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ABSTRACT
The morphology and dynamics of microphase separated polymers containing strong
associations (i.e., ionic associations and hydrogen bonding) are investigated in this dissertation.
The microphase separated domains in these polymers act as physical crosslinks and are expected
to strongly influence molecular dynamics. Small-angle X-ray scattering (SAXS) is utilized to
quantify microphase separation characteristics and broadband dielectric relaxation spectroscopy
reveals the sensitivity of polymer dynamics to the presence of microphase segregation in the
polymers studied. A model ionomer, sulfonated polystyrene (SPS) is chosen to probe the effect
of ionic aggregation. The microphase separation and dynamics in polyurethanes and polyureas,
containing strongly hydrogen bonded hard domains, are also examined.
The role of ion associations on aggregate morphology and polymer dynamics of SPS is
investigated via the systematic variation of sulfonation level, neutralization, and ion type.
Evidence of acid group aggregation was found at 3.5, 6.7 and 9.5 mol% sulfonation. Upon
neutralization, spherical aggregates ~2 nm in diameter are revealed from SAXS and scanning
transmission electron microscopy. Aggregate size is found to be independent of degree of
sulfonation and neutralization level, however, aggregate composition becomes increasingly ionic
with increasing neutralization. The polymer segmental relaxation process is highly sensitive to
changes in ion content, neutralization and ion type. The relaxation time of this process slows
with increasing ion content as the number density of ionic aggregates increases, similar to the
effect of chemical crosslinking. The breadth of this process is sensitive to the interaction strength
of the neutralizing ion type. For SPS neutralized with Zn2+, two distinct segmental relaxations are
observed, a matrix segmental relaxation and a slow segmental process, the strength of which
correlates with an increase in volume fraction of the region of restricted mobility. In addition to
polymer dynamics, a process proposed to arise from Maxwell-Wagner-Sillars (MWS) interfacial
polarization is observed in select ionomers and the relaxation time of this process in SPS
neutralized with Zn is found to exhibit good agreement with a simple composite model.
In addition to the sulfonate polystyrene ionomers, polyurethanes and polyureas based on
poly(tetramethylene oxide) soft segments and methylene diphenyl diisocyanate hard segments are
investigated. In polyurethanes, increasing hard segment content is found to slow down, increase
the breadth, and decrease the strength of the soft phase segmental dynamics, analogous to the
effect of crystalline lamellae.

The strength of the MWS process observed decreases with

temperature and correlates directly with an order-to-disorder transition, characterized in a

iv
previous publication. The role of soft segment molecular weight on morphology and dynamics is
investigated in polyureas. The hard domains microphase separate into ribbon like domains.
Phase separation is rather incomplete and its extent decreases with decreasing soft segment
molecular weight. Two distinct soft phase segmental relaxations are observed in these polyureas
and are proposed to arise from the soft segment rich phase and segmental motion in the slower
restricted mixed phase, similar to the slow segmental process observed in SPS ionomers
neutralized with Zn.
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Chapter 1
Introduction
1.1 Thermoplastic Elastomers
Polymers containing strong interactions (i.e. ionic associations and hydrogen bonding),
such as ionomers, polyurethanes, and polyureas, are used in a number of applications including
performance coatings, adhesives, packaging, biomaterials, and shock absorbing materials. The
strongly interacting moieties in these materials tend to self assemble into domains which
effectively crosslink the polymer, improving properties such as toughness.

The physical

crosslinking ability of these domains remains stable until the order-to-disorder transition
temperature, above which the material can flow.

These “thermoplastic elastomers” have

extensive commercial applications due to the enhancement of ambient temperature properties
without sacrificing high temperature processability. An illustration of this physical crosslinking
is presented in Figure 1.1.
Understanding the connections between the association chemistry, phase separated
morphology and molecular dynamics is critical in the development and application of these
materials. In this dissertation the correlations between structure and dynamics will be discussed
for a model ionomer, sulfonated polystyrene (SPS), as well as for polyurethanes and polyureas
based on poly(tetramethylene oxide) (PTMO) and methylene diphenyl diisocyanate (MDI). It
should be noted that SPS and polyurea cannot be strictly defined as thermoplastic elastomers, due
to the high Tg of PS and the persistence of the physical crosslinks to temperatures approaching the
degradation temperature of the polymer. They are, however, ideally suited for investigating the
dynamic consequences of these strongly binding physical crosslinks. In the sections to follow a
background on the morphology and physical characteristics of ionomers and polyurethanes,
including relevant theory and models, will be presented.
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Figure 1.1: Illustration of physical crosslinking due to a) aggregation of ionic groups in
ionomers and b) assembly of hard (diisocyanate) segments and soft (polyol or polyamine)
segments in polyurethanes and polyureas.

1.2 Polymers Containing Ionic Aggregates
1.2.1

Background and Motivation
Ionomers, copolymers with a small fraction (<~10%) of ionic functional groups, have

been of interest since the 1960’s owing to improved mechanical properties such as toughness over
their non-ionic counterparts.1-2 Incorporating even a small fraction of ionic groups has been
found to dramatically change the physical properties. This effect arises from aggregation of ionic
species due to coulombic interactions which act as thermoreversible crosslinks. These materials
have extensive industrial applications including thermoplastics, coatings, and films due to their
enhanced mechanical properties while typically retaining melt processability.

In particular
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Surlyn®, a poly(ethylene-methacrylic acid) ionomer developed by DuPont in the 1960s, is used
in an array thermoplastic applications.
Although ion aggregation and properties of ionomers have been studied using a number
of different techniques (including dynamic mechanical analysis (DMA),3-5 rheology,6 X-ray and
neutron scattering,

2, 7-11

and scanning transmission electron microscopy (STEM)2, 11-13) a direct

correlation of the effect of the microphase separated morphology of these materials on dynamics
is somewhat lacking. Relevant research into this area will be discussed in the following three
sections. In order to elucidate the connections between structure and dynamics, a systematic
investigation was performed using a model ionomer. This investigation will be discussed in
Chapters 3-5 of this dissertation.
Sulfonated polystyrene was chosen as a “simple” model ionomer for this study due to its
relatively well defined ionic aggregates and the low dielectric response of polystyrene, facilitating
the observation of changes in dynamics due to changes in ionic content in dielectric relaxation
spectroscopy (DRS). The ion content and association strength were systematically varied by
increasing the degree of sulfonation, level of neutralization, and neutralizing ion type. Ionic
aggregate morphology was characterized using scanning transmission electron microscopy
(STEM) and X-ray scattering by Dr. Wenqin Wang and Professor Karen Winey at the University
of Pennsylvania.

Morphology was correlated with dynamics, investigated using broadband

dielectric relaxation spectroscopy.

1.2.2

Ionic Aggregation and Dynamics in Ionomers
The nanoscale self-assembly of ionic groups is driven by strong electrostatic interactions

in ionomers with low dielectric constant matrixes. Numerous models have been developed in an
effort to describe the aggregation behavior in ionomers,14 many focusing on the interpretation of
the isotropic scattering peak observed in X-ray scattering.8,

15-16

The most widely accepted of
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these is the modified hard sphere model developed by Yarusso and Cooper, which describes the
ionomer scattering peak as arising from interparticle scattering between monodisperse, spherical
ionic aggregates with liquid-like order.8 Another widely used model is the Kinning-Thomas (KT) model,17 a modification of the Yarusso Cooper model, which incorporates a Percus-Yevick
total correlation function.18

Several studies have shown that the size of ionic aggregates

determined from K-T model fitting agree quantitatively with direct imaging using high angle
annular dark field STEM (HAADF-STEM).11, 19-20 An example of SPS ionomer scattering peaks
fit using the K-T model and corresponding HAADF-STEM images are presented in Figure 1.2.11

Figure 1.2: X-ray scattering profiles for SPS (1.9 mol%) neutralized with a series of
counterions (left) with corresponding HAADF-STEM images for SPS neutralized with Zn
and Ba (right).11

These modified hard sphere models are purely morphological in nature and do not
attempt to describe the effect of aggregates on properties. The widely accepted Eisenberg-HirdMoore (EHM) model provides a comprehensive description of aggregate morphology and chain
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mobility and has been shown to generally agree with dynamic mechanical analysis and X-ray
scattering.21 In this model multiplets, or aggregates, of ion pairs are surrounded by chains
tethered by the covalently bound pendant ion (often sulfonate or carboxylate groups). These
tethered chains are proposed to have mobilities which are reduced, resulting from the restriction
of conformations imposed by the anchor point and by chain extension. This “region of restricted
mobility,” illustrated schematically in Figure 1.3, is dictated by the flexibility of the polymer
backbone and is suggested to correspond to roughly the persistence length of the polymer.21 A
graphical description of this mobility reduction is also provided in Figure 1.3.
A further consideration from the EHM model is the formation of the cluster phase. As
ion content is increased the aggregate number density increases and the average distance in
between aggregates decreases, ultimately resulting in overlap of the regions of restricted mobility,
as is illustrated in Figure 1.3. The cluster phase is defined in this model as contiguous regions
which exhibit a separate Tg21. Non-contiguous regions of restricted mobility may not have an
observable separate Tg due to its low volume fraction, but will increase the overall Tg of the
polymer due to the crosslinking effect of the aggregates. It should be noted that in the literature
“cluster” is sometimes used when referring to ionic aggregates or multiplets. In this dissertation,
agglomeration of ionic groups will be referred to as aggregates.

6

Figure 1.3: Illustration of a multiplet and surrounding region of restricted mobility for a
poly(styrene-co-sodium methacrylate) ionomer (top). Illustration of restricted region
overlap at low (a), intermediate, (b) and high ion contents where the aggregates and region
of restricted mobility are represented by dots and shaded regions, respectively (bottom left).
Schematic of chain mobility effects of isolated aggregates (a) and in regions of overlap
between aggregates (b) (bottom right). Figures are from Ref 21 and are discussed
extensively in Ref 1. 1, 21
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While the EHM model predicts two Tgs for polymers with high ion contents, there are
only a few cases where a second distinct Tg has been directly observed using calorimetry.1 For
ionomers with intermediate and high ion contents, only a single matrix Tg is typically observed.3,
22

This Tg has been demonstrated to increase with ion content and degree of neutralization, and

has been shown to be strongly dependent on the neutralizing counterion. An example of this
dependence is shown in Figure 1.4 for poly(ethyl acrylate-co-methacrylic acid) ionomers in the
acid form and neutralized with Cs+ and Ca2+ counterions.1 In dynamic mechanical studies a
second relaxation is commonly observed at intermediate and higher ion contents, even in
polymers exhibiting only a single Tg from DSC.1 This second peak has been frequently attributed
to the glass transition (α) of the EHM cluster phase, or the extensive region of restricted mobility
overlap.1

Figure 1.4: Tg dependence on ion content for poly(ethyl acrylate-co-methacrylic acid) and
ionomers neutralized with Cs+ and Ca2+.1

1.2.3

Polystyrene Based Ionomers
Styrene based ionomers have been the model ionomer of choice for a number of

investigations of morphology and dynamics using X-ray and neutron scattering,7-11,

23

and
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dynamic mechanical methods.

3-4, 6, 24-31

The low dielectric constant of polystyrene facilitates

aggregation of ionic groups while high electron density contrast between the hydrocarbon matrix
and aggregates facilitates morphological characterization via X-ray scattering.
The morphology of polystyrene based ionomers has been studied extensively using X-ray
scattering.8-11, 22, 25, 30 Figure 1.2 shows the counterion dependence on the ionomer scattering peak
in SPS ionomers along with HAADF-STEM images of the aggregates in select ionomers. This
scattering maximum at q ~ 1.5 nm-1 has a peak intensity which has been shown to depend on ion
content (Figure 1.5)9 and model fitting results calculate aggregate diameter to be ~1.5-2 nm.8, 11
This scattering maximum has also been shown to depend on sample history and preparation
method.9, 11 SAXS has also revealed evidence of acid group assembly driven by the hydrogen
bonding affinity of the sulfonic acid groups.8

Increasing
Sulfonation

Increasing
Sulfonation

Figure 1.5: Scattering maxima for SPS at ~1.4, 2.2, 3.2 and 5.5 mol% sulfonation
neutralized with Na+ (left) and Zn2+ (right).9

Even very low concentrations of ionic groups have been shown to significantly alter the
mechanical properties of SPS ionomers, despite lack of SAXS evidence for aggregation. 4 In a
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study by Weiss and Yu the terminal relaxation time of SPS neutralized with zinc was shown to
shift to lower frequencies with ion contents as low as 0.11% (Figure 1.6).4 This extension of the
rubbery plateau of these materials arises from the physical crosslinking effect of the ionic
aggregates. At concentrations of 1.7% a distinct peak is observed in the loss modulus and is
suggested to arise from a cluster relaxation.4 This peak has been shown to shift to longer
timescales and higher temperatures with increasing ion concentration.3, 28 The ionic interaction
also plays a significant role on the viscoelastic properties, where stronger binding ions extend the
rubbery plateau to higher temperatures.29,

32

This effect is magnified in SPS neutralized with

divalent ions such as Ca2+ and Zn2+.29, 31-32

Figure 1.6: a) G’ and b) G’’ master curves for PS and Na neutralized SPS at 0.1, 0.4, and
1.7 mol% sulfonation.4

10
Dielectric relaxation spectroscopy is a powerful method in the investigation of the
dynamic properties of polymers. Despite this, investigations into the dynamic properties of
ionomers have been primarily mechanical in nature.3-5, 9, 24-29, 33 Dielectric relaxation spectroscopy
is sensitive to changes in chain dynamics in ionomers due to the presence of ionic groups.32, 34-40
In dielectric studies on poly(ethylene-co-methacrylic acid) ionomers the segmental relaxation
arising from cooperative motion of chain segments was found to be sensitive to acid content,
neutralization, and neutralizing ion type.34-35 The segmental relaxation was observed to shift to
higher temperatures with neutralization, due to the crosslinking effect of the aggregates, while at
higher levels of Na+ neutralization, two processes are observed and are suggested to arise from
restricted chain segments in the cluster (restricted) phase region and unrestricted segments in the
amorphous regions. Polyethylene based ionomers tend to be semicrystalline, adding additional
complexity to the investigation of these materials. Another study on poly(styrene-co-methacrylic
acid) ionomers neutralized with Na+ also revealed two distinct segmental relaxations after
removal of dc conductivity contributions (Figure 1.7).36

Both processes shift to higher

temperatures with increasing ion content, consistent with the restriction of mobility and increase
in Tg with increasing ion content.
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Figure 1.7: Dielectric loss tangents after subtraction of conductivity contributions at 100 Hz
for Poly(styrene-co-methacrylic acid) neutralized with Na+. Numbers denote mol% sodium
methacrylate.36

Atorngitjawat et al. investigated the dynamics of a few select sulfonated polystyrene acid
copolymers and neutralized ionomers using broadband dielectric relaxation spectroscopy.32,

37

While these investigations clearly revealed the sensitivity of DRS measurements to changes in
ion type, aggregation of ionic groups was not investigated. It is expected that aggregation plays a
significant role in the dynamics of these materials, therefore, direct correlation between changes
in aggregation and molecular dynamics is desirable in order to define structure-property
relationships in ionomers. Chapters 3-5 of this dissertation will present findings from a systematic
and integrated investigation of the role of ion type, neutralization, and ion content on the
dynamics from DRS correlated with the morphology of identical materials characterized using Xray scattering and STEM.
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1.3 Polymers Containing Strong Hydrogen Bonded Associations
1.3.1

Motivation
Polyurethanes are a highly versatile class of materials and are synthesized from the step

growth polymerization of isocyanates and polyols . A wide range of properties can be achieved
by systematically varying the chemistry, making urethanes ideal designer polymers for
applications such as foams, elastomers, coatings, adhesives, thermoplastic consumer products,
gels, fibers and biomaterials.41 Urea linkages, formed from the reaction of isocyanates and amine
groups, are also employed to tailor the properties of these materials.
The “hard” high Tg segments, composed of urea and/or urethane linkages and isocyante,
and the “soft” low Tg, segments made up of polyol or polyamine, tend to microphase separate into
hard and soft domains. The urethane and urea linkages hydrogen bond, leading to strongly bound
hard phases which physically crosslinks the polymer matrix, extending the rubbery plateau of the
polymer. An example illustrating typical storage modulus behavior in polyurethanes vs. typical
amorphous, crosslinked, and semi-crystalline polymers is presented in Figure 1.8.42 The extent of
phase separation depends on a number of factors including hard segment and soft segment
chemistry, regularity, content, and miscibility in addition to hydrogen bonding of the urea and
urethane groups. Because of this complexity, and kinetic restrictions during curing, unlike
segment demixing tends to be incomplete when it occurs. These materials can be homogeneous
or have a variety of microdomain structures, from spherical to ribbon like dispersed hard
domains. The design space of these materials is extensive due to the variability in chemical
structure, domain morphology, and intermolecular interactions in addition to the dependence on
thermal and processing history. Because of this, developing an understanding of structureproperty relationships of this class of materials is not trivial.
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Figure 1.8: Characteristic storage modulus vs. temperature plots for a) linear amorphous
polymers, b) crosslinked polymers, c) semi-crystalline polymers, and polyester – methylene
diphenyl diisocyanate (MDI) polyurethanes (Estane, Lubrizol) with d) 32% and e) 38%
hard segment content.42

Polyureas exhibit higher moduli, a larger temperature service window, and enhanced
toughness over their urethane analogs due to bidentate hydrogen bonding.43 They have also been
found to exhibit excellent impact resistance and are used as impact absorbing coatings. 44-45
Because of this polyureas have been identified as candidate materials to mitigate the effect of
blast shock wave energy which has been proposed to induce mild traumatic brain injury (mTBI)
in soldiers.46-47 While the high strain rate properties of a polyurea have been investigated44, 48-51 an
understanding of the structure property relationships is lacking. In addition, the precise origin of
the energy absorption in polyureas is not clear.
The primary mechanism proposed for the dissipation of shock waves in polyureas is a
high strain rate induced glass transition of the soft phase resulting in stiffening of the polymer at
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high strain rates.44,52 Energy absorption due to the glass transition of the soft phase would occur
if the onset of segmental motion of chain segments (α) occurs at ambient temperatures at high
strain rates. Segmental motion will be affected by the extent and structure of the microphase
separated hard domains, hard segment content, soft segment chain length, and associations. In
addition, it is also possible that energy dissipation in these materials can occur via hydrogen bond
disassociation and the deformation of the hard phases.

Before identifying the potential

mechanisms for absorption, fundamental structure-property relationships in these materials need
to be developed. By altering the microstructure and state of associations of these ureas via
selective chemical modification, trends in microphase separation and properties can be identified
that will aid in guiding future study of these materials and future experiments that can connect the
material properties with performance. In the following sections a background on microphase
segregation and morphology, state of associations, and thermal transitions in polyurethanes and
polyureas will be presented.

1.3.2

Microphase Separation in Polyurethanes
The chemical architecture of polyurethanes is determined by soft segment, hard segment,

and optional chain extender, typically a low molecular weight diamine or diol additive such as 1,4
butanediol (BDO). A variety of soft segment chemistries are available including polyether,
polyester, polysiloxane, available in a range of molecular weights. The character of the hard
segment is determined by diisocyanate choice (such as methylene diphenyl diisocyanate, toluene
diisocyanate, or hexamethylene diisocanate) and choice of chain extender. Properties in these
materials are highly tailorable due to the assortment of reactants available. Depending chemistry,
moduli can range from 5-2000MPa.53 Demixing of the hard and soft segments is driven by
chemical immiscibility and strong hydrogen bonding between urethane and urea linkages. The
chain architecture and microphase separation of hard segments is illustrated in Figure 1.9.
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Figure 1.9: Illustration of polyurethane chemical architecture and hard-phase assembly.

Direct imaging of microdomains in polyurethanes is rather difficult due to small domain
sizes.54 Electron microscopy has been successful in imaging select polyurethanes, 55-58 however,
atomic force microscopy has been applied far more extensively.43,

59-67

While qualitative

information can be derived from this technique, surface segregation can limit domain imaging. In
a study by Hernandez et al., tapping force is revealed to be a significant variable in the imaging
of polyurethanes, where with increased tapping force additional hard domains become visible.59
Direct correlation between different soft segment chemistries is therefore difficult, as tapping
force and modulus become significant variables in interpreting the morphology revealed via this
method.
Small-angle X-ray scattering has been utilized extensively to quantify the morphological
characteristics of the microphase separated domains in polyurethanes.59-60, 68-75 A maximum in the
SAXS intensity arises from the electron density contrast between the hard and soft phases, where
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the scattering vector (q) at this maximum is related to the average interdomain spacing (d) as

qmax  2 / d . Several scattering models have been applied to aid in further quantification of
SAXS results including lamellar,71 pseudo two-phase, and the Yarusso-Cooper core-shell model
previously described for ionomers.8, 60, 70 An example where the SAXS patterns for a series of
polydimethylsiloxane based polyurethanes with spherical hard domains from AFM are fit to the
Yarusso-Cooper model is presented in Figure 1.10.70

Increasing
Hard Segment
Content

Figure 1.10: Background corrected SAXS intensities for a series of polydimethylsiloxanebased polyurethanes with increasing hard segment content. Dotted lines are fits to the
Yarusso-Cooper model.70

Since the morphology of polyurethanes can vary including ribbon like and spherical
domains, applying models assuming specific morphologies requires justification, ideally direct
observation of the corresponding structure. Alternatively, a particularly useful general approach
developed by Bonart and Muller utilizes the experimental and theoretical electron density
variance to determine the degree of phase segregation of the hard and soft segments. 68,

75

Microphase segregation in polyurethanes is kinetically limited and affects mechanical
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properties;76-77 quantification of the extent of microphase segregation provides useful insight into
the structure-property relationships of this material.

This method has been used rather

extensively59-60, 68-71, 75 and will be discussed in further detail in the following chapter.
Within the microphase segregated hard domains, the hard segments tend to order and can
even crystallize. This order facilitates the hydrogen bonding between urethane and urea linkages
in these domains. The structure and ordering of MDI based hard segments in these domains have
been extensively studied by Blackwell et al. using X-ray scattering, model compounds, and
conformational analysis.78-80 It was found that the chains pack in an extended chain conformation
with hydrogen bonds perpendicular to the chain axis forming a two dimensional network; this is
shown schematically in Figure 1.11. for MDI-BDO hard segments.78 This order and potential for
crystallinity of these domains has significant consequences for the thermal and mechanical
properties of these materials.

Figure 1.11: Packing of MDI-BDO chain segments in hard domains based on X-ray studies
of a model polyurethane.78

1.3.3

Hydrogen Bonding Associations
The state of the hydrogen bonded associations in polyurethanes has been probed using

Fourier transform infrared spectroscopy in a number of studies.60, 74, 81-82 The urethane and urea
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linkage carbonyls and N-H stretching bands have distinct vibrational frequencies depending on
the hydrogen bonding environment and type of hydrogen bond (i.e. monodentate for urethane
linkages and bidentate for urea linkages). These bands have been assigned by Mattia et al. for
both urethane and urea linkages.81 Stretching modes for the carbonyl and N-H linkages for
hydrogen bonds in the “free”, “ordered”, and “disordered” state have been observed.

The

disordered band reflects hydrogen bonds in the amorphous and likely mixed region, while the
ordered band arises from hydrogen bonds with some degree of regularity imposed by orientation
of the urea/urethane containing hard segments in the hard domains.

Additionally, a N-H

stretching mode can be observed for hydrogen bonds between the urea or urethane linkages and
ether oxygen groups either in blends or in polyether based soft segments. The band assignments
for urea linkages are illustrated in Figure 1.12.81 For urethanes, these bands are shifted to higher
wavenumbers due to the weaker nature of the monodentate bond.

Figure 1.12: FTIR band assignments for polyurea carbonyl and N-H stretching modes.81
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1.3.4

Thermal Transitions
The thermal transition behavior, examined using differential scanning calorimetry, can be

quite complex for polyurethanes. A number of transitions can be observed including the soft
phase Tg, short range and long range disordering, and melting of the hard and soft segment
crystalline regions. The hard phase Tg is not typically visible from DSC due to the number of
endotherms that are generally present at high temperatures. The thermal behavior of a number of
polyurethanes has been studied extensively using various annealing conditions,76,

83-87

many in

conjunction with SAXS experiments.72, 74, 77, 88-90
The glass transition temperature has been utilized as an indicator of the degree of phase
segregation, where the Tg of the soft phase deviates from the Tg of the soft segment polymer with
enhanced phase mixing.54 However, this is not always the case and additional effects such as
constraints (particularly in the case where the soft phase can crystallize) need to be considered
when interpreting changes in Tg.82 Three high temperature endotherms (TI, TII, and TIII) are been
commonly observed at ~70oC, 120-190oC and above 200oC.54 Initially these endotherms were
suggested to arise from hydrogen-bond disruption,86-87 but later results showed these endotherms
are sensitive to thermal history and suggested origins involving hard domain disordering.76, 83-85, 88
Direct SAXS/DSC comparisons have correlated these endotherms with changes in
microstructure.72, 74, 77, 90 TI has been ascribed to both the loss of short range order due to lone
MDI sequences as well as restructuring of hard segment units within hard domains, T II is
typically a microphase mixing transition, and TIII is attributed to melting of crystallinity in the
hard domains.90 An illustration of the morphological changes during these transitions is shown in
Figure 1.13.90
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Figure 1.13: Illustration of the changes in microstructure in between the transition
temperatures observed in DSC: a) below microphase mixing (<TII), b) between microphase
mixing and melting of the crystalline hard segment domains(TII<T<TIII) , and c) above the
melting of the hard domains(>TIII).90

1.3.5

Dynamic Properties
The viscoelastic properties, typically investigated using dynamic mechanical analysis

(DMA) for polyurethanes, are quite complex and are highly sensitive to the chemical architecture,
phase segregation characteristics, crystallinity, and thermal history. DMA provides information
on mechanical properties, such as the rubbery plateau modulus and high temperature softening
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point, as well as information about dynamic relaxations related to thermal transitions.

