Rouse time, N is the
number of Kuhn monomers, b is the Kuhn monomer (bead) size (0.8 nm for PEO) with relaxation
time η0. Random walk statistics relates root-mean-square end-to-end distance to the product of
Kuhn length and number of Kuhn monomers (≈ number of springs) raised to the reciprocal of the
fractal dimension, which is 2 for an ideal linear chain:
1

R  bN 2

(5-6)

Combining Equations 5-5 and 5-6 yields the relation between the Rouse time, the Kuhn monomer
time, η0, and the number of monomers:

R 0N 2

(5-7)

As chains become long enough to physically restrict neighboring chain motion, additional
constraints are added to this timescale before diffusive motion can be obtained, namely
entanglements. Physical networks consisting of long linear polymer chains arise from these
topological constraints due to the inability of entangled chains to pass through each other. 39, 49
Entanglement effects from the collective of surrounding chains impose an extended relaxation
time, related to the number of monomers between entanglements, Ne, on a given chain.39, 50 Chain
diffusion is subsequently determined by the lateral excursions of chain segments between
entanglements. At sufficiently long times the entire chain is liberated from the original tube
defined by neighboring chain entanglements through this “reptation” motion. The diffusive
coefficient corresponding to entangled chains in the reptation model is:
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D

R2

 rep

b2 Ne

0N 2

(5-8)

where ηrep is the reptation time, and ideal chain length in the melt still follows Equation 5-7,
yielding a reptation time related to the monomer time, chain length, and length of segments
between entanglements:

 rep   e  N / Ne 

3

(5-9)

where ηe is the Rouse time of an entanglement strand. The N3 dependence however is known to
manifest as a power law of N3.4 experimentally. The relation between the monomer relaxation
time and the entanglement time is simply:

 e   0 Ne 2

(5-10)

156

(a)

(b)

(c)

(d)

Figure 5-13: Schematic simplifying the four scenarios in ionically coupled polymer dynamics:
(a) an unentangled nonionic chain which relaxes via Rouse motion, (b) an entangled nonionic
chain which relaxes via reptation (c) an unentangled ionic chain which relaxes by means of
“sticky” Rouse motion (d) and an entangled ionic chain which participates using “sticky”
reptation.

The incorporation of ionic groups as physical crosslinks, Figure 5-13, in a Rouse
(unentangled) chain is similar in concept to entanglements, as they provide additional friction to
chain diffusion. The polymer chain is required to relax the interacting ionic groups in order to
diffuse, and is governed by the concentration of ionic sites (crosslink density). Similar to
entanglements, this can be viewed as the number of monomers between ionic sticking points, ns,
which extends the longest Rouse relaxation time:

 RS   ( N / nS )2

(5-11)
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where ηRS is the Rouse time with ionic stickers, and η represents the lifetime of an ionic
association. Combined with Equation 5-7, the diffusion coefficient thus becomes:

b 2 nS2
D S 
R  N
R2

(5-12)

The diffusion coefficient of a Rouse chain with stickers is thus smaller by:

DS / D 

nS2 0



where DS/D is the ratio of the ionic to the nonionic diffusion coefficient.

(5-13)
In all cases known,

 /  0  nS2 , meaning that associations retard diffusion. Similarly, ionic stickers added to the
reptation model extends the longest relaxation time through the relation of Equations 5-9 and 511 using nS:
S
 rep
  N 3 / (ns2 Ne )

(5-14)

Where the diffusion coefficient turns into:

DS 

R2

 Re p
S



b 2 nS2 N e
 N2

(5-15)

However the relative change in diffusion constant remains:34

DS / D 

ns2 0



(5-16)

and is identical to the unentangled case, Equation 5-13. The predicted extension to terminal
(diffusive) chain response can be related simply to the ion content, represented by ns, and the
strength of the ionic interaction which is encompassed within the characteristic lifetime of an
ionic association, η.
Researchers have pursued better understanding of this prolonging effect of ionic
associations, Figure 5-14, however have had limited success in applying these principles due to
the failure of time temperature superposition in their ionomers. The limited range of frequency
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capable of being measured at a given temperature prohibits extraction of additional information
about these specific relaxation times in relation to polymer diffusive motion. Given that the PEONa ionomers studied here show no sign of phase separation at low temperatures, tTS works
reasonably well.

This provides a foundation for better understanding of ionic association

dependence of polymer diffusive motion and important insight to mechanical properties and
processing characteristics for materials to be used in electroactive devices.

Figure 5-14: (a) Predicted relaxation modulus extension from sticky reptation35 and (b) rheology
curves of non-polar sulfonated polystyrene G’ showing extension of diffusive motion relative to
non-ionic case.31

5.3.3.3 Ionic Association Model
In order to gain better understanding of ionic association energy, the relation between the
timescales η and η0 is used:

   0 exp( E / kT )

(5-17)

In combination with Equations 5-9 and 5-14, providing a timescale relation between non-ionic
reptation and delayed ionic reptation:
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 rep 2 1  N 2 
 
 exp( E / kT )
 rep1 ns2  N1 

(5-18)

where ηrep2, and N2 represents the ionomer reptation time and molecular weight, respectively, and
ηrep1 and N1 are for the nonionic case, as molecular weight may differ between nonionic and ionic.
This simple relationship is dependent upon overall molecular weights, and number of monomers
between ionic sites, which is determined via NMR or SEC. The diffusive reptation timescales are
measured using oscillatory shear, allowing determination of the energy of association, E. To gain
a better understanding of ionic interactions and delayed terminal response, we expand on the use
of Equation 5-14 to predict relaxation modulus, G(t), and eventually G’(ω) and G’’(ω).
Relaxation moduli, converted from Figure 5-7, are compared to a novel modified relaxation
model, built here using principles of melt dynamics to predict G(t), G’(ω), and G’’(ω) as a
function of ion content.
The measured relaxation modulus and relaxation times are determined by the distribution
of molecular weights of each sample, which can be determined by Equations 5-1, 5-2, 5-3. To
reflect this distribution effect, the relaxation model sums the product of each chain length volume
fraction and the corresponding relaxation modulus:


G (t )   i Gi (t )

(5-19)

i 1

where Φ is volume fraction of a constituent chain length (Ni), and the corresponding modulus,
Gi(t). The nonionic polyesters follows the simplest case with no added stickers. Due to M n of
7000g/mol calculated from NMR, and the molecular weight of entanglement of PEO reported as
2000g/mol, we consider Rouse motion due to low level of entanglement (~3.5 per chain). The
glassy region of the relaxation modulus is determined by the volume fraction of monomers
(synonymous to Φ above) times kT per monomer volume for glassy response t < τ0. Beyond this
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timescale, the nonionic polymer’s stress relaxation modulus obeys Rouse dynamics with the
characteristic power law decay of -1/2, and exponential cutoff at the Rouse time (Equation 5-7):

 kT  t 
Gi (t )  i 3  
b 0 

1/2



exp  t
2

N
0 i 


(5-20)

The ionomeric case also follows simple Rouse motion on timescales η0 < t < ηS, with ηS
corresponding to Rouse time of the chain of nS monomers between stickers, where monomers
relax, but have not yet experienced constraints from ionic stickers:

 kT  t 
Gi (t )  i 3  
b 0 

1/2

(5-21)

Intermediate timescales ηS < t < η, monomers experience restriction from ionic stickers, delaying
further relaxation until the ionic association breaking time, η, with constant value of modulus.

 kT   
Gi (t )  i 3  S 
b  0 

1/2

(5-22)

It should be noted this intermediate response is somewhat similar to delayed chain diffusion due
to entanglements, with a plateau that is determined by the number of ionic stickers since

S 
 
 0 

1/2



1
nS

(5-23)

The relaxation modulus of an unentangled ionomer beyond the ionic dissociation time, t > η,
decays from Equation 5-22 by continued Rouse dynamics until exponential decay of modulus at
terminal response determined by molecular weight and ion content:

 kT   
Gi (t )  i 3  S 
b  0 

1/2

t
 
 

1/2



t
exp 

   N / n 2 
i
S



(5-24)

Identifying a model for delayed Rouse dynamics with a cutoff at sticky Rouse terminal time.
Similar to volume fraction, Φ, the modulus of each molecular weight in the distribution is
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weighted using the most probable weight fraction distribution. The frequency domain storage
and loss modulus result as:

G '( )   wN [i ]G[i ] '( )

(5-25)

G "( )   wN [i ]G[i ] "( )

(5-26)

i

i

Where for nonionic polymers (simple Rouse motion), Equation 5-19 can be converted to storage
and loss modulus as a function of angular frequency (ω) via Fourier transform, yielding:

G '( ) 
[i ]

G "( ) 
[i ]

 

1   

 RT
M [i ]

 [pi ]

N[i ]


p 1

(5-27)

[i ] 2
p

p 1

 RT
M [i ]

[i ] 2
p

N[i ]

1   [pi ] 

(5-28)

2

where ρ is concentration (1.0), R is the gas constant, T is absolute temperature, M is the molecular
weight of the ith component, τp is the characteristic time of the pth Rouse mode (of 1000) of the
neutral chain’s ith component, related to the Kuhn segment time by:

 [pi ]   0  N [i ]  / p 2
2

(5-29)

The storage and loss modulus of the ionomers are the sum of Rouse modulus (modes NS[i] <p ≤
N[i]) and Sticky Rouse modulus (modes 1 ≤ p ≤ NS[i]) as a function of angular frequency over the
given Rouse modes p, exhibiting a delay due to ionic association:
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(5-30)
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where r relates the ionic relaxation time, η to η0 via the ratio:

r   / ns 2 0 

(5-32)

where nS is the number of Kuhn segments in between ionic sites, and NS is the number of sticky
segments per chain, N/nS. Equations 5-30 and 5-31 are fit to LVE data in Figure 5-15 below,

G' (Pa), G'' (Pa)

resulting in reasonable fits to storage and loss modulus.
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Figure 5-15: PEO polyester polymer (grey) and Na sulfonated phthalate ionomer (yellow-red)
storage and loss modulus as a function of frequency. Curves represent Sticky Rouse model
(Equations 5-30, 5-31) fits for PEO-sulfonate polyester ionomers over a range of ion content
exhibiting progressively delayed glassy dynamics and terminal response with increasing ion
content. All master curves and fits referenced at 303K.

Using chemical structure values of mS, and m0 = 137 to obtain nS, and assuming η ≡ ηα2
from dielectric spectroscopy in Chapters 3 and 4, the Sticky Rouse model provides good
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consistency with the phenomenological understanding that Rouse motion continues after the
release of strong ionic associations. An important observation is that the timescale, τ is identical
to the ionic segmental dynamics τα2 (30oC) from dielectric spectroscopy, allowing τ0 as a
parameter, which is fit to the timescale value which is nearly identically to the high frequency
crossing of G’(ω) and G’’(ω) from LVE master curves, parameters listed in Table 5-3. Figure 516 below provides the model fits of Equation 5-30 and 5-31 with LVE data masked in or for
clarity, revealing the glassy relaxation time and delay in Rouse dynamics increased with
increasing sulfonated phthalate content. The lowest ion content, i.e. 11% Na, exhibits nearly no
delay in either glassy dynamics or terminal response.

Table 5-3: Ionic association LVE parameters for PEO ionomers of varied sulfonate content.
Sticky Rouse model parameter r = τ /(nS2 τ0), and extracted value E = RTln(τ/τ0) in kJ/mol.

Sample
a

Cation/EO

Model Parameters and Values
τ (s)

mS (s)

p

r

E

ion content
(cm-3)

-9

τ0 (s)

0%
Na 11% a
Na 17% a
Na 49% a
Na 100% a

0.0000
0.0084
0.0129
0.0385
0.0769

3.5x10
7.5x10-9
1.1x10-8
7.1x10-8
4.1x10-6

-1.6x10-5
2.8x10-5
2.0x10-5
4.5x10-4

-5460
3530
1220
600

0.994
0.983
0.985
0.963
0.985

-1.3
3.8
3.6
5.7

-19.3
19.7
14.2
11.8

0
7.89 x 1019
1.22 x 1020
3.51 x 1020
7.17 x 1020

400 Na b
600 Na bLMW
1100 Na b
400 Li b
600 Li b
600 Li 49%a,b
1100 Li b

0.1111
0.0769
0.0400
0.1111
0.0769
0.0385
0.0400

1.3x10-1
2.0x10-6
1.6x10-7
1.3x10-3
2.0x10-5
1.0x10-8
5.6x10-9

5.4x100
2.2x10-4
1.5x10-5
4.6x10-2
7.7x10-3
1.5x10-5
2.3x10-5

400
600
1100
400
600
1200
1100

0.850
0.920
0.948
0.880
0.800
0.970
0.940

5.0
5.7
1.5
4.3
20
19
63

9.37
11.8
11.4
8.97
14.2
18.4
20.9

1.03 x 1021
7.17 x 1020
5.14 x 1020
1.05 x 1021
7.17 x 1020
3.51 x 1020
5.19 x 1020

PTMO 650
Nab

0.1111

7.2x10-10

2.3x102

650

0.968

8.8
66.7
x109

6.57 x 1020

a: percentage of phthalates that are sulfonated in PEO600 ionomers and nonionic polymer
b: Mn of PEO spacer between sulfonated phthalates in 100% sulfonated ionomers, 1100
spacer length more precisely replaces the 900 nomenclature in previous publications.1,3

G' (Pa), G'' (Pa)
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Figure 5-16: Sticky Rouse model (Equations 5-30, 5-31) fits for PEO-sulfonate polyester
ionomers over a range of sulfonation exhibiting similar Rouse dynamics, elucidating
progressively delayed glassy dynamics and terminal response with increasing ion content.

Figure 5-17 shows the molecular weight dependence of the Sticky Rouse model. The
relaxation modulus of 100% sulfonate Na ionomers are plotted with low molecular weight
analogs.

The model successfully fits the ionomers of identical ion content with separate

molecular weights, revealing the delay related to ionic association (η/η0) is identical, and terminal
time of Rouse motion beyond η is dictated by the chain molecular weight. Similar to fits of
increasing sulfonated phthalate content, Figure 5-18 and 5-19 exhibit good Sticky Rouse model
fits for varying ion content by varying PEO spacer length in 100% sulfonated ionomers. The
model discerns the ionic dissociation time from the number of Kuhn monomers between ionic
sites, exemplified by PEO 600 x 49% and PEO 1100 x 100% ionomers having nearly identical
dynamics and τ values.
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Figure 5-17: Sticky Rouse model (Equations 5-30, 5-31) relaxation modulus fits for PEOsulfonate polyester ionomers at a single sulfonation level and separate molecular weights
exhibiting identical delays of η/η0, and shorter terminal relaxation time for lower molecular
weight, LMW. All data and fits referenced at 303K.
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Figure 5-18: PEO-sulfonate polyester Na ionomer master curves with 100% sulfonated
phthalates, and varied oligomeric PEO spacers of molar mass 1100, 600, and 400 fit to Equations
5-30, 5-31. Decreasing PEO spacer length exhibits a shift to lower frequencies, as overall ion
content is increasing, delaying the Rouse motion through increasing mS and τ. All master curves
and fits referenced at 303K.
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Figure 5-19: PEO-sulfonate polyester Li ionomer master curves with 100% sulfonated
phthalates, and varied oligomeric PEO spacers of molar mass 1100, 600, and 400 fit to Equations
5-30, 5-31. Decreasing PEO spacer length exhibits a shift to lower frequencies, as overall ion
content is increasing, delaying the Rouse motion through increasing mS and τ. All master curves
and fits referenced at 303K.

Figure 5-20 shows the lower polarity, highly aggregated PTMO 650 Na ionomer LVE
master curve, which exhibits a pronounced rubbery plateau due to the extensive ionic aggregation
in PTMO ionomers from low solvating ability relative to PEO. The PTMO Na ionomer data is fit
to the Sticky Rouse model in Figure 5-20 to test the accuracy of the plateau modulus that emerges
due to ionic associations. The LVE plateau modulus is approximately 2x the level predicted from
the Sticky Rouse model, Equation 5-30. The predicted modulus from the model, however, is
identical to the prediction from number density of network strands,51 G = kT/b3nS = ρRT/mS =
3.9x106Pa. This increase in experimental modulus above the predictive model is likely due to the
presence of entanglements for PTMO ionomers of higher molecular weight, which also contribute
to an increase in observed plateau modulus, i.e. Ge=ρRT[1/mS+1/me]. To investigate
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entanglement effects, future work on PTMO ionomers and ionomers of higher molecular weight
and varied ion content PTMO ionomers are suggested in Chapter 8. It is noteworthy that there is
no high frequency crossing of G’ and G’’ in the PTMO Na ionomer, however the model fit
optimizes τ0 to be 1/ω of the crossing of G’ and G’’ of the nonionic rheology master curve. This
reinforces conclusions in Chapter 4 that the PTMO microphase undergoes very few local or
segmental restrictions (observed in DSC and DRS) from any ionic interactions because nearly all
of the ions are aggregated in the PTMO phase.
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Figure 5-20: PTMO-sulfonate polyester Na ionomer master curves with 100% sulfonated
phthalates fit to Equations 5-30, 5-31. All data and fits referenced at 303K.

