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’ 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 thermo-
reversible cross-links.

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, predomi-
nantly 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 investi-
gation, morphology was characterized using X-ray scattering
and scanning transmission electron microscopy (STEM) while
the dynamics were investigated using dielectric relaxation
spectroscopy (DRS).

’EXPERIMENTAL SECTION

Sample Preparation. Atactic polystyrene, purchased from Pres-
sure 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 neutraliza-
tion. The reaction was held at 50 �C for 2 h. 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 �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∼Tgþ 20 �C for another day. The
dried ionomer films were then hot pressed at 160 �C and used for X-ray
scattering, STEM imaging, and dielectric spectroscopy. All materials
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ABSTRACT: Scanning transmission electron microscopy (STEM),
X-ray scattering, and dielectric relaxation spectroscopy were used to
investigate the structure and dynamics of Zn-neutralized sulfonated
polystyrene (SPS) ionomers. STEM and X-ray scattering revealed the
presence of spherical aggregates∼2 nm in diameter. Successful fitting
of scattering data to the Kinning � Thomas modified hard sphere
model provided information on aggregate diameter, radius of closest
approach, and number density. The analysis revealed that aggregate
size is independent of degree of sulfonation and neutralization level, and that aggregate composition becomes increasingly ionic with
increasing neutralization. Two segmental relaxations were identified in dielectric loss spectra corresponding to cooperative motion
of chain segments in the matrix and motions of segments restricted by aggregates. Additionally, a Maxwell�Wagner�Sillars
interfacial polarization process was revealed, with relaxation times in good agreement with predictions from a simple spherical
polarization model.
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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 ex-
perimental 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
40�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.
Fourier Transform Infrared Spectroscopy (FTIR). Samples

were prepared for FTIR spectroscopy by hot pressing into thin films at
160 �C. 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.
Scanning Transmission Electron Microscopy. STEM speci-

mens 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 STEMprobe 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. The isotropic 2-D data were integrated into 1D plot using
Datasqueeze software.19

The scattering data of the SPS ionomers were fit to:

IðqÞ ¼ IKTðqÞ þ L1ðqÞ þ L2ðqÞ þ C ð1Þ
where IKT(q) is the Kinning�Thomas (K�T) modified hard-sphere
model,11,20 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

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 �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) function:

ε�HNðωÞ ¼ Δε

ð1þ ðiτHNωÞaÞb
ð2Þ

where a and b are shape parameters. The characteristic relaxation time is
related to the maximum frequency of maximum loss 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. This
conduction contribution is not manifested in the real part of the
dielectric response (ε0) and using a numerical approach one can
calculate the conduction free loss from ε0. 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:22,23

ε00D ¼ � π

2
Dε0ðωÞ
D½ln ω� ð4Þ

Wubbenhorst et al. have shown that this method is a very good
approximation of the conduction-free loss.23 The appropriate

Figure 1. FTIR absorbance spectra for SPS9.5-0, -25, -50, -75, and
-100Zn in the region 1300�900 cm�1. Spectra are shifted vertically
for clarity.

Figure 2. Representative HAADF STEM images of SPS6.7-100Zn
(top) and SPS9.5-100Zn (bottom) show a uniform distribution of
spherical ionic aggregates.
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derivative form of the HN function was used to fit processes
resolved by this method.23

’RESULTS AND DISCUSSION

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 1). The bands at∼1228 and 1039 cm�1

correspond to the asymmetric and symmetric stretching vibra-
tions 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 SO3

� band) 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 ex-
pected 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.
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 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 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. Themodel assumes
that this peak arises from interparticle scattering from mono-
disperse, 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

Equation 1 provides a good fit to the scattering data (Figure 3)
and the corresponding K�T fit parameters (R1, RCA, andNp) are
displayed in Figure 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 3. X-ray scattering intensity vs scattering vector q for polystyr-
ene and SPS9.5-0, -25, -50, -75, and -100Zn (symbols) and the
corresponding best fit of the scattering data using eq 1 (lines). The
data were vertically shifted for clarity.

