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’ INTRODUCTION

Ionomers, polymers containing ionic functionality, have been
a significant research focus over the past 5 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
cross-links.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 aggre-
gate 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,
utilizingX-ray scattering, scanning transmission electronmicroscopy,
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.

’EXPERIMENTAL SECTION

Sample Preparation. Atactic polystyrene, purchased from Pres-
sureChemical (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 �C for 2 h. In this publication, the ionomers are designated as
SPSx�yM,where x is themolepercent 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 1.

The neutralized ionomers were solvent cast at ambient conditions,
air-dried for 1�2 days, and then dried under vacuum at 120 �C for at least
24 h. Ionomers with Tg around or above 120 �C (SPS6.7�yM and
SPS9.5�yM) were further annealed at ∼Tg þ 20 �C for another day.
The dried ionomer filmswere then hot pressed at 160 �Cand 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 stoichio-
metric neutralization levels within experimental error (<5%).
Thermal Analysis. Glass transition temperatures (Tg) were deter-

mined using a TA Instruments Q2000 differential scanning calorimeter
(DSC). The response was measured over the temperature range of 40 to
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ABSTRACT: The structure and dynamics of Na-, Cs-, and Zn-
neutralized sulfonated polystyrene (SPS) ionomers were in-
vestigated using scanning transmission electron microscopy
(STEM), X-ray scattering, and dielectric relaxation spectrosco-
py. Aggregates∼2 nm in diameter were revealed by STEM and
X-ray scattering. Additional information on aggregate diameter,
radius of closest approach, and number density were deter-
mined by fitting the scattering data with a modified hard sphere
model. A single broad segmental relaxation was identified in
dielectric loss spectra for the ionomers neutralized with mon-
ovalent ions Cs and Na. The relaxation time of the segmental
process was found to slow down systematically with increasing degree of sulfonation but is not significantly affected by monovalent
ion type. For Cs-neutralized SPS, two high temperature relaxations associated with Maxwell�Wagner�Sillars and ion association/
disassociation dynamics were identified.
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180 �C at a heating rate of 10 �C/min under a nitrogen flow of 50 mL/
min. The Tg was taken as the inflection point in the DSC thermogram
from the second heating scan.
Scanning Transmission Electron Microscopy. STEM speci-

mens 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 transmis-
sion 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.
X-ray Scattering. X-ray scattering experiments were performed

with a multiangle X-ray scattering (MAXS) apparatus using Cu KR
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 viaOsmicMax-Flux optics and triple pinhole collimation under
vacuum. The scattering data were collected using a Bruker Hi-Star
multiwire detector with sample-to-detector distances of 11, 54, and
150 cm. Datasqueeze software was used to integrate the isotropic 2-D
data into a 1D plot.14

The scattering data of the SPS ionomers was fit to:

IðqÞ ¼ IKTðqÞ þ L1ðqÞ þ L2ðqÞ þ C ð1Þ

where IKT(q) is the scattering intensity defined by the Kinning�Thomas
(K�T) modified hard-sphere model10,15 (see Supporting Information),
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 = 4π sin(θ)/λ where 2θ is the
scattering angle and λ is the X-ray wavelength.
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 1 mHz to 10 MHz on heating from 10 to 220 �C.

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) function17,18

ε�HNðωÞ ¼ Δε

ð1þ ðiτHNωÞaÞb
ð2Þ

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

fmax ¼ 1
2πτHN

� �
sinðπa=ð2þ 2bÞÞ
sinðπab=ð2þ 2bÞÞ
� �1=a

ð3Þ

Above Tg, the contribution from ohmic conduction dominates the
loss contribution (ε00), potentially masking dipolar processes. The
“conduction free” dielectric loss was determined using the derivative
method described in our previous papers.12,13

’RESULTS AND DISCUSSION

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 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 sulfona-
tion level. The size of the Zn aggregates, as previously published,
were∼2nm fromSTEMaswell.13 For theNa-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.
Representative scattering profiles for the SPS9.5�100%H, Zn,

Na, and Cs are shown in Figure 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 scatter-
ing from monodisperse, spherical aggregates homogeneously

Table 1. Neutralization Levels, Degrees of Sulfonation and
Neutralizing Ion Types Investigated

% neutralization

% sulfonation 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

Figure 1. Representative HAADF STEM image of SPS9.5�100%Cs.

Figure 2. Representative X-ray scattering intensity vs scattering vector
q for SPS9.5�100%H (black diamonds), Zn (blue triangles), Na (red
squares), and Cs (green circles).
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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
scatteringmaxima.10The parameters 2R1, 2RCA, andNp are shown in
Figure 3a and b as a function of sulfonation level for 50 and 100%Na,
Cs, and Zn.
Na, Cs, andZn aggregate diameters (2R1) are approximately inde-

pendent of sulfonation and neutralization, while RCA decreases
slightly, and the number density of ionic aggregates (Np) increases
with increasing sulfonation (Figure 3, parts a and b). In studies of
Cu(II)-neutralized poly(styrene-co-methacrylic acid) (Cu�SMAA)
ionomers21 and Zn-neutralized poly(ethylene-co-methacrylic 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 indepen-
dent of neturalization 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 aweak correlationbetween 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 forZn2þ, Naþ, andCsþ are 74, 102, and 167pm, respectively24),
however, particularly at higher sulfonation levels, this difference is not
significant.
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 restrictedmobility 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:

ϕRR ¼ 4
3
πðRCA

3 � R1
3ÞNp ð4Þ

ϕA ¼ 4
3
πR1

3Np ð5Þ

ϕRR and ϕA are shown in Figure 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.
Segmental Dynamics. The segmental relaxation (R) 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 by the addition of sulfonic acid groups and
that two segmental relaxations, R and R2, 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 counterion type (Figure 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, parts
a 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 R and R2 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

Figure 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).

