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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 carboncarbon backbone EO-containing polymers show no distinct advantage over similar EOpendant 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 “tail” 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 highfrequency 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.
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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 polymer’s
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 Sony’s 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 salt5–7. A variety
of carbonates is used to prevent crystallization and reach a eutectic point to allow operation

3

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 motion12–15. 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

5

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 (μ = 0.91D)21 similar to an ether oxygen (μ = 1.01D) and
a high dielectric constant for ethylene carbonate (μ = 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.

6
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 lowTg 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 ‘superionic’ 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 polymerpolymer 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).

9

[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 T g.
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. Ionsolvating 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 ionconducting 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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Brass Electrode
Polymer

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 (φ), and the rest of the “data” 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).
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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 φ, 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
Z’ and Z’’ 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 (ε*) is related to the complex impedance as follows,

𝜀 ∗ (𝜔) =

−𝑖
𝜔𝑍 ∗ (𝜔)𝐶𝑜

(1)

Where 𝑖 is the imaginary number, 𝜔 is the radial frequency in rad/s, and 𝐶𝑜 is the capacity of the
empty capacitor. The complex conductivity (σ*) is mathematically related to the complex dielectric
constant,

𝜎 ∗ (𝜔) = 𝑖𝜔𝜖𝑜 𝜀 ∗ (𝜔)

(2)

And the complex dielectric constant can be deconvoluted into the real (ε’) and imaginary
(ε“) components.

𝜀 ∗ (𝜔) = 𝜀 ′ (𝜔) − 𝑖𝜀"(𝜔)

(3)
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The dielectric permittivity, ε’, measures the recoverable polarization and is most clearly
understood as dipoles’ 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 ε”
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 ε’.
For this reason, ε’ should never decrease with decreasing frequency of the applied field.
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2.3 Types of Polarizations

Figure 1-10 Typical real (ε’) and imaginary (ε”) dielectric response as a function of radial
frequency. Relaxation processes appear as a step in ε’ and peak in ε” 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
ε’ 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 (αe) is observed. As the
electromagnetic field goes to lower frequencies (1011-13 Hz) or longer wavelengths atoms
are able to polarize (αa) through induced atomic vibrations, as seen in FTIR measurements.
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At this timescale the total polarization includes both αe and αa and for conventional
dielectric experiments the dielectric constant at high frequencies is ε∞. Continuing to lower
frequencies (106-11 Hz) allows for dipoles to move and orient themselves with the electric
field. Orientational polarization (αo) 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 resources35,37,39–42. 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 ±σ. A resulting
electric field Eo occurs perpendicularly between the plates (Shown by arrows in Figure 111).

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

𝐹𝑜 = 4𝜋𝜎

(4)
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The 4π 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 σ/𝜖𝑜 . 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 “molecular dimensions” 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 (-4πI) and the polarization at the cavity

21

containing the particle, the Lorentz field, (4πI/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 <cos2θ> which goes to 1/3 if the experiment is in the linear response regime
and dipoles are randomly oriented.

𝐹1 = −4𝜋𝐼 +

4𝜋
3

𝐼

(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.
4

𝐹 = 𝐸 + 𝜋𝐼 (7)
3

Which when combined with Maxwell’s fundamental relation for the electric displacement
(D) such that the dielectric constant is the ratio of D to E, ε = D/E; and we may also define
D by the electric intensity plus the additional polarization of charge on the plates, D = E +
4πI, we write F in terms of the dielectric constant and E.
1

𝐹 = 𝐸 (2 + 𝜀 )
3

(8)

The polarizability of the material can be defined as 𝛼 = 𝑚⁄𝐹 where 𝑚 is the dipole moment
of the particle. The polarization can also be described as the dipole moment per unit
volume (I), such that 𝐼 = 𝜈𝑚. These equations allow us to describe the polarizability as a
function of the dielectric constant.

22
1

𝐸(𝜀−1)

3

4𝜋

𝐼 = 𝜈𝑚 = 𝜈(𝛼𝐹 ) �� = ��𝜈𝛼 ( 𝐸(2 + 𝜀)) =
4𝜋
3

𝜈𝛼 =

(𝜀−1)
(𝜀+2)

(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 1/4πεo 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 (𝑛) instead of
the dielectric constant, as 𝑛 was easier to experimentally measure. The Lorentz-Lorentz
equation simplifies to the Clausius-Mosotti equation with the assumption ε = 𝑛2. This
assumption is only valid at high frequencies when only atomic polarizations are able to
contribute to the dielectric constant; that is where ε = ε∞.
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 Snell’s 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 ε∞. The limited
frequency range available to a dielectric spectrometer may not be high enough to accurately
measure 𝑛 and may include additional polarizations that are not present at optical
frequencies, resulting in a higher value.
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3.2 Onsager’s 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 ε ≠ ε∞. 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 – atomic, e – electronic, o – orientational) and the dielectric response is
characterized by the static dielectric constant εs, we obtain
4𝜋
3

𝜈(𝛼𝑎 +𝛼𝑒 +𝛼𝑜 ) =

(𝜀𝑠 −1)
(𝜀𝑠 +2)

(11)

When the equation is applied to high frequencies where no orientational polarization is
present the high frequency dielectric constant ε∞ characterized the response.
4𝜋
3

𝜈 (𝛼𝑎 +𝛼𝑒 ) =

(𝜀∞ −1)
(𝜀∞ +2)

(12)

To characterize the orientational dipolar relaxation strength Δε = (εs - ε∞) we subtract
Equation 12 from Equation 11 and simplify to find:
4𝜋
3

𝜈𝛼𝑜 =

3(𝜀𝑠 −𝜀∞ )
(𝜀𝑠 +2)(𝜀∞ +2)

(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)

𝐼⃑𝑜𝑟 =

𝜇2
3𝑘𝑇

𝐸⃑⃑

(14)

The factor relating the polarization and the electric field is defined as the polarizability. By
substituting this definition of αo, Equation 13 can be written in terms of Δε,

𝛥𝜀 =

(𝜀+2)(𝜀+2) 4𝜋𝜈𝜇2
3

9𝑘𝑇

(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,

𝐴=

𝜀𝑠 (𝜀∞ +2)2
(2𝜀𝑠 +𝜀∞ )

(16)

The Onsager and Clausius-Mosotti solutions for Δε have good agreement for gases and
simple liquids, but differ with materials that have εs >> 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:
(𝜀𝑠 −𝜀∞ )(2𝜀𝑠 +𝜀∞ )
𝜀𝑠 (𝜀∞

+2)2

=

𝜈𝜇2
9𝜖𝑜 𝑘𝑇

(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.

𝜀 ∗ = 𝜀𝑠 +

𝛥𝜀𝐸𝑃
1+𝑖𝜔𝜏𝐸𝑃

(18)

In practice it is difficult to fit both ε’ and ε” and a simple solution is to fit the loss tangent
(tan δ = ε” / ε’). Klein et al.49,50 show a useful modification and the equation becomes:

𝑡𝑎𝑛𝛿(𝜔) =

𝜔𝜏𝐸𝑃
1+𝜔 2 𝜏𝜎 𝜏𝐸𝑃

(19)

Where ω is the angular frequency, τEP and τσ are fitting parameters. These two parameters
are characteristic times that correspond to when the ions build up a packed region near the
electrode (τEP) and when ion motion becomes diffusive (τσ). The polarization required to
cancel the applied voltage requires a very small number of ions to polarize in the “packed
region” (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 (εs and εEP):

𝜏𝐸𝑃 =
𝜏𝜎 =

𝜀𝐸𝑃 𝜖𝑜
𝜎𝑜

𝜀 𝑠 𝜖𝑜
𝜎𝑜

(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 δ to the real component of the complex conductivity
(σ’). Three major regimes appear in σ’ and are shown in Figure 1-14:

C

|

B

|

A

Figure 1-14 EP model fitting of tan δ to a Debye function (Eqn 19) gives τσ and τEP values
that correspond to features in σ’. 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 σ’ as an increasing power law. This behavior has been studied extensively
by Dyre, who proposed a model to fit this behavior51–55. At intermediate times (Region B
where τσ < t < τEP) ion motion becomes diffusive and σ’ becomes independent of
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frequency. The plateau value is called the DC conductivity and is the principle value
reported for ion-conducting polymers. At times longer than τEP (Regime C) there is a
downturn in σ’ that is due to the development of the electrode polarization double-layer
(Figure 1-13). The τ values obtained from fitting tan δ can be compared with σ’(ω)
(Figure 1-14) to verify the reasonableness of the obtained values. If the values
correspond closely to the development and deterioration of the plateau, the values can be
trusted.
It is important to note that even though the dc conductivity drops off at the development
of the electrode polarization. The drop in conductivity arises from the polarization
cancelling the applied electric field in the bulk of the polymer so ions within the bulk of
the polymer do not feel any electric field. The applied electric field is then only effected
by the dipoles and ions within roughly a Debye length from each electrode (where the
polarization does not entirely cancel the applied field). Reorganization and packing of ions
is expected to be the source of any dielectric activity in this frequency range and is not
considered further as it is outside the scope of our research.
When fitting the peak in tan δ, it is important that the fit accurately matches with the
peak position in both the frequency and σ’. The peak position is the geometric mean of
τσ and τEP and it is therefore more important that the fit agrees with the data points around
the peak frequency than with those points further away. A breadth term may be added to
Equation 19 with the Cole-Cole modification to better fit the data at all frequencies56, but
often has an insignificant impact on the calculated τσ and τEP values.
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Obtaining εs allows us to calculate the Bjerrum length (𝑙𝐵 ) for the material. 𝑙𝐵 is the
distance two opposite charges must be separated for the strength of their electrostatic
attraction to equal the thermal energy, kT. When ions are separated distances larger than
𝑙𝐵 they prefer random diffusion over interacting.

𝑙𝐵 =

𝑒2
4𝜋𝜖𝑜 𝜀𝑠 𝑘𝑇

(22)

The Bjerrum length and the number density of ions (p) enter the Debye length (LD), by
Equation 23. The Debye length determines the size of the polarization layer that
develops during EP, each layer being roughly 2LD thick.

𝐿𝐷 =

1
√4𝜋𝑙𝐵 𝑝

=√

𝜖𝑜 𝜀𝑠 𝑘𝑇
𝑒 2𝑝

(23)

The dc conductivity of a sample is determined by the number of moving charged species,
the mobility of those species and the charge each species carries. The principle equation
of conductivity follows:

𝜎𝑜 = 𝑞𝑝𝜇

(24)

Where q is the charge valency multiplied by the elementary charge, usually +1.602x10-19
C, 𝑝 is the conducting ion concentration, and μ is the mobility of conducting ions. The
difference in conductivity of any two samples can be described by this equation and it is
therefore of great importance to solve for the values of 𝑝 and μ. The EP model of
MacDonald and Coelho and employed by Klein49,57 and Fragiadakis58,59 solves for these
values:
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𝜇=

𝑝=

𝑒𝐿2 𝜏𝜎

(25)

2 𝑘𝑇
4𝜏𝐸𝑃

1

(
2

𝜋𝑙𝐵 𝐿

𝜏𝐸𝑃 2
𝜏𝜎

)

(26)

Where e is the elementary charge, and L is the thickness of the sample and is much larger
than the Bjerrum length. The conducting ions are assumed to be non-interacting and
therefore the ion concentration must remain below 1/𝑙𝐵3 .

4.2 VFT vs Arrhenius

The behavior of a relaxation as a function of temperature gives information about the origin
of the relaxation. If the process is activated with an Arrhenius temperature dependence,
and has a linear temperature dependence on a log-log plot, the process is not related to the
segmental motion of the polymer. If there is curvature to the temperature dependence, the
VFT equation developed by Vogel60, Fulcher61 and Tammann62 can fit the curve. VFT
behavior suggests a strong coupling of the process to molecular mobility. The alpha
process, dynamic Tg, follows VFT behavior as it is cooperative motion of the polymer
backbone, whereas beta processes, that typically correspond to local or pendant rotations,
follow Arrhenius behavior.

Given this understanding it is not surprising that the

conducting ion concentration show Arrhenius behavior and can be fit according to

𝑝 = 𝑝∞ 𝑒𝑥𝑝 (−

𝐸𝑎
𝑅𝑇

)

(27)
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Where p∞ is the conducting ion content at arbitrarily high temperature and Ea is the
activation energy for an ion to become conductive. The mobility of conducting ions
follows VFT behavior as ions require molecular motion of the polymer to diffuse through
the system.

𝜇 = 𝜇∞ 𝑒𝑥𝑝 (

−𝐷𝑇𝑜
𝑇−𝑇𝑜

)

(28)

The behavior of the dc conductivity as a function of inverse temperature is sometimes fit
as with the VFT equation. Although this can empirically fit the data well it is not
fundamentally correct as Equation 24 shows the dependence of dc conductivity is on both
the conducting ion concentration and the ion mobility. The dc conductivity should have a
more complicated dependence that has both a VFT component and an Arrhenius
component. The fact that the VFT equation alone is able to fit the dc conductivity well
suggests that the process is dominated by the molecular motions, which is seen in many
studies where conductivity of different ionomers can collapse into a single curve when
normalized to Tg.

4.3 τσ and Kremer’s Approach (M”)

Fitting in tan δ is not the only way to obtain τσ. The EP model we employ may sometimes
fail for certain systems and another method to obtain the characteristic times is preferred.
One simple method for determining τσ is by finding the frequency where σ’= 2σo 54. This
assumption is far too simple and often gives inaccurate results. Kremer et al. prefer to

32

obtain τσ by fitting the peak that occurs in the imaginary component of the complex
dielectric modulus (M”)63,64. This peak is most clearly observed in a log-linear plot, as
shown in Figure1-15, and can be fit with a Debye function to give precise values of τσ.
This approach has been applied to a wide variety of ionic liquids and polymerized ionic
liquids and the resulting τσ values have excellent agreement with the development of the
dc plateau.

Figure 1-15 Kremer’s method to determine τσ from M” 65 . The solid blue line shows that
the peak observed in M” corresponds to the beginning of the plateau in σ’. The inset shows
the correlation between M” peak across all temperatures.

When this approach is applied to polyphosphazene ionomers, however, it is clearly seen
that the τσ obtained does not closely follow the beginning of the dc plateau, whereas fitting
in tan δ gives a τσ that has excellent agreement with the raw σ’(ω) data. Figure 1-16 shows
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σ’ for a polyphosphazene ionomer, discussed in more detail in Chapter 4 of this
dissertation, with dashed lines showing values of τσ determined by different models.
Although there are literature examples in good agreement with both the peak in M” and
the Dyre Random Barrier Model (RBM) (Figure 1-17), they both fail to accurately
determine τσ for the polyphosphazene sample in Figure 1-16.

The solid red line

corresponds to the resulting fit from the Dyre RBM model (described in the next section)
and does not agree well with the transition from ac to dc conductivity.

Figure 1-16 A comparison of τσ values (dashed lines) at 0 oC determined in 4 separate
ways, EP model tan δ fitting (green), M” peak fitting (blue), σ’ RBM model fitting, and σ’
= 2σo. The red solid line is the fit from Dyre’s RBM model.
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Such a difference in τσ values results in dramatically different εS values by Equation 21, as
the polyphosphazene ionomer has εS = 45 by tan δ fitting (green dotted line) and εS = 6.4
(blue dotted line) by M” peak fitting. When εs values are compared to the raw permittivity,
the M” values are clearly unreasonable whereas the tan δ values match well with the raw
data.
An alternative method for determining τEP can be performed by observing the peak that
occurs in the imaginary component of the complex conductivity σ” 63–65. Two timescales
can be determined from σ”, where the minimum and maximum occur; these correspond to
the initiation of the electrode polarization and the time at which the polarization is
complete. This is a robust method to determine τEP and has good agreement with tan δ
fitting, seen in Figure 1-17. It is a useful method if a research group wants to avoid using
the EP model. If the EP model is correctly applied, it is unnecessary to consider σ”.
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Figure 1-17 A comparison of conduction timescales obtained by different methods for a
polyphosphazene ionomer. τEP values (green and gray squares) have good agreement, τσ
values differ greatly.

Determining conduction timescales is important for characterizing ion-conducting
materials. There are multiple models available to fit dielectric data and obtain τσ and τEP
times. It is important to know when a model can be appropriately applied, and the resulting
data should always be compared to the raw data to double-check if the results are
reasonable. The EP model tends to not apply to ionic liquids, high conducting ion content
samples, and with highly conductive materials. From personal discussion with members
from Friedrich Kremer’s group the M” peak and RBM fitting approaches also fail for some
materials and is best applied to ionic liquids. The most common case of failure with M”
peak and RBM models is with high molecular weight polymers. The polyphosphazene
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ionomer shown in Figures 1-17 and 1-16 has an estimated molecular weight over 1 million
g/mol, and it is not surprising that M” and RBM fails.

4.4 Dyre Random Barrier Model for Ion Conduction

A model of particular interest is the Random Barrier Model (RBM) proposed by Dyre52 as
it gives some understanding to the origin and meaning of τσ. Ions (or conductive charges)
move through the amorphous system through hops between sites. There is a random
distribution of activation energies (Ea) and each ion has a probability to overcome the
barrier:

𝐸
𝑡𝑐 �~�exp�( 𝑎⁄𝑘𝑇)

(29)

Where tc is the time needed to overcome the local barrier to ion motion. Figure 1-18
displays this proposed model at different time scales, where larger barriers are overcome
at longer times, and at some characteristic time τ all ions are able to conduct and are no
longer locally trapped.

37

Figure 1-18 Dyre’s random barrier model at different timescales. At longer times more
ions are able to participate in conduction54.