Figure 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 eq 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 in-
corporated into an average aggregate can be calculated using R1
or Np. The number of cations can be determined from R1 using

Nðcation, R1Þ ¼ 4
3
πR1

3 nsulf ate
npair

 !
NAFsulf ate
Msulf ate

� �
ð5Þ

where the volume of Zn2þ(SO3
�)2 is approximated using the

atomic density (F), 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

Nðcation,NpÞ ¼ 1
p
NAFSPS
MSPSNp

jacid
y

100
ð6Þ

where p is the valency number, FSPS andMSPS are the density and
the monomeric molar mass of SPS, respectively, jacid 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 accom-
modated 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 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 sulfonate groups are incorporated into
ionic aggregates upon Zn neutralization; i.e., the aggregates are
becoming more ionic.

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 signifi-
cantly 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 (jRR) and aggregates
(jA) can be estimated using R1, RCA, and Np:

jRR ¼ 4
3
πðRCA

3 � R1
3ÞNp ð7Þ

jA ¼ 4
3
πR1

3Np ð8Þ

With increasing degree of neutralization, jRR increases, corre-
sponding to a decrease in the unrestricted matrix, while jA

remains constant (Figure 6). The matrix is composed primarily
of polystyrene chain segments, but also likely contains unneu-
tralized acid species when the ionomers are partially neutra-
lized. This estimate of the changes in the volume of the restricted
region will be critical in the interpretation of the dynamics, as
follows.
Segmental and Slow Segmental Dynamics. The segmental

relaxation (R) 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 R relaxation
time, consistent with the observed increase in Tg.

18 Despite only
one very broad Tg observed in DSC, a second slow segmental
process (R2) is clearly evident in the dielectric spectra upon
neutralization with Zn (Figure 7a), at frequencies 1�4 decades
lower than the R relaxation. In a previous study on similar SPS

Figure 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.

Figure 6. (a) Volume fraction of the region of restricted mobility
(jRR), aggregates (jA) and matrix (1 � jRR � jA) as a function of
degree of neutralization for SPS9.5-yZn and (b) illustration of neutra-
lization effect on volume fraction.
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ionomers, two relaxations were observed in dynamic mechanical
analysis (DMA) experiments.17 The DMA R process corresponds
with the R 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 R2 process shifts systematically to lower frequen-
cies and increases in strength, while the R relaxation also slows
but decreases in strength (Figure 7). These changes occur
concurrently as jRR increases and the volume fraction of matrix

chain segments subsequently decreases. As a consequence, we
attribute the origin of R2 to chain segments whose mobility are
restricted by the presence of aggregates, while the R relaxation
corresponds to the motion of relatively unhindered segments.
ThisR2 process is observed at temperatures much lower than the
second process (noted above) observed in DMA experiments.17

As neutralization increases and the aggregates become increas-
ingly more ionic, the chain segments adjacent to the aggregates
become less mobile as the chains are bound tighter to the
aggregate, which would further reduce segment mobility and
increase the R2 relaxation time. This is supported by the shift to
lower frequencies (longer times) of R2, Figure 7c. Additionally
the R process shifts to lower frequencies as the network becomes
increasingly restricted by the cross-linking effect of the aggre-
gates. The temperature dependence of both processes follows a
Vogel�Fulcher�Tammann (VFT) form:

f ¼ f0 exp
B

T � T0

� �
ð9Þ

where T0 is the Vogel temperature, f0 is associated with vibration
lifetimes,30 and the temperature coefficient B is related to the
apparent activation energy (Ea = BR/([1 � T0]/T)

2).22 The
dynamic Tg (Tref) is determined by extrapolating the VFT fit to
τ = 100 s (f = 0.00159 Hz). Tref of the R process and the
calorimetric Tg are within experimental error; Tref(R), Tref(R2),
and the DSC Tg are reported in the Supporting Information
(Table S1).

Figure 7. (a) Conduction free loss at ∼Tg þ 80, (b) normalized
conduction free loss∼Tgþ 80, and (c) relaxation frequency of R (filled
symbols) and R2 (open symbols) including VFT fits (lines) for SPS 9.5-
yZn at 0, 25, 50, 75, and 100% neutralization.