Figure 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.
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Zn ionomer together spanmore 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
cross-linking chains.
The maximum relaxation frequency and total dielectric

strength of the R process (Figure 5, parts c 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 tempera-
ture dependence:

fmax ¼ f0exp
B

T � T0

� �
ð6Þ

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 R process is generally
within error of the calorimetric Tg. See Supporting Information,
Table S1.
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

Δε ¼ 1
3ε0

εsðε¥ þ 2Þ2
3ð2εs þ ε¥Þ

 !
g
μ2

kT
N
V

ð7Þ

where g is the Kirkwood�Fr€ohlich correlation factor which takes
into account the orientational effects of short-range interactions
between molecules (g = μeff

2/μo
2, 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

ΔεR for the neutralized ionomers (Figure 5d) are clearly
reduced from the acid form. If all acid groups were contributing
freely to the dielectric strength at 50% neutralization we would
expect ΔεR (ΔεRþR2 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

Figure 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 R for SPS�9.5 H (diamonds), Na (squares), Cs (circles) and Rþ R2 for Zn (triangles) at 50% (open symbols) and 100%
neutralization (solid symbols).
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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 neutraliza-
tion, associations of the ionic groups are expected to decrease ΔεR
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 Cs-
neutralized 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-neutra-
lized ionomer, in addition to a higher dipole moment, is likely due to
ionic group exclusion from the aggregate due to the bulky andweaker
binding nature of the Cs ion. The dipole moments for benzene-
sulfonate coordinated with Liþ, Naþ, and Kþ from ab intio calcula-
tions are 5.7, 7.8, and 9.8 D, respectively.31 Because of the number of
electrons inCsþ the samebasis 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 D for benzene-sulfonate
coordinated with Cs.
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 R2 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 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 Naþ compared to Csþ. A similar increase in broad-
ening and slowing of theR 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.
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 7a)
and is not strongly dependent on ion type forNa- andCs-neutralized
SPS.This is consistentwith an increase in number density of the ionic
aggregates (Figure 3b) which physically cross-link the polymer. As
the number of cross-links increases the segmental mobility is system-
atically reduced. This effect is expected and has been observed in
chemically cross-linked polymers.34�36 Additionally, the breadth of
the segmental relaxation also increases slightly with sulfonation (see
Supporting Information, Figure S2).
Thedielectric strength of the segmental process generally increases

with increasing sulfonation and does not have a significant tempera-
ture dependence. For theNa-neutralized ionomersΔε increases from
∼0.2 to 0.4 for 100% Na (Figure 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�0.7
at 100%Cs, Figure 7b, and∼0.3�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.

Figure 6. Neutralization effect on the segmental process for SPS6.7�yNa
(squares) and Cs (circles) at 0% (diamonds), 50% (open symbols), and
100% (filled symbols) neutralization.

Figure 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.
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High Temperature Relaxation Processes. The high tem-
perature 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 (R*) were
observed.12 A single high temperature relaxation, attributed to
MWS interfacial polarization, was observed for the Zn-neutra-
lized 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 relaxa-
tions 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 Supporting Information, Figure S3).
For 100% Cs-neutralized ionomers two overlapping relaxa-

tions are evident at 6.7 and 9.5% sulfonation (Figure 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 R process, is observed for
SPS6.7 and 9.5�100Cs (Figure 8) and shifts to higher frequen-
cies and increases in strength with degree of sulfonation (0.1 to 1
for SPS6.7 and SPS9.5�100Cs, respectively; data not shown)
corresponding with an increase in aggregate number density
(Figure 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 depen-
dence. 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 R)
follows an Arrhenius temperature dependence in the tempera-
ture range it is observed in and is only slightly dependent on
neutralization and sulfonation levels (Figure 9a). MWS is an
unlikely origin of this process, as previous findings for unneu-
tralized and Zn-neutralized SPS revealed that the MWS relaxa-
tion frequency was dependent on sulfonation and neutralization
and had a VFT temperature dependence.12,13 This process likely
arises from interaggregate ion hopping, analogous to hydrogen
bond association/disassociation dynamics (R*). This is supported

by the activation energies of this process, 160 to 240 kJ/mol, which
are in the range of the ion hopping activation energymeasured 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.
The relaxation frequency and strength of this process was

found to increase slightlywith increasing sulfonation (Figure 9, parts
a 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 ofmagnitude (Figure 9, parts a 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

’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 aggre-
gates size (∼2 nm 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 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

Figure 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.

Figure 9. (a) Relaxation frequency fit to the Arrhenius equation (solid
lines) and (b) dielectric strength of the R* 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).
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and strengths are highly dependent on degree of sulfonation
and neutralization, whereas Zn-neutralized SPS exhibited two
distinct segmental processes due to the direct cross-linking
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
cross-links.

At high temperatures, the derivative formalism facilitated
observation of two high temperature relaxations for fully neutralized
Cs ionomers. These relaxations likely arise fromMaxwell�Wagner�
Sillars interfacial polarization and ionic association/disassociation
dynamics likely arising from interaggregate ion hopping. The high
temperature relaxation phenomena for fullyNa-neutralized SPSwere
shifted out of the observed temperature/frequency window� likely
due to the higher binding energy of the Na ion.

’ASSOCIATED CONTENT

bS Supporting Information. The Kinning�Thomas modi-
fied hard-sphere model, the dynamic glass transition temperature,
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