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ABSTRACT
In this thesis, a polyethylene oxide oligomer plasticizer was combined in various
proportions with a polyethylene oxide based ionomer. The mechanical properties these systems
were then studied using a rotational rheometer. Master curves of storage and loss moduli as a
function of frequency indicated that a combination of factors was accelerating the terminal
relaxation of the polymer as more plasticizer was introduced. Two factors identified as having a
large impact on this terminal relaxation acceleration were the decrease in glass transition
temperature Tg and increase in the dielectric constant of the medium containing the polymer, both
of which are direct results of the plasticizer addition. The goal then became trying to separate the
contributions that each of these factors had. In order to quantify the extent of acceleration due to
the Tg effect, the WLF equation was initially used. However, further investigation revealed that
one of the main assumptions of the WLF equation was invalid for the polymer/plasticizer systems
described in this thesis; there is an extra friction corresponding to the change in dielectric
constant with changing temperature. The Tg contribution was instead quantified using DSC. The
dielectric effect in accelerating the terminal relaxation was approximated using a weighted
average mixing law given dielectric data of both the pure polymer and the plasticizer. In the end,
it was shown that the increase in the mediums dielectric constant had the greatest effect on the
acceleration of the ionomer’s terminal response, and the sum of the Tg and dielectric friction
effects approaches that of the measured total friction but that there is still some frictional effect
that has not been considered. Each master curve was also fitted with a Rouse model for the
(rubbery) low frequency response and the KWW equation for the (glassy) high frequency
response. Ionic interactions in the pure ionomer and the 90% ionomer / 10% plasticizer mixture
created a very broad glassy response, while mixtures with more plasticizer showed the glassy
response narrowing significantly.
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Chapter 1
Introduction

1.1 Development of electrolytes of lithium ion batteries

1.1.1 Battery Basics
A typical battery is made up of several electrochemical cells that are either connected in
series, parallel or both to provide necessary voltage and capacity. Each cell contains a positive
(cathode) and a negative (anode) electrode, both of which perform chemical reactions. Ion
transfer between the two electrodes occurs within an electrolyte solution that separates the two
electrolytes, typically containing dissociated salts. The chemical reactions occur at both
electrodes simultaneously once they are connected externally to a power source in a closed
circuit. The oxidative reaction occurs at the anode, freeing the electrons and generating an
electrical current that can be used to do external work. The amount of power that a battery is able
to provide is a function of both the cell potential and capacity, both of which are directly linked to
the chemistry of the system.1
Figure 1 shows the various different battery technologies that exist today. However,
lithium ion batteries currently account for up to 63% of battery sales around the world.2 Their
high energy density and design flexibility allow them to outperform other systems, explaining
why they have been receiving a lot of attention in recent history.
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Figure 1: The energy densities of various battery technologies that exist today 1

In the cell of a lithium ion battery, the anode contains lithium, generally held within a
graphite structure. Reduction in the cell occurs at the electronegative cathode. Positive ions
inside the cell and electrons in the external electrical circuit migrate to the cathode upon
discharge. Alternatively, the ions and electrons flow in the opposite directions during charging.
The electrolyte is the medium for the flow of the positive lithium ions from one electrode to
another. It does not allow the flow of electrons. The electrolyte is commonly a liquid solution
containing a salt dissolved in a solvent and must be stable in the presence of both electrodes.3
Below is a schematic of a traditional lithium ion battery.
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Figure 2: Schematic of a typical lithium ion battery4

The electrolyte is a crucial cost factor and constraint for the next generation of batteries
and capacitors. An advanced electrolyte, for either application, should exhibit the following
characteristics: 3
•

Higher ionic conductivity to give high cycling rates over a wide range of
temperature, ideally from −30°C to 100°C

•

Higher stability, both chemical and electrochemical, to allow for higher voltage
systems and to increase safety

•

Higher compatibility with other cell components, both for better wettability and
for lower corrosion/reaction rates

•

Lower cost and decreased environmental impact.

Today, lithium batteries use electrolytes containing a LiPF6 salt dissolved in a mixed
carbonate solvent. This is classified as a liquid electrolyte and there are numerous reasons why
industry is trying to move away from using them.
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1.1.2 Conventional liquid electrolytes
The liquid electrolytes found in lithium ion batteries today contain extremely flammable,
highly volatile organic solvents. These organic solvents serve as fuel for combustion and can
lead to potential fire hazards in stressed conditions caused by various types of accidents and
abuse. Some instances include cells rupturing in open air and accidental sparks igniting the
organic vapors or thermal run-away under airtight conditions triggered by overcharge or
overheating.4
Battery applications requiring large lithium ion cells such as electric and hybrid electric
vehicles have escalated efforts to improve the thermal safety of electrolytes under abuse
conditions and apply with more strict safety requirements in recent years. Lithium ion cells
designed for more high power consuming applications such as these can have more than five
times the capacities of consumer size lithium ion cells. In a scaled-up situation such as this, the
hazardous combination of flammable solvent with the highly energetic electrodes would be
intensified by the sheer amount of materials enclosed within the cell. For example, in a recent
test by Roth et al. that simulated a car accident involving an electric vehicle, an externally
generated spark ignited the electrolyte vapors when the casing that enclosed a fully charged
lithium ion cell was punctured causing a violent fire and explosion.5
Since any design change that limited the cell energy density in favor of safety was
undesired, most of the research efforts were focused on the reformulation of the electrolytes by
using a flame-retarding additive or cosolvent, with the goal that adding a minimal amount could
result in nonflammability or at least reduced flammability of the entire electrolyte system.4
Several additives throughout the years were developed including a substituted cyclic
phosphorimide, hexamethoxycyclophosphazene (HMPN),6 a series of partially fluorinated esters,7
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and organophosphorus (V) compounds;8 however, there were problems associated using liquid
electrolyte beyond just their extreme flammability.

