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ABSTRACT: The surface segregation of cations in a poly(styrene-ran-methacrylic acid) ionomer fully neutralized
with Cs was demonstrated using Rutherford backscattering spectrometry (RBS), scanning force microscopy (SFM),
and scanning transmission electron microscopy (STEM). Whereas spin-cast films and those annealed below ~120
°C exhibit a uniform distribution of Cs, a surface excess of Cs was observed for films annealed at higher
temperatures. At long times (>30 h) and high temperatures (> 145 °C), the surface concentration of Cs approached
a constant value of two-thirds of the total Cs in the film. Although Cs-rich vesicular aggregates (~8—85 nm
diameter) were observed in all films, the surface excess of Cs coincided with nanometer-sized features on the
surface. Based on these results, a mechanism was proposed that accounts for cation mobility and a driving force
for surface segregation. At elevated temperatures, Cs ions initially in cation-acid lone pairs are solubilized by
favorable cation-sr interactions facilitated by styrene monomers. Above ~120 °C, these solubilized cations are
sufficiently mobile to diffuse. The driving force to the surface arises from the concentration gradient established
when Cs at the surface scavenges Cl from the environment to form CsCl. In the polystyrene-based ionomers,
surface segregation is not observed if either the cation mobility is reduced by using a divalent cation or the

driving force for surface segregation is removed by eliminating atmospheric CI.

Introduction

Tonomers are neutralized acid-containing copolymers having
a majority of hydrophobic monomers and a minority of
monomers (<15%) containing acid groups.' The acid groups
and counterions form complexes that can persist as cation—acid
lone pairs or can microphase separate from the hydrophobic
majority phase to form nanoscale ionic aggregates. A unique
characteristic of ionomers is that these ionic aggregates act as
cross-links that impart favorable bulk properties such as
toughness and environmental stability. The surface properties,
which are of particular interest here, make ionomers excellent
packaging materials, because their oil and grease resistance
allows them to seal complex products such as meats.”

Although ionomers were first commercialized in the 1960s,
the numerous chemical and processing variables that influence
ionomer morphology and properties have hindered the develop-
ment of a thorough understanding. In particular, ionomer
structures and properties depend on the acid content of the
copolymer, the acid type, the fraction of acid groups neutralized
by counterions, the counterion type, and the hydrophobic
monomer type. Advanced understanding of ionomer structure,’
transport* ® and surface properties is now evolving with the
application of powerful new techniques for depth profiling,
dielectric spectroscopy,’® electron spin resonance,’ and imag-
ing.'°~ " Furthermore, the strong specific interactions between
the ionic groups in these materials virtually guarantee that
equilibrium structures cannot be produced. This accentuates the
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importance of specimen preparation and handling, which we
have recently explored.'* "¢

A series of morphological studies have recently been com-
pleted using X-ray scattering, high angle annular dark field
scanning transmission electron microscopy (HAADF STEM),
and image simulation.'*'* The ionomer under investigation was
prepared by solution neutralizing a poly(styrene-ran-methacrylic
acid) (SMAA) random copolymer using copper acetate, recover-
ing the fully neutralized ionomer via solvent casting, drying
and annealing. The morphology consisted of monodisperse,
spherical ionic aggregates (~1.0 nm diameter) uniformly
distributed in the ionomer. When this same ionomer was
recovered via precipitation, the Cu-rich domains varied widely
in size (~5—50 nm diameters), but annealing above the glass
transition temperature transformed this ionomer into the mor-
phology produced by solvent casting.'® In contrast, a study of
SMAA fully neutralized with Cs and isolated by freeze-drying
uncovered vesicular aggregates with diameters ranging from
5—45 nm and shell thicknesses of ~3 nm.'” These morphologi-
cal studies demonstrate that processing methods can alter the
spatial distribution of cations in ionomers.