The characteristic time τ is when ion motion is able to percolate through the system and
long-range translational motion of charge, dc conduction, begins. Given the earlier
discussion of the EP model, this time can also be defined as τσ. The largest energy barrier
determines τσ and the system is able to follow Arrhenius behavior and show a single Ea,
even though there is a large distribution of barrier strengths. The complex conductivity can
be described entirely, excluding any polarization effects:
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𝜎 ∗ (𝜔) = 𝜎𝑜 [

𝑖𝜔𝜏

]

ln�(1+𝑖𝜔𝜏)

(30)

And solved for the real and imaginary components of the complex conductivity:
(𝜎𝑜 𝜔𝜏)∗atan�(𝜔𝜏)
2
⁄4𝑙𝑛 (1+𝜔2 𝜏2 )+(atan(𝜔𝜏))2

𝜎 ′ (𝜔 ) = 1

𝜎"(𝜔) = 1

(𝜎𝑜 𝜔𝜏)∗ln�(1+ω2 τ2 )

⁄2𝑙𝑛2 (1+𝜔2 𝜏2 )+2(atan(𝜔𝜏))2

(31)

(32)

Given the dc conductivity (σo), τσ can be solved for as a fitting parameter and determined
from the real part of the conductivity. There are many examples of this model fitting ionconducting polymers extremely well, and it is commonly applied to ionic liquids66. Figure
1-19 shows an example of this model being applied to ionic liquids by Kremer et al. with
excellent agreement with the experimental results.
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Figure 1-19 Kremer et al. determine τσ (1/ωc) accurately by fitting the peak observed in
the imaginary component of the dielectric modulus66. Arrows show the crossover
frequency from ac to dc conduction.

Dyre also solves for the number density of simultaneously conducting ions (p) given σo,
the hopping frequency υc, and the hopping distance 𝑎.

𝑝=

6𝑘𝑇𝜎𝑜
𝑞2 𝑎2 𝜐𝑐

(33)

This provides an alternative method to Macdonald and Coelho’s EP analysis, but it requires
the hopping frequency and the hopping distance, which are difficult to accurately define.
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4.5 The BNN Relation

Barton67, Nakajima68, and Namikawa69 give a relation that relates the dc conductivity to
the characteristic relaxation time of the ions such that τc ~ σo. It is not obvious if the
characteristic ion motion corresponds to the peak relaxation of the dielectric loss τmax or
the onset of dc conduction τo, though these two values often match closely.
1
𝜏𝑐

=

𝜎𝑜
𝐶𝜖𝑜 𝛥𝜀

(34)

where 𝐶 is a constant usually on the order of C ~ 1. A BNN plot can be constructed to test
this relation, as shown in Figure 1-20 and a slope of 1 is found to hold for most polymers
studied in the literature.

Figure 1-20 BNN plot showing the dc conductivity is proportional to the major dipole
relaxation frequency for two polyphosphazene ionomers.
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4.6 Derivative Loss

The presence of conductivity in ionomer samples often dominates the dielectric loss signal
and prevents observation of dipolar orientational relaxations. The two relaxations of
interest in ionomer research are the α and α2 processes; where the α process is cooperative
segmental motion and α2 is an ion-related motion that may be connected to the breaking of
ionic associations70. The permittivity must be considered instead of the loss as it is not
dominated by the diffusion of ions. The dielectric permittivity and loss principally contain
the same information and a transformation may be applied to ε’ to obtain ε” 71,72.
∞

2

𝜔

𝜀 ′ (𝜔𝑜 ) = 𝜀∞ + ∫0 𝜀"(𝜔) 2 2 𝑑𝜔
𝜋
𝜔 −𝜔
𝑜

𝜀"(𝜔𝑜 ) =

𝜎𝑜
𝜖𝑜 𝜔 𝑜

2

∞

𝜔

+ ∫0 𝜀′(𝜔) 2 𝑜 2 𝑑𝜔
𝜋
𝜔 −𝜔
𝑜

(35)

(36)

This transformation is known as the Kramers-Kronig transformation and can be used to
produce dielectric loss data without the conductive contribution by eliminating the first
term in Equation 36.

Wubbenhorst provides a simplified form of doing a similar

transformation can be done through logarithmic analysis

𝜀"𝑑𝑒𝑟 = −

𝜋 𝜕𝜀′(𝜔)
2 𝜕�ln�(𝜔)

(37)

ε"deriv is obtained and can be fit with a Debye or modified Debye equation to determine
relaxation strengths and times. Because of the transformation, the peaks are sharper and
the normal Havriliak-Negami equation cannot be used and the appropriate form is given35:
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"
𝜀𝑑𝑒𝑟𝑖𝑣

𝑃

= 𝐶𝜔 +

𝜋𝑎
−(1+𝑏)𝑧)
2
1+𝑏
𝜋𝑎
[1+(𝜔𝜏𝐻𝑁 )𝑎 cos( )+(𝜔𝜏𝐻𝑁 )2𝑎 ] 2
2

𝑎𝑏𝛥𝜀(𝜔𝜏𝐻𝑁 )𝑎 cos�(

(38)

Where z is a simplified term for

𝑧 = atan [

𝜋𝑎
)
2
𝜋𝑎
(𝜔𝜏𝐻𝑁 )−𝑎 +cos�( )
2

sin�(

] (39)

and C, P, 𝑎, b, Δε, and τHN are fitting parameter. C and P are constants that are used to fit
the contribution of the power-law due to electrode polarization and can often be determined
independently at low frequencies where EP completely dominates the response. The EP
contribution can also be fit first and then subtracted from the data to reduce the number of
fitting parameters used to fit the derivative spectra. 𝑎 and b are additional terms Havriliak
and Negami added to the Debye equation to introduce relaxation breadth and high
frequency asymmetry respectively. In almost all situations 0 < 𝑎, 𝑏 ≤ 1, but it is possible
for

b > 1 provided that 𝑎𝑏 < 1. Δε is the dielectric strength of the relaxation. The true

peak relaxation time τmax is related to the fitting parameter τHN by the equation:
𝜋𝑎𝑏
)
2+2𝑏
𝜋𝑎
sin�(
)
2+2𝑏

sin�(

𝜏𝑚𝑎𝑥 = 𝜏𝐻𝑁 [

1⁄
𝑎

]

(40)

Using 6 parameters to fit a single curve has obvious concerns for reliable and reproducible
results and therefore it is good practice to fit the curve through a multiple step process:
1. Fit the EP at low frequency
2. Set a,b=1 guess De and t and let them float
3. Lock De and t and then let a and b float
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4. Cycle back and forth between letting De,t and a,b float until a reasonable fit is
obtained, never allowing more than 2 parameters to change in any given iteration
5. When a good fit has been found for a single temperature lock P,a,b for the rest of
the temperatures studied and use the other parameter values as the “guess” values
for the next temperature
These steps will not always produce sensible results and the resulting Δε and τmax values
should be compared to ε’ and ε”der.

5. Summary
A review of dielectric relaxation spectroscopy has been provided to teach the reader the
origin and execution of useful analysis when studying ionomers. Dielectric spectroscopy
is a necessary characterization method for studying ionomers and gives insight into ion
associations and conduction. There are many models to determine characteristic times,
and each should be considered on a case-to-case basis to determine if they are useful and
efficient.

Although much information can be extrapolated from a single dielectric

experiment, any values determined from detailed analysis should always be compared to
the raw data to evaluate if the model used is reasonable.
This dissertation discusses the design of ionomers and aims to provide direction to future
ionomer designs. A major focus is given to low-Tg polymers and specifically inorganic
backbone polymers. This first chapter has provided a motivation for the research and a
discussion of dielectric analysis that is essential for understanding ionomers. The second
chapter details the hydrosilylation reaction as it offers the versatility to develop novel
polymer structures. The third chapter considers the segmental dynamics of ethylene oxide-
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containing polymers, and the effect that has on the ether oxygen dipoles. The fourth
chapter discusses polyphosphazene ionomers and the ion-ion associations of high ioncontent ionomers. The final chapter studies the effect of hydrogen bond donors and
acceptors on conducting ion concentration of a lithium conducting ionomer.
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Chapter 2
Hydrosilylation and Polysiloxanes

1. Polysiloxanes
Polysiloxanes, polymers with an -(SiR2-O)- backbone, are of particular interest in
the field of ion-conducting polymers as they exhibit fast segmental dynamics that impart
low glass transition temperatures, inaccessible to carbon-carbon backbone polymers. A
prime example of the superior flexibility of polysiloxanes is poly(dimethylsiloxane), as it
has a Tg of -127oC
poly(isobutylene).

1,2

compared to a Tg of -67oC for its hydrocarbon analogue,
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Table 2-1 Glass transition temperatures of common polysiloxanes3
with structure –[Si(R1R2)-O]R1

R2

Tg (oC)

CH3

CH3

-123

CH3

H

-138

CH3

C2H5

-135

C2H5

C2H5

-139

CH3

C3H7

-109

CH3

C6H5

-33

CH3

CH2(CH2CH2O)4CH3

-86

CH3

CH2(CH2CH2O)8CH3

-72

The high flexibility and consequent extremely low Tg of polysiloxanes is due to
the length, angle, and polarity of the Si-O bond. The advantage of the siloxane bond can
be simply observed in the difference between the bond angles of H3C-O-CH3 and H3Si-OSiH3, which are 109o and 144o respectively4,5. In addition to a larger bond angle, the partial
ionic character of the backbone allows the Si-O-Si bond angle be easily distorted. This
distortion can relieve stress due to unfavorable conformations, making the energy of
rotation around the Si-O bond considerably lower than that of the C-C bond (2.5 kJ/mol
and 17 kJ/mol respectively)3. The longer bond lengths of the backbone Si-O bond
(0.164nm) and the pendant Si-C bond (0.190nm)6 reduce steric interactions between
neighboring pendants.
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Scheme 2-1 Difference in trans bond angles between an alkane and a siloxane3

This difference in bonding chemistry also results in different bond energies and
lengths giving organosilicon molecules different chemical and electrochemical stability.
Unlike the C-C bond, organosilicons have a large electronegativity difference between the
bonded atoms. In the case of polysiloxanes with an Si-O backbone, the electronegativity
difference is 1.7 which is very high - comparable to H-F (1.9) the most polar covalent
bond7. The Si-O bond is very polar and therefore it is prone to nucleophilic attack which
results in degradation when exposed to weak base or strong acid8. The siloxane backbone
is stable to hydrolysis and poly(dimethylsiloxane) does not show any thermal degradation
below 343oC in inert conditions9.
The stability of pendant-linking chemistry is also important to consider. Using
the Si-OC bond to attach monomer functional groups to the polysiloxane backbone offers
the advantage of lower viscosity and Tg over that of the Si-C linkage analogue, but also
introduces the possibility for undesired side reactions. Si-C bonds are stable in standard
conditions while Si-OR bonds are easily hydrolyzed10. For this reason, reacting R-OH
monomers with poly(methylhydrosiloxane) (PMHS) should be conducted with careful
attention to the cleavage of the Si-OR bond, or avoided altogether. When the bond is
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cleaved it leaves a Si-OH group on the polymer, two of which easily form undesired
crosslinks.

Thermal stability is no different between these two chemistries as the

reorganization and depolymerization of the Si-O bonds in the backbone occurs at lower
temperatures than the reorganization or decomposition of the pendant Si-C bonds11.

2. The Hydrosilylation Reaction
An important chemical reaction considered in this work is the functionalization of
poly(methylhydrosiloxane) (PMHS) with small molecules of varying functional groups; a
sample of this reaction is shown below in Scheme 2-2. The reaction of allylic groups with
the Si-H bond on PMHS is known as the hydrosilylation or hydrosilation reaction.
Hydrosilylation is a broadly used reaction that results in an organosilicon bonds through
catalyzed substitution of a silicon hydride. A comprehensive discussion is provided to
better understand this class of reactions.

Scheme 2-2 Hydrosilylation of PMHS with an allylic monomer.
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Hydrosilylation was first discovered by Sommer et al in 1947 with the addition of
octane to trichlorosilane using diacetyl peroxide as the catalyst12. Since it was first reported
in the literature, this chemistry has been applied to a plethora of molecules and has been
demonstrated to be a versatile reaction. Sommer et al. conducted the reaction of an olefin
group with the Si-H bond but the reaction is far more versatile and also includes the reaction
of Si-H with -C≡C, -NH2, -OH, -C=O,-C=N, -C≡N, -N=N, N=O groups13–16. Each of these
functional groups have a different reactivity and the general order of reactivity for the most
commonly reacted functional groups has been determined for hydrosilylation as: –OH > C≡C > -C=C > -NH2 where –OH is the most reactive17,18. The local environment of the
functional group also plays an important role as it has been observed that when both an
allyl group and a vinyl group are present, like with allylvinyl ether, the allyl group reacts
readily to produce the major product19,20. Likewise, the preference of an alcohol to react
in the presence of an olefin can be reversed if the alcohol is attached to an aryl group and
the olefin is connected to an alkyl group21.

2.1 Solvents Selection

Many literature examples of hydrosilylation use liquid reagents that are easy to mix
and react without the use of solvents17. Our research group has attempted this approach
but it did not produce successful reactions, and therefore a solvent is used in the reaction.
Due to the wide variety of functional groups that can participate in hydrosilylation, the
solvent selected for the reaction becomes extremely limited. The presence of amines,
alcohols, nitriles and carbonyls prevents the use of many common solvents, including
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water, acetone, DMF, methanol, and DMSO3,17,22. We have determined four principle
solvents that should be considered for hydrosilylation reactions: toluene (εS = 2.4),
chloroform (εS = 4.8), dichloromethane (εS = 8.9), and tetrahydrofuran(εS = 7.6) 23. Toluene
is the preferred solvent as it has a boiling point of 110oC, poses only a mild health hazard,
and does not slow down the reaction24. However, when reacting PMHS with polar or ioncontaining molecules, toluene is a poor solvent and THF becomes the preferred choice.
Our research group has successfully used acetonitrile (εS = 37.5)23 in multiple
hydrosilylations25–27 but it should not be considered before the other four solvents, as
acetonitrile slows down the reaction rate and has the possibility of reacting with the Si-H
bond28. Acetonitrile only partially solvates PMHS and produces a cloudy solution when
mixed. Our reported reactions26,27 employ a vinyl monomer that is very soluble in
acetonitrile and modifies the solubility of the polysiloxane when attached to PMHS,
resulting in a clear solution.

2.2 SiOC Polymers and Bond Energies

Hydrosilylation of alcohols is a facile reaction and can be used to prepare many
novel polymers, but should be used cautiously as the Si-OR bond can be hydrolyzed and
result in Si-OH groups that cross-link upon heating10. The tendency for the Si-OR bond
to break depends on the stability of the resulting alcohol. This reaction should not
demotivate future research in these materials as there are studies that attach functional
groups through the Si-OR bond and are able to characterize the materials without crosslinking or degradation. It is even found that when graft-ethylene oxide polysiloxanes are
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prepared from allyl monomers and alcohol monomers, the Si-OR analogue has a lower
viscosity. The potential to lower the viscosity of the polymer through controlling the
linking chemistry would have advantages for developing highly conductive ionconductors.

2.3 Catalysts

Hydrosilylation can occur through a free radical initiated mechanism but it is
much more efficient (and commonly performed) using a transition metal catalyst,
pioneered by Speier in 1957 with chloroplatinic acid. Due to the proliferation of the metal
catalyzed reaction, the free radical mechanism will not be discussed further.
Many metals are able to catalyze hydrosilylation and have a pronounced effect on
the progression of the reaction. Metal catalysts include17,18 Pt, Rh, Zn, Pd, Ni, Co, Cu, Ru,
Os, Ir, and Ti and have a wide variety of forms and ligands, including colloidal metal,
carbonyls, triphenyl phosphines, alkenes, cycloalkenes, and many more. Relative reaction
rates of commonly employed catalysts follow Pt > Rh > Ru = Ir > Os > Pd. Each catalyst
has its own advantage and may promote a certain stereochemistry or may prefer reacting
with a specific functional group29–32. As an example, a rhodium catalyst was selected to
catalyze C=C or C=O hydrosilylations17. Careful selection must be made when designing
a hydrosilylation experiment when so many catalysts are available. Stereochemistry is not
a concern for the polymers under consideration herein and the catalysts employed are
common catalysts that are broadly used. The first transition metal catalyst and most
common catalyst used is chloroplatinic acid coordinated to a common alcohol33, and is
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called the Speier Pt Catalyst as it was first discovered by J.L. Speier at Dow Corning in
1957. The two principle catalysts used by our laboratory are the Pt Karstedt catalyst (1,3divinyl-1,1,3,3-tetramethyldisiloxane

complex)

and

the

Rh

Wilkinson

catalyst

(tris(triphenylphosphine)rhodium(I) chloride).
If the solution becomes dark brown during the reaction, this infers that the Pt
catalyst has begun to form Pt(0) colloids34. Once in colloidal form, the catalyst is no longer
active and the reaction will not progress. If new Pt catalyst is added it quickly binds to the
colloids and does not reinitiate the reaction. Pt colloids tend to form when the Karstedt
catalyst is heated above 65oC and form more readily at higher temperatures3. For this
reason, hydrosilylation reactions are best run at lower temperatures and should only be
heated to the minimum temperature necessary for the reaction to proceed; usually 50-65oC
is sufficient for most hydrosilylations17. There is some evidence that the formation of Pt
colloids plays a role in the catalytic process28, but our own experiments suggest the reaction
stops when the solution becomes brown.
The catalyst is often difficult to remove from the final product and gives a slight
yellow to brown discoloration. These colloids have been observed to be on the order of
0.1 μm in diameter34. The color can be removed by combination of dialysis followed by
filtration through a 0.1 μm PTFE filter. Filtering does not always remove all color, as the
catalyst can bind strongly to the polymer. Zinc caprylate has been shown in the literature
to produce colorless polysiloxanes35 and was briefly considered in our research, but it was
not used as the reaction progresses very slowly, requiring a full week at 60oC to attach
vinyl triethylene oxide pendants, whereas the Wilkinson and Karstedt catalysts complete
the same reaction in 24-36 hours at 60oC.
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2.4 The Reaction Mechanism

The Chalk-Harrod mechanism36 of metal-catalyzed hydrosilylation is shown in
the following:
Step 1: The allyl π-bond coordinates with the metal catalyst.

Step 2: The metal catalyst inserts itself into the Si-H bond.

Step 3: π-σ rearrangement of the allyl group and hydride abstraction. This is a
reversible process and therefore the rate determining step.
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Step 4: A new allyl group coordinates with the catalyst and causes the functional
group to migrate to the silicon and leave the catalyst, yielding the target molecule and
regenerating the catalyst.

