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ABSTRACT 
 

  Ion-conducting polymers were studied primarily through the use of dielectric 

spectroscopy.  The conclusions drawn from ion conduction models of the dielectric data 

are corroborated by additional independent experiments, including x-ray scattering, 

calorimetry, prism coupling, and DFT calculations.  The broad concern of this dissertation 

is to understand and clarify a path forward in ion conducting polymer research.  This is 

achieved by considering low-Tg ionomers and the advantages imparted by siloxane and 

phosphazene backbones.  The most successful dielectric spectroscopy model for the 

materials studied is the electrode polarization model (EP), whereas other models, such as 

the Dyre random barrier model, fail to describe the experimental results. 

  Seven nonionic ether oxygen (EO) containing polymers were studied in order to 

observe the effect that backbone chemistry has on dipole motion.  Conventional carbon-

carbon backbone EO-containing polymers show no distinct advantage over similar EO-

pendant polysiloxane or polyphosphazene systems.  The mobility and effective backbone 

Tg imparted by the inorganic backbones are comparable. A short EO pendant results in a 

lower static dielectric constant due to restricted motion of dipoles close to the chain.  The 

flexibility and chemical versatility of inorganic backbone polymers motivates further study 

of two ionomer systems. 

  A polypohosphazene iodide conducting system was characterized by dielectric 

spectroscopy and x-ray scattering.  Two end ñtailò functionalization of the ammonium ion 

were used, a tail with two EOs and an alkyl tail of six carbons.  This functional group plays 

an important role in ion dynamics and can wrap around the ion and self-solvate when EOs 
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are present.  The iodide-ammonium ionomers are observed to have unusually large high-

frequency dielectric constants due to atomic polarization of ions.  The strength of the 

atomic polarization scales with ion content.  The aggregation state of ions is able to be 

determined from analysis of the static dielectric constant and show excellent agreement 

with x-ray scattering and DFT calculations, each ionomer strongly favoring the formation 

of quadrupoles. 

  Finally a polysiloxane ionomer was considered and was mixed with three anion 

and/or cation solvating additives, tetraglyme, tetraethylene glycol, and branched 

poly(ethylenimine).  The EP model of the dielectric response gives the conducting ion 

concentration and the mobility of conducting ions and shows an increase in conducting ion 

concentration with both anion solvating and cation solvating additives.  The static dielectric 

constant indicates an increased preference for ion pairs when anion receptors are present.  

Most interestingly, the additive that best decreased the glass transition temperature and 

increased the static dielectric constant did not result in the best dc conductivity.   The best 

dc conductivity resulted from tetraglyme because it solvated cations without interacting 

with the polymer.   

  High ion conductivities have not been observed in polymer systems that decouple 

charge transport from polymer motion, and therefore low Tg ionomers are the natural path 

forward for commercially viable ionomers.  Inorganic backbone polymers impart a low Tg 

without bringing any strong disadvantage to ionomers.  These materials are very important 

for developing superior ion conductors and should be pursued in future ionomer research. 

 

  



v 

 

 

 

TABLE OF CONTENTS  

 



vi 

 

 



vii  

 

 



viii  

 

 

 



ix 

 

 

LIST OF FIGURES 

 

 
Figure Number   Description Page 

Figure 1-1 Example diagram of a solid polymer electrolyte battery. 2 

Figure 1-2 Dipole orientations of two similar carbonates result in large 

differences in the dipole moment of the molecule.5 

Figure 1-3 Room temperature conductivities for single ion conducting 

polymers versus respective glass transition temperature. 

Figure 1-4 [A] The change in the glass transition temperature of 

vinylpyridinium ionomers as a function of ion content1.  The Tg increases 

linearly for different ion chemistries. [B] The Tg for different ion 

concentrations of sulfonated polypentamers; Tg increases nonlinearly with 

increasing ion content. 

Figure 1-5 dc conductivity as a function of inverse temperature for 

imidazolium ionomers.  Inset shows that as ion content increases the dc 

conductivity at Tg increases towards that of ionic glasses. 

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

Figure 1-7 The phase angle arises from the lag between the applied 

potential and the measured current. 

 

Figure 1-8 The relation between the complex impedance and the measured 

resistance and phase angle. 

Figure 1-9 At longer times, dipoles in a liquid sample become free to align 

with the electric field, resulting in an increase in the permittivity at low 

frequencies. 

Figure 1-10 Typical real (Ůô) and imaginary (Ůò) dielectric response as a 

function of radial frequency.  Relaxation processes appear as a step in Ůô 

and peak in Ůò. 

 

Figure 1-11 A particle between a parallel plate capacitor.  The particle is 

considered a point dipole at the center of a cavity of molecular 

dimensions. 

 

2 

 

5 

 

 

8 

 

 

 

9 

 

 

 

 

10 

 

13 

 

 

14 

 

15 

 

 

16 

 

 

 

17 

 

 

19 

 

 

 

 



x 

 

 

Figure 1-12 A dipole at the center of a cavity in a dielectric medium is 

strengthened when aligned with the electric field.  A polarization develops 

at the edge of the cavity due to the surrounding dielectric. 

 

Figure 1-13 The charge distribution of an ion-conducting system under 

the influence of a constant dc electric field. 

Figure 1-14 EP model fitting of tan ŭ to a Debye function gives Űů and ŰEP 

values that correspond to features in ůô. Region A is ac conduction, region 

B is dc conduction, and region C is after electrode polarization is 

completed.  

Figure 1-15 Kremerôs method to determine Űů from Mò.  The solid blue line 

shows that the peak observed in Mò corresponds to the beginning of the 

plateau in ůô. The inset shows the correlation between Mò peak across all 

temperatures. 