In

particular α, related to the Tg of the soft segment, is highly sensitive to changes in chemical
architecture, hard segment content, thermal history and morphology.43, 91
In addition to DMA, DRS is also an effective tool in analyzing trends in molecular
relaxation phenomena in polyurethanes.92-95 The broad temperature and frequency range and
sensitivity of this method to local and segmental molecular relaxation phenomena, association
dynamics, and polarization processes enable identification of the effects of chemistry and
morphology on a breadth of length scales and timescales. An example of typical DRS spectra for
a PTMO/MDI based polyurethane is presented in Figure 1.14, showing the local relaxations β and
γ and the segmental relaxation α of the soft phase.92 Despite the sensitivity of this technique to
dynamics, its application to polyurethanes is somewhat limited, particularly in conjunction with
morphological characterization. The investigations on polyurethane and polyureas (Chapters 6
and 7, respectively) in this dissertation will correlate structural results, degree of microphase
segregation from SAXS, and thermal transitions from DSC with the dynamic findings from DRS
which presents a unique holistic approach to the characterization of these materials.

Figure 1.14: Typical dielectric spectra for a PTMO/MDI polyurethane showing the local
relaxations γ and β and the segmental relaxation α.92
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1.3.6

Dissertation Outline
The focus of this research is to understand the fundamental structure-property

relationships in microphase separated polymers that have strong associations. By systematically
varying ion content and polyurethane/urea chemistry, the effects on morphology and the
connections with the resulting dynamics are elucidated. The presence of hard, strongly bound
microphase separated domains strongly influences the dynamic heterogeneity of the polymer.
Broadband dielectric relaxation spectroscopy was a key technique utilized to investigate
the molecular dynamics in these studies. In addition to the sensitivity of this technique to
polymer dynamics, DRS has been shown to be useful in characterizing association dynamics in
hydrogen bonded polymers

96-98

as well as interfacial polarization dynamics in microphase

separated systems 99-100; both of which are relevant to the materials in this research.
In order to quantify subtle changes in morphology, numerical analysis of small angle x-ray
scattering data was utilized. Investigation of sulfonated polystyrene ionomers was completed in
collaboration with Dr. Wenqin Wang and Professor Karen Winey at the University of
Pennsylvania, who provided extensive expertise on SAXS and models for characterization of
ionomer morphology. A modified liquid-like hard sphere model was chosen for these ionomers
to determine aggregate size and number density. For polyurethanes and polyureas, the extent of
microphase separation was quantified from the experimental and theoretical electron density
variance, using the method established by Bonart and Muller.
The organization of this dissertation will be as follows: Chapter 2 will discuss the
experimental details of sample preparation, instrument operation, and analysis. Chapters 3-6 are
adapted from publications in Macromolecules (Reproduced with permission from References
101-104, Copyright 2010, 2011 American Chemical Society), where Chapters 3-5 focus on the
structure and dynamics of sulfonated polystyrene ionomers and Chapter 6 details the dynamics of
a PTMO based polyurethane with varied hard segment content, the structure of which had been
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thoroughly characterized previously by Hernandez, et al.59 The role of soft segment molecular
weight on the structure and dynamics of polyureas will be discussed in Chapter 7. Chapter 8 will
summarize findings from this work and present suggestions for future study. Appendices A-C are
adapted from the corresponding published supplemental information sections for Chapters 3-5
and contain additional information about the analysis and dynamics of these ionomers. The role
of thermal history in polyureas on morphology and dynamics will be presented in Appendix D.
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Chapter 2
Experimental Methods, Theory, and Analysis
This chapter will overview the two major methods (small-angle X-ray scattering and
broadband dielectric relaxation spectroscopy) and the relevant theory and analysis used in the
course of the work discussed in this dissertation. For convenience, specific details regarding
sample preparation and instrumentation as well as information regarding techniques such as
differential scanning calorimetry, Fourier transform infrared spectroscopy, and dynamic
mechanical analysis will be provided in the chapters corresponding to their use.

2.1 Small-Angle X-ray Scattering (SAXS)
Small-angle X-ray scattering is a powerful technique in the investigation of nanoscale
morphology, particularly for ionomers1-7 and polyurethanes8-13. This method measures the elastic
scattering of X-rays due to electron density variations on the nm size scale. The scattering of Xrays is described by Bragg’s law:

sin  



(2.1)

2d

where λ is the wavelength (1.5418 Ǻ from copper K α radiation), 2θ is the scattering angle, and d
is the length scale associated with the scattering feature. In the small angle region (typically 2θ <
6o) the intensity of the scattered x-rays is typically represented as a function of scattering wave
vector (q) which is related to the scattering angle by

q

4 sin 



.

(2.2)

A maximum in the scatting intensity reflects the average interdomain spacing, d where

d  2 / qmax , between scattering sources. For polymers examples of scattering objects on this
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length scale include crystallinity, microphase separation in copolymers and blends, and
aggregation of ionic groups in ionomers.

While the inter-domain spacing can be directly

determined from the scattering intensity maxima, information about morphology, such as domain
size, requires the application of models. In the following sections, the models and theory utilized
to quantify the scattering in this dissertation will be presented.

2.1.1

Kinning – Thomas Modified Hard Sphere Model
The preparation and morphological characterization, including SAXS and scanning

transmission electron microscopy (STEM), of the ionomers presented in Chapters 3, 4, and 5 was
performed by Dr. Wenqin Wang and Professor Karen Winey at the University of Pennsylvania.
The detailed morphological information from this collaboration is critical in interpreting the
changes in molecular dynamics in this study. The Kinning-Thomas (KT) modified hard sphere
model will be briefly discussed in this section in order to elucidate the origins of the parameters
discussed in the aforementioned chapters.
In order to quantify the ionic aggregate structure, the SPS ionomer scattering data was fit
to:

I  q   I KT  q   L1  q   L2  q   C

(2.3)

where IKT(q) is the scattering intensity defined by the Kinning-Thomas (K-T) modified hardsphere model14-15, L1(q) and L2(q) are Lorentzian functions used to fit the two polystyrene
amorphous halos in the wide angle region, and C is a constant used to account for the
instrumental background scattering.6

The detailed KT model is available in Reference

14

. A

representative example of data fit using this method is provided in Figure 2.1 for sulfonated
polystyrene at 9.45 mol% sulfonation and 100% neutralized with Zn2+ (SPS9.45-100 Zn), where
Equation 2.3 is resolved into its component functions.
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Figure 2.1: Representative STEM example of sulfonated polystyrene ionomer fully
neutralized with Zn (top) with corresponding scattering data fit to Equation 2.3 including
the deconvoluted K-T and Lorentzian components (bottom).

There are four variable parameters in the K-T model:

the peak amplitude A, the

aggregate core radius R1, the radius of closest approach between two aggregates RCA, and the
number density of the ionic aggregates Np. R1, RCA, and Np are useful in identifying subtle
changes in morphology that affect the dynamics observed in DRS. In particular, R CA-R1 is used
in this dissertation to quantify changes in the region of restricted mobility, which is theorized by
Eisenberg et al. to be roughly the persistence length of the polymer (~1 nm for polystyrene).16
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Volume fractions of the region of restricted mobility (ϕRR) and aggregates (ϕA) are
estimated using R1, RCA, and Np:
4
3

3
RR   ( RCA
 R13 ) N p.

(2.4)

4
3

 A   R13 N p

2.1.2

(2.5)

Degree of Microphase Segregation of Polyurethanes and Polyureas
Small-angle X-ray scattering has been utilized extensively to quantify the morphological

characteristics of the microphase separated domains in polyurethanes. 8-10, 12-13, 17-21 While several
scattering models have been applied to aid in further quantification of SAXS results including
lamellar,12 pseudo two-phase, and the

Yarusso-Cooper core-shell model,2,

10,

18

the

morphological complexity of the polyureas, characterized using tapping mode AFM by Dr. Taeyi
Choi at Penn State, in this investigation restrict the use of model fitting. Scattering model
development is beyond the scope of this dissertation, rather, a more generalized approach was
applied to quantify the degree of microphase segregation in these materials.
The degree of microphase separation in polyurethanes and polyureas is determined from
the SAXS intensity profiles using the method proposed by Bonart and Müller. It is critical that
the intensity is in absolute units, accomplished via the use of a secondary standard, crosslinked
polyethylene in the case of the scattering in this dissertation.22 This method uses the ratio of the
experimental to a hypothetical electron density variance calculated for complete segment
demixing17 and has been used extensively for polyurethanes and polyurethane-ureas.8-10, 12 This
approach assumes that for a completely phase segregated system, the interfacial boundaries will
be sharp (as illustrated in Figure 2.2a). Using this sharp boundary condition, a theoretical
electron density variance ( c2 ) is calculated using
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c2  hsss (hs ss )2

(2.6)

where ϕhs and ϕss are the volume fractions and ηhs and ηss are the electron densities of the hard and
soft segments, respectively. The volume fractions and electron densities are calculated from
group contributions assuming pure phases with no phase mixing.

Figure 2.2: Illustration of a) “ideal” sharp boundaries and b) experimental diffuse
boundaries and phase mixing due to incomplete phase segregation in scattering of
polyurethanes and polyureas.

Experimentally, domain boundaries are diffuse in the case where phase segregation is
incomplete arising from a mixed interphase region, illustrated in Figure 2.2b. The experimental
variance (  2 ' ) is calculated from the total scattering intensity or invariant (Q) using the
background and absolute intensity corrected SAXS intensities


 2 '  cQ  c  [ I (q)  I b (q)]q 2 dq

(2.7)

0

where c is a constant

c

1
 1.76 1024 mol2 / cm2
2
2 ie N A
2

(2.8)
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where ie is Thompson’s constant for the scattering from one electron (7.94 x 10-26 cm2) and NA is
Avogadro’s number. The background intensity (Ib) accounts for scattering due to statistical
density fluctuations and is discussed in Reference 17. This experimental variance is reduced
from the ideal case due to diffuse phase boundaries and domain mixing, therefore, the ratio of the
experimental to the ideal variance (  2 ' / c2 ) yields a value between 0 and 1, ranging from
complete mixing to complete phase segregation.

This ratio is the degree of microphase

segregation and is a useful quantity in comparing the dynamics of these materials where the
microphase segregated domains play a significant role in the molecular dynamics of the polymer.

2.2 Broadband Dielectric Relaxation Spectroscopy
Broadband dielectric relaxation spectroscopy (DRS) is a powerful impedance analysis
technique in the investigation of molecular motion and charge transport phenomena.

The

analyzer used in this dissertation is a Novocontrol Alpha analyzer with a frequency range of 10-2107 Hz and a resolution of 10-4 in tan δ enabled by a bank of reference capacitors. This high
resolution and extremely broad frequency range make this technique extremely useful in probing
polymer dynamics.
This technique measures the dielectric response of a sample to an applied ac electric
field. The phase and magnitude of the sample current and voltage are directly measured and the
complex impedance is calculated using sample and reference measurements.

The complex

dielectric constant is calculated from

 *( )   ' i "  

i
 Z *( )Co

(2.9)

where Co is the capacitance of an empty capacitor. The dielectric constant (ε’) and loss (ε”)
components of the complex dielectric constant are particularly useful quantities in analyzing and
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interpreting the results from this method. The dielectric constant is the in-phase or storage
component and the loss is the out-of-phase or dissipative component, analogous to the storage
and loss compliance from dynamic mechanical methods.

2.2.1

Dipolar Motion and Molecular Relaxations
The fluctuation of molecular dipoles contributes to the dielectric response of a material to

an applied periodic electric field ( E (t )  E0 exp(it ) ).

These fluctuations occur via the

motion of individual chemical structural components (e.g. side groups and cooperative motion of
repeat units) or even the molecule as a whole, manifest as characteristic relaxation processes
which are identified by a step like change in the dielectric constant (ε’) and a maxima in the
dissipative loss component (ε”) of the complex dielectric response, as illustrated in Figure 2.3 by
a simulated Debye relaxation. The frequency of maximum loss is related to the characteristic
relaxation rate of the fluctuating dipole.

Figure 2.3: Calculated dielectric constant and loss for a Debye relaxation.
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The magnitude of the step-like increase in the dielectric constant is the dielectric strength
(Δε) of the relaxation process, where    s    . The relaxed or “static” dielectric constant
(εs) is determined from the low frequency side of this step, where the infinite or unrelaxed
dielectric constant (ε∞) is the high frequency limit of the dielectric constant and can be
determined from the square of the refractive index. The dielectric strength is related to the
number density of dipoles (N/V) and the dipole moment (μ0) by23:

   s    

2 N
1
Fg 0
3 0
kT V

(2.10)

where F is a correction corresponding to the error in neglecting the reaction field (polarization of
the environment):

F

 s (   2)2
3(2 s    )

(2.11)

and the Kirkwood/Frӧhlich interaction parameter (g) is defined as:

 2 eff
g 2
0

(2.12)

where μeff is the effective condensed phase dipole moment and μo is the dipole moment of an
isolated dipole (gas phase).
Relaxations observable using DRS can include local, segmental, and normal mode
motion as long as there is an associated dipole. Dipoles in polymers have been classified as type
A, B, C (illustrated in Figure 2.4) by Stockmayer.24 Type A polymers contain a dipole in the
polymer backbone oriented parallel to the chain contour, in type B polymers the dipole is oriented
perpendicular to the chain axis, and for Type C the dipole resides in a side group or chain. Local
phenomena (typically denoted γ, β, or δ) occur in the glassy state and can arise from backbone
crankshaft motion or rotation of side groups such as Type C dipoles. Segmental motion (α),
arising from type B dipoles which exist in nearly all polymers, involve cooperative motion of the
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polymer backbone over several repeat units and is related to the glass transition of the polymer.
The normal mode relaxation arises from dynamics of the chain contour, related to the terminal
relaxation time of the polymer. This relaxation is only observed in polymers containing type A
dipoles, which are far less common.

Figure 2.4: Illustration of classes of dipole in polymers

The temperature dependence of the frequency maximum or relaxation time (f=1/2πτ) can
be utilized to determine the type of relaxation observed in dielectric spectra. An Arrhenius
temperature dependence given by:

 E 
f Max  f 0 exp   a 
 RT 

(2.13)

is typical of thermally activated glassy state relaxation processes such as type C dipolar motion,
where f0 is infinite temperature frequency of the relaxation, Ea is the activation energy (typically
~20-50 kJ/mol for a β type process), and R is the ideal gas constant. Cooperative motion, i.e.,
segmental motion is typically described by the Vogel-Fulcher-Tammann equation:

 B 
f Max  f 0 exp 

 T  T0 

(2.14)
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where To is the Vogel temperature, f0 is associated with vibration lifetimes and can be
fixed to 1.59 x 1011 Hz (0 = 10-12 s) to reduce fitting uncertainties, and the temperature
coefficient B is related to the dynamic fragility.

The fragility, or deviation from

Arrhenius behavior, yields additional information about the cooperative motion. The
fragility index m can be calculated from the VFT fit parameters from the relation:25

m

dlog ( )
d (Tg / T )


T Tg

B / Tg

 ln10  (1  T0 / Tg )2

.

(2.15)

An estimate of the glass transition temperature, or dynamic Tg, can be determined by
extrapolating the VFT fit to τ = 100 s (f =0.00159 Hz). This value is useful in verify the
segmental origins of a process as well as a basis for comparison to Tg values determined
from DSC.
In addition to typical polymer relaxation phenomena, the dynamics of hydrogen bonded
associations has also been observed using DRS for thermoreversible networks. 26-29

This

relaxation process (denoted α*) corresponds to the ‘chemical’ relaxation occurring via the
dissociation/ association of the hydrogen bonded “sticker” groups. Since the latter relaxation is
coupled with segmental motion, the relaxation time of this process follows a Vogel-FulcherTammann temperature dependence where α* is slower than α, typically by several decades.

2.2.2

Maxwell-Wagner-Sillars Interfacial Polarization
In addition to dipolar motion, the drift of mobile charge carriers (i.e., ions or charged

defects) contributes to the dielectric response. Polarization phenomena, arising from interfacial
accumulation, are largely considered a detriment as they typically mask dipolar relaxation
phenomena. Electrode polarization, arising from the buildup of charge carriers at blocking
electrodes, however, has been utilized in single-ion conductor studies to quantify the details of
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charge transport.30-32 In this dissertation Maxwell-Wagner-Sillars interfacial polarization, arising
from charge accumulation at the domain interface in heterogeneous polymers (illustrated in
Figure 2.5), will be discussed and related to microphase separation characteristics.

Figure 2.5: Illustration of an inhomogeneous system that could result in Maxwell-WagnerSillars interfacial polarization

In heterogeneous materials with regions of different dielectric permittivity or
conductivity, interfacial polarization occurs due to accumulation of charge at the interfaces.33-35
The accumulating charges behave similarly to dipole, giving rise to a dielectric loss peak
(Maxwell-Wagner-Sillars process). The MWS process appears in the frequency range of the loss
dominated by dc conductivity; for the materials in this dissertation this process is resolved using
the derivative formalism, which will be discussed further in the next section. This phenomena
has been studied for emulsions, blends, semi-crystalline and filled polymers and several simple
models have been developed.23
A simple composite model23 can be considered where the matrix (m) and filler particles
(f) are assumed to have real, frequency independent dielectric constants and conductivities (ε m, σm
and εf, σf respectively) yielding a Debye like relaxation process:

 D* ( )    


1  i D

(2.16)
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where τD is the relaxation time. The relaxation time and strength depend on the phase contrast
between the matrix and filler phase, i.e., the difference between their respective dielectric
constants and conductivities. Using the Debye approximation, a predicted relaxation time of the
MWS process can be estimated using:

 MWS   0

1  n   m  n f  n  m   f  f
1  n   m  n f  n( m   f ) f

(2.17)

where ε0 is vacuum permittivity, n is a shape factor, and φf is the volume fraction of filler
particles. The dielectric constants εm and εf can be approximated from the refractive indices (η) of
the corresponding component, where ε = η2. The shape factor n ranges from 0 (needle like, in the
direction of the applied field) to 1 (flat disks) and is 1/3 for spheres. The dielectric strength can
be predicted from:

 

n  f  m   m f


2

f

(1   f )

1  n   m  n f  n( m   f ) f  1  n   m  n f  n( m   f ) f 

2

. (2.18)

North et al. investigated the correlation between MWS models with experiment for
styrene-butadiene-styrene

(SBS)

triblock

copolymers

and

semi-crystalline

butanediol

terephthalate – poly(tetramethylene oxide terephthalate) (Hytrel, DuPont) copolymers, where the
morphology was well characterized.34, 36 A simple composite model with corrections for high
volume density of filler was found to be in relatively good agreement with experimental data in
the case of the SBS copolymers.34 However, in the more polar Hytrel copolymers, charge
trapping and mobility in the diffuse interfacial region necessitated a more complex approach
which incorporated frequency dependent surface conductivity based on the crystallite surface
area.36 However, the applicability and interpretation of this approach is largely qualitative due to
the number of assumptions and unknowns.34

Due to the complexity and the number of
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assumptions necessary for the systems in this dissertation only the simple composite approach is
applied.

2.2.3

Analysis of Dielectric Spectra
A number of empirical functions have been developed in order to analyze the dielectric

relaxation processes. The Debye function (Equation 2.16) describes the frequency dependence of
ε*(ω) for a process with a single relaxation time. In this case the maximum frequency in the
dielectric loss is related to the relaxation time by   2 f  1/  D .

This model function

predicts a narrow, symmetric peak with a half width of only 1.14 decades. Typically, this ideal
case fails to accurately describe the relaxation behavior of polymers which tend to be
significantly broader and can be asymmetric.
The Cole/Cole model describes broadening of relaxation processes:

 CC * ( )    


1   i CC 

(2.19)

a

where a broadened distribution of relaxation times is accounted for by the parameter a where 0 <
a ≤ 1. Asymmetric broadening is accounted for in the Cole/Davidson function:

 CD* ( )    



1  i CD 

(2.20)

b

where the asymmetric broadening parameter b (0 < b ≤ 1) accounts for broadening on the high
frequency side (ω > 1/τCD). The Havriliak Negami function (HN) combines the aforementioned
broadening:

 *HN      



1  i

HN





a b

(2.21)
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where the shape parameters a and b (sometimes detonated β and γ or m and n) describe the
symmetric and high frequency asymmetric broadening, respectively, and 0 < a, ab ≤ 1. The
characteristic relaxation time (τHN) is related to the frequency of maximum loss by

 max

sin  ab /  2  2b  
1

  HN
2 f max
sin  a /  2  2b  

1/ a

(2.22)

The dielectric strength (Δε) and characteristic relaxation time are determined for each
relaxation process by fitting the experimental dielectric loss (ε”) to the HN function. In cases
where conductivity contributes to the loss, an additional term (the second term in Equation 2.23)
is incorporated, where σ0 is the dc conductivity and the exponent s is related to the type of
conduction and is typically ~1. Multiple overlapping relaxation processes can be resolved by
summing additional HN terms.

 *       i

o


s
a
 o
1   i HN  





b

(2.23)

At temperatures above Tg, ohmic conduction can dominates the loss, which can mask
dipolar processes of interest. Conductivity only contributes to the imaginary component of the
complex dielectric constant and not the real component. Because the dielectric storage and loss
are related by the Kramers Kronig relationships (Equations 2.24 and 2.25) it is possible to
numerically calculate a “conduction free” loss from the dielectric storage component.
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(2.25)

There are several numerical methods to achieve this, including the Kramers Kronig
transform which requires numerical approximation and interpolation. A more straightforward
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alternative is a derivative method, where the conduction-free dielectric loss, ε”D, is determined
from the logarithmic derivative of the real part of the dielectric constant: 37-38

 "D  

  '( )
2 lnω

(2.26)

An illustration of this method is provided in Figure 2.6 for the PTMO based polyurethane at
32.5% hard segment content which will be discussed in Chapter 6.

Figure 2.6: a) ε” and b) ε”D for PTMO-PU at a hard segment content of 32.5%. The
removal of the conductivity contribution to the loss reveals the presence of the MWS
process.

45

Wübbenhorst et al. have shown that the derivative method is a very good approximation
for calculating the conduction-free dielectric loss.37-38 This derivative method has the added
advantage of sharpening peaks, which aids in the resolution of adjacent processes.37-38 It should
be noted that a derivative form of the HN function is used to fit peaks resolved by this method. 38
An example of curve resolving overlapping functions in a derivative loss spectrum is proved in
Figure 2.7.

Figure 2.7: Example of curve resolving for sulfonated polystyrene at 9.45 mol% sulfonation
100% neutralized with Zn2+ (SPS9.45%-100%Zn) at 200 oC.
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Chapter 3
Influence of the Degree of Sulfonation on the Structure and Dynamics
of Sulfonated Polystyrene Copolymers
3.1 Introduction
Ion containing polymers are of interest in a variety of applications, ranging from high
performance coatings to ion transport for actuation and battery materials. Ionomers, copolymers
with a small fraction (<~10%) of ionic functional groups, have been of interest since the 1960’s
owing to improved properties over their non-ionic counterparts.1-2 Incorporating even a small
fraction of ionic groups has been found to dramatically change the physical properties. This
property enhancement arises largely from the aggregation of these ionic groups that act as
thermoplastic crosslinks.
Despite the extensive prior research on ionomers, there still remain areas that are not well
understood, particularly the correlation between ionic aggregate structure and chain dynamics.
Sulfonated polystyrene in particular has been the model ionomer of choice for a number of
investigations of morphology and dynamics using X-ray and neutron scattering,3-7 rheology,8-9
and dynamic mechanical analysis (DMA).10-11 However, few of these studies attempt to directly
correlate structure with dynamics.

A thorough understanding of the structure-property

relationships of these materials is critical to designing ionomers with desired mechanical or
electrical properties.
This investigation will integrate the findings from several characterization methods
including X-ray scattering, scanning transmission electron microscopy (STEM), and broadband
dielectric relaxation spectroscopy (DRS) to provide a holistic approach to understanding the
complex behavior of these materials. Sulfonated polystyrene was chosen as the model ionomer
due to both its well defined microphase separated structure and its dynamic properties.
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Polystyrene provides a relatively inactive dielectric background, enabling the investigation of the
dynamics due to the sulfonated groups using DRS. In a recent investigation, the dynamics of a
sampling of SPS acid copolymers and ionomers were revealed to be quite complex, however the
morphology of the ionic aggregates in these studies was not well characterized.12-13
In the next three chapters new insight provided into the dynamics of these materials
through a systematic investigation of the effects of sulfonation, neutralizing ion type, and degree
of neutralization on morphology and dynamics.

The present chapter focuses on the acid

copolymers (SPS-H), which are precursors to the ionomers. Additionally the critical role of
thermal history will be addressed.