This mechanism of hydrosilylation enables us to explain difficulties that may arise in
the experimental execution of the reaction. The ligands become important as they can
promote oxidative addition of the catalyst by having stronger σ-basicity or weaker πacidity. Additionally, larger ligands can sterically hinder the insertion of the catalyst to
the Si-H bond; likewise the size of the R3 groups attached to the Si are able to prevent the
coordination of the silane to the catalyst.
We observe that in the case of large ligands, the reaction proceeds to 80-90%
completion before substitution stops. The residual Si-H remains unreacted in the presence
of catalyst and allyl groups, even after a week of reaction time. At high substitution the
large triphenyl ligands and bulky ligands on neighboring monomers prevent the
coordination of the catalyst and Si-H. This is a major concern as residual Si-H can
participate in undesired side reactions and result in crosslinking; this reaction is discussed
further in the following section. Reactions may sometimes be completed by the addition
of a catalyst that is not sterically hindered, such as the Karstedt catalyst.
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2.5 Reactive Olefin Monomers

In addition to the catalyst and solvent playing a major role in determining if the
reaction will proceed, the electronic structure of the unsaturated bond on the monomer also
influences the reaction. The general rule is that if there is an electron rich group near the
unsaturated bond, it will deactivate the bond and prevent hydrosilylation. For this reason
allylic (H2C=CH-CH2-R) functional groups are selected over vinyl (H2C=CH-R)
functional groups to provide an additional spacer between the reactive double bond and the
potentially polar R group.
An example of this selection rule is observed in the attachment of the polar
sulfolane group to PMHS. When ethylvinyl sulfolane is employed the hydrosilylation does
not occur. However when allyloxy sulfolane is selected the reaction proceeds to complete
substitution with a Pt catalyst. The allyloxy spacer prevents the polar sulfolane from
deactivating the carbon-carbon double bond. Hydrosilylation has been attempted without
success with vinylformamide, phenylvinylsulfolane, ethylvinylsulfolane, and allylamine.
Many ion-containing monomers may have a sufficient distance between the
functional group and the unsaturated bond, but still are not used in hydrosilylation because
there is no compatible solvent for both the ion and PMHS. It is common for ion-containing
small molecules to not be soluble in the preferred hydrosilylation solvents and instead to
prefer water, DMSO, or DMF. This concern limits the use of sodium allylsulfonate (1), 2methyl-2-propene-sulfonic acid sodium salt (2), 2-hydroxyethanesulfonic acid sodium salt
(3), ethyl(allyl)phosphonic acid lithium salt (4), and sodium styrene sulfonate (see Scheme
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2-3). The structure of these ions suggests they are compatible with hydrosilylation and
would result in novel ionomers if a compatible solvent can be found.

Scheme 2-3 Ionic monomers that may undergo hydrosilylation but are not soluble
in the preferred solvents.

3. Side Reactions

3.1 PMHS as a Reducing Agent

PMHS is considered in this work as the prepolymer for ionically conductive
species. Although there have been extensive studies of functionalizing PMHS to create
functional polymers3,37,38, PMHS is also broadly used as a hydrogen source in reduction
reactions. These two fields employ PMHS regularly but are largely ignored by each other.
Hydrosilylation is a versatile chemistry but many undesired side reactions may occur that
must be considered.
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PMHS is a desirable reagent and is used as an alternative to other reducing agents
(H2, LiAlH4, diborane, CO, formic acid, hydrazine) because it is considered to have low
toxicity, is environmentally safe, has low reactivity to air and moisture, is stable in storage
for long periods of time, can easily be separated from reaction products, and is relatively
low cost and commercially available39. PMHS has been used to reduce a variety of
functional groups under mild conditions40

(41)

(42)

(43)

(44)
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(45)

(46)

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

The most concerning reduction reaction is the elimination of allylic protecting
groups47. Rao et al. demonstrated that PMHS is capable of removing a variety of allylic
groups connected through an ether, amine, or ester linkage:

Scheme 2-5 Elimination of an allyl protecting group by PMHS with Pd catalyst in
the presence of ZnCl2.

This possible reaction cannot be ignored when functionalizing PMHS with allylcontaining small molecules. Rao et al. showed that this reaction is possible in mild
conditions (room temperature) and applies to a wide variety of linking chemistry, including
ether-allyl groups that are similar to the small molecules considered in this thesis. The
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main difference between the reaction conditions of Scheme 2-5 and pendant
functionalization shown in Scheme 2-1 is the catalyst used. The elimination of the allyl
group does not proceed without the addition of ZnCl2, and therefore the elimination is not
ex[ected to take place in the reaction conditions used herein.

3.2 Unintentional Cross-linking of PMHS

The reactive nature of the Si-H bond makes undesired crosslinking reactions
facile. The principle side reaction that results in crosslinking is conversion of the Si-H to
Si-OH followed by the formation of Si-O-Si bonds connecting two chains, shown in
Scheme 2-6. This can occur when Si-OR bonds hydrolyze in the presence of water and
leave reactive Si-OH groups. Si-OH groups can form crosslinks by either reacting with an
Si-H to produce H2 or they can react with each other to produce water3. Exposure of PMHS
to water through ambient humidity is sufficient for this reaction to progress but we have
observed that it does not progress at room temperature and the reaction must have catalyst
present and be heated in order to initiate crosslinking. Samples with remaining Si-H content
after hydrosilylation could be stored at room temperature in a desiccator under vacuum for
multiple weeks without a change in viscosity or a decrease in the Si-H content as
determined by 1H NMR .
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Scheme 2-6 Crosslinking reaction of PMHS in the presence of water.

We have evaluated the PMHS used in this thesis using
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Si NMR to ascertain

whether there is any crosslinking or conversion of Si-H to Si-OH on the prepolymer before
it is reacted with vinyl monomers. PMHS was purchased from Sigma Aldrich and was
stored under Argon in the presence of 4A molecular sieves to dry the polymer. No Si-OH
peaks are observed and the PMHS shows two clear peaks corresponding to the monomer (SiH(CH3)-O)n- at -35ppm and the Si(CH3)3 end groups at 10ppm35. Integration of these
peaks gives a number average molecular weight of 3,360 g/mol (n = 52 monomers). The
integration of the small peak observed at -65ppm is greatly overestimated as it overlaps
with the broad borosilicate signal that arises from the glass of the NMR tube. The position
of the small peak suggests that it may be associated with Si-O-Si crosslinking between
chains35, but is negligible as it is in much less abundance than the end-groups.
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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.

When using catalysts that contain vinyl functional groups, it is possible for the
ligand to participate in the reaction and be substituted on the silicon hydride. In the case
of the Karstedt Pt catalyst, the platinum is coordinated to 2-3 vinyl groups (1,3-divinyl-
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1,1,3,3-tetramethyldisiloxane), and it is possible for this small molecule to be inserted to
the Si-H bond like any other vinyl group.

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

The divinyl nature of the complexing ligand may react both vinyl groups and
would crosslink polymer chains. This reaction is difficult to detect as 1H NMR peaks on
the divinyl siloxane are indistinguishable from the desired product. When dry PMHS is
heated in the presence of the Karstedt catalyst under the protection of an argon atmosphere,
there is no noticeable decrease in the size of the Si-H peak or development of the Si-CH2
peak in NMR. This side reaction is negligible because of the small amount of divinyl group
present. Catalytic amounts of Pt catalyst typically are 7 drops of 2% Pt in xylene per 1g
PMHS. This results in a Si-H:divinyl group ratio of 270:1, where 0.7% of the Si-H
monomers would be depleted if every catalyst vinyl group reacted.

3.3 Substitution Content and the Alpha/Beta Addition

It is common practice in the literature to monitor the progression of the
hydrosilylation by observing the isolated Si-H peak at 2280-2080 cm-1 diminish in FTIR48.
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Although this does accurately show the depletion of the Si-H bond, it does not guarantee
that the desired pendant group is attached to the polymer. 1H NMR is the preferred method,
as depletion of both the Si-H peak (at 4.8ppm) and the vinyl hydrogens (5-6 ppm) are easily
identified and monitored.
When an allylic group participates in hydrosilylation there are two possible
substitution sites as shown in Scheme 2-8. The chemistry shown in Scheme 2-1 suggests
that the alpha carbon is only substituted and a single product is achieved. There is a
possibility for the bond to migrate while still coordinated with the catalyst (Step 3),
resulting in substitution on the beta carbon.

Scheme 2-8 A side reaction observed in many alkene hydrosilylations. β-addition
is the minor product and may be reduced or promoted with different catalysts.

The presence of this side reaction is important for determining the substitution
content of the final polysiloxane. Using the Si-CH2 peak in NMR (0.5-1.0 ppm) may be
misleading as it does not count the functional groups attached through the β carbon. Then
the most accurate means of quantifying the extent of desired reaction is to compare NMR
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peak integrations of hydrogens that are contained in the R group to the Si-CH3 peak at
0.2ppm.

4. Polysiloxane Electrolytes

4.1 Polysiloxane Electrolytes

Polysiloxanes provide an advantageous base structure to develop highly
conductive polymer systems owing to the flexibility of this backbone imparting low Tg.
West et al. have utilized Smid and Shriver’s

35,49,50

original work of attaching ethylene

oxide pendants to polysiloxane backbones and applied these to ion-conducting
systems37,51–56.

They considered many polysiloxane-graft-EO (PSX-g-EO) systems,

ranging from graft homopolymers to cross-linked cyclic siloxanes, with the application of
polyelectrolytes for ion conduction. Their research led to the commercialization of
organosilicon electrolytes by the company Silatronix.
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[A]
[B]

Scheme 2-9: Polysiloxanes37 designed to solvate ions and promote ion conduction
using [A] different pendant linking chemistry and [B] random copolymerization of two
monomers with different functional groups25.
Polysiloxanes can be easily functionalized with multiple functional groups and
provide a good platform for developing specialized polymers for ion conduction. Zhang
et al. studied the change in conductivity of a salt-doped polysiloxane with various mixtures
of either polar or cation-solvating monomers57.

Polar oxymethyl-[1,3]-dioxolan-one

(CECA) pendants and ethylene oxide-containing pendants were hydrosilylized in various
ratios and then mixed with LiTFSI salt at an EO/LiTFSI ratio of 15/1. The conductivity
was found to increase from that of the PSX-g-EO homopolymer when a small amount of
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CECA pendants were added, and the conductivity is maximized with 8.5% CECA
monomers.

4.2 Ion-Containing Siloxanes

West and Zhang’s systems are limited to polymer-salt mixtures and therefore there
is a need for development of ionomeric polysiloxanes.

Although the chemistry of

hydrosilylation is very versatile, it can be difficult to attach an ion to PMHS due to the
solvent restrictions noted previously. There are few examples of employing hydrosilylation
to synthesize ionomers in the literature, and the majority of the ion-containing siloxanes
published are small molecules used as compatibilizers and surfactants58,59.

Cazacu

reviewed the majority of the ionomeric polysiloxanes that have been studied in the
literature60. A common method of attaching ions to polysiloxanes is using hydrosilylation
to attach an epoxide to PMHS and then to use one of many available reactions to open the
ring and attach an ion61,62.

Scheme 2-10 Synthesis of a polysiloxane ionomer by sulfonation of the oxirane
ring. 61
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Sulfonated styrene pendants also have been attached to a polysiloxane backbone63
by first attaching styrene then sulfonating the ring under mild conditions. This method is
questionable as it requires strongly acidic conditions followed by titration with a base, both
of which can easily degrade the polymer if not done carefully.

4.3 Polysiloxane Ionomers

Dr. Siwei Liang and Dr. U Hyeok Choi have recently synthesized and investigated
polysiloxane ionomers with novel architectures25. The following is a summary of the
important findings recently published26,27. Two ionomer designs were studied (Scheme 211), [A] a borate polyanion, and [B] a phosphonium polycation.
[A]

[B]

Scheme 2-11 Structures of two polysiloxane ionomers synthesized and studied by
our lab.

Structure A incorporates tetraphenyl borate lithium salt and a high dielectric
constant cyclic carbonate (CECA). This polymer was designed to have a high dielectric
constant and low ion binding energy. The static dielectric constant of the polysiloxanegraft-CECA homopolymer was 52 at 25oC, and the ionomers exhibited a lower static
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dielectric constant of 40 suggesting ion aggregation. The conductivities at 25oC were near
10-7 S/cm and are too low for any commercial application. The low conductivity is due to
the high Tg of these polymers, where the 8 mol% ion content sample has a Tg of -6oC.
These materials still may be good conducting materials if ion aggregation can be disrupted
and the Tg can be decreased through the addition of plasticizers64.
The second polysiloxane system studied was phosphonium-co-ethylene oxide,
where the conducting counterions used were Br-, TFSI-, and F-. The Tg of these polymers
remained extremely low, near -80 oC, even when 22% of the monomers contain an ion.
The ion content only had a small effect on Tg, it increased just 13oC when 22% of the
monomers contain phosphonium groups. The room temperature conductivity values are
2.1x10-5, 6.8x10-7, 1.7x10-7 for TFSI-, Br- and F- respectively, and increase with increasing
ion size and corresponding charge delocalization. Although these materials do not have
optimized conductivity values, these polysiloxane ionomers are interesting materials that
should modified and studied further. This can be done by functionalizing PMHS with 4bromo-1-butene which could then be functionalized into either a phosphonium or
ammonium ion. A good comparison between these cations is expected to show the
advantage of bound phosphonium ions lowering ionomer Tg compared to bound
ammoniums.
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5. Summary
Polysiloxanes are ideal candidates for ion conducting materials due to their
flexible backbone and versatile chemistry. A review of polysiloxane chemistry has been
provided to guide chemists in designing new reactions to develop novel ionomers. As
synthetic chemists learn more details about the mechanism and potential hydrosilylation
reactions, basic rules and principles can be developed to avoid unnecessary challenges.
The two questions that must be considered when designing the synthesis of a new
polysiloxane ionomers are (1) does the electronic structure of the vinyl monomers
deactivate the double bond? and (2) is there a solvent that can solvate both the PMHS and
the reactive monomer without participating in hydrosilylation itself? Answering these two
questions will facilitate the research efforts in designing new ion-conducting systems. The
possibility of unexpected side-reactions must always be at the forefront of the careful
chemist’s mind as he or she performs and perfects polysiloxane synthesis.
There is still much room for development in the field of low-Tg ionomers and the
use of polysiloxanes in this field is far from exhausted. New ionomers and polymer
electrolytes should be designed and pursued to take advantage of this highly mobile
backbone.
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Chapter 3
Segmental Dynamics of Ethylene Oxide-Containing Polymers
with Diverse Backbone Chemistries

1. Introduction
It has been repeatedly stated in the ion-conducting polymer literature that poly(ethylene
oxide) (PEO) is the preeminent polymer for solvating ions and promoting ion conduction,
as was first observed by Fenton and Wright in 1973 1. The incorporation of polyethers or
oligoethers in a highly ionic conductive polymer system appears to be unavoidable. PEO
better solvates cations compared to its methylene oxide (-CH2-O-) and propylene oxide (CH2-CH(CH3)-O-) analogues2,3, and supplies functional groups that are both chemically
and electrochemically stable4. For small cations (Li+, Na+, K+) PEO can adopt a low energy
conformation that surrounds the cation, similar to a crown ether5,6. Ion-conduction in solid
polymers is coordinated with segmental motion of the amorphous phase and the glass
transition temperature (Tg) dominates the conductivity7,8. The low Tg of PEO of -66oC

9

contributes to it being a favorable selection for ion conduction. The high crystallinity of
the PEO homopolymer is its main disadvantage and therefore ethylene oxide-containing
functional groups are commonly added as oligoether pendent units on comb-branch
polymers10–14.
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Different types of linking chemistry provide a myriad of ways to connect ethylene oxide
units to polymer backbones and allow for a diverse selection of backbone chemistries.
Previously

considered

backbone

chemistries

include

polymethacrylates15–17,

polysiloxanes18–20, polyester ethers21–23, and polyphosphazenes24–27. Each architecture
provides its own distinct advantages such as functional group versatility or controllable
degree of polymerization. It is well known that oligoether comb polysiloxanes and
polyphosphazenes provide high segmental mobility (i.e. lower Tg) than the other backbones
explored18,28,29. The synthetic chemistry involved in creating each architecture is unique
and few studies experimentally consider more than two polymer systems.

The electrochemical stability of these backbone chemistries is important if they are to be
used in batteries. A target of stability from 0 to 4-5V is desired for battery applications30;
LiTFSI doped PEO is found to be stable to 4.5V31.

Ethylene oxide-containing

polymethacrylates are suitable for battery applications as they are electrochemically stable
up to 5V32. Polysiloxanes and polyphosphazenes have displayed similar electrochemical
stability when doped with LiTFSI (polyphosphazene) and LiCF3SO3 (polysiloxane), both
being stable up to 5.0V33,34. In addition to this electrochemical stability, the polar nature of
the inorganic backbone polymers helps protect them from attack by free radicals and
imparts greater chemical and thermal stability35. Polyphosphazenes are stable under basic
conditions but undergo degradation under acidic conditions; whereas polysiloxanes are
prone to attack by both acid and base and degrade in dilute basic solutions36.

Many ion conducting polymer systems (both polymer-salt mixtures and single-ion
conducting ionomers) have been studied using the chemistries mentioned above, and
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therefore an important question is whether the chemistry connecting the oligoether groups
to the polymer backbone has a pronounced effect on the mobility of the ether oxygens25,37–
42

. If ion conduction occurs principally through the segmental motion of EO units, then it

is necessary to consider the effect of the linking chemistry on the relaxation of pendent
EOs.

In this work we consider seven different ethylene oxide containing nonionic

polymers and the effect that the backbone chemistry has on the dielectric relaxation of the
dipoles. As pendent chain length increases we expect pendent EOs to have additional
environments for relaxation and therefore a broader single segmental relaxation.43

Figure 3-1: Structures of the polymers investigated, where n is the number of ether oxygen
(EO) units per monomer.
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2. Synthesis
Many of the polymers investigated in this study have been synthesized and studied in
previous work by our group. The repeat unit chemistries of the polymer discussed herein
are displayed in Figure 3-1. A short synthetic description and publication references are
given for each polymer synthesized previously, whereas the synthesis of the PMMAn
polymers is discussed in detail as this has not been reported before by our research group.