Figure 1-16 A comparison of Űů values (dashed lines) at 0 oC determined 

in 4 separate ways, EP model tan ŭ fitting (green), Mò peak fitting (blue), 

ůô RBM model fitting, and ůô = 2ůo. The red solid line is the fit from Dyreôs 

RBM model. 

Figure 1-17 A comparison of conduction timescales obtained by different 

methods for a polyphosphazene ionomer. ŰEP values (green and gray 

squares) have good agreement, Űů values differ greatly. 

Figure 1-18 Dyreôs random barrier model at different timescales.  At longer 

times more ions are able to participate in conduction. 

Figure 1-19 Kremer et al. determine Űů (1/ɤc) accurately by fitting the peak 

observed in the imaginary component of the dielectric modulus.  Arrows 

show the crossover frequency from ac to dc conduction. 

Figure 1-20 BNN plot showing the dc conductivity is proportional to the 

major dipole relaxation frequency for two polyphosphazene ionomers. 

Figure 2-1 29Si NMR of PMHS in the presence of Cr(acac)3 as a relaxation 

agent.  Two peaks are observed for A) the end group and B) the monomer, 

and a small peak is observed at -65ppm.  The shoulder peak on peak B is 

most likely caused by a small fraction of -(SiH2)- monomers and does not 

match with any possible cross-linked species. 

Figure 3-1: Structures of the polymers investigated, where n is the number 

of ether oxygen (EO) units per monomer. 

Figure 3-2 [a] Tg as a function of ether oxygen content; no clear 

correlation is observed across all backbone chemistries. The red dashed 

20 

 

 

 

25 

 

 

 

27 

 

 

 

32 

 

 

 

 

33 

 

 

35 

 

37 

 

 

 

39 

 

 

40 

 

 

 

64 

 

 

80 

 

 

 

88 



xi 

 

 

line corresponds to the Tg of neat high molecular weight PEO and black 

lines are drawn to show trends for each polymer backbone type. [b] Static 

dielectric constant at 20oC as a function of the DSC Tg of 

polyphosphazenes (triangles), polysiloxanes (circles), polyester ether 

(diamonds), and polymethyl methacrylates (squares).  

Figure 3-3 Dielectric loss Ůò as a function of frequency at Tg+20oC for [a] 

the inorganic backbone polymers and the polyester ether polymer, and [b] 

the PMMA backbone polymers. 

Figure 3-4 Temperature dependence of the alpha relaxations strengths 

normalized by relative ether oxygen content (listed in Table 3-1 column 6). 

Figure 3-5 Width of the alpha relaxation depends on the number of bonds 

in each pendent group at Tg+20oC.  ὥ is the breadth parameter from 

Havriliak-Negami fitting in dielectric loss Ůôô and is inversely related to 

relaxation breadth.   

 

Figure 4-1  Chemical structures of the polymers studied in this work. 

 

Figure 4-2   Three metastable conformers (a, b, c) of the I-EOT pendent 

ammonium-iodide ion pair in the gas phase on the potential energy surface, 

drawn as a function of two dihedral angles ū1 (O-C-C-N) and ū2 (O-C-C-

O). In each structure, purple is iodide, blue is nitrogen (N), red is oxygen 

and grey is carbon (with hydrogen atoms omitted for clarity). Self-solvation 

(c) is the most energetically favorable state for the ether oxygen tail. 

 

Figure 4-3  Optimized structures in the B3LYP/dgdzvp basis set of each 

ionic monomer for (a) I-EOT and (b) I-AT samples in the gas phase. Orange 

is phosphorous, blue is nitrogen, red is oxygen, purple is iodide and grey is 

carbon (with hydrogen atoms omitted for clarity). The ether oxygen side 

chain in both samples prefers to solvate the ammonium cation. The 

additional EO tail in I-EOT wraps back around the cation and weakens ionic 

association, as indicated by the longer iodide-nitrogen distance in I-EOT 

compared with I-AT.   

 

Figure 4-4   Room temperature X-ray scattering profiles for nonionic 

MEEP (orange), and ionomers I-EOT (green) and I-AT (blue). Two peaks, 

(A) and (C), are observed from the nonionic polymer and a third peak (B) 

is observed when ions are incorporated.  Data have all been scaled to the 

high q amorphous halo peak in arbitrary units. 

 

 

 

 

 

 

 

91 

 

 

92 

 

 

 

94 

 

 

103 

 

 

 

 

 

113 

 

 

 

 

 

 

 

114 

 

 

 

 

 

 

115 

 

 



xii  

 

 

Figure 4-5 Dielectric spectroscopy frequency sweep of I-EOT at 25 oC.  

Dielectric permittivity ὑô (blue circles), dielectric loss ὑò (light blue 

squares), and tanŭ (orange triangles) are plotted on the left y-axis and the 

real part of the complex conductivity ůô (solid red line) is plotted on the 

right y-axis.  DC conductivity values are obtained from the plateau in ůô.  

Fitting tanŭ gives timescales for the beginning of DC conduction and the 

build-up of the electrode polarization. 

Figure 4-6  (a) Temperature dependence of DC conductivities of 

polyphosphazenes: MEEP (orange cirgles), I-EOT (green triangles) and I-

AT (blue squares).  (b) Tg normalized data show that the difference in 

conductivity of the ionomers is due to differences in segmental mobility as 

the data collapse onto a single curve. 

Figure 4-7  The dielectric permittivity as a function of angular frequency 

for MEEP (orange circles), I-EOT (green triangles), and I-AT (blue squares) 

at 25 oC (closed symbols) and -80 oC (open symbols).  Relaxed static 

dielectric constant ὑs values obtained from fitting tanŭ are shown with 

dashed lines and correspond with raw experimental plateau values.  The 

high frequency dielectric constant ὑÐ is observed in the lower temperature 

data as the plateau value.  The dielectric strength of each relaxation ȹὑ is 

shown. 