3.2 Experimental Methods
3.2.1

Sample Preparation
Nearly monodisperse atactic PS was purchased from Pressure Chemical (Mw = 123k

g/mol, PDI =1.06). Sulfuric acid, acetic anhydride and dichloromethane were obtained from
Fisher Scientific. Sulfonated polystyrene acid copolymers (SPS-H) were prepared by sulfonation
of polystyrene according to procedures described in the literature.14

Acetyl sulfate was

synthesized by combining concentrated sulfuric acid with a solution of acetic anhydride in
dichloromethane with acetic anhydride in excess. Freshly prepared acetyl sulfate was added
slowly into a gently agitated solution of polystyrene in dichloromethane at 40 °C.

The

sulfonation reaction proceeded for 4 h and was then terminated by the addition of methanol. The
polymers were isolated by precipitation into methanol and then were washed several times with
deionized water.
The level of sulfonation was determined by Atlantic Microlab (Norcross, GA) using
elemental sulfur analysis by combustion (3.5, 6.7, and 9.5 mol%, subsequently referred to as
SPS3.5, SPS6.7 and SPS9.5, respectively). These sulfonation levels were consistent with the
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results of titration experiments, in which methanol solutions of SPS were titrated with 0.01M
NaOH using the indicator thymol blue.
The acid copolymers were dried under vacuum at 80 oC for at least three days and then at
110-120 oC for 1-2 days. The copolymers SPS6.7 and SPS9.5 were further annealed at ~ T g + 20
o

C for 24 hours. Water content was determined by coulometric Karl Fischer (KF) titration using

Hydranal CG and Hydranal AG-H as KF reagents. The samples were dissolved in chloroform
before titration. The water contents of all three acid copolymers were found to be less than 0.3
wt% after drying and annealing. The dried films were then hot pressed at 150 oC and used for Xray scattering and dielectric measurements. The absence of thermal degradation was verified
(Appendix A) using FTIR spectroscopy and DRS.

All materials were stored in vacuum

desiccators prior to characterization.

3.2.2

Thermal Analysis
Glass transition temperatures (Tg) were determined using a TA Instruments Q2000

differential scanning calorimeter. The response was measured over the temperature range of 40
°C to 180 °C at a heating rate of 10 °C/min under a nitrogen flow of 50 mL/min. The T g was
taken as the inflection point in the DSC thermogram from the second heating scan.

3.2.3

Fourier Transform Infrared Spectroscopy (FTIR)
Samples were prepared for FTIR experiments by hot pressing into thin films at 160 oC.

Spectra were collected with a resolution of 2 cm-1 using a Nicolet 450 FTIR spectrometer
equipped with a MCT/B detector. 256 scans were signal averaged for each sample at room
temperature. Additional spectra were collected for SPS9.5 on cast films subjected to identical
thermal treatment conditions as those investigated by SAXS and DRS to verify the absence of
chemical changes or degradation due to thermal history (Appendix A).
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3.2.4

X-ray Scattering
X-ray scattering experiments were performed with a multi-angle X-ray scattering

(MAXS) apparatus using Cu Kα X-rays generated from a Nonius FR 591 rotating-anode generator
operated at 40 kV and 85 mA. The beam is focused by doubly-focusing mirror-monochromator
optics in an integral vacuum system. The scattering data were collected using a Bruker Hi-Star
multiwire detector at sample-to detector distances of 150, 54, and 11 cm. The isotropic 2-D data
were integrated into 1D plots using Datasqueeze software.15
Quantitative analysis of the scattering data is discussed in detail in Chapter 2 with
relevant details reiterated here for convenience. The scattering data of the SPS acid copolymers
(where possible) were modeled using:

I  q   I KT  q   L1  q   L2  q   C
where IKT(q) is the Kinning-Thomas modified hard-sphere model7,

(3.1)
16

used to interpret the

aggregate or “ionomer” peak, L1(q) and L2(q) are Lorentzian functions used to fit the two
polystyrene-related peaks, and C is a constant used to account for the instrumental background
scattering, as previously reported.17 The Kinning-Thomas model is the modified version of the
Yarusso-Cooper model4, 7, 16 where the Percus-Yevick18 total correlation function that accounts for
correlations between all particles in the system was used instead of the Fournet 19 three-body
interference function.
The Kinning-Thomas model assumes that this scattering peak arises from interparticle
scattering from monodisperse, spherical aggregates homogeneously distributed in the polymer
matrix of lower electron density. This model utilizes four variable parameters to characterize
aggregation: the radius of aggregates R1, the radius of closest approach RCA, the number density of
the aggregates Np, and the amplitude A of the scattering maxima.7 Zhou et al. have demonstrated
that for lightly sulfonated SPS ionomers, the size and number density of ionic aggregates
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observed in high angle annular dark field (HAADF) STEM and determined from fitting the X-ray
scattering data quantitatively agree.7 Previously Benetatos et al. used this scattering model to
reconcile HADDF STEM and X-ray scattering in poly(ethylene-methacrylic acid) ionomers.17, 20

3.2.5

Broadband Dielectric Relaxation Spectroscopy
Isothermal relaxation spectra were collected under nitrogen using a Novocontrol GmbH

Concept 40 DRS spectrometer from 0.01 Hz to 10 MHz on heating from 10 – 220 oC. Additional
cooling scans were collected to ensure reversibility and the absence of degradation. Samples with
thicknesses of 0.2-0.4 mm were sandwiched between brass electrodes with a top electrode
diameter of 2 cm.
Discussion of the analysis of dielectric spectra is discussed in Chapter 2. Selected details
are repeated here for convenience. Dielectric strength (Δε) and characteristic relaxation time
(τHN) are determined for each relaxation process by fitting the dielectric loss (ε*) to the
appropriate form of the Havriliak Negami (HN) function:

 *   



1  i

HN



(3.2)



a b

where a and b are shape parameters. The characteristic relaxation time is related to the frequency
of maximum loss by

 sin  ab /  2  2b   
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(3.3)

At temperatures above Tg ohmic conduction due to charge carriers frequently dominates
the loss contribution (ε”), effectively masking dipolar processes. This conduction contribution is
not manifested in the real part of the dielectric response (ε’). The real and imaginary components
of the dielectric constant contain the same information and are described by the Kramers Kronig
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relations. Using a numerical approach we can calculate the conduction-free dielectric loss from
the real part of the dielectric constant revealing additional processes at high temperatures. There
are several numerical methods to achieve this, including the Kramers Kronig transform which
requires numerical approximation and interpolation. A more straight forward alternative is a
derivative method, where the conduction-free dielectric loss, ε”D, is determined from the
logarithmic derivative of the real part of the dielectric constant:21-22

 "D  

  '( )

(3.4)

2 lnω

Wübbenhorst et al. have shown that this method is a very good approximation for
calculating the conduction-free dielectric loss.21-22

This derivative method has the added

advantage of sharpening peaks which aids in the resolution of adjacent processes. 21-22
Appropriate forms of the HN function were used to fit peaks resolved by this method.22

3.3 Results and Discussion
3.3.1

Room Temperature Structure
FTIR was used to confirm the structure of SPS as well as to probe the association state of

the sulfonic acid groups at room temperature. A portion of the spectra for PS and the sulfonated
copolymers are shown in Figure 3.1 with peaks of particular interest highlighted. The band at
1192 cm-1 is assigned to the antisymmetric stretching of the sulfonate ion.12,

23

The sulfur –

oxygen bond stretching vibration with single and double bond character is evidenced by the bands
at 895 and 1172 cm-,1 respectively.12, 23 Two distinct bands are observed for the in-plane skeletal
vibration of the benzene ring substituted with SO3- (1127 cm-1) and SO3H (1101 cm-1).12, 23
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Figure 3.1: FTIR absorbance spectra of PS, SPS3.5, SPS6.7, and SPS9.5 in the region from
850 to 1300 cm-1. Data are shifted vertically for clarity.

The existence of SO3- bands (1127 cm-1) was unexpected, because it indicates dissociated
or “free” anions. This peak likely originates from charge delocalization within the sulfonic acid
aggregates which effectively screens the influence of the proton on the skeletal vibrations of the
benzene ring resulting in anions that appear “free”. The relative intensity of this band increases
with increasing sulfonation, thereby reflecting a more defined state of aggregation with increasing
acid content.
The scattering profiles for PS and the annealed acid copolymers are shown in Figure 3.2.
Three isotropic maxima are observed for SPS9.5: the polystyrene amorphous halo (~13 nm-1),
polystyrene “polymerization peak” (~7 nm-1), and a third scattering maxima (~2 nm-1). The two
higher angle maxima are typical features in the scattering patterns of amorphous polystyrene.24
The third is at a similar position as the ionomer peak typically observed for SPS ionomers and
indicates the assembly of acid groups in this copolymer. The scattering profile of SPS9.5 was
successfully fit to Equation 3.1 with the following parameters from the K-T model: R1 = 0.79 nm,
RCA = 0.98 nm, Np = 0.0214 nm-3.

This model failed to adequately fit the weaker acid
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aggregation scattering in SPS3.5 and SPS6.7 due to peak broadness and the small-angle upturn.
Both SPS3.5 and SPS6.7 exhibit excess scattering at q ~ 2 nm-1. This along with the “free” anion
band (1127 cm-1) in the FTIR spectra indicates that acid groups in these copolymers have
assembled.

Figure 3.2: Room temperature X-ray scattering intensity vs. scattering vector q for PS,
SPS3.5, SPS6.7, and SPS9.5. The line is the best fit of Equation 3.1 to the scattering data
from SPS9.5. Data are shifted vertically for clarity.

Evidence of acid group assembly from scattering experiments is not unprecedented. 4-5, 25
Yarusso et al. observed this peak in their study of SPS ionomers and their acid precursors (1.6,
3.4, 5.6, and 6.9 mol% sulfonated repeat units); however it was later suggested by Weiss et al.
that residual solvent was the source of improved contrast in their scattering profile.4-5 While
Weiss et al. did not observe this scattering maxima for SPS containing 1.8 or 5.8 mol% sulfonic
acid groups, there was evidence of microphase separation from dynamic mechanical analysis
experiments.5
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3.3.2

Effect of Processing and Temperature on Structure
To ascertain the state of aggregation in these acid copolymers, X-ray scattering profiles

were acquired after each processing step, Figure 3.3. Using Karl Fischer titration, the water
content after annealing at 80 oC and 120 oC are 1.2 and 0.66 wt%, respectively. Thus, the strong
low angle (~2 nm-1) peak found after drying at 80 oC is apparently the result of excess water, as
suggested by Weiss et. al.5 Interestingly, after annealing above Tg the aggregation peak recovers
despite further reduction in water content (<0.3 wt%). We propose that prior to annealing the
acid groups are in a non-equilibrium state. Upon heating above Tg the acid groups have sufficient
thermal energy to aggregate in a more favorable microphase separated structure with a betterdefined interaggregate spacing. This is yet another illustration of the critical role of sample
history and preparation on the microstructure of these materials. Note that a critical attribute of
this study is that precisely the same samples were used for FTIR, X-ray scattering, and DRS
experiments.

Figure 3.3: Room temperature X-ray scattering results from the SPS9.5 acid copolymer
showing the effect of thermal history. Data are shifted vertically for clarity.

Determining the state of the acid groups and their assemblies at high temperatures is
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critical for our comparison to the dynamics. The annealed samples were investigated using X-ray
scattering at elevated temperatures, and it was found that the aggregation peak broadens with
increasing temperature, as is illustrated in Figure 3.4 for SPS9.5. This broadening is likely a
result of the transition from a static cross-linked system to a dynamic network.

As the

temperature is increased the lifetime of a sulfonic acid group in an aggregate is expected to
decrease due to increased randomization caused by more thermal energy.

Figure 3.4: X-ray Scattering profiles of SPS9.5 at 25, 150, and 200 oC. Plots are shifted
vertically for clarity.
3.3.3

Segmental Dynamics
Segmental relaxation arises from the cooperative motion of chain segments and is related

to the glass transition. A significant shift to lower frequencies is observed with increasing
sulfonation content at all accessible temperatures, Figure 3.5a and b. This slowing down is due to
increasing steric hindrance from the addition of sulfonic acid groups to the chain backbone and
restrictions due to acid group – acid group associations.
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Figure 3.5: a) Dielectric loss spectra at 155 oC showing the segmental relaxation of PS,
SPS3.5, 6.7 and 9.5. Lines are included to guide to the eye. b) Temperature dependence of
the segmental relaxation time for PS, SPS3.5, 6.7 and 9.5. Lines are fits to the VFT
Equation (Equation 3.5).

The maximum relaxation frequencies of the segmental process, Figure 3.5b, follow a
Vogel-Fulcher-Tammann temperature dependence as expected:

 B 
f  f 0exp 

 T  T0 

(3.5)

59
where To is the Vogel temperature, f0 is associated with vibration lifetimes26, and the temperature
)21.

coefficient B is related to the apparent activation energy (

The

dynamic Tg (Tref) can be determined from the segmental relaxation by extrapolating the VFT fit
of the relaxation frequency maxima to τ = 100 s. Tref and the calorimetric Tg are within error,
Table 3.1.
The fragility, or deviation from Arrhenius behavior, yields additional information about
the cooperative motion. The fragility index m can be calculated from the VFT fit parameters
from the relation27

m

dlog ( )
d (Tg / T )


T Tg

B / Tg

 ln10  (1  T0 / Tg )2

.

(3.6)

The m values calculated, using Tg=Tref, are within statistical error for PS, SPS3.5, 6.7 and
9.5. PS is relatively fragile with m = 140, which agrees with literature values.26 Previous studies
have revealed that the addition of H-bonding in already highly fragile polymers does not have a
significant impact on cooperativity.12, 28 Atorngitawat et al. also did not observe an appreciable
difference in fragility in their investigation of SPS acid copolymers.12

Table 3.1: Dynamic Tg (Tref) from DRS and calorimetric Tg from DSC for PS, SPS3.5, 6.7
and 9.5.
Tref

Tg

±10 (oC)

±3 (oC)

PS

97

107

SPS3.5

105

111

SPS6.7

110

117

SPS9.5

120

121
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The dielectric strength of the segmental process is 1-2 orders of magnitude higher for the
sulfonated polystyrenes compared to neat PS (Figure 3.6). The increase in strength naturally
arises from the enhanced dipole moment imparted by the sulfonic acid groups, therefore chain
segments containing these moieties dominate the observed relaxation strength of the SPS α
process. A better understanding of the origin of experimental dielectric strengths, Δε, can be
obtained by considering the Onsager equation:

1   s    2    2 N

g
 
3 0  3  2 s      kT V


2

(3.7)

where g (g =μeff2/μo2, where μeff and μo are the condensed and gas phase dipole moments,
respectively) is the Kirkwood Fröhlich correlation factor which takes into account the
orientational effects of short range interactions between molecules,29 N/V is the number density
of sulfonic acid groups, εs and ε∞ are the low and high frequency limits of the dielectric constant,
and ε0 is the permittivity of vacuum.

The gas phase dipole moment was taken as a first

approximation as that of benzene sulfonic acid (4.98 D) determined from abinitio calculations 30.
ε∞ is determined from the square of the refractive index (n),

.31-32 In our calculations the

refractive index of polystyrene is used.
For a limiting case we assume the contribution to the α process from polystyrene
segments is negligible, and that all sulfonic acid dipoles are free and non-interacting (g = 1).
When compared with the experimental dielectric strengths, in Figure 3.6, it is apparent that the
measured values are significantly lower.

In addition, the predicted strengths increase

proportionally with sulfonic acid content. The discrepancy between the experimental results and
the limiting case predictions arises from inter-acid associations. Sulfonic acid groups have been
demonstrated to hydrogen bond into dimers.8, 33 Moreover, assemblies of sulfonic acid groups are
present in these materials as evidenced by FTIR and X-ray scattering data, as presented above.
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Figure 3.6: Temperature dependence of the measured dielectric strength (symbols) and the
limiting case dielectric strength assuming g = 1 (lines).

Because we do not know the precise state of acid association, i.e. the fraction of free vs.
associated and type of associations (dimers or larger scale aggregates), nor can we necessarily
assume that the dipole moment of these assemblies is negligible, it is not possible to estimate the
number of free vs. aggregated dipoles from DRS. We can, however, estimate the interactions of
neighboring dipoles using the Kirkwood Fröhlich correlation factor.
The measured Δε in Figure 3.6 is used to determine the effective dipole moment (μeff)
from the Onsager equation (Equation 3.7) using the μo value for benzene sulfonic acid. When g =
1 dipoles are not interacting, when g > 1 dipoles correlate in a parallel manner, and when g < 1
dipoles are correlate in an antiparallel arrangement. The calculated g factors for SPS3.5, 6.7 and
9.5 are all less than one (Figure 3.7), indicating that the effective dipole moment is reduced due to
net antiparallel orientation of the hydrogen bonded sulfonic acid groups. There is, however, a
distribution in correlating orientations that is expected from acid groups associated in aggregates.
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Figure 3.7: Temperature dependence on the Kirkwood Fröhlich correlation factor (g)
calculated from the experimental dielectric strength of SPS3.5, 6.7 and 9.5.

The temperature dependence of g in Figure 3.7 reflects the average state of association.
For SPS6.7 and 9.5, the net associations remain essentially constant at the time scale of the
segmental process from 125 – 205 oC. The increase in g for SPS3.5 indicates that the number of
associated dipoles decreases with increasing temperature, rapidly around 170 oC. Thus, we
conclude that the acid associations in SPS3.5 are predominately dimers that dissociate at higher
temperatures due to thermal randomization. Meanwhile, the acid associations in SPS6.7 and 9.5
are probably larger, more stable aggregates of acid groups.

3.3.4

High Temperature Processes
Use of the derivative formalism to remove conduction losses facilitates the observation of

relaxation processes, Figure 3.8a, at temperatures higher than Tg and frequencies 4-7 decades
below the segmental relaxation. There are several possible origins of these processes: electrode
polarization (EP), Maxwell Wagner Sillars interfacial polarization (MWS), and the so called α*
process involving association dynamics.34-35
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EP, a phenomenon where mobile ions accumulate at the electrode interface 36, can be
ruled out as a possible source, as it is generally accompanied by a several order of magnitude
increase in the real part of the dielectric constant at low frequencies 37, which is not observed in
our experiments. The origin of MWS is similar to that of EP, where charge accumulation occurs
at the interface in heterogeneous materials.31, 38 Since SPS6.5 and SPS9.5 are clearly microphase
separated, we expect to observe MWS. α* is a “chemical” relaxation which has been attributed to
the association and disassociation of hydrogen bonded “stickers”.34-35

Although definitive

assignment is difficult due to the limited temperature window in which they are observed, the
experimental evidence points to MWS and α* as origins of these high temperature relaxations in
SPS acid copolymers.
The MWS process has been studied for emulsions, multiphase blends, block copolymers,
filled, and semi-crystalline polymers.31 This process generally has a temperature coefficient or
activation energy which reflects that of dc conduction.38 The temperature coefficient derived
from fitting the dc conductivity (arising from ionic impurities, see Appendix A) and the
relaxation time of the MWS relaxation process (Figure 3.8b) to the VFT equation are within error
for SPS9.5, which supports the assignment of this process as originating from interfacial
polarization. The strength of this process (Figure 3.8c) is roughly the same at low temperatures
for SPS6.5 and SPS9.5, which then drops off with increasing temperature. This is likely a result
of the interfacial boundary between the proposed assemblies of sulfonic acid groups and the PS
matrix becoming more diffuse with increasing temperature. Similarly, the low angle peak from
X-ray scattering was found to increase in breadth with increasing temperature (Figure 3.4)
indicating that the acid assemblies are no longer static and well defined. An MWS relaxation was
not observed for SPS3.5, which showed the weakest evidence of microphase separation.
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Figure 3.8: a) Conduction free loss data for SPS3.5, 6.5 and 9.5 at Tg + 80oC. Lines are
shown to guide the eye. Temperature dependence of the b) relaxation frequencies and c)
dielectric strength of the MWS (filled circles) and α* (open triangles) processes. Fits to the
VFT and Arrhenius (lines) equations are included.
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The high temperature dielectric relaxation for SPS3.5 and the second process observed
for SPS6.5 (~180-220 oC), α* in Figure 3.8a, is in a similar temperature and frequency range as
the high temperature peak in the DMA loss modulus for similar SPS ionomers and acid
copolymers.5,

10-13

This mechanical relaxation has been ascribed in previous studies to the

dynamic glass transition temperature of the microphase separated ion rich phase; segmental
motion of this phase requires the dissociation of dipole interactions. 5,

10-13

The origin of this

process in DRS cannot be ascribed to the segmental motion of the restricted cluster phase as the
dielectric strength (Figure 3.8c) is significantly higher than that of the polystyrene segmental
process, which would be the primary contributor to the strength of this process if this were the
case. It is more likely that the molecular origin is comparable to the disassociation/ association α*
process observed in hydrogen bonded thermoreversible networks, however, in the case of SPS
acid copolymers, the “stickers” are comprised of dimers and larger assemblies of sulfonic acid
groups. In the accessible temperature range this process appears to be Arrhenius-like with
activation energies between 160 - 180 kJ/mol, Figure 3.8b. Its strength is significantly higher for
SPS6.7 than SPS3.5 (Figure 3.8c), as expected for an acid copolymer with more and better
formed acid assemblies.

In both cases, the strength decays with temperature as the ionic

associations becomes less favorable due to increased thermal energy. For SPS9.5 the α* process
is expected to lower frequencies and higher temperatures than those measured in our
experimental window.

3.4 Summary
X-ray scattering revealed the association of sulfonic acid groups that exhibited sensitivity
to both processing conditions and temperature. The dynamics of these copolymers from DRS
was found to be quite complex and to indicate the presence of acid - acid assembly. The
relaxation time of the segmental relaxation increases with increasing sulfonic acid content along
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with the dielectric strength, consistent with an increasing number density of dipoles.

The

strength, however, was significantly lower than the calculated limiting case value from the
Onsager equation assuming all dipoles were contributing and non-interacting. Calculation of the
Kirkwood Fröhlich interaction parameter revealed a reduction of net dipole moment due to antiparallel correlations and that the acid associations are thermally more stable at higher acid
contents. These analyses of the characteristic segmental relaxation provide strong evidence of
acid – acid assembly in these copolymers. Two high temperature processes were identified at
frequencies 4-7 decades below the segmental process. These processes are proposed to originate
from MWS interfacial polarization and disassociation / re-association dynamics of H-bonded
dimers acid assemblies, also called the α* process. Future manuscripts on the structure and
dynamics of the neutralized versions of these acid copolymers as a function of counter ion type
and degree of neutralization will provide additional insight into the connection between
aggregation and the complex dynamics of these materials.
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Chapter 4
Structure and Dynamics of Zinc-Neutralized Sulfonated Polystyrene
Ionomers
4.1 Introduction
Incorporating small fractions (typically < 10 mol%) of ionic groups into polymer chains
has been shown to have profound effects on thermal, mechanical, and charge transport
properties.1-2 These ionomers are used in a range of applications including performance coatings,
packaging, membranes, and actuators.

Ionic species tend to self assemble into microphase

separated domains due to coulombic interactions, that serve as thermoreversible crosslinks.
Although ion aggregation and properties of ionomers have been studied extensively using
a number of different techniques (including dynamic mechanical analysis (DMA) , 3-5 rheology,6
X-ray and neutron scattering, 2, 7-11 and scanning transmission electron microscopy (STEM)2, 11-13)
little is known about the effect of these ionic clusters on the molecular dynamics of this class of
materials. Dielectric relaxation spectroscopy has been used to investigate the dynamics of some
ionomers, predominantly on poly(styrene-co-methacrylic acid) and poly(ethylene-co- methacrylic
acid) ionomers,1, 14-15 but very little has been done on sulfonated polystyrene.16-17 We intend to
elucidate the connection between aggregate morphology and dynamics by applying an integrated
and systematic approach using sulfonated polystyrene (SPS) as a model ionomer.
In our previous paper we demonstrated that sulfonation has an important effect on the
structure and dynamics of sulfonated polystyrene acid copolymers (having 3.5, 6.7 and 9.5 mol%
sulfonation), the precursors to the ionomers investigated herein.18 In this publication we will
focus on the effect of neutralizing these materials with zinc. In our investigation, morphology
was characterized using X-ray scattering and scanning transmission electron microscopy (STEM)
while the dynamics were investigated using dielectric relaxation spectroscopy (DRS).
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4.2 Experimental
4.2.1

Sample Preparation
Atactic polystyrene, purchased from Pressure Chemical (Mw = 123 kg/mol, PDI = 1.06),

was sulfonated according a previously published procedure.18

SPS acid copolymers were

neutralized by dissolving in a 90/10 v/v mixture of toluene/methanol. A stoichiometric amount of
Zn acetate was dissolved in a 50/50 v/v mixture of toluene/methanol and added slowly into the
gently agitated SPS solution to achieve different degrees of neutralization. The reaction was held
at 50 oC for 2 hours. In this publication the ionomers are designated as SPSx-yZn, where x is the
mole fraction of sulfonation (3.5, 6.7 or 9.5) and y is the percent neutralization (0, 25, 50, 75 and
100).
The neutralized ionomers were solvent cast at ambient conditions, air dried for 1-2 days,
and then dried under vacuum at 120 oC for at least 24 hours. Ionomers with T g around or above
120 oC (SPS6.7-yM and SPS9.5-yM) were further annealed at ~ Tg + 20 oC for another day. The
dried ionomer films were then hot pressed at 160 oC and used for X-ray scattering, STEM
imaging, and dielectric spectroscopy. All materials were stored in vacuum desiccators prior to
characterization. Selected samples were sent to the Galbraith Laboratories for elemental analysis
to determine the percent neutralization. The results were consistent with the stoichiometric
neutralization levels within experimental error (<5%).