168
5.4 Summary
PEO polyester ionomers exhibiting no microphase separation of ions at low temperatures
provided melt rheology data for application of tTS. The superposition principle works perfectly
for non-sulfonated polymers, and is successful but less perfect for sulfonated PEO ionomers.
Beyond the association lifetime of an ionic sticker t > η, tTS works well for PEO polyester
ionomers. Non-aggregated ions still participated in interactions with ether-oxygens on the PEO
backbone, giving rise to a delay in Rouse dynamics. A model was devised for ionic association
chain dynamics, providing predictive relaxation modulus for nonionic and ionic Rouse dynamics.
The model applied to both nonionic and ionic cases successfully, revealing a progressive delay in
both glassy and Rouse dynamics in PEO ionomers with increasing sulfonate content. The model
fits revealed the monomer time τ0 agrees well with the high frequency crossing of G’ and G’’ and
the low frequency convergence of LVE data and model Rouse dynamics occurs at the ion
dissociation time, τ, corresponds to the τα2 obtained using derivative loss fitting from dielectric
spectroscopy in Chapters 3 and 4.
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Chapter 6

Counterion Dynamics in Polyester-Sulfonate Ionomers with Ionic Liquid
Counterions
Conventional sodium cations (Na+) in sulfonated polyester ionomers were replaced with
ammonium-based ionic liquid counterions. Counterion dynamics were measured by dielectric
spectroscopy and linear viscoelastic response via oscillatory shear. Ion exchange from sodium
counterions to ionic liquid counterions such as tetramethylammonium and tetrabutylammonium
showed an order of 104 increase in conductivity compared with sodium counterions, primarily
attributed to weaker ionic interactions that lower the glass transition temperature. Electrode
polarization was used in conjunction with the 1953 Macdonald model to determine the number
density of conducting counterions and their mobility. Conductivity and mobility exhibit VogelFulcher-Tammann (VFT) temperature dependences and both increased with counterion size.
Conducting counterion concentrations showed Arrhenius temperature dependences, with
activation energy reduced as counterion size increased. When ether-oxygen was incorporated
into the mobile cation structure, self-solvating ability notably increased the conducting ion
concentration. Weakened ion pairing interactions prove favorable for fundamental design of
single-ion conductors for actuators, as ionic liquid counterions can provide both larger and faster
strains, required by such electro-active devices.

6.1 Introduction
Electrolyte systems play an integral part in ionic devices and energy storage applications.
Facile ion transport through electrolytes allows efficient charging, energy storage and
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discharging. Improvements being pursued to replace liquid electrolytes with polymer can reduce
battery mass and improve flexibility and safety. Solvent-free polymer electrolytes, however,
have limited conductivity due to the inability of ions to dissociate in low dielectric constant
media.1-4 Poly(ethylene oxide), (PEO) with a dissolved lithium salt was among the first candidate
polymer electrolyte materials for advanced rechargeable lithium batteries due to the ability of the
ether-oxygen to disrupt salt aggregates and solvate Li+.5-8
In contrast to salt systems, single-ion conductors are built by covalently attaching the
anion to the polymer to make an ionomer.9 The anion consequently does not respond to the field
on a reasonable time scale and the transference number for the counterion is extremely close to
unity. This design circumvents problems with anions polarizing at electrodes and allows simpler
analysis of ion motion than PEO/salt systems. Ionomeric single-ion conductors need low glass
transition temperature, as ion motion is coupled with segmental motion of the ionomer.10-13 With
Li+ counterions, such materials might be candidates for electrolytes in batteries, but the room
temperature conductivity is presently too low with existing ionomers. A major factor in low
ionomer conductivity is ion associations. Ions tend to pair and associate with other pairs to form
multiplets and aggregates which do not participate in ionic conductivity, thus lowering
conducting ion density. Associated ion pairs are known to act as physical crosslinks. 14, 15 The
resulting slowed polymer segmental dynamics are reflected in an increase in the glass transition
temperature as ions are added to the polymer, often as large as 8K per mol% of ionic monomers. 9
This study intends to use the ability of ionic liquids to disrupt aggregate formation and
improve ionomer segmental dynamics and conductivity. Room temperature ionic liquids prevent
effective packing into a stable crystal lattice through delocalized charge, steric hindrance, and
asymmetry of anion-cation pairs.16-19 In our study, ammonium based ionic liquid cations are
exchanged in place of sodium cations on a polyester-sulfonate ionomer while retaining a
consistent 1.5 polymer backbone ether oxygens per cation, and also six ester-bond oxygens per
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cation. The ability of ionic liquids to reduce pair associations is explored in this study as a
function of cation size and functionality, to identify desirable characteristics for enhanced
conducting ion density and mobility in ionomers.
With larger counterions, the conductivity can be improved considerably and such
materials are potentially useful for systems such as thin film actuators using ionic electro-active
polymers.

This study uses ammonium-based ionic liquid cations in a sulfonated polyester

ionomer with a constant sulfonate anion content to observe dielectric, structural, and mechanical
impacts of weakly coordinating counterions. Fundamentally, ionic liquids also provide more
volume change upon macroscopic polarization under an applied field compared to smaller ions,
which is favorable for use in electro-active devices such as ionic actuators.16, 20-26

6.2 Experimental Techniques

6.2.1 Ion Exchange and Purification
Sulfonated polyester with sodium counterions (Figure 6-1a) received from Sigma Aldrich
was dissolved in de-ionized water and purified using Amicon cellulose dialysis membranes with
molecular weight cutoff 3000g/mol. The ionomer was exchanged to the acid state using
sulfonated styrene-divinyl benzene ion exchange resin, then immediately titrated to between pH
7-8 using ionic liquid hydroxides (Figure 6-1b) from Sigma Aldrich, TCI, and Solvent
Innovation-GmbH. Samples were then further dialyzed to remove any impurities using Amicon
PLAC membranes of cutoff 1000g/mol until the dialyzate reached the conductivity of the inlet
de-ionized water stream (~0.7 S/cm). Molecular weight (Mn=8000g/mol from manufacturer)
was unaffected by the ion-exchange process, as checked by aqueous SEC (Mw/Mn ≈ 2).
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Efficiency of cation exchange was assessed to >98% using inductively coupled plasma to
measure atomic emission of sulfur and residual sodium spectra on a Perkin-Elmer Optima 5300.

(a)

(b)

Figure 6-1: (a) Polyester-sulfonate ionomer structure, with ratio of sulfonated and neutral
phthalates determined by NMR, Mn 8000g/mol, theoretical ion content 4.43 x 1020 cm-3 for the
Na-ionomer. (b) Cationic counterion structures: sodium, tetramethylammonium,
tetrabutylammonium,
(2-methoxyethoxymethyl)
triethylammonium,
tris[22(methoxyethoxy)ethyl]methylammonium, [poly(propyleneoxide)]methyl,diethylammonium, left
to right, top to bottom, respectively. Note, MALDI-TOF shows (PPO10)MeEt2N has a Gaussian
distribution around n=10 with 5 < n < 15.
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6.2.2 ab initio Calculations
To support this study, ab initio calculations were employed to determine counterion
diameter, interaction energies of ion states, and dipole moment of ion pairs. Calculations were
performed using density functional theory methods using the Gaussian 03 software package.
Exchange and correlation were included using the hybrid-GGA B3LYP functional. Counterion
diameter determined by average cross-sectional size of cations after full equilibrium. Dipole
moments of polar solvents and interaction energy of polar solvents with ions agree with vapor
phase data for the basis set used.

6.2.3 Thermal Characterization
Purified materials were analyzed using a TA Q1000 differential scanning calorimeter
(DSC) under ultra high purity nitrogen purge at 50mL/min. Samples of approximately 4.0 mg
were heated to 403 K for 30 min, cooled to 183 K at 10 K/min and held isothermally for 5 min
before ramping to 403 K at 10 K/min. Glass transition temperature, Tg, was identified as the
midpoint of the shift in heat capacity.

6.2.4 X-ray Scattering
Small-angle x-ray scattering (SAXS) data were collected using pinhole collimation and a
Mar CCD detector on Beam line 12-BM at the Advanced Photon Source at Argonne National
Labs, Lemont, Illinois under beam conditions of 18KeV and 100mA. Absolute intensity
calibration was performed using glassy carbon standards. SAXS data were reproduced on a
Molecular Metrology instrument using a Cu target (=1.54Å) and a gas phase two-dimensional
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area proportional counter. Scattering intensity was measured under high vacuum with operating
conditions of 0.67mA and 45 kV with a sample to detector distance of 150cm.

6.2.5 Linear Viscoelasticity
Mechanical response was studied using a Rheometric Scientific ARES-LS1 Rheometer
with 7.9mm diameter parallel plates at temperatures more than 40K above Tg, and 2.0mm
diameter parallel plates at temperatures near Tg. Samples were vacuum molded at T= Tg + 80K
for approximately 4 hours to remove voids and water, then heated under nitrogen on the
instrument plates at T= Tg +80K for precise geometry and proper contact. Small strain amplitudes
corresponding to linear viscoelastic (LVE) response were verified using strain amplitude sweeps
at fixed frequency. Time-temperature superposition was found to work well for all ionomers
studied, and was used to construct master curves.

6.2.6 Dielectric Relaxation Spectroscopy (DRS)
A Novocontrol GmbH Concept 40 broadband dielectric spectrometer applying a.c.
voltage with amplitude 0.1V was used to study linear electrical response of all ionomers.
Purified ionomers were heated at Tg + 80K for 4 days under vacuum on polished brass electrode
disks of 30mm diameter to ensure complete contact and removal of water and voids. This helps
eliminate artificially high conductivity in hygroscopic samples. Sample geometry was dictated
by 100m Teflon® spacers with a top electrode of 20mm diameter applied after drying the sample
with thickness exceeding 100m.
Before measurements, samples were annealed in the instrument at 423K for 2 hrs under
nitrogen to allow further drying (≤0.7wt% by Karl-Fischer titration).

Isothermal frequency
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sweeps from 107 Hz to 10-2 Hz in 10K steps to 253K measured conductivity and dielectric
response of the ionomer at high frequency, conductivity and dielectric constant at intermediate
frequency and electrode polarization at low frequency, all with precise temperature control,
within +/- 0.05 K.

6.3 Results and Discussion

6.3.1 Thermal Properties
Figure 6-2 correlates glass transition temperature with counterion size. While Tg is
known to increase with ion content due to the presence of physical crosslinks, this effect is
significantly reduced with larger counterions.9, 27, 28 Physical crosslinks in ionomers are viewed as
dipolar interactions between ion pairs, where two or more dipoles effectively negate each other
and form a stable quadrupole, or primary aggregate. With constant ion content, our polyestersulfonate ionomers show Tg decreasing as counterion size increases. This is caused by two
effects. Larger counterions associate less, forming fewer and weaker physical crosslinks that
raise the Tg of ionomers. Larger counterions also act as plasticizers, further lowering Tg.28-30
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Figure 6-2: Calorimetric glass transition temperatures of the polyester ionomer as a function of
counterion size (values listed in Table 6-1) estimated from average cation cross-sections from ab
initio (± 0.5 Å).

Table 6-1: Cation average cross-section diameter from ab initio calculations and Tg determined
from DSC.

Cation
Diameter
(Å)

Tg (midpoint)

Na

2.3

321.7

Me4N

5.2

323.7

Bu4N

9.5

314.0

(MOEOM)Et3N

7.0

312.9

(MOEOE)3MeN

10.5

298.3

(PPO10)MeEt2N

15.0

282.9

Ion

(K)
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6.3.2 X-ray Scattering
To verify large cations reduce physical crosslinking, or ionic aggregation, we turn to xray scattering, a common tool for identifying ionic aggregates.9, 31-35 Ionic aggregation can be
identified through the wavevector q of ionomer peaks, where q = (4/sin(/2), with x-ray
wavelength,  and scattering angle, . Typical ionomers with similar ion contents have been
reported to show peaks near q = 0.15-0.2 Å-1 corresponding to Bragg spacing of d = 2/q ≈ 3nm
between ion aggregates.9,

31-35

Figure 6-3 shows the x-ray results for our polyester ionomers

shifted vertically for clarity. The sodium ionomer has the most scattering in the 0.02Å-1 < q <
0.17Å-1 range, suggesting that the ionomer with Na counterions has the most extensive ion
aggregation. The absence of a specific peak suggests there is a range of inter-aggregate spacings
covering 3-30nm. Me4N and Bu4N also show significant ion aggregation though not as much as
Na. (MOEOM)Et3N shows only a hint of ion aggregation (small ionomer peak centered at 0.06Å1

) while the two largest counterions show no evidence of any ion aggregation in SAXS. A

reduction in ionic aggregates for large cations is also reflected in the Tg values reported in table 1;
suggesting larger counterions form fewer (and weaker) aggregates. This ability is important for
improved segmental dynamics necessary for ion conduction, and less ionic aggregation will also
result in faster LVE relaxation.9, 15, 28, 29, 36
The ionomers with Bu4N and (MOEOM)Et3N counterions show microphase separation of
ionic aggregates from the polymer, with a peak/shoulder at q≈0.06Å-1, indicating a well-defined
spacing between ion domains of 2π/q≈10nm. These two most hydrophobic ions have a poor
ability to form quadrupoles due to steric effects and are simultaneously less compatible with the
polymer than either of the smaller ions (Na and Me4N) or the larger the ions containing 6-10 ether
oxygens.
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Figure 6-3: Synchrotron small-angle x-ray scattering curves divided by shift factor, x, for clarity.
■Na (x = 1); ●Me4N (x = 1); ▲Bu4N (x = 1.25); ▼(MOEOM)Et3N (x = 4); ♦(MOEOE)3MeN (x
= 6.67); ◄(PPO10)MeEt2N (x = 6.67).

6.3.3 Linear Viscoelastic Properties
Mechanical response probed by small amplitude oscillatory shear is useful for observing
the impact of associating ion pairs, or aggregates acting as physical crosslinks between chains. 14,
15, 36-38

Figure 6-4 shows the master curves for these ionomers over a broad range of moduli and

angular frequencies, constructed using time-temperature superposition. The sodium ionomer was
seen to have significantly longer timescales for terminal response, presumably because the small
accessible sodium-sulfonate ion pairs associate more than the larger counterions, which is also
reflected in the higher Tg (Figure 6-2) and the more aggregated SAXS profile (Figure 6-3).
Decrease of terminal response time follows the plasticizing trend which is caused by reduction of
physical crosslinks from fewer and weaker associations of ion pairs.15, 28, 29, 37, 38
Aqueous size exclusion chromatography showed identical chain length for our ionomer
with different counterions, suggesting the extension of the rubbery plateau with smaller ions is
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due to the presence of associations between ion pairs acting as physical crosslinks. The effective
monomer time, 0, can be taken to be the reciprocal of the frequency of the high frequency peak
in G” and the low frequency crossing of G’ and G” determines the terminal relaxation time, rep.39
These two fundamental timescales allow us to quantify the viscoelastic delay and correlate it with
counterion type. Table 6-2 shows a clear correlation between the cation size and the ratio rep/0,
indicating that far larger counterions have very little ion aggregation with similar rep/0. Me4N
has significant ion aggregation, with rep/0 5-15 times larger and Na has extensive ion
aggregation, with rep/0 3,000-10,000 times larger.
The presence of this feature follows trends seen in reversible networks with physical
crosslinks which show prolonged viscoelastic relaxation for systems with associating groups
versus those without them.14,

36

This cross-correlation, combined with glass transition

temperature and SAXS observations suggests that the associations seen in the larger cations are
fewer and/or weaker, indicating that the use of ionic liquid cations is successfully reducing
aggregate formation.