Figure 8. Dielectric strength of (a)R (filled symbols) and (b)R2 (open
symbols) for SPS 9.5-yZn at 0, 25, 50, 75, and 100% neutralization.
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As neutralization level increases the strength of the R process
decreases (Figure 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% experi-
mental 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.
The origin of strength of the R2 processes is less straightfor-

ward. 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 R2 process (0.1�0.3, Figure 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 acid groups (at partial neutralization) in the
region of restricted mobility. In the Eisenberg-Hird-Moore
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 R2 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 9. The R and R2 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 R2. 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 9). This effect is
similar to the increase in Tg observed in rubbers as the segment
length in between cross-linking points decreases.31

The relative strengths of the R and R2 relaxations (Figure 10)
change with degree of sulfonation in the fully neutralized iono-
mers: R dominates at 3.5% sulfonation, R roughly equals R2 at
6.7%, and R2 dominates at 9.5%. Since jRR increases with
increasing degree of sulfonation (see Supporting Information,
Figure S1) 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 R2.
Maxwell�Wagner Sillars Interfacial Polarization. In our

previous work we identified the Maxwell�Wagner Sillars inter-
facial polarization process in dielectric spectra of SPS9.5 and
SPS6.7, both of which were demonstrated to exhibit acid group
aggregation.18 This relaxation arises from space charge accumu-
lation at boundaries between phases in an inhomogeneous
media.32,33 It is also observed for the Zn neutralized ionomers
(Figure 11) and is highly sensitive to the degree of neutralization.
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 (εm, σm and
εf, σf, respectively) yielding a Debye-like relaxation process:

ε�ðωÞ ¼ ε0ðωÞ � iε00ðωÞ ¼ ε¥ þ Δε

1þ iωτ
ð10Þ

where ε¥ is the high frequency limit of the real part (ε0) of the
complex dielectric constant (ε*).32 Using the Debye approxima-
tion, the theoretical relaxation time of the MWS process can be
estimated using:

τMWS ¼ ε0
ð1� nÞεm þ nεf þ nðεm � εf Þjf

ð1� nÞσm þ nσf þ nðσm � σf Þjf
ð11Þ

where ε0 is the vacuum permittivity, n is a shape factor, and jf is
the volume fraction of filler particles.32 A predicted relaxation

Figure 9. Sulfonation effects on the relaxation frequency ofR andR2 for
SPS3.5 (open symbols), 6.7 (crossed symbols), and 9.5 (filled symbols)
for unneutralized (black circles) and 100% Zn neutralized (blue squares,
R; red triangles, R2). Solid lines are fits to the VFT equation.

Figure 10. Sulfonation effects onΔε ofR andR2 for (a) SPS3.5, (b) 6.7,
and (c) 9.5 for unneutralized (black circles) and 100% Zn (blue squares,
R; red triangles, R2).
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time was calculated for our ionomers for the case where εm = εPS,
σm is the experimental dc conductivity (see Supporting Informa-
tion, Figure S2), n = 1/3 (spherical shape factor), and jf ≈ 0.05
(from Figure 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 (εf) is calculated from the
refractive indices (η) of H2SO4 and ZnSO4

34 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 (Supporting Information, Figure
S2, and 11b, respectively). The predicted relaxation times
from eq 11 follow an almost identical temperature depen-
dence and are within a 1/2-decade of frequency of the
experimental data (Figure 11b), further supporting the origin
of this process. The dielectric constants and filler fraction in
eq 11 are kept constant and therefore changes in the relaxa-
tion time due to neutralization are dictated by the dc conduc-
tivity, which decreases with increasing neutralization owing
to an increase in Tg and reduced chain mobility discussed
previously. The dielectric strength, discussed in the Support-
ing Information, is not predicted adequately by this simple
model owing largely to the assumption of zero conductivity in
the filler particles.

’SUMMARY

The morphology and dynamics of Zn neutralized SPS iono-
mers were investigated by integrating results from FTIR spec-
troscopy, STEM, X-ray scattering and dielectric relaxation
spectroscopy. X-ray scattering and STEM revealed spherical
aggregates ∼2 nm 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 increas-
ing 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, R and R2, which
were ascribed to originate from the relatively unrestricted matrix
cooperative chain motion and themotion of chains near the ionic
aggregates. Both the R and R2 relaxation times increase with
increasing neutralization level (at 9.5% sulfonation) and with
sulfonation level (at 100% neutralization). This increase is more
dramatic for R2 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
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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