1.1.3 Solid Polymer Electrolytes
The term “solid polymer electrolyte” in this case refers to a solvent free polymer-salt
complex in which a polymer and lithium salt is dissolved in a cosolvent and then the solvent is
evaporated off. Peter V. Wright first showed in 1975 that that the ether-based polymer
poly(ethylene oxide) (PEO) was able to dissolve inorganic salts and exhibit ion conduction at
room temperature.9 From here, it was Michel Armand in 1978 that placed these novel materials
at the center stage of lithium electrolyte research by suggesting the use of graphite intercalation
compounds for electrodes, which describes the fitting of lithium ions in between graphite layers
in the anode (as seen in Figure 2), and realizing that lithium/PEO complexes could be used as
solid electrolytes and were ideal candidates for intercalation electrodes. 10
A lithium salt can be solvated by a polymer matrix through direct interaction of the cation
and electron pairs. In the case of PEO, it is the ether oxygens that are abundant in the polymer
matrix that aid in dissociating the lithium cation from its anion counterpart. The complex forms
as a result of the favorable competition between the solvation energy and the lattice energy of the
salt; the solvation energy by the ether oxygens is greater than the lattice energy of the lithium salt.
Specifically, it is the Lewis base character of PEO that coordinates the cation of the salt and
provides a favorable Gibbs energy of polymer-salt interaction.11 Figure 3 illustrates how PEO
chains containing the ether oxygens arrange themselves around the lithium cations, aiding in
dissociation of the salt.
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Figure 3: The arrangement of PEO chains that lead to the solvation on
cations by the lone pairs of electrons on PEO's ether oxygens12

Another property that determines the likelihood of complex formation in addition to the
very important lattice energy considerations that PEO exhibits is a low glass transition
temperature (Tg). In other words, the low cohesive energy of PEO allows reorientation of the
local coordination geometry leading to effective solvation.11 For temperatures greater than Tg, the
polymer behaves like viscous liquid. As the polymer is cooled below Tg, the material forms an
amorphous solid.13

There are many projected advantages that these polymer electrolytes could potentially
offer when compared to their liquid counterparts:4
•

Excellent processability and flexibility that could enable the fabrication of
ultrathin lithium cells of various geometric shapes so that high energy and power
density could be achieved for versatile applications

•

Higher safety due to the absence of flammable organic solvents and the much
lower reactivity of macromolecules toward lithium
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•

Higher dimensional stability that could lead to the elimination of a separator, so
further improvement in both energy density and manufacturing cost could be
achieved due to the simplified cell configuration and enhanced packing
efficiency.

Although solvent-free polymer electrolytes have many advantages over traditional liquid
electrolytes there is one significant problem that the two both share, arising from being binary salt
conductors.

1.2 Motivation for ionomers

1.2.1 Problems with binary salt conductors
Regardless of the advancements that have been made in the field of polymer electrolytes
for lithium ion batteries, virtually all of the electrolytes have been binary salt conductors. The
main problem with these types of electrolytes is that they suffer from anion polarization within
the cell during charge and discharge, meaning that there is a buildup of anions near the electrode
that the cations are trying to leave. The electrical potential that the cations are producing is
mostly offset by an anion polarization potential caused by the accumulation of anions at one
electrode and a depletion of anions at the other electrode, resulting in a significant drop in the
voltage gradient that drives Li+ ions across the electrolyte. Other issues include changes in the
transport properties, voltage losses, and the possibility of salt precipitation at the electrode where
anions are accumulating.14-15
To avoid these problems, the free movement of anions needs to be restricted or totally
eliminated. The free movement of anions can be restricted by introducing electronically deficient
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moieties into the polymer chain, which act as anion trapping sites. However, in order to make
sure that there is only the transfer of lithium cations between the electrodes and completely
eliminate the problem of anion polarization, the free movement of anions needs to be completely
eliminated.16

1.2.2 Benefits of ionomer systems

The anions can be completely immobilized by covalently attaching them to the polymer
backbone as is the case with ionomers, or single ion conductors. Figure 4 depicts the typical
structure of an ionomer.

= Cation

= Anion

Figure 4: Typical structure of an ionomer in which the anion is covalently attached to the
polymer chain17

By completely immobilizing the anion of the lithium salt and allowing only the flow of
cations between electrodes, ionomers are said to have a unity cation transference number.
Thomas et al. modeled the performances of lithium batteries containing ionomer and polymer/salt
electrolytes. They showed that polymer/salt electrolyte cells can provide greater specific power
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than the ionomers because the greater overall number of ions able to move between the
electrodes, while the performance of the polymer/salt electrolytes are limited by the formation of
an anion concentration gradient. For instance, even though the presently best-available polymer
electrolyte, oxymethylene linked poly(ethylene glycol) with lithium bis(trifluoromethylsulfonyl)
imide (PEMO-TFSI), can reach a conductivity comparable to that of an ideal ionomer, the
performance is much worse due to the effect of concentration gradients. On the other hand,
ionomers would be the best choice to avoid concentration polarization but their overall
conductivity is lower than when using a polymer/salt electrolyte because of the immobilization of
the anions, which limits the total amount of ions contributing to conduction. Even though the
ideal ionomer may have conductivity that is an order of magnitude lower than the ideal polymer
electrolyte, Thomas et al. determined that the specific energy performance is only 10% lower.
Thus, it can be concluded that the most significant improvements in the field of polymer
electrolytes would come from increasing the transference number of the electrolytes.15