Polysiloxane PSXn and polyester PEO600-0 Polyester ether samples were synthesized
by step-growth addition condensation polymerization22. Polysiloxane comb polymers
were synthesized by functionalizing polymethylhydrosiloxane (Gelest) through
hydrosilylation44. The polysiloxanes and the EO-containing polyester were synthesized
and studied by our group and were prepared according to previously published
procedures41,45,46.

Polyphosphazene MEEP

The Poly(bis(2-(2-methoxyethoxy)ethoxy)phosphazene)

(MEEP) was prepared according to previously published procedures47,48.

Materials Preparation. All solvents were used as received unless otherwise noted. Each
polymer synthesis reaction was carried out under a dry argon atmosphere employing
standard Schlenk line techniques. Poly(ethylene glycol) methyl ether methacrylates
PEGnM, where n is the number of EO units after the ester bond (Sigma Aldrich), were
purified by a column designed to remove hydro-quinone monomethyl ether (MEHQ)
inhibitor (Sigma Aldrich). 2,2′-azobis(isobutyronitrile) (AIBN) was recrystallized two
times from dry methanol and stored at -18 oC before being used as the initiator.
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Polymethylmethacrylates PMMAn
PMMA9 was synthesized in solution by standard reversible addition fragmentation chain
transfer (RAFT) polymerization methods. Glassware was dried by heating under argon gas
before being charged with PEO9M, 2-cyano-2-propyl dodecyl trithiocarbonate (RAFT
agent), AIBN, and 30 mL dimethylformamide (DMF). The RAFT agent was kept in a 5:1
ratio to AIBN and their total content was 0.25 mol% of the total monomers. Before the
reaction, the reaction solution was dried by a procedure in the literature49. Three freezepump-thaw cycles were applied to the reactant solution with liquid nitrogen under vacuum
to remove oxygen and moisture from the reaction chamber. The temperature of the reaction
was held at 80 oC for 9 hours to achieve ~70% conversion (DP=280). After the reaction
mixture was exposed to air, most of the chain ends were capped by the dodecyl
trithiocarbonate group (RAFT agent) while a small portion of radical chain ends are
terminated by recombination and disproportionation between polymer chains, or
termination of the free radical site by solvent molecules or oxygen atoms, resulting in
various possible end groups.
PMMA5 and PMMA2 were synthesized by free radical polymerization in solution. A dry
glass reactor with a magnetic stir bar was charged with methanol, PEGnM,and AIBN (0.01
mol % of total vinyl monomers) as the initiator. The reaction vessel was dried by the same
method as previously mentioned for PMMA9. The temperature of the reaction was
maintained at 60 oC for 20 hours in an argon atmosphere. The reactions were terminated
by the same methods as PMMA9.
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Polymer Purification All polymers were exhaustively dialyzed against deionized water
to remove unreacted monomer and any lower molecular weight oligomers. The
conductivity of the dialyzate was monitored and dialysis was terminated after the
conductivity returned to 0.2μS/cm, the conductivity of freshly deionized water. Samples
were dialyzed for 4-8 days filtering through 4-8L of deionized water. The concentrated
polymer solutions were first dried by a rotavap and then in a vacuum oven at 80 oC for a
minimum of 24 hours.

3. Experimental Methods
Thermal Analysis. Glass transition temperatures (Tg) were determined by differential
scanning calorimetry (TA Instruments DSC Q10) using cooling and heating rates of 10
°C/min. Samples of 5−10 mg were dried in open pans at 80 °C under vacuum for 24 h
before being hermetically sealed. Temperature ramps cooled to −100 °C and then heated
up to 150 °C. Samples were cycled 2−3 times to ensure reproducibility, with no signs of
crystallization or melting, except for PMMA9 and PSX8 which crystallize on cooling (at 21oC and -24oC, respectively) and melt below ambient temperature. DSC data was
collected upon cooling to match dielectric spectroscopy experimental conditions. Tg values
were obtained from the heating curves as the midpoint of the heat capacity transition, and
a single Tg is observed for each polymer.
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Density. Density values were obtained by measuring the mass of samples that were
molded into cylindrical geometries. Dried samples were placed on 7.9 mm diameter plates
and loaded into a Rheometric Scientific Advanced Rheometric Expansion System (ARES)LS1 rheometer. The top plate was moved down (accurate to 0.001 mm) until the sample
edges were no longer concave. The tared rheometer plates were removed and weighed
accurate to 0.0001 g. Density measurements were performed at 20oC three times for each
sample reported and are reproducible to within ±0.05 g/cm3.

Prism Coupling. Refractive indices were acquired by prism coupling using a Metricon
Model 2010/M Prism Coupler equipped with a 633nm laser and a prism with an n range of
1.0-1.8. Samples were dried under vacuum and stored under Ar before being applied as
~1mm films directly to the prism under ambient conditions. Refractive indices were
determined by the sharp drop in signal at the critical angle knee and are accurate to
±0.00150–52.

Dielectric Spectroscopy. Dielectric measurements were acquired using a Novocontrol
Concept 40 dielectric spectrometer. Isothermal frequency sweeps with a range of 10−1 −107
Hz were taken under a nitrogen atmosphere at constant temperature over a range from −80
to 120 °C (controlled to 0.2 °C). Brass parallel plate electrodes were polished and cleaned
with acetone before the samples were applied. After drying the sample at 80 °C under
vacuum for 24 h on the bottom electrode, Teflon spacers (0.20-0.30 mm thick) were placed
on the sample and the second electrode (10-15 mm diameter) was placed on top. After
being loaded in the spectrometer, samples were heated above 100 °C for ~30 minutes to
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remove any small amount of water absorbed while loading the sample. Samples were
determined to be dry when the dc conductivity remained stable for over 10 minutes.

4. Results and Discussion
Density. The densities and glass transition temperatures (Tg) of the polymers studied are
reported in Table 3-1. The differences in densities and numbers of ether oxygens per
monomer (EO/mon) change the number density of EOs per unit volume. The relative
concentration of EOs in the samples is shown to facilitate comparison.

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

Sample
MEEP
PSX4
PSX8
PEO600-0
PMMA9
PMMA5
PMMA2
1

Density
(g/cm3)
1.38
1.16
1.17
1.33
1.18
1.18
1.18

DSC Tg
(oC)
-80
-86
-72
-45
-62
-47
-25

2

DRS Tg
(oC)
-82
-85
-71
-49
-61
--31

EO/nm3
11.7
10.6
12.1
14.3
12.9
11.1
7.55

3

Relative[EO]
1.55
1.40
1.60
1.89
1.71
1.47
1

4

EO/mon
4
4
8
13
9
5
2

Density was measured at 20oC. 2DRS Tg is obtained from extrapolating the peak frequency of
the alpha relaxation to 100s. 3Relative EO concentration is normalized to the concentration of
PMMA2, the lowest EO concentration. 4Ether oxygens per monomer unit (EO/mon) does not
take into consideration oxygens that are connected directly to the backbone or oxygens that are
part of an ester bond.
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4.1 Thermal Characterization

Tg values depend on the pendent EO length and even more so on the backbone chemistry.
Although the polymers all contain EO units similar to PEO there is a difference of up to
60oC in Tg among the polymers studied. Figure 3-2[a] displays the dependence of Tg on the
backbone chemistry. As EO concentration increases, the inorganic backbone polymers
exhibit an increase in Tg, whereas the opposite is observed for the PMMAn samples. The
inorganic backbone polymers have similar Tgs, with each being lower than PEO (-66oC).
The flexible nature of the backbone allows for faster segmental motion and lowers Tg. The
organic backbone polymers have Tg closer to PEO (PMMA9 = -62oC and PEO600-0 = 45oC) with the PEO600-0 polymer having a high Tg despite the high EO content due to the
inflexible isophthalate linkages between PEO600 blocks. Although the PMMA9 polymer
has a less flexible backbone, the PEO pendent chains are long and dominate Tg.
Crystallization was observed in the PSX8 and PMMA9 samples with crystallization
exotherms at -24oC and -21oC, respectively. The crystallization is much more pronounced
in PSX8 even though the pendent group lengths are nearly the same. This is in agreement
with observations in the literature which suggest the flexible nature of the polysiloxane
backbone allows the pendent oligo-ethylene oxide to organize into crystals more easily18.
All other polymers studied show no evidence of crystallization and are amorphous at all
temperatures.
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4.2 Dielectric Response

General Response

The primary relaxation observed for each polymer is the alpha relaxation, reflecting
segmental motion or the dynamic Tg. The peak frequency of the alpha process is obtained
from fitting the dielectric loss ε” at each temperature with the Havriliak-Negami
equation25,53. Peak frequencies are then plotted as a function of inverse temperature and
fit by the VFT equation43. Extrapolation of the relaxation time τα to 100s gives the DRS
determined glass transition temperature. Reported values of DRS T g in Table 3-1 show
excellent agreement with DSC Tg values. The DRS Tg of PMMA5 is not reported due to
an insufficient number of temperatures where the peak of the α relaxation is observable,
preventing the data from being reliably fit to the VFT equation.

[a]
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[b]

Figure 3-2 [a] Tg as a function of ether oxygen content; no clear correlation is observed
across all backbone chemistries. The red dashed 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 3-2b shows the measured static dielectric constant as a function of the polymers’
Tg. It is desirable for ion-conducting polymer systems to have high mobility, low Tg, and
a high dielectric constant. The polysiloxane samples, PSX4 and PSX8, have the most
desirable characteristics as PSX4 has the lowest Tg and PSX8 has the highest dielectric
constant: PSX8 has the best combination of these two parameters among the seven
polymers. Ether oxygen concentration also plays an important role as this determines the
number density of solvating species. It is seen in Figure 3-2a that EO concentration alone
does not dominate the Tg,: backbone chemistry dominates at low EO content. As the EO
concentration is increased for the PMMA polymers the Tg becomes closer to that of neat
PEO (red dashed line). For the case of the inorganic backbones, an increase in the EO
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concentration results in an increase in Tg, while remaining below the Tg of neat PEO.
PEO600-0 (purple diamond) has the highest EO content but the rigid isophthalate linkages
reduce segmental mobility, raising Tg.

Table 3-2: Dielectric constants of EO-containing polymers.
Sample
MEEP
PSX4
PSX8
PEO600-0
PMMA9
PMMA5
PMMA2
1

1

Optical ε∞ (n2)
2.2
2.1
2.1
2.2
2.1
2.1
2.2

2

DRS ε∞
2.3
3.6
3.7
3.2
3.6
3.6
3.7

εs @ 20oC
4.8
6.4
11.9
10.4
10.3
9.8
10.7

Optical ε∞ values are obtained by 633nm wavelength prism coupling50. 2DRS ε∞ values
are obtained below Tg and at 106 Hz.

The high frequency dielectric constant ε∞ is determined independently by both dielectric
spectroscopy and prism coupling. The standard assumption is that the square of the
refractive index, n, corresponds to ε∞ and should equal the observed high frequency plateau
in the permittivity ε’ at temperatures below Tg. Prism coupling is an optical method (λ =
633nm) of measuring the refractive index where no orientational relaxations occur at such
a high frequency so that n2 is the electronic contribution to the dielectric constant50–52. The
small discrepancy between the two methods of determining ε∞ arises from a weak
relaxation of strength Δε ~1 that occurs at lower temperatures or higher frequencies than
observable in the frequency and temperature range probed in our experiments. This
relaxation is the so-called γ process observed in the literature at -130oC that corresponds to
local twisting motion of PEO segments in the glassy state54. MEEP does not show this
relaxation and has agreement between the two methods of determining ε∞ as noted
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previously27. This relaxation is not a part of the alpha relaxation and is not included in the
following analysis.

[a]

[b]
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Figure 3-3 Dielectric loss ε” 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.

In order to thoroughly understand the dielectric response of these systems, the strength of
the alpha relaxation is considered through the Onsager equation55:
(𝜀𝑠 −𝜀∞ )(2𝜀𝑠 +𝜀∞ )
𝜀𝑠 (𝜀∞ +2)2

=

ν𝜇2
9𝜖𝑜 𝑘𝑇

�𝑔

(1)

Where ε∞ is the high frequency plateau in ε', εs values are obtained from the clearly
observable low frequency plateau in ε', μ is the dipole moment, ν is the number density of
relaxing species, and 𝑔 is the Kirkwood-Fröhlich correlation factor43. ε∞ values are taken
at the lowest temperature data available from DRS, below the alpha relaxation. We employ
the Onsager equation to determine the correlation factor 𝑔 by using the literature value of
the dipole moment of an EO unit for μ.

Inorganic Backbone Polymers

In the case of the polyphosphazene and polysiloxanes investigated herein the EO dipoles
dominate the dielectric response of the system. Using the literature value10,56 of 1.01 D for
the dipole moment of an EO unit, a Kirkwood factor g < 1 is determined for each polymer
at 20oC (PSX4 g = 0.78, MEEP g = 0.90), suggesting some restricted rotation or net
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cancelling of dipoles. The electronegativity differences in the backbone atoms of
polysiloxane (Si and O) and of polyphosphazene (N and P) are 1.8 and 1.0 respectively.
This electronegativity difference is expected to create small partial charges on the
backbone that may interact with ions or other dipoles57.

As the pendent EO length increases, the volume fraction of the inorganic backbone
decreases and this interaction is expected to diminish. This is observed for PSX8 where Δε
agrees well with the other organic backbone polymers at temperatures above -20oC. The
same effect would likely occur for a polyphosphazene with longer pendent EO groups.

Figure 3-4 Temperature dependence of the alpha relaxations strengths normalized by relative ether
oxygen content (listed in Table 3-1 column 6).

Figure 3-4 shows the strengths of the alpha relaxations normalized by the relative
concentration of ether oxygens. The four polymers with the largest EO concentration are
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grouped together, with 𝑔 ≈ 1. The other polymers are split into two responses, MEEP and
PSX4 have 𝑔 < 1 perhaps from EOs interacting with positive P or Si in the backbone.
PMMA2 shows the strongest response and has 𝑔 > 1. The normalization does not include
the contributions of the ester linkages and therefore the PMMA2 relaxation, which is
dominated by the ester, becomes stronger than the others when normalized by EO content.
Comparing εs values in Table 3-2 it can be seen that the static dielectric constant for
PMMA2 is comparable to the other organic backbone polymers. 𝑔 ≈ 1 when PMMA2 is
considered with a two term Onsager equation to include both the ester contribution and the
EO contribution to the response.

The static dielectric constant without the EO

concentration normalization and the corresponding Onsager predictions are shown in
supporting information.

Alpha Relaxation Breadth

Although the strength of the relaxations are comparable for the organic backbone polymers,
the breadth of the alpha process is very different for each. Figure 3-3 shows the alpha
relaxations at Tg+20oC. The breadth varies greatly for each relaxation, affected by both
linkage chemistry and side-chain length. The alpha relaxation observed in the dielectric
loss is fit by the Havriliak-Negami empirical modification of the Debye function:

∗
𝜀𝐻𝑁
(𝜔) =

∆𝜀
(1+(𝑖𝜔𝜏𝐻𝑁 )𝑎 )𝑏

(2)
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Where Δε is the strength of the relaxation, τHN is the peak relaxation time, 𝑎 is a fitting
parameter that is inversely related to the breadth of the relaxation, and 𝑏 is the high
frequency asymmetry parameter43. Figure 3-5 shows the breadth parameter 𝑎 as a function
of the length of the pendent group. As the length of the pendent group increases, the
relaxation broadens due to a wider variety of local environments for the EOs.

Figure 3-5 Width of the alpha relaxation depends on the number of bonds in each pendent
group at Tg+20oC. 𝑎 is the breadth parameter from Havriliak-Negami fitting in dielectric
loss ε’’ and is inversely related to relaxation breadth.

In the case of the PMMA5 and PMMA9, long pendent EO groups lead to a broader
relaxation. The alpha relaxation is even observed to have two components in Figure 3-3b.
Both components are considered when determining Δε of these samples. We propose that
the low frequency relaxation corresponds to the ester bond and the EOs restricted by the
backbone linkage and the faster high frequency relaxation corresponds to the unrestricted
EOs. A similar effect is observed in the literature where PEO dynamics are slowed when

95

near an isophthalate group58. The proximity of the slow relaxation to the electrode
polarization prevents clear fitting in ε''. When all pendent EOs are closely bound to the
ester, in the case of PMMA2, the dielectric response displays a single slow process that
agrees with the slow process observed in PMMA5 and PMMA9. This effect is not observed
in the PSX8 sample because pendent dynamics are facile owing to the highly flexible
siloxane backbone and the lack of an ester linkage.

5. Summary
When designing ion-conducting branched polymers, it is important to consider the
backbone chemistry and the length of pendent oligoether employed. As the EO pendent
length increases, the Tg of the polymer becomes dominated by the oligoether. This is an
advantage for polymers with high Tg backbones, but may be undesirable in the case of
inorganic backbone polymers where Tg is below that of PEO. Long pendent EOs may also
result in a broadening of the segmental relaxation. The chemistry of the polymer backbone
can also strongly influence the strength of the alpha relaxation. Inorganic backbone
polymers show a weaker alpha relaxations because of restricted dipole movement and
associations of short pendent groups. These apparent restrictions do not noticeably slow
down the dynamics of segmental motion, as the Tg of these polymers remains below that
of PEO.