Recent studies have begun to examine the surface charac-
teristics of ionomer films. In Nafion, normal tapping mode
scanning force microscopy (SFM) was used to image crystallites,
whereas low oscillation amplitude SFM was used to resolve
the ionic domains near the surface.'® Interpreting height and
phase images, the near-surface morphology was found to contain
~10 nm crystallites and ionic domains coated by a thin, F-rich
surface layer (<1 nm). No ionic species were found at the
outermost few angstroms of the surface, but rather ionic domains
were detected a few nanometers below the surface. To account
for the observed rapid diffusion of water into Nafion, McLean
et al. proposed that ionic domains quickly diffuse to the surface
upon exposure to water. This rearrangement was attributed to
the repulsion and attraction of the hydrophobic surface layer
and ionic species, respectively.
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In subsequent studies,'® these SFM methods were used to
image crystal and ionic domains in poly(ethylene-ran-meth-
acrylic acid) (EMAA) partially neutralized by Na and Zn. The
ethylene lamellar dimensions from SFM were found to be in
reasonable agreement with bulk samples characterized by SAXS.
Using low oscillation amplitude SFM, the ionic domains below
the surface were found to be ~10—15 nm wide but several tens
of nanometers long. This suggests that the method detects
overlapping ionic domains. It is interesting that water contact
angles were consistent with a surface composition similar to
pure polyethylene. Namely, the outermost surface is apparently
covered by ~1 nm of amorphous hydrocarbon. These samples
were melt pressed against a smooth hydrophobic surface at 180
°C for an unspecified time and allowed to cool to room
temperature. The effects of processing conditions on surface
morphology were not investigated, so it is difficult to generalize
these results.

In this paper, a systematic study of the surface composition
of a poly(styrene-ran-methacrylic acid) ionomer fully neutralized
by Cs is performed using Rutherford backscattering spectrom-
etry. Three segregation regimes are observed for Cs counterions
corresponding to no segregation observed at low annealing
temperatures and all times, incomplete or kinetically limited
segregation at intermediate temperatures and times, and com-
plete segregation at high temperatures and long times. Com-
plimentary scanning transmission electron microscopy (STEM)
and SFM studies show that surface segregation coincides with
the persistence of vesicular aggregates and the formation and
coarsening of surface features. A mechanism for cation surface
segregation is proposed that accounts for both cation mobility
and the driving force for cation surface enrichment.

Experimental Methods

Materials. Poly(styrene-ran-methacrylic acid) (SMAA) was
prepared by free radical copolymerization and has 6.1 mol %
methacrylic acid. This copolymer was dissolved in benzene/
methanol (9/1 v/v) and fully neutralized by a solution of cesium
hydroxide (CsOH) in methanol. The solution was stirred for 30
min and then freeze-dried.

To prepare samples for Rutherford backscattering spectrometry
(RBS) and scanning force microscopy (SFM), the Cs—SMAA was
dissolved in toluene/methanol (9/1 v/v), and spun cast at 2000 rpm
onto 2 x 2 cm silicon wafers that were cleaned with HF. These
films were dried at 80 °C overnight and have a thickness of ~ 400
nm, as measured by ellipsometry. Samples were annealed (90 to
210 °C) at pressures of ~1072 Torr for up to 100 h. Samples were
also prepared by a solvent-free method, where the freeze-dried
powder of Cs—SMAA was compression molded (9000 N, 150 °C,
20 min). These melt pressed samples have a thickness of ~0.5 mm
and were annealed under vacuum (175 °C, 1 week).

For scanning transmission electron microscopy (STEM) experi-
ments thinner, electron-transparent samples were prepared. By
reducing the concentration of the polymer solution, thinner films
(75 nm by ellipsometry) were spun cast and then floated off the
wafer onto deionized water and collected onto carbon-coated copper
TEM grids. The films on TEM grids were annealed in vacuum oven
and stored under vacuum at room temperature.