 

Figure 4-8 Temperature dependence of the static dielectric constant for 

MEEP (orange circles), I-EOT (green triangles), and I-AT (blue squares).  

 

Figure 4-9 The dc conductivity of polyphosphazenes of different ion 

contents as a function of [A] inverse temperature (K-1) and [B] Tg 

normalized temperature.  Decreasing ion content increases dc conductivity, 

while the dc conductivities closely match when normalized by Tg.  

Figure 5-1 Polysiloxane ionomer structure (red), and structures of ion-

solvating additives: tetraethylene glycol (green), tetraglyme (blue), and 

branched polyethyleneimine (orange). 

Figure 5-2 dc conductivity as a function of [A] inverse temperature and [B] 

Tg normalized temperature. Anion-binding additivesô dc conductivities do 

not collapse with the homopolymer conductivity, whereas PSX-PEO4 does 

since PEO4 does not interact with the polymer and only solvates lithium. 

Figure 5-3 Static dielectric constant of ionomer mixtures studied (filled 

symbols) and of the additives (open symbols).  All samples follow Onsager 

temperature dependence (dotted lines).  The solid black line is the Landau-

 

 

 

118 

 

 

 

 

 

 

120 

 

 

 

 

 

 

 

 

121 

 

 

 

123 

 

 

 

 

129 

 

 

142 

 

 

 

 

146 

 

 

 

147 



xiii  

 

 

Lifshitz mixing rule for PSX-PEO4 and matches with the experimental data 

of this mixture. 

Figure 5-4 Ion solvation coordination states possible with various end 

groups.  [A] OH end groups are suggested to favor ion pairs by interacting 

with both the anion and cation. [B] Tetraglyme solvates a single lithium ion 

by wrapping around the ion. 

Figure 5-5 Conductivity ůô versus frequency at a Tg normalized 

temperature (Tg/T = 0.73).  Conduction times (solid lines) are determined 

from fitting tan ŭ and match well with the beginning of the dc plateau in ůô.  

Figure 5-6 Characteristic ion diffusion time Űů as a function of temperature 

normalized by Tg. 

Figure 5-7 The conducting ion mobility as a function of inverse 

temperature.  

 

Figure 5-8 Conducting ion concentration fit with the Arrhenius equation 

where pÅ is set to the stoichiometric ion content ptotal.  The solid black line 

shows the total ion content for the plasticized samples, and the horizontal 

red line corresponds to the total ion content of the neat ionomer (PSX). 

 

 

 

149 

 

 

 

 

150 

 

151 

 

152 

 

 

 

 

 

153 

 
 

 

 

 

 

 



xiv 

 

 

LIST OF SCHEMES 

Scheme Number   Description Page 

Scheme 2-1 Difference in trans bond angles between an alkane and a 

siloxane. 

 

Scheme 2-2 Hydrosilylation of PMHS with an allylic monomer. 

 

Scheme 2-3  Ionic monomers that may undergo hydrosilylation but are not 

soluble in the preferred solvents. 

 

Scheme 2-4 Example reactions where PMHS is used as the reducing 

agent. 

 

Scheme 2-5 Elimination of an allyl protecting group by PMHS with Pd 

catalyst in the presence of ZnCl2. 

 

Scheme 2-6 Crosslinking reaction of PMHS in the presence of water. 

 

Scheme 2-7 Structure of the Karstedt catalyst used in hydrosilylation. 

 

Scheme 2-8 A side reaction observed in many alkene hydrosilylations.  ɓ-

addition is the minor product and may be reduced or promoted with 

different catalysts. 

 

Scheme 2-9: Polysiloxanes designed to solvate ions and promote ion 

conduction using [A] different pendant linking chemistry and [B] random 

copolymerization of two monomers with different functional groups. 

 

Scheme 2-10 Synthesis of a polysiloxane ionomer by sulfonation of the 

oxirane ring. 

 

Scheme 2-11 Structures of two polysiloxane ionomers synthesized and 

studied by our lab. 

 

Scheme 4-1 Synthetic route for the polyphosphazenes studied.  

Functionalization of poly(dichlorophosphazene) results in organic 

side group bearing polyphosphazenes.  MEEP is synthesized when 

x = 0 so that the poly(dichlorophosphazene) is functionalized only 

with MEEO-Na+.  Ionomers are obtained by quaternizing the 

tertiary amine and are named by their R group I-EOT and I-AT. 

 

50 

 

 

51 

 

59 

 

 

61 

 

61 

 

 

63 

 

65 

 

66 

 

 

 

 

68 

 

69 

 

 

70 

 

 

 

 

 

105 

 

 

 



xv 

 

 

Scheme 6-1 Preparation of a bromobutene prepolymer that may be 

functionalized into either a phosphonium or ammonium single-ion 

conducting ionomer.  

 

Scheme 6-2 Hydrosilylation reaction of allyl glycidyl ether with 

poly(methylhydrosiloxane). 

 

Scheme 6-3 A list of the possible pendants that can be attached to 

a polysiloxane backbone through epoxide ring opening reactions through 

the reagents listed. 

 

 

162 

 

 

 

163 

 

 

166 



xvi 

 

 

LIST OF TABLES 

 

Table Number   Description Page 

Table 2-1 Glass transition temperatures of common polysiloxanes with 

structure ï[Si(R1R2)-O]- 

Table 3-1: Physical constants of EO-containing polymers 

Table 3-2: Dielectric constants of EO-containing polymers.  

 

Table 4-1: Density, glass transition temperature and ion content of 

polyphosphazenes.  Phosphorous-bound oxygens were included as 

EOôs due to their ability to solvate cations. 