96

It may then be concluded that the polysiloxane chemistry is the most advantageous
backbone chemistry as it allows for the highest segmental mobility (lowest Tg) while still
having a narrow and strong segmental relaxation making εs as high as 12 at 20oC. Shortchain EOs attached to flexible backbones prevent crystallization without hindering
segmental motion. The PMMA backbone samples are less desirable as they show slower
dynamics and a broader segmental relaxation without an advantage in the static dielectric
constant or concentration of ether oxygens. Polysiloxanes and polyphosphazenes are of
particular interest to the ion-conducting polymer field as the inorganic backbones provide
clear advantages over conventional hydrocarbon backbones.
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Chapter 4
Synthesis, Morphology, and Ion Conduction of
Polyphosphazene Ammonium Iodide Ionomers

1. Introduction
Ion transport through a polymer matrix has been an important area of study
since poly(ethylene oxide) (PEO) was found to be a conductive medium for salts1. Energy
applications such as Li ion batteries and dye sensitized solar cells require a medium that is
mechanically robust and facilitates ion diffusion, which has led to extensive research of ion
conducting polymers2,3.
Lone electron pairs on PEO ether oxygens promote cation solvation and
reduce the cation-anion interaction energy,4–6 and PEO has consequently been the principal
solid polymer studied as a candidate for cation conducting membranes. PEO also has a low
Tg (-60 oC) which facilitates high segmental mobility and ion transport, but the relatively
high crystallinity of the homopolymer below ~60 oC7 restricts polymer motion and
decreases conductivity8,9. In energy applications a single ion conducting species is desired
(such as Li+ in lithium ion batteries) as any other diffusive ionic species creates parasitic
effects. PEO-salt mixtures suffer from low transference numbers as both the cation and
anion contribute to the dc conductivity10.
Polyphosphazenes have been considered as an alternative polymer

102

architecture for ion conduction11,12. The -P=N- backbone is highly flexible and offers a low
Tg10. When functionalized with etheric oxygen-containing pendent groups the resulting
polymer, poly[bis(methyoxy-ethoxy-ethoxy)phosphazene] (MEEP), has a lower Tg (-80
o

C) than PEO while still containing etheric oxygens that solvate cations11,13–15. MEEP is

amorphous and therefore has higher room temperature conductivity than semi-crystalline
PEO-salt

systems

by

2-3

orders

of

magnitude11,16,17.

A pre-polymer

of

poly(dichlorophosphazene) may be functionalized with a wide variety of pendent groups
to explore ionically conductive materials12,18–20. Each nitrogen in the backbone has a lone
pair of electrons and may participate in cation solvation similar to an etheric oxygen21. The
low Tg, amorphous nature, chemical versatility, and cation-solvating backbone distinguish
polyphosphazenes as promising materials for ion conduction.
Another concern with polymer-salt mixtures is that the cation (often Li+)
has a lower mobility than the anion22–24. Although Li+ is smaller than many anions, the
coordination of etheric oxygens to the cation restricts its mobility. The uncoordinated or
"naked" anion can move through the matrix more freely since it does not associate with the
polymer chains and will significantly contribute to conductivity. Single-ion conductors
have been investigated to solve this problem by covalently bonding one of the ions to the
polymer thereby restricting its movement.4,24–26. However, polymer-bound ions produce
additional inter-polymer associations due to ion-ion interactions or pendent-ion
interactions, which limit the segmental mobility and increase the Tg. These effects result
in both lower mobility and lower concentration of conducting ions13. Ion aggregation is a
common occurrence and strongly affects ion participation in conduction13,22,27.
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Figure 4-1 Chemical structures of the polymers studied in this work.
In this work, polyphosphazene single-ion conductors have been synthesized
with iodide as the conducting ion in a matrix similar to MEEP (Figure 4-1). Polymerbound ammonium ions have been quaternized with two different tails to observe the effects
of changing the EO/ion ratio. An ion concentration of ~2 nm-3 is used for both samples
and is higher than in many previously studied systems in the literature. The influence of
the MEEP matrix on the ion states is considered through differential scanning calorimetry
(DSC), X-ray scattering, and dielectric relaxation spectroscopy (DRS). It is observed that
additional solvating sites on pendent side groups promote isolated ion pairs and increase
segmental mobility.

2. Synthesis and Materials
All synthesis reactions were carried out under a dry argon atmosphere using
standard Schlenk line techniques. Tetrahydrofuran (THF) and diethyl ether (EMD) were
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dried using a solvent purification system. Di(ethylene glycol) methyl ether (MEEOH) and
2-(2-dimethylaminoethoxy)ethanol (DMAEEOH) (Aldrich), were distilled over calcium
hydride. Sodium hydride (60% dispersion in mineral oil, Aldrich) was prepared by
extraction with diethyl ether immediately before use to remove the mineral oil. Acetone
(EMD), methanol (EMD), sodium hydroxide (BDH), p-toluenesulfonyl chloride (Acros),
anhydrous sodium sulfate, sodium thiosulfate, and sodium iodide (Aldrich) were used as
received.

Poly(dichlorophosphazene) was prepared via the uncatalyzed thermal ring-

opening polymerization of recrystallized and sublimed hexachlorocyclotriphosphazene
(Fushimi Pharmaceutical Co., Japan) in evacuated Pyrex tubes at 250 °C. Unreacted
hexachlorocyclotriphosphazene was removed by vacuum sublimation. Poly(bis-(2-(2methoxyethoxy)ethoxy)phosphazene) (MEEP) was prepared according to previously
published procedures28,29.
1

H NMR and proton decoupled 31P NMR spectra were obtained with a Bruker 360

WM instrument operated at 145 and 360 MHz, respectively. 31P NMR spectra were proton
decoupled. 1H shifts are reported in ppm relative to tetramethylsilane at 0 ppm. 31P shifts
are reported in ppm relative to 85% H3PO4 at 0 ppm.
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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, respectively.

2-(2-methoxyethoxy)ethyl iodide:
To a solution of MEEOH (100 g, 0.832 mol) in 100 mL THF was added a solution of NaOH
(67.6g, 1.69 mol) in 140 mL water. The resulting solution was maintained at 0 °C by an
ice-water bath, while a solution of p-toluenesulfonyl chloride (206 g, 1.08 mol) in 320 mL
THF was added over the course of one hour. A white precipitate formed. This mixture was
stirred overnight while warming to room temperature. THF was removed from the mixture
by evaporation at reduced pressure. The resulting aqueous mixture was extracted with
diethyl ether (3 x 500 mL), and the combined organic layers were washed with 1M NaOH
(3 x 200 mL), and DI water (2 x 200 mL). The etheric layer was dried over Na2SO4, and
ether was removed by rotary evaporation to yield a clear, colorless oil. The oil was
dissolved in 500 mL acetone and was stirred overnight with sodium iodide (187 g, 1.25
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mol) at room temperature in a flask protected from light. The resultant slurry was diluted
with acetone to 1.5 L total volume and filtered. Acetone was removed from the filtrate by
rotary evaporation and the resultant yellow fluid was dissolved in 600 mL DCM. The
DCM solution was washed with 0.5% sodium thiosulfate (2 x 200 mL) and dried over
Na2SO4. DCM was removed by rotary evaporation and the remaining fluid was distilled
under reduced pressure to yield the product as a clear, faintly yellow liquid. 1H NMR (360
MHz, CDCl3): δ 3.73 (t, 2H), 3.59 (t, 2H), 3.51 (t, 2H), 3.34 (s, 3H), 3.22 (t, 2H).

Poly(2-(2-dimethylaminoethoxy)ethoxy-co-2-(2-methoxyethoxy)ethoxy)phosphazene:
The sodium salts of MEEOH and DMAEEOH were prepared by adding the alcohols (6.84
g, 56.9 mmol and 11.03g, 82.8 mmol, respectively) to a stirred suspension of NaH (1.24 g,
51.7 mmol and 1.87 g, 77.7 mmol) in 100 mL THF while cooling the reaction mixture by
an ice-water bath. The solution of the sodium salt of MEEOH was added dropwise to a
stirred solution of poly(dichlorophosphazene) (6.00g, 51.8 mmol) in 500 mL THF at room
temperature, and the mixture was stirred for 3 hours. The solution of the sodium salt of
DMAEEOH was transferred to the main reaction mixture at room temperature via cannula,
and the mixture was stirred overnight. The resultant suspension was then concentrated by
rotary evaporation, and was then purified by dialysis against DI water in a 12-14k MWCO
membrane. The dialysis solvent was then exchanged for methanol. The resulting solution
was again concentrated by rotary evaporation and its concentration was determined to be
70.5 mg/mL.

The side group ratio calculated from

DMAEEO/MEEO.

1

1

H NMR was 42.6/57.4

H NMR (360 MHz, MeOD): δ 4.20 (s, 4H), 3.67 (m, 8H), 3.55 (t,

2H), 3.38 (s, 3H), 2.59 (t, 2H), 2.32 (s, 6H).

31

P NMR (145 MHz, MeOD): δ -6.50 (s).
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Ionomers I-AT and I-EOT:
A sample (28.4 mL) of the above methanolic poly(2-(2-dimethylaminoethoxy)ethoxy-co2-(2-methoxyethoxy)ethoxy)phosphazene solution (2.00 g polymer content, 6.75 mmol)
was stirred at room temperature for 7 days with 20.2 mmol (~3 equivalents) of the
appropriate iodide. Most of the excess iodides was removed by rotary evaporation and the
remainder by dialysis against methanol using a 12-14k MWCO membrane. I-AT: 1H NMR
(360 MHz, MeOD): δ 4.18 (br, 8H), 3.91 (br, 2H), 3.74 (br, 8H), 3.60 (s, 6H), 3.40 (s, 3H),
1.86 (br, 2H), 1.43 (br, 6H), 0.95 (s, 3H).

31

P NMR (145 MHz, MeOD): δ -8.09 (s). I-

EOT: 1H NMR (360 MHz, MeOD): δ 4.16 (br, 8H), 4.02 (br, 2H), 3.86 (br, 8H), 3.72 (br,
6H), 3.60 (s, 6H), 3.39 (s, 6H).

31

P NMR (145 MHz, MeOD): δ -8.22 (s).

All of the samples studied were finally purified by exhaustive dialysis against water using
30k MWCO membranes in a cell under 20 psi pressure. The conductivity of the dialyzate
was measured and dialysis terminated when it returned to 0.6 μS/cm conductivity, the value
of the input deionized water. The samples required roughly 2.5 L of pure water dialyzed
through the sample over 2-3 days to remove ionic impurities. It is important to note that
even such exhaustive dialysis does not remove all conductive impurities from non-ionic
and ionic polymers, but reduces their concentration very significantly and as shown later
the ionomer conductivities measured herein are clearly dominated by the iodide anions.

The analogous synthesis of MEEP results in a number of repeat units n ≥ 3,500.10 The
molecular weights of the polymers studied herein are therefore assumed to be rather high,
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and the exact values will not greatly influence the analysis of ionic conduction.

3. Experimental Methods
Thermal Analysis: Glass transition temperatures (Tg) were determined by differential
scanning calorimetry with use of a TA DSC Q10 in the second heating scan using cooling
and heating rates of 10 oC/min. Samples of 7-10 mg were dried in open pans at 80 oC under
vacuum for 24 hours before being hermetically sealed. Temperature ramps cycled from
150 oC to -100 oC then back up to 150 oC. Samples were cycled 2-3 times to ensure
reproducibility, with no signs of crystallization or melting. Tg values were obtained from
the heating curves by the midpoint of the heat capacity transition.

Dielectric Spectroscopy: Dielectric measurements were acquired using a Novocontrol
Concept 40 Dielectric Spectrometer. Isothermal frequency sweeps with a range of 10-1107 Hz were taken under a nitrogen atmosphere at constant temperature over a range from
-80 oC-120 o C controlled to 0.2 oC. Brass parallel plate electrodes were polished before
the samples were applied. After drying the sample at 80 oC under vacuum for 24hrs on the
bottom electrode, Teflon spacers (0.2 mm thick) were placed on the sample and the second
electrode (15 mm diameter) was placed on top. A clamp was applied to squeeze the film
to a uniform thickness. Samples were heated to 120 oC for over an hour before any
dielectric data were collected, to remove any water the sample may have absorbed during
loading into the measurement cell. The conductivity was measured during this drying
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process and the values decreased to a constant value in ~30 min, by which time most of the
water had been removed.

X-Ray Scattering: Lower angle X-ray scattering data were collected on a Molecular
Metrology instrument using a Cu Kα source (λ = 1.542Å) operated at 45 kV and 0.65 mA
and equipped with a two dimensional detector. Isotropic scattering was integrated over all
azimuthal angles and the wavevector (q) was calibrated to known silver behenate scattering
rings. Scattering data were collected for 90 minutes at room temperature under vacuum,
using a sample-to-detector distance of 0.5m, giving a q range from 0.016 to 0.36 Å-1. The
data below 0.15 Å-1 were confirmed using a 1.5m sample-to-detector distance.
X-ray scattering at higher q values were obtained using a Rigaku DMAX
Rapid II with a Cu K𝛼� source (λ = 1.542Å). Samples were not under vacuum during wide
angle scattering but after drying were kept under dry Ar until being loaded in the
instrument. Wide angle scattering data were taken for 10 minutes for each sample and
collected on a curved image plate, then integrated over all azimuthal angles to obtain the
scattering intensity, I(q).

Density: Density values were obtained by carefully molding samples into cylindrical
geometries. Dried samples were placed on 16 mm diameter plates and loaded into a
Rheometric Scientific Advanced Rheometric Expansion System (ARES)-LS1 rheometer.
The top plate was moved down (accurate to 0.001 mm) until the sample extended from all
sides. Excess sample was removed from the edges and the tared rheometer plates were
removed and weighed accurate to 0.0001g. Density measurements were reproducible to
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within ±0.05 g/cm3.

Density Functional Theory Calculations: Gas phase Ab Initio calculations on iodidecontaining systems were performed on Gaussian09 package using Density Functional
Theory (B3LYP functional) with the dgdzvp (density gauss double-zeta with polarization
functions) basis set for valence electrons. The B3LYP/dgdzvp model has been previously
tested on iodine compounds to reproduce the geometrical parameters, IR spectra and
reaction enthalpies of iodinations in excellent agreement with experimental values30–32.
After geometry optimization, vibrational frequency calculations were performed to
confirm that the obtained structures were minima on the potential energy surfaces. The
binding energy of an iodide ion pair is obtained as the electronic energy of a pair subtracted
from the sum of those of iodide and the cation. We also calculated the polarizability of
iodide-containing species for comparison with the experimental values from dielectric
spectroscopy. Since the iodide anion is so large that its core electrons should contribute to
the polarizability, we used the aug-cc-pVTZ basis set combined with a pseudopotential
specifically for the iodide core electrons33,34. The validity of this new basis set is verified
by calculating the polarizability of an isolated iodide anion as 57 atomic units in good
agreement with the best literature value of 60 atomic units.
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4. Results and Discussion

4.1 Thermal Characterization
Table 4-1: Density, glass transition temperature and ion content of
polyphosphazenes. Phosphorous-bound oxygens were included as EO’s due to
their ability to solvate cations.

Sample

ρ (g/cm3)

MEEP
I-EOT
I-AT

1.38
1.60
1.37

Tg (oC) EO/ion
-80
-33
-24

-7
5

νion
(nm-3)
-2.0
1.7

Thermal analysis of the alkyl tail ionomer I-AT and ether oxygen tail ionomer IEOT shows glass transition temperatures at -24 oC and -33 oC, respectively. These Tgs are
much higher than that of MEEP (-80 oC) because the high ion content creates inter-chain
associations and decreases chain mobility. No melting endotherms are detected in DSC
and no crystal reflections are seen in wide-angle X-ray experiments, thus confirming that
the materials are completely amorphous.

4.2 Density

Density measurements are reported in Table 4-1. This is the first time the density
of MEEP has been reported in the literature and therefore cannot be compared to accepted
values. It is rather surprising that the density of I-EOT is 16% higher than those of the
other two samples. DFT calculations show that in the case of an isolated pendent it is
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energetically favorable for the ether oxygen tail to wrap back around and solvate the
ammonium. This self-solvation may possibly lead to better packing of the polymer and
result in a higher density.

4.3 Ab Initio

Although there is a reported solvation interaction of the backbone nitrogens with
cations21, in our case the cation is pendent to the polymer and is assumed to be too bulky
to have a significant interaction with the polymer backbone. Therefore the backbone
nitrogens are not included in the EO/ion ratios reported in Table 4-1. Anion solvation from
the backbone phosphorous is also considered with DFT calculations. The interaction of an
iodide anion with one ethoxy functionalized phosphorous is 66 kJ/mol in the gas phase.
Although this is much weaker than the solvation interaction of two pendent ether oxygen
side chains on tetramethylammonium, 113 kJ/mol in the gas phase, it still may provide a
small stabilization to the anion.
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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 Φ1 (O-C-C-N) and Φ2 (O-C-CO). 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.

In Figure 4-2, the potential energy of the ammonium-iodide pair with an EO (ether
oxygen) tail is plotted as a function of two dihedral angles Φ1 (O-C-C-N) and Φ2 (O-C-CO) in the gas phase. The strong intramolecular interaction between ether oxygens and the
pendant ammonium cation leads to three local minima (a, b, and c in Figure 4-2). The ion
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pair with an EO tail wrapping back around (structure c) is thermodynamically more stable
by 13 kJ mol-1 than that with an EO tail stretching out (structure a), resulting in a more
compact polymer structure for I-EOT sample. This is not observed for the pendent alkyl
tail, resulting in the two DFT optimized monomer structures shown in Figure 4-3.

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.

4.4 X-ray Scattering

Figure 4-4 shows the low and wide angle X-ray scattering of three polyphosphazenes at
room temperature. Three peaks are observed in the ionic samples and are labeled A, B,
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and C with increasing q. Separate wide angle scans are normalized by scaling the high q
peak C to an intensity of 1 in arbitrary units. This peak occurs at 15 nm-1 for each sample
and corresponds to the amorphous halo of the pendent ethoxy hydrocarbon and matches
similar amorphous halo scattering peaks of PEO-ionomers in the literature 27. The presence
of ions in I-EOT and I-AT may influence the breadth of this peak, but the position remains
unchanged.

Low and wide angle X-ray scattering data were collected on different

instruments and plotted together by scaling the data to peak C. The non-ionic MEEP
exhibits two distinct scattering peaks, but shows no evidence of crystallization, and the ~8
nm-1 peak observed for the ionomers is absent.