Techniques. Rutherford backscattering spectrometry (RBS) is
an excellent tool for tracking high atomic number (Z) elements
and was used to determine the Cs concentration as a function of
depth in Cs—SMAA films. Elemental resolution is achieved in RBS
by backscattering a light projectile, He™, from heavier elements in
the sample. Because Cs (Z = 55) has a much higher Z than the
other elements in the film (H (Z = 1), C (Z = 6), and O (Z = 8)),
Cs is readily resolved. Using 2.000 MeV He™, the depth resolution
was enhanced by choosing a grazing incidence geometry with
incident and scattering angles of oo = 15° and 6 = 10°, respectively.
For each sample, 10 uC of charge was collected at a beam current
of 10 nA. Raw RBS spectra in yield versus energy are converted
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Figure 1. Converted Rutherford backscattering spectrometry (RBS) data
from an unannealed, spun-cast film (M) of Cs—SMAA with a uniform
concentration of the Cs counterion throughout the film, and a film
annealed at 145 °C for 30 h (O) displaying surface segregation of the
Cs counterion. A depth of zero represents the free surface and is
determined by deconvoluting the instrumental resolution from the
experimental profile. The films are ~400 nm thick.
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Figure 2. RBS spectra from compression molded Cs—SMAA ionomers:
(M) unannealed sample and (O) sample after 1 week at 175 °C. The
unannealed sample has a uniform distribution of Cs, whereas the
annealed sample shows Cs and Cl segregation at the air interface. In
the RBS spectra the surface energies (channels) of Cs, Cl, O, and C
are identified in the figure.

to concentration versus depth as follows. The energy of the
backscattered helium ion was converted to depth in the sample using
the slab approach.?® The yield of helium ions was converted to
atomic concentration (cf., Figures 1 and 3) by dividing the measured
yield by values from a known standard. Simulations were performed
using the program RUMP.?! Fixing experimental conditions (e.g.,
geometry and beam energy), simulations were fit to the experimental
data by varying the Cs depth profile (cf., Figure 2).%°

The Cs surface excess was calculated by determining the surface
concentration (i.e., area under the peak) and then subtracting the
background due to the bulk concentration of Cs. The back edge of
the Cs surface peak was defined at a depth at which the Cs
concentration reached the bulk concentration. The surface topog-
raphy of the samples was imaged by scanning force microscopy
(SEM) in tapping mode using a Digital Instrument Multimode (scan
sizes 1.5 um x 1.5 um, scan rate 1 Hz).

Scanning transmission electron microscopy was performed on a
JEOL 2010F FEG S/TEM, as described previously.'” Images were
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Figure 3. Depth profile of Cs in Cs—SMAA films after annealing at
200 °C for 30 h (A) and 90 h (O). After annealing at 110 °C for 30 h
(M), surface segregation is not observed. The small peak results from
segregation during solvent evaporation.

collected with a high angle annular dark field (HAADF) detector
that accentuates the atomic number differences and reduces the
contribution from phase contrast. In projection, Cs-rich features
appear bright in the images.

Results and Discussion

Surface Segregation by RBS. Figure 1 shows the atomic
percent of Cs as a function of depth in as-cast and annealed
Cs—SMAA films. In the as-cast film, Cs is uniformly distributed
throughout the film and, furthermore, the bulk Cs composition
measured by RBS is in excellent agreement with the 0.39 at. %
calculated for a fully neutralized SMAA with 6.1 mol % acid
groups. Upon annealing, the Cs depth profile is no longer
uniform and exhibits a surface excess at the free surface.
Correspondingly, the Cs concentration in the bulk (away from
the surface of the film) has decreased relative to the as-cast film.
By integrating the surface excess peak, we found that 58% of
the Cs in the film segregates to the surface upon annealing at
145 °C for 30 h, while the other 42% remains in the bulk of
the film.

From the known ionomer composition, the Cs:C atomic ratio
is 1:127, corresponding to 1 Cs for every 16 monomeric units
or 1 Cs for each acid group. The resulting SMAA stoichiometry
is CsHg 100.12Csp.63- This composition is used to simulate RBS
spectra and the agreement is excellent in Cs—SMAA films
without surface segregations. In contrast, the surface excess of
Cs observed in Figure 1 is accurately simulated by a 20 nm
Cs-rich surface layer that contains a Cs:C ratio of 1:4. This Cs:C
ratio would allow for a surface layer consisting of only Cs and
acid monomers. However, such an arrangement is physically
unlikely because the acid groups are randomly distributed along
the copolymer, and therefore it is improbable that Cs-neutralized
acid groups can form a 20 nm thick surface layer. This analysis
suggests that the majority of the surface segregated Cs atoms
are dissociated from the acid groups.