4.2.2

Thermal Analysis
Glass transition temperatures (Tg) were determined using a TA Instruments Q2000

differential scanning calorimeter (DSC). The response was measured over the temperature range
of 40 °C to 180 °C at a heating rate of 10 °C/min under a nitrogen flow of 50 mL/min. The T g
was taken as the inflection point in the DSC thermogram from the second heating scan.
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4.2.3

Fourier Transform Infrared Spectroscopy (FTIR)
Samples were prepared for FTIR spectroscopy by hot pressing into thin films at 160 oC.

FTIR spectra were collected at a resolution of 2 cm-1 using a Nicolet 450 FT-IR equipped with an
MCT/B detector. A total of 256 scans were signal averaged at room temperature.

4.2.4

Scanning Transmission Electron Microscopy
STEM specimens were sectioned from the solvent-cast, dried, annealed, and hot pressed

ionomer films at room temperature using a Reichert-Jung ultramicrotome with a diamond knife to
a nominal thickness of 30-50 nm. STEM experiments were performed using a JEOL 2010F field
emission transmission electron microscope. High-angle annular dark field (HAADF) images
were recorded using a 0.7 nm STEM probe and a 70 µm condenser aperture at an accelerating
voltage of 200 keV.

4.2.5

X-Ray Scattering
X-ray scattering experiments were performed with a multi-angle X-ray scattering

(MAXS) apparatus using Cu Kα X-rays generated from a Nonius FR 591 rotating-anode generator
operated at 40 kV and 85 mA. The bright, highly collimated beam was obtained via Osmic MaxFlux optics and triple pin-hole collimation under vacuum. The scattering data were collected
using a Bruker Hi-Star multiwire detector with sample-to-detector distances of 11, 54, and 150
cm. The isotropic 2-D data were integrated into 1D plot using Datasqueeze software.19
Quantitative analysis of scattering data is discussed in detail in Chapter 2. Relevant
details are repeated here for convenience. The scattering data of the SPS ionomers were fit to:

I  q   I KT  q   L1  q   L2  q   C

(4.1)
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where IKT(q) is the Kinning-Thomas (K-T) modified hard-sphere model11, 20 , L1(q) and L2(q) are
Lorentzian functions used to fit the two polystyrene amorphous halos in the wide angle region,
and C is a constant used to account for the instrumental background scattering, as previously
reported.21

4.2.6

Dielectric Relaxation Spectroscopy
Samples 0.2 - 0.4 mm thick were sandwiched between brass electrodes with a top

electrode diameter of 2 cm. Isothermal relaxation spectra were collected under nitrogen using a
Novocontrol GmbH Concept 40 DRS spectrometer from 0.01 Hz to 10 MHz on heating from 10
to 220 oC.
Analysis of dielectric spectra is discussed in Chapter 2. Relevant details are reiterated
here for convenience. Dielectric strength (Δε) and characteristic relaxation time (τHN) were
determined for each relaxation process by fitting the dielectric loss to the appropriate form of the
Havriliak Negami (HN) function:

 *HN   



1  i

HN



(4.2)



a b

where a and b are shape parameters. The characteristic relaxation time is related to the maximum
frequency of maximum loss by:

 1   sin  a (2  2b)  



 2 HN   sin  ab (2  2b)   .
1/ a

f max

(4.3)

Above Tg, the contribution from ohmic conduction dominates the loss contribution (ε”),
potentially masking dipolar processes. This conduction contribution is not manifested in the real
part of the dielectric response (ε’) and using a numerical approach one can calculate the
conduction free loss from ε’. We chose to apply the straightforward derivative method to achieve
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this, where the ohmic-conduction-free loss is determined from the logarithmic derivative of the
dielectric constant:22-23

 "D  

  '( )
2 lnω

(4.4)

Wübbenhorst et al. have shown that this method is a very good approximation of the conductionfree loss.23 The appropriate derivative form of the HN function was used to fit processes resolved
by this method.23

4.3 Results and Discussion
4.3.1

FTIR
The state of neutralization was investigated for SPS9.5- 0, 25, 50 and 100Zn using FTIR.

In particular, the region between 1300 – 900 cm-1 clearly reveals changes in the sulfonate
stretching bands (Figure 4.1). The bands at ~ 1228 and 1039 cm-1 correspond to the asymmetric
and symmetric stretching vibrations of S-O bonds in -SO3M, respectively, where M is the Zn
ion.17, 24 As expected, the SO3M band increases in relative intensity upon neutralization while the
S-O band is unaffected. The absorptions at 1127 and 1009 cm-1 result from the in-plane skeletal
vibration of benzene rings substituted by SO3- and SO3M, both of which increase in relative
intensity upon neutralization.17, 24 The apparent increase in free anions (i.e., the benzene SO3band) is likely due to charge delocalization within the aggregates which effectively screens the
presence of the ions, making it appear to the benzene ring vibrations as though the SO3- groups
are uncoordinated. The absorbance at 1101 cm-1 (skeletal vibration of benzene rings substituted
by SO3H) becomes indistinct upon ion substitution.24-25 As expected the doublet at ~1200 cm-1
and the band at 1040 cm-1 (asymmetric and symmetric stretching of the –SO3- Zn, respectively)
increased in relative intensity.17, 24 These trends are all indicative of the successful, systematic
neutralization of the sulfonic acid groups.
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Figure 4.1: FTIR absorbance spectra for SPS9.5 -0, 25, 50, 75 and 100Zn in the region 1300900 cm-1. Spectra are shifted vertically for clarity.

4.3.2

Morphology
Spherical, uniformly distributed bright features, corresponding to Zn-rich ionic

aggregates within a matrix of lower average atomic number, are observed in HAADF STEM
images of the SPS ionomers (Figure 4.2). The diameters of the aggregates were determined by
the full width at half maximum (FWHM) of the Gaussian functions fit to the intensity profiles
taken across individual bright features.21 Taking into account the extensive projection overlap in
the STEM images26 and the limit of instrumental resolution, STEM images indicate that the
diameters of ionic aggregates are ~ 2 nm and independent of sulfonation level.
Representative scattering profiles for the SPS9.5- 0, 25, 50, 75 and 100Zn ionomers are
displayed in Figure 4.3. Three isotropic maxima are observed: the polystyrene amorphous halo
(~13 nm-1), the polystyrene polymerization peak (~7 nm-1) 27, and the aggregate peak (1-2 nm-1).
The scattering intensity of the aggregate peak was found to significantly increase with increasing
neutralization, which is consistent with enhanced electron density contrast as Zn ions are
incorporated into the clusters. The K-T modified hard sphere model was used to facilitate the
interpretation of this maximum. The model assumes that this peak arises from interparticle
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scattering from monodisperse, spherical aggregates homogeneously distributed in the polymer
matrix of lower electron density. Four parameters are utilized to characterize aggregation: the
aggregate radius R1, the radius of closest approach RCA, the number density of the aggregates Np,
and the amplitude A of the scattering maxima.11 Zhou et al. have demonstrated that the size and
number density of ionic aggregates in lightly sulfonated SPS ionomers observed in STEM and
determined from fitting the X-ray scattering data quantitatively agree.11

Figure 4.2: Representative HAADF STEM images of SPS6.7-100Zn (left) and SPS9.5-100Zn
(right) show a uniform distribution of spherical ionic aggregates.

Figure 4.3: X-ray scattering intensity vs. scattering vector q for polystyrene and SPS9.5-0,
25, 50, 75 and 100Zn (symbols) and the corresponding best fit of the scattering data using
Equation 4.1 (lines). The data were vertically shifted for clarity.
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Equation 4.1 provides a good fit to the scattering data (Figure 4.3) and the corresponding
K-T fit parameters (R1, RCA, and Np) are displayed in Figure 4.4 for each sulfonation and
neutralization level. Degree of sulfonation did not have a substantial effect on aggregate size, or
RCA , but a substantial increase in Np is observed. Degree of neutralization also does not have an
appreciable effect on aggregate size, while RCA systematically increases. Previous studies on
poly(styrene-co-methacrylic acid)-Cu ionomers28 and SPS-Zn ionomers8 also showed that the size
of the ionic aggregates is independent of acid content and neutralization level. These results
suggest that the size of ionic aggregates in those strongly segregated ionomers is mainly
controlled by the chemical structure of the acid copolymer, i.e., polymer backbone and acid type.

Figure 4.4: a) 2R1 (symbols) and 2RCA (open symbols) and b) Np as a function of
neutralization level determined by fitting the SPSx-yZn scattering data to Equation 4.1.
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The increase in scattering intensity, the weak increase in the radius of closest approach
and independence of aggregate size with degree of neutralization suggest that the composition
within the ionic aggregates is changing as zinc ions are added. To further elucidate this change,
the approximate number of cations incorporated into an average aggregate can be calculated
using R1 or Np. The number of cations can be determined from R1 using:

 nsulfate  N A  sulfate 
4
N (cation, R1 )   R13 
 n pair 
 M sulfate 
3




(4.5)

where the volume of Zn++(SO3-)2 is approximated using the atomic density (ρ), and formula molar
mass (M) of zinc sulfate (ZnSO4) and the ratio of the number of atoms in the zinc sulfate and the
ion pair. This calculation assumes that ionic aggregates consist entirely of ionic groups. 11 The
number of cations per aggregate was also determined from Np using:

N (cation, N p ) 

1 N A  SPS
y
acid
p M SPS N p
100

(4.6)

where p is the valence number, ρSPS and MSPS are the density and the monomeric molar mass of
SPS, respectively, φacid is the volume fraction of sulfonic acid, and y is the percent of
neutralization. It is assumed, in this calculation, that all ions are incorporated into aggregates,
thus representing the upper limit of cation availability in an average volume of Vp = 1/Np.11
From Np and R1 one can determine the occupancy ratio, r = N(cation, Np)/N(cation, R1),
which quantifies aggregate composition.26 A value of r > 1 corresponds to an excess of ionic
groups, i.e. more ionic groups are available than can be accommodated by the volume of ionic
aggregates. A value of r < 1 indicates a deficit of ionic groups, i.e., the aggregates are less dense
than the corresponding metal sulfate.
The occupancy ratio of the ionic aggregates (Figure 4.5) in these ionomers is less than 1
at all sulfonation and neutralization levels and does not change significantly with sulfonation
level, but increases systematically with increasing neutralization. This suggests that more zinc
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sulfonate groups are incorporated into ionic aggregates upon Zn neutralization, i.e., the
aggregates are becoming more ionic.

Figure 4.5: Occupancy ratio of the ionic aggregates (r) determined from N(cation, Np) /
N(cation, R1) as a function of neutralization level for SPSx-yZn.

From this result it follows that, for a fixed aggregate size, the region around the
aggregates contains more polystyrene chain segments tethered to the aggregate by their anion
resulting in a less mobile region of restricted mobility. As theorized by Eisenberg et al., the
mobility of the monomeric segments drops off significantly in the region of restricted mobility
near the aggregate.1, 5, 29 Eisenberg et al. have estimated the length scale of the restricted region to
be on the order of the persistence length of the polymer chain (~1 nm for PS),29 which is on the
order of RCA - R1. The volume fractions of the restricted region (ϕRR) and aggregates (ϕA) can be
estimated using R1, RCA, and Np:

4
3

3
RR   ( RCA
 R13 ) N p.

4
3

 A   R13 N p

(4.7)

(4.8)
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With increasing degree of neutralization, φRR increases, corresponding to a decrease in the
unrestricted matrix, while φA remains constant (Figure 4.6). The matrix is composed primarily of
polystyrene chain segments, but also likely contains unneutralized acid species when the
ionomers are partially neutralized. This estimate of the changes in the volume of the restricted
region will be critical in the interpretation of the dynamics, as follows.

Figure 4.6: a)Volume fraction of the region of restricted mobility (ϕRR), aggregates (ϕA) and
matrix (1- ϕRR - ϕA) as a function of degree of neutralization for SPS9.5-yZn and b)
illustration of neutralization effect on volume fraction.
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4.3.3

Segmental and Slow Segmental Dynamics
The segmental relaxation (α) corresponds to the cooperative motion of chain segments

and is related to the glass transition. In our previous investigation of the precursor SPS acid
copolymers we found that increasing sulfonic acid content slowed down the α relaxation time,
consistent with the observed increase in Tg.18 Despite only one very broad Tg observed in DSC, a
second slow segmental process (α2) is clearly evident in the dielectric spectra upon neutralization
with Zn (Figure 4.7a), at frequencies 1-4 decades lower than the α relaxation. In a previous study
on similar SPS ionomers, two relaxations were observed in dynamic mechanical analysis (DMA)
experiments.17 The DMA α process corresponds with the α relaxation from DRS, and a relaxation
attributed to the motion of chain segments associated with the aggregates was observed at
temperatures higher than those measured in our DRS experiments (~275 ˚C for Zn neutralized
SPS).17

Effect of Neutralization:
With increasing neutralization we find that the α2 process shifts systematically to lower
frequencies and increases in strength, while the α relaxation also slows but decreases in strength
(Figure 4.7). These changes occur concurrently as ϕRR increases and the volume fraction of
matrix chain segments subsequently decreases. As a consequence, we attribute the origin of α 2 to
chain segments whose mobility are restricted by the presence of aggregates, while the α
relaxation corresponds to the motion of relatively unhindered segments. This α 2 process is
observed at temperatures much lower than the second process (noted above) observed in DMA
experiments17.
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Figure 4.7: a) Conduction free loss at ~Tg + 80, b) normalized conduction free loss ~Tg + 80,
and c) relaxation frequency of α (filled symbols) and α2 (open symbols) including VFT fits
(lines) for SPS 9.5-yZn at 0, 25, 50, 75, and 100% neutralization.

As neutralization increases and the aggregates become increasingly more ionic, the chain
segments adjacent to the aggregates become less mobile as the chains are bound tighter to the
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aggregate, which would further reduce segment mobility and increase the α 2 relaxation time.
This is supported by the shift to lower frequencies (longer times) of α2, Figure 4.7c. Additionally
the α process shifts to lower frequencies as the network becomes increasingly restricted by the
cross-linking effect of the aggregates. The temperature dependence of both processes follows a
Vogel-Fulcher-Tammann (VFT) form:

 B 
f  f 0exp 

 T  T0 

(4.9)

where To is the Vogel temperature, f0 is associated with vibration lifetimes30 and the temperature
2
coefficient B is related to the apparent activation energy ( Ea  BR / (1  T0 / T ) ) 22.

The

dynamic Tg (Tref) is determined by extrapolating the VFT fit to τ = 100 s (f =0.00159 Hz). Tref of
the α process and the calorimetric Tg are within experimental error; Tref (α), Tref (α2) and the DSC
Tg are reported in Appendix B (Table B1).
As neutralization level increases the strength of the α process decreases (Figure 4.8a),
consistent with a decrease in acid groups in the matrix region. At full neutralization (elemental
analysis showed that the neutralization level is 100% within 5% experimental error) no acid
groups remain in principle, yet the strength of this process (~0.1) is still significantly greater than
that of PS (~0.03). It is possible that a small number of acid groups remain unneutralized and/or
some small fraction of neutralized ionic species are kinetically or sterically trapped in the matrix.
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Figure 4.8: Dielectric strength of a) α (filled symbols) and b) α2 (open symbols) for SPS 9.5yZn at 0, 25, 50, 75, and 100% neutralization.

The origin of strength of the α2 processes is less straight forward. From Eisenberg’s
model of ionic aggregation, one would expect that the region of restricted mobility would consist
of polystyrene chain segments and therefore the strength of this process would be similar to that
of PS.1, 5, 29 However, the strength of the α2 process (0.1 - 0.3, Figure 4.8b) is clearly much greater
than that of polystyrene. There are several possible sources for the enhanced strength of this
process. It is possible that small scale dipolar motion of the ion pair within the aggregate which
pins the chain segments in this region could contribute to the dipole moment of this relaxation.
Additionally, it is typically assumed that the aggregates have no net dipole moment (all dipoles
cancel), however it is possible that there is some small contribution owing to misalignments and
dynamic motion of the aggregate. A further possibility is the presence of ion pairs or sulfonic
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acid groups (at partial neutralization) in the region of restricted mobility. In the Eisenberg-HirdMoore model this region is expected to be depleted of ions due to the high electrostatic forces the
ions would experience close to the aggregate,29 however, it is possible that ionic groups could be
kinetically or sterically hindered from participating in aggregates. It is likely that the enhanced α 2
strength arises from some combination of these sources.

Effect of Degree of Sulfonation at 100% Neutralization:
In our previous investigation of the SPS acid copolymer precursors we demonstrated that
the relaxation frequencies of the segmental process decreased systematically with increasing
sulfonic acid content.18

The effect of sulfonation on the relaxation frequencies for the Zn

neutralized ionomers is somewhat more complex, as illustrated in Figure 4.9. The α and α2
frequency maxima of SPS3.5-100Zn and SPS6.7-100Zn are not significantly different, but these
processes shift to lower frequencies for SPS9.5-100Zn, particularly α2. As the number density of
acid groups increases the average polymer segment length between aggregates is expected to
decrease as the average chain separation of acid groups decreases. As a result, the mobility of
these chains is expected to decrease resulting in the increase in relaxation time (Figure 4.9). This
effect is similar to the increase in Tg observed in rubbers as the segment length in between
crosslinking points decreases.31
The relative strengths of the α and α2 relaxations (Figure 4.10) change with degree of
sulfonation in the fully neutralized ionomers: α dominates at 3.5% sulfonation, α roughly equals
α2 at 6.7%, and α2 dominates at 9.5%. Since ϕRR increases with increasing degree of sulfonation
(Appendix B, Figure B1) as the number density of aggregates increases, the fraction of chains
participating in regions of restricted mobility increases, resulting in the relative increase in the
strength of α2.
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Figure 4.9: Sulfonation effects on the relaxation frequency of α and α2 for SPS3.5 (open
symbols), 6.7 (crossed symbols), and 9.5 (filled symbols) for unneutralized (black circles)
and 100% Zn neutralized (blue squares: α, red triangles: α2 ). Solid lines are fits to the VFT
equation.

Figure 4.10: Sulfonation effects on Δε of α and α2 for a) SPS3.5, b) 6.7, and c) 9.5 for
unneutralized (black circles) and 100% Zn (blue squares: α, red triangles: α2).

4.3.4

Maxwell Wagner Sillars Interfacial Polarization
In our previous work we identified the Maxwell Wagner Sillars interfacial polarization

process in dielectric spectra of SPS9.5 and SPS6.7, both of which were demonstrated to exhibit
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acid group aggregation.18 This relaxation arises from space charge accumulation at boundaries
between phases in an inhomogeneous media.32-33 It is also observed for the Zn neutralized
ionomers (Figure 4.10) and is highly sensitive to the degree of neutralization.

Figure 4.11: a) Derivative loss spectra at Tg + 80 oC and b) temperature dependence of the
MWS relaxation frequency (filled symbols) including fits to the VFT equation (solid lines)
and the relaxation frequency predicted from Equation 4.11 (dotted lines) for SPS9.5-0, 25,
50, 75, and 100Zn.
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In an attempt to understand the neutralization dependence of the MWS process, we apply
a simple composite model.32 The matrix and filler (aggregates) are assumed to have frequency
independent dielectric constants and conductivities (ε m, σm and εf, σf, respectively) yielding a
Debye - like relaxation process:

 *( )   '( )  i "( )    


1  i

(4.10)

where ε∞ is the high frequency limit of the real part (ε’) of the complex dielectric constant (ε*).32
Using the Debye approximation, the theoretical relaxation time of the MWS process can be
estimated using:

 MWS   0

1  n   m  n f  n  m   f  f
1  n   m  n f  n( m   f ) f

(4.11)

where ε0 is the vacuum permittivity, n is a shape factor, and φf is the volume fraction of filler
particles.32 A predicted relaxation time was calculated for our ionomers for the case where ε m =
εPS, σm is the experimental dc conductivity (see Appendix B, Figure B2), n = 1/3 (spherical shape
factor), and φf ≈ 0.05 (from Figure 4.6). The filler conductivity (σf) is assumed to be negligible in
the temperature range of the current experiments and the dielectric constant of the filler (ε f) is
calculated from the refractive indices (η) of H2SO4 and ZnSO434 for the acid and zinc ionomers,
respectively (ε = η2).
The temperature dependence of the dc conductivity and experimental relaxation
frequency of the MWS process follow a VFT temperature dependence with temperature
coefficients (B) which are within error (Appendix B Figure B2 and Figure 4.11b, respectively).
The predicted relaxation times from Equation 4.11 follow an almost identical temperature
dependence and are within a ½ decade of frequency of the experimental data (Figure 4.11b),
further supporting the origin of this process. The dielectric constants and filler fraction in
Equation 4.11 are kept constant and therefore changes in the relaxation time due to neutralization
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are dictated by the dc conductivity, which decreases with increasing neutralization owing to an
increase in Tg and reduced chain mobility discussed previously. The dielectric strength, discussed
in the Appendix B, is not predicted adequately by this simple model owing largely to the
assumption of zero conductivity in the filler particles.

4.4 Summary
The morphology and dynamics of Zn neutralized SPS ionomers were investigated by
integrating results from FTIR spectroscopy, STEM, X-ray scattering and dielectric relaxation
spectroscopy. X-ray scattering and STEM revealed spherical aggregates ~ 2nm in diameter. The
size of these aggregates was found to be independent to the extent of sulfonation and degree of
neutralization of these ionomers.

Successful fitting of the X-ray data to the Kinning-Thomas

modified hard sphere model further revealed that the number density of aggregates increased with
increasing sulfonation but only weakly with degree of neutralization, while the radius of closest
approach decreased with increasing sulfonation but increased with increasing neutralization. It
was interpreted that the aggregates are becoming more ionic with increasing neutralization. The
volume fraction of the aggregates and restricted region (assuming that the radius of the restricted
region is equal to the radius of closest approach) were determined from RA, RCA and Np values
extracted from the scattering model. These observations and calculations were critical in the
interpretations and calculations of dynamics from the DRS results.
Two segmental processes were observed, α and α2, which were ascribed to originate from
the relatively unrestricted matrix cooperative chain motion and the motion of chains near the
ionic aggregates. Both the α and α2 relaxation times increase with increasing neutralization level
(at 9.5% sulfonation) and with sulfonation level (at 100% neutralization). This increase is more
dramatic for α2 as the ionic aggregates become more ionic and the mobility of adjacent chain
segments is substantially reduced. Furthermore, the dielectric strength of the two segmental
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relaxations correlate well with the relative amounts of matrix and restricted regions as a function
of neutralization level and acid content. Additionally, a high temperature process was revealed
after removing the dc conductivity contribution to the loss. This process, which was also
observed in the precursor microphase-separated acid copolymers, was modeled as an interfacial
polarization process using a simple spherical model. The predicted relaxation times were found
to agree remarkably well with the experimental data.
The combination of experimental tools used in this study provides a highly reliable and
self-consistent interpretation of the morphology and dynamics of these complex polymers. In a
future manuscript the structure and dynamics of SPS neutralized with monovalent ions (Na and
Cs) will be detailed to further define the effect of ion type on the structure and dynamics of these
materials.
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Chapter 5
Influence of Cation Type on Structure and Dynamics in Sulfonated
Polystyrene Ionomers
5.1 Introduction
Ionomers, polymers containing ionic functionality, have been a significant research
focus over the past five decades.1 Their enhanced properties, such as toughness and moduli, over
their non – ionic counterparts make these materials attractive for a breadth of applications
including performance coatings, films, adhesives, and tough thermoplastic parts.1 This property
enhancement arises from the microphase separation of ionic species into aggregates due to strong
electrostatic interactions, which behave as thermoreversible crosslinks.1
Extensive investigation of the morphology of these ionic rich domains and resulting
mechanical and dynamic mechanical properties of these materials has been performed. 1-11
However, the fundamental connection between aggregate structure and molecular dynamics is not
well defined. Dielectric relaxation spectroscopy (DRS) is a powerful tool for probing molecular
dynamics and can reveal information about segmental chain motion, ion motion and polarization
processes.
In an effort to elucidate the correlation between ionic aggregate structure and dynamics,
we systematically investigated a model ionomer, sulfonated polystyrene (SPS), with varying
degrees of sulfonation and neutralization as well as neutralizing ion types, utilizing X-ray
scattering, scanning transmission electron microscopy, and DRS. In two previous publications
we discussed the effect of sulfonation on the structure and dynamics of SPS acid copolymers and
the influence of neutralizing these copolymers with zinc.12-13 In the current paper we examine the
role of neutralizing ion type (Na, Cs, and Zn) and discuss the effects of sulfonation and
neutralization on structure and dynamics of Cs- and Na-neutralized SPS.
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5.2 Experimental
5.2.1

Sample Preparation
Atactic polystyrene, purchased from Pressure Chemical (Mw = 123 kg/mol, PDI = 1.06),

was sulfonated according to a previously published procedure.12 SPS acid copolymers were
neutralized by dissolving in a 90/10 v/v mixture of toluene/methanol. A stoichiometric amount of
metal acetate (Na, Cs and Zn) was dissolved in a 50/50 v/v mixture of toluene/methanol and
added slowly into the gently agitated SPS solution to achieve different percentages of
neutralization. The reaction was held at 50 oC for 2 hours. In this publication the ionomers are
designated as SPSx-yM, where x is the mole percent of sulfonation (3.5, 6.7 or 9.5), y is the
percent neutralization (0, 25, 50, 75 and 100) and M is the neutralizing ion (Na, Cs or Zn). In
total, 23 polymers were studied and are listed in Table 5.1.