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.
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The volume of each monomer was calculated from the density, monomer molar
mass, and Avogadro's number. A monomer unit was modeled as a simple cylinder with
backbone in the center and the radius of the cylindrical monomer was determined. A height
of 0.263 nm was used as the polyphosphazene monomer length, the value determined from
small molecule phosphazene bond lengths and angles in the literature35. Two cylinder radii
combine to give estimates of the interpolymer spacing between backbones and are reported
in Table 4-2. These estimated spacings match closely to the d-spacing values of peak A
observed in X-ray scattering. Peak A is affected by the structural changes between samples.
The peak is shifted to lower q values (longer spacings) by incorporation of the longer ionic
pendant groups that force the backbones further apart.

Table 4-2: X-ray scattering peaks for three polyphosphazenes compared to
estimated values from density, monomer molar mass, monomer length, and
ion content.

Sample

Estimated
Backbone
Spacing (nm)

Peak A
Spacing (nm)

Estimated Ion
Spacing (nm)

Peak B
Spacing
(nm)

Amorphous
Halo Peak
(nm)

MEEP
5B-EOT
3B-AT

1.28
1.68
1.78

1.40
1.64
1.76

-0.80
0.83

-0.80
0.80

0.42
0.42
0.42

When ions are present in the system, a third peak is observed in the wide angle
scattering. Peak B is observed in both polyphosphazene ionomers and is interpreted as an
average iodide spacing. Ions may participate in many associated states and have a different
spacing between ions based on the extent of clustering. Larger aggregates will have a
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longer spacing between aggregates. An average volume of each monomer is calculated
using the density of the polymer and monomer molecular weight. The spacing of ions is
calculated for the case in which no aggregates are present and each ion is in an isolated
pair. I-EOT and I-AT have estimated spacings of 0.80 nm and 0.83 nm respectively, which
match closely to the spacing of 0.80 nm seen in X-ray scattering of both samples. This
appears to suggest that ion pairs are individually spaced, but DRS analysis will show this
is not the case. If all of the ions were completely isolated the peak should be fairly sharp,
but the broadness of the peak suggests a mix of ion spacings caused by aggregate formation.
The quadrupole peak is expected to have an inter-aggregate spacing near 1.0 nm while the
spacing between iodides within a quadrupole is calculated as 0.65 nm, which would center
around the broad peak near 0.80 nm. It is not clear from X-ray scattering alone what
coordination state the ions favor, but since the spacing is very short it is concluded that the
ions either participate in small aggregates or are in isolated pairs.
The tendency for ions to aggregate can be estimated by DFT calculations for I-EOT
and I-AT. We define the quadrupole factor as the ratio of the quadrupole binding energy
(Equad) to the pair binding energy multiplied by two (2*Epair). The binding energies are
calculated for the gas phase and are referenced to isolated ions. A quadrupole factor greater
than 1 suggests quadrupoles are favored by the system over pairs. For I-AT, the binding
energies are Equad = 780 kJ/mol for a quadrupole and Epair = 337 kJ/mol for a pair which
yields a quadrupole factor of 1.16. For I-EOT, Equad = 710 kJ/mol and Epair = 316 kJ/mol in
the gas phase, resulting in a quadrupole factor of 1.12. This factor is larger than 1 for both
samples, indicating that pairs have a strong tendency to form quadrupoles. Additionally, IEOT has a slightly smaller quadrupole factor than I-AT, suggesting that the presence of EO
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tails in I-EOT can help to stabilize the ion pair to suppress the formation of quadrupoles or
larger aggregates. This difference agrees with the trend in their glass transition
temperatures (Tg is 9 oC higher for I-AT than I-EOT in Table 4-1) that are strongly affected
by the extent of ionic aggregation, since ion aggregates can effectively crosslink polymer
chains and elevate the Tg.

4.5 Dielectric Spectroscopy

4.5.1 Conductivity

Figure 4-5 Dielectric spectroscopy frequency sweep of I-EOT at 25 oC.
Dielectric permittivity ɛ’ (blue circles), dielectric loss ɛ” (light blue
squares), and tanδ (orange triangles) are plotted on the left y-axis and the
real part of the complex conductivity σ’ (solid red line) is plotted on the
right y-axis. DC conductivity values are obtained from the plateau in σ’.
Fitting tanδ gives timescales for the beginning of DC conduction and the
build-up of the electrode polarization.
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Dielectric relaxations are analyzed to probe the dynamics of the ions and better
understand their aggregation and associations. DC conductivity values of the dry samples
are obtained from the frequency-independent plateau of the real part of the conductivity σ'
at each temperature T (see Figure 4-5). The conductivity is consistently higher for I-EOT
than I-AT due to the faster segmental motion (Figure 4-6a). The ionomer data collapse to
a single curve when normalized by Tg (Figure 4-6b) while the nonionic sample has
dramatically lower conductivity than the ionomers. The effect of the increase in the EO/ion
ratio appears only in the difference in Tg and any increase in solvation is not decoupled
from the polymer dynamics.
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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.

4.5.2 Static dielectric constant

Dielectric data are interpreted with an electrode polarization model established by
Macdonald36 and Coelho37 which treats the polarization of the ions as a macroscopic Debye
function. Klein, et. al.19,38 and Fragiadakis, et. al.25,39 give methods to fit the relaxation in
tanδ directly to determine times for τσ and τEP corresponding respectively to the timescale
when ions become diffusive and when ions have polarized on the blocking electrodes and
screen the electric field produced by the instrument. Equation 1 shows the Debye
relaxation equation used to fit tanδ:
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tan 𝛿 =

𝜔𝜏𝐸𝑃
1+𝜔2 𝜏𝜎 𝜏𝐸𝑃

(1)

where ω is the angular frequency of the applied electric field, τσ and τEP are fitting
parameters, and tanδ = ɛ’’/ɛ’. This analysis is employed because the presence of the
macroscopic polarization of ions at the electrodes causes a large relaxation in ɛ’ and
obscures the low frequency static dielectric constant ɛs. τσ and τEP are defined by equations
2 and 3:

𝜏𝜎 ≡
𝜏𝐸𝑃 ≡

𝜀𝑠 𝜀𝑜
𝜎𝐷𝐶
𝜀𝐸𝑃 𝜀𝑜
𝜎𝐷𝐶

(2)
(3)

where ɛo is the permittivity of free space and σDC is the DC conductivity of the material.
The model yields ɛs values that match well with the raw ɛ' data before electrode polarization
dominates the response, shown in Figure 4-7.

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)
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and -80 oC (open symbols). Relaxed static dielectric constant ɛs values obtained from
fitting tanδ are shown with dashed lines and correspond with raw experimental plateau
values. The high frequency dielectric constant ɛ∞ is observed in the lower temperature data
as the plateau value. The dielectric strength of each relaxation Δɛ is shown.

A single broad relaxion of strength Δ𝜀� is observed for each sample. This is
attributed to segmental motion for MEEP, but is dominated by ion motion in the case of
ionomers where a separate process due to segmental motion is not possible to resolve.
There are no anion solvating species in the system, which makes uncoordinated “free”
iodide ions unfavorable. A possible conduction mechanism is through the local motion of
negative triple-ions or iodides being passed small distances between pairs and small
aggregates. The plateau in ɛ’ at temperatures below Tg shows that there are no additional
processes occurring in the experimental window. It is important to note that the difference
in ɛs values between ionomers is in part due to the difference in corresponding high
frequency plateaus.
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Figure 4-8 Temperature dependence of the static dielectric constant for
MEEP (orange circles), I-EOT (green triangles), and I-AT (blue squares).

Figure 4-8 shows that static dielectric constants decrease linearly as a function of
inverse temperature at higher temperatures, and follow Onsager’s prediction of thermal
energy decreasing the dielectric constant by randomizing dipole orientation.

The

deviation from the Onsager prediction at low temperatures for ionomers has been
previously observed40 and is interpreted as dipole motion becoming restricted as the
polymer approaches Tg. Choi, et al. report the decrease in ɛs to begin near Tg + 30 oC for
their ionomers. The deviation appears at a similar temperature for the ionomers herein
and is absent for MEEP because its Tg is much lower than the temperatures displayed.
Changes in ionic aggregation upon heating have been observed in ionomers by
Wang, et al. using variable-temperature X-ray scattering27. This aggregation results in a
decrease in the dielectric constant that deviates from the Onsager prediction.

At

temperatures T > Tg + 30oC I-EOT and I-AT follow Onsager, which indicates that the
coordination of ionic dipoles does not change with temperature and therefore the state of
ionic aggregation is temperature independent.

4.5.3 Onsager analysis of ionic dipoles

Using ɛs and ɛ∞ values we calculate the dipole moment of the MEEP repeating unit
using the Onsager equation:
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(𝜀𝑠 −𝜀∞ )(2𝜀𝑠 +𝜀∞ )
𝜀𝑠 (𝜀∞ +2)2

=

ν𝜇2
9𝜖𝑜 𝑘𝑇

(4)

where ν is the number density of dipoles, μ is the dipole moment, and ɛ∞ is the high
frequency dielectric constant. At low temperatures (below Tg) and high frequencies,
molecular dipoles are unable to relax and the unrelaxed dielectric constant ɛ∞ is observed;
measured values of ɛ∞ are included in Table 4-3 for each sample. To obtain the ionic
contribution to the dielectric response of the ionomers the non-ionic MEEP must first be
considered. Ether oxygen units are able to reorient their dipoles to the electric field and
comprise the majority of the relaxation in the nonionic sample. The dipole moment of a
single EO is calculated from the MEEP data where the number density of dipoles is
determined from the monomer density multiplied by four mobile EO’s per monomer unit.
A dipole moment of 0.91 D is calculated for each individual EO, which is in reasonable
agreement with the dipole moment of PEO of 1.01 D 7,41. The oxygens bonded directly to
the backbone were not incorporated in this analysis as they are expected to be restricted
from moving in response to the field. If these oxygens are included the calculated dipole
moment of EO (0.74 D) deviates significantly from the expected value.
In the case of ionomers, the Onsager equation may be considered as a sum of two
dipoles, the EO contribution and the ionic contribution:25
(𝜀𝑠 −𝜀∞ )(2𝜀𝑠 +𝜀∞ )
𝜀𝑠 (𝜀∞ +2)2

=

v𝐸𝑂 μ𝐸𝑂 2 +�v𝑝𝑎𝑖𝑟 μ𝑝𝑎𝑖𝑟 2
9𝜖𝑜 𝑘𝑇

(5)

Monomer number density is combined with the number of ether oxygens per monomer to
calculate the EO contribution to the dielectric constant. The dipole moment of a contact
pair of the ions has been determined with DFT calculations to be 14.2 D for the quaternized
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ammonium iodide salts, and is used as μpair. Equation 5 is solved for the number density
of ion pairs and the values are reported in Table 4-3. The concentration of ion pairs
necessary to account for the observed relaxation strength is far less than the total ion
content and suggests that the majority of ions participate in aggregates. The fraction of
ions participating in pairs is calculated from the stoichiometric ion content and reported in
Table 4-3. We assume that ion pairs are the only ionic species contributing to the dielectric
response and that any aggregates or quadrupoles have anti-parallel dipoles that cannot
respond to the external field. The percent of all ions that are participating in pairs is 9%
for I-EOT and 6% for I-AT, agreeing with earlier analysis of a quadrupole factor greater
than 1 for both ionomers and is slightly larger for I-AT.
Table 4-3: Dielectric properties of polyphosphazenes at 25 oC and the
calculated values of ion pair content derived from the Onsager equation.
Sample

σDC (S/cm)

ɛs

ɛ∞

νpair (cm-3)

% ions in pairs

MEEP
I-EOT
I-AT

-1.8x10-6
4.5x10-7

4.8
39.6
75.1

2.3
5.1
11.1

-1.8x1020
9.8x1019

-9.1
5.6

4.5.4 Clausius-Mossotti Analysis of Polarizability

The measured high frequency dielectric permittivity ɛ∞ displays surprisingly varied
values for chemically similar species. When ions are incorporated into the system the
observed ɛ∞ increases.

The Clausius-Mossotti relation describes the non-linear

relationship between the high frequency dielectric constant and polarizability:
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(𝜀∞ −1)
(𝜀∞ +2)

=

𝑣𝛼
3𝜖𝑜

�

(6)

where 𝛼� is the polarizability and ν is the number density. If the number density of
monomers is used, a polarizability of each monomer may be calculated. Non-ionic MEEP
has a monomer polarizability of 25 Å3, which agrees well with first principle calculations
of 27.5 Å3. Iodide is a large ion that will significantly contribute to the monomer
polarizability of the ionomers. Iodide polarizability has been studied by Roberts 42 for
iodide salts and a value of 109 Å3 has been reported. From eqn 6, I-EOT has 𝛼� = 93 Å3
and I-AT 𝛼� = 120 Å3. The measured monomer polarizabilities of the ionomers are
reasonable when compared to literature values of the components.
Table 4-4 Monomer polarizability 𝛼� from ɛ∞ and monomer number density
compared to DFT calculations of monomer electronic polarizability 𝛼�e.
Sample

𝛼 DRS Å3

𝛼e DFT Å3

MEEP
I-EOT
I-AT

25
93
120

27.5
48.1
48.8

Ion-containing polymers deviate strongly from the predicted polarizability,
suggesting there is strong ionic polarizability whereby cations move relative to
their anion neighbors.

It is at first surprising then that the ionomer polarizabilities are high when compared
to first principle calculations as shown in Table 4-4. DFT calculations for the electronic
polarizability of the quaternized ammonium iodide give a polarizability of 24 Å3 for each
contact pair. This value agrees with another literature first principles study of iodide
electronic polarizability which calculates iodide’s 𝛼�e value to be 9.8 Å3, and the
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ammonium is expected to have a similar value 43. Therefore, the considerable additional
polarizability measured from dielectric spectroscopy and reported by Roberts42 is proposed
to arise from an additional polarization process of the ions occurring at higher frequencies
than those measured in our experiments. This polarization process is called atomic or ionic
polarization and corresponds to ions having harmonic oscillator like movement relative to
each other due to perturbations by the applied electric field44,45. Common ionic vibrational
frequencies are in the 1013 Hz range and have typical polarizability values of 90 Å3 44. This
polarization is especially strong in these ionomers because of the high ion content of the
samples and the size of iodide creating a larger polarizability. Although not completely
understood at this time, we speculate that the difference in polarizability between the
ionomers is related to the extent of aggregation and number of ether oxygens solvating
cations both changing the environment of the ions. This polarization is expected to occur
in all ionomers but may only result in observable changes in ɛ∞ for ionomers with large or
polarizable ions and therefore often goes ignored in ionomer research.

4.5.5 Ion Content Effects

Additional samples with varying ion contents were synthesized and are briefly considered.
The synthesis follows the same method as described earlier using different reagent ratios
to vary ion content. The I-EOT sample was prepared with two other ion contents where
EOT-2.0 has two ions per monomer, and EOT-0.22 has 0.22 ions per monomer. I-AT was
also prepared at the lower ion content and is named AT-0.22. A high ion content I-AT
sample was prepared but could not be dissolved in water and could not be properly purified.
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As observed in Table 4-5, additional ion contents show that the EOT samples have a small
increase in density with increasing ion content, suggesting the anomalous increase in
density is related to the pendent ether oxygen tail. The density of the I-AT samples remain
equal to that of MEEP regardless of ion content. The dc conductivities of all the ionomers
are shown in Figure 4-9 [A], and are normalized by their respective Tg in Figure4-9 [B].

[A]
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[B]

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.
When the ion concentration is decreased the Tg also decreases. This is an expected
response as the ions form inter-polymer associations through quadrupoles and segmental
motion is less inhibited. Going from one ion per monomer down to 0.22 ions per monomer
results in an increase in conductivity of an order of magnitude (see Figure 4-9A and Table
4-5). This result is seen for both the EOT and AT ionomers. A clear trend is seen where a
dc conductivity decreases as ion content increases. The low ion content accesses lower Tg
than I-EOT and I-AT (low ion content ionomers Tg ~ -52oC) but is still much higher than
that of MEEP.

When the conductivity is normalized by Tg in Figure 4-9 [B] the

conductivities of the ionomers all collapse well, except the high ion content EOT sample
at lower temperatures.
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Table 4-5 Physical constants for polyphosphazene ionomers of various ion contents. High
frequency dielectric constants were determined by two different methods.
Sample

Ion/nm3

EOT-2.0
EOT-1.0
EOT-0.22
AT-1.0
AT-0.22
MEEP

2.7
2.0
1.2
1.7
1.0
0

a

Optical
𝜀�∞
2.46
2.33
2.21
2.34
2.26
2.21

b

DRS 𝜀�∞
15
5.1
2.6
11.1
5
2.3

Tg (oC)
-26
-33
-52
-24
-51
-80

σdc at 25oC
(S/cm)
6.57x10-8
1.8x10-6
1.41x10-5
4.5x10-7
5.52x10-6
--

ρ (g/cm3)
1.70
1. 60
1.55
1.37
1.37
1.38

a

Optical 𝜀�∞ is obtained from the square of the refractive index determined by prism
b
coupling.
DRS 𝜀�∞ is determined as the low temperature high frequency plateau in
𝜀�’(ω).

As mentioned earlier, the high frequency dielectric constant is anomalously high for these
polyphosphazene ionomers and DFT calculations suggest an additional polarization
process at frequencies higher than observed by dielectric spectroscopy. The optical
dielectric constant, the square of the refractive index, was measured by prism coupling and
gives an 𝜀�∞ value at very high frequencies and is shown in Table 4-5. As predicted earlier,
the 𝜀�∞ values are much lower for the ionomers. There is excellent agreement between the
optical 𝜀�∞ and the DRS 𝜀�∞ for MEEP (𝜀�∞ ~ 2.2). The optical 𝜀�∞ values for each of the
polymers studied are similar and within a difference of 0.25 of each other. The chemistry
of the polymers are all very similar and is the expected result of their electronic polarization
being nearly identical (𝜀�∞ = 2.21 – 2.46). A small increase in the optical 𝜀�∞ occurs with
increasing ion content, but is negligible compared to the increase observed in DRS. The
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DRS 𝜀�∞ dramatically increases with increasing ion content (EOT samples increases from
𝜀�∞ = 2.6 to 5.2 to 15.0 with increasing ion content), supporting the claim that the additional
polarization is caused by the iodide ions. The AT samples have a stronger increase in 𝜀�∞
than the EOT samples. This is presumably due to differences in anion-cation interactions
but is difficult to clearly understand.