1.3 Motivation for plasticizers

1.3.1 Coupling of ion and polymer chain motion
Due to ability of their ether oxygens to promote the dissociation of salts, PEO based
electrolytes have been shown to be ideal candidates for the electrolyte in lithium ion cells,
however, they suffer from low ionic conductivity that ranges from 10-8 to 10-4 S cm-1 at
temperatures between 40 and 100 oC, which excludes ambient temperature applications.18-19
Kelley et al. examined the effect of various additives in order to improve the room temperature
ionic conductivity of PEO based electrolytes. They found that addition of some low molecular
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weight PEO, a plasticizer, in place of high molecular weight polymer increased the dissociation
of the salt as well as lowering the effective glass transition temperature of the polymer.20
The pathway for ionic conduction is coupled to the segmental motion of the polymer. By
decreasing Tg and allowing for more facile movement of the polymer chains, lithium ions can
more easily flow between electrodes. Figure 5 depicts how the motion of the lithium ions is
coupled with the motion of the polymer chains.

Figure 5: Visualization of how the movement of cations in an ionomer system is coupled with
the segmental motion of the polymer chains21

1.3.2 Balance between solid and liquid contributions
The plasticized polymer, or gel polymer electrolyte, possess both cohesive properties of
solids and the diffusive property liquids. This unique characteristic makes it a great candidate for
various important applications including polymer electrolytes. Problems associated with
completely liquid electrolytes include the liquid leaking, the possibility of a fire hazard, the need
for an inert spacer to separate the electrodes, and the high volatility that could lead to pressure
buildup. On the other hand, although solid polymer electrolyte systems typically possess ideal
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mechanical properties, are non-volatile, and noncorrosive, they have inherently lower associated
ionic conductivities due to the more restricted motion of the polymer molecules. A gel system
exemplifies a balance between the high conductivity of organic liquid electrolytes and the
dimensional stability of a solid polymer. Gel systems have the capability of achieving the
commercially desired conductivity of 10-3 S/cm, but this typically requires the addition of a large
amount of liquid polymer plasticizer. Thus, the same concerns associated with completely liquid
electrolytes arise again.22

1.4 Statement of Goals
The purpose of the experimentation enclosed in this thesis was to investigate how the
medium surrounding a polymer can affect its relaxation behavior. Specifically, the factors that
accelerate the polymer’s terminal relaxation were attempted to be both identified and quantified.
The polymer in this thesis was a polyethylene oxide based ionomer and the medium containing it
was varied by introducing different proportions of small polar molecules, an ethylene oxide
oligomer plasticizer. The plasticizer accelerates the terminal relaxation of the ionomer by both
decreasing the glass transition temperature Tg of the bulk sample and raising the dielectric
constant of the surrounding medium, both of which facilitate the dissociation of ions in the
system. These two contributions to the acceleration of Tg were attempted to be separated and
analyzed independently. The Tg effect was attempted to be quantified using the WLF analysis
and confirmed using experimental DSC data. Next, by knowing the dielectric constant of the
pure ionomer and plasticizer, the dielectric effect was attempted to be quantified using a linear
mixing rule. In turn, a complete picture of the physics behind introducing a plasticizer to this
ionomer system would become realized.
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Chapter 2
Previous work

2.1 Ionomer synthesis

2.1.1 Reversible addition fragmentation chain transfer (RAFT) polymerization
Helen Wang synthesized the PEO-based ionomer (32 mol% ions) used in this thesis
during her fulfillment of her Master’s thesis.23

Figure 6: Structure of PEO-based ionomer used in this thesis23

A dry glass reactor with a magnetic stir bar was charged with PEO9M, the ionic
monomer (sodium sulfonated styrene), 2-cyano-2-propyl dodecyl trithiocarbonate (RAFT agent),
2,2’-azobis(2-methylpropionitrile) (AIBN), and 30 mL dimethylformamide (DMF). RAFT agent
and AIBN was at 5:1 ratio with the total being 0.25 mol% of the total monomers (degree of
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polymerization=400). Before the reaction, three freeze-pump-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 maintained at 80 oC for 9 hours for ~70%
conversion under the protection of argon.

2.1.2 Purification and ion exchange
The unreacted monomer and lower molecular weight oligomers were removed by
diafiltering the sample with de-ionized water using a Slide-A-Lyzer G2 dialysis cassette with
3500 molecular weight cutoff. 2~3 g of all ionomers were fully dissolved in 70 mL of de-ionized
water and injected into the dialysis cassettes. The cassette was immersed in a 4L beaker with deionized water while the dialyzate was changed with de-ionized water every 2 to 4 hours. The
dialysis is assumed to be finished when the conductivity of the dialyzate is lower than 2 μS/cm
since the last changing of the de-ionized water at least 12 hours apart and this process takes at
least 4 days. The concentrated ionomer solution in the dialysis cassette was then vacuum-dried at
80oC for 24 hours.