 

Table 4-2: X-ray scattering peaks for three polyphosphazenes 

compared to estimated values from density, monomer molar mass, 

monomer length, and ion content. 

 

Table 4-3: Dielectric properties of polyphosphazenes at 25 oC and 

the calculated values of ion pair content derived from the Onsager 

equation. 

 

Table 4-4  Monomer polarizability   from ὑÐ and monomer 

number density compared to DFT calculations of monomer 

electronic polarizability  e.   

 

Table 4-5 Physical constants for polyphosphazene ionomers of various ion 

contents.  High frequency dielectric constants were determined by two 

different methods. 

 

Table 5-1. Physical constants for polymers and plasticizers studied.  

 

 

49 

 

 

85 

 

89 

 

 

111 

 

 

116 

 

 

 

125 

 

 

 

126 

 

 

 

130 

 

 

143 

 
 

 



xvii  

 

 

ACKNOWLEDGEMENTS  
 

I would like to thank my advisors, Ralph Colby and Jim Runt, for giving me the freedom 

and support to slowly learn how to conduct scientific research.  I have grown greatly in my ability 

to invent a research idea and then to develop it into a complete project by their perfect balance of 

letting me pursue my own ideas while still guiding my work.  They have taught me the great 

majority of what I know about polymers and dielectric spectroscopy. 

I thank my committee members, Dr. Michael Hickner and Dr. Harry Allcock for giving 

me helpful discussions and comments on my research and provided paths forward in my research.  

I also thank Dr. Scott Milner for being a part of my Comprehensive exam and providing an eye to 

my blind spots.  

I also thank the DOE ionomer team for the many fruitful discussions that pushed me to 

develop a more critical view of my research, and taught me how to work in a large and diverse 

research team.  In particular, I thank Dr. Karen Winey, Dr. Karl Mueller, and Dr. Janna Maranas. 

My research groups (Colby Group and Runt Group) have taught me an immense amount 

through group meetings and personal conversations.  My expertise and research knowledge was 

only possible because of countless hours of training and discussion with Siwei Liang (synthesis), 

Greg Tudryn (DRS analysis and general ionomers),   U Hyeok Choi (DRS experiments and 

analysis), Quan Chen (DRS analysis and theory), Ciprian Iacob (DRS experiments and theory), 

Andrew Hess (polyphosphazene materials), and Mike OôReilly (X-ray scattering). 

I could never have made it through my time in graduate school without the support and 

constant presence of my family.  The countless conversations and time spent with my (now) wife 

Rachel Awan, my mutti and vati, and my sister and brother who always lightened my heart and 

inspired me to become a better scientist and person.  I finally thank God, who never fails to give 

me grace and love. 



 

 

Chapter 1  
 

Ion Conduction in Polymers 

 

1. Ionomers: Motivation 

1.1 Batteries 

  Ions can be incorporated into polymer chemical structures in many different ways for 

many different purposes.  The strong interaction between ions dramatically affects the 

physical characteristics of a simple polymer and can completely change the polymerôs 

application, ranging from golf ball coatings to energy materials1. The common commercial 

battery  (Figure 1-1) functions by reducing an ion at an electrode, thereby producing a 

current that can be applied to a wide variety of devices, from small electronic devices such 

as watches, video recorders,  and cell phones to larger machines such as electric powered 

cars2,3.   
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Figure 1-1 Example diagram of a solid polymer electrolyte battery4. 

 

  As applications become more ubiquitous and demanding it becomes important to reduce 

the size of batteries.  The highest energy density electrode available is solid lithium, driving 

a large amount of research into Li-ion batteries.  There is also extensive research into 

optimal electrodes, but that will not be discussed and this dissertation focuses exclusively 

on the electrode separator.  The battery needs to move lithium ions from the cathode to the 

anode to discharge, and therefore the ions must travel through some ion-conducting 

material that is able to separate the electrodes.  In practice, these two functions are often 

achieved through two different materials, where a mixture of high dielectric constant 

solvents solvates and transports the ions and a polymer-based separator maintains electrode 

separation.  The first commercially employed example of this is Sonyôs battery released in 

1991 that used lithium ion electrodes (not solid lithium) with a polyvinylidene difluoride 

separator and a mixture of alkyl carbonates to promote conduction of a Li salt5ï7.  A variety 

of carbonates is used to prevent crystallization and reach a eutectic point to allow operation 
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over a wider range of temperatures7.  Common carbonates include ethylene carbonate, 

propylene carbonate, dimethyl carbonate and ethyl methyl carbonate. 

  A few major concerns arise from using polar solvents for ion transport in batteries.  

Primarily, as more charge-discharge cycles occur, the lithium is deposited unevenly on the 

electrode.  Dendrites may form and extend through the separator, eventually shorting out 

the battery.  These shorts are able to cause fires, which are enabled further by the flammable 

nature of the common organic solvents used in the electrolyte5,8,9.  Liquid components in a 

battery also allow for dangerous leaks of harmful and toxic solvents.  There is therefore 

interest in developing a solid electrolyte that is able to conduct ions sufficiently well and 

prevent dendrite growth. 

1.2 Solid Polymer Electrolytes 

  Polymers provide an ideal platform for electrode separators as they can have sufficiently 

high modulus and are able to solvate cations and conduct ions through the amorphous 

matrix.  Polyethylene oxide (PEO) was first determined to be a candidate for ion 

conduction in 1973 by Fenton et al. and has been extensively studied since10.  Polymer 

electrolytes were first made by dissolving salt into the polymer matrix.  The major issue 

with such salt-in-polymer systems comes from the mobility of the anion.  Both the anion 

and the cation are able to diffuse and participate in conduction.  This poses a problem as 

anions are able to polarize and build up at the cathode, reducing the lifetime of the battery.  