5. Summary
High dielectric constant amorphous ionomers have been synthesized and studied.
Although the polyphosphazene backbone imparts a lower glass transition temperature, high
ion content and ionic aggregation lead to an increase in Tg of 50-60 oC in the ionomers.
Future work with lower ion content polyphosphazene ionomers is currently in progress to
access higher conductivities. X-ray scattering shows backbone-backbone and ion spacings
consistent with density measurements. Onsager analysis of dielectric spectroscopy data
indicates that less than 10% of the ions are in isolated contact pairs, with the remainder in
quadrupoles or other small aggregates. As more ether oxygens are added to the system the
ions are better solvated, resulting in less aggregation and a decrease in the glass transition
temperature. Unusually high ɛ∞ values for the ionomers are detected, and are proposed to
arise from an additional polarization mechanism associated with atomic vibrations of the
ion pairs. The polarization is seen to increase in strength with increasing ion content for
both the AT and EOT ionomers.
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Chapter 5
Specific Solvation of Cations and Anions by Simple Additives
in a Polar Polysiloxane Ionomer

1. Introduction
Ion dissociation is necessary for good conduction in ion-conducting polymer systems
and is achieved through weakening the interaction energy between counter ions and
stabilizing dissociated ions. This is achieved through two approaches: a high dielectric
constant to better screen electric fields and solvation of ions to stabilize separated pairs.
Solvation of ions has primarily focused on solvating cations and is usually achieved
through lone pair electrons of oxygens coordinating with positive ions. Ether oxygens and
carbonyl groups supply strong solvation energies to cations and are common functionalities
used in ion solvation1.

Crown ethers have been shown to be strong cation-

coordinators2,3(& crown ether) and this chemistry has been applied to polymer systems
through the use of poly(ethylene oxide) (PEO) and PEO-like functional groups2,4–6.
The strength of specific solvation a molecule provides to an ion depends on the size of
the ion. Larger ions have a weaker interaction with solvating species since the charge on
the ion is more diffuse3. Commercially useful cations tend to be smaller than anions and
therefore have received more research focus when it comes to solvation promoting ion
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conduction. Anion solvation literature focuses on anion receptors that are designed to bind
a specific anion in an aqueous medium. Amines and amides are commonly used to
coordinate with anions through hydrogen-bonding in non-charged anion receptor
systems3,7–9. Alcohol groups are also able to hydrogen bond and are also incorporated in
anion receptors10, but are not as ubiquitous as amines and amides. Anion receptors have
intricate designs that construct a binding site or cage for a specific anion 11. Simple anion
receptors have also been studied, but to a lesser extent because of their lack of selectivity12–
14

. Although selectivity may be important for ion-conducting systems, it is not a present

concern, and may be optimized in future systems.

Although ether oxygens are a major focus for increasing ion mobility, the best solvent for
ion solvation is water. The solvation energy of water coordinating Li+ is comparable to an
ether oxygen or carbonyl group (37kcal/mol compared to 39kcal/mol and 43kcal/mol
respectively)1, and water is much better at solvating and dissociating ions than dimethyl
ether or acetone due to its ability to supply specific solvation to both the anion and the
cation15.
The dielectric constant of water is higher than that of small molecules containing ethers
and carbonyls and must also be considered. The Born equation gives the enthalpy of
solvation as a function of the size of the ion r, and the dielectric constant εs of the solvating
medium16–18.
1

𝑧 2𝑒 2

𝑁

∆𝐺 = − ( 𝐴 ) (
2 4𝜋𝜖
𝑜

𝑟𝑖

1

) (1 − 𝜀 )
𝑆

(1)
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When solving the Born equation for lithium in water, acetone, and diethyl ether we see that
the difference in dielectric constant only results in a small difference in solvation energy
(H2O = -510 kJ/mol, DEE = -400 kJ/mol, acetone = -495 kJ/mol). However, this would
suggest water is similar in ion solvating strength as acetone, which is certainly not true.
The dominance of water in separating ions has been observed in ionic liquids as well, where
water is much better at dissociating ions than other solvents that have both a high dielectric
constant and solvate19. Li et al. conclude that in addition to the high dielectric constant,
the ability to hydrogen bond thereby solvating cations separates water as the superior
species for dissociating ions19.
We propose that anion solvation is important for ion separation and should be
incorporated into ionomer systems. This study aims to probe the importance of solvating
both ions in an ion-conducting polymer system by adding plasticizers containing cationsolvating groups, anion-solvating groups, or both to a cation conducting ionomer. The
ionomer studied is a polysiloxane functionalized with cyclic carbonates and lithium
borates, and has been studied in previous related work20,21. Three plasticizers are added to
a novel high dielectric constant cation-conducting polysiloxane. The plasticizers studied
herein are tetraglyme (PEO4, cation receptor), tetraethylene glycol (PEG4, cation and
anion receptor), and branched poly(ethyleneimine) PEI (anion receptor).
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2. Experimental Methods

2.1 Synthesis

All materials were dried under vacuum at elevated temperatures prior to use. It is common
practice to dry at 80oC for 24 hours but this is not possible for volatile plasticizers.
Tetraethylene glycol (PEG4) (Sigma Aldrich) and tetraglyme (PEO4) (Sigma Aldrich)
have a high vapor pressure and cannot be heated under vacuum for extended periods of
time, initial water was removed by drying under vacuum at 60oC for 2 hours with
substantial weight loss observed, the samples were then stored under argon until use.
Branched PEI (Sigma Aldrich, avg. Mn = 10,000 g/mol) does not have a measurable vapor
pressure and was dried under the previously noted conditions before being stored in an
argon atmosphere.
Vinyl Cyclic Carbonate monomer (VCECA). Cyclic [(allyloxy)methyl] ethylene ester
carbonic acid (CECA) one mole equivalence of 3-(allyloxy)-propane-1,2-diol was added
to a mixture of diethyl carbonate (1 mol equiv.) and potassium carbonate (0.1 mol equiv.).
The reaction was heated to 120oC and progressed for 24 hours. The solid was removed by
filtration and the residue was filtered and purified by Kügelrohr distillation to yield a
colorless liquid (80% yield).
Vinyl Lithium Triphenylstyryl Borate monomer (VTPB). The synthesis of VTPB was
described in a previous publication20. A brief summary follows. A Grignard reagent
solution was prepared with magnesium and 1,2-dibromoethane in THF under an argon
atmosphere. 4-bromostyrene was added to the mixture and the reaction progressed at 20oC.
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After 2 hours, a solution of triphenyl boron in THF was added and was terminated after 2
hours. The monomer was dissolved in an aqueous lithium carbonate solution and extracted
with ethyl acetate and finally recrystallized in diethyl ether.
Polysiloxane Ionomer (PSX)

PSX was synthesized by Siwei Liang with the help of

Joshua Bartels. PMHS and anhydrous THF were added into a pre-dried Schlenk Line
apparatus. The desired amounts of allyl monomers (VTPB and VCECA) were introduced
to the reaction mixture, followed by 7 drops of Pt Karstedt catalyst (Pt ~ 2% in xylene).
The reaction mixture was refluxed at 65 °C for 2-4 days. Completion of the reaction was
determined by the depletion of the Si-H peak in 1H NMR at 4.8ppm. Excess THF was
removed by evaporation, and the remaining residue was dissolved in THF and precipitated
in water 3 times. The polymer was dissolved in acetone and filtered through a 0.2μm PTFE
filter to remove large Pt aggregates that form when the catalyst aggregates and becomes
inactive. The precipitated product was dried in a vacuum oven at 80 °C for at least 24 h.
The final product is colored light brown because of some residual Pt catalyst that
aggregated during the reaction22. It is difficult to completely remove the catalyst, possibly
as a result of the strong interaction between Pt and the ionomer. The ion content (8 mol%
lithium tetraphenyl borate) is determined by NMR peak integration of the attached
functional groups giving pendant content accurate to 1 mol%.

2.2 Purification

Polymers were purified by precipitating in hexanes and acetone 9:1 (v/v) three times. The
precipitated polymers were then dried on a rotary evaporator. Polymers were finally
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exhaustively dialyzed against deionized water to remove all small molecule impurities.
Dialysis was terminated when the conductivity of the dialyzate returned to 0.2μS/cm, the
conductivity of freshly deionized water.

2.3 Characterization

Differential Scanning Calorimetry. A TA DSC Q10 differential scanning calorimeter
was used to determine glass transition temperatures (Tgs). Samples of 7-10 mg were dried
in open pans at 80oC under vacuum for 24 hours before being hermetically sealed to prevent
water absorption. Temperature ramps heated the samples from -110oC to 100oC using a
heating rate of 10 oC/min. Samples were cycled 2 times to ensure reproducibility. Tg
values were obtained from the heating curves by the midpoint of the heat capacity
transition.
Dielectric (Impedance) Spectroscopy. Dielectric measurements were acquired using a
Novocontrol Concept 40 Dielectric Spectrometer. Frequency sweeps between 10-1-107 Hz
were conducted under a nitrogen flow at a constant temperature controlled to 0.2 oC.
Temperature was varied from 120oC to -80oC, decreasing by steps of 5-10oC between each
isothermal scan. Plasticized samples were prepared by casting the ionomer (PSX) and the
selected plasticizer from acetone onto a polished brass electrode. Acetone was removed
by heating the sample to 60oC under vacuum for 20-30 minutes. The vapor pressure of the
plasticizers is a concern as the intended ion:solvent ratio may change upon drying. Samples
were weighed before and after the casting and drying, with no change observed in the
weight. Teflon spacers (0.2 mm thick) were also placed between the electrodes to maintain
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a constant thickness. Dielectric samples were kept under vacuum until being loaded into
the dielectric spectrometer. Before data were collected, samples were heated to 100 oC for
30 minutes to remove any trace water the sample may have absorbed while being loaded
into the measurement cell. The sample was considered dry when the dc conductivity
decreased to a constant value, typically in 20-30 minutes at 100oC.

3. Results and Discussion
The ionomer studied herein (PSX) is a polysiloxane ionomer with a majority of monomers
containing high dielectric constant pendants (92 mol%) and a small number of covalently
bound anions (8 mol%). The same polymer was recently studied with novel plasticizers
that contain oligomeric PEO units and high dielectric constant cyclic carbonate groups.
Although cyclic carbonates have been observed to coordinate to small cations, they do not
compete with ether oxygens as lithium will preferentially interact with EOs23. In the
presence of other cation solvating species the cyclic carbonates are not expected to solvate
the ions, and any solvating effect arises from the plasticizer.
Three different additives or plasticizers were added to the ionomer to maintain a single
ion content between mixtures. The additives include tetraglyme (PEO4), tetraethylene
glycol (PEG), and branched polyethyleneimine (PEI). Each additive has either hydrogenbond donating or accepting functional groups, or both. PEO4 and PEG4 have the same
chain length and number of ether oxygens, and only differ in end group chemistry. PEI is
the amine analogue to PEO and the branched polymer is frequently used to suppress the
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crystallization present in linear PEI. Amine and hydroxyl functional groups are hydrogen
bond donors and are able to solvate and coordinate with anions, while ether oxygens solvate
cations. The electron lone pair on the amines in PEI are able to coordinate with cations but
secondary amines have been observed to strongly prefer solvating anions over cations24.
Excess amines may interact with cations but PEI is primarily an anion receptor. Additives
were added to maintain an equal number of solvating species in each sample, such that
PSX-PEO4 and PSX-PEG4 have the same EO:ion ratio of 20:1. Likewise, PSX-PEI has
the same content of solvating when considering its NH:ion ratio.

Figure 5-1 Polysiloxane ionomer structure (red), and structures of ion-solvating additives:
tetraethylene glycol (green), tetraglyme (blue), and branched polyethyleneimine (orange).
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3.1 Thermal Analysis

The Tg of each additive is ~50oC less than that of the ionomer being studied and one would
initially expect that they will plasticize the polymer and suppress the Tg when mixed. All
plasticizers were added to the ionomer in equivalent molar ratios (24 mol% or ~21 wt%
plasticizer), giving an ion content of 1.73x1020 ions/cm3 for the mixed systems and
2.21x1020 ions/cm3 for the neat ionomer. A decrease in Tg is observed for PEO4 (Tg = 40oC) and PEG4 (Tg = -52oC), but the opposite occurs for PEI (Tg = 9oC) as the Tg increases
above that of the neat homopolymer (Tg = -10oC).

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

PSX
PEO
PEG
PEI
PSX-PEO
PSX-PEG
PSX-PEI

DSC Tg
(oC)
-10
-67*
-67*
-61*
-40
-52
9

b

Fox Tg
(oC)
-25
-24
-24

c

G.T. Tg
(oC)
-38
-41
-36

d

f
(PSX)
1
0
0
0
0.77
0.76
0.76

d

e
f
Ea
EO:ion
(plasticizer) (kJ/mol)

0
1
1
1
0.23
0.24
0.24

22.9
16.8
20.6
17.4

20
20
-

OH/NH : ion
8
20

a

Marked Tg values were obtained from the supplier25. bThe Fox equation predictions of Tg
for a two component system. cThe Gordon-Taylor approximation for Tg of an associated
mixed system, the adjustable parameter is assumed to be K = 0.3. d Molar fraction of species
(f). eActivation energies (Ea) are obtained by fitting the conducting ion content with the
Arrhenius equation.

PEI forms strong associations with the ionomer and this results in restriction of segmental
mobility, and the resulting complex does not flow at elevated temperatures (even up to
80oC). The PSX-PEI mixture even precipitates out of a chloroform solution though both
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components are soluble, indicating strong intermolecular interaction. The Fox equation26
predicts the Tg of a polymer mixture using the Tg and the weight fraction of each
component. Calculated Tg values for PSX-PEO4 and PSX-PEG4, PSX-PEI are shown in
Table 5-1.
1
𝑇𝑔(𝑚𝑖𝑥)

=

𝑤1
𝑇𝑔(1)

+

𝑤2
𝑇𝑔(2)

(2)

The measured Tg of PSX-PEO4 and PSX-PEG4 are lower than the predicted values
because interchain ion associations are disrupted by solvation. The Fox equation does not
include associations, such as hydrogen bonding or ion aggregation, and it is not surprising
it does not predict the resulting Tgs well. Therefore the Gordon-Taylor equation is applied
to the samples to include the effect of strong associations27.

𝑇𝑔(𝑚𝑖𝑥) =

𝑤1 𝑇𝑔(1) +𝐾𝑤2 𝑇𝑔(2)
𝑤1 +𝐾𝑤2

(3)

The adjustable parameter K has been proposed to be related to the strength of polymer
associations28,29, and 𝑤 is the weight fraction of the plasticizer. A recent publication that
plasticized the PSX polymer with 600 g/mol molecular weight PEG finds the GordonTaylor equation well describes the PSX-PEG600 Tg values, using a K value of 0.3 21. The
same K value gives a very good prediction for PSX-PEO4 but does not well describe the
Tg of PSX-PEG4 or PSX-PEI. PSX plasticized by PEO4 and PEG600 give similar results
because PEG600 has a low enough end group concentration that the -OH groups do not
disrupt or change the plasticizing effect. PEG4, however, has a high -OH concentration,
which creates stronger interactions that cause the Gordon-Taylor to underestimate the
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change in Tg. A K value of 0.6 gives a good prediction for the Tg of PSX-PEG4. PSX-PEI
has a higher measured Tg than predicted as it creates a network by hydrogen bonding with
the polymer-bound anion, similar to the Tg increase observed in other strongly interacting
polymer blends30,31. The changes in Tg suggest that the presence of anion-solvating species
dramatically affects ion associations and polymer segmental motions.

3.2 Dielectric Relaxation Spectroscopy

[A]
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[B]

Figure 5-2 dc conductivity as a function of [A] inverse temperature and [B] Tg normalized
temperature. Anion-binding additives’ 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.

The dc conductivities (σo) of each polymer system are determined from the frequency
independent region of the real part of the complex conductivity and is shown in Figure 52. The addition of PEO4 and PEG4 increase the conductivity while PEI dramatically
lowers it. Although PSX-PEG4 has the lowest Tg, it does not have the highest conductivity.
When normalized by Tg the PSX-PEO4 collapses well with the neat ionomer, similar to
the trend observed by Choi et al. when PEG600 is added to the same ionomer21. The
hydrogen-bond donor samples do not follow this behavior and the Tg-normalized
conductivity is much lower for PSX-PEG4 and PSX-PEI.
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The electrode polarization model developed by Macdonald32 and Coelho33 is employed
to determine the static dielectric constant (εS), dc conduction time (τσ), conducting ion
mobility (μ), and conducting ion concentration (p) (see Chapter 1, Section 4.1). The peak
in tan δ is fit by a Debye relaxation according to the method developed by Klein et al.34 to
determine the time of the completion of electrode polarization (τEP) and τσ.

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-Lifshitz mixing rule for PSX-PEO4 and matches
with the experimental data of this mixture.