In addition to observing surface segregation in these solvent
cast films, surface segregation of Cs was also observed when a
thick Cs—SMAA sample was prepared by compression molding
and then annealed, Figure 2. In the RBS analysis, these samples
are considered semi-infinitely thick. In the as-molded sample,
the front edge of the signal at 1.8 MeV corresponds to "He
backscattering from Cs atoms at the free surface. The plateau
at lower energies corresponds to backscattering from Cs atoms
below the surface. Near 0.5 MeV, the carbon front edge appears
and its plateau adds to the Cs plateau. The solid line is a
simulation for a semi-infinite thick film having the stoichiometry,
CgHs 100.12Cs 63, as discussed above. In the as-molded sample,
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the Cs concentration is uniform over a depth on nearly 2 um.
In contrast, the annealed thick sample has a large surface excess
of Cs (1.5—1.8 MeV). Because compression molded films are
much rougher than the spin-cast films, the back-edge of the Cs
signal shows an extensive tail making quantitative simulations
difficult. Below this surface excess layer, the annealed thick
sample shows a decrease in the bulk Cs concentration relative
to the as-molded (0.6—1.0 MeV).

The RBS spectrum of the annealed thick sample also contains
a prominent feature with a front edge at 1.26 MeV that
corresponds to a surface excess of Cl, Figure 2. Note that the
shape of the Cl signal mimics that of the Cs profile. The Cl
signal is weaker because its cross-section, which scales as Z2,
is much lower than Cs. RBS analysis of the two surface layers
on this thick sample reveals a Cs:Cl ratio of ~ 1:1. This
stoichiometry suggests that the CI neutralizes Cs ions to form
CsCl at the surface. For the unannealed, as-molded thick
ionomer, no Cl signal in the RBS spectrum is observed. In
summary, the thermally induced surface segregation of Cs in
spun-cast ionomer films is also observed in macroscopic
(compression molded) samples where the Cs segregation is also
accompanied by surface enrichment of CI.

The remainder of this section discusses control studies aimed
at understanding the origin of Cl. The Supporting Information
presents a comprehensive study of Cl investigated by RBS for
various stages of Cs surface segregation. To summarize these
findings, Cl is not observed in any Cs—SMAA film that displays
a uniform Cs concentration (no segregation). However in
samples that exhibit Cs surface segregation, the peak area
(concentration) and peak shape (position) of the Cl signal
correlates with that of the Cs signal. Thus, the amount and
position of the Cl at the surface correlates with Cs and the
observed Cs:Cl ratio is ~1:1.

In agreement with the RBS studies, elemental analysis did
not detect any Cl in nonannealed Cs—SMAA. These experi-
ments were conducted by Galbraith Laboratories Inc. (Knoxville,
TN) and the detection limit was 300 ppm. If the surface excess
of Cl originated only from the starting material, the CI content
would have to be ~3500 ppm, much greater than the detection
limit. Furthermore, X-ray energy dispersive spectroscopy (XEDS)
analysis of as-cast films did not detect Cl, although CI was
readily detected after annealing. In summary, in the as prepared
Cs—SMAA ionomer films, Cl does not exist at concentrations
that would account for the measured surface excess.

We attribute the Cl found in the annealed samples to
atmospheric Cl. During annealing at temperatures from 110 to
200 °C, samples are heated in a closed chamber under “vacuum”
at a moderate pressure of ~1072 Torr. Under these conditions,
the samples are continually exposed to CI, which exists in the
ambient atmosphere as various species.”>”>* The concentration
of CI species is sufficient to account for the amount of CI found
in the samples contain excess Cs and CI at the surface. This
hypothesis was tested by annealing two samples that were placed
side-by-side in a vacuum oven. One sample was encapsulated
in a sealed evacuated glass tube and the other exposed to the
atmosphere in the chamber. The encapsulated sample was
prepared by inserting a sample into a glass tube (~1/400 the
volume of the oven chamber), evacuating the tube to 10~* Torr,
and flame sealing the tube. Both samples were annealed at 200
°C for 30 h. Whereas the exposed sample exhibited Cs surface
segregation, the encapsulated sample did not. These experiment
demonstrate that (1) Cl is required for the surface segregation
of Cs, and (2) the primary source of Cl is from the atmosphere
in the annealing chamber.

