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ABSTRACT: Nickel-neutralized sulfonated polystyrene ionomers were examined by anomalous small-
angle X-ray scattering (ASAXS) at the nickel K-edge. The intensity of the ionomer peak in the difference
patterns, formed from SAXS patterns at two different energies, was shown to scale with the real part of
the anomalous dispersion factor (f’) and the fluorescent background with the imaginary part (f”). No
change in the shape of the scattering patterns with energy was discernible, and the single-energy and dif-
ference patterns were found to be superimposable with appropriate scaling. These observations prove that
both the ionomer peak and the upturn near zero angle are due to an inhomogeneous distribution of ionic
repeat units throughout the material and not to precipitated neutralizing agent or microvoids. Debye plots
of the intensity near zero angle were concave downward in all cases, contrary to the prediction of core-shell

models of ionomer morphology.

I. Introduction

The morphology of ionomers—polymers containing a
small amount of ionic functionality, typically neutral-
ized with metal cations—has been the subject of debate
for over 2 decades. By now it is generally agreed'™® that
the often dramatic differences in material properties
between ionomers and their nonionic precursors are due
to the aggregation of ionic groups into microdomains, which
can act as physical cross-links and ion-transport path-
ways in the material. The remaining dispute regards the
shape and spatial arrangement of these aggregates.
Because of the small size (2-10 nm) and lack of long-
range order of the ionic domains, it is difficult to resolve
this question by electron microscopy.*® Generally, the
morphology of ionomers has been probed by the small-
angle scattering of X-rays (SAXS)®?2 and neutrons
(SANS).2>-25 The features that are typically observed
in the scattering pattern from a phase-separated iono-
mer are a broad peak at a momentum transfer vector
magnitude q (g = (4= /) sin 8, where X is the X-ray wave-
length and 6, half the scattering angle) of 0.6-3.5 nm™,
as well as a strong upturn in scattered intensity as zero
angle is approached, below about 0.5 nm™. The posi-
tion and prominence of these features vary somewhat
depending on the polymer backbone, ion content, ionic
group placement, anion and cation, specimen prepara-
tion, etc. In a few cases, a shoulder on the main peak,
at roughly twice the g value of the main peak, has also
been reported.®2%22

Several models of ionomer morphology have been pro-
posed to account for some or all of the features in the
scattering patterns. Some attribute the scattering to a
dilute system of ionic aggregates having internal struc-
ture (“intraparticle” models) and postulate the existence
of at least three phases with differing electron densities.
These include the MacKnight core-shell model'® and the
Fujimura depleted-zone model.” Each models the aggre-
gate as a spherical electron-dense core, containing a high
concentration of ionic groups, which is wrapped in a layer
of matrix polymer containing little or no ionic fraction.
In the MacKnight model, the matrix layer is surrounded
with a second spherical shell of finite thickness, com-
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posed of material containing some ionic groups but at a
much lower concentration than the core. In the Fujimura
model, this second shell is considered to be the continu-
ous phase in the material and thus of infinite thickness.
A third intraparticle model, proposed by Roche et al.,'*
is similar to the MacKnight model except that the aggre-
gates consist of small trilamellar assemblies rather than
spherical shells.

The interparticle models contain only a single elec-
tron density difference (aggregate — matrix) and attribute
the observed intensity to interference between X-rays scat-
tered from a concentrated system of aggregates, such as
spherical aggregates residing on a simple cubic para-
crystal.”?® Yarusso’ proposed that the aggregates be mod-
elled as monodisperse hard spheres with a radius of clos-
est approach greater than their diameter, due to the nec-
essary attachment of polymer chains to the ionic groups,
with the aggregates interacting in a liquid like manner.
The Yarusso model has been shown to yield a better quan-
titative description of the peak than either the paracrys-
talline or intraparticle models.”®

Much less study has been devoted to the upturn near
zero angle, in part because the scattering usually occurs
close to the beamstop, where smearing effects from the
X-ray collimation®”?® as well as residual scattering from
the collimator or beamstop are important. This has led
some authors to dismiss this upturn as merely an arti-
fact of imperfect empty beam subtraction.” At other times,
it has been attributed to precipitated neutralizing agent
or to voids or other impurities, particularly when the ion-
omer peak is absent.?® In many cases, it has simply been
ignored.