The successful disruption of stable aggregates through the use of cation

selection will also impact conductive properties and give further insight to the type of ionic liquid
preferred for electroactive devices.18, 20-26, 40
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Figure 6-4: Linear viscoelastic properties via oscillatory shear of polyester-sulfonate ionomers
containing ionic liquid counterions, closed symbols represent storage modulus G’, and open
symbols represent loss modulus, G”. Master curves referenced to 100oC are then divided by
vertical shift factor, x for clarity. ■Na (x = 1); ●Me N (x = 10); ▲Bu N (x = 100);
4

4

▼(MOEOM)Et3N (x = 33); ♦ (MOEOE)3MeN (x = 250); ◄(PPO10)MeEt2N (x = 1000).
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Table 6-2: Linear viscoelastic timescales at 100oC, 0 represents the monomer time as the inverse
of the higher frequency at the maxima in G” and rep is evaluated as the inverse of the low
frequency where G’ crosses G”, representing terminal response.
Ion

cation
diameter (Å)

0 (s)

rep (s)

rep/0

Na

2.3

7.6 x 10-8

840

1.1 x 1010

Me4N

5.2

5.4 x 10-8

1.0

1.9 x 107

Bu4N

9.5

1.5 x 10-8

0.034

2.2 x 106

(MOEOM)Et3N

7.0

1.0 x 10-7

0.038

3.6 x 106

(MOEOE)3MeN

10.5

5.2 x 10-9

0.0063

1.2 x 106

(PPO10)MeEt2N

15.0

9.7 x 10-10

0.0027

2.8 x 106

6.3.4 Dielectric Relaxation Spectroscopy (DRS)

6.3.4.1 Polymer Dynamics
Polymer segmental relaxations in dielectric spectroscopy are observed as cooperative
dipole relaxations along the polymer backbone under an applied field. At a specific timescale and
temperature the polymer has the ability to relax a segment, which is observed as a peak in the
dielectric loss (the imaginary portion of the complex dielectric function) in the frequency
domain.41

In ion containing systems, this relaxation is often small in comparison to other

dielectric loss events, i.e. conductivity, and is often difficult to resolve. One technique used in
this field to remove conductivity is manipulation of the Kramers-Kronig transform to yield the
dielectric loss without the purely lossy conduction.

Derivative loss similarly removes

conductivity, calculated from the frequency-dependent dielectric constant ’(f) in the following
form.42, 43
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 der ( f )  

  '( f )

(6-1)

2  ln f

Figure 6-5a Compares ”(f) and der(f) at a temperature where conduction and electrode
polarization dominate the response.

The large increase at low frequencies is electrode

polarization (EP), while the peak at higher frequencies in der(f) corresponds to the  (segmental)
relaxation. To quantify the peak -relaxation frequency, the derivative loss is fit over a range of
temperatures using the appropriate form42, 43 of the Havriliak-Negami function,41 (Equation 6-2)
while simultaneously fitting EP to a simple power law function (1Hz to 100Hz in Figure 6-5a) to
curve resolve the -relaxation and the electrode polarization.
*
 HN
(f)


[1  (if / f HN ) a ]b

(6-2)

 is the relaxation strength, fHN is the frequency related to the peak maximum, and a and b are
shape parameters (a=1 and b=1 yields a simple Debye relaxation). To obtain the frequency
maximum in the dielectric loss indicative of the -relaxation time, it is necessary to use the
following conversion:41

a  
ab 

 f HN  sin
  sin

 2  2b   2  2b 
1/ a

f max

1/ a

(6-3)

Figure 6-5a shows an example fit using the derivative form of the HN function. Figure 65b shows -relaxation frequencies calculated from Equation 6-3 as a function of reciprocal
temperature normalized by the DSC Tg. It should be noted that these values appropriately
extrapolate to 100 seconds as temperature approaches the glass transition (Tg /T=1); coupled with
strong curvature in Figure 6-5b, this identifies f as the segmental relaxation of the polymer
associated with the glass transition.41, 44
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Figure 6-5: (a) Dielectric loss spectra and derivative loss spectra fit to the sum of a power law for
EP and the derivative form of the HN function42, 43, 45 for (MOEOM)Et3N at 80oC. (b) relaxation frequency maxima of the polyester-sulfonate ionomers with varied cations as a
function of temperature normalized by Tg.

6.3.4.2 Ionic Conductivity
DC conductivity, DC, is observed as the in-phase conductivity,  '     "    0 ,
independent of frequency for an approximate three decade range. As noted by the trends in Tg and
linear viscoelasticity, polymer dynamics are more facile through the incorporation of ionic liquid
cations. Figure 6-6a displays the impact of faster segmental motion through c.a. 104 increase in
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conductivity with increased counterion size, with ether oxygen-containing counterions having the
highest conductivity. Figure 6-6a also shows all ion types exhibit Vogel-Fulcher-Tammann
(VFT) behavior, Equation 6-4, which signifies ion motion is coupled with segmental relaxation
above the Vogel temperature, T0.

 B 

 T  T0 

    exp 

(6-4)

T0 and B (related to fragility) can be extracted from fitting the VFT behavior (Equation 6-4),
where dynamics at temperatures below T0, approximately Tg -50K, lack the free volume
necessary for ions to migrate.41, 44 Figure 6-6b normalizes temperature by the DSC Tg, showing
that segmental motion is not the sole source of improved conductivity. The conductivity at fixed
Tg/T increases with ion size except for the largest cation, where the long PPO tail lowers ion
mobility.
Ionic conduction relies on polymer segmental motion, so suppression of Tg is important
for improvements in conductivity. Figure 6-6c correlates the DC conductivity with the relaxation frequency for the six different counterions.

The Debye-Stokes-Einstein equation

expects ion motion to be strongly coupled to polymer segmental motion, with DC conductivity
proportional to -relaxation frequency.

 DC  f

(6-5)

Instead of this perfect correlation, the data in Figure 6-6C suggest

 DC  f0.860.90

(6-6)

similar to previous observations on polyester-sulfonate ionomers based on poly(ethylene
oxide).44, 46 As expected, the studied ionomers have dc conductivity strongly correlated to, but
not perfectly coupled to segmental motion. The normalization of conductivity indicates that the
segmental motion in larger cations is similar, while the small sodium ion has reduced
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conductivity in comparison. This is likely due to the propensity to form aggregates, seen in
trends in Tg, SAXS, and linear viscoelasticity, and is reflected in the conducting ion density
which will be discussed in the next section.
To further investigate, conductivity must be resolved into its components. Use of
ionomers, or single-ion conductors, allows the application of the Macdonald/Coelho electrode
polarization model to determine the temperature dependent conducting ion content p and mobility

, whose product multiplied by

ion charge, e, determines the conductivity of single-ion

conductors.

  pe
In the next few sections we model electrode polarization to determine p and .

(6-7)
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Figure 6-6: (a) DC ionic conductivity of polyester-sulfonate ionomers with different counterions
as a function of temperature with VFT fits to Equation 6-4 as solid curves, with parameters listed
in Table 6-2. (b) DC ionic conductivity of sulfonated polyester ionomers as functions of ion type
and temperature normalized by Tg. (c) DC conductivity of the polyester-sulfonate ionomers with
varied cations as a function of their respective-relaxation times.
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Table 6-3: VFT parameters for DC conductivity and counterion mobility. Arrhenius activation
energy for conducting ion density with fixed theoretical ion content, p = 4.43x1020 cm-3.
DC Conductivity
Ion



∞
(S/cm)

B

Ion
Density

Mobility
T0
(K)



∞ (cm2/Vs)

B

T0
(K)

Ea
(kJ/mol)

Na

0.11

3600

215

0.00044

1330

279

23.8

Me4N

1.51

2600

246

1.05

2070

255

21.5

Bu4N

0.10

1620

256

0.44

1520

256

20.3

(MOEOM)Et3N

0.18

1540

250

0.38

1650

241

17.3

(MOEOE)3MeN

2.11

1570

233

0.16

1370

235

16.6

(PPO10)MeEt2N

0.19

2030

213

0.17

1810

214

14.4

6.3.4.3 Conducting Ion Number Density
Electrode polarization occurs at low frequencies and is noticeable by polarized ions at the
electrodes reducing the field, causing increased capacitance and dielectric constant, and lower
conductivity.44 Figure 6-7 shows the two observable timescales used for measurement of ion
transport properties, the timescales for conduction (), and electrode polarization (EP):

 

 s 0
 DC

(6-8)

 EP 

 EP 0
 DC

(6-9)

where s is the measured static relative permittivity of the sample before electrode polarization, 0
is the permittivity of vacuum and EP is the significantly increased permittivity after electrode
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polarization. The Macdonald model treats electrode polarization as a simple Debye relaxation
and the loss tangent is fit to obtain the timescales in Equations 6-8 and 6-9.13, 47

tan  

 EP
1   2  EP

(6-10)

Figure 6-8 shows the angular frequency, ω, dependence of loss tangent fit to Equation 610, resulting in determination of  and EP. The model then determines the number density of
conducting ions p and their mobility from EP and ,

1   EP 
p


 lB L2    

2

eL2 
 2
4 EP kT

(6-11)

(6-12)

where

lB 

e2
4 0 s kT

(6-13)

is the Bjerrum length, L is the sample thickness, e is the charge that is identical for all monovalent
cations, k is the Boltzmann constant and T is absolute temperature. Equation 6-11 shows that the
number density of conducting ions is determined from the square of the magnitude of electrode
polarization (EP/ = EP/) while the mobility is reciprocally related to the product of the
magnitude and timescale of electrode polarization. The timescale EP is proportional to electrode
spacing L, as expected by the Macdonald model47 and observed for polyester-sulfonate ionomers
based on poly(ethylene oxide).13, 44 This indicates the number density of conducting ions p and
their mobility  are material properties that are independent of L.
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Figure 6-7: Polyester-sulfonate ionomer with Me4N cation response to applied AC field at
150oC. DC conductivity DC is noted as the frequency independent section in the real portion of
complex conductivity, ’(■). The static dielectric constant, s is taken as the value of the real
portion of the complex dielectric function ’(■) before electrode polarization starts. Low
frequencies show electrode polarization analogous to charging a macroscopic capacitor where
dielectric storage, ’ and loss ” (●) increase by several orders of magnitude. The peak of the loss
tangent tan≡ ”/’ (▲) gives the geometric mean of the timescales of conductivity and electrode
polarization,  and EP.
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Figure 6-8: Frequency dependence of loss tangent tan≡ ”/’ for the ionomer with Me4N
counterions at five temperatures (oC). Solid curves are fits of the loss tangent to equation 10. (■)
150 oC; (●)140 oC; (▲)130oC; (○)120oC; (♦)110oC.

An important concern for use of the Macdonald model is electrode material-dependent
results48 and surface roughness.49 Results show strong dependence on oxide layer formation,
most notably aluminum electrodes exhibit significantly less electrode polarization. 48 Oxidation
strongly impacts the strength of polarization, as the insulating layer prevents counterions from
moving close to the charges on the metal electrode. Polished mirror-finish brass, stainless steel or
gold are suitable electrode materials for use with the Macdonald model; we utilize the former for
all of our studies of electrode polarization in single-ion conductors. We have compared three
types of electrodes with the ionomers in this paper and several that we previously reported.10, 44, 46
We consistently find that our polished mirror-finish stainless steel electrodes give slightly weaker
electrode polarization than polished mirror-finish brass, with conducting ion content p typically a
factor of 0.6 smaller with polished mirror-finish stainless steel electrodes. On the other hand,
sputtering gold onto the polished mirror-finish brass increases the magnitude of electrode
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polarization, with p typically a factor of 2 larger; most likely this is simply reflecting an increase
in electrode surface area from sputtered gold. We have settled on polished mirror-finish brass
electrodes, which give reproducible results (relative error of ±20% for p).
A material property relevant for electroactive actuation is  EP / L , obtained from
Equation 6-12.

 EP
L



e 
1

4 kT 

 s 0
4 pkT

(6-14)

Here we used Equations 6-7 and 6-8. For fast actuation, ion-conducting membranes need to be
thin (small L) have high mobility  of conducting ions, and a high conducting ion content p.
Actuation can be modeled as an equivalent resistor-capacitor circuit, with the time scale
for polarization (or charging)  EP = RC, where R is the resistance and C the capacitance of the
equivalent circuit. The actuation is created on time scale  EP by a build-up of conducting ions in
the Stern layer (within the Debye length of the electrode). The charge Q built up within the Stern
layer is directly proportional to the applied voltage V, as Q = CV =  EPV / R . With the resistance

R  L /  DC A , where A is the electrode surface area, we have a simple relation for the charge
accumulation per unit of electrode surface area (charge density).

Q  EP

V  DC
A
L

(6-15)

The material property  EP / L multiplied by the conductivity  DC determines the charge
density at the electrode. Combining Equations 6-14 and 6-15 writes the charge density in terms
of the number density of conducting ions and the dielectric constant.

 p
Q
 Ve s 0
A
4kT

(6-16)
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In order to increase strain in actuators, we need to increase the charge density of
polarizing ions, which requires membranes with large dielectric constant εs, and high number
density of conducting ions p.
The above is based upon linear response theory. The Macdonald model assumes that the
build-up of ions near the electrode is sufficiently small that they do not interact with other ions
near the electrode. High concentrations of ions would suggest that application of the Macdonald
model should fail50, however the theory is valid as long as there are few ions simultaneously
conducting (so that even fewer are actually polarizing). Nonlinear electrode polarization will
occur when the polarizing ions start to interact with each other – when they are separated by the
Bjerrum length on the electrode surface (where their Coulomb repulsion is the thermal energy).
The relevant dimensionless parameter is (from Equation 6-15)

  p eV plB3
QlB2  EPV  DC lB2

 VlB2 s 0 
1
Ae
Le
4kT
kT 16

(6-17)

Figure 6-9 shows all data have 0.01  QlB2 /( Ae)  0.1 , suggesting that our applied
voltage amplitude of 0.1V is well within linear response for all of our ions. The onset voltage for
nonlinear effects in electrode polarization will depend on the particular ionomer and counterion,
through the conducting ion content and dielectric constant (Bjerrum length).
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Figure 6-9: Electrode polarized counterions per squared Bjerrum length comparison for the
ionomer with different counterions. All values are small compared with unity, indicating that our
0.1V amplitude is within the linear limit of applied electric field.

After verification of linearity, we look at the temperature dependence of conducting ion
density, Figure 6-10, which is Arrhenius (Equation 6-18). Fitting to the Arrhenius equation is
done with the stoichiometric ion content set as the parameter for the high temperature limit.13, 44
This assumption elucidates the trend that the ionomers with larger counterions have reduced
activation energy, with values listed in table 3.

 E 
p  p exp   a 
 RT 

(6-18)

One important conclusion from Figure 6-10 is that there is a small fraction of ions
participating in conduction. Sodium has of order 10-3 fraction of ions simultaneously contributing
to conductivity, as observed for other sodium sulfonate polyesters,13 while the largest counterions
have the fraction of conducting ions of order 10-2. Fractions of counterions conducting of order
10-2 have been reported for lithium sulfonated polyesters44 but these had 13 or more ether
oxygens per counterion. It is crucial to realize that in fact all ions participate in conduction; there
is an exchange between various ion states (isolated pairs, triples, quadrupoles, etc.) and at the
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timescale  the DC conductivity is reached, beyond which counterion mean-squared
displacement is diffusive, meaning that all counterions participate in ion-conduction. However,
the relevant level of counterion participation in the mean-field solution of the Poisson-Boltzmann
equation for the double layer is of that in any instantaneous snapshot. While obvious, this point
has been confused in the literature.51

Figure 6-10: Conducting ion number density from the electrode polarization model (Equation 611). Lines show Arrhenius temperature dependence (Equation 6-18) using activation energy as
the sole fitting parameter, with intercepts fixed (at T = ∞) at the calculated total ion content of
p = 4.43 x 1020 cm-3.
Another vital point is that both MD simulation52 and various spectroscopies53-56 often see
significant fractions of ions (of order half) that are apparently free in their “snapshots.” However,
a truly free counterion needs to be more than the Bjerrum length away from its sulfonate partner,
which is a vanishingly small population. Most counterions are in some sense paired (coupled)
with their sulfonate anion, but that ion state is not necessarily a contact pair (or exists only a
fraction of the time in direct contact). Our current hypothesis is that the conducting counterions
are in a triple ion state57-59 (two counterions coupled with the same sulfonate) that exchanges the
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extra counterion with a nearby pair on the time scale faster than when all counterions access
all states and participate equally in conduction) but this view is speculative and difficult to test.
The trend of reduced activation energy in Figure 6-10 and Table 6-3, or lowered ion
dissociation energy, with larger ions is also seen in other systems with varied sizes of monovalent
alkali metal ions,11, 60 but is exaggerated here by our use of ionic liquid cations. Note that the
sodium counterion has the lowest conducting ion density due to the tendency of the ions to stay
trapped in more aggregated states and only able to respond to the applied electric field at much
lower frequencies. The larger ions have been noted to be in a less aggregated state, but also as
ions are made significantly larger, the center to center distances of charges becomes lengthened
which reduces the energy required to provide conducting ions. This follows predictions by
Coulomb’s law indicating larger cation-anion separation distances have lower energy required to
separate the pair, E ~ -e2/d, where -e is the anion charge and +e is the cation charge and d is the
charge separation distance.
Another notable feature is that the presence of ether-oxygen on conducting cations
increases conducting ion number density. The ability of ether-oxygen to break up associated ion
pairs acting as crosslinks is also seen through trends in glass transition temperature, and shorter
linear viscoelastic terminal time of the ionomers containing large counterions. Ether oxygens on
the cation incorporate a self-solvating effect which stabilizes isolated pairs from association and
increases conducting ion content, which contribute to dielectric constant and conductivity,
respectively. This is a particularly strong self-solvation effect because our ionomer only has 1.5
EO/cation, whereas our parallel study of polyurethane-carboxylate ionomers61 has 26EO/cation
with greatly reduced effects of incorporating ether oxygens into the cation.
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6.3.4.4 Dielectric Constant
Static dielectric constant is the frequency independent value of dielectric storage at
arbitrarily long timescales, a material property of the sample between electrodes. Since other
contributions to dielectric storage, such as electrode polarization convolute this value, it is
calculated using Equation 6-8 from the measured DC and  obtained from fitting EP to Equation
6-10, yielding the low frequency dielectric constant before the onset of electrode polarization and
macroscopic charge accumulation. Dielectric constant in ionomers (and all liquids) typically
scales inversely with temperature due to thermal randomization,62 which can be described as a
broadened distribution of dipole orientations as temperature increases. The dielectric constant of
a neutral version of our ionomer (without sulfonated phthalates) should be near 5 (relatively large
for polymers), while the observed dielectric constant of these ionomers in Figure 6-11 indicates
other contributions to dielectric constant, such as dipole moments from isolated ion pairs. Due to
counterion size, ionic liquids have larger anion-cation equilibrium separation distance providing a
larger dipole moment than a typical ion pair with an alkali metal cation. The tendency to form
associated pairs is also disrupted due to ion pair asymmetry and steric hindrance, which also
inhibit crystallization of ionic liquids. Breaking aggregates into isolated pairs is expected to
increase the static dielectric constant due to the presence of more pairs acting as dipoles that can
rotate/align under an applied field.44
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Figure 6-11: Temperature dependence of ionomer static dielectric constant, for the six
counterions. Decreasing dielectric constant as temperature increases follows the Onsager 1936
prediction based upon thermal randomization.62