Dynamics of Surface Segregation. Figure 3 shows the Cs
depth profiles for Cs—SMAA films annealed over a range of
temperatures and times. Note that a small surface excess is
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Figure 4. Fraction of Cs at the surface is shown as a function of the
annealing time and temperature. Three regions are evident: (H) no
surface segregation for temperatures below ~120 °C; (A) incomplete
segregation at moderate temperatures and times where segregation is
diffusion limited; (O) complete surface segregation. The dotted line
shows the surface fraction of Cs as a function of time at 210 °C.

commonly observed in as-cast Cs—SMAA films (not shown)
suggesting that some segregation occurs during solvent evapora-
tion when spin coating. In Figure 3, the Cs profile after 30 h at
110 °C is comparable to that of an as-cast sample with only a
slight surface excess of Cs; a similar profile was observed after
annealing for only 11 h at 110 °C. In contrast, the Cs—SMAA
film annealed at 200 °C for 30 h has a relative surface
concentration of 67% Cs and a bulk value of 32% Cs. Films
annealed at 200 °C for 90 h continued to have a relative bulk
concentration of 32% Cs at depths below 100 nm. Although
the surface concentration of Cs is fixed at ~68% for longer
annealing times at 200 °C, the peak width increases and peak
height decreases reflecting changes in surface morphology
detailed below.

For Cs—SMAA films annealed at 145 °C (30 h) and 200 °C
(30 and 90 h), the surface excess of Cs is ~67% and the bulk
concentration is ~33% as shown in Figures 1 and 2, respec-
tively. Thus, the Cs homogeneously distributed in the as-cast
film has redistributed itself accordingly. In contrast, low
annealing temperatures (e.g., 110 °C) fail to produce surface
segregation as shown in Figure 3. These results suggest that
surface segregation is complete after ~%/; of the Cs has enriched
the surface and that the remaining Cs is stable in the bulk of
the film.

Figure 4 shows how the extent of surface segregation or
atomic fraction of Cs at the surface depends on annealing
temperature and time. Three regimes are evident from Figure
4: no surface segregation (squares), incomplete surface segrega-
tion (triangles), and complete surface segregation (circles).
Surface segregation was not observed at temperatures below
~120 °C for up to 100 h, suggesting that an activation
temperature is required for surface segregation. Incomplete
segregation is found above a temperature of ~130 °C for short
annealing times. Here, the thermal energy is sufficient to
dissociate the cation from the acid group, but the annealing time
is not long enough to allow enough Cs to diffuse to the surface
and reach 67%. In this regime, the surface excess increases
monotonically with time until surface segregation is complete.
The RBS depth profiles of partially segregated films display a
surface enriched layer of Cs and a near surface layer depleted
of Cs.?” These depth profiles indicate that the Cs from the bulk
diffuses down a concentration gradient toward the surface.* In
a separate study of dynamics, the surface excess of Cs is found
to increase as time to the 1/2 power, as expected in a diffusion
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controlled process, and the rate at which the surface excess
increases also increases with temperature.®

For Cs—SMAA films annealed above 130 °C, complete
surface segregation is observed at long times (>10 h) and the
surface excess of Cs reaches a constant value of ~ 67%. This
behavior suggests that the Cs in the as-cast films resides in two
distinct local environments. Most Cs (~2/3) is located in an
environment that allows them to dissociate from the acid groups
and segregate to the surface under proper annealing conditions
(Figure 4). The local environment around the remaining Cs
(~1/3) is stable and therefore these Cs remain immobile for up
to 90 h at 200 °C.

Morphology of Surface Segregation. The surface morphol-
ogies of Cs—SMAA films were characterized by SFM. The SFM
images of as-cast films and films annealed below 120 °C appear
featureless with only long-wavelength height variations typical
of spun cast films. In contrast, surface features are apparent in
partially and completely segregated Cs—MAA films. Figure 5
shows the height images and line scans for Cs—SMAA films
annealed for (a) 30 h and (b) 90 h at 200 °C. Both conditions
correspond to complete surface segregation. After 30 h, the film
surface is covered with mounds that are ~9 nm high and
nominally ~30 nm wide; this width is comparable to the lateral
resolution. The number density is 180 mounds/um?. After 90 h,
the mounds grow higher (~25 nm) and wider (~70 nm) and
the number density decreases to 36 mounds/um?in Figure 5b,
which suggests that the mounds can coalesce. As shown in the
grazing incident RBS spectra, Figure 3, coalescence is likely
responsible for the broadening of the Cs depth profile at longer
times. Although their shape and number density are different,
the total volume of the mounds is comparable (within 9%) for
the 30 and 90 h samples. This observation agrees with the RBS
results, which show that the surface excess of Cs is similar for
both samples. Thus, these SFM results indicate that surface
segregation of Cs is accompanied by the formation of new
features on the surface and that these features coalesce with
extended annealing times.

The as-cast and completely surface segregated films were also
imaged using scanning transmission electron microscopy (STEM),
where the images are projections of thinner films (~ 75nm)
and the bright regions correspond to Cs-rich domains, Figure
6. The as-cast films have features that are consistent with
vesicular ionic aggregates, Figure 6a. These ionic aggregates
vary considerably in number density and size with diameters
that range from 8 to 85 nm. Note that these ionic aggregates
are sufficiently dilute to suggest that there are Cs—acid lone
pairs dispersed in the hydrophobic matrix between the vesicular
aggregates. These vesicular aggregates are similar in size and
number density to the ionic aggregates observed previously in
freeze-dried and compression molded samples of Cs—SMAA."”
Upon annealing (200 °C for 30 h) to produce complete Cs
surface segregation, these vesicular ionic aggregates persist with
a wide variety of sizes and spatial distributions, Figure 6b. In
addition, annealing produces finer scale structures in the STEM
images, inset Figure 6b. These new bright features are enriched
with Cs, homogeneously distributed across the sample, and
uniform in size (~ 3 nm). These fine-scale Cs-rich features were
not observed in the as-cast film (Figure 6a) or a film annealed
at 90 °C for 30 h (no surface segregation regime; image not
shown). For films annealed at 200 °C for 30 h, electron
diffraction patterns from these films were indexed as CsCl with
a (001) preferred orientation with respect to the surface.

Although STEM cannot discern surface from bulk features,
the SFM and RBS measurements strongly suggest that the
smaller scale Cs-rich structures observed in STEM are indeed
on the surface. Namely, the small features that appear in the
STEM and the surface mounds in SFM are attributed to surface
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b)

Figure 5. Scanning force microscopy (SFM) height images of a Cs—SMAA film annealed at 200 °C for (a) 30 h and (b) 90 h. Both scan sizes are
1.5 um x 1.5 um. Shown above each image is a line scan (1.5 um across) corresponding to the dark line in the SFM image; the height scale is
25nm. Although the as-cast film is featureless, the surface of the film annealed for 30 h exhibits small mounds after surface segregation of the Cs
counterion. Upon further annealing, for 90 h, the small mounds coalesce to form a few larger features.

segregation of Cs detected by RBS. Note that the Cs—SMAA
film thickness is ~400 nm for SFM and RBS, but is only ~75
nm for STEM. As detailed below, this difference in film
thickness accounts for the smaller quantity of surface segregated
Cs and, therefore, smaller features in the STEM images (~3
nm diameter) relative to SFM (~30 nm) in Cs—SMAA films
annealed at 200 °C for 30 h.

Surface Segregation Mechanism. Taken together, the RBS,
SFM, and STEM results from Cs—SMAA films provide
overwhelming evidence of Cs surface segregation and the
presence of surface features. The Cs surface segregation in
Cs—SMAA films requires chlorine to be present in the
atmosphere and the extent of segregation depends on annealing
temperature and time. The maximum surface segregation is
~2/3 of the Cs counterions and is independent of temperature,
above 130 °C. The observed surface enrichment of Cs coincides
with both (1) the formation of Cs-rich surface structures that
coarsen with annealing time and (2) the continued presence of
Cs-rich vesicular aggregates. In the spun-cast films, the vesicular
ionic aggregates are sufficiently dilute to suggest the presence
of Cs—acid lone pairs dispersed in the hydrophobic matrix.

The following mechanism accounts for these combined
findings. In the as-cast ionomer films, Cs is uniformly distributed
through the thickness of the film. At the nanometer-scale, Cs
exists either in the vesicular ionic aggregates or as cation—acid
lone pairs in the SMAA matrix, Figure 7. The Cs cations in the
matrix can dissociate from the carboxylic acid groups above
120 °C and thereby become mobile. The atmospheric Cl reacts
with the dissociated Cs cations near the surface, which produces
a concentration gradient that subsequently draws more of the
dissociated Cs to the surface. In the fully segregated films, 67%
of the Cs resides near the surface implying that 67% of the Cs
was originally in cation-acid lone pairs in the matrix. The
remaining bulk Cs (~33%) participates in the ionic aggregates

that remain intact upon annealing. Thus, for this ionomer
(Cs—SMAA with 6.1 mol % acid) treated with the processing
conditions in this study, the aggregation efficiency is only
~33%.

The high fraction of Cs—acid lone pairs proposed in this
mechanism is contrary to the simple assumption that all cation-
acid pairs reside in ionic aggregates, but is well supported by
the results. The cation-acid lone pairs might be stabilized by
the styrene monomeric units, because aromatic ring interact
favorably with the counterions through a cation-r interaction.?’
It has been shown that cations and aromatic rings have a strong
noncovalent electrostatic attraction that involves the quadrupole
moment of the aromatic ring. For example, this cation-
interaction enables benzene to compete with water in binding
cations.”® A few reports note the presence of cation-acid lone
pairs in the bulk, outside of ion-rich aggregates.”® ' Addition-
ally, ionomer transport models**? require some fraction of
cation-acid lone pairs to undergo ion-hopping.

At elevated temperatures (above ~120 °C) as the cation-acid
interaction weakens, the cation-sr interactions enable Cs cations
to be solubilized in the hydrophobic, styrene-rich matrix. This
finite solubility of Cs combined with annealing temperatures
above the copolymer glass transition temperature produces
mobile Cs cations. These mobile Cs cations, which are solu-
bilized by the styrene monomeric units, can diffuse independent
of the polymer chains. The mobile cations near the surface of
the film scavenge Cl from the atmosphere to produce a neutral
species, CsCl. This consumption of Cs produces a concentration
gradient that drives more Cs toward the surface. Overall, the
segregation of the Cs to the surface lowers the system free
energy, because CsCl interactions are favored.

This mechanism incorporates two requirements for surface
segregation: cations must have sufficient mobility to diffuse to
the surface and a driving force must exist to attract these cations
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Figure 6. (a) Scanning transmission electron microscopy (STEM) image
shows Cs-rich vesicular aggregates in an as-cast SMAA—Cu film. (b)
After annealing at 200 °C for 30 h, conditions that have been shown
to produce Cs surface segregation, the vesicle aggregates are still
apparent. In addition, a small-scale structure arises that is attributed to
the surface segregated Cs, inset.

to the surface. If either requirement is lacking, surface segrega-
tion does not occur. For example, when a Cs—SMAA film was
annealed in a sealed vial to dramatically reduce the atmospheric
chlorine, surface segregation was not observed; without CI to
scavenge Cs at the surface, a concentration gradient in Cs did
not develop that would drive surface segregation. Furthermore,
in SMAA films, monovalent counterions of K, Rb, and Cs were
found to surface segregate, whereas the divalent counterions of
Ca, Ba, Sr, and Zn did not segregate under the conditions
investigated.?® This lack of surface segregation in divalent
systems indicates the absence of sufficient cation mobility due
to the stronger interactions between acid groups and divalent
counterions. Divalent counterions are energetically less likely
to dissociate from acid groups and thus insufficiently mobile to
diffuse to the surface. Both requirements, sufficient cation
mobility and a driving force, are necessary for surface segrega-
tion. In these Cs—SMAA materials, mobility results from
solubilizing cations via cation-7r interactions at elevated tem-
peratures and the concentration gradient of Cs is established
by the formation of CsCl at the surface.

Figure 7. Schematic showing the location of Cs counterions corre-
sponding to the proposed mechanism of surface segregation. (a) Before
surface segregation, Cs counterions are located in either vesicular ionic
aggregates or the bulk as cation-acid lone pairs. This morphology
persists for films annealed at temperatures below ~ 120 °C. (b) During
surface segregation, the Cs ions in the cation-acid lone pairs dissociate
from the acid groups and diffuse to the surface. However, the Cs cations
in the vesicular aggregate are stable and remain in the aggregate even
at elevated temperatures.

The results in two earlier publications suggest the presence
of counterion surface segregation. Handlin et al.>* used electron
microscopy methods in an attempt to image aggregates in
EMAA, sulfonated polystyrene (SPS), polypentenamer, and
sulfonated EPDM rubber ionomers neutralized with either K
or Cs. In both solvent cast and microtomed samples, no
aggregates were observed in TEM. However upon exposure to
chloroform vapor, 6—10 nm features appeared randomly
distributed across the sample. These features were attributed to
metal salts with Cl. Based on the size and areal density of the
features, the authors determined that the total amount of
counterion imaged as metal salts could be supplied by the
ionomer material. Colby et al.* measured the interdiffusion of
the counterions in films of Na—SPS into Rb—SPS. To model
the diffusion they applied a modified sticky reptation model.
However the rate of diffusion of the counterions was observed
to be 2.8 x 107!* cm?s and 3.9 x 107! em?s at 135 °C for
Na and Rb, respectively, over an order of magnitude faster than
their model predicted. Additionally, inspection of their coun-
terion depth profiles suggests possible counterion surface
segregation.

The counterion concentration and location in ionomers is
critical for materials performance, because counterions are at
the root of the enhanced physical properties. This study has
shown that processing and storage conditions (temperature and
time) determine the extent of surface segregation and care must
be exercised to maintain a chemically homogeneous material.
Counterion surface segregation will decrease the bulk counterion
and thereby alter the bulk material properties, such as toughness.
Furthermore, counterion surface segregation will dramatically
alter the surface properties, such as wetting.

Conclusions

At high temperatures (above ~120 °C) a fraction of Cs
counterions in Cs—SMAA ionomer films segregate to the air/
polymer interface. This segregation has been observed in both
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spun-cast and melt pressed samples when atmospheric Cl is
present. In the spun-cast films, the surface segregation process
reaches completion with ~%/; of the Cs segregated to the surface
and ~!/3 of the Cs remaining stable in the bulk. This surface
segregation is accompanied by the formation of CsCl mounds
that coarsen with annealing. In addition, Cs-rich ionic aggregates
are present in the film and persist throughout the surface
segregation progress. We propose a mechanism in which
Cs—acid lone pairs exist in the as-cast and as-molded samples
and these lone pairs dissociate at elevated temperatures. Dis-
sociated cations are stabilized by cation—s interactions and
exhibit considerable mobility. The dissociated cations near the
surface scavenge Cl from the environment and the resulting
concentration gradient in Cs drives other dissociated cations to
the surface. This surface segregation ends when the cations from
the cation—acid lone pairs (~?/3) have been consumed at the
surface and only the cations in the ionic aggregates (~'/3) persist
in the matrix. Alternative ionomers and specimen preparation
methods would likely alter the proportions of cations in lone
pairs and ionic aggregates, so as to control the fraction of cations
that are available for surface segregation.
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