Anomalous small-angle X-ray scattering (ASAXS) has
recently been applied to study the upturn in a nickel-
neutralized sulfonated polystyrene (SPS) ionomer.®
ASAXS makes use of the rapid change in the scattering
power of an element when the energy of the incident X-
rays is tuned in the vicinity of the element’s absorption
edges. When scattering patterns taken at different ener-
gies close to the nickel cation edge are subtracted, a “dif-
ference pattern” that reflects only the scattering from
cation-containing sources can be constructed. While
ASAXS has made important contributions to the study
of biological macromolecules in solution®*23 and to metal-
lurgy,34% the study referred to above® appears to be the
only one to date on solid polymers. Those preliminary
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Table I
Sample Identification

% neutralization

sample from XANES
S000 0
S050 50
S085 85
S100 92
S130 133
S170 164

results showed that the upturn was indeed related to the
cation used in neutralizing the ionomer (Ni2*) and not
to residual camera scattering. However, the experimen-
tal error in the data was too large to ascertain whether
or not the upturn and peak intensities were present in
the difference pattern in the same ratio as in a single-
energy pattern—that is, whether precipitated neutraliz-
ing agent or voids could be the source of the observed
scattering. In addition, slight changes in the peak shape
with X-ray energy, as have been found in complex col-
loidal systems,?® would not have been detectable due to
the relatively high noise level in the difference pattern.

The purpose of the present investigation is several-
fold. Because ASAXS deals with small differences, it is
essential to first ensure that the difference patterns truly
result from anomalous dispersion effects and not from
the inherent problems in taking a small difference of two
large quantities, especially when numerous manipula-
tions must be performed on the raw data. Second, the
acquisition of more precise data allows a definitive con-
clusion to be drawn as to whether the ionomer peak shape
changes with X-ray energy. Third, the possibility of pre-
cipitated neutralizing agent being the source of the upturn
is investigated by preparing a series of ionomers with dif-
fering neutralization levels. Fourth, the possibility of voids
or other impurities causing the upturn is checked by crit-
ically comparing the relative intensities of the peak and
upturn in the single-energy and difference patterns.
Finally, the accuracy of several previously suggested mor-
phological models that predict an intensity increase near
g = 0 are examined.

II. Experimental Section

A. Sample Preparation. The samples used are listed in
Table 1. The acid form of the sulfonated polystyrene (SPS)
was generously provided by Dr. Robert Lundberg of Exxon
Research and Engineering Co.; its synthesis, by post-polymer-
ization sulfonation of polystyrene, has been described pre-
viously.?® This material contains sulfonic acid groups at the
para positions of randomly distributed styrene units; atomic
absorption analysis revealed that the substitution level” was 6.91
mol %. Samples with varying degrees of neutralization were
prepared by dissolving the polymer in tetrahydrofuran (5-10%
w/w) and neutralizing with a dilute aqueous acetic acid solu-
tion of nickel hydroxide (the effective neutralizing agent is nickel
acetate) to 50, 85, 100, 130, and 170% of stoichiometric. For
ionomers having 100% neutralization or less, the solution was
poured into 10 volumes of water at 90 °C, and the ionomer was
recovered as a floc. To retain the excess neutralizing agent in
the ionomers 130 and 170% neutralized, the tetrahydrofuran
solvent was evaporated in air at 90 °C. All materials were dried
under vacuum at 60 °C for 36 h and then at 95 °C for 24 h.
Samples were compression-molded into disks at 9000 psi and
200 °C (150 °C for acid SPS sample). Some discoloration from
the drying process was noted, especially for the acid and 50%
neutralized specimens, but those containing Ni2* exhibited pre-
dominantly that cation’s characteristic green color and were trans-
parent. Sample thicknesses were chosen to give an absorbance
near unity at the nickel K-edge. The samples are denoted below
by “Sxxx”, where xxx is the approximate percent neutraliza-
tion.
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B. Data Collection. The ASAXS data were collected on
Beamline II-2 at the Stanford Synchrotron Radiation Labora-
tory, using the SSRL biotechnology camera.>*® For the discus-
sion below, the important pieces of equipment are the Si(111)
double-crystal monochromator with a resolution of 4 eV, an
ionization chamber before the sample serving as an incident
beam monitor, an evacuated beam path, a ZnS fluorescent screen
mounted in the beam stop and viewed by a photodiode serving
as an after-the-sample beam monitor, and a linear position-
sensitive detector of the Gabriel*! type. The beam was colli-
mated by sets of tantalum slits into a rectangle measuring 500
X 800 um (parallel X perpendicular to the detection direction).
The detector is positioned so that the beamstop is closer to one
end than the other, but scattering patterns may still be obtained
from both “ends” of the detector. The train is mounted on an
optical rail to allow rapid changes of the sample-to-detector dis-
tance while retaining the alignment; scattering patterns were
collected at both 50 and 30 cm. Ring currents at SSRL during
this period were 30-80 mA, which provided fluxes of 900-1600
counts/s at the detector, depending on the scattering power of
the sample.