Table 5.1: Neutralization levels, degrees of sulfonation and neutralizing ion types
investigated.
% Sulfonation

% Neutralization
0

25

50

75

100

3.5

H

Zn, Na, Cs

Zn, Na, Cs

6.7

H

Zn, Na, Cs

Zn, Na, Cs

9.5

H

Zn

Zn, Na, Cs

Zn

Zn, Na, Cs

The neutralized ionomers were solvent cast at ambient conditions, air dried for 1-2 days,
and then dried under vacuum at 120 oC for at least 24 hours. Ionomers with T g around or above
120 oC (SPS6.7-yM and SPS9.5-yM) were further annealed at ~ Tg + 20 oC for another day. The
dried ionomer films were then hot pressed at 160 oC and used for X-ray scattering, STEM
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imaging, and dielectric spectroscopy. All materials were stored in vacuum desiccators prior to
characterization. Selected samples were sent to the Galbraith Laboratories for elemental analysis
to determine the percent neutralization. The results were consistent with the stoichiometric
neutralization levels within experimental error (<5%).

5.2.2

Thermal Analysis
Glass transition temperatures (Tg) were determined using a TA Instruments Q2000

differential scanning calorimeter (DSC). The response was measured over the temperature range
of 40 °C to 180 °C at a heating rate of 10 °C/min under a nitrogen flow of 50 mL/min. The T g
was taken as the inflection point in the DSC thermogram from the second heating scan.

5.2.3

Scanning Transmission Electron Microscopy
STEM specimens were sectioned from the solvent-cast, dried, and annealed ionomer

films at room temperature using a Reichert-Jung ultramicrotome with a diamond knife to a
nominal thickness of 30-50 nm. STEM experiments were performed using a JEOL 2010F field
emission scanning transmission electron microscope. High-angle annular dark field (HAADF)
STEM images were recorded using a 0.7 nm STEM probe and a 70 µm condenser aperture at an
accelerating voltage of 200 keV.

5.2.4

X-Ray Scattering
X-ray scattering experiments were performed with a multi-angle X-ray scattering

(MAXS) apparatus using Cu Kα X-rays generated from a Nonius FR 591 rotating-anode generator
operated at 40 kV and 85 mA. The bright, highly collimated beam was obtained via Osmic MaxFlux optics and triple pin-hole collimation under vacuum. The scattering data were collected
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using a Bruker Hi-Star multiwire detector with sample-to-detector distances of 11, 54, and 150
cm. Datasqueeze software was used to integrate the isotropic 2-D data into a 1D plot.14
The Kinning-Thomas model, discussed in Chapter 2, was used to quantify the scattering
data. The details of this fitting are reiterated here for convenience. The scattering data of the SPS
ionomers was fit to:

I  q   I KT  q   L1  q   L2  q   C

(5.1)

where IKT(q) is the scattering intensity defined by the Kinning-Thomas (K-T) modified hardsphere model10,

15

, L1(q) and L2(q) are Lorentzian functions used to fit the two polystyrene

amorphous halos in the wide angle region, and C is a constant used to account for the
instrumental background scattering, as previously reported.16

The scattering vector

q  4 sin( ) /  where 2θ is the scattering angle and λ is the X-ray wavelength.

5.2.5

Dielectric Relaxation Spectroscopy
Isothermal relaxation spectra were collected on samples 0.2 - 0.4 mm thick in a parallel

plate capacitor configuration using brass electrodes with a top electrode diameter of 20 mm.
Isothermal spectra were collected under nitrogen using a Novocontrol GmbH Concept 40 BDRS
spectrometer using a frequency range of 1mHz to 10 MHz on heating from 10 to 220 oC.
Methods for quantitative analysis of dielectric spectra are discussed in Chapter 2 and are
repeated here for convenience. Dielectric strength (Δε) and characteristic relaxation time (τHN)
were determined for each relaxation process by fitting the dielectric loss to the appropriate form
of the Havriliak Negami (HN) function:17-18

 *HN   



1  i

HN





a b

(5.2)

96
where a and b are shape parameters. The characteristic relaxation time is related to the frequency
of maximum loss (fmax) by:

 1   sin  a (2  2b)  



 2 HN   sin  ab (2  2b)   .
1/ a

f max

(5.3)

Above Tg, the contribution from ohmic conduction dominates the loss contribution (ε”),
potentially masking dipolar processes. The “conduction free” dielectric loss was determined
using the derivative method described in Chapter 2.12-13

5.3 Results and Discussion
5.3.1

Morphology
Spherical bright regions corresponding to Cs-rich ionic aggregates within a PS matrix of

lower average atomic number are observed in HAADF STEM images of the Cs-neutralized SPS
ionomers (Figure 5.1). The diameters of the aggregates were determined by the full width at half
maximum (FWHM) of the Gaussian functions fit to the intensity profiles taken across individual
bright features.19 Taking into account the extensive projection overlap in the STEM images and
the limit of instrumental resolution, STEM images indicate that the diameters of Cs ionic
aggregates are ~ 2 nm and are independent of sulfonation level. The size of the Zn aggregates, as
previously published, were ~2nm from STEM as well.13 For the Na-neutralized ionomers there is
insufficient contrast between the aggregates and matrix, therefore aggregate sizes are determined
by fitting the scattering data to the K-T modified hard sphere model.
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Figure 5.1: Representative HAADF STEM image of SPS9.5-100%Cs.

Representative scattering profiles for the SPS9.5-100%H, Zn, Na and Cs are shown in
Figure 5.2. Three isotropic maxima are observed: the polystyrene amorphous halo (~13 nm-1),
the polystyrene “polymerization peak” (~7 nm-1) 20, and the aggregate peak (1-2 nm-1). The K-T
modified hard sphere model was used to facilitate the interpretation of the aggregate peak. The
model assumes that this peak arises from interparticle scattering from monodisperse, spherical
aggregates homogeneously distributed in the polymer matrix of lower electron density. Four
variable parameters are utilized to characterize aggregation: the aggregate radius R1, the radius of
closest approach RCA, the number density of the aggregates Np, and the amplitude A of the
scattering maxima.10 The parameters 2R1, 2RCA, and Np are shown in Figure 5.3a and b as a
function of sulfonation level for 50 and 100% Na, Cs and Zn.
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Figure 5.2: Representative X-ray scattering intensity vs. scattering vector q for SPS9.5100%H (black diamonds), Zn (blue triangles), Na (red squares) and Cs (green circles).

Na, Cs and Zn aggregate diameters (2R1) are approximately independent of sulfonation
and neutralization, while RCA decreases slightly, and the number density of ionic aggregates (Np)
increases with increasing sulfonation (Figure 5.3a and b).

In studies of Cu(II)-neutralized

poly(styrene-co-methacrylic acid) (Cu-SMAA) ionomers21 and Zn-neutralized poly(ethylene-comethacrylic acid) (Zn-EMAA)22-23 the aggregate diameter (~1.5 nm for Cu-SMAA21 and ~2.5-2.8
nm for Zn-EMAA22) is similarly independent of neutralization level and acid content. This
suggests that ionic aggregate size is largely dictated by the chemistry of the polymer backbone
and the covalently bound counterion. Previous findings by Zhou et al. showed that there is a
weak correlation between the size of ionic aggregates and the radius of neutralizing cations in
SPS1.9-125%M (M = Na, Cs, Cu, Mg, Zn, Ba).10 We generally observe a very slight increase in
aggregate size with increasing ionic radii (ionic radii for Zn 2+, Na+, and Cs+ are 74, 102, and 167
pm respectively24), however, particularly at higher sulfonation levels, this difference is not
significant.
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Figure 5.3: a) 2R1 and 2RCA and b) Np for all sulfonation levels neutralized with Cs (green
circles) Na (red squares) and Zn (blue triangles) at 50 (open symbols) and 100% (filled
symbols).

The chain segments tethered to the aggregate by their anion experience reduced
conformational mobility in the so called “region of restricted mobility”, theorized by Eisenberg et
al.4, 25-26 Eisenberg et al. estimated the length scale of the region of restricted mobility to be on
the order of the persistence length of the polymer chain (~1 nm for PS), 25 which is on the order of
RCA - R1. The volume fractions of the region of restricted mobility (ϕRR) and aggregates (ϕA) can
be estimated using R1, RCA, and Np:
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(5.4)

(5.5)

ϕRR and ϕA are shown in Figure 5.4 as a function of sulfonation level for 50 and 100% Na, Cs and
Zn. The volume fraction of the aggregates increases only slightly with increasing sulfonation
level but, surprisingly, is not strongly affected by the neutralizing ion, despite the larger ionic
radius of Cs. The volume fraction of the restricted region increases slightly with increasing
sulfonation and neutralization.

Figure 5.4: Volume fraction of restricted regions and aggregates for three sulfonation levels,
neutralized with Cs (green circles) Na (red squares) and Zn (blue triangles) at 50 (open
symbols) and 100% (filled symbols). A dotted line is drawn to guide the eye through the
aggregate volume fraction values.

5.3.2

Segmental Dynamics
The segmental relaxation (α) arises from cooperative motion of chain segments and is

related to the glass transition. In our previous papers we observed that this relaxation is slowed
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by the addition of sulfonic acid groups and that two segmental relaxations, α and α2, are present in
the Zn-neutralized ionomers , corresponding to the motion of chain segments in the matrix and
those restricted by the presence of the aggregate, respectively.12-13 In the following sections, we
will discuss the role of ion type, percent sulfonation and degree of neutralization on segmental
motion.

Cation Effects On Segmental Dynamics:
The relaxation breadth, time and strength of the segmental relaxations of SPS ionomers is
highly dependent on counter ion type (Figure 5.5). While the Zn -neutralized form exhibits two
relaxations, the Na- and Cs-neutralized ionomers exhibit a single but very broad (6-7 decades in
frequency) segmental relaxation (Figure 5.5a and b).
It is important to note that the strength of the segmental relaxation arises primarily from
chain segments with acid or ionic functionality (-SO3H and –SO3M groups).

For SPS Zn

ionomers the presence of α and α2 indicate two distinct relaxing environments corresponding to
fast and slow segmental motion associated with chain segments in the matrix and close to the
ionic aggregates, respectively. The segmental relaxations of the Zn ionomer together span more
than 7 decades in frequency. For SPS Na and Cs ionomers, however, the relaxing environment is
diffuse with a single broad process also spanning 6-7 decades in frequency. This distinction
likely results from the divalent nature of the Zn cations that slows the chains in the regions of
restricted mobility more significantly than monovalent cations by directly crosslinking chains.
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Figure 5.5: a) Derivative loss spectra and b) derivative loss spectra normalized by the
maximum loss and relaxation frequency (lines are to guide the eye) for SPS-9.5 100%M,
where M is designated in the figure. Temperature dependence of c) relaxation frequency
(lines are fits to the VFT equation) and d) dielectric strength of α for SPS-9.5 H (diamonds),
Na (squares), Cs (circles) and α+α2 for Zn (triangles) at 50% (open symbols) and 100%
neutralization (solid symbols).

The maximum relaxation frequency and total dielectric strength of the α process (Figure
5.5c and d, respectively) are also influenced by ion type as well as degree of neutralization, which
was discussed extensively for SPS Zn in our recent publication.13 The relaxation frequency
follows a VFT temperature dependence:
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(5.6)

where T0 is the Vogel temperature, f0 is associated with vibration lifetimes27 and the temperature
coefficient B is related to the apparent activation energy ( Ea  BR / (1  T0 / T )2 ) 28.

The

dynamic Tg (Tref) is determined by extrapolating the VFT fit to τ = 100 s (f = 0.00159 Hz). Tref for
the α process is generally within error of the calorimetric Tg. (See Appendix C, Table C.1)

Role of Degree of Neutralization on Segmental Dynamics:
The dielectric strength is related to both the number density of dipoles and their dipole
moments by the Onsager equation:12, 29
2
1   s    2    2 N

g
 
3 0  3  2 s      kT V



(5.7)

where g is the Kirkwood Fröhlich correlation factor which takes into account the
orientational effects of short range interactions between molecules (g = μeff2/μo2, μeff and μo are the
condensed and gas phase dipole moments, respectively),30 N/V is the number density of sulfonic
acid and sulfonate – ion groups , εs and ε∞ are the low and high frequency limits of the dielectric
constant, and ε0 is the vacuum permittivity. For the acid copolymer precursors of these ionomers
we determined the ideal dielectric strength of the segmental relaxation for the limiting case where
all dipoles are contributing freely. From these calculations we concluded that the experimental
dielectric strength (~1 for SPS9.5-100H) is reduced from the limiting case (~2.5) by net
antiparallel interactions, namely the acid groups are associated with one another and thereby
reduce the dielectric strength.12
Δεα for the neutralized ionomers (Figure 5.5d) are clearly reduced from the acid form. If
all acid groups were contributing freely to the dielectric strength at 50% neutralization we would
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expect Δεα (Δεα+α2 for Zn) to be at least 1 for SPS9.5-50M, not including contributions from the
50% ionic species if all of the sulfonic acid groups are free to contribute to the dielectric strength
of the segmental process.12 The experimental strength, however, is just ~0.5 for Na ionomers and
0.7 for the Cs and Zn ionomers. This discrepancy between the expected and measured values is
likely due to a reduction in effective dipole moment arising from unneutralized acid groups
participating in ionic aggregates.
At 100% neutralization we expect all of the sulfonate moieties to participate in the ionic
aggregates, reducing their effective dipole moment due to dipolar cancellation. Therefore, upon
full neutralization, associations of the ionic groups are expected to decrease Δε α significantly,
however, this is clearly not the case. The total segmental relaxation strength decreases from 0.5
to 0.4 for Na and from 0.7 to 0.4 for Zn after complete neutralization, but that for the Csneutralized ionomer remains constant (at ~0.7); all of which are significantly higher than that of
PS (0.03). There are several possible sources for this unexpectedly high strength, including ionic
groups sterically excluded from the aggregates and a small fraction of residual unneutralized acid
groups in the matrix. In addition, as previously discussed for Zn-neutralized ionomers, it is likely
that localized motion of the sulfonate-ion groups within the aggregate contributes to the strength
of the segmental motion of slow chain segments near the aggregates. 13 The significantly higher
strength of the Cs-neutralized ionomer, in addition to a higher dipole moment, is likely due to
ionic group exclusion from the aggregate due to the bulky and weaker binding nature of the Cs
ion. The dipole moments for benzene-sulfonate coordinated with Li+, Na+, and K+ from ab initio
calculations are 5.7, 7.8, and 9.8 Debye, respectively.31 Due to the number of electrons in Cs+ the
same basis set could not be used. However, since Li, Na, K and Cs are all alkali metals, a first
order approximation of the dipole moment would be about 14 Debye for benzene-sulfonate
coordinated with Cs.
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In addition to a decrease in fmax , neutralization also has a significant effect on the shape of
the segmental processes. As noted earlier, the ionomers containing monovalent Na and Cs do not
exhibit a distinct slow α2 process, but there is a clear broadening effect of segmental process as
the ionomer is neutralized. This is shown at 6.7% sulfonation as a representative example in
Figure 5.6.
This broadening is rather symmetric and is more pronounced for SPS neutralized with Na
than Cs, likely due to the higher binding energy of the Na + compared to Cs+. A similar increase
in broadening and slowing of the α relaxation time and increase in symmetry is also observed
with increasing crystallization of semicrystalline polymers.32-33 The mobility restriction on chain
dynamics imposed by the ionic aggregates is comparable to the restrictions imposed by
crystalline regions.

Figure 5.6: Neutralization effect on the segmental process for SPS6.7 – y Na (squares) and
Cs (circles) at 0% (diamonds), 50% (open symbols), and 100% (filled symbols)
neutralization.
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Sulfonation Effects for Na-and Cs-Neutralized SPS:
The relaxation time of the segmental process slows systematically with increasing
sulfonation level for the neutralized ionomers (Figure 5.7a) and is not strongly dependent on ion
type for Na- and Cs-neutralized SPS. This is consistent with an increase in number density of
the ionic aggregates (Figure 5.3b) which physically crosslink the polymer. As the number of
crosslinks increases the segmental mobility is systematically reduced. This effect is expected and
has been observed in chemically crosslinked polymers.34-36 Additionally, the breadth of the
segmental relaxation also increases slightly with sulfonation (see Appendix C, Figure C.1).
The dielectric strength of the segmental process generally increases with increasing
sulfonation and does not have a significant temperature dependence. For the Na-neutralized
ionomers Δε increases from ~0.2 to 0.4 for 100% Na (Figure 5.7b) and from ~0.2 to 0.6 for 50%
Na (not shown) as the sulfonation level increase from 3.5 to 9.5 mol%. The strength of the Cs
ionomers is slightly higher (~0.3 to 0.7 at 100% Cs, Figure 5.7b, and ~0.3 to 0.8 at 50%
neutralization) over the same sulfonation range. At 100% Cs neutralization, an increase in Δε
with temperature is observed at the higher sulfonation levels, which suggests that some ionic
groups are released from the aggregates and are free to contribute to the strength of this process at
higher temperatures for the fully Cs-neutralized ionomers.
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Figure 5.7: a) Segmental relaxation frequency maxima and b) dielectric strength for SPS3.5
(black symbols), 6.7 (red symbols), and 9.5 (blue symbols) neutralized with Cs (open circles)
and Na (closed squares) at 100% neutralization.

5.3.3

High Temperature Relaxation Processes
The high temperature relaxation phenomena for the neutralized ionomers, revealed after

removal of the conductivity contribution, is distinct for each ion type. For the acid copolymers,
two relaxations due to Maxwell Wagner Sillars (MWS) interfacial polarization and association /
dissociation dynamics of hydrogen bonds (α*) were observed.12 A single high temperature

108
relaxation, attributed to MWS interfacial polarization, was observed for the Zn-neutralized
ionomers, which shifted with increasing neutralization to lower frequencies.13
For 50% Na-neutralized SPS, two relaxation processes are also observed at similar
frequencies and temperatures as the relaxations in the acid form, and very likely have the same
origin. At 100% Na neutralization no high temperature relaxations are observed – likely because
they are shifted to lower frequencies and higher temperatures than our measured experimental
range (see Appendix C, Figure C.2).
For 100% Cs-neutralized ionomers two overlapping relaxations are evident at 6.7 and
9.5% sulfonation (Figure 5.8).

The strength of these processes is too low for electrode

polarization to be a possible origin. The relaxation at intermediate frequencies, roughly 4 decades
slower than the α process, is observed for SPS6.7 and 9.5-100Cs (Figure 5.8) and shifts to higher
frequencies and increases in strength with degree of sulfonation (0.1 to 1 for SPS6.7 and SPS9.5100Cs, respectively; data not shown) corresponding with an increase in aggregate number density
(Figure 5.3b).

Maxwell Wagner Sillars interfacial polarization is the likely origin for this

process, as it corresponds with the dc conductivity plateau and follows a similar temperature
dependence. However, due to the limited number of temperatures at which this process is visible
and the uncertainty in fitting, definite assignment is not possible.
The stronger lower frequency relaxation process observed in the Cs ionomers (5-6
decades lower in frequency than α) follows an Arrhenius temperature dependence in the
temperature range it is observed in and is only slightly dependent on neutralization and
sulfonation levels (Figure 5.9a). MWS is an unlikely origin of this process, as previous findings
for unneutralized and Zn-neutralized SPS revealed that the MWS relaxation frequency was
dependent on sulfonation and neutralization and had a VFT temperature dependence. 12-13 This
process likely arises from inter-aggregate ion hopping, analogous to hydrogen bond association/
disassociation dynamics (α*). This is supported by the activation energies of this process, 160 to
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240 kJ/mol, which are in the range of the ion hopping activation energy measured from rheology
experiments by Eisenberg et. al. for Na-neutralized SPS.4 The activation energy of this process
increases with increasing sulfonation, consistent with the observation by Eisenberg et al. 4 and is
likely associated with the increase in Tg.

Figure 5.8: Conduction free dielectric loss vs. frequency for 100% Cs-neutralized SPS
ionomers at 3.5 (black circles) 6.7 (red triangles) and 9.5 % (blue squares) sulfonation.

The relaxation frequency and strength of this process was found to increase slightly with
increasing sulfonation (Figure 5.9a and b). Increasing the neutralization level from 50 to 100%
Cs, however, decreased the relaxation frequency slightly and lowered the strength by roughly an
order of magnitude (Figure 5.9a and b).

At 50% neutralization there is likely a strong

contribution to the strength of this process from association dynamics of hydrogen bonded acid
groups as is observed in the acid copolymers and is discussed in a previous publication.12
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Figure 5.9: a) Relaxation frequency fit to the Arrhenius equation (solid lines) and b)
dielectric strength of the α* process for SPS3.5 (black circles) 6.7 (red triangles) and 9.5
(blue squares) neutralized with Cs at 50% (open symbols) and 100% (filled symbols).

5.4 Summary
The morphology and dynamics SPS ionomers neutralized with Na, Cs and Zn cations
were investigated using STEM, X-ray scattering and dielectric relaxation spectroscopy. Ionic
aggregates size (~2nm in diameter) was found to be independent of the extent of sulfonation and
degree of neutralization and was not strongly influenced by ionic radius. The volume fraction of
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the aggregates and restricted region, determined from the K-T fit parameters R1, RCA and Np, were
found to increase with increasing sulfonation.
SPS ionomers neutralized with monovalent Na and Cs cations exhibit one very broad
segmental process with relaxation times and strengths are highly dependent on degree of
sulfonation and neutralization, whereas Zn-neutralized SPS exhibited two distinct segmental
processes due to the direct crosslinking effect of the divalent ion. Increasing neutralization from
50 to 100% results in a slowing down of the segmental relaxation time and an increase in
relaxation breadth. In addition, the segmental process slowed systematically with increasing
sulfonation due to the increased number density of aggregates acting as physical crosslinks.
At high temperatures, the derivative formalism facilitated observation of two high
temperature relaxations for fully-neutralized Cs ionomers. These relaxations likely arise from
Maxwell-Wagner-Sillars interfacial polarization and ionic association / disassociation dynamics
likely arising from inter-aggregate ion hopping. The high temperature relaxation phenomena for
fully Na-neutralized SPS were shifted out of the observed temperature/frequency window – likely
due to the higher binding energy of the Na ion.
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Chapter 6
The Role of Hard Segment Content on the Molecular Dynamics of
Poly(tetramethylene oxide) Based Polyurethane Copolymers
6.1

Introduction
Segmented polyurethane (PU) copolymers are used extensively in applications ranging

from foams and coatings to medical devices. These polymers can be synthesized from a wide
variety of isocyanates, diol or diamine chain extenders, and macrodiols, using convenient
addition polymerization methods. The nature of the polymerization generally yields ‘hard’
segments with a rather broad distribution of sequence lengths. Consequently, polyurethane
microphase separation and chain dynamics are quite complex as compared to diblock and triblock
copolymers, in which the blocks have well-defined lengths and narrow polydispersity.
Understanding the relationships between chemistry, morphology, and molecular dynamics is
necessary in order to tailor material performance.
Depending on the block length, hard segment content, and chemical compatibility
between the soft and hard segments, one can obtain polyurethane structures ranging from
homogeneous to strongly phase separated.1 Typically, the phase-separated structure consists of
glassy (potentially crystalline) hard domains, and an amorphous soft phase having a relatively
low glass transition temperature (Tg).2 The hard domains serve as physical crosslinks in the soft
matrix, leading to mechanical properties characteristic of elastomers for materials with relatively
low hard segment contents.3 A significant number of studies have been carried out to understand
the extent of microphase separation in PUs4-11 and its effect on properties. The molecular mobility
of the polyurethane is strongly dependent on both the degree of phase separation, which
determines the composition of hard and soft domains, as well as the size and connectivity of the
hard domains.12-15
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Poly(tetramethylene oxide) (PTMO) is a commonly-used soft segment in polyurethanes
due to its availability and well-characterized reactivity in polyurethane synthesis. The objective of
the present study is to investigate the effect of hard segment content on the molecular dynamics
of a series of well-defined PTMO-based segmented polyurethanes, where the concentration of
4,4’-diphenylmethane diisocyanate (MDI) – 1,4-butanediol (BDO) hard segments is varied.
Because of the complexity of these materials (multi-component, multi-phase systems with
temperature

and

thermal

history-dependent

microstructure),

complete

microstructural

characterization is necessary in order to interpret the dynamics. To this end, the same PTMO soft
segment PUs with the identical thermal history were used in the present study as were extensively
characterized by Hernandez, et al.11 Their key microstructural characteristics are summarized in
the initial portion of the Results and Discussion section. Although characterization of segmented
polyurethanes using dielectric spectroscopy has been reported,16-19 the present work is the first
time that the dynamics have been investigated on PUs where all of the important details of the
microstructure are known.

6.2 Experimental
6.2.1

Materials
The series of segmented PUs were synthesized using an oligomeric poly(tetramethylene

oxide) (Mw = 1000), 4,4’-diphenylmethane diisocyanate and 1,4-butanediol using a two step
polymerization process by AorTech Biomaterials (Scoresby, QLD, Australia). PTMO-PU
copolymers having four different hard segment contents (32.5, 40, 45 and 52 wt%) were
investigated. This reaction produces a distribution of hard segment sequence lengths.