2.2 Plasticizer synthesis

2.2.1 Condensation reaction with triethyl amine
Siwei Lang synthesized the PEO oligomer plasticizer used in this thesis during the
fulfillment of his Doctoral thesis.24 The PEO oligomer plasticizer was synthesized by
condensation reaction with triethyl amine as acid scavenger (Figure 6). The resulting product has
Si-OR bonds which make it moisture sensitive.

14

Figure 7: Synthesis scheme of the PEO oligomer plasticizer that will be blended with the ionomer 24

Cyclic [(allyloxy) methyl] ethylene ester carbonic acid (10.86g, 0.068mol), anhydrous
CH3CN (20mL) and chlorodimethylsilane (7.67g, 0.081mol) were added into a pre-dried flask.
The mixture was cooled by ice bath before 0.3 ml Pt catalyst was charged. The mixture was
allowed to react overnight to complete the reaction. The solvent was evaporated and the residue
was vacuum distilled to obtain 4-((3-(chlorodimethylsilyl)propoxy)methyl)-1,3-dioxolan-2-one as
a colorless liquid (15.2g, 89%).
4-((3-(chlorodimethylsilyl)propoxy)methyl)-1,3-dioxolan-2-one (8.7g, 0.034 mol) was
added dropwise into the mixture of NEt3 (7.5g), tetraethylene glycol (6.67g, 0.034mol)
and 20 mL dry THF over 30 minutes. The reaction mixture was allowed to stir overnight to
complete the reaction. The mixture was filtered to remove solid. The liquid was condensed by
rotovap and further dried in a vacuum oven at 80oC to yield the PEO oligomer plasticizer as
brown liquid (13g).
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Chapter 3
Linear viscoelastic study of ionomer/plasticizer systems

3.1 Introduction

3.1.1 Linear viscoelastic analysis using a rheometer
Rheology is a study of deformation and flow of matter. Of special interest are the
materials which do not follow Newton’s law of viscosity such as polymers.
Polymers are viscoelastic materials, which means their properties lie somewhere between
those of elastic solids and viscous fluids. Viscoelasticity makes a material’s response stress or
strain time dependent.25 The chain nature of polymers leads to their non-Newtonian behavior.
Polymers chains experience entanglement owing to flexibility of their polymer backbone. The
chains can also move with respect to each other by a crawling kind of movement the called
reptation; the forward and backward diffusion of a polymer chain though a tube made up by
entangled neighboring chains. Upon a deformation, polymer segments become anisotropic and
Brownian motion tends to return the segments towards equilibrium, or to the lowest free energy
state. However, it takes a certain relaxation time for this to occur, dependent on the molecular
characteristics of the polymer.26
A deformation is said to be in the linear viscoelastic region when a very small
perturbation is applied to the polymer melt, or when the deformation rate is very slow, and the
molecules have enough time to relax. In linear region, the polymer structure remains unaltered.27
Therefore, linear viscoelasticity reflects the inherent material properties in equilibrium.
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During the linear viscoelastic rheology experiments performed in the lab, samples will be
loaded in between two parallel plates as shown in Figure 8.

Figure 8: Depiction of parallel plate rheology set-up used in this thesis28

As shown in Figure 8, one plate is attached to a motor that oscillates at various
frequencies (varies strain rate) and the top plate is coupled with a transducer that measures stress.
A very important property that describes the rheological behavior of materials is the complex
modulus. In the rheological experimentation performed for this thesis, storage modulus (G’)
reflecting the amount of energy stored in the material (the elastic part) and loss modulus (G’’)
reflecting the energy dissipated in the deformation (the viscous part) were recorded as a function
of frequency.

3.1.2 Time-temperature superposition and the WLF equation
When the temperature of a polymer melt is decreased, the chain motion decelerates and
viscosity increases.29 Below the glass transition temperature, Tg, the polymer segments have very
low mobility and the free volume is relatively small. Whole molecules cannot move past each
other and thus become “quenched”. Above Tg, the polymer chains have much more freedom of
movement, and their free volume increases faster with the temperature. Whole molecules can
shift or slide away from each other. The change in molecular mobility of polymers at the glass
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transition temperature brings unavoidable changes in their mechanical and physical properties.
Therefore, by studying Tg much can be revealed about the relationship between the structure and
properties of polymers.30

A dynamic property of a polymer such as storage and loss moduli is function of both
temperature and frequency.30 If the curves of these viscoelastic functions of a polymer versus
loading frequency measured at different temperatures can be shifted to form a master curve with a
good superposition, all relaxation modes should have the same temperature dependence.
Quantities including a stress component, such as storage and loss moduli, are shifted by
multiplying with a vertical shift factor (bT) and the quantities including time, such as frequency,
with a horizontal shift factor (aT).25 This procedure is called time-temperature superposition
(TTS). The vertical shift factor is given by Equation 1:25
Eq. 1

In Equation 1, T is temperature and

is pressure, and

and

reference temperature and pressure. However, the vertical shift factor

respectively are the
is relatively insensitive

to temperature, and often taken to be unity. In experimentation for this thesis, a vertical shift
factor for moduli was only used when rheometer plate size was changed due to the effect of plate
compliance.25 The horizontal temperature shift factor is described according to Williams, Landel
and Ferry in Equation 2:25
Eq. 2
Equation 2 is better known as the WLF equation.