The static dielectric constant for the ionomer mixtures is shown in Figure 5-3 as the solid
symbols and the dielectric constant of the neat plasticizers are displayed as open symbols.
Regarding the neat plasticizers, PEG4 has a higher dielectric constant than PEO4 due to
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the terminal –OH groups, analogous to ethanol having a dielectric constant of 24.5 while
dimethyl ether has a much lower dielectric constant of 4.335. The addition of plasticizers
with a lower εS than that of the parent ionomer is expected to follow the Landau-Lifshitz
dielectric constant mixing rule36,37. This holds well for the addition of PEO4, with the
predicted εS shown as a solid black line in Figure 5-3. Neither hydrogen bond donor sample
is fit with the Landau-Lifshitz mixing rule as they clearly deviate from the predictions and
their εS values are not between those of their components. The dielectric constant remains
unchanged from the neat ionomer for PSX-PEI, and increases substantially for PSX-PEG4.
This surprising boost in the dielectric constant for PSX-PEG4 likely results from a change
in ion aggregation. The strong increase in the dielectric constant above the expected values
for the two anion-solvating samples suggests that hydrogen bond donors stabilize and
promote ion pairs better than EOs. This increase in the dielectric constant, however, does
not result in a higher conductivity, and offers no clear advantage in the system considered
herein.
Choi et al. also report an increase in the dielectric constant upon addition of PEG600 to
PSX and interpret the result as an increase in ion pair concentration21. Similarly, Frech et
al. and Lindgren et al. observe by FTIR that the addition of plasticizer to either a PEO or
polypropylene glycol lithium-triflate (LiTf) salt-in-polymer system increases the number
of ion pairs23,38. More ion pairs are observed when plasticizers have –OH capped endgroups compared to –OMe groups. Frech et al. suggest this is due to a single –OH group
solvating both the anion and cation (shown in Figure 5-4).
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[A]

[B]

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.
Lithium is even reported to favor interacting with –OH over EO, showing the competitive
potential of anion solvation23,38. FTIR shows that all –OH groups strongly prefer to interact
with ions over interacting with EOs, so that anion receptors are will prefer solvating anions
over interacting with the polymer. Frech et al. observe a large increase in conductivity for
both PEG4 and PEO4 plasticizers, but a larger increase in conductivity for PEG4.
Figure 5-2 shows that PEO4 more strongly increases the conductivity for the ionomer
used in the present study. The dielectric constant does not give information about the
dynamics of conduction and therefore the timescale of dc conduction is considered for
further insight into the mechanism of ion conduction.
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Figure 5-5 Conductivity σ’ versus frequency at a Tg normalized temperature (Tg/T = 0.73).
Conduction times (solid lines) are determined from fitting tan δ and match well with the
beginning of the dc plateau in σ’.

dc conduction begins when the real component of the complex conductivity becomes
frequency independent39. Figure 5-4 shows the development of this plateau by plotting
σ’/σo at a temperature normalized to Tg to facilitate comparison between samples. τσ values
that were determined by the EP model are shown as solid lines and are in excellent
agreement with the beginning of dc conduction. The presence of hydrogen bond donors
delays τσ and slows down ion transport. According to Dyre’s random barrier model of
conduction40,41 (see Chapter 1, Section 4.4), the largest energy barrier to conduction
determines τσ, and when Tg normalized we expect the times to become comparable across
all samples, as seen in Figure 5-4 for the ionomer and its mixture with PEO4. The longer

151

τσ values for anion-solvating plasticizers suggests a greater maximum energy barrier to
conduction.
The temperature dependence of τσ better displays the similarities of ion motion than a
single temperature (Figure 5-5). Figure 5-6 shows τσ as a function of Tg normalized inverse
temperature.

Figure 5-6 Characteristic ion diffusion time τσ as a function of temperature normalized by
Tg.

Although PSX-PEG4 does not collapse to the neat ionomer by Tg normalization, it still
shows similar temperature dependent behavior. The temperature dependence of τσ for
PSX-PEI does not follow a VFT dependence and instead appears to have Arrhenius
behavior above the DSC measured Tg of the mixture; this is also observed with the ion
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mobility in Figure 5-7. This surprising result suggests that the conduction mechanism of
cations is different from the other samples and segmental motion of the polymer has a
limited effect. The anions may be entirely complexed with amines and unable to move
short distances necessary to pass cations, forcing the cations to hop between anions without
the aid of local anion motions. The decoupling of ion motion and segmental motion
suggests a novel pathway for an alternative method of ion conduction, but results in a
substantially lower conductivity and does not appear to have a practical application.
The conducting ion mobility (μ) is shown in Figure 5-6. A difference in ion conduction
mechanism in the case of PEI added to PSX is also suggested by the substantial difference
in ion mobility between PSX-PEI and the other samples.

Figure 5-7 The conducting ion mobility as a function of inverse temperature.
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The conducting ion mobility and concentration of simultaneously conducting ions are
determined by the EP model mentioned earlier. Above room temperature, μ is similar for
each sample with the exception of PSX-PEI, despite the large differences in Tgs between
samples. Within the limited temperature range, PSX-PEI appears to have an Arrhenius
temperature dependence similar to the temperature dependence of τσ in Figure 5-5. When
PEI is added to the ionomer, ion motion becomes much slower and decoupled from
polymer segmental motion.

Figure 5-8 Conducting ion concentration fit with the Arrhenius equation where p∞ 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).
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The concentration of conducting ions (p) is improved by the addition of ion solvating
species.

Ions can more easily become conductive when ion associations, such as

aggregates, are disrupted. Arrhenius fits are made for p of each sample and an activation
energy for creating a conducting ion (Ea) is determined (listed in Table 5-1). Each
plasticizer increases the number of simultaneous conductors and lowers the average Ea. A
lower average Ea does not guarantee a lower largest-barrier to conduction, as even though
the Ea decreases by Arrhenius fits, the Tg-normalized time to conduction is still delayed
for PSX-PEG4 and PSX-PEI (observed in Figure 5-5).
There is the smallest increase in p when solvation is available for both anion and cation,
while the PEI and PEO4 mixtures exhibit a larger increase. This suggests that having
species to solvate both ions may not result in more stabilized free ions. PSX-PEG4 has the
same number of EO’s but does not promote ion conduction as well. It is possible that
addition of PEO4 results in a higher conductivity because it helps promote free ions by
only interacting with the cation and not the polymer. PEO4 is able to act as an “ion shuttle”
and can move through the system with the ion, whereas PEG4 strongly prefers to interact
with both the anion and the cation together, promoting ion pairs but not conducting species.
This is seen in the dielectric data where PSX-PEO4 has a nearly six times higher
concentration of conducting ions over PSX-PEG4. The concept of tetraglyme acting as an
ion shuttle comes from the work by Kido et al. with tetraglyme plasticizing polymer-ionic
liquid mixtures42. In the case of poly(methylmethacrylate) (PMMA) mixtures, Kido et al.
observe that lithium ions in the ionic liquid are complexed by a single glyme and are able
to diffuse through the system with greatly increased mobility. When tetraglyme is added
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to PEO-ionic liquid mixtures the lithium coordinates with both PEO and the glyme, not
remaining with a single solvating molecule. The ionomer system studied herein is expected
to behave similarly as PSX does not have strong solvating species that compete with PEO4.
Even though PEI dramatically slows down ion conduction, it is still able to promote as
many conductive species as PEO4. Although PEI is not a good candidate for ion solvation,
this increase in conducting ions suggests there may be alternative anion receptor
plasticizers that would greatly increase conductivity. Such plasticizers should not interact
strongly with the ionomer and should only interact with a single ion. Small molecule anion
receptors that only interact with one ion would not be expected to restrict polymer motion
in the same way.
As discussed in the introduction, anion complexation is very sensitive to the anion size,
charge distribution and the coordinating molecule. The ionomer studied in this work is a
large and charge-diffuse organic anion, and anion complexation may behave rather
differently with other anions such as oxyanions. Smaller anions will have a stronger
interaction with the anion receptors and may have a more pronounced effect on the ion
mobility and conductivity.

4. Summary
A polysiloxane ionomer bearing polar pendants has been studied in the presence of
additives capable of solvating both the conductive cation and the immobile anion. When
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only cation solvating groups are present in the plasticizer (PEO4), the conductivity
increases due to an increase in both ion mobility and conducting ion content. The resulting
conductivity and dc conduction time collapse with those of the neat ionomer when
normalized by Tg. When anion solvating species are present in the plasticizer the dc
conduction time is dramatically slowed down at the same Tg/T. Anion solvating species
increase the dielectric constant of the ionomer by promoting ion pairs. PSX-PEG has the
highest dielectric constant and the lowest Tg, yet it does not have the highest conductivity.
Dielectric constant and Tg are often the two parameters that are optimized to produce a
superior conducting polymer. The subtlety of the effect ion solvation on conductivity is
extremely important and can even dominate the response.
Anion solvation shows the potential to have an impact on conductivity, but a different
plasticizer other than PEI must be selected that will not create strong interchain
associations.

The presence of hydrogen bonding promotes more conductive ions,

regardless of hydrogen bond donors or acceptors. Having a mix of both acceptors and
donors does not show any distinct advantage over solvating a single species.
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Chapter 6
Summary and Suggestions for Future Research

1. Overview

The study of ionomers for use as single-ion conductors in energy materials is an important
research focus for new energy materials and has been further considered in this dissertation.
Single-ion conducting ionomers show advantages over salt-in-polymer systems such as the
prevention of dendrite growth by attaching the anion or the cation to the polymer. A
limitation of polymers as ion-conductors is that ion motion must occur through local
motions of the polymer and the conductivity is limited by the polymer segmental mobility.
Two design principles are currently considered by the scientific community to overcome
this limitation, either pursuing fast segmental dynamics through a low Tg or decoupling of
conductivity from polymer segmental motion. If ion motion can be sufficiently decoupled
from polymer motion, extremely high ion mobility may be achieved. However there is no
indication decoupling provides a better path for ion conduction as the conductivity of
decoupled materials is extremely low because the decoupling is achieved by slowing down
the mobile ions.
Low Tg polymers are the more promising route for superior ion conduction. This
dissertation focuses on low Tg ionomers and aims to give a better understanding of flexible
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backbone polymers to develop better design principles for future single-ion conducting
ionomers.
Dielectric spectroscopy provides a wealth of information when applied to ionconducting polymers and should be employed with proper models. Future research that
carefully considers the mechanism of ion transport in polymers by dielectric spectroscopy
should always attempt fitting with both the electrode polarization (EP) model as well as
the Dyre random barrier hopping model (RBM). It should not be assumed that one of the
models is superior to the other and both should be used to determine which model better
describes the dielectric response. Each model gives dc conduction times, while only the
EP model gives the electrode polarization time. Each model has different underlying
assumptions and it is difficult to predict a priori which model to use.

2. Polysiloxanes and Hydrosilylation

A natural candidate for low Tg ionomers is the polysiloxane -(Si-O)- backbone.
The Si-O bond is very flexible and can undergo much greater distortion than the C-C bond,
imparting high segmental mobility and a low Tg to siloxane polymers. Siloxane ionomers
are easily synthesized through hydrosilylation of the Si-H on poly(methylhydrosiloxane)
by an olefin. The two key factors in designing a new synthesis are determining the best
catalyst and selecting an appropriate solvent. The four preferred solvents determined
herein are toluene, tetrahydrofuran, dichloromethane, and chloroform. There have been
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multiple polysiloxane ionomers studied in the literature, but there are still many unexplored
chemistries.
Two paths forward with this research include the comparison of polyammoniums
to polyphosphoniums, and the use of epoxide opening reactions. The first suggestion
considers the difference between ammonium and phosphonuim polycations. It is expected
that phosphoniums will give a much lower Tg as they are less likely to form quadrupoles1,2.
Siloxanes provide a good comparison as they can be first functionalized with 4-bromo-1butene and then reacted with tributyl amine or tributylphosphine, to keep an identical ion
content between the polymers.

Scheme 6-1 A bromobutene prepolymer may be functionalized into either a
phosphonium or ammonium single-ion conducting ionomer.
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The bromobutene pendant prepolymer gives chemical versatility, but cannot be reacted in
the presence of strong base or the polysiloxane backbone will degrade.
The second ionomer to pursue is epoxide functionalized polysiloxanes. The
epoxide ring can be reacted in many different ways in conditions stable to the polysiloxane
backbone.

This allows for the easy addition of nitriles without the possibility of

unintentionally reacting the Si-H bond with the nitrile. Also, sulfonated polysiloxanes have
been made in the literature through epoxide ring opening. Sulfonated polysiloxanes hold
a particular interest as the sulfonate group is a simple chemistry that has been well studied
with ionomers by DFT calculations as well as experimentally.
There are literature examples of allyl glycidyl ether being attached to PMHS
through hydrosilylation3, and this poses an important prepolymer that should be further
explored.

Scheme 6-2 Hydrosilylation
poly(methylhydrosiloxane).

reaction

of

allyl

glycidyl

ether

with

As shown earlier in Scheme 2-10, the epoxide can be reacted with NaHSO3 to attach
a sulfonate ion to the polysiloxane3. There are many other reactions possible for this
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chemistry. Shown below are reactive species and the corresponding monomer that could
be synthesized. Multiple high dielectric constant monomers, such as nitriles, can be
explored without the danger of unintentional crosslinking4-6. A particular monomer of
interest is the reaction with sodium cyanate (NaOCN), as this monomer has structural
similarities to a cyclic carbonates but also has an amine that may act as an anion receptor.
Epoxides also react with Grignard reagents which enables further selection of pendants.

Reagent

NaCN

NaHCO3 and NBS (Cat.)

Resulting Polysiloxane Monomer
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NaOCN

R-MgX

MeOH
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R-NH2

Homocysteic Acid

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.
Two useful epoxide-reactive species are carboxylic acids7 and amines8. Primary amines
are commonly used to cure epoxy resins9 and would easily react with the epoxide pendant.
A monomer of interest is attaching homocysteic acid as the resulting pendant would have
a sulfonate anion (after ion exchange from the acid form) and two anion receptors (an
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amine and an alcohol). The anion receptors on the pendant may be able to self-solvate the
anion similarly to the polyphosphazene ionomers studied in Chapter 4. Such solvation
would produce anion solvation without additional interchain associations. These are just a
few of the many possible chemistries available to the epoxide-functionalized polysiloxane
and these suggested monomers can easily be mixed with any allyl pendants mentioned in
this dissertation.

3. Ether Oxygen Containing Polymers

Ether oxygens show a strong advantage for ion solvation over other similar
chemistries and are extremely common in ionomers. Seven ether oxygen containing
nonionic polymers with varying backbone chemistries were studied. Polysiloxane and
polyphosphazene backbones impart a low Tg to EO-pendant functionalized polymers,
lower than that of PEO homopolymer. The dielectric strength of the EO dipolar motion is
weaker for inorganic backbone polymers with short EO pendants. Longer EO pendants
have more local environments for EOs and the alpha relaxation broadens. PMMA-based
EO pendant polymers show similar behavior to the inorganic backbone polymers by
preventing crystallinity while still solvating ions but have much slower segmental
dynamics. Polysiloxanes and polyphosphazenes are the most advantageous backbones and
should be employed further in ionomer research.
This research may be continued by broadening the scope of the polymers studied.
The trend of polymer Tg versus the pendent length may suggest that polysiloxanes and
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polyphosphazenes have similar backbone mobility and backbone Tg. More polymers of
varying ether oxygen pendant length should be synthesized to better compare siloxanes
and phosphazenes. Another research path that should be explored is the difference in ion
conduction between the nonionic ether oxygen-containing polymers studied by adding the
same salt to the various polymers of interest. The differences in the segmental relaxation
and dielectric constant do not have a clearly predictable effect on the conductivity, and
adding salt would be a quick way to compare these backbones. Both anion and cation
participate in conduction in salt-in-polymer systems and the resulting conductivity should
be analyzed with this complexity in mind.

4. Polyphosphazene Iodide Ionomers

Polyphosphazene ionomers have been shown to have a very similar backbone Tg
to polysiloxanes and are considered for iodide conduction and characterized by dielectric
spectroscopy, X-ray scattering, and DFT calculations. The ionomers studied have a
relatively high ion content which results in a large number of small aggregates
(quadrupoles) and a higher Tg than desired. The high frequency dielectric constant is much
higher than the optical dielectric constant and therefore an atomic polarization of the ions
may be occurring at frequencies higher than those observed through dielectric
spectroscopy. This polarization is observed in this system due to the high polarizability of
the iodide anion, which becomes stronger with increasing ion content. Lower ion content
ionomers show a typical decrease in Tg and corresponding increase in dc conductivity.
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Polyphosphazene ionomers show good promise as ion conducting materials and should
continue to be researched.
The future direction for this research would be to ion exchange the iodide ion to a
chloride and/or bromide ion. By changing the conducting ion the atomic polarization of
ions should be strongly affected and may disappear entirely. This future direction may not
produce a superior ion conductor but would provide further insight into the surprisingly
high high-frequency dielectric constant observed. Ion exchange can be easily achieved
through dialyzing the ionomer against water in the presence of a large excess of desired
salt (such as NaCl when exchanging the iodide to chloride) until the conductivity of the
dialyzate is that of the original ultrapure water.

5. Specific Solvation of Anions in Ionomers

The role of specific solvation of either or both the anion and the cation is important
in producing conducting ions and increasing the dc conductivity without changing polymer
segmental dynamics. The cation is commonly solvated by ether oxygens but little ionomer
research has considered solvating the anion. Anion receptors (hydrogen bond donors)
increase the concentration of conducting ions in a lithium conducting ionomer. Ion pairs
are stabilized by a single alcohol or amine using the lone electron pair and hydrogen to
interact with both the cation and the anion respectively. The best conductivity arises from
additives that only interact with the conducting ion and not with bound ions or the polymer.
Branched poly(ethyleneimine) (PEI) is a poor additive as it interacts with multiple polymer
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chains and results in a crosslinked system with a strong decrease in the ion mobility and dc
conductivity. Decoupling of segmental motion and conductivity is observed when PEI is
added, but the ion mobility and conductivity are considerably lower than the other samples.
This is a new path to decoupled conductivity, but it supports the hypothesis that decoupling
is not a reasonable strategy to produce highly conductive polymers.
Anion receptors have a strong effect on ion conduction in ionomers and should be
further considered. There are many options for simpler anion receptors than branched PEI,
such as spermine, that may increase the concentration of conducting ions without
crosslinking the ionomer. Amines that are used as epoxy curing agents have potential use
in this field as they are commercially available and are simple small molecules with
hydrogen-bond donors. Anion receptors should also be added to anion conducting systems
as they may have a stronger effect when solvating the mobile ion.

Additional

concentrations of additives should be considered to better understand the higher
conductivity afforded by the addition of tetraglyme over that of tetraethylene glycol.
Finally the impact of anion receptors was only considered for the tetraphenylborate ion and
the interaction of the anion and the anion receptor is strongly affected by the ion size and
geometry. Anion receptors will have a stronger interaction with smaller anions and anion
receptors should be studied with a smaller anion such as sulfonate or phosphonate.

Finally, ionomer conductivity is limited by segmental motion and therefore the Tg
should be decreased by any means available. This dissertation has presented research
further supporting the importance of polysiloxanes and polyphosphazenes and has shown
the potential value of solvating anions.
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