For further understanding of ion pair states in the system, the dielectric constant is used to
estimate the dipole moment of the pairs present which are contributing to dielectric constant. To
determine the effective average ion pair dipole moment, we assume the dipole moments of
associated pairs (quadrupoles and larger aggregates) are negligible compared to the number and
magnitude of the dipole moment of isolated ion pairs, while triple ions and free ions have
insignificant populations. It is reasonable to assume the only significant contribution to dielectric
constant is from ions in the isolated ion pair state. While some pairs are associated in symmetric
structures with quite small dipoles, others exist as separated pairs, and we estimate an average
value of effective pair dipole moment.
Use of the Onsager model, Equation 6-19, determines the average value of effective ion
pair dipole moment, pair.62

 pair 

(9 0 kT )( s    )(2 s    )
 s (   2)2

(6-19)
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Here 0 is the permittivity of vacuum, ∞ is the high frequency permittivity of the sample
(allowing full atomic polarization but no molecular motion, here taken to be ∞=2.1) and =
4.4x1020cm-3 is the total number density of counterions. Table 6-4 compares the values of pair
from the Onsager analysis to ab initio calculations for contact pairs at 0K in vacuum. With the
exception of Na+, which shows the most aggregation, the average dipole moments from Equation
6-20 are consistently larger than ab initio results indicating that the real dipoles are significantly
larger than those of the contact pairs. Ion pairs can have larger separations than a contact pair and
this effect is seen with (MOEOE)3MeN, shown in Figure 6-12. This trend reverses for the largest
counterion PPO10MeEt2N (Table 6-4 and Figure 6-11) presumably because the long PPO tail still
allows strong ion interactions, since the methyl diethyl face of this ammonium is quite exposed,
although this counterion unfortunately never equilibrates in our ab initio calculations for contact
pair energy. Figure 6-11 and Table 6-4 indicate an optimum counterion size, with significant
ether oxygen self-solvation, as (MOEOE)3MeN (Figure 6-12) has the highest dielectric constant
and largest effective ion pair dipole moment.

Figure 6-12: Atomistic illustration of an equilibrated ion pair consisting of counterion
(MOEOE)3MeN with self-solvating capability (Blue: nitrogen, Red: oxygen, Grey: carbon,
White: hydrogen, Pink: lone pairs on oxygen) with Benzene sulfonate (Yellow: sulfur).
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Table 6-4: Dipole moments from ab initio equilibrated ion pairs at 0K compared to values
calculated from static dielectric constant using Equation 6-19, assuming all ions are isolated
contact pairs.
Ion

ab initio Pair
Dipole Moment
(Debye)

Pair Dipole
Moment from s
(Debye)

Na

7.8

6.5-7.5

Me4N

11

13.8-14.3

Bu4N

13

17.5-18.0

(MOEOM)Et3N

11

25-30

(MOEOE)3MeN

9.0

30-35

(PPO10)MeEt2N

14

24.0-26.5

6.3.4.5 Conducting Ion Mobility
Figure 6-13a shows that reduced counterion dissociation energy has an observable
increase in ionic mobility,  at all temperatures with the trend that larger ions have higher
mobility. Since ion motion is coupled with segmental dynamics, 44 the same mobility data are
plotted against Tg/T in Figure 6-13b. Mobility increases with counterion size and eventually
saturates at an optimal size where Bu4N, (MOEOM)Et3N, and (MOEOE)3MeN have similar
mobilities. This indicates that mobility increases with the reduction of associated pairs, which we
observe these ions have few of in comparison to Me4N and Na. It is key to note that the largest
ion has an excessively long PPO tail which helps plasticize the ionomer to the largest extent, but
is effectively too long and lowers counterion mobility when compared using Tg /T.
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Figure 6-13: (a) Mobility of conducting counterions of polyester-sulfonate ionomers as functions
of temperature and ion type. (b) Mobility of conducting counterions of polyester-sulfonate
ionomers as functions of ion type and temperature normalized by Tg. VFT parameters listed in
Table 6-2, with fits shown as solid curves.

6.4. Summary
Counterion dynamics in a sulfonated polyester ionomer were studied via exchange to
various cation moieties. Sodium ions were replaced with ionic liquid cations and thermal,
rheological, and dielectric properties showed enhancements for electro-active applications.
Trends in Tg, conductivity, conducting ion density, mobility, and dielectric constant provide
insight to desirable counterion properties.

204
Firstly, large sterically hindering counterions are necessary for proper disruption of
associated ion pairs, causing inability of multiple ion pairs to pack due to steric effects or
asymmetry of dipoles, which results in suppressed Tg. The disruption of aggregates or physical
crosslinks is also observed in SAXS as a decrease in scattering in the ionomer peak region.
Linear viscoelasticity provides terminal response times that are shortened with larger cations
which disrupt physical cross-links.
Secondly, ether-oxygen functionality on cations provides self-solvating characteristics
which enhance ionic conduction through other means than suppressed glass transition
temperature.

Application of the Macdonald model for electrode polarization reveals

improvements in conducting ion density and mobility. A note must be made that while ions with
large sidegroups may appropriately lower Tg and improve conducting ion content and mobility,
excessive size eventually hinders ionic mobility.
In electro-active devices, ionic liquid cations allow increased performance through tuning
of intrinsic material properties by using the ability of large counterions to plasticize and disrupt
ion associations without additional solvent. Those large ions should presumably also generate
more strain in electrode polarization, relevant to actuators.
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Chapter 7
X-ray Scattering and Dielectric Studies of Nafion Membranes Swollen with Ionic Liquids
Incorporation of ionic liquids into ionomer membranes provides desirable thermal and
ion conducting properties which extend the use of such membranes for electroactive devices. In
this study, Nafion membranes are swollen with various ionic liquids to observe the effect on
morphology and ionic conduction. X-ray scattering in the q range of 0.007 to 0.35 inverse
angstroms shows ion channels swell and merge as ionic liquid content is increased. Selection of
high electron density ionic liquids allows the observation of this process over a broad range of
loading levels. Dielectric spectroscopy is used to observe the ionic liquid conduction in the
swollen membranes, as ionic liquid content and type are adjusted. This study provides
fundamental correlations between the observed morphological transition and conduction
mechanisms in Nafion® membranes for electroactive devices.

7.1 Introduction
Ion conducting membranes play a key role in electroactive devices ranging from
batteries1-4 and fuel cells5, 6 to actuators7-9 and sensors.10, 11 The encompassing function of ion
transport membranes across these platforms is efficient ion transport (high ion conductivity),
while retaining chemical and mechanical stability.

Over recent decades, the commercial

benchmark of ionomer membranes has largely been DuPont’s perfluorosulfonated ionomer
membrane, Nafion®, due to its presence in the low-temperature fuel cell (polymer electrolyte
membrane fuel cell, PEMFC) arena.12 Perfluorinated ionomers (available from Dow, DuPont,
Asahi, Solvay, W.L. Gore) are comprised of fluorocarbon backbones often with flexible side
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chains containing SO3- acid groups. Microphase separation of hydrophilic ionic sites from the
hydrophobic perfluorinated backbone establishes ionic microdomains, which provide protons for
ion transport when hydrated in a PEMFC.13, 14 The ability of perfluorinated ionomers to conduct
protons from anode to cathode is the principal reason why PEMFCs are a reality. Performance is
fundamentally interwoven with membrane morphology, which is determined by hydration.6, 12, 14,
15

The last few decades of research specifically on Nafion membranes have led to a
multitude of structure-property investigations and gradual evolution of morphological models.12,
14-24

It is well established that Nafion forms micelles in solution.15,

22, 25, 26

Upon casting and

annealing, hydrophilic pathways remain due to solvent migration and kinetic trapping. Small
angle X-ray scattering (SAXS) and mechanical investigations have established that elongated
hydrophobic (tetrafluoroethylene) domains coexist with hydrophilic (ionic) domains,6, 22, 23, 27-32
albeit the shape and connectivity of these microdomains remain under debate. Gebel et al.
provided a strong foundation in understanding the morphological origins of the characteristic Xray scattering features. Hydrophobic, semicrystalline fluoroethylene-like hydrophobic domains
exhibit Bragg peaks in the wide-angle regime,22 and a broad peak in small angle scattering
attributed to the long spacing between hydrophobic domains.12,

22, 33

These findings, in

combination with the scattering dependence on ion exchange capacity (IEC, 1000/Equivalent
weight) have elucidated the origin of the ionomer peak arising from contributions of ionic domain
spatial arrangement and physical structure.20 Investigation of the evolution of the ionomer
membrane structure, conductive pathway percolation, and connectivity as a function of hydration
has become a focus of the field. The heated debate among scientific investigators regarding the
morphology of this ionomer is traced to the notion that control over performance and
improvement cannot be truly harnessed with incomplete structural understanding.6

211
Recent work by Leo et al.8,

11, 34, 35

shows valuable evidence of Nafion’s role in ionic

polymeric transducers and actuators. Actuation is achieved upon applied D.C. field, inducing
electrode polarization of ionic liquid moieties within an ionomer membrane. As macroscopic
electrode polarization occurs, the volume differential between accumulated cations and anions at
respective electrodes causes mechanical bending or extension, depending on geometry. 7, 10

This

new breed of actuator fills a niche of device performance, where membranes of moderate
modulus are capable of significant strain with minimal voltage. Performance is largely dictated
by the type and more importantly, volume uptake of the selected of room temperature ionic liquid
(RTIL),36,

37

fundamentally emulating the hydration-morphology scenario challenging the

PEMFC frontier. Previous work9 shows device actuation time expectedly decreases at higher
volume uptake of RTIL, which ultimately depends upon membrane morphology such as proposed
ionic channels and necks.6, 13,

14, 38

The work presented here explores the relationship between

morphological transition and membrane performance, through the use of various ionic liquids in
Nafion 211, Figures 7-1, 7-2. In contrast to traditional hydration studies,15 RTILs provide stark
electron density contrast for X-ray techniques if chosen appropriately, and allow simplification of
measurements due to the ability to withstand vacuum and high-temperature environments, while
avoiding limiting issues encountered with water management.5, 6, 39

Figure 7-1: Nafion chemical structure, NR211 membranes used, with values of n1 = 6-10, n2 = n3
= 1, n4 = 2.
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Figure 7-2: Ionic liquids used to swell Nafion to various uptakes, Table 7-2. From left to right,
imidazolium cations: EMI and BMI, and ionic liquid anions: TfO, BF4, and PF6.

Table 7-1: Commercially available perfluorosulfonate ionomers. E79 and E87 have Ew of 790
and 870, respectively, with the short side chain (SSC) structure (n4=0), with no CF3 on n3.

Ionomer Membrane

n values

Provider

Aquivion
Aquivion

NRE 211
NRE 212
N 115
N 117
N 1110
E79
E87

DuPont
DuPont
DuPont
DuPont
DuPont
Solvay
Solvay

n1
6-10
6-10
6-10
6-10
6-10
5
6

Flemion

--

Asahi Glass

N/A

N/A

N/A

N/A

Aciplex
Gore-Select
Gore-Select

-5600
5700

Asahi Chemical
W.L. Gore
W.L. Gore

N/A
N/A
N/A

N/A
N/A
N/A

N/A
N/A
N/A

N/A
N/A
N/A

Nafion

n1
1
1
1
1
1
1
1

n3
1
1
1
1
1
1
1

n4
2
2
2
2
2
0
0

7.2 Experimental techniques
The investigated ionomer membrane, Nafion NRE (NR) 211 with IEC of 0.91 mmol/g
(Ew=1100) and thickness of 1 mil (~25microns), Figure 7-1, was swollen using various RTILs,

213
Figure 7-2: 1-ethyl,3-methylimidazolium trifluoromethanesulfonate (EMI TfO), 1-butyl,3methylimidazolium

trifluoromethanesulfonate

(BMI

TfO),

1-ethyl,3-methylimidazolium

tetrafluoroborate (EMI BF4), 1-butyl,3-methylimidazolium tetrafluoroborate (BMI BF4), and 1butyl,3-methylimidazolium hexafluorophosphate (BMI PF6), to various uptakes, Table 1. After
removal of excess (surface) ionic liquid, samples were dried in vacuum between 90-110oC for a
minimum of 72 hrs before massing for wt% uptake. The reported “wt%” ionic liquid calculated
for Nafion is:

wt % 

swollen  bare
bare

(7-1)

where both bare Nafion before introduction to ionic liquid and swollen Nafion are massed after
high temperature vacuum drying. Weight percent RTIL uptake is converted to volume fraction
using each component’s density:

Vol. Fraction 

 massRTIL

massRTIL  RTIL
 RTIL    massNafion  Nafion 

(7-2)

where density, ρ, of Nafion and room temperature ionic liquids from literature are listed
in Table 7-2.

Table 7-2: Densities of dry Nafion and RTILS used for volume fraction conversion.40
Sample

Nafion

BMI PF6

EMI TfO

BMI TfO

EMI BF4

BMI BF4

Density (g/cm3)

2.08

1.37

1.38

1.30

1.28

1.21
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Table 7-3: Ionic liquids and measured uptake values in RTIL swollen Nafion NRE 211
membranes.
Uptake

Ionic Liquid

EMI

TfO

BMI

TfO

EMI

BF4

BMI

BF4

BMI

PF6

wt%
18
42
155
66
107
143
18
29
52
28
58
60
3.0
5.7
9.1
9.3
50
58
147

Volume fraction
0.213
0.388
0.700
0.512
0.631
0.695
0.226
0.323
0.458
0.324
0.498
0.509
0.044
0.080
0.121
0.124
0.430
0.470
0.690

RTIL/SO37.20
16.8
62.0
23.8
38.6
51.6
9.46
15.2
27.3
11.0
22.7
23.5
1.10
2.09
3.33
3.41
18.3
21.2
53.8

7.2.1 X-ray Scattering
To minimize the exposure of the materials to moisture, prepared membranes were dried
under vacuum at elevated temperatures (343–383K) for at least 72 hrs until the X-ray scattering
experiments could be performed. The X-ray scattering system used Cu Kα X-rays from a Rigaku
Ultrax18 rotating Cu anode generator operated at 45 kV and 100 mA.

The bright, highly

collimated beam was obtained via Rigaku micro-bead focusing and triple pinhole collimation
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under vacuum. The scattering data were collected using a Molecular Metrology multiwire area
detector with sample to detector distances of 50, and 150 cm corresponding to intermediate, and
small angle scattering. The 2-D data reduction and analysis were performed using Igor Pro 6.0.4
software from Wavemetrics Inc., using procedures developed at the Argonne National
Laboratory.41 Background scattering from a vacuum was subtracted from the samples’ scattering
after normalization by sample thickness, beam exposure time and direct beam intensity from
current measured by a photodiode in the beam stop. The I(q) data from the two sample-detector
distances were stitched together by multiplicative shifting on the intensity scale.

7.2.2 Dielectric Relaxation Spectroscopy (DRS)
A Novocontrol GmbH Concept 40 broadband dielectric spectrometer applying a.c.
voltage with amplitude 0.1V was used to study the linear dielectric and conductometric response
of all membranes.