and

are fitting parameters. The

WLF equation is only used for temperature ranges above Tg. The function

(T) is very
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important for describing the physical properties of a polymer system. In the case of this thesis,
the same reference temperature (T=Tref) is chosen to compare

in different systems. The

different systems having different ratios of polymer to plasticizer content experience different
degrees of plasticizing and thus exhibit different temperature dependence. However, if a separate
reference temperature (called Tiso in this thesis) is properly chosen for each system and

is

expressed as a function of T-Tiso , this function turns out to be identical for a wide variety of
polymer systems. Tiso is known as the isofriction temperature. At this temperature, all polymer
chains experience the same frictional environment. The reference temperature Tiso is chosen
arbitrarily for one system and then plots of

versus T for the different systems are overlaid

on top the WLF fit of the bulk sample using horizontal and vertical translations. This technique
will be used to approximate the Tg of the polymer/plasticizer systems based off of the Tg of the
pure polymer. Theoretically, when comparing a polymer/plasticizer system with a Tiso that is
10oC less than the pure polymer system, the Tg of the polymer/plasticizer system will also be
~10oC less according to the WLF analysis. 31

3.1.3 The dielectric constant
One of the reasons for introducing a plasticizer into an ionomer system is to increase the
dielectric constant, which weakens ionic interactions and may allow more ions to participate in
conduction. In order for ionomer systems to be ideal candidates for applications such as the
electrolyte in lithium ion batteries, the cations must be able to dissociate from anions that are
covalently bonded to the polymer chain. The Columbic energy required for the cation to
dissociate from the anion is described by Equation 3: 32
Eq. 3
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In Equation 3, q is the unit charge of the ions, r is the distance between the two ions, and

is the

static dielectric constant. Therefore, materials that have a higher dielectric constant will have a
lower activation energy to overcome. In a pure ionomer system like the one in this thesis, the
polar ion pairs favor interaction with other polar ions and form ion aggregates. Adding a
plasticizer that consists of smaller polar molecules facilitates the dissociation of these ion
aggregates by increasing the polarity of the mediums containing the polymer. The smallest
possible r is the contact pair separation distance, typically ~1Å and that yields the energy to
separate the contact pair.

3.1.4 The Rouse and KWW model
The Rouse model is describes the modulus of non-entangled polymer systems. In the
Rouse model, a chain of N monomers is mapped onto a bead-spring chain of N beads connected
by springs as shown in Figure 9.

Figure 9: Visualization of the Rouse model33

The beads in the Rouse model only interact with each other through the connecting
springs; there are no interactions between monomers that are not directly attached to each other.
This is opposed to the sticky-Rouse model where it is assumed that there are a number of
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associating groups (stickers) per chain with many monomers in between sticker sites.34 Figure 10
depicts a sticky-Rouse system.

Figure 10: Visualization of the stick-Rouse model34

Equation 4 shows how one can describe the relaxation modulus G(t) through the sticky
Rouse model, describing the rubbery modulus Gr(t):35
{ ∑

In Equation 4,

is density,

(

)

is the ideal gas constant,

fraction of the i-th component having molecular weight

∑

(

temperature,

Eq. 4

)}

is the weight

, N and Ns are the number Rouse and

sticky Rouse segments of the ionomer chain respectively, τ0 is the relaxation time of the Rouse
segment and τs is the lifetime of the sticky Rouse segment. The summation within the brackets in
Equation 4 corresponds to the Rouse description of a polymer system and the second summation
corresponds to the sticky-Rouse description. The sticky-Rouse portion is significant when
is greater than

. However, as is the hypothesized case in the polymer/plasticizer systems

studied in this thesis, when

is equal to

, Equation 4 reduces to Equation 5 and

accurately describes the relaxation modulus of a Rouse only system:35
{∑

(

)}

Eq. 5
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Equation 5 depicts the data-fitting model that will be used to try to describe the rubbery
moduli of the polymer/plasticizer systems in this thesis. In order to describe the glassy region,
the KWW equation is used, Equation 6:
[ (
In Equation 6,
modulus,

Eq. 6

) ]

is the glassy part of the stress relation modulus,

is the KWW relaxation time of glassy relaxations,

possible values between 0 and 1. Small

is the glassy

is a shape parameters with

values generate broad curves and large

values

generate sharp curves.

3.2 Results and discussion

3.2.1 Overview
Figure 11 shows master curves of storage and loss moduli, G’(ω) and G’’(ω), measured
as functions of angular frequency ω for the pure polymer sample and all polymer/plasticizer
samples at reference Tref = 25oC. Figures showing the master curves of each individual system
can be found in the appendix.
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Figure 11: Compiled master curves of storage and loss moduli for all samples (Tref = 25oC)

When looking at Figure 11, two observations become apparent: increasing the plasticizer
content (1) decreases moduli and (2) accelerates the polymer relaxation. The first observation
can be explained by understanding the relationship that the terminal modulus of the Rouse model
has with polymer content as seen in Equation 7.
Eq. 7
In Equation 5,
is temperature and

is the density of polymer in solution,

is the ideal gas constant,

is the molecular weight of the polymer. Between polymer and

polymer/plasticizer samples, the only variable in Equation 7 that is not constant is
the terminal modulus is expected to decrease as plasticizer is added, in proportion with the

, and
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amount of polymer present. With increasing plasticizer content,

decreases which

decreases G and accounts for the first observation in Figure 11. The second observation in Figure
11 can be explained again by the role of the plasticizer. Introducing a polar plasticizer in a
polymer system has two effects: (1) it lowers the glass transition temperature Tg of the bulk
sample and (2) it increases the dielectric constant of the medium in which the polymer resides.
Both of these effects lead to easier dissociation of ion aggregates which accelerates the terminal
relaxation of the polymer. This explains why the terminal relaxation of systems with greater
plasticizer content in Figure 11 are shifted to lower frequencies. Equation 8 illustrates how the
relaxation time of the polymer systems can be broken down into two components:

( )
In Equation 8, is the terminal relaxation time for the polymer,

Eq. 8
0

is the monomer

relaxation time that is proportional to the frictional coefficient, E is the activation energy required
to dissociate the ion pairs, k is the Boltzmann constant and T is temperature.