The

average sequence length and distributions are reported in Reference 11 and are calculated
according to the method by Peebles.11,

20

Films were cast from a solution of the appropriate
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polymer in N,N-dimethylacetamide (DMAc, Biolab Australia, minimum 99% purity) and heated
at 328 K for 16-18 hours, followed by drying under vacuum at 313 K for another 24 hours.

6.2.2

Thermal Analysis
A thorough analysis of the thermal transition behavior is provided in Reference 11. Glass

transition temperatures (Tg) were reanalyzed using a Seiko 220 differential scanning calorimeter.
The response was measured over the temperature range of -90 °C to 100 °C at a heating rate of 10
°C/min under a nitrogen flow of 50 mL/min. The soft phase Tg was taken as the inflection point
in the DSC thermogram from the first heating scan to be consistent with the thermal history of the
DRS measurements. A hard phase Tg, expected to occur at ~110 oC, was not observed due to the
broad endothermic behavior in this temperature region.11

6.2.3

Broadband Dielectric Relaxation Spectroscopy (DRS)
Samples 0.1 - 0.2 mm thick were sandwiched between brass electrodes with a top

electrode diameter of 2 cm in a parallel plate capacitor configuration. Isothermal relaxation
spectra were collected under nitrogen using a Novocontrol GmbH Concept 40 DRS spectrometer
from 0.01 Hz to 10 MHz on heating from -120 to 200 oC.
Analysis of dielectric spectra is discussed in detail in Chapter 2. Relevant details are
reiterated here for convenience. Dielectric relaxation strength (Δε) and characteristic relaxation
time (τHN) were determined for each relaxation process by fitting the dielectric loss to the
appropriate form of the Havriliak Negami (HN) function:

 *HN   





1   i HN  



a b

(6.1)
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where a and b are shape parameters where 0 ≤ a, ab ≤ 1. The characteristic relaxation time is
related to the maximum frequency of maximum loss by:

 1   sin  a (2  2b)  



 2 HN   sin  ab (2  2b)   .
1/ a

f max

(6.2)

Above Tg, the contribution from ohmic conduction arising from ionic impurities
dominates the dielectric loss (ε”), potentially masking dipolar processes.

This conduction

contribution is not manifested in the real part of the dielectric response (ε’) and using a numerical
approach one can approximate the “conduction free” loss from ε’. We chose to apply the
straightforward derivative method to achieve this, where the ohmic-conduction-free loss is
determined from the logarithmic derivative of the dielectric constant:21-22

 "D  

  '( )
2 lnω

(6.3)

Wübbenhorst et al. have shown that this method is a very good approximation of the
“conduction-free” loss for relatively broad loss peaks like those observed here, while narrow
peaks appear much narrower in ε”D than in ε”.22 The appropriate derivative form of the HN
function was used to fit processes resolved by this method.22

6.3 Results and Discussion
As noted earlier, the PTMO-PU copolymers under investigation are identical to those
extensively characterized in an earlier publication, as is their thermal / process history. 11 In
summary, discrete phase separated hard domains (~10 nm in size) were observed for each
PTMO-PUs using tapping mode atomic force microscopy (AFM), see Figure 6.1 for a
representative AFM phase image. No hard segment crystallinity was detected in any of the
copolymers using wide-angle X-ray diffraction.
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Figure 6.1: AFM phase image of PTMO-PU (HS 40%) from Ref. 11 at tapping force rsp =
0.85. Scan size: 500 x 500 nm2, phase scale: 20o

Degrees of hard / soft segment demixing were quantified by using absolute scattering
intensities from small-angle X-ray scattering (SAXS) experiments and the general model of
Bonart and Müller which is discussed in detail in Section 2.1.2.23 The degree of microphase
separation in this approach is determined as the ratio of the experimental variance (scattering
intensity) to the hypothetical completely phase separated value.

Degrees of microphase

separation for these and other similar PU copolymers are relatively low and segregation of hard
and soft segments is rather incomplete.

In the work published in Ref 11, the degrees of

microphase separation were found to be ~0.30 for PTMO-32.5 and 40 and 0.35 for PTMO-45,
consistent with the expectation of greater phase separation as mean hard segment length
increases. However, kinetic constraints on segment demixing are known to be important for PU
copolymers having higher hard segment concentrations.24-25 Such an effect was observed for
PTMO-52 in Ref 11 in which the degree of microphase separation for PTMO-52 was determined
to be rather small compared to the other PU-PTMO copolymers investigated in that study, 0.16.
Since approximately 18 months had passed since the earlier study and the dielectric
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measurements reported herein, we were concerned that aging might result in an increase of phase
separation during this time interval. SAXS experiments were consequently redone on the PTMO45 and PTMO-52 copolymers. The degree of phase separation for PTMO-45 was identical within
experimental uncertainty to that reported in Ref 11. However, the measured SAXS invariant was
found to be more than a factor of two larger for PTMO-52 at the time of the DRS experiments
reported here, and corresponds to a degree of phase separation of 0.36. This is entirely consistent
with the measured dielectric relaxation behavior reported in this Chapter.
Five relaxations are observed in dielectric loss spectra of all copolymers (see Figure 6.2
for an example): local glassy state motions (γ and β), segmental motion of the soft phase (α), an
additional low-frequency relaxation (process I), and Maxwell –Wagner – Sillars interfacial
polarization (MWS).

Figure 6.2: Frequency and temperature dependence of the conduction free dielectric

loss for the PTMO copolymer containing 32.5% MDI–BDO hard segments.
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6.3.1

Glassy State Motions
The γ process is observed in the spectra of all PTMO-PU copolymers and arises from a

local relaxation observed in the glassy soft phase associated with crankshaft motions of the ether
oxygen containing segments.26 It has an activation energy of 43 kJ/mol. The small, slower local
process, β, with an activation energy of about 65 kJ/mol, is associated with reorientational
motions of water molecules, and is present in a wide variety of water-containing systems.27-30 For
the case of hydrated polymers, the relaxation is also likely to involve local motions of the
polymer chain segments where the water molecules are attached. Although the PUs were well
dried prior to measurement, some residual water remains because of the strong interaction
between the water molecules and the polar hard segments and ether linkages of the PTMO chain
segments.
The relaxation times of the γ and β processes are not significantly affected by hard
segment content (Figure 6.3a). The strength (Figure 6.3b) of the γ process decreases with
increasing hard segment content, in keeping with the reduction in the PTMO content in the
copolymers. The 52% hard segment content sample has a lower strength than anticipated from
the trend in the lower hard segment content materials; the origin of this discrepancy is unclear.
The strength of the β process also decreases, indicating less residual water for the more highly
phase-separated higher hard segment copolymers.
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Figure 6.3: a) Frequency maxima and b) dielectric relaxation strengths of the γ (solid

symbols) and β (open symbols) local relaxations.

6.3.2

Soft Phase Segmental Motion and the “I” process
At intermediate temperatures, two relaxation processes are observed: an  relaxation,

associated with cooperative segmental motion of the soft segment – rich matrix, and the I process
which as will be described below is associated with the hard segments. The I process appears as a
high temperature / low frequency shoulder off of the process and is most clearly visible in the
temperature domain (Figure 6.4), its strength relative to that of  relaxation increases with
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increasing hard segment content. Due to the overlap of the two processes, two HN functions are
used to curve resolve these processes in the frequency domain.

Figure 6.4: Dielectric loss as a function of temperature showing the γ, α, and I processes at
104 Hz.

As hard segment content increases, the strength of the soft phase process decreases as
expected (Figure 6.5c), and its breadth increases significantly (as does the interval associated with
the change in heat capacity in DSC experiments, not shown): the HN parameter a decreases from
~0.45 to 0.2 with increasing hard segment content. This is most apparent when the process is
normalized by the frequency and loss maxima (Figure 6.5a). This demonstrates that segments in
the soft phase are relaxing in an increasingly heterogeneous manner. A reduction in strength,
broadening, and slowing of the segmental relaxation is commonly observed for semi-crystalline
polymers as crystallinity increases; the influence of the hard domains on the segmental dynamics
of these (amorphous) polyurethane copolymers is analogous to that of crystalline lamellae in
semi-crystalline systems.31-32
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Figure 6.5: a) Dielectric loss normalized by ε”Max and fMax, b) Arrhenius plot of the α (solid
symbols) and I (open symbols) processes with VFT and Arrhenius fits, respectively, c) and
d) dielectric relaxation strengths of the α and I processes, respectively.

The maxima of the  processes Figure 6.5b)shift to somewhat lower frequencies with
increasing hard segment content and follow a VFT temperature dependence:

 B 
f  f 0exp 

 T  T0 

(6.4)

where To is the Vogel temperature, f0 is associated with vibration lifetimes33 and is fixed to 1.59 x
1011 Hz (0 = 10-12 s) to reduce fitting uncertainties. The temperature coefficient B is related to the
apparent activation energy (

)21 and fragility.

The Tg (Tref) can be

estimated from the segmental relaxation by extrapolating the VFT fit to τ = 100 s (Table 6.1).
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Tref increases rather modestly with increasing hard segment content, as does the T g determined
from DSC experiments, and Tg and Tref are in good agreement for each copolymer within
experimental error.

Table 6.1: Calorimetric Tg and extrapolated Tg (Tref) from DRS
Tg (DSC) Tref (at τ=100s)
±3 oC
±5 oC
HS 32.5%

-45

-48

HS 40%

-44

-44

HS 45%

-43

-38

HS 52%

-35

-39

One would expect a hard domain α process (αhard) to be observed in the DRS spectra,
particularly in ε”der spectra in which losses arising from impurity ion conduction (which increases
the loss significantly above the soft phase α process) are removed from the spectra. The I process
is not associated with segmental motion in hard domains however: it is observed at frequencies 34 decades lower than the segmental relaxation, but follows an Arrhenius temperature dependence
in the measured frequency range with an activation energy of about 70 kJ/mol. The frequency
maximum of this relaxation is independent of hard segment content. Overlap of the I and soft
phase α processes leads to some uncertainty in the fitted relaxation strengths, particularly the
lower intensity I process. The fitted process I strengths for three of the copolymers are
approximately the same, although those for PTMO-45 are somewhat greater than the others
(Figure 6.5d). As will be described in the next section, a strong MWS relaxation is observed at
temperatures above the I process, and it is likely that αhard is obscured by the MWS relaxation.
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A relaxation similar to process I has been observed for PTMO-based polyurethane
networks and attributed to cold crystallization of the PTMO soft segments,17, 34 but this is not the
origin in the present case since 1000 molecular weight PTMO soft segments are too short to
crystallize in the PUs under investigation.11 Another possibility is slow segmental motion of soft
segments tethered at the boundaries of the hard phase, with restricted mobility. A similar process
has been proposed in other microphase separated PTMO based polyurethanes34 as well as in
strongly aggregated Zn neutralized sulfonated polystyrene ionomers 35. However, in some recent
dielectric experiments, process I is observed at the same temperature/frequency position and with
similar relaxation strength for MDI – BDO hard segment polyurethanes containing soft segments
with widely varying chemistry36 (e.g. polyether, poly(1,6-hexyl 1,2-ethyl carbonate) and
predominately poly(dimethylsiloxane), making slow segmental motion of the soft phase an
unlikely origin.
Another possibility for the origin of this process is the association/ disassociation
dynamics of hydrogen bonds (α*). α* is typically observed ~ 3-5 decades below the segmental α
process37-39 with a strength of ~0.4 for urazole modified polybutadiene.37 The strength of this
process generally decays with temperature as the number of association contacts decreases due to
a reduction in the number of hydrogen bonded contacts at high temperatures.37 The temperature
dependence of the α* relaxation, however, is expected to be VFT37-39 and has been shown to be
coupled with segmental relaxation,38 therefore, this interpretation is also unlikely.
Given the Arrhenius temperature dependence and relatively large activation energy, we
can propose that process I is associated with local reorientations of the strongly H-bonded hard
segment species within the hard domains. The decrease in strength of this process with increasing
temperature can likely be attributed to the gradual release of constraints (hydrogen bonds between
the hard segments).
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6.3.3

Maxwell-Wagner-Sillars Interfacial Polarization
In heterogeneous materials with regions having different dielectric permittivity or

conductivity, interfacial polarization occurs due to accumulation of charges at the interfaces.40-42
The accumulating charges behave similarly to a macroscopic dipole, giving rise to a dielectric
loss peak (Maxwell-Wagner-Sillars (MWS) polarization). The MWS process appears in the
frequency range of the loss dominated by dc conductivity of ionic impurities in soft phase. To
resolve this process, the derivative formalism is applied, revealing a maximum in ε” D. The
frequency maxima and dielectric relaxation strength of the MWS process are shown in Figure 6.6
as a function of temperature. fmax and Δε depend on the ‘contrast’ between the soft matrix and
hard domains, i.e., the difference between their respective dielectric constants and conductivities,
as discussed in Section 2.2.2.
At low temperatures, ΔεMWS exhibits large values (60-100), which are in the usual range for
interfacial polarization of multiphase polymer systems.43-44

On heating, ΔεMWS gradually

decreases (or in the case of 52% hard segment – remains approximately constant) for several 10s
of degrees, and then decreases rapidly. For some of the identical copolymers, we demonstrated
previously (using temperature dependent synchrotron small-angle X-ray scattering) that these
MDI-BDO-PTMO polyurethanes undergo phase mixing at elevated temperatures, signaled by a
decrease in scattered intensity and finally the disappearance of the small-angle scattering peak.45
This is a gradual process, taking place over a few tens of degrees.
A complex and broad endotherm is also observed in DSC measurements in the same
temperature range, associated with phase mixing.11,

36

The temperature dependence of ΔεMWS

mirrors rather closely the behavior of the total scattered intensity in SAXS measurements.
Therefore, it is possible to follow in detail the evolution of phase mixing using relatively simple
dielectric measurements. The sharp drop off in strength shifts to higher temperatures with
increasing hard segment content and is very consistent with the end of the microphase mixing
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transition determined from the high temperature DSC endotherm by Hernandez et. al. (indicated
by the dotted lines in Figure 6.6b).11 This temperature shift is what is expected for higher hard
segment copolymers: higher temperatures are required to solubilize the longer mean hard segment
lengths in higher hard segment PTMO-PUs.

Figure 6.6: Temperature dependence of a) the frequency maxima of the MWS

process and b) the dielectric relaxation strength with the end of the microphase
mixing transition from DSC11, indicated by dotted vertical lines.
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6.4 Summary
Dielectric spectra of well-characterized MDI – BDO – PTMO polyurethane multiblock
copolymers exhibit five dipolar relaxation processes. Of particular interest are the three that are
observed at higher temperatures. The soft phase segmental relaxation is strongly affected by
changing hard segment content, akin to the role of increasing crystallinity in semi-crystalline
polymers. Its strength is reduced and the relaxation broadens considerably with increasing hard
segment fraction, demonstrating that the relaxing segments in the soft phase exist in an
increasingly heterogeneous environment. The so-called process I, observed as a high temperature
shoulder off of the segmental process, likely originates from local reorientations of the strongly
hydrogen bonded segments in hard domains, in keeping with its Arrhenius temperature
dependence and relatively large activation energy.

A Maxwell-Wagner-Sillars interfacial

polarization process is observed at the highest temperatures, its strength decreasing with
increasing temperature, tracking quite well with previous observations on hard / soft phase
mixing from temperature dependent SAXS40 and DSC.11 The strength of the MWS process is
demonstrated to provide a rather sensitive indicator of the microphase mixing process.
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Chapter 7
The Role of Soft Segment Molecular Weight on Microphase Separation
and Dynamics in Bulk Polymerized Poly(tetramethylene oxide) Based
Polyureas
7.1 Introduction
Due to their energy absorption capabilities and application as coatings to prevent ballistic
penetration and fracture of steel plates and laminate armor,1-3 polyureas have been identified as
candidate helmet suspension pad materials to mitigate shock wave energy and prevent mild
traumatic brain injury (mTBI).4 In recent simulations polyureas have been shown to more
effectively dampen blast loadings at high peak stresses than a conventional ethylene vinyl acetate
(EVA) foam.4 The mechanism of energy absorption in these materials, however, is not well
understood. It has been proposed that a high strain rate induced glass transition of the polymer is
associated with energy dissipation.5-6
In addition to uncertainty in the mechanisms underlying the energy absorption
phenomena, the structure – property relationships in this class of material are also not well
defined. Similar to polyurethanes, polyureas consist of a low T g “soft” segment and a high Tg
“hard” segment, which tend to microphase separate into hard and soft phases. While this phase
segregation behavior has been extensively studied in polyurethanes and urethane-ureas,7-15
fundamental studies on polyureas are rather limited.16-18
The role of poly(tetramethylene oxide) (PTMO) soft segment molecular weight on the
phase separation behavior and resulting dynamics in a series of polyureas polymerized from the
bulk using a modified methylene diphenyl diisocyanate (mMDI) hard segment. Investigations
into the dynamics and high strain rate mechanical properties have been performed on a single
polyurea chemistry (PTMO and mMDI).19-21 It is unclear from these results what role chemistry
and phase separation play in determining the properties of polyurea.

The goal of this
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investigation is to elucidate the connections between molecular structure, morphology and
polymer dynamics to facilitate the chemical design of polyureas.

7.2 Experimental
7.2.1

Sample Preparation
Polyureas were prepared in the bulk from poly(tetramethylene oxide di-p aminobenzoate)

(Versalink® , Air Products) and a uritoneimine modified diphenylmethane diisocyanate (Isonate
143L, Dow). Chemical structures for the reactants are provided in Figure 7.1) The available
Versalink® family from Air Products was investigated (P1000, P650 and P250) where 1000, 650,
and 250 refer to the molecular weight of the PTMO repeating units. The materials herein will be
referred to by their Versalink® component trade name.

Figure 7.1: Chemical structures for Versalink diamine (where n = 13, 9 and 3 for P1000,
P650 and P250 respectively) and Isonate 143L MDI.
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The components were degassed for >5 hours, mixed under ambient conditions, and
degassed again for 1-2 minutes prior to coating on Teflon sheets using a film applicator to control
thickness. Films (~0.3 and 0.7 mm thick) were cured under ambient conditions for ~48 hours
then were transferred to a desiccant box (<30% RH) and were cured for an additional 14 days
prior to testing, according to the procedures recommended by Air Products.22 For P250 a cure
time of 100 oC for 24 hours is recommended. An additional P250 sample was post-cured at this
condition after an initial 24 hrs at room temperature. Due to surface quality of the post-cured
sample, DRS and AFM could not be performed.

7.2.2

Thermal Characterization
The thermal response of the polyureas was characterized using a Seiko 220 differential

scanning calorimeter. The response was measured over a temperature range of -90 °C to 240 °C
at a heating and cooling rate of 10 °C/min under a nitrogen flow of 50 mL/min. The soft phase Tg
was taken as the inflection point in the DSC thermogram from the first heating scan to be
consistent with the thermal history of the DRS measurements.

7.2.3

Atomic Force Microscopy
The surface morphology for the P650 and P1000 films was characterized using a Digital

Instruments Multimode AFM in tapping mode.

7.2.4

X-ray Scattering
Wide-angle X-ray diffraction (WAXD) patterns were collected using a Rigaku

DMAX/Rapid micro-diffractometer in transmission using a copper point focused source (0.154
nm) at 50 kV and 40 mA. Small-angle X-ray scattering was performed with a Molecular
Metrology SAXS using Cu Kα radiation (λ = 0.154 nm) a 2-D multi-wire detector at sample-to-
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detector distance of 1.5 m.

Absolute intensities were calculated using a pre-calibrated

polyethylene secondary standard (S-2907).23
The degree of microphase separation was quantified from the SAXS profiles using the
method proposed by Bonart and Müller11 using the ratio of the experimental to a theoretical
electron density variance calculated for complete segment demixing. This approach has been used
extensively for polyurethanes and polyurethane-ureas.7,

13-15

The details of this analysis are

discussed in Chapter 2, but are repeated here for convenience. The theoretical electron density
variance ( c2 ) is calculated from

c2  hsss (hs ss )2

(7.1)

where ϕhs and ϕss are the volume fractions and ηhs and ηss are the electron densities of the hard and
soft segments, respectively. It is important to note that the urea linkage and the benzene ring and
carbonyl linkage on the Versalink diamine reactant are considered as part of the hard segment and
the soft segment is comprised only of PTMO. The experimental variance (  2 ' ) is calculated
from the total scattering intensity or invariant (Q) using the background and absolute intensity
corrected SAXS intensities,


 2 '  cQ  c  [ I (q)  I b (q)]q 2 dq
0

(7.2)

where q is the scattering vector and c is a constant given by,

c

1
 1.76 1024 mol2 / cm2
2
2 ie N A
2

(7.3)

where ie is Thompson’s constant for the scattering from one electron (7.94 x 10-26 cm2) and NA is
Avogadro’s number. The experimental variance is reduced from the ideal case due to diffuse
phase boundaries and intersegment mixing. Therefore, the ratio of the experimental to the ideal
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variance (  2 ' / c2 ) yields a value between 0 and 1, ranging from complete mixing to
complete phase segregation.

7.2.5

Fourier Transform Infrared Spectroscopy- Attenuated Total Reflectance (FTIR –

ATR)
FTIR spectra were collected using a Nicolet 6700 FTIR spectrometer (Thermo Scientific)
fitted with a diamond ATR cell. 100 scans with a resolution of 2 cm-1 were signal averaged.

7.2.6

Dynamic Mechanical Analysis (DMA)
Dynamic mechanical analysis was performed using TA-Q800 DMA in tension at a

frequency of 1Hz using a heating rate of 3 oC/min.

7.2.7

Broadband Dielectric Relaxation Spectroscopy (DRS)
It has been shown that dielectric spectra of polyureas are highly sensitive to water

content, and drying can occur in the inert environment of the experiment.24 To minimize changes
in moisture content during DRS measurements, films were dried overnight under vacuum at room
temperature. A parallel plate capacitor configuration was used where samples ~0.3-0.4 mm thick
were sandwiched between brass electrodes with a top electrode diameter of 2 cm. A Novocontrol
GmbH Concept 40 DRS spectrometer was used to collect isothermal relaxation spectra from 0.01
Hz to 10 MHz on heating from -120 to 240 oC under a nitrogen environment.
The analysis of dielectric spectra is discussed in Chapter 2, and is repeated here for
convenience. Dielectric relaxation strength (Δε) and characteristic relaxation time (τHN) were
determined for each relaxation process by fitting the dielectric loss to the appropriate form of the
Havriliak Negami (HN) function:

137

 *HN   



1  i

HN



(7.4)
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where a and b are shape parameters and 0 ≤ a, and a, ab ≤ 1. The characteristic relaxation time is
related to the frequency of maximum loss by25:

 1   sin  a (2  2b)  



 2 HN   sin  ab (2  2b)   .
1/ a

f max

(7.5)

Above Tg, the contribution from ohmic conduction arising from ionic impurities
dominates the dielectric loss (ε”), potentially masking dipolar processes.

This conduction

contribution is not manifested in the real part of the dielectric response (ε’) and using a numerical
approach one can approximate the “conduction free” loss from ε’. We chose to apply the
straightforward derivative method to achieve this, where the ohmic-conduction-free loss is
determined from the logarithmic derivative of the dielectric constant:25-26

 "D  

  '( )
2 lnω

(7.6)

Wübbenhorst et al. have shown that this method is a very good approximation of the
“conduction-free” loss for relatively broad loss peaks like those observed here, while narrow
peaks appear much narrower in ε”D than in ε”.25 The appropriate derivative form of the HN
function was used to fit processes resolved by this method.25

7.3 Results and Discussion
7.3.1

Morphology
Tapping mode AFM reveals that P1000 and P650 self-assemble into a remarkable

nanoscale ribbon like morphology (Figure 7.2a and b). The hard domains in these polyureas are
assumed to contain only hard segments, similar to polyurethanes. The hard domains in the P650
polyurea appear to be slightly larger and coarser (~5-10 nm in diameter, ~100nm in length for
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P1000 and ~10-15 nm in diameter ~70 nm in length for P650). It should be noted that polyureas
prepared from solution have significantly different domain morphology due to the kinetic
restrictions imposed due to bulk polymerization.27 The hard domains in solution polymerized
polyurea based on Isonate 143L are ribbon like but are much shorter, while those of a polyurea
based on 4,4’ MDI are coarse and ellipsoidal, revealing both the significant role of preparation
conditions of these materials as well as hard segment modification.27 Quantitative analysis of the
scattering maxima from SAXS further reveals details of the microphase separation characteristics.

a) P1000

b) P650

Figure 7.2: 500x500 nm tapping mode AFM phase images of a) P1000 (rsp ~0.72) and b)
P650 (rsp ~0.79) where the hard domains appear as bright regions.

The absolute intensity SAXS spectra for P1000, P650, and P250 are presented in Figure
7.3. The mean interdomain spacings (d) are calculated from the peak position (q max) where

d  2 / qmax and are reported in Table 7.1. The interdomain spacings for these materials are ~ 7
nm and are not strongly dependent on soft segment molecular weight. In contrast, decreasing soft
segment molecular weight has a marked effect on the degree of unlike segment demixing,
reported in Table 7.1 and calculated using Equations 7.1 and 7.2.
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Figure 7.3: Absolute intensity corrected small-angle X-ray scattering profile for polyureas
based on P1000, P650 and P250.

Table 7.1: Interdomain spacings, experimental electron density variances and
degree of microphase segregation.
d
(nm)

 2 '

c2

3

3

P1000

7.2

2.0

5.6

0.36

P650

6.4

1.05

5.7

0.19

P250

-

0.027

3.1

0.0087

P250
post-cured

6.7

0.13

3.1

0.045

x10

x10

 2 ' / c2

The phase segregation in these polyureas is rather incomplete (36% for P1000 and 19%
for P650).