Ionomer membranes were heated at 373K for a minimum of 72hrs under

vacuum on freshly polished brass electrode disks of 30mm diameter to ensure complete contact
and removal of water. This helps eliminate artificially high conductivity in hygroscopic samples
due to water. Sample geometry was dictated by membrane thickness, taken as the difference
between total thickness and total electrode thickness, before and after measurements using
micrometers after applying a top electrode of 10mm diameter, post-drying. Brass was selected as
the electrode material for reasons discussed previously.42
Before measurements, samples were annealed in the instrument at 423K for 1 hr under
nitrogen to facilitate further drying. Isothermal frequency sweeps from 10 7 Hz to 10-2 Hz were
conducted in 10K or 5K steps at temperatures down to 223K. Precise temperature control, within
+/- 0.05 K, was maintained at each setpoint.
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7.3 Results and Discussion

7.3.1 X-ray Scattering

BMI PF6 146.5wt%

2

10

BMI PF6 49.7wt%
BMI PF6 9.3wt%
BMI PF6 5.7wt%
BMI PF6 3wt%

1

I(q) (A.U.)

10

BMI PF6 0wt%

0

10

-1

10

-2

10

0.01

-1

q(Å )

0.1

Figure 7-3: SAXS of Nafion NR211 swollen with BMI PF6 to various uptakes listed in Table 73.

Figure 7-3 shows the X-ray scattering for Nafion NR211 swollen with BMI PF6 ionic
liquid. Low to intermediate uptake levels of RTIL exhibit a broad peak near 0.06Å -1, or dspacing of c.a. 10.5 nm, corresponding to the domain spacing between hydrophobic domains.20, 43
The hydrophobic domains, reminiscent of polytetrafluoroethylene (PTFE), are unaffected by the
introduction of hydrophilic ionic liquid, displaying consistent d-spacing over a broad range of
RTIL volume fraction. These large phase separated domains are known to behave as physical
crosslinks which provide Nafion with mechanical stability, and often have corresponding PTFE-
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like crystalline diffraction peaks near 1.0 Å-1 and 2.5 Å-1.22 The scattering peak at 0.2 Å-1 arises
from hydrophilic ionic domains, and has strong dependence on RTIL uptake.21, 22, 27, 44, 45 At low
ion content, the ionomer peak is relatively low intensity at 0.25 Å-1, and increases in intensity and
d-spacing with increasing volume fraction RTIL reaching q-values of 0.2 and lower. This ionic
peak correlation with RTIL volume fraction is universal across all ionic liquids tested here,

Intensity (A.U.)

Figure 7-4, and is reproduced using several small angle scattering instruments, Figure 7-5.
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EMI BF4 18%
EMI BF4 29.3%
EMI BF4 52%
BMI BF4 27.9%
BMI BF4 60.4%
BMI BF4 57.8%
EMI Tf 18%
EMI Tf 42%
EMI Tf 155%
BMI Tf 65.6%
BMI Tf 106.8%
BMI Tf 142.6%
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q (Å )
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Figure 7-4: SAXS of Nafion NR211 swollen with RTILs at various uptakes listed in Table 7-3
demonstrating universal scattering profile shifting with RTIL content.

218

0.690 BMI PF6
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Figure 7-5: SAXS of Nafion NR211 swollen with RTILs at various uptakes listed in Table 7-3,
including wider angles measured at the Army Research Labs which display the ionomer peak
near 0.2 Å-1.

At higher RTIL uptake, convolution of scattering peaks from hydrophobic and
hydrophilic domains necessitates the use of curve resolving techniques using Igor software,
Figure 7-6, where separate Gaussian functions are used to locate peak positions. Figure 7-7
reveals the volume fraction dependence of the scattering peaks associated with hydrophobic and
hydrophilic domains.
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Figure 7-6: Scattering profile fitting process used in Igor ® to establish d-spacing values for
scattering peaks (Figure 7-7 below), red points correspond to BMI PF6 0.124 volume fraction in
Nafion NR211 data, black curve represents a Gaussian fit to the hydrophobic spacing scattering
peak (2π/q location in Figure 7-7), green curve represents a Gaussian fit to the ionic scattering
peak.
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Figure 7-7: d-spacing values associated with both peak maxima displayed in Figure 7-6 for all
ionic liquids studied as a function of RTIL volume fraction in Nafion NR211, suggesting ionic
scattering feature correlates with volume fraction independent of ionic liquid type.
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Figure 7-7 emphasizes that the hydrophobic (PTFE-domain) peak has d = 10.5 nm
independent of volume fraction of polar ionic liquid, residing within the hydrophilic (ionic)
domain.

The ionic domain spacing increases linearly with volume fraction of ionic liquid

incorporated into the Nafion membrane.

This linear dependence has been noted in the

literature,22, 46 and agrees well with swelling of Nafion with water, where extrapolation provides a
dry membrane hydrophilic d-spacing of 2.7 nm, agreeing well with the 2.42 nm spacing
extrapolation observed here. The correlation between d-spacing and volume change, with the
observed power law of unity suggests particular scattering shapes identified by geometric
relations, Figure 7-8.

Figure 7-8: Scatterer shapes, and the corresponding volume dependence on ionic domain
dimension. RI corresponds to ionic feature changing with RTIL uptake, RT corresponds to the
hydrophobic, PTFE-like domains.

Figure 7-8 indicates a d-spacing corresponding to volume change would manifest as Φ1/3
for a sphere, Φ1/2 for a cylindrical core, and Φ1 for a sheet (lamellae) and also within the low limit
of spherical shell growth. The linear d-spacing does not discern the shape of the hydrophobic
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domain, only suggesting the ionic domain simply expands on the surface of the hydrophobic
domain, creating a surface layer that has linear Φ dependence. Previous studies suggesting sheetlike structure formation46 have largely been dismissed as inaccurate due to inconsistencies with
other physical characterization and lack of SAXS modeling fits.12 The dispersion casting method
of Nafion suggests the Nafion morphology initializes as a micelle in solution, similar to an ionic
shell object. During casting, solvent (water/isopropyl alcohol co-solvent mixture) is driven off,
and the morphology of typical spherical micelles would coalesce into tubes and subsequently
lamellae sheets.47, 48 It has been proposed that this full structural evolution in Nafion is inhibited
by microphase separation (and crystallization) of PTFE from ionic domains at sufficiently high
concentration. The phase separation in solution follows similar rules as limited coalescence,
where hydrophobic domain size is determined by the volume fraction of the excluded of
hydrophilic ionic groups (related to IEC) at the interface between the polymer and solvent. High
mechanical stability suggests connectivity between structural hydrophobic domains, such as
bundles of hydrophobic “elongated polymer particles,” encased in sheaths of ionic sites proposed
by Gebel et al.,22 Figure 7-9.

Figure 7-9: (a) Gebel bundles of size 800nm x 10-70nm cross section22 (b) Schematic crosssection of micelle tube-like polymer bundle, blue = polymer, red = ionic sites.

This elongated polymer particle theory is also proposed to give rise to the clean low-q
upturn in X-ray scattering due to regular hydrophobic bundle spacing. The micelle bundle or tube
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morphology (as opposed to a ribbon morphology23) has been reinforced from results of stretched
SAXS measurements,22, 43, 49 as well as birefringence measurements.50, 51
Early adoptions of ionic aggregate scattering models have been applied to Nafion by
many, including those such as Holdcroft, Gebel, and Diat.33, 38 The adaptation of the YarussoCooper modified hard sphere model is built around scattering from hard-sphere non-interacting
particles, with liquid-like disorder, within a polymer matrix of lower electron density.52

I (q)  (Const ) Vcore (qRcore ) 

1

2

 8V
1   ca
V
 avg


  (2qRca )


(7-3)

where the particle radius is defined by Rcore, with a corona of polymer representing steric
limitation between neighboring aggregates at radius Rca, the corresponding volumes associated
with those radii, Vcore and Vca, and the total average volume, Vavg. The constant parameter is
adjusted based on intensity, ε ≈ 1, and Φ is the spherical form factor:

( x) 

3(sin x  x cos x)
x3

(7-4)

and Figure 7-10 provides a schematic representation of the Yarusso-Cooper model for ionomer
microstructure applied to Nafion.

223

Figure 7-10: The Yarusso-Cooper hard-sphere scattering model (Equation 7-3) represented
schematically, with relative electron density profile below noting high electron density for ionrich aggregate cores.38, 52

Adjustments to the Yarusso-Cooper model in the Kinning-Thomas model, 53 Equation 75, for modified hard spheres adjust the multi-body correlation function54 to a non-interacting hard
sphere assumption for every scattering object in the system as a radial function from a central
particle,55 Equation 7-7.

I (q) 

(Const ) 2 (qRcore )
 G (2qRca ) 
1  24 

 2qRca 

(7-5)

where

4
3

   Rca3

1
Vp

(7-6)

and Φ remains spherical as described in equation 7-4, the Percus-Yevick structural factor is
expanded as:
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(7-8)

The Yarusso-Cooper and Kinning-Thomas models have been applied successfully to
describe ionomer peaks for Nafion membranes, Figure 7-11, however are still largely under
debate.12,

29

Orfino and Holdcroft used these models38 to identify ionic domain percolation

phenomenon as ionic clusters connecting via small (suggested single sulfonate) ionic sites bridges
between clusters, rather than full ionic channels. This model is reproduced and compared in
Figure 7-11.
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Figure 7-11: (a) Original scattering data fit by Holdcroft et al. and (b) Rebuilt scattering model
using Equation 7-3.

Despite several decades of structural studies on Nafion, there is still hesitation on the use
of a single universal model describing the structural evolution of Nafion with increasing levels of
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water (or polar fluid).12, 15, 20, 23, 24, 33, 46, 56 Several models apply random interpenetrating network
statistics which successfully describe the scattering,23, 24 however do not provide extensive insight
to structure-property relation based on PFSA solution micelle origins.
The spherical model above is convenient for traditional sulfonated ionomers such as
sulfonated polystyrene57-59 at low volume fraction ion phase, where isolated spherical ionic
aggregates are expected. Adjustment to the scattering profile towards that which is suggest by
Gebel22 requires modification to the form factor Φ(x). As ionic domains percolate and scattering
objects begin to resemble the micelle tube-like bundles more at higher uptake, simple adjustments
to the form factor can used to describe the ionic domain scattering.47, 48
Shell structures can be incorporated into the form factor through the subtraction of the
core scattering, or assumption that the core and matrix (solvent) material share similar electron
density, with higher contrast from the corona. Equation 7-9 describes the spherical core-shell
form factor60 which can be easily substituted into the Kinning-Thomas model in place of the
spherical assumption:

 3(sin xint  xint cos xint ) 3(sin xext  xext cos xext ) 
( x)  


xint 3
xext 3



(7-9)

where x = 2qRsubscript, and int and ext subscripts refer to interior and exterior radii, respectively.
Elongation adjustments to object shape can be incorporated into this form factor to assemble the
cylindrical shell profile representing hydrophobic bundles suggested by Gebel:

 2
2 sin(qR1 )  qR1 cos(qR1 ) 
 R1 ( 1   s )

(qR1 )3
L

( x)   N

q
2 sin(qR2 )  qR2 cos(qR2 )  
  R22 (  2   s )

(qR2 )3



2

(7-10)
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where N is the number of scattering objects, L is object length, ρ is electron density, and
subscripts 1, 2, and s refer to inner core, outer shell, and surrounding matrix (solvent). The next
stage of modeling will involve applying the elongated bundle-shell form factor to the higher
volume fraction ionic liquid X-ray scattering data. Classic scattering model concepts16-18, 29, 30, 32
describing ionic domains and percolation at low uptakes are still capable of agreeing with bundle
(elongated polymer particle) morphology, as ionic aggregates on the surface of polymer micelle
bundles are capable of percolating through the proposed ionic bridge mechanism described by
Holdcroft.
The assumption of shell structures thickening with increasing volume fraction delineates
at intermediate volume fraction, as displayed in Figure 7-12. Once beyond a certain thickness, the
shell layer becomes an increasingly significant portion of the scattering object volume (> c.a.
0.4). Above this volume fraction, the object shell grows at a rate similar to the overall object
shape, i.e. spherical or cylindrical, rather than simply a sheet curved on a surface.

12

2 / q (nm)

10

Ionic Peak
Spherical shell
Cylindrical shell

8
6
4
2
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
RTIL

Figure 7-12: Scattering peak 2π/q value versus volume fraction plotted alongside ideal spherical
and cylindrical shell thicknesses assuming Gebel’s elongated polymer bundle core of average
radius 2nm.
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Figure 7-12 illustrates simple shape assumptions of spherical and cylindrical shells,
where impinging scattering objects yield ionic layer thickness, such as a bilayer interface between
spheres. Progress in the field of scattering has moved towards the use of more complex scattering
form factors designed around these non-spherical assumptions. Work by Kreuer et al. focuses
primarily on low-q features, providing tortuosity of ionic channels as a tunable model
parameter.13 Others have pointed to deliberate restriction of nearest scattering neighbors based on
packing constraints during micelle formation.

Building upon this concept, there has been

development in the understanding of tetrahedral packing,6, 15, 22, 61, 62 rather than traditional cubic
array, and has proven more accurate in describing ionic conduction at low uptakes. In depth
analysis using structural, conductive, and geometrical constraints is shown in Figure 7-13, which
focus on four-coordinated cages, primarily in a tetrahedral configuration.6 This model provides
possible packing configurations for ionomeric micelles, reminiscent of ionic channels forming
core-shell structures. Although these configurations were noted to be speculative, recent highangle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) imaging
reveals ionic phase formation in acidic polymers consistent with this model,63 Figure 7-14. The
use of ionic liquids in imaging has provided insight into channel thickening upon use of bulkier
counterions, while enhancing contrast.

These recent concurrences emphasize that X-ray

techniques, physical modeling, and imaging are converging towards a better understanding of
ionomer microstructure assembly and morphology, allowing future logical design of ion
containing polymers.
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Figure 7-13: Possible four-coordinated cage constructions from (left) a truncated tetrahedral
cage, with hexagonal facets, and the same cage enforced by (middle) three principle diagonals
and (right) 4 short (side) diagonals on each facet.6

Figure 7-14: HAADF-STEM images of 35nm thick poly(styrene sulfonate)-bpoly(methylbutylene) cast film, annealed in water vapor, exhibiting a honeycomb ion cluster
morphology (ionic clusters appear as bright spots).63

The ability to correlate structure with transport phenomena is important for a range of
electroactive applications which use Nafion and other perfluorosulfonic acid ionomers. The use
of room temperature ionic liquids provides superior contrast in comparison to water-swollen
membranes, while maintaining consistent morphology evolution with hydration. The strong
contrast provided by ionic liquids offers clean scattering data at low uptakes, which can be used
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to understand actuator transport phenomena from devices fabricated using these RTIL swollen
Nafion substrates.

7.3.2 Dielectric Spectroscopy

7.3.2.1 Ionic Conductivity
To correlate volume fraction of ionic liquid to actuator response, we observe ionic
conductivity and electrode polarization timescales determined from dielectric spectroscopy,
which can provide insight regarding actuator response speed, charge accumulation and bending
strength. DC conductivity, DC, defined as the in-phase conductivity  '     "    0 , is
independent of frequency over approximately a three decade range where ions are capable of
diffusive motion in response to the applied electric field.

DC (S/cm)
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Figure 7-15: Ionic conductivity as a function of temperature for Nafion NR211 swollen with five
different volume fractions of BMI PF6 ionic liquid, the pure (dry) Nafion membrane, and the pure
BMI PF6.
Figure 7-15 shows that the DC conductivity follows a Vogel-Fulcher-Tammann
temperature dependence for BMI PF6 swollen Nafion and is well described by the VFT equation:

 B 

 T  T0 

 DC    exp 

(7-11)

where σ∞ is the conductivity at arbitrarily high temperatures, T0 is the Vogel temperature, and B is
inversely related to the deviation from Arrhenius behavior.

Typically a VFT temperature

dependence correlates to ionic motion coupled to polymer backbone motion, however, the
hydrophobic fluorinated backbone of Nafion does not significantly contribute to the conduction
mechanism, which occurs within the ionic domains. The bare Nafion has a nearly Arrhenius
temperature dependence as expected. As ionic liquid content is increased, so does the deviation
from Arrhenius temperature dependence. The VFT temperature dependence corresponds to the
ionic liquid, which is a non-crystalline glass former and exhibits its own Tg corresponding to local
motion. At low volume fraction of ionic liquid, the conductivity is similar to that of the bare
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Nafion membrane, approaching the same σ∞. Beyond the percolation volume fraction, near 0.1,
ionic conductivity gradually increases, as does σ∞, where sufficiently swollen membranes exhibit
similar VFT behavior as the pure ionic liquid without confinement.