Anion mobility also contributes to the measured bulk conductivity of salt-in-polymer 

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

is very low and ranges from 0.1 - 0.3 11.  A low lithium transference number indicates that 

conductivity dominated by anion motion12ï15.  The clear advantage salt-in polymer systems 

provide is simplicity of preparation.  Salt structure and concentration can be quickly and 

easily varied to produce a wide experimental basis.   

  The disadvantages present in salt-in-polymers systems can be solved by covalently 

bonding the anion to the polymer chain.  When attached to the polymer, the mobility of the 

anion is greatly limited and cannot diffuse without diffusive polymer motion, which occurs 

at very long times.  It has even been observed that the anion does not participate in 

conduction and the transference number of lithium approaches 1 when the anion is 

covalently bound to the polymer16,17.    However, the conductivity of single-ion conductors 

is often much lower than that of a salt-doped system because only the cation contributes to 

conduction in single-ion conductors in addition to slower polymer motions due to ionic 

cross-links18.  Such polymers are categorized as ionomers or polyelectrolytes.  Nonionic 

monomers are commonly functionalized with pendants that are able to promote ion 

conduction by solvating ions or increasing the dielectric constant. 

1.3 The Dielectric Constant 

  Many functional groups are available to be incorporated to modify the dielectric constant.  

Polymer pendants that are strongly polar with a high dipole moment are favorable, as they 

can increase the dielectric constant of the polymer and screen the cation-anion interaction.  

The dipole moment of a molecule depends on the electronegativity of adjacent atoms as 
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well as the orientation of electron lone pairs19,20.  Small changes in bonding can have a 

profound effect on the dipole moment; this is seen in the difference in the dipole moments 

of ethylene carbonate and dimethyl carbonate.  The cyclic bonding of ethylene carbonate 

restricts the rotation of oxygen lone pairs and forces the dipoles orientation to align; 

whereas the C-O bond is free to rotate in dimethyl carbonate.  The result is a low dipole 

moment for dimethyl carbonate (ɛ = 0.91D)21 similar to an ether oxygen (ɛ = 1.01D) and 

a high dielectric constant for ethylene carbonate (ɛ = 4.8D)22 that is among the highest 

organic dipole moments known. 

 

Figure 1-2 Dipole orientations of two similar carbonates result in large differences in the 

dipole moment of the molecule. 
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1.4 Segmental Motion Decoupling vs low-Tg ionomers 

  Ionically conductive polymers show great promise, but currently have insufficient 

conductivities for commercial use.  Many methods to increase ion conduction have been 

researched by the scientific community.  In the case of PEO-based ion-conducting 

polymers, the mobility of the conductive ions is strongly coupled with the polymer 

segmental mobility, the Tg. This gives two research paths to pursue, either developing low-

Tg polymers or decoupling ion motion from segmental dynamics.  An important question 

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

  Decoupling of conductivity is observed in the literature but has not produced sufficiently 

high conductivities23,24.   This is observed in polyacrylamide sulfonates by Forsyth et al 

where a low conductivity of 10-11 S/cm at 100 oC is observed25.  The motivation for 

investigating decoupling of segmental motion and conductivity in solid polymer 

conductors originates from ósuperionicô glasses, such as Ag5I4BO2 
26, where room 

temperature conductivities around 10-2 S/cm are obtained below the glass transition 

temperature.  As polymer backbones become more rigid the chains cannot pack well and 

there is an increase in free volume.  This effect is observed in the fragility of polymers, 

where high fragility corresponds to more rigid chains that pack poorly. It is suggested that 

an increase in free volume may allow ions to move more freely through the system without 

being shuffled through the amorphous matrix by segmental motion23.  This research 

direction is unintuitive as it is difficult to design polymers with low fragility.  In addition, 

ion sites must be properly spaced with a low energy barrier to hopping11.  Designing a 

polymer that creates the proper environment for decoupled hopping is extremely difficult 
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and has yet to yield adequate conductivities.  It is therefore more reasonable to pursue ion 

conduction through segmental motion of solvated ions through low-Tg ionomers based on 

PEO.   

  Low Tg polymers have insufficient moduli to prevent lithium dendrite and often even flow 

at room temperature but the modulus can be increased by using block copolymer 

chemistry27,28 or by chemically crosslinking polymer chains29.  These methods are 

successful at overcoming the mechanical limitations of low-Tg polymers and are not 

considered further in this work. 

  The target industry room temperature conductivity of an ion-conducting polymers is 

around  1x10-3 S/cm, which is the conductivity of currently used solvent-

electrolyte/polymer-separator batteries11. An ionomer would be able to reach this target 

conductivity if it has a sufficiently low Tg.  Figure 1-3 shows the correlation between Tg 

and conductivity for ionomers, its upward trend suggests that a Tg around -105 oC will 

result in a commercially viable ionomer30.  The approximately linear trend of increasing 

conductivity begins to plateau around -50 oC and accessing sufficiently high conductivity 

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

respective glass transition temperature 30. 

 

  Given Figure 1-3 it is clear that ionomers should be designed to have a low Tg.  This can 

be accomplished by either incorporating flexible chemistries or by reducing polymer-

polymer interactions.  The strongest inter-chain interaction comes from ionic associations 

creating ionic cross-links.  As ion content increases there are more cross-linking 

interactions and the Tg increases, shown below in Figure 1-4.  The effect that ion content 

has on Tg is not identical for every polymer structure as there can be a linear increase in 

Tg, which is observed in vinylpyridinium ionomers (Figure 1-4A), or a nonlinear 

dependence such as seen in sulfonated polypentamers (Figure 1-4B). 
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[A]  

 

[B]  

 

Figure 1-4 [A] The change in the glass transition temperature of vinylpyridinium ionomers 

as a function of ion content1.  The Tg increases linearly for different ion chemistries. [B] 

The Tg for different ion concentrations of sulfonated polypentamers; Tg increases 

nonlinearly with increasing ion content1. 
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  A design principle would then follow that ionomers should have minimal ion content to 

achieve the lowest Tg, but maximizing dc conductivity is not so simple.  Ionic conductivity 

can increase with increasing ion content due to an increase in the number of conducting 

species.  However, simply including more ions does not translate into a linear increase in 

conducting ions.  Ion content has a strong effect on the dc conductivity of ionomers at Tg.  