P250 is nominally phase mixed, although post-curing at elevated temperatures

promotes very slight demixing of the two phases. It should be noted that the phase separation
behavior of solution polymerized PTMO polyureas based on pure 4,4’ MDI is significantly
different.27 In particular, from solution, polyureas based on P250 exhibited the highest degree of
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phase segregation. Additionally, the solution polymerized polyureas exhibit larger interdomain
spacings and a coarser morphology.27 This reveals the significant role of kinetics on microphase
mixing in polyureas polymerized in the bulk.
In the wide-angle region a broad, slightly asymmetric amorphous halo at 19.5o (4.5 Å) is
observed for P1000, Figure 7.4. Two features at higher 2θ at 21o (4.2 Å) and 24o (3.7 Å) become
increasingly evident for P650 and P250 post-cured. These features are at similar 2θ as diffraction
peaks observed in solution polymerized polyureas and polyurethanes arising from crystallinity in
the hard domains. They are, however, far more subtle than the diffraction patterns associated
with crystallinity.27-28 It is possible that these features indicate very low degrees of crystallinity,
or correlation distances arising from ordered urea linkages. These features are absent in P250
which has not been post cured, consistent with a phase mixed morphology.

Figure 7.4: WAXD profiles for P1000, P650, and P250 polyureas; data are shifted vertically
for clarity.
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7.3.2

State of H-bonding Associations from FTIR
ATR-FTIR was used to characterize the state of hydrogen bonding in these polyureas.

The stretching modes of hydrogen bonded carbonyls and N-H groups have distinct wavenumber
assignments when in the free, ordered, and disordered state. Additionally, N-H groups hydrogen
bonded to the ether oxygen groups in the PTMO backbone (N-H----EO) also appear as a distinct
band.

The ordered band arises from alignment of urea linkages in the hard phase while the free,

disordered and N-H –EO bands predominantly arise from hydrogen bonds in the mixed phase.
The carbonyl band assignments are: ~1690, ~1630, and ~1650-1665 cm-1 for free, ordered and
disordered H-bonds, respectively. The N-H band assignment are: ~ 3450, 3340/3320, ~3340,
~3260 cm-1 for free, ordered, disordered and ether oxygen H-bonded N-H groups, respectively.10,
29

The carbonyl and N-H stretching regions for the polyureas in this investigation are shown in

Figure 7.5a and b.

For P1000 and P650 polyureas the free, disordered and ordered bands are

observed in the FTIR spectra – consistent with microphase separation of the hard and soft
segments. For P250 the band distribution shifts from the ordered to disordered state in both the
N-H and C=O stretching regions, consistent with the predominantly phase mixed morphology.
Further detailed quantification is impractical due to the number of overlapping bands and
resulting high uncertainties from curve-resolving.
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Figure 7.5: ATR-FTIR spectra in the a) carbonyl and b) N-H stretching regions illustrating
the state of hydrogen bonding. Data are shifted vertically for clarity.

7.3.3

Thermal Properties
The thermal transition behavior for these polyureas is quite complex and is presented in

Figure 7.6. Up to three endotherms, TI (70 oC), TII (140 oC) and TIII (165 oC), are visible on the
first DSC heating scan, similar to the transitions observed for polyurethanes. In polyurethanes the
origin of these transitions are not completely understood but are typically associated with loss of
short range order or lone MDI’s, an order-to-disorder transition of the hard domains, and melting
of hard domain crystallinity.30

It is clear from WAXD that these polyureas are largely non-

crystalline making the third assignment unlikely.

It is expected that microphase mixing of the

hard and soft phases would be the most likely origin of the T II and TIII transitions, however, in
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temperature dependent SAXS results from Pathak et. al. on a similar polyurea, the scattering
maximum at ~0.06-0.1 Ǻ-1 persists to temperatures above 200 oC. When cooled, this scattering
maximum is observed at lower q suggesting that while complete microphase mixing may not
have occurred, a significant reordering of the microstructure is occurring at high temperatures.31

Figure 7.6: DSC profiles for the first (solid lines) and second heats (dotted lines); data are
shifted vertically for clarity.

For P650 the enthalpy of these transitions is significantly reduced compared to P1000,
concurrent with a decrease in the degree of phase separation. In P250 the T I peak is sharper and a
large exotherm dominates at 160oC, likely due to the reaction of unreacted endgroups limited by
the fast reaction rate of this material. A small transition (125 -160oC) is observed after high
temperature post-curing which induces some phase separation. In the second heating scan (dotted
lines in Figure 7.6) no endothermic or exothermic peaks are evident in any of these materials. It
is possible that the cooling rate (10 oC/min) is fast enough to prevent reordering. Alternatively,
on the first heat, transitions may arise from the re-arrangement of non-equilibrium trapped
morphologies.
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The glass transition temperature of the soft phase increases from -56 oC to -45 oC when
the soft segment molecular weight is reduced from 1000 to 650 g/mol. No transition is observed
in this temperature range for P250, consistent with a single phase state. Upon the second heating a
very subtle Tg, likely of the mixed phase, is observed at ~111 oC and 93 oC for P250 and P250
post-cured, respectively; these transitions are masked by the endothermic behavior in the first
heating scan. The Tg of the mixed phase is lower for P250 after post-curing due to the slight
demixing of the hard domains.

7.3.4

Dynamics
The low frequency (1 Hz) dynamics of the polyureas were investigated using DMA. The

storage modulus (Figure 7.7a) increases with decreasing soft segment molecular weight
(consistent with an increase in hard segment content). The rubbery plateau of these materials
extends to 115 – 130 oC due to the physical crosslinking effect of the hard domains. The loss
modulus (Figure 7.7b) reveals a soft phase Tα for P1000 and P650, which are consistent with the
DSC results. This process is much broader and asymmetric on the high temperature side for
P650, consistent with a significant degree of phase mixing. For P250 a transition is observed at
very low temperatures (-70 oC), arising from glassy state motion, as well as a transition at ~90 oC
which is consistent with the mixed Tg in DSC. In the post-cured case, P250 exhibits an additional
very slight transition at 10 oC, the precise origin of which is unclear. It is possible that it arises
from glassy motion in the hard phase, similar to the hard phase local process observed in
polyurethanes.32
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Figure 7.7: a) Storage and b) Loss Modulus from DMA at 1Hz.

Broadband dielectric relaxation spectroscopy was used to interrogate dynamics over a
broad frequency and temperature range.

Several relaxations were observed including local

crankshaft motion of the ether oxygen containing groups in the PTMO soft segment (γ),
segmental motion (α), and Maxwell-Wagner-Sillars (MWS) interfacial polarization.
frequency and temperature dependence of these processes for P1000 are plotted in Figure 7.8.

The
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Figure 7.8: Frequency and temperature dependence of the dielectric loss from the
derivative formalism for P1000.

The local crankshaft dynamics of PTMO segments are largely unaffected by changes in
soft segment molecular weight, except for a decrease in the strength consistent with a decrease in
soft segment content. The segmental dynamics, plotted isochronally in Figure 7.9, proved to be
quite complex for these materials. For P1000 and P650, two segmental relaxations are observed
and are proposed to arise from segmental motion of the soft segment rich phase (α) and slow
segmental motion (α2) likely arising from chains in the mixed phase restricted by the presence of
the hard domains, similar to the restricted segmental process observed in sulfonated polystyrene
ionomers neutralized with Zn.33 A small maximum in the loss is also observed for P250 in the
temperature/ frequency range of the soft segmental process in P1000 and P650 (denoted “I” here
for convenience), however, the temperature dependence of the relaxation frequency is Arrhenius
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in nature (Figure 7.10) with an activation energy of 60 kJ/mol, determined from fitting the
relaxation time to the Arrhenius equation, suggesting local origins.

Figure 7.9: Temperature dependence of the dielectric loss shown at 100 Hz.

The relaxation frequencies of the segmental processes are fit to the Vogel-FulcherTammann (VFT) equation:

f max  f o exp(

B
)
T  To

(7.7)

where To is the Vogel temperature, f0 is associated with vibration lifetimes34 and is fixed to 1.59 x
1011 Hz (0 = 10-12 s) for the α process to reduce fitting uncertainties. The temperature coefficient
B is related to the apparent activation energy (

)26 and fragility. The

dynamic Tg (Tg, DRS) can be estimated from the segmental relaxation by extrapolating the VFT fit
to τ = 100 s. The dynamic Tg for the segmental relaxations are reported in Table 7.2 along with
the calorimetric Tg and the Tα from DMA.
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Figure 7.10: Relaxation frequencies for α (■), α2 (○), I (▲), and II (*) processes fit to the
VFT and Arrhenius equations (solid lines).

Table 7.2: Glass transition temperatures from DSC, Tα from DMA, and the extrapolated Tg
values from DRS (Tg,DRS).
Tg, DRS
α2
±5 oC

Tg, DRS
αM
DRS
±5 oC

Tg, DRS
II
±5 oC

-

-

112

135

-28

-53

22

-

-

-52

-61

-23

-

-

Tg
DSC
±3 oC

Tα
DMA
1 Hz

P250

111

90

P650

-45

P1000

-56

Tg,DRS
DRS

α
±5 oC

The Tg values estimated from DRS appear to be slightly lower than the measured value
from DSC, though this is unclear due to the level of uncertainty. This is expected, however, due
to the distinction between the slow and fast segmental environments in DRS, which are not
distinguished from calorimetry. This supports the assignment of α process to the soft segment
rich environment. This Tg increases slightly when the soft segment is reduced to P650, reflecting
the reduction of mobility due to an increase in hard segments trapped in the mixed restricted

149
phase as well as the increase in overall hard segment content. It is not clear why only one Tg is
observed in calorimetry, however in SPS ionomers neutralized with Zn only a single T g is
observed in DSC as well, despite having distinct slow and fast segmental relaxations. It is likely
that DRS is more highly sensitive to molecular motion due to the enhanced dipole moment due to
the urea linkages in the mixed phase. The estimated Tg of α2 increases by 40 oC from P1000 to
P650, concurrent with a decrease in degree of microphase separation and therefore increased
concentration of hard segments in the mixed phase. The urea linkages in the mixed phase are
expected to associate with the ether oxygen groups of the soft segment backbone. It is likely that
increasing hard segment content in the mixed phase will increase the probability of these
hydrogen bonds, significantly reducing the overall mobility of this phase.

This cannot be

confirmed from FTIR, due to the inability to curve resolve this band.
P250 is single phase and two relaxations are observed at higher temperatures. These
relaxations, which seem to have a VFT like temperature dependence, extrapolate to T gs of 111
and 135 oC, respectively. The first, Tg(αM), is consistent with the proposed mixed phase Tg from
DSC. The origin of II is not particularly clear, though it is unlikely to be MWS due to the
absence of phase segregation in this sample.

It is possible that II arises from association

dynamics α*, hydrogen bond association and dissociation, similar to the relaxation observed in
supramolecular polymers containing strong hydrogen bond linkages.35-36 This process is likely
masked by the presence of the MWS process in P1000 and P650.
The MWS process, which arises from polarization of charge at the interface of the hard
and soft phases, has a relaxation time which is not significantly different for P1000 and P650
(Figure 7.11a). The dielectric strength of this process decreases with temperature for P1000
(Figure 7.11b), starting around the onset of the TIII transition in DSC. In a previous study on
PTMO based polyurethanes, the reduction in strength and disappearance of the MWS process was
linked to the microphase mixing transition observed in temperature dependent SAXS.32 While
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the strength of this process gradually decreases, it does not completely disappear even up to
temperatures of 240 oC.
For P650 the dielectric strength of the MWS process remains roughly constant with
temperature; while a slight TIII peak is observed in DSC, its enthalpy is significantly lower than
for P1000.

This suggests that while the degree of phase separation is low for P650, the

microphase separated morphology is stable to higher temperatures, consistent with a higher hard
segment content.

Figure 7.11: Temperature dependence of the fMax and the dielectric strength of the MWS
process.
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It should be noted that at ambient temperatures the soft phase segmental relaxation (α)
from DRS is at its maximum around 106 Hz, in the ballistic frequency regime, for both P650 and
P1000. Based on this result, the two materials should perform more or less equivalently in
ballistic and high strain rate applications in this regime if the impact induced glass transition
temperature is the dominant energy absorbing mechanism of these materials. 5-6 For lower strain
rate shock absorption applications such as TBI prevention, the slow segmental process (α2) may
have relevance to energy absorption in this range, however the relaxation time is highly sensitive
to water content as adsorption of water plasticizes the dynamics of this process.24

7.4 Summary
The morphology and dynamics of a series of polyurea elastomers based on a modified
MDI and PTMO were investigated as a function of soft segment molecular weight. The hard
segments were found to self-assemble into ribbon like domains for P1000 and P650, while the
degree of phase segregation was revealed to be rather incomplete. The polyurea with the lowest
soft segment molecular weight, P250, was single phase. The state of hydrogen bonding in these
materials was probed using ATR-FTIR.

Bands in the carbonyl and N-H stretching region

revealed ordered, disordered, free and mixed hydrogen bonds, consistent with SAXS findings for
hard segment / soft segment demixing.
The glass transition temperature of the soft phase was found to increase by ~10 oC when
the soft phase molecular weight was reduced from 1000 to 650 g/mol. The segmental process
from DMA was found to be broad and asymmetric for P650. DRS was utilized to investigate
dynamics at higher frequencies, particularly the segmental relaxation, which was found to be
quite complex for these materials. For P1000 and P650 two distinct segmental relaxations were
observed in the DRS spectra, corresponding to the soft segment rich phase (α) and a slow
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restricted segmental process (α2). α is centered in the ballistic frequency regime at ambient
temperatures for both P1000 and P650.
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Chapter 8
Summary and Suggestions for Future Work
8.1 Summary
The correlation between microphase separation and dynamics in polymers containing
strong associations was investigated. The strongly associated microphase separated domains
(ionic aggregates and hydrogen bonded hard domains) act as physical crosslinks and have a
significant effect on the molecular dynamics of polymers. Small-angle X-ray scattering (SAXS)
was used to characterize microphase separation and broadband dielectric relaxation spectroscopy
revealed changes in polymer dynamics. Sulfonated polystyrene was chosen as a model ionomer
to investigate the role of ion content on aggregation and dynamics. Microphase separation and
dynamics in polyurethanes and polyureas based on poly(tetramethylene oxide) soft segments and
methylene diphenyl diisocyanate hard segments containing strongly hydrogen bonding moieties
were also examined.
The degree of sulfonation, neutralization level and neutralizing ion type in the sulfonated
polystyrene ionomers were systematically varied. Fitting the scattering data to the KinningThomas (K-T) modified hard sphere model revealed details about aggregate size, the size of the
region of restricted mobility surrounding the aggregates, and aggregate number density.
Evidence of acid group aggregation was found at 3.5, 6.7 and 9.5 mol% sulfonation. The size of
the ionic aggregates after neutralization (~2 nm in diameter) was roughly independent of
sulfonation, neutralization and neutralizing ion type, suggesting that aggregate size is more
closely related to the steric hindrances provided by the polymer backbone than the ionic
characteristics. The region of restricted mobility and the number density of ionic aggregates, also
determined from K-T fitting, increased with increasing sulfonation level and neutralization.
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The character of the segmental relaxation process (time, strength, breadth and number of
relaxations) was highly sensitive to ion content and type. The segmental relaxation slowed with
increasing ion content as the number density of ionic aggregates increases, analogous to the effect
of chemical crosslinking on molecular mobility. The breadth of this process, which is related to
the environmental heterogeneity, was shown to be sensitive to the interaction strength of the
neutralizing ion. Two distinct segmental relaxations were observed for SPS neutralized with
Zn2+, corresponding to matrix segmental relaxation (α) and a slow segmental process (α2). The
strengths of α and α2 were found to correlate with an increase in volume fraction of the region of
restricted mobility.
In addition to polymer dynamics, a Maxwell-Wagner-Sillars (MWS) interfacial
polarization process was observed in certain ionomers. The MWS process arises from charge
polarization at interfaces between domains with different dielectric constants and/or
conductivities in multiphase systems. The MWS relaxation time and strength is related to
differences in conductivities and dielectric constants of the phases, as well as shape and volume
fraction. The relaxation time of the MWS process in Zn neutralized SPS was found to be in
relatively good agreement with a simple composite model.
In polyurethanes and polyureas, the soft and hard segments tend to microphase separate
into soft and hard domains, due to chemical incompatibility and the strong hydrogen bonding
associations between the urethane or urea linkages.

For the polyurethanes investigated,

increasing hard segment content was slow, increase the breadth, and decrease the strength of the
soft phase segmental relaxation, similar to the effect of crystalline lamellae on molecular
dynamics in semi-crystalline polymers.

A MWS process is also observed for these

polyurethanes. The dielectric strength of the MWS process was shown to be a sensitive indicator
of changes in microphase separation as it was found to decrease with temperature, concurrent
with the order-to-disorder transition.
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For polyureas based on MDI and PTMO, the hard domains microphase separate into
ribbon-like domains. The role of soft segment molecular weight (1000, 650 and 250 g/mol) on
morphology and dynamics was probed. The degree of phase separation, quantified using the
approach by Bonart and Muller using SAXS absolute intensity profiles, was rather incomplete
and decreased with decreasing soft segment molecular weight. For the lowest soft segment
molecular weight investigated, the polyurea was found to be single phase. The T g of the soft
phase increased when the soft segment Mw was decreased from 1000 to 650 g/mol, and for 250
g/mol polymer only a single Tg is discernible from DSC experiments. Two distinct soft phase
segmental relaxations were observed using DRS for the polyureas based on 1000 and 650 g/mol
soft segments. These processes were proposed to arise from the soft segment rich phase (α) and
segmental motion in a slower restricted mixed phase (α2), similar to the slow segmental process
observed in SPS ionomers neutralized with Zn.
The ionomers and polyureas with bidentate associations (polyurea with two donor Hbonding groups and SPS neutralized with divalent Zn) exhibit two distinct segmental relaxations
(α and α2). Since all ions are contained in aggregates for the Zn neutralized ionomer (see Chapter
4), the slow process undoubtedly arises from regions of restricted mobility surrounding
aggregates.

It was proposed in Chapter 7 that the α2 process in the dielectric spectra of phase-

separated polyureas arises from a similar mechanism, i.e., from chain segments restricted by hard
domains. However, in polyureas distinction of the precise nature of the slow environment is not
possible due to the environmental complexity.
A comparison of the DRS soft phase segmental relaxation of the P1000 polyurea
(which contains ~34 wt% hard segments) with the polyurethane with the closest hard segment
content (32.5 wt%) is provided in Figure 8.1, where the polyurea and polyurethane are denoted
PUr and PU, respectively. In Figure 8.1a) it is clear that the soft phase segmental environment of
these two materials is markedly different. It should be noted that while these PU and PUr consist
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of similar soft segment molecular weights and hard segment contents, the PU contains a BDO
chain extender and the average repeating unit in the PUr contains an additional benzene ring. The
degree of phase separation is slightly higher for the polyurea (36% vs. ~30% for the
polyurethane) and the morphology is quite different (ribbon like, vs. roughly spherical for the
polyurethane).
An important difference in the dynamics of these copolymers is the presence of the slow
soft phase segmental relaxation (α2) for the PUr. In addition, the strength of the soft phase α
process is significantly higher for the PU vs. PUr. The relaxation times are similar at high
frequencies/temperatures as are the fragilities (m= 65 vs. 71 for PUr vs. PU, where m is
calculated using equation 2.15) and the relaxation temperature of the α process extrapolates to a
lower Tg at τ = 100s (-59 oC vs. -49 oC, within error of the DSC Tg). The differences in Tg may
arise from the slightly higher degree of phase separation in PUr, however differences in chemistry
direct comparison impractical.
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Figure 8.1: a) Dielectric loss spectra at 5 ˚C for polyurea (PUr) and polyurethane (PU)
containing PTMO soft segments at similar hard segment contents (identified in the text), b)
relaxation frequency maxima with VFT fits (solid lines) and c) dielectric strengths (Δε) for
the segmental (α) process for PU and PUr and the slow segmental process (α2) for PUr.

8.2 Suggestions for Future Work
8.2.1

Polyethylene Ionomers
The correlation between morphology and molecular dynamics, as studied using DRS,

revealed in this dissertation using sulfonated polystyrene ionomers, is valuable in developing the
fundamentals of the role of ionic aggregation on fundamental polymer motion. The high T g and
stability of the ionic domains of these SPS materials limited the study of the dissociation
dynamics of these ionic associations, therefore utilizing a lower T g ionomer could reveal
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additional information about these dynamics.

Hydrogen bonding association/dissociation

dynamics has been studied using dielectric relaxation spectroscopy and the dissociation dynamics
of ionic associations should behave similarly.1-3
The ionic aggregates in polyethylene ionomers dissociate at lower temperatures making
these ionomers viable for thermoplastic elastomeric applications. A systematic investigation of
the ion content in polyethylene based ionomers will not only reveal if the trends in molecular
dynamics identified for SPS are applicable to other ionomeric systems, but it may also be possible
to correlate morphological changes from SAXS with DRS. A preliminary DRS investigation on
Nucrel and Surlyn (DuPont) polyethylene-co-methacrylic acid ionomers revealed the
applicability of DRS to the study of these ionomers.4

Several high temperature relaxation

phenomena which may arise from MWS or dissociation dynamics were identified. The “messy”
nature of the chemistry of these ionomers, due to branching and melt-neutralization techniques,
makes these commercially available materials non-ideal for fundamental study.
Precision polymerization of linear polyethylene based ionomers has been achieved and
investigation by Seitz et al. on the morphology of the ionic aggregates of these materials has
revealed highly regular and ordered aggregates.5 A cartoon of linear ethylene ionomers (precise
and random) vs. the commercially available branched polyethylene ionomers is provided in
Figure 8.1. Future collaboration using these precise materials would provide a highly detailed
contribution to the understanding of structure and dynamics in the ionomers field.
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Figure 8.2: Illustration of polyethylene ionomers including a) linear precise, b) linear
random, and c) branched random.5

8.2.2

Polyureas
The tailorability of polyurethane chemical architecture and resulting properties make

them ideal for an array of applications. While polyurethanes have been studied extensively, the
complexity arising from chemical architecture and hydrogen bonding has left some fundamental
structure-property relationships in these materials largely speculative (e.g. the origin of the
endotherms in differential scanning calorimetry). Despite having desirable impact absorption
properties, the number of experimental investigations on polyureas is relatively limited and most
focus on a single chemistry based on PTMO and a modified MDI.6-20 In the context of energy
absorption, several ballistic6,

17-18

and high strain rate experiments15-16,

20

have been reported,

however little to no connections are made between these measured properties and polyurea
chemistry or morphology.

The avenues to be explored in these materials are numerous in

developing a more thorough understanding of the chemical architecture, morphology and
property relationships in polyureas. Three natural extensions of the results and trends identified in
this dissertation will be discussed in the following sections.
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8.2.2.1 Changes in Morphology and Hydrogen Bonding with Temperature
Differential scanning calorimetry (DSC) (Chapter 8, Appendices E and F) has revealed
that the endothermic behavior in these polyureas is complex. Three maxima are observed in the
DSC thermograms only in the first heat at ~70, 140 and 170 oC , and have been suggested in
Chapter 8 to arise from changes in the non-equilibrium microstructure imposed by the fast cure
rate of these materials in the bulk. This assignment is speculative, but is supported by the strong
dependence of the microstructure, revealed using SAXS, on annealing conditions discussed in
Appendix E.
Several studies on polyurethanes have utilized SAXS to track changes in microstructure
upon controlled heating, and have correlated these changes with DSC thermograms.21-24 Such a
controlled experiment can be achieved at a synchrotron facility due to high beam energy. The
bench top apparatus used in the SAXS reported on polyureas in this dissertation requires
collection times of over an hour, rendering heating experiments impractical and direct correlation
with DSC impossible.

Beamline X-27C at the National Synchrotron Light Source (NSLS) at

Brookhaven National Lab has this capability as well as a temperature jump apparatus which
enables quench studies as well as the evolution of microstructure with time, all useful
experiments in the quantification of the thermal effects on morphology in these materials.
A better understanding of the effect of temperature on the hydrogen bonding interactions
in these polyureas correlated with changes in microstructure will be invaluable to solidifying an
understanding on the intricacies of the thermal effects on these strongly bound hard domains.
Temperature dependent FTIR has been utilized in studies on polyurethanes and urethane-ureas to
investigate the temperature dependence of these associations ,23,

25

however at Penn State the

capability for heated FTIR is only available in transmission and not in attenuated total reflectance
(ATR), which is necessary for the polyureas polymerized in the bulk. It is possible to polymerize
these materials in solution, which can then be cast onto KBr windows and studied in
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transmission. A caveat of this approach is the significant differences in morphology in polyureas
polymerized in solution and bulk.26 Despite this, a general understanding of the temperature
dependence of these strong bidentate hydrogen bonds can be gained, making these experiments
highly valuable to the greater understanding of the properties of these materials.

8.2.2.2 P250/P1000 Blends
The polyureas in this dissertation are polymerized in the bulk using a modified MDI
(Isonate 143L, Dow) and Versalink PTMO diamines (P1000, P650 and P250, Air Products).
Another simple variation the chemical architecture of these polyureas can be achieved using a
mixture of the Versalink P1000 / P250 soft segments. The low molecular weight soft segment
should act effectively as a chain extender and is expected to have a strong effect on the
microphase separation in these copolymers.
In a study by Balizer et al. the energy absorption of a polyurea coating based on a mixture
of P1000 / P250 on steel was found to outperform polyureas based purely on P1000 and P650 in
ballistic testing, as defined by a reduction of the out of plane deformation of the bilayer.