Similar conductivity

temperature dependence beyond the percolation limit is universally observed in membranes
swollen with other ionic liquids from Table 7-2, corresponding to ionic liquids residing within the
Nafion sulfonate domains. This undoubtedly indicates that actuators using RTIL swollen Nafion
should respond faster with increased conductivity from higher ionic liquid uptake. To extract the
relevant timescales related to membrane actuator response and the magnitude of the polarization,
we turn to the electrode polarization model.

7.3.2.2 Actuation Timescale and Strength
Electrode polarization is seen in dielectric measurements at low frequencies, as ions
polarize at their corresponding electrodes, causing increased capacitance, and lower
conductivity.64-66 In previous chapters we have utilized Macdonald’s mean-field model67 of EP to
extract information about counterion mobility.42 This is not practical in this scenario due to the
convolution of ionic motion among cations, anions, and Nafion counterions, which cannot be
assumed to share identical mobility. However electrode polarization can be fit using a Debye
model to determine specific timescales relating to actuator response.
Two observable timescales can be defined for measurement of ion transport properties, 42
the timescales for conduction (ηζ), and electrode polarization (ηEP):

 

 s 0
 DC

(7-12)

 EP 

 EP 0
 DC

(7-13)
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where εs is the measured static dielectric constant of the sample before electrode polarization, ε0
is the permittivity of vacuum and εEP is the significantly increased dielectric constant after
electrode polarization. The Macdonald model treats electrode polarization as a simple Debye
relaxation and the loss tangent is fit to obtain the timescales in Equations (7-12) and (7-13).64, 67

tan  

 EP
1   2  EP

(7-14)

The angular frequency, ω, dependence of the loss tangent is fit to Equation 7-14, to
determine  and EP. The onset of electrode polarization is noted as the geometric mean between

EP and , (EP)1/2, which corresponds to the formation of the ionic layer polarizing at the
electrode surface, initiating actuation response, Figure 7-16.
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Figure 7-16: Timescale for the onset of electrode polarization (start of actuation), calculated as
the geometric mean of the timescales for ion conduction and completed electrode polarization
(Equations 7-12, 7-13) for Nafion membranes swollen with RTIL at various volume fractions.

The timescale for the onset of actuation in Figure 7-16 quantifies the decrease in
actuation timescale with increasing RTIL volume fraction and increasing temperature. The low
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0.08 volume fraction sample (below the percolation limit) follows closely to the dry Nafion
response time. Only a 10% increase in volume fraction of RTIL beyond the percolation (critical
uptake) limit decreases the actuation response time by approximately an order of magnitude,
while following a nearly Arrhenius temperature dependence.

The relation between these

timescales and conductivity, Equations 7-12, and 7-13, provides insight into the dielectric
constant before and after electrode polarization, respectively.
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Figure 7-17: Static dielectric constant before the onset of electrode polarization calculated from
the fit of the loss tangent to Equation 7-14.

The static dielectric constant before the onset of electrode polarization is low at low RTIL
volume fractions and reasonably high for larger volume fractions of Nafion swollen with RTIL.
This initial low dielectric constant arises from the restriction of ionic dipole motion due to
confinement within ionic domains, acting like elongated ionic aggregates. Higher RTIL uptakes
provide channel expansion, leading to labile ions which are further away from Coulombic
interactions from restricted sulfonate sites on the polymer bundle surface. The higher uptake
membranes exhibit higher static dielectric constants near or above the pure ionic liquid with
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moderate polarity (approximately 15). The high ionic volume fractions in Nafion above the
critical uptake appear to enhance the overall dielectric constant due contribution from the
membrane dipoles being more polarizable than the RTIL alone.
After the completion of electrode polarization, ions have accumulated at the Debye layer
on the electrode surface, providing the volume for electroactive actuation. The dielectric constant
after EP is related to the timescale of polarization by Equation 7-13. This definition predicts the
direct scaling of polarization strength with polarization time and ionic conductivity:

 EP   EP DC

(7-15)

where figure 7-18 compares εEP for Nafion over the broad range of RTIL uptakes.
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Figure 7-18: Dielectric constant of Nafion NR211 swollen with ionic liquid, on timescales
beyond the completion of electrode polarization.

Figure 7-18 shows that εEP has Arrhenius temperature dependence at low volume fraction
ionic liquid. Since dielectric constant after electrode polarization, εEP, is proportional the number
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density of ions capable of polarizing (p), this value of conducting ions obeys the same Arrhenius
temperature response:

p  p0 exp(2E / kT )

(7-16)

Where p0 is the number of polarizing ions in the high temperature limit, and 2E is the
activation energy (extracted from the relation of [τEP/τσ]2) for cationic and anionic conducting ions
tightly bound near SO3- groups in ionic domains, whose relation to electrode polarization
timescales is:

1   EP 
p


 lB L2    

2

(7-17)

where lB is the Bjerrum length and L is the sample thickness. Equations 7-16 and 7-17 for lowvolume fraction uptakes, using Equations 7-12 and 7-13, provide the simple relationship:

 EP  EP
 E 

 exp 


s
 kT 

(7-18)

The phenomena of tightly bound ions and percolation limit can be related to the Bjerrum
length, which is approximately 3.7nm for BMI PF6, and other RTILs. Below the percolation limit,
the ionic sites have insufficient ionic liquid, however wherever RTIL resides, the spacing
between ions is far smaller than the Bjerrum length. The critical uptake simply corresponds to
where RTIL percolates, and the SO3- groups attract RTIL to open the ionic domain and establish
continuity, until each SO3 group has a specific number of surrounding ionic liquid.

The

approximate amount of BMI PF6 per SO3- at the critical uptake is 2.7, which is in good
agreement of volume fraction water at percolation in literature.
Above the percolation limit, there is sufficient ionic liquid where overlapping Bjerrum
lengths provide lower barriers to ion motion, yielding facile ion motion and low activation energy
for conducting ion density, p, explaining the dramatic change of εEP from below percolation to
above percolation in Figure 7-18. Once Nafion is swollen sufficiently beyond percolation, εEP
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remains relatively unchanged with increasing volume fraction, and is independent of temperature.
This phenomenon is important for actuator design, where the number of polarized ions, and
consequently actuation strength, is roughly constant beyond the percolation limit. Figures 7-16
and 18 suggest that once Nafion is swollen sufficiently past the percolation threshold, additional
RTIL provides faster actuation response, but no significant additional actuator strain.

7.4 Summary
Nafion membranes were swollen with room temperature ionic liquids similarly to ionic
actuator analogs9 in order to investigate morphology and fundamental ion transport for
membranes used in ionic actuators. The ionic liquids migrate to polar ionic domains, comparable
to hydration in PEMFC studies; however provide stark electron density contrast for X-ray
scattering. The structural evolution of Nafion membranes was observed as a function of liquid
volume fraction, and agrees reasonably well with ionomer scattering by Gebel in hydrated
analogs. The high contrast provided by use of ionic liquids allows for more straightforward
application of scattering models, agreeing with Holdcroft at low volume fractions, while modified
scattering models are ever evolving based upon new imaging techniques and packing constraints.
Ionic conductivity below the Nafion percolation limit is low and approaches that of the dry
membrane; ionic liquid uptakes beyond percolation provide a systematic increase in ionic
conductivity approaching that of the pure liquid. Application of the electrode polarization model
provides evidence that Nafion membranes swollen above the percolation volume fraction, exhibit
decreased response time as ionic liquid content is increased, while actuation strength remains
unchanged. The structure-property relationships developed from these observations are important
for materials design and tuning of substrates for ionic actuator devices.
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Chapter 8
Summary and Suggested Future Work

8.1 Summary
The field of ionomers has been expanding for nearly half a century due to intriguing and
tunable material properties for use in a wide range of applications.1-3 The work presented in this
dissertation provides structure-property relationships governing morphology, and the motion of
ions and polymer segments for use in electroactive applications such as batteries, transducers, and
actuators.
PEO-based polyester sulfonate ionomers were characterized to study the correlation of
ionomer segmental dynamics, morphology, ion transport properties and dielectric constant as
sulfonate content is increased. Dielectric relaxation spectroscopy revealed high ion content to
exhibit slower segmental dynamics and consequently higher glass transition temperatures (Tg).
DC conductivity was shown to be strongly coupled to segmental dynamics, and consequently led
to lower ionic conductivity for high sulfonate content ionomers at ambient temperature owing to
elevated Tg. X-ray scattering at room temperature reveals Li ionomers to have ionic aggregation,
and a lack of an ionomer peak in Na ionomer x-ray scattering at ambient temperature. Heated Xray scattering exposed increasing ionic aggregation with increased temperature in Na ionomers,
consistent with dielectric The field of ionomers has been expanding for nearly half a century due
to intriguing and tunable material properties for use in a wide range of applications. 1-3 The work
presented in this dissertation provides structure-property relationships governing morphology,
and the motion of ions and polymer segments for use in electroactive applications such as
batteries, transducers, and actuators.
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PEO-based polyester sulfonate ionomers were characterized to study the correlation of
ionomer segmental dynamics, morphology, ion transport properties and dielectric constant as
sulfonate content is increased. Dielectric relaxation spectroscopy revealed high ion content to
exhibit slower segmental dynamics and consequently higher glass transition temperatures (Tg).
DC conductivity was shown to be strongly coupled to segmental dynamics, and consequently led
to lower ionic conductivity for high sulfonate content ionomers at ambient temperature owing to
elevated Tg. X-ray scattering at room temperature reveals Li ionomers to have ionic aggregation,
and a lack of an ionomer peak in Na ionomer x-ray scattering at ambient temperature. Heated Xray scattering exposed increasing ionic aggregation with increased temperature in Na ionomers,
consistent with dielectric constant temperature dependence for Li, Na, and Cs ionomers extracted
from the Macdonald electrode polarization model in dielectric spectroscopy.

At elevated

temperatures, solvating PEO chains are expelled from partially solvated Na ionic aggregates,
exposing an ionomer peak near 2.5nm-1 in X-ray scattering. This observation has important
consequences for PEO-based polymer electrolytes designed for rapid ion transport.
Similar copolymer ionomers of sulfonated phthalates with PEO and PTMO spacers were
synthesized in order to investigate the influence of the trade-off between solvating ability of PEO
and faster segmental dynamics of PTMO on ion transport properties. The relatively subtle
transition from 2 to 4 carbons between oxygens leads to dramatic differences in ionic
aggregation. While conducting ion content remains nearly unchanged, conductivity is lowered
upon incorporation of PTMO, because microphase separation strongly influences mobility by
confining ions to the PEO microdomain.

Dielectric constants and X-ray scattering show

consistent changes with temperature that suggest a cascading aggregation process in Na ionomers
as ionic dipoles thermally randomize and lower the measured dielectric constant of the medium,
leading to further aggregation. We observe amplified microphase-separation through ionic groups
preferentially solvated by PEO chains, as seen in block copolymers with added salt. 4-7 Even at
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25%PEO / 75%PTMO the ionomers have VFT temperature dependence of conducting ion
mobility, meaning that the 25% PEO/ion microphase is still continuous. This observation may
have important consequences for building solid polymer electrolytes exhibiting rapid ion
transport.
The PEO polyester ionomers exhibiting no microphase separation of ions at low
temperatures provided melt rheology data for application of tTS. The superposition principle
works perfectly for non-sulfonated polymers, and is successful but less perfect for sulfonated
PEO ionomers. Beyond the association lifetime of an ionic sticker t > η, tTS works well for PEO
polyester ionomers. Non-aggregated ions still participated in interactions with ether-oxygens on
the PEO backbone, giving rise to a delay in Rouse dynamics. A model was devised for ionic
association chain dynamics, providing predictive relaxation modulus for nonionic and ionic
Rouse dynamics. The model applied to both nonionic and ionic cases successfully, revealing a
9.3 x 104s delay in Rouse dynamics in PEO 600 Na 100% sulfonate content.
Counterion dynamics in a sulfonated polyester ionomer were studied via exchange to
various cation moieties. Sodium ions were replaced with ionic liquid cations and thermal,
rheological, and dielectric properties showed enhancements for electro-active applications.
Trends in Tg, conductivity, conducting ion density, mobility, and dielectric constant provide
insight to desirable counterion properties.
Firstly, large sterically hindering counterions are necessary for proper disruption of
associated ion pairs, causing inability of multiple ion pairs to pack due to steric effects or
asymmetry of dipoles, which results in suppressed Tg. The disruption of aggregates or physical
crosslinks is also observed in SAXS as a decrease in scattering in the ionomer peak region.
Linear viscoelasticity provides terminal response times that are shortened with larger cations
which disrupt physical cross-links. Secondly, ether-oxygen functionality on cations provides
self-solvating characteristics which enhance ionic conduction through other means than
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suppressed glass transition temperature.

Application of the Macdonald model for electrode

polarization reveals improvements in conducting ion density and mobility. A note must be made
that while ions with large sidegroups may appropriately lower Tg and improve conducting ion
content and mobility, excessive size eventually hinders ionic mobility. In electro-active devices,
ionic liquid cations allow increased performance through tuning of intrinsic material properties by
using the ability of large counterions to plasticize and disrupt ion associations without additional
solvent. Those large ions should presumably also generate more strain in electrode polarization,
relevant to actuators.
Nafion membranes were swollen with room temperature ionic liquids similarly to ionic
actuator analogs8 in order to investigate morphology and fundamental ion transport for
membranes used in ionic actuators. The ionic liquids migrate to polar ionic domains, comparable
to hydration in PEMFC studies; however provide stark electron density contrast for X-ray
scattering. The structural evolution of Nafion membranes was observed as a function of liquid
volume fraction, and agrees reasonably well with ionomer scattering by Gebel in hydrated
analogs. The high contrast provided by use of ionic liquids allows for more straightforward
application of scattering models, which agree with Holdcroft at low volume fractions, and
modified scattering model fitting is currently underway for intermediate and high volume
fraction. Ionic conductivity below the Nafion percolation limit is low and approaches that of the
dry membrane; ionic liquid uptakes beyond percolation provide a systematic increase in ionic
conductivity approaching that of the pure liquid. Application of the electrode polarization model
provides evidence that Nafion membranes swollen above the percolation volume fraction exhibit
decreased response time as ionic liquid content is increased, while actuation strength remains
unchanged. The structure-property relationships developed from these observations are important
for materials design and tuning of substrates for ionic actuator devices.
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8.2 Suggested Future Work
While the work in this dissertation provides an in depth understanding into morphology,
dynamics and ion transport in polymer electrolytes, there are a wide range of facets to the field
yet to be explored. The suggestions provided herein are natural extensions of the research
discussed, or are continuations of the preliminary work in the appendices to follow.
PEO copolymer ionomer design with optimized conductive properties can benefit from
the results in Chapters 3 and 4, and provide a foundation for investigation of higher modulus
polymer electrolytes. Chapter 6 suggests large ionic liquid counterions are beneficial for use in
ionomeric actuators due to diffuse charge and steric effects, providing evidence for pursuing
design of lower electronegative charge centers. Chapter 7 dielectric results indicate ionic liquid
actuators may benefit from investigation into the use of single-ion conductors.

8.2.1 PEO Copolymer Ionomer Design
The PEO ionomers studied extensively by the DOE group at Penn State offer an
opportunity to study PEO electrolytes while fine tuning both ion conducting and mechanical
properties. The major focus of this research initiative centers on improving conductivity and
understanding transport phenomena, however, poor mechanical properties remains an important
design issue in the application of polymer electrolytes.
Firstly, Chapters 3 and 4 identifies the optimization of ions capable of saturating within
the PEO conducting phase. The highest ambient temperature conducting PEO sulfonate ionomers
from these chapters are the 17% sulfonated phthalate ionomers corresponding to an ion content of
1.22 x 1020 cm-3, and should be the focus of future investigations. It would be beneficial to
combine this knowledge with careful design of PEO/PTMO copolymer ionomers, where all ions
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are assumed to reside within the higher dielectric constant, PEO conducting phase. Since the
number of ions conducing within the PEO phase is independent of sulfonate and PEO content,
potential copolymers containing PEO and non-solvating comonomers can be designed with a
maximum of 1.22 x 1020 cm-3 ion content. This maximum limits the effective Tg increase
associated with the increase in ion content in the PEO conducting phase thereby maximizing
conductivity at ambient temperature.
Chapter 4 suggests the low polarity comonomer does not participate in the conduction
process, enabling copolymer design to include a selection of a non-conducting phases that
provide mechanical enhancement, providing that the PEO conducting phase remains continuous.
This mechanical enhancement can be achieved via the use of urethane linkages or urea linkages,
imparting a continuous reinforcing hard phase. This may, however, lead to phase mixing due to
interactions of hydrogen bonding with the abundance of polar moieties in an ion-PEO phase.
In addition, mechanical reinforcement can also be achieved though the formation of
crystalline domains. Research by Wang et al. reveals that a PEO ionomer using higher molecular
weight PEO oligomer (M>1100g/mol) is capable of extended chain crystal formation, and
excludes ions to the crystal surface, limiting larger crystal formation.9 Ionomer design using both
high and low molecular weight PEO may impart solid like mechanical properties from crystal
formation, and high ion conductivity in a continuous conducting amorphous phase. Synthesis
from the first stage of the melt transesterification allows the formation of diols, effectively endcapping each PEO with sulfonate ions. Using this synthetic step for high molecular weight PEO,
followed by a separate step with the addition of PEO 600 oligomers may allow design of semicrystalline ABA triblock copolymer ionomers, with a low-Tg PEO continuous phase. Due to the
non-conducting nature of crystalline domains, a higher molecular weight PTMO would be a
viable candidate, as it more readily crystallizes than PEO, and has proven to phase separate from
both the PEO phase and ions.
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A systematic investigation into the role of PTMO molecular weight and sulfonated
phthalate content in PEO/PTMO (e.g. 50/50) will allow the mechanical properties to be studied as
PTMO is reaches sufficient length between sulfonate sites to crystallize. PTMO ionomers are of
particular interest with varied ion content, or PTMO spacer length, to investigate the rubbery
plateau magnitude, such as chains may be stretched between ionic sites at M=650, where a lower
plateau modulus may be observed from similar ion content and larger PTMO spacer length.
Concurrently, optimization of ion content and Tg using 1.22 x 1020 cm-3 ion content will minimize
the increase in Tg of the conducting phase. Low-Tg conducting domains may be particularly
critical in this study, as the conducting phase may suffer confinement effects as the PTMO phase
solidifies.