0 is

a function of

the Tg of the polymer system and the exponential term is a function of the dielectric constant as
will be shown below.
Using the WLF analysis, raw plots of

versus T-Tref for the pure polymer and all

polymer/plasticizer systems were generated as seen in Figure 12.
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Figure 12: Plots of log(aT) versus T-Tref for all systems crossing at Tref = 25oC

In Figure 12, aT is the frequency scale shift factor needed to correct for the shift of the
terminal relaxation for each of the polymer/plasticizer samples and Tref is the reference
temperature at which the time-temperature superposition for each of the polymer/plasticizer
systems’ linear viscoelastic data was performed (25oC). The plots of

versus T-Tref for all

systems cross at T = Tref but vary widely in slope. The different temperature dependences may be
related to (1) plasticizing effect and (2) different dielectric constant. The E term in Equation 8
can be rewritten as shown in Equation 9:
Eq. 9
In Equation 9, e is the unit charge,

is dielectric constant, and R (=40r) can be regarded as a

constant. Equation 10 then shows the result of plugging Equation 9 into Equation 8:
(

)

Eq. 10

This means that the temperature dependence reflects a change of 0 only if ~ 1/T as predicted by
Onsager. Otherwise, we should not analyze the shift factor via the WLF analysis usually utilized
for quantifying plasticizing effect in polymer solutions.
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3.2.2 Overall terminal acceleration
Although each system has a different plasticizer concentration, all systems contain the
same polymer. This means that the terminal relaxation of all polymer/plasticizer systems should
be superimposable. This analysis is shown in Figure 13, where the complex moduli for different
samples are normalized by polymer volume fraction and shifted along the  axis to achieve the
best superposition.
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Figure 13: Overlap of terminal response of all samples demonstrating validity of data

The shift along the  axis to superpose the terminal ends of the polymer/plasticizer
mixtures reflects the overall acceleration for motion of ionomer chains upon introducing
plasticizer, which may be attributed to Tg increase, dielectric constant increase and other changes.
In the following section, analysis is given on the acceleration in respect to plasticizer’s effect of
lowering the Tg and increasing the dielectric constant of the medium surrounding the polymer.
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3.2.3 Plasticizing Effect
In order to quantify a degree of plasticizing effect, the Tg of the pure polymer and
polymer/plasticizer systems were determined experimentally using DSC. Figures 14 and 15 show
the raw DSC data collected for the pure polymer sample and the polymer/plasticizer systems that
will be used to try to affirm that the WLF analysis correctly predicted the Tg of all the
polymer/plasticizer systems.
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Figure 14: DSC data from the second heating period for the pure polymer and polymer/plasticizer
samples
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Figure 15: DSC data from the second heating period for the pure polymer and polymer/plasticizer
samples. Zoomed in to highlight glass transition region

Table 1 shows the data corresponding to the difference between the Tiso of each
polymer/plasticizer system and the Tiso of the pure polymer system, the predicted Tg of each
polymer plasticizer system based on the WLF analysis and the actual Tg from DSC experiments.
Table 1: Comparison of DSC and WLF Predicted Tg

Sample
Polymer
Content (%)
100
90
70
50
30
10

ΔTiso from
100% Polymer
(oC)
0
10
21
30
32
38

Experimental
Tg from DSC
(oC)
-39
-44.84
-49.95
-52.78
-54.85
-60.97

WLF
Predicted Tg
(oC)
-39
-49
-60
-69
-71
-77

In Table 1, the WLF predicted Tg is lower than the experimental Tg determined from
DSC in every case. This result means that upon introducing plasticizer, the terminal relaxation is
accelerated much more than that expected from the WLF analysis. Usually, if a Rouse chain is
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accelerated only by plasticizing effect, the WLF analysis can give a change of Tg that should be
able to account approximately for a change of terminal relaxation time. This observation is the
first clue that the WLF analysis might not be valid for the polymer/plasticizer systems used in this
thesis. To further confirm this new idea, log

was plotted against T-T’ref instead of T-Tiso . T’ref

is defined in Equation 11:
Eq. 11
In Equation 11, Tref is the chosen reference temperature for the time-temperature
superposition analysis (25oC), T’g is the glass transition temperature of a given
polymer/plasticizer mixture and Tg,o is the glass transition temperature of the pure polymer
sample. Log

versus T-T’ref is shown in Figure 16.
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Figure 16: Plots of log(aT) versus T-Tref’ for all systems

Since the data series in Figure 16 generated from the actual DSC data were not able to be
shifted to overlap the WLF fit line of the pure polymer sample, it means that the dielectric
constant is not proportional to 1/T as assumed in the WLF analysis and that there is some extra
friction from the dielectric constant associated with changing temperature. This confirms that the
WLF equation is not applicable to the polymer/plasticizer systems in this thesis. From here on
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out, only the Tg data collected from the DSC will be used to describe the frictional contribution to
the acceleration of relaxation time. The shift factor associated with the acceleration of the
terminal relaxation of the polymer/plasticizer mixtures due to the decrease in Tg was calculated
using Equation 12:
Eq. 12

Equation 12 is just a modification of the WLF equation using the actual change in Tg
between the pure polymer and polymer/plasticizer systems instead of the WLF prediction.