Ionomers have conductivities at Tg much lower than that of glass electrolytes that are 

operated well below their Tg. When ion content is increased in ionomers the dc conductivity 

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

Figure 1-5). 

 

Figure 1-5 dc conductivity as a function of inverse temperature for imidazolium ionomers.  

Inset shows that as ion content increases the dc conductivity at Tg increases towards that 

of ionic glasses31. 
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  Figure 1-5 shows a change in the temperature dependence of conductivity at low 

temperatures for three of the four samples.  This transition occurs at Tg and suggests a 

change of conduction mechanism when polymer motion becomes restricted.  The sample 

that does not show this behavior has the lowest ion content; at high ion contents it may be 

possible for ions to conduct by hopping between sites, but this mechanism is dominated by 

the segmental shuffling of ions when the polymer is above Tg. 

  The other major factor that contributes to ion conduction is solvation of ions.  Ion-

solvating species stabilize ion dissociation and promote more conducting species.  Without 

solvation, it is very difficult for ions to dissociate and diffuse or hop through the system.  

PEO has been determined to be the best available polymer at solvating cations10 and is 

commonly incorporated in ionomer structures.  Polypropylene oxide (PPO) units also 

solvate cations and are used to prevent crystallization. However, PPO is not as commonly 

used as PEO because PPO does not wrap around the cation as well as PEO4, providing less 

solvating stability.  PEO units are therefore often incorporated into ionomers as pendants 

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

  Ion selection plays an important role in ion conductivity as the ionic association energy 

is diminished as charge becomes more diffuse32.  In the case of Li-ion conductors the cation 

is fixed, but there are many choices available for the anion. A bulky and charge-diffuse 

anion, bis(trifluoromethane)sulfonamide (TFSI-), has been studied by many research 

groups and found to help obtain high dc conduction values2,8,33,34. Ion selection is 

commonly limited to monovalent ions.  Other anions that may be covalently bonded to 

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

ammoniums, imidazoliums and phosphoniums. 

  The work in this thesis focuses on ion-conducting polymers and developing a better 

understanding of the segmental dynamics that promote ion conduction.  This research aims 

to better understand the mechanism of ion transport and the role of dielectric constant to 

determine design principles that will guide the development of new superior ion-

conducting ionomers.  Dipole relaxations contain vital information relevant to ion motion 

and we consider them carefully, chiefly through employing dielectric relaxation 

spectroscopy.  

 

2. The Dielectric Spectroscopy Experiment 

2.1 Experimental Fundamentals 

  Dielectric relaxation spectroscopy (DRS), or electrical impedance spectroscopy, is an 

essential method for studying the dynamics of dipoles and charge motion.  DRS therefore 

has a central importance when considering ion-conducting polymer system.  A polymer 

sample is placed between parallel plate electrodes with a carefully controlled thickness.  

An AC field with a controlled frequency is applied to the sample at a single temperature 

and the resulting ac current is measured35,36.     
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Figure 1-6 Diagram of a dielectric relaxation spectroscopy experiment. 

  Fundamentally, the dielectric spectrometer only measures two frequency-dependent 

values, the resistance (R) and phase angle shift (ű), and the rest of the ñdataò obtained from 

the instrument are calculated.  The phase angle shift is the lag of the resulting current I(t) 

due to the applied potential U(t). 

.Ǌŀǎǎ 9ƭŜŎǘǊƻŘŜ 

tƻƭȅƳŜǊ 
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Figure 1-7 The phase angle arises from the lag between the applied potential and the 

measured current. 

 

 

  It is common to analyze the impedance (Z), and this is understandable as it is the simplest 

relation to R and ű, shown in Figure 1-7.  Although this relation is straightforward and easy 

to process, it is difficult to gain an intuitive understanding of the physical significance of 

Zô and Zôô and analysis is often extended to determining dc conductivity values, reducing 

the dielectric spectrometer to a conductivity meter.  There is much more information 

available from the dielectric experiment and the rest of this chapter is devoted to explaining 

advanced methods of dielectric analysis. 
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Figure 1-8 The relation between the complex impedance and the measured resistance and 

phase angle. 

 

2.2 The Dielectric Constant 

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

dielectric constant (Ů*) is related to the complex impedance as follows, 

‐ᶻ
ᶻ

 (1) 

Where Ὥ is the imaginary number, is the radial frequency in rad/s, and ὅ is the capacity of the  

empty capacitor.  The complex conductivity (ů*) is mathematically related to the complex dielectric 

constant, 

„ᶻ Ὥ‐ᶻ    (2) 

And the complex dielectric constant can be deconvoluted into the real (Ůô) and imaginary 

(Ůñ) components.  

‐ᶻ ‐ Ὥ‐ͼ    (3) 
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  The dielectric permittivity, Ůô, measures the recoverable polarization and is most clearly 

understood as dipolesô alignment to the applied electric field.  The permittivity is defined 

as the ratio of an electric field in a vacuum to that of the same field in a material; it is the 

ability of the material to affect the propagation of an electric field.  The dielectric loss Ůò 

is the unrecoverable polarization and gives information about dipole relaxation processes 

and diffusive motion of charge.  

  

Figure 1-9 At longer times, dipoles in a liquid sample become free to align with the electric 

field, resulting in an increase in the permittivity at low frequencies. 