8.2.2 Phosphazenium Based Counterions
Chapter 6 provides evidence that large ionic liquid counterions are beneficial for use in
ionomeric actuators due to diffuse charge and steric effects. The presence of ether-oxygen on
ammonium cations suggests a self-solvating mechanism beneficial towards increasing conducting
ion density.

Work in Appendix B explores phosphonium analogs with various cation

architectures, with the general result that phosphonium cations provide slightly higher conducting
ion density than ammonium counterion analogs. This small shift is likely due to the lower
electronegative phosphorous charge center, allowing more diffuse charge distribution across
neighboring carbons than in ammonium cations. The increase in conducting ion density through
the use of phosphonium is noticeable; however it is not significant in comparison to the increase
obtained using self-solvating cations, and it is suggested to pursue further investigation into
diffuse-charge phosphonium ions.
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Recent work by Wang et al.10 investigates ionomers with ether-oxygen functionalized
phosphonium counterions, which has the adverse effect of increasing ionomer Tg above that of
the ionomer with alkylated phosphonium counterions. Modeling from ab initio suggests the use
of a phosphazenium cation would achieve the desired diffuse charge effect from a phosphorous
charge center. A study of ionomers exchanged to contain phosphazenium counterions with varied
alkylation lengths would be appropriate to gain fundamental understanding of charge distribution
on complex counterions.

Studying dielectric, morphological, and mechanical properties of

ionomers with a series of phosphazenium cations would provide useful information for design in
the field of ionomeric actuators, which is actively involved in ionic liquid design.
Subsequently, it is suggested to incorporate phosphazenium ions into design of
polycationic phosphazenium ionomers. The thermo-oxidative resilience of phosphazene
chemistry by Allcock et al. suggests the use of phosphazenium may be viable in other
electroactive devices, such as alkaline fuel cells. The diffuse charge nature of phosphazenium
ions would provide high ion dissociation of anion counterions, such as OH-, which would be of
potential interest to the alkaline fuel cell field to provide high ionic conductivity at low hydration
levels. Alkaline fuel cells operate on similar principles as PEMFCs, but conduct hydroxyl
radicals in place of hydronium ions, and do not require expensive platinum catalyst for operation.
However, the harsh, high pH operating conditions of alkaline fuel cells, are degrading to many
current membrane chemistries. The use of phosphazenium ionomers would provide a more
chemically stable ionomer membrane, and merge the fields of fuel cells and ionic liquid design.

8.2.3 Single-ion Actuator Design
Ionic liquid-based actuators, described in Chapter 7 use the polarization of ionic liquids,
however suffer from the drawback of both cation and anion conduction.

This leads to
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inefficiencies due to both ions polarizing which results in bending strength corresponding to the
difference in cation and anion volumes. Ionic liquid actuators are also limited by mobile ion
diffusion coefficients, which may differ for anions and cations while intercalating into
complicated porous electrodes, leading to a back-bending motion as slow ions gradually penetrate
the electrode material on longer timescales. Further research and development of single-ion
actuators is highly desired to alleviate these issues.
Appendix D approaches an early adaptation of single-ion actuators, where Nafion
counterions are exchanged to BMI ionic liquid cations, and swollen using high polarity solvent.
The high polarity (εs ≈ 105) formamide solvent is capable of successfully percolating the Nafion
ionic channels to solvate BMI and screen interactions from surrounding SO3- groups. This is
characteristic of simple polar solvents such as water, however formamide, like ionic liquids, has
nearly negligible vapor pressure at ambient temperatures, allowing sustained actuator use without
diminished performance from membrane drying. While this study is underway in Appendix D,
further research is warranted to maximize bending strength, as total ion content is lower for single
ion conductors.

Combined insight from Chapters 6, 7, and Appendix B suggest a larger

counterion would be beneficial. Research of ether-oxygen functionalized cations with varying
side-chain length (cation size), would provide a basis to correlate dielectric properties such as
electrode polarization to ion size and actuator performance directly, and would improve singleion actuator bending strength and response time.
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Appendix A
Supplemental Figures for Chapter 4

Figure A-1: PEO/PTMO (25/75) Li ionomer small, intermediate, and wide angle X-ray scattering
data at elevated temperatures.

Figure A-2: PEO/PTMO (75/25) Li ionomer small, intermediate, and wide angle X-ray scattering
data at elevated temperatures.
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Figure A-3: PEO/PTMO (25/75) Na ionomer small, intermediate, and wide angle X-ray
scattering data at elevated temperatures.

Figure A-4: PEO/PTMO (75/25) Na ionomer small, intermediate, and wide angle X-ray
scattering data at elevated temperatures.
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Figure A-5: Derivative loss shows a single resolvable alpha process of nonionic copolymers,
supporting the nonionic DSC results.

Figure A-6: Segmental relaxation strength as a function of PEO content and temperature for
PEO/PTMO ionomers with Li and Na counterions.
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Figure A-7: Ionic segmental relaxation peak frequency of PEO/PTMO ionomers with (a) Li and
(b) Na counterions as functions of PEO content and temperature.

Figure A-8: Temperature dependent dielectric constant for PEO/PTMO nonionic copolymers.
Solid lines are thermal randomization (1/T) fits of data in the vicinity of 303K to Equation 4-16
with parameters listed in Table 4-3.
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Figure A-9: Onsager prefactors for PEO/PTMO copolymer sulfonate ionomers with Li (blue)
and Na (red) counterions.
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Figure A-10: X-ray scattering Invariant (Q) vs. wavevector (q) for PEO/PTMO Li copolymer
ionomers normalized using the amorphous halo, Figure 4-5a.
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Table A-1: Glass transition temperatures of PEO sulfonated polyester ionomers with Na and Li
counterions compared to a predicted Tg from a three-component Fox equation, Equation 4-1, as a
function of volume fraction, Φ of PEO, non-sulfonated phthalates (NP), and sulfonated phthalates
(SP). Fox equation fitting yields TgPEO = 214 K, TgNP = 285 K, TgSP (Na) = 690 K, TgSP (Li) = 475
K.
Sample

ϕPEO

ϕNP

ϕSP

predicted

measured

PEO 600-Na 0.0%
PEO 600-Na 3.6%
PEO 600-Na 6.0%
PEO 600-Na 11%
PEO 600-Na 17%
PEO 600-Na 49%
PEO 600-Na 100%

0.75
0.75
0.78
0.77
0.77
0.74
0.69

0.25
0.239
0.19
0.19
0.17
0.10
0.00

0.00
0.011
0.021
0.040
0.056
0.16
0.31

228
229
230
232
234
247
268

228
229
230
232
233
245
271

predictedmeasured
0K
0K
0K
0K
1K
2K
-3 K

PEO 600-Li 0.0%
PEO 600-Li 3.6%
PEO 600-Li 6.0%
PEO 600-Li 11%
PEO 600-Li 17%
PEO 600-Li 49%
PEO 600-Li 100%

0.75
0.75
0.75
0.748
0.746
0.736
0.72

0.25
0.24
0.229
0.22
0.205
0.124
0.00

0.00
0.01
0.021
0.032
0.049
0.14
0.28

228
229
230
231
232
240
253

228
229
227
228
230
239
255

0K
0K
3K
2K
2K
1K
-2 K

Table A-2: The DSC Tg of each component is fit to Equation 4-1 (Fox Equation) using Tg values
TgPEO = 214 K, TgSP (Na) = 690 K, TgSP (Li) = 475 K, obtained from the fitting described in Table
A-1, and adjusting the SP volume fraction for the three PEO/PTMO copolymer ionomers to
determine ΦPEO and ΦSP. The three volume fractions for the Total Sample are determined from
NMR and the partitioning of ions in the last column is defined as δSP= [ϕASP(ϕTPEO/ϕAPEO)]/ϕTSP.
Sample
PEO/PTMO Na (100/0)
PEO/PTMO Na (75/25)
PEO/PTMO Na (50/50)
PEO/PTMO Na (25/75)
PEO/PTMO Li (100/0)
PEO/PTMO Li (75/25)
PEO/PTMO Li (50/50)
PEO/PTMO Li (25/75)

Phase A
(PEO)
ϕAPEO
ϕASP
0.69
0.31
0.69
0.31
0.67
0.33
0.63
0.37
0.72
0.69
0.67
0.54

0.28
0.31
0.33
0.46

Total Sample

ζSP

ϕTPEO
0.69
0.52
0.34
0.17

ϕTPTMO
0.00
0.19
0.38
0.56

ϕTSP
0.31
0.29
0.28
0.28

1.00
0.83
0.62
0.36

0.72
0.53
0.35
0.17

0.00
0.19
0.38
0.56

0.28
0.27
0.27
0.26

1.00
0.88
0.63
0.55

Appendix B

Counterion Dynamics in Polyester-Sulfonate Ionomers with Ionic Liquid
Counterions: Phosphonium

Introduction
Counterions based on phosphonium are investigated as analogs to ammonium cations
studied in Chapter 6. The lower electronegativity of phosphorous relative to nitrogen gives
insight to more proficient charge distribution on counterions.

Diffuse charge centers on

counterions suggests higher conducting ion density due to altered electrostatic interactions.

Figures

Figure B-1: Polyester-sulfonate ionomer structure, with ratio of sulfonated and neutral phthalates
determined by NMR, Mn 8000g/mol, theoretical ion content 4.43 x 1020 cm-3 for the Na-ionomer.
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Figure B-2: Cationic counterion structures: tetramethylphosphonium, tri(isobutyl)methyl
phosphonium, tetrabutylphosphonium, tri(phenyl)styrylphosphonium, left to right, respectively.
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Figure B-3: Calorimetric glass transition temperatures of the polyester ionomer as a function of
counterion size estimated from average cation cross-sections from ab initio (± 0.5 Å), compared
to ammonium counterions from Chapter 6.
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Figure B-4: Small-angle X-ray scattering at a sample to detector distance of 50cm for the
polyester ionomer as a function of phosphonium counterion. Scattering normalized by sample
thickness, scattering time, and beam intensity.
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Figure B-5: Linear viscoelastic properties via oscillatory shear of polyester-sulfonate ionomers
containing ammonium and phosphonium ionic liquid counterions, closed symbols represent
storage modulus G’, and open symbols represent loss modulus, G”. Master curves referenced to
100oC are then divided by vertical shift factor, x for clarity. ■Na (x = 1); ●Me N (x = 10);
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261
Table B-1: Linear viscoelastic timescales at 100oC, η0 represents the monomer time as the inverse
of the higher frequency at the maxima in G” and ηrep is evaluated as the inverse of the low
frequency where G’ crosses G”, representing terminal response.
η

Cation

Rep

(s)

η (s)

842

7.63 x10

74.9

5.27 x10

Me N

1.02

5.44 x10

Bu P

1.75

1.41 x10

Bu N

0.034

1.52 x10

iBu MeP

0.152

9.08 x10

Ph P

4.17

1.30 x10

4

4

4

3

4

/η

Rep

0

-8

Na
Me P
4

η

0

10

1.10 x10
-7

8

1.42 x10
-8

7

1.87 x10
-7

7

1.24 x10
-8

6

2.22 x10
-8

6
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Figure B-6: DC ionic conductivity of polyester-sulfonate ionomers with different counterions as
a function of temperature with VFT fits to Equation 6-4 as solid curves.
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Figure B-7: DC ionic conductivity of sulfonated polyester ionomers as functions of ion type and
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Figure B-8: DC conductivity of the polyester-sulfonate ionomers with varied cations as a
function of their respective α2-relaxation times.
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Figure B-9: Mobility of conducting counterions of polyester-sulfonate ionomers as functions of
temperature and ion type, VFT fits shown as solid curves.
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265
3

10

EP

2

10

1

10

Timescale (s)

0

10



-1

10

-2

10

-3

10

-4

Me4P

-5

iBu3MeP

-6

Bu4P

10
10
10

Ph4P

-7

10

2.4

2.6
2.8
-1
1000/T (K )

3.0

3.2

Figure B-11: Timescale for the onset of ionic DC conductivity, ηζ, and complete electrode
polarization, ηEP (Equations 6-8, 6-9) for the polyester sulfonate ionomer with various
phosphonium counterions.
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Figure B-12: Timescale for the onset of ionic DC conductivity, ηζ, and complete electrode
polarization, ηEP (Equations 6-8, 6-9) for the polyester sulfonate ionomer with various
phosphonium counterions, normalized by glass transition temperature, Tg.
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Figure B-13: Phosphazenium cations where phosphorous cation centers bear ammonium-like
pendent groups for withdrawing the charge center, with ethyl (left) and butyl (right) alkylation
on the pendant nitrogen.

Figure B-14: Tetrabutyl phosphonium cations, showing that electron withdrawing nature of alkyl
side-groups leave a slightly positive charge center.
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Figure B-15: Phosphazenium cations with ethyl pendent groups, showing that electron
withdrawing nature of Nitrogen side-groups leave a slightly negative charge center and more
uniform charge distribution than comparative alkyl pendant groups in Figure B-14.

Summary
Thermal investigation provides similar glass transition temperature response in
phosphonium cations as in ammonium analogs, where ionomers are plasticized with increasing
cation size, reducing effectiveness of physical crosslinks. Suppression of T g on the identical
ionomer appears to be governed by cation size rather than charge center type, with the exception
of Ph4P, which is largely aromatic which may lead to miscibility issues with the polymer
backbone.
Dielectric spectroscopy reveals similar dynamics, where conductivity is largely coupled
to segmental relaxation, and the magnitude of conductivity is similar to ammonium counterions
where cation diameter is most critical.

Conducting ion density is higher than ammonium

counterions of similar cation diameter, suggesting diffuse charge centers in phosphonium cations
in fact increases the amount of counterion dissociation. Previous studies show ether oxygen on
ammonium increases conducting ion density; however on phosphonium it yields the opposite
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effect. Phosphazenium ions are proposed in place of ether oxygen pendent groups, with desirable
charge distribution predicted using ChemAxon MarvinSpace.

Appendix C

Ammonium Acrylate Polycations with Varied Ether-Oxygen Content and
Counterions

Introduction
This appendix summarizes ion transport dynamics of methacrylate-based ammonium
cationic ionomers with varied anionic counterions, Figure C-1. Notable in Figure C-1, the glass
transition temperature of the ionomer is suppressed through use of large, weakly binding ionic
liquid counterions. Ionic aggregates act like physical crosslinks through ionic dipole-dipole
attraction, thus increasing Tg. Ionic liquids provide weakened Coulombic interactions, leading to
shorter lifetimes of physical crosslinks, thus lowering ionomer Tg values. Previous projects have
used this advantage to achieve an order of 104 higher conductivity in polyester-sulfonate
ionomers through tuning of the counterion moiety. Figure C-2a shows similar trends in
conductivity from weakly binding ionic liquid counterions exchanged on ammonium polycations.

Figure C-1: Poly(dimethylammonium ethylmethacrylate) ionomer structure, with theoretical
stoichiometric ion content between 1.45 x 1021 and 3.12 x 1021 cm-3 depending on counterion size.
Synthesized by Matthew T. Hunley, Long research group, Virginia Tech.
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Preliminary Results and Discussion
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Figure C-2: (a) DC ionic conductivity of PDMAEMA ionomers as a function of anion type a
function of temperature, lines represent VFT fits. (b) Ionic conductivity versus temperature
normalized by the glass transition temperature of PDMAEMA ionomers with varied counterions.