Post

mortem 2-D SAXS patterns revealed domain orientation around the impact site, however
quantitative details in this study is limited and more detailed characterization of the P1000 / P250
materials may shed light onto the connections between microstructure and performance of these
materials.

Systematic variation of the P1000 / P250 ratio will enable development of trends

between chemical architecture and microphase separation. Orientation of the hard domains,
achieved by stretching, has been found to have a strong effect on the dynamics in the P1000Isonate 143L polyurea.27

Similar studies on the blends of P1000/ P250 will quantify the

orientational effects on molecular dynamics of these materials.
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8.2.2.3 Hard Segment Chemistry
The majority of the polyurea literature utilizes MDI or a modified MDI variant as the
hard segment.

Identifying the effect of alternative hard segments on the morphology and

dynamics of polyureas could facilitate the chemical design of polyureas.

An alternative to the

uritoneimine modified MDI (Isonate 143L), polymeric MDI, also has a significant effect on the
dynamic mechanical properties and degree of phase separation.28
In a study by Das et al. the hard segment chemistry and symmetry play a strong role on
the dynamic mechanical and tensile properties.7

Hard segments based on para-phenylene

diisocyanate (pPDI), meta-phenylene diisocyanate (mPDI), 1,4-trans-cyclohexyl diisocyanate
(CHDI), hexamethylene diisocyanate (HDI), toluene diisocyanate (TDI), hydrogenated diphenyl
methane diisocyanate (HMDI) and MDI were investigated for polyurethanes and polyureas based
on PTMO. The chemical structures of select isocyanates are provided in Figure 8.2. These hard
segments microphase separated into thread like domains, observed in AFM with interdomain
spacings (from SAXS) which are sensitive to hard segment choice.7 While this investigation
revealed preliminary differences in properties and structure, more quantitative details about the
morphology and dynamics and state of hydrogen bonding would aid in developing a fundamental
understanding of the role of the morphology of these hard domains on the properties of polyureas.
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Figure 8.3: Chemical structures of alternative isocyanates.

Using FTIR, DRS, AFM and SAXS, the state of hydrogen bonding, molecular dynamics
at high frequencies, morphology and degree of phase separation can be characterized and further
trends can be developed in the chemical design of polyureas. Polymerization from solution is
necessary due to the melting point of the some of the pure hard segment diisocyanates – a
comparison of polyureas based some commonly used isocyanates: MDI (aromatic), TDI
(aromatic but smaller with mixed isomers) and HDI (aliphatic) would provide an initial idea of
the sensitivity of the structure and dynamics to this chemical modification.
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Appendix A
Supporting Information: Influence of the Degree of Sulfonation on
the Structure and Dynamics of Sulfonated Polystyrene Copolymers
Thermal Degradation
An important consideration in our study was to insure that there was no chemical
degradation, either as a result of the various annealing conditions or during the course of our DRS
experiments. Great care was taken to maintain an inert environment during our thermal treatments
and experiments (either dry N2 gas or vacuum), as well as assessment of the chemical state of the
copolymers after each treatment condition. For example, FTIR spectra were collected on cast
films of SPS9.5 (i.e., the composition with the highest acid content in our studies and hence
potentially the most sensitive to chemical degradation) treated identically to those in our
investigation, and for comparison a film dried at 60 oC and a thicker hot pressed film (pressed at
160 oC). FTIR spectra (Figures A.1 and A.2) clearly demonstrate that no detectable chemical
changes result from any of these thermal treatments.
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Figure A.1: FTIR spectra of SPS9.5 after various thermal treatments. Spectra are shifted
for clarity.

Figure A.2: Sulfonate stretching band region (1300-850cm-1) of FTIR spectra of SPS9.5
after various thermal treatments. Spectra are shifted for clarity.

In addition, dielectric experiments were repeated on cooling, after higher temperature
excursions, and display the same features as on heating. The segmental relaxation is rather
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sensitive to chemical changes, particularly in our case to oxidation or crosslinking of the sulfonic
acid groups. Although indirect, the DRS results also demonstrate that there are no significant
degradation issues arising due to heating to the temperatures used in the DRS experiments.
Other published work also supports the chemical stability of similar SPS copolymers and
ionomers at elevated temperatures if handled appropriately.1-4 For example, Zhou, et al.
investigated the possibility of degradation in similar SPS copolymers annealed at even higher
temperatures than used in our current study (i.e., at 190 oC for 3 days in vacuum).3 They found no
evidence of crosslinking, desulfonation or chain scission: e.g. DSC data showed the same T g
before and after annealing, and size exclusion chromatography demonstrated that the average
molecular weight and polydispersity remained the same after thermal treatment. Degradation
studies

of

poly(vinylidene

fluoride)

and

poly(tetrafluoroethylene-hexafluoropropylene)

membranes containing grafted polystyrene sulfonate showed that thermal degradation in fuel cell
membranes with grafted sulfonated polystyrene chains began at temperatures around 300 oC, well
above the temperature range in our investigation.5-6

Glassy State Dynamics
A weak local (β) process with an Arrhenius temperature dependence and activation
energy of ~ 60 kJ/ mol was observed below the glass transition temperature for the SPS
copolymers. This process is likely associated with the motion of the sulfonated phenyl rings in
the glassy state.4,

7

There was no appreciable change in the relaxation time with degree of

sulfonation, which is expected if all contributing dipoles to this process are in the same average
local environment.
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Segmental Dynamics
The relaxation frequency maxima of the segmental processes discussed in Chapter 3 are
fit to the VFT equation in Figure 3.5. The VFT fitting parameters are reported in Table A.1
where errors are estimated from the fitting uncertainty of the least-squares routine.

Table A.1: VFT fit parameters of the relaxation time of α
Log(fo)
±1

B
±400 K

To
±15 K

PS

10

1120

333

SPS3.5

11

1630

330

SPS6.7

11

1540

330

SPS9.5

10

1180

350

Conductivity
The DC conductivity of the SPS copolymers in Chapter 3 plotted as a function of
temperature in Figure A.3 with VFT fit lines included.

Figure A.3: Temperature dependence of the DC conductivity for SPS3.5, 6.7 and 9.5. Solid
lines are fits to the VFT Equation.
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Appendix B
Supporting Information: Structure and Dynamics of ZincNeutralized Sulfonated Polystyrene Ionomers
Region of Restricted Mobility – Volume Fraction Dependence on Degree of Sulfonation
The volume fraction of restricted region is plotted in Figure B.1 as a function of
sulfonation level.

Figure B.1: Volume fraction of restricted region in SPSx-100%Zn ionomers as a
function of sulfonation level

Segmental and Slow Segmental Dynamics
The uncertainty in Tref arises from the close proximity of the α and α2 relaxations and the
limited temperature range over which these processes are observed. A comparison of T ref values
are provided in Table B.1.
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Table B.1: Comparison of Tref values for α and α2 (determined from extrapolating the VFT
fit to τ = 100 s) to DSC Tg values. Errors are estimated from uncertainty of the least
squares best fit.

SPS9.5
0% Zn
25% Zn
50% Zn
75% Zn
100% Zn
SPS6.7
0% Zn
50% Zn
100% Zn
SPS3.5
0% Zn
50% Zn
100% Zn

Tref α
±15 (oC)

Tref α2
±15 (oC)

Tg
±3 (oC)

120
123
124
135
140

124
119
118
156

121
117
122
131
127

110
121
111

130
127

117
120
119

105
125

111
110
111

105
97
123

Direct Current (dc) Conductivity
The dc conductivity (σDC) is determined from the plateau of the real part of the complex
conductivity. This conductivity, Figure B2, has a Vogel Fulcher Tammann (VFT) temperature
dependence, in keeping with the correlation between impurity ion conduction and polymer
segmental motion.
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Figure B.2: Temperature dependence of the dc conductivity (filled symbols) including fits to
the VFT equation (solid lines) for SPS9.5-yZn.

Maxwell Wagner Sillars (MWS) Interfacial Polarization: Predicted Strength and Model
Limitations
The dielectric strength, Δε, can be calculated from the MWS interfacial polarization
model:1

n   f  m   m f   f (1   f )
2

 

1  n   m  n f  n( m   f ) f  1  n   m  n f  n( m   f ) f 

2

(B.1)

where ε0 is vacuum permittivity, n is a shape factor, and φf is the volume fraction of filler
particles.1 In our calculation we assume the dielectric constant of the matrix (εm) is equal to the
dielectric constant of polystyrene, the matrix conductivity (σm) is equal to the experimental dc
conductivity (Figure B2), n = 1/3 (spherical shape factor), and φf ≈ 0.05, the filler conductivity
(σf) is assumed to be negligible in the temperature range of the current experiments and the
dielectric constant of the filler (εf) is calculated from the refractive indices (η) of H2SO4 and
ZnSO42 for the acid and zinc ionomers, respectively (ε = η2). Though the model predicts the
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relaxation time remarkably well considering the assumptions, it under predicts the strength by an
order of magnitude (Figure B3).

Figure B.3: Temperature dependence of the dielectric strength of the MWS process for
SPS9.5–0, 25, 50, 75 and 100% Zn. The dashed line is the predicted strength from Equation
B.1.

The model fails to predict the temperature and composition dependence of Δε MWS due to
assumption that σf = 0 and that εm and εf remain constant. Additionally, though the aggregates
persist to high temperatures, some degree of ion hopping and aggregate reorganization is
anticipated to occur as thermal energy increases, which would be reflected in ΔεMWS.3-4
We determined that the composition of the aggregates becomes more ionic with
increasing neutralization level, which should correspond with an increase in dielectric constant
and therefore an increase in predicted strength.

This is observed between 0% and 25%

neutralization, however with increasing neutralization the strength of this process decreases, most
significantly for 100% neutralization. A more precise model that includes the effects of an
interfacial layer from the region of restricted mobility (which becomes increasingly constrained
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with neutralization) would likely capture this response. Though models exist to incorporate the
effects of an interfacial layer, due to the number of assumptions required, such modeling would
not provide more quantitatively relevant results.
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Appendix C
Supporting Information: Influence of Cation Type on Structure and
Dynamics in Sulfonated Polystyrene Ionomers
The Dynamic Glass Transition Temperature:
The glass transition temperature can be estimated from the segmental relaxation observed
in dielectric spectra by extrapolating the VFT fit of the relaxation frequency to τ = 100 s (f =
0.00159 Hz). This estimate of Tg, here referred to as Tref, was found to generally be within
experimental error of the calorimetric T g. The temperature window in which the segmental
process could be fit for 100% neutralization was relatively narrow, leading to a higher degree of
uncertainty in the Tref values at full neutralization.

Breadth of the Segmental Process with Degree of Sulfonation:
The breadth of the segmental process at 100% neutralization increases slightly for Naneutralized ionomers with increasing sulfonation level, consistent with an increase in the number
density of ionic aggregates (Figure C.1a). For 100% Cs-neutralized SPS, the sulfonation effect
on the breadth of this relaxation is not so distinct, and for SPS9.5-100Cs a high temperature/low
frequency relaxation masks the low frequency side of the segmental process (Figure C.1b). In
contrast, Figure 6 shows that the level of neutralization broadens the loss process significantly.
This suggests that the breadth of segmental relaxing environments is strongly influenced by
neutralization as the aggregates become more ionic (as suggested in Chapter 4) and the chains are
tethered more tightly to the aggregate – but not as significantly by sulfonation level. As seen in
Figure 5.4 there is a significant increase in volume fraction of restricted region upon
neutralization – but only a slight increase with sulfonation.
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Table C.1: Tref determined from DRS and calorimetric Tg from DSC. Error is estimated
from VFT fitting uncertainty.
at 0 and 50%M
Tref
±
Tg (DSC)
5 oC
±3 oC

at 100%M
Tref
Tg (DSC)
±15 oC
±3 oC

SPS9.5
100% H
50% Na
50% Cs
50% Zn

120
125
127
124

121
122
122
122

100% Na
100% Cs
100% Zn

144
135
140

127
130
126

125
123
111

117
119
120

111
110
123

109
113
110

SPS6.7
100% H
50% Na
50% Cs
50% Zn

110
112
118
121

117
111
115
119

100% Na
100% Cs
100% Zn
SPS3.5

100% H
50% Na
50% Cs
50% Zn

105
101
97
97

111
112
111
112

100% Na
100% Cs
100% Zn

180

Figure C.1: Normalized loss plots for the segmental relaxation (α) in (a) Na- and (b) Csneutralized SPS at 0% (open symbols) and 100% (filled symbols) neutralization and 3.5
(circles), 6.7 (triangles) and 9.5% (squares) sulfonation.

High Temperature Relaxations:
For Na-neutralized SPS at 50% neutralization there is a clear relaxation at low
frequencies, with an additional process appearing as a shoulder at higher frequencies (Figure
C.2). These processes are at similar temperatures and frequencies as the acid group association
dynamics α* and MWS observed in the acid form, and very likely have the same origin. At
100% neutralization no high temperature/ low frequency relaxations are observed – likely
because they are shifted to lower frequencies and higher temperatures than measured, due to the
higher binding energy of the small Na+ ion. The MWS process observed for the Zn ionomers
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coincided with the dc conductivity (σdc) plateau. For the 100% Na ionomer the σdc plateau is not
yet reached in the temperature/frequency window measured.

Figure C.2: Conduction free loss vs. frequency for 0% (circles), 50% (triangles) and 100%
(squares) Na-neutralized SPS ionomers at 6.7% sulfonation.

Appendix D
Role of Thermal History on the Morphology and Dynamics of a
Poly(tetramethylene oxide) Based Polyurea Synthesized in the Bulk
Introduction
Polyureas, similar to polyurethanes, consist of a low T g “soft” segment and a high Tg
“hard” segment, which tend to microphase separate into hard and soft phases. These materials
have been demonstrated to exhibit energy absorption capabilities to prevent ballistic penetration
and fracture of steel plates and laminate armor1-3 and are of interest for shock absorption
applications. Despite the number of high strain rate and ballistic investigations on these
materials,4-6 a fundamental understanding of the structure-property relationships in these materials
is lacking.
Phase segregation behavior has been extensively studied in polyurethanes and urethaneureas,7-15 and the thermal properties of polyurethanes have been revealed to be notoriously
complex. Differential scanning calorimetry of polyurethanes commonly exhibits as many as
three endothermic peaks at high temperatures.16

Initial assignment of the origin of these

transitions included hydrogen bond dissociation,17-18 however, later annealing studies have
revealed that these transitions are thermal history dependent.19-23 Studies directly correlating
morphology using small-angle X-ray scattering (SAXS) and DSC have revealed links to changes
in microphase separated structure in polyurethanes.24-25
In Chapter 7 the morphology and properties of a series of polyureas based on
poly(tetramethylene oxide) and a modified methylene diphenyl diisocyanate (mMDI) were
discussed. Differential scanning calorimetry (DSC) had revealed three endothermic peaks at ~70,
140 and 165 oC, the origin of which were speculated to arise from changes in morphology,
possibly due to trapped non-equilibrium structures due to the kinetic constraints of bulk
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polymerization. In this appendix annealing conditions were utilized to probe the effect of thermal
history on the morphology and dynamics of the 1000 g/ mol soft segment polyurea.

Experimental
Materials
Polyureas were prepared in the bulk from poly(tetramethylene oxide di-p aminobenzoate)
(Versalink® P1000, Air Products) and a uritoneimine modified diphenylmethane diisocyanate
(Isonate 143L, Dow). The components were degassed for >5 hours, mixed under ambient
conditions, and degassed again for 1-2 minutes prior to coating on Teflon sheets using a film
applicator to control thickness.

Films (~0.3 and 0.7 mm thick) were cured under ambient

conditions for ~48 hours then were transferred to a desiccant box (<30% RH). Samples were
annealed at 120, 150, and 170 oC under vacuum for 8 hours and were allowed to cool slowly
overnight. It should be noted that the time in between synthesis and annealing was ~10 months.
Some variations in the unannealed sample were noticed, including a slightly higher degree of
phase separation and subtle changes in the high temperature endotherms in DSC, likely as a result
of aging of the sample. The “unannealed” results reported here-in are of the aged sample to
maintain constancy.

Differential Scanning Calorimetry
The thermal response of the polyureas was characterized using a Seiko 220 differential
scanning calorimeter on samples ~6 mg (± 1 mg).

The response was measured over a

temperature range of -90 °C to 240 °C at a heating and cooling rate of 10 °C/min under a nitrogen
flow of 50 mL/min. The soft phase Tg was taken as the inflection point in the DSC thermogram
from the first heating scan to be consistent with the thermal history of the DRS measurements.
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X-ray Scattering
Wide-angle X-ray diffraction (WAXD) patterns were collected using a Rigaku
DMAX/Rapid micro-diffractometer in transmission using a copper point focused sources (.154
nm) at 50 kV and 40 mA. Small-angle X-ray scattering was performed with a Molecular
Metrology SAXS using Cu Kα radiation (λ = 0.154 nm) a 2-D multi-wire detector at sample-todetector distance of 1.5 m.

Absolute intensities were calculated using a pre-calibrated

polyethylene secondary standard (S-2907).26
The degree of microphase separation was quantified from the SAXS profiles using the
method proposed by Bonart and Müller11 using the ratio of the experimental to a theoretical
electron density variance calculated for complete segment demixing. This method is discussed in
detail in Chapter 2.

Fourier Transform Infrared Spectroscopy- Attenuated Total Reflectance (FTIR –ATR)
FTIR spectra were collected using a Nicolet 6700 FTIR spectrometer (Thermo Scientific)
fitted with a diamond ATR cell. 100 scans with a resolution of 2 cm-1 were signal averaged.

Dynamic Mechanical Analysis (DMA)
Dynamic mechanical analysis was performed using TA-Q800 DMA in tension at a
frequency of 1 Hz using a heating rate of 3 oC/min. Tα is determined from the peak maximum in
the loss modulus, the plateau modulus is determined from storage modulus (E’) at 75 oC, onset of
viscous flow (Tf) is determined from the onset of the drop off in E’.
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Results and Discussion
Thermal Properties
In Chapter 7 three endothermic peaks were observed in the first heat DSC thermograms
(TI at 70 oC, TII at 140 oC, and TIII at 165 oC). TI is likely similar to the transition associated with
short range order and TII and TIII are in the range typically associated with micophase mixing in
polyurethanes.16 After cooling these peaks were found to disappear, suggesting that either the
cooling rate (10 oC/min) was too fast for the domains to reform or these transitions were
associated with changes in non-equilibrium morphology.
The thermogram of the unannealed polyurea (in Figure D.1) is slightly different than
originally observed in Chapter 7, likely due to aging effects. After 10 months the TI and TII
transitions are no longer distinct, appearing as a broad endotherm, the T III transition, however,
remains clear. After annealing TI and TII disappear and the TIII peak shifts systematically to
higher temperatures (Table D.1) and after annealing at 170 oC no endotherms are present.
Despite the significant changes in the high temperature transitions, annealing does not seem to
have a significant effect on the soft phase glass transition temperature.
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Figure D.1: DSC thermograms of the first heating scan of P1000 unannealed and annealed
at 120, 150 and 170 oC. Data are shifted for clarity.

Table D.1: Tg values and peak maximum of the TIII endotherm.

unannealed
120 oC
150 oC
170 oC

Tg
±3 oC
-64
-59
-66
-64

TIII
o
C
169
185
199
-

Structure
Small-angle X-ray scattering in Figure D.2 reveals that the morphology in these
polyureas is highly sensitive to thermal history. The interdomain spacing (d) calculated from the
peak position (qmax) ( d  2 / qmax ) systematically increases with annealing temperature from ~7
nm to 10 nm (Table D.2). This change supports the hypothesis that the domains in the bulk
synthesized polyurea not in equilibrium and upon annealing above the transitions observed in
DSC the hard segments appear to reorder. Interestingly, despite the significant differences in
domain size, the estimated degree of phase segregation (Table D.2) is within uncertainty (± 5%)
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for all conditions. Considering that the degree of phase segregation does not change (ie. same
volume fraction of hard domains) and the average interdomain spacing increases, it is reasonable
to assume that the domains are coarsening in some way. It is also possible that the morphology is
changing; this could be verified from AFM. The increase in the T III transition suggests that the
domains are more strongly bound and the decrease in enthalpy suggests the number of weakly
bound domains which can reorder are decreasing. It is expected that annealing would enhance
order and therefore hydrogen bond strength within these domains.

Figure D.2: a) Absolute intensity corrected small-angle X-ray scattering profiles before and
after annealing and b) q dependence of (I-Ib)q2 utilized in calculating degree of phase
separation.
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Table D.2: Interdomain spacings (d), scattering invariants (Q), experimental electron
density variances (  2 ' ) and degree of microphase segregation (  2 ' / c2 ) for polyureas
after annealing. The ideal electron density variance ( c2 ) is 5.6x103 for all materials.

unannealed
120oC
150oC
170oC

d
(nm)

Q

7.2
8.8
9.5
10.4

1.25
1.23
1.41
1.25

c2

 2 ' / c2

x103
(mol e-/cm3)2
2.20
2.17
2.48
2.19

0.39
0.39
0.44
0.39

For polyurethanes, annealing above the hard segment Tg (~110 oC based on the Tg
reported for MDI hard segments with BDO chain extenders13,

15

) is expected to facilitate

crystallization based on annealing studies.21, 25 In the WAXD of these polyureas, however, no
sharp crystallization peaks are apparent in Figure D.3. As previously discussed in Chapter 7, the
shoulders on the amorphous halo may evidence possible correlation distances between ordered
urea linkages or very small degrees of crystallinity in the hard domains, as they arise in similar
locations to crystalline diffraction peaks associated with crystallinity of the hard domains. 27-28
The shoulder at ~21oC appears to be the most significantly affected, and becomes increasingly
prominent with annealing temperature. This suggests reorganization and potential ordering in the
hard domains accompanying the significant structural reorganization evidenced from SAXS.
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Figure D.3: WAXD profiles for annealed polyureas. Data are shifted for clarity.

ATR-FTIR spectra in Figure D.4 reveal the state of hydrogen bonding. The stretching
modes of hydrogen bonded carbonyls and N-H groups have distinct wavenumber assignments
when in the free, ordered, and disordered state. Additionally, N-H groups hydrogen bonded to
the ether oxygen groups in the PTMO backbone (N-H----EO) also appear as a distinct band. The
ordered band arises from alignment of urea linkages in the hard phase while the free, disordered
and N-H –EO bands would be expected to predominantly arise from hydrogen bonds in the mixed
phase. The band assignments are: ~1690, ~1630, and ~1650-1665 cm-1 for free, ordered and
disordered H-bonded carbonyls, respectively and ~ 3450, 3340/3320, ~3340, ~3260 cm-1 for free,
ordered, disordered and ether oxygen H-bonded N-H groups, respectively.10,

29

Detailed

quantification is impractical due to the number of overlapping bands and resulting high
uncertainties from curve-resolving, however qualitative changes can be assessed.
In the carbonyl stretching region, the ordered H-bond band shifts from 1645 to 1635 cm-1
and appears broader after annealing at 170 oC. This shift is indicative in a change of ordered Hbond environment arising from the changes in morphology and may arise from an increase in
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order and stronger H-bonds in the hard domains as indicated by the WAXD. Changes in the N-H
stretching region are far more subtle, but the ordered band also appears to shift to lower wave
numbers. The disordered N-H band also becomes more distinct after annealing at 170 oC.

Figure D.4: ATR-FTIR spectra in the a) carbonyl and b) N-H stretching regions illustrating
the state of hydrogen bonding. Data are shifted for clarity.

Dynamics
The dynamic mechanical properties displayed in Figure D.5 a and b reveal a significant,
up to 70 oC, extension of the rubbery plateau with increasing annealing temperature suggesting
that the reorganization of the hard domains enhances their physical crosslinking ability. The
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onset of viscous flow, Tα, and the plateau modulus are reported in Table D.3. The soft phase
segmental relaxation is unaffected by annealing conditions, which is consistent with the
constancy of the degree of phase separation and Tgs reported previously. The plateau modulus
does not change with annealing condition except after annealing at 170 oC where it drops by ~45
MPa; the origin behind this decrease is unclear. No changes in chemistry are observed from
FTIR between the unannealed and annealed samples, suggesting that degradation after annealing
is not responsible for this decrease.

Figure D.5: a) Storage modulus (E’) and b) loss modulus (E’’) from dynamic mechanical
analysis at 1Hz.
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Table D.3: Tα, plateau modulus (E’ at 75oC) and the onset of flow (Tonset).
Tα
o
C
unannealed
120
150
170

-47
-50
-48
-46

E’
(at 75 oC)
MPa
80
83
79
34

Tonset
o
C
113
166
175
181

Summary
Thermal history of polyureas has a significant effect on morphology and dynamic
properties. DSC reveals that the high temperature endothermic behavior, suggested to arise from
reordering of hard domains, is highly sensitive to annealing temperature.

SAXS reveals

reordering of the hard domains to an increase in the interdomain spacing by 3 nm. Despite this
reordering, the degrees of phase separation are unaffected by annealing temperature, consistent
with the Tg and Tα results from DSC and DMA, respectively. The rubbery plateau is extended by
up to 70 oC, revealing an increase in the physical crosslinking ability of the hard domains upon
reorganization.
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