 

  As the frequency of the applied field goes to lower frequencies and longer times, more 

dipoles will be able to relax and align with the field and produce a stronger response in Ůô.  

For this reason, Ůô should never decrease with decreasing frequency of the applied field.   
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2.3 Types of Polarizations 

 

Figure 1-10 Typical real (Ůô) and imaginary (Ůò) dielectric response as a function of radial 

frequency.  Relaxation processes appear as a step in Ůô and peak in Ůò 37. 

 

  The ideal shape of the permittivity is shown in Figure 1-10 where a low plateau value at 

high frequencies goes through a steep increases at some relaxation time and eventually 

comes to a higher plateau value when the relaxation is completed.  Each step that occurs in 

Ůô corresponds to a relaxation process, or a polarization event.  When considering organic 

molecules there are well-defined polarizations that occur at characteristic timescales. At 

very high frequencies (1014-16 Hz) in the UV/Vis region, only electrons are capable of 

responding to the electric field and only electronic polarization (Ŭe) is observed.  As the 

electromagnetic field goes to lower frequencies (1011-13 Hz) or longer wavelengths atoms 

are able to polarize (Ŭa) through induced atomic vibrations, as seen in FTIR measurements.  
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At this timescale the total polarization includes both Ŭe and Ŭa and for conventional 

dielectric experiments the dielectric constant at high frequencies is ŮÅ. Continuing to lower 

frequencies (106-11 Hz) allows for dipoles to move and orient themselves with the electric 

field.  Orientational polarization (Ŭo) is observed in dielectric spectroscopy, and has a wide 

range of frequencies that it occurs due to the necessity of molecular motion to have dipoles 

align to the electric field.  At even longer times, dipoles and charges can build up on 

surfaces and create mesoscopic or macroscopic polarizations.  These polarizations are 

called Maxwell-Wagner-Sillars polarization at phase boundaries or electrode polarization 

at the electrode-material interface.  

  A relaxation also appears in the dielectric loss as a peak that can be described by a Debye 

or modified Debye equation, and will be discussed further in a later section.  Translational 

motion of ions appears in the dielectric loss as a decreasing power-law with a slope of -

135,38 In the case of ion-conducting materials it is difficult to resolve relaxations as the dc 

conductivity of ions dominates the dielectric loss.  

 

3. A Dipole in an Electric Field 

3.1 The Clausius-Mosotti Equation 

  We now consider the basic electrostatic interactions following the derivation of the 

fundamental Clausius-Mosotti equation given by Debye19 in addition to the influence of 

other useful resources35,37,39ï42. A careful consideration of electrostatic interactions in an 
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electric field enables deeper understanding of the data obtained from dielectric 

experiments.   

  Consider a particle placed between two parallel plates separated a distance d (such as that 

described for dielectric spectroscopy) with a surface charge density of Ñů.  A resulting 

electric field Eo occurs perpendicularly between the plates (Shown by arrows in Figure 1-

11). 

 

Figure 1-11 A particle between a parallel plate capacitor.  The particle is considered a 

point dipole at the center of a cavity of molecular dimensions19. 

 

The force on the particle in a vacuum is determined from the charge distribution on the 

plates  

Ὂ τ“„ (4) 
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The 4ˊ factor comes from the Gauss integral for a particle between two infinite plates being 

in Gaussian units, as the electric field in rational units is ů/. The electric intensity E of 

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

electrodes d. 

E = V/d (5) 

When considering a particle in some dielectric material, the particle can be thought of as a 

point dipole that is at the center of a cavity of molecular dimensions. It is the flexibility of 

this assumption of ñmolecular dimensionsò that we will later use with the Onsager equation 

to determine the dipole of a single monomer. 

 

Figure 1-12 A dipole at the center of a cavity in a dielectric medium is strengthened when 

aligned with the electric field.  A polarization develops at the edge of the cavity due to the 

surrounding dielectric38. 

 

The applied electric field causes a polarization from the build-up of electrons on the end of 

the cavity.  This polarization I causes an additional force F1 to arise, and must be included 

in the total force acting on the particle due to the applied field. F1 has two components, the 

polarization at the electrode-material interface (-4Í) and the polarization at the cavity 
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containing the particle, the Lorentz field, (4ˊI/3).  The 1/3 factor comes from the fact that 

not all particles are aligned with the applied electric field, and the average angle of 

alignment is <cos2ɗ> which goes to 1/3 if the experiment is in the linear response regime 

and dipoles are randomly oriented.  

Ὂ τ“Ὅ Ὅ (6) 

  Debye acknowledges a third force on the particle that is due to correlated dipoles but 

suggests it should be ignored as it may be approximated to be zero in most situations.  The 

total force can be written as the sum of Fo and F1 can be rewritten with the electric intensity 

E.   

Ὂ Ὁ “Ὅ (7) 

Which when combined with Maxwellôs fundamental relation for the electric displacement 

(D) such that the dielectric constant is the ratio of D to E, Ů = D/E; and we may also define 

D by the electric intensity plus the additional polarization of charge on the plates, D = E + 

4ˊI, we write F in terms of the dielectric constant and E. 

Ὂ Ὁς ‐ (8) 

The polarizability of the material can be defined as  ά
Ὂ where ά is the dipole moment 

of the particle.  The polarization can also be described as the dipole moment per unit 

volume (I), such that Ὅ ’ά.  These equations allow us to describe the polarizability as a 

function of the dielectric constant. 
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Ὅ ’ά ’Ὂ    ’ Ὁς ‐  (9) 

’  (10) 

  Equation 10 is in cgs units and if it is to be used in SI units with a unitless dielectric 

constant, it should include a 1/4ˊŮo factor on the left side. Equation 10 was independently 

developed by Clausius43 and Mosotti44 and is hence called the Clausius-Mosotti equation.  