3.2.3 Change of dielectric constant
The contribution to the acceleration of the terminal relaxation of the polymer/plasticizer
mixtures by the change in dielectric constant will now be analyzed. Introducing small polar
plasticizer molecules into an ionomer sample helps dissociate the ion aggregates by increasing the
polarity and thus the dielectric constant of the medium containing the ionomer relative to the
ionomer itself. Figure 17 shows the dielectric constant as a function of temperature for the pure
plasticizer, pure polymer, and predictions for all polymer/plasticizer mixtures.
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Figure 17: Static dielectric constant versus 1000/T for the pure plasticizer, pure polymer and all
polmer/plasticizer systems. Filled symbols for pure components are from dielectric
spectroscopy23-24 and open symbols are calculated values for their mixtures, using Equation
13

Data for the static dielectric constant versus temperature was obtained from the
researchers that synthesized the original samples.23-24 The dielectric constants for all
polymer/plasticizer systems were approximated using a linear weighted average mixing law
shown in Equation 13:
Eq. 13
In Equation 13,

is the plasticizer content of the sample,

is the

dielectric constant of the pure plasticizer at the reference temperature that time-temperature
superposition was performed approximated using the quadratic fit equation for the pure
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plasticizer data in Figure 17,

is the polymer content of the sample and

is the

dielectric constant of the pure polymer approximated the same way for the pure plasticizer.
In order to quantify the acceleration of the terminal relaxation of the polymer/plasticizer
solely from the change in dielectric constant, log aT for each of the systems in Figure 17 needed
to be calculated. The steps to doing so are shown in equations 14 through 17:

[

(

Eq. 14

)]

[

]

Eq. 15
Eq. 16

[
[

In Equation 15 and 17,

(

)]

[

]

Eq. 17

]

is approximated at the reference temperature of 25oC.

Using Equation 17 to find the shift factor associated with the acceleration of the terminal
relaxation of the polymer/plasticizer mixtures due to the increase in dielectric constant, Equation
12 to find the increase due to the decrease of Tg, and the factor aT from the horizontal shift of the
terminal response in Figure 13, the main physics of the polymer/plasticizer mixtures becomes
apparent as seen in Figure 18.
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Figure 18: Quantified acceleration of the terminal relaxation due to Tg (blue) and dielectric constant
(green) compared with the actual acceleration of the terminal relaxation (red)

The key observation from Figure 18 is that the dielectric effect by far has the greatest
impact on the acceleration of the polymer terminal relaxation. Also, according to the theory that
the acceleration of the terminal relaxation due to the addition of the plasticizer is due to the
combined effect of lowing Tg and increasing dielectric constant, the dielectric constant and Tg
curves in Figure 18 should sum together to approximately equal the terminal relaxation curve.
The reasoning behind this is that the physical shifting of the terminal tails of the master curves of
the polymer/plasticizer systems to the pure polymer master curve includes any and all
acceleration effects. This analysis in shown in Figure 19.
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Figure 19: Measured acceleration of the terminal relaxation time (red) and sum of Tg and dielectric
friction versus plasticizer content (purple)

Figure 19 illustrates that the sum of the Tg and dielectric friction effects approaches that
of the measured total friction but that there is still some frictional effect that has not been
considered since the two curves do not completely overlap.
The final analysis of the polymer/plasticizer rheology data was the fitting of the Rouse
model and KWW equation to the storage and loss moduli. Figure 20 shows the storage and loss
moduli as a function of frequency for the pure polymer sample fitted with both models; the Rouse
model is fit to the low frequency polymer modes (Equations 4 and 5) and the KWW equation
(Equation 6) is fit to the high frequency glassy modes.
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Figure 20: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 100%
polymer sample fitted with the Rouse model and the KWW equation

Figures showing an accurate fitting of the master curves of all polymer/plasticizer
samples can be found in the appendix. Looking back at Figure 11, one of the more distinguishing
differences between the master curves was the transition in glassy shape from broad to sharp
when increasing plasticizer content. The extremes of this transition are easily seen when
comparing the KWW fitting of the pure polymer master curve in Figure 20 to the pure plasticizer
fitting in Figure 21.
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Figure 21: Master curve of storage and loss moduli for the pure plasticizer fit to the KWW equation
(Equation 6)

As seen when comparing Figures 20 and 21, the shape of the KWW fitting is very
different. The shape is very broad in Figure 20 (β is small) and much sharper in Figure 21 (β is
large). Table 2 compares the β values for all polymer/plasticizer samples. As plasticizer is
added, β gradually increases to β=0.50 for the pure plasticizer.
Table 2: Comparison of KWW β values of all samples

Polymer Content (%)

β (0< β <1)