Figure C-2b plots conductivity versus Tg/T to help remove plasticizing effects, as
observed in Chapter 6.

It is noteworthy that these polymers exhibit measurable sub-Tg

conductivity. To extract information the electrode polarization model is applied to deconstruct
conductivity into mobility (µ) and number density of ions (n):
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Figure C-3: (a) Mobility of conducting counterions of PDMAEMA ionomers as a function of
anion type. Lines are VFT and Arrhenius fits for above Tg and below Tg, respectively. (b)
Conducting ion number density of PDMAEMA ionomers with varied counterions. Lines
represent the weak Arrhenius temperature dependence, suggesting that impurity ions are majority
conductors, unlike the typical response, seen in PF6 for 1000/T between 2.5 - 3.0.
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Figure C-3 notes that the conducting ion content is very low, resulting in low
conductivity at ambient temperature. The lack of solvating groups leads to poor counterion
dissociation, particularly due to scenario of protonated ammonium cations, providing a highly
localized cation charge center for counterion condensation. As counterions anions approach
ammonium, Coulomb’s law predicts that a free conducting ion becomes exceedingly rare. As a
result of high counterion condensation, the ionic groups microphase separate into aggregates,
observed using wide-angle x-ray scattering, performed in collaboration with the Winey research
group at UPenn. WAXS provides scattering profiles that exhibit ion aggregate spacing on the
size scale of methacrylate sidechain-sidechain d-spacing, Figure C-4. Similar sidechain-sidechain
spacing and backbone-backbone d-spacing have been reported in nonionic methacrylates, Figure
C-4b.
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Figure C-4: (a) Wide-angle x-ray scattering (performed by David Salas de la Cruz) shows a
backbone-backbone d-spacing near 5nm-1 and sidechain-sidechain d-spacing near 12nm-1,
similarly observed in (b) non-ionic butylmethacrylates by Beiner and Miller.

Preliminary SAXS of PDMAEMA ionomers shows scattering profiles similar to those
seen with typical nonionic methacrylate polymers. Current morphology models predict scattering
profiles based on backbone-backbone spacing with sidechains behaving as theta solvent. As
counterion electron density is increased, a more prominent ionic aggregate peak emerges on the
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low-q side of the sidechain-sidechain peak at 12 nm-1. Response to changes in RH help identify
this shoulder as the ionic domain. Preliminary relative humidity WAXS on polyelectrolyte
samples was performed at UPenn by David Salas de la Cruz in collaboration with the Winey
research group.

Figure C-5: Relative humidity WAXS of a PDMAEMA ionomer with TfO counterions,
increasing humidity leads to swelling of the ionic domain near 4nm-1, a slight diminishing of the
amorphous halo at 10nm-1 (backbone-backbone d-spacing), and an unperturbed sidechainsidechain amorphous halo at 12nm-1.

Increasing RH incorporates water into the hydrophilic ionic domains, thus increasing the
backbone-backbone spacing and reduces the intensity of the ionic aggregate peak while shifting it
to lower q values, identifying the ionic domain near 4nm-1 and the lower q amorphous halo
(~10nm-1) as the backbone-backbone spacing.
Ionic domain spacing of 9 to 11 nm-1 (0.6-0.7nm) provides a possible clue of the origin of
Arrhenius, sub-Tg conductivity. Small distances between ionic sites in ionomers with abundant
ionic domains may give rise to a weak conduction process below the glass transition temperature.
To promote ionic dissociation and increase conducting ion density, Long group at Virginia Tech
has synthesized similar ammonium ionomers with ether-oxygen co-monomers.
To incorporate the advantage of ether-oxygen solvation and maintain backbone
uniformity, a copolymer of PDMAEMA and MEO2MA was investigated. Quadrupole formation
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via ion pair interactions is theorized as a main driving force for primary aggregate formation.
Hydrogen bonding in the proposed system is hypothesized as more favorable interactions than ion
pair dipole attraction, thus aggregate formation was hypothesized to be inhibited.
Protonated ammonium methacrylate copolymers are used to illustrate the impact on
conduction mechanism as the solvating ability of the polymer backbone is systematically varied.
Counterion type is exchanged to observe the effect of Coulombic forces through ion size and
delocalized charge. The ratio of EO to ionic monomers is noted as X/Y; counterion abbreviations
are noted as suffixes, Figure C-6.

Figure C-6: PDMAEMA ionomers with various contents of ether-oxygen groups and
corresponding Tg values.

The glass transition temperature drops with increasing content of EO units. Interactions
between the protonated ammonium and EO groups cause Tg to be higher than a simple the FoxFlory prediction, Figure C-7.
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Figure C-7: Glass transition temperature of PDMAEMA-MEO2MA copolymer ionomers as a
function of ion content and counterion type.

Protonating the ammonium nitrogen instead of alkylation to form an ionomer intuitively
leads to counterion condensation due to localized cation charge. Recent studies show that ionic
liquids with acidic protons next to the charge center do retain the ability to hydrogen bond.
Simulations show ionic liquids with hydrogen bonding to have reduced ionic pair-pair
interactions, and experiments show disrupted Coulombic attraction as a reduction in viscosity,
suggesting a significant reduction in effective ionic aggregation. Studies by Hunt show that
cations with hydrogen bonding have more abundant local minima for counterions to be located
than in alkylated analogs, thus disturbing organized packing (via increased asymmetry). As a
proposed comparison to this study, samples without significant hydrogen bonding, alkylated
versions of the 50/50 copolymers will be prepared.
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Figure C-8: Ionic conductivity for PDMAEMA-MEO2MA copolymer ionomers as a function of
ion content and counterion type.

Reduced aggregation provides higher conducting ion density, while flexible EO side
chains will provide segmental motion facilitating enhanced ionic mobility. Use of bulky ionic
liquid anions will increase conductivity through additional conducting ion content, as seen
previously in Chapter 6.

Figure C-9: (a) Ionic conductivity of PDMAEMA-MEO2MA 100/0 and 50/50 TfO and BF4
copolymer ionomers as a function of temperature normalized by Tg, and (b) Ionic conductivity of
PDMAEMA-MEO2MA BF4 copolymer ionomers as a function of EO content and temperature
normalized by Tg.
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Ionic conductivity is higher for TfO samples primarily due to lower T g and improved
segmental dynamics. Varied copolymer composition for BF4 shows that much of the gain in
conductivity is achieved through reduction of the glass transition temperature.
Application of the electrode polarization model separates conductivity into ion mobility
and conducting ion density, showing that when reduced by Tg, higher ion density ionomers have
higher mobility due to smaller hopping distances between ionic aggregates. Conducting ion
density increases by approximately 103 for copolymers containing 50% MEO2MA regardless of
counterion, suggesting a stronger electro-active response in devices, over longer timescales.

Figure C-10: (a) Counterion mobility of PDMAEMA-MEO2MA TfO and BF4 50/50 and 100/0
copolymer ionomers as a function of EO content and temperature (b) Counterion mobility of
PDMAEMA-MEO2MA TfO and BF4 50/50 and 100/0 copolymer ionomers as a function of EO
content and temperature normalized by Tg.
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Figure C-11: Conducting ion density of PDMAEMA-MEO2MA TfO and BF4 50/50 and 100/0
copolymer ionomers as a function of EO content and temperature revealing a 100x increase in
conducting ion density in the presence of ether oxygen solvating groups.

Figure C-12: (a) Counterion mobility of PDMAEMA-MEO2MA BF4 copolymer ionomers as a
function of EO content and temperature normalized by Tg. (b) Conducting ion density of
PDMAEMA-MEO2MA BF4 copolymer ionomers as a function of EO content and temperature.

Previous work on sulfonated polyester counterion dynamics in Chapter 6 showed
pegylation of ammonium counterions led to self-solvation, resulting in high dielectric constant
and improved conducting ion number density. The ammonium ionomer chemical structure
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suggests that pegylation of the pendent ammonium will increase solvation without sacrificing the
number density and mobility of negative counterions.
Copolymer ionomers constructed from ratios of PDMAEMA and MEO2MA show the
impact of ether-oxygen solvation on ion conduction while counterion variation is used to observe
Coulombic interactions. Incorporation of ether-oxygen provides coordination with stationary
ammonium cations, however protonation provides very strong hydrogen bonding with
counterions, limiting available ether oxygen groups available for solvating ions. Low EO/ion
ratio (<4.6) and low dielectric constant data suggests higher MEO2MA contents are needed.
Pegylation of PDMAEMA instead of protonation will raise the EO/ion ratio without sacrificing
charge (reducing the amount of comonomer necessary for equivalent EO/ion ratio) while
simultaneously allowing the phenomena of self-solvation. The synthetic schemes, Figure C-13
are proposed in collaboration with the Long research group to improve solvation, decrease ionic
aggregation, and improve segmental motion in this class of solid electrolytes for electro-active
devices.

Figure C-13: (a) A methylated analog of PDMAEMA copolymers, (b) a pegylated analog of
PDMAEMA copolymers, (c) a multi-pegylated analog of PDMAEMA copolymers, and (d) a
pegylated imidazolium copolymer ionomer to promote both diffuse charge and ion self-solvation.

Appendix D

Dielectric Response of Nafion-Imidazolium Ionomers Swollen with
Formamide

Introduction
Imidazolium single-ion conductors are investigated as actuator substrates similar to
Nafion swollen with RTIL in Chapter 7. The absence of a mobile anion suggests possible
fabrication of single-ion actuators. Swelling imidazolium counterion Nafion membranes with
formamide provides high dielectric constant for cation dissociation, while maintaining low
volatile components, ideal for more efficient operation of ionic actuator substrates.

Figures
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Figure D-1: Ionic conductivity as a function of temperature for Nafion NR211 exchanged to BMI
counterions and swollen with different weight fractions of formamide, lines are VFT fits.
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Figure D-2: Dielectric constant after electrode polarization as a function of temperature for
Nafion NR211 exchanged to BMI counterions and swollen with different weight fractions of
formamide.
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Figure D-3: Number density of conducting counterions as a function of temperature for Nafion
NR211 exchanged to BMI counterions and swollen with different weight fractions of formamide.
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Figure D-4: Conducting ion mobility as a function of temperature for Nafion NR211 exchanged
to BMI counterions and swollen with different weight fractions of formamide.
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Figure D-5: Timescale for the onset of ionic conductivity as a function of temperature for Nafion
NR211 exchanged to BMI counterions and swollen with different weight fractions of formamide.
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Figure D-6: Timescale for the onset of electrode polarization (device response time) as a function
of temperature for Nafion NR211 exchanged to BMI counterions and swollen with different
weight fractions of formamide.
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Figure D-7: Timescale for completed electrode polarization as a function of temperature for
Nafion NR211 exchanged to BMI counterions and swollen with different weight fractions of
formamide.
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Figure D-8: Static dielectric constant before electrode polarization as a function of temperature
for Nafion NR211 exchanged to BMI counterions and swollen with different weight fractions of
formamide.

Bjerrum Length (nm)

10
9
8
7
6
5
4
3
2

1

+

Nafion BMI
+
Nafion BMI 23wt% formamide
+
Nafion BMI 36wt% formamide

2.5

3.0

3.5

4.0

-1

1000/T (K )

4.5

5.0

5.5

Figure D-9: Bjerrum length (distance at which ionic dissociation energy = kT) as a function of
temperature for Nafion NR211 exchanged to BMI counterions and swollen with different weight
fractions of formamide.
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Figure D-10: Nafion NR211 swollen with BMI PF6 0.124 volume fraction, fit to the modified
hard-sphere model, with values consistent to those reported by Holdcroft. Rca=1.4nm,
Rcore=0.9nm, Vca=11.5nm3, Vcore=3.05nm3.

Summary
The use of BMI counterions relative to protons increases conductivity, while exhibiting
stronger VFT temperature dependence. Addition of formamide induces a plasticizing effect
similar to addition of RTIL in Chapter 7, where response (conductivity, actuation, polarization) is
shifted to lower temperatures. The magnitude of BMI ions conduction is relatively similar to
unmodified Nafion, while formamide increases the number of conducting ions at lower
temperatures (lower activation energy). Mobility of BMI ions with and without formamide
exhibit similar mobility response, with formamide shifting response to lower temperatures. Static
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dielectric constant temperature response is similar between all BMI samples, where adding
formamide shifts the response to lower temperatures, and increasing formamide content
expectedly increases the overall static dielectric constant. Interestingly, the calculated Bjerrum
length exhibits a minimum as a function of temperature. Swelling with high dielectric constant
formamide shifts the trend to lower temperature (horizontally), while increasing the amount of
formamide shifts the trend in Bjerrum length to smaller distances (vertically). These preliminary
results provided reason to proceed in the investigation of single-ion actuators, proof of concept
actuators provide reasonable strain response, however over longer timescales than RTIL swollen
analogs, suggesting either the volatility of formamide may not be as low as RTILs, or
measurements need to be done at elevated temperatures.

Appendix E

Styryl, Imidazolium-ran-n-butylacrylate ABA triblock Ionomer

Introduction
In the interest of providing electroactive substrates with a continuous conducting phase,
while simultaneously maintaining mechanical rigidity, triblock copolymers were devised to
promote microphase separation. Here, low-Tg n-butyl acrylate mid-blocks provide sufficient
segmental motion for ionic conduction, while styrene end-blocks supply high-Tg mechanical
integrity necessary for manageable substrates. Here we investigate non-ionic triblocks and ionic
analogs swollen with compatible ionic liquid for enhanced ion conduction.

Figures

Figure E-1: Styryl,imidazole-ran-n-butylacrylate ABA triblock structure before adding ionic
charge. Midblock m/n of MG4-22=50/50 (overall Mn≈75kg/mol, styrene = 54mol%), MG423=25/75 (overall Mn≈90kg/mol, styrene = 46mol%).
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Figure E-2: Styryl,imidazole-ran-n-butylacrylate ABA triblock structure after adding ionic
charge. Midblock m/n of MG4-25=50/50 (overall Mn≈75kg/mol, styrene = 54mol%), MG426=25/75 (overall Mn≈90kg/mol, styrene = 46mol%). BMI ionic liquid added to triblocks
polymers and ionomers (20wt%) where noted.
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Figure E-3: X-ray scattering at a sample to detector distance of 150cm and 50cm merged with
wide-angle X-ray scattering for triblock imidazolium ionomers at m/n=50/50 for uncharged,
charged, and charged polymer with added ionic liquid. Scattering intensity calibrated using a
cross-linked polyethylene standard from Argonne National Labs.
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Figure E-4: X-ray scattering at a sample to detector distance of 150cm and 50cm merged with
wide-angle X-ray scattering for triblock imidazolium ionomers at m/n=25/75 for uncharged,
charged, and uncharged polymer with added ionic liquid. Scattering intensity calibrated using a
cross-linked polyethylene standard from Argonne National Labs.
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Figure E-5: DC ionic conductivity for triblock imidazolium ionomers at m/n=50/50 for
uncharged, charged, and charged polymers with added ionic liquid.
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Figure E-6: DC ionic conductivity for triblock imidazolium ionomers at m/n=25/75 for
uncharged, charged, and uncharged polymers with added ionic liquid.
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Figure E-7: Conducting ion density for triblock imidazolium ionomers at (a) m/n=50/50 and (b)
m/n = 25/75 for polymers before and after added ionic liquid.
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Figure E-8: Conducting ion mobility for triblock imidazolium ionomers at (a) m/n=50/50 and (b)
m/n = 25/75 for polymers before and after added ionic liquid.

Summary
Although weak in signal, X-ray scattering suggests possible phase separation in the
nonionic cases in the low-q domain, evidence of phase separation becomes more visible as ionic
liquid is added. There is a lack of the traditional broad peak in the ionomer q-range in nonionic
triblocks, ionic triblocks begin to show an indication of an ionomer peak, which is enhanced in
triblock ionomers when swollen with RTIL. The RTIL swollen nonionic triblocks exhibit a
weaker broader peak forming relative to ionomers, however the q-range suggests RTIL resides
similarly in the low-Tg phase. The high-q, dual-peak amorphous halo is indicative of polystyrene
and is largely unperturbed upon triblock charging or addition of RTIL, suggesting the hard-phase
does not absorb ionic liquid. Conductivity in triblock ionomers at both midblock ratios parallels
the non-ionic VFT conductivity behavior at ambient temperatures, but approaches higher values
similar to the more conductive RTIL swollen samples at elevated temperatures. Conducting ion
density is expectedly higher in RTIL swollen triblocks than non-swollen samples, exhibiting
lower activation energies at lower temperatures, compared to non-swollen analogs.

Ionic
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mobility is consistently higher at ambient temperatures for RTIL swollen triblocks in comparison
to dry triblock membranes.
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