Lorentz did similar work45 but discussed it in terms of the refractive index (ὲ) instead of 

the dielectric constant, as ὲ was easier to experimentally measure.  The Lorentz-Lorentz 

equation simplifies to the Clausius-Mosotti equation with the assumption   Ů = ὲ2.  This 

assumption is only valid at high frequencies when only atomic polarizations are able to 

contribute to the dielectric constant; that is where Ů = ŮÐ.  

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

is a refractometer, where a liquid sample is placed between two prisms and an incident 

light is applied at varying angles.  The critical angle of total internal reflection is determined 

and the refractive index is determined from Snellôs Law.  Our research employs a prism 

coupler to determine the refractive index due to its ease of use with polymer thin films.  

Prism coupling works similarly to a refractometer but only uses one prism and instead 

couples the incident laser into the film to determine the angle of internal reflection.  

Dielectric spectroscopy can also determine the refractive index via ŮÐ.  The limited 

frequency range available to a dielectric spectrometer may not be high enough to accurately 

measure ὲ and may include additional polarizations that are not present at optical 

frequencies, resulting in a higher value. 
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3.2 Onsagerôs Modification of The Clausius-Mosotti Relation 

  The Clausius-Mosotti equation is not limited to describing a high frequency response and 

can also be used to describe the dielectric constant when orientational polarizations are 

present.  The Clausius-Mosotti equation can be applied in a wide range of situations but is 

less accurate at low frequencies where Ů Í ŮÅ. Subscripts must be used to accurately denote 

the relation between the polarizability and the dielectric constant being considered.  When 

Equation 10 is applied to low frequencies where all types of polarization contributes to the 

response (a ï atomic, e ï electronic, o ï orientational) and the dielectric response is 

characterized by the static dielectric constant Ůs, we obtain 

’    (11) 

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

present the high frequency dielectric constant ŮÐ characterized the response. 

 ’   (12) 

To characterize the orientational dipolar relaxation strength ȹŮ = (Ůs - ŮÅ) we subtract 

Equation 12 from Equation 11 and simplify to find: 

’  (13) 
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We define the orientational polarization as the average dipole moment multiplied by the 

number density of dipoles and may write it in terms of the electric field by the relation 

given by Raju42 (pg. 57) 

Ὅ Ὁ (14) 

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

substituting this definition of Ŭo, Equation 13 can be written in terms of ȹŮ, 

ῳ‐  (15) 

Lars Onsager modified this equation in 193646 by adding an additional field that arises 

from the polarization created from the dipole itself.  This reaction field affects the 

polarization at the boundary of the cavity and modifies the local field.  A formal derivation 

of the equation is given by Onsager in his 1936 paper. Onsager finds a corrective factor 

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

ὃ  (16) 

The Onsager and Clausius-Mosotti solutions for ȹŮ have good agreement for gases and 

simple liquids, but differ with materials that have Ůs >> 1 or correlated dipoles. The Onsager 

equation provides a good description of the dielectric constant of polar liquids that cannot 

hydrogen bond and is regularly employed in understanding dielectric data.  The Onsager 

equation can be written in SI units as: 

 (17) 
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4. Ionomer Conduction Models 

When ions are given sufficient time to diffuse through the system they eventually pack 

close to the corresponding electrode, creating an ion rich double-layer.  If only one type of 

ion is mobile, as is the case with single-ion conducting ionomers, a depleted region will 

develop at the electrode opposite of the packed region.  The result of this change in charge 

density is a polarization across the entire system that has the same magnitude, but opposite 

direction, of the applied field35. 

 

Figure 1-13 The charge distribution of an ion-conducting system under the influence of a 

constant dc electric field. 
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4.1 DC Conductivity and EP Model 

  The electrode polarization that occurs at low frequencies can be analyzed to obtain 

information regarding ion diffusion in the system.  Macdonald47 and Coelho48 developed a 

model that treats the electrode polarization as a Debye relaxation. 

‐ᶻ ‐  (18) 

In practice it is difficult to fit both Ůô and Ůò and a simple solution is to fit the loss tangent 

(tan ŭ = Ůò / Ůô).  Klein et al.49,50 show a useful modification and the equation becomes: 

ὸὥὲ  (19) 

Where ɤ is the angular frequency, ŰEP and Űů are fitting parameters.  These two parameters 

are characteristic times that correspond to when the ions build up a packed region near the 

electrode (ŰEP) and when ion motion becomes diffusive (Űů).  The polarization required to 

cancel the applied voltage requires a very small number of ions to polarize in the ñpacked 

regionò (their surface density is well below the reciprocal square of the Bjerrum length) so 

that they are noninteracting.  The equivalent circuit model41 relates these two values to 

their corresponding permittivity plateaus (Ůs and ŮEP): 

†  (20) 

†  (21) 
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There are limitations to the application of this model and it is necessary to compare the 

timescales obtained from fitting in tan ŭ to the real component of the complex conductivity 

(ůô).  Three major regimes appear in ůô and are shown in Figure 1-14: 

                  C        |                    B    |          A 

 

Figure 1-14 EP model fitting of tan ŭ to a Debye function (Eqn 19) gives Űů and ŰEP values 

that correspond to features in ůô. Region A is ac conduction, region B is dc conduction, 

and region C is after electrode polarization is completed.  

 

  At the fastest time scales (Regime A) ion motion is not diffusive and AC conductivity 

and appears in ůô as an increasing power law.  This behavior has been studied extensively 

by Dyre, who proposed a model to fit this behavior51ï55.  At intermediate times (Region B 

where Űů < t < ŰEP) ion motion becomes diffusive and ůô becomes independent of 






























































































































































































































































