100

0.12

90

0.12

70

0.20

50

0.25

30

0.35

10

0.40

0

0.50
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3.2.4 Conclusion
Master curves of storage and loss moduli as a function of frequency (Figure 11) indicated
that a combination of factors was accelerating the terminal relaxation of the polymer as more
plasticizer was introduced. Two factors identified as having a large impact on this terminal
relaxation acceleration were the decrease in glass transition temperature Tg and increase in the
dielectric constant of the medium containing the polymer, both of which are direct results of the
plasticizer addition. In order to quantify the extent of acceleration due to the Tg effect, the WLF
equation was initially used. However, Table 1 and Figure 16 show that the dielectric constant is
not proportional to 1/T as assumed in the WLF analysis and that there is some extra friction from
the dielectric constant associated with changing temperature. Since the WLF analysis could no
long be used, the Tg contribution was instead quantified using DSC and Equation 12. The
dielectric effect in accelerating the terminal relaxation was approximated using a weighted
average mixing law (Equation 13) given dielectric data of both the pure polymer and the
plasticizer. In the end, it was shown that the increase in the mediums dielectric constant has the
greatest effect on the acceleration of the ionomer’s terminal response (Figure 18) and that the sum
of the Tg and dielectric friction effects approaches that of the measured total friction but that there
is still some frictional effect that has not been considered (Figure 19). Finally, as shown in
Figures 20, 21 and the appendix, each master curve was also fitted with a Rouse model for the
(rubbery) low frequency response and the KWW equation for the (glassy) high frequency
response. Ionic interactions in the pure ionomer and the 90% ionomer / 10% plasticizer mixture
created a very broad glassy response, while mixtures with more plasticizer showed the glassy
response narrowing significantly.

37
3.2.5 Future Work
It was identified in Figure 18 that the main reason for the shift of the polymer’s terminal
relaxation to lower frequencies with increasing plasticizer concentration was the plasticizer’s
effect of increasing the dielectric constant of the medium containing the polymer. This makes it
easier for ion pairs to dissociate. The dielectric constant at different temperature was predicted
using a linear, weighted average mixing law reasonably well, but to fully understand the physics
within the polymer/plasticizer systems, one needs to know more accurate values for the dielectric
constant. This can be obtained through dielectric resonance spectroscopy (DRS). Each of the
polymer/plasticizer samples will be run in DRS and the dielectric effect of accelerating the
terminal relaxation of the polymer will be able to be precisely quantified.

3.3 Experimental
Polymer/plasticizer mixtures containing 90%, 70%, 50%, 30% and 10% polymer were
prepared by first determining the total amount of sample that was needed based on the plate size
used in the rheometer. The exact mass fraction of pure polymer and slightly more than the exact
mass fraction of plasticizer needed to obtain the corresponding desired sample composition were
added to a 10mL vial and massed on a digital microbalance. Slightly more than the calculated
mass fraction of the plasticizer was added to account for any loss from the system during the later
drying phase. Enough methanol was then added to create a homogenous solution of polymer and
plasticizer. The methanol was then evaporated off using a rotovap and the resulting
polymer/plasticizer mixture was put into a vacuum oven at 80oC for 2-3 hours until the mass of
the sample mixture dropped slightly the initial recorded mass of the polymer/plasticizer mixture
before the addition of methanol. It was assumed that any loss of mass was due to loss of the more
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volatile plasticizer and the final polymer composition calculation was adjusted accordingly. The
final calculated polymer contents of the samples were 90.4%, 68.1%, 49.2%, 30.5% and 10.2%.
Linear viscoelastic measurements were conducted with Advanced Rheometric Expansion
System (ARES, Rheometric Scientific). Parallel plates with diameters of 3, 7.8 and 25mm were
utilized to conduct dynamic frequency sweeps over a wide range of temperatures.
DSC samples were prepared by sealing around 0.006g of sample in aluminum hermetic
pans. The DSC was programmed to follow the following procedure:
1. Ramp 20.00 °C/min to 140.00 °C
2. Isothermal for 10.00 min
3. Ramp 10.00 °C/min to -80.00 °C
4. Isothermal for 5.00 min
5. Ramp 10.00 °C/min to 140.00 °C
6. Isothermal for 3.00 min
7. Ramp 20.00 °C/min to 40.00 °C
Step 2 completely dries the sample and allows for it to flow to cover the bottom of the pan
and then the valuable data for calculating the Tg is recorded during step 5.
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Appendix
Supplementary Figures
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Figure 22: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 100% polymer sample
(Tref=25oC)

40
1.E+10
1.E+09
1.E+08

G' , G'' [Pa]

1.E+07
1.E+06
1.E+05
1.E+04
1.E+03
1.E+02

G' 90%

1.E+01

G'' 90%

1.E+00
1.E-04

1.E-02

1.E+00

1.E+02

1.E+04

1.E+06

1.E+08

1.E+10

ω [rad/sec]

Figure 23: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 90% polymer
sample (Tref=25oC)
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Figure 24: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 70% polymer sample
(Tref=25oC)
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Figure 25: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 50% polymer sample
(Tref=25oC)
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Figure 26: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 30% polymer sample
(Tref=25oC)
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Figure 27: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 10% polymer sample
(Tref=25oC)
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Figure 28: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 90% polymer sample
(Tref=25oC) fitted with the Rouse model and KWW equation
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Figure 29: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 70% polymer sample
(Tref=25oC) fitted with the Rouse model and KWW equation
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Figure 30: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 50% polymer sample
(Tref=25oC) fitted with the Rouse model and KWW equation
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Figure 31: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 30% polymer sample
(Tref=25oC) fitted with the Rouse model and KWW equation
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Figure 32: Master curve of storage and loss moduli, G’(ω) and G’’(ω), for the 10% polymer sample
(Tref=25oC) fitted with the Rouse model and KWW equation
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