By scanning the monochromator through the region of the
Ni?* K-edge and monitoring the ratio of ionization chamber to
photodiode counts, with and without a sample in the beam, we
obtained the X-ray absorption near-edge spectra (XANES) of
the samples (see Figure 4). The absorption edge of a sample
was defined as the midpoint of the edge jump. The edges for
the samples were located approximately 0.6 eV above the edge
for nickel foil, which has its edge*? at 8332.8 eV; the edge posi-
tion was rechecked periodically and found not to drift. For the
SPS series, the magnitude of the edge jump was used to com-
pute accurate degrees of neutralization; these are listed in Table
1L

C. Data Reduction. Asthe scattered intensity changes only
slightly with energy, it is essential that all relevant corrections
be properly applied to the data. All data was normalized on
the basis of accumulated counts in the ionization chamber. Sam-
ple transmittance was measured by comparing, at each energy,
the ratio of photodiode to ionization chamber counts with and
without the sample in the beam; corrections for transmittance,
empty beam scattering, and thickness were than made in the
standard fashion. The scattering patterns were corrected for
channel-to-channel variations in detector response with the use
of an 55Fe source (primarily Mn Ko X-rays, 5890 eV). The
channel-to-g conversion factor was obtained with a specimen
of cholesterol myristate, whose 5.15-nm Bragg spacing pro-
vides three strong reflections in the range of measurement; these
three reflections, plus the zero channel position, yield a detec-
tor linearity of better than 0.1%. The zero channel was found
by matching the two halves of the detector response for scat-
tering patterns from a Lupolen low-density polyethylene, which
exhibits strong scattering below ¢ = 1 nm™ . By plotting the
scattered intensity at ¢ = 0.42 nm™ from the Lupolen as a func-
tion of incident beam intensity (changing ring current), we deter-
mined the dead time of the detector to be 4.1 us. This value
agrees well with that found previously by beam attenuation with
calibrated foils*® and was used to apply the standard dead-
time correction.*> The data were placed on an absolute inten-
sity scale by comparison with the calibrated** Lupolen’s scat-
tering, which was measured repeatedly at each energy; the abso-
lute intensities are expressed as I/I,V, where I, is the intensity
scattering by a single electron and V is the scattering volume.
The data were smoothed with cubic splines in the upturn and
peak regions and with a moving boxcar in the tail region. The
data were then desmeared by the iterative method of Lake,?845
using the known beam length in the detection direction of 500
um and the detector mask width of 2.65 mm. The smearing
corrections were found to be negligible in the ionomer peak region
but were typically 10% at the lowest accessible g value.

The 50 and 30 cm patterns for each sample were then spliced
to produce curves extending from 0.18 to 5.1 nm™ in ¢q. The
difference patterns were obtained by matching the tails of the
patterns (4.0-5.0 nm™! in the present case) to correct for the
essentially isotropic®*€ contributions from fluorescence and res-
onant Raman scattering.34*? While this procedure should pro-
duce the desired difference pattern, one additional correction
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was found necessary.. To test the procedure, the difference pat-
tern of S000, which should be zero to within statistical error at
all g values, was constructed. Though several fold smaller than
the difference pattern for any nickel-containing material, it was
not zero to within statistical error, particularly between 0.3 and
1.4 nm™, This was attributed to an apparent resonance phe-
nomenon in the detection electronics, which caused a small oscil-
lation (less than 1.5% pk-pk) in the detector response over this
region as measured with the %®Fe source. Any change in the
position or amplitude of these oscillations with the X-ray energy
would account for the observed effect. Thus, a small addi-
tional correction was applied by adding a fraction of the lower
energy single-energy pattern to the difference pattern, the frac-
tion being the ratio of the difference to single-energy pattern
in S000 at each g value.

II1. Results and Discussion

A. Anomalous Scattering Background. As the
ASAXS experiment has been discussed previous-
ly,230-35.3848 only the most important elements will be
reviewed here. To calculate an electron density, the atomic
numbers of all atoms within a unit volume are summed.
However, the effective scattering power of an element is
not precisely equal to its atomic number but rather to
the atomic form factor f:

f=fo+ f(E) +if"(E) (1

fo is the energy-independent term, equal to the ele-
ment’s atomic number. The anomalous dispersion terms
f’ and f” are small compared with f, at most energies
but can become as much as 30% of f, at an atomic absorp-
tion edge. The f’ term becomes increasingly negative as
an absorption edge is approached from lower energy, caus-
ing the element’s scattering power to diminish. For the
ionomers considered here, the polymer matrix has a much
lower electron density than the ionic aggregates; thus,
the scattered intensity diminishes as the X-ray energy
approaches the cation’s absorption edge. The f” term
is proportional to Eu(E), where u(E) is the X-ray absorp-
tion coefficient?®, so f  is small at X-ray energies below
the edge; at the edge it jumps sharply and then decreases
as the energy is further increased. When an X-ray energy
close to, but slightly below, the absorption edge is used,
the effect of f "’ is to produce an isotropic intensity back-
ground due to resonant Raman scattering®**” and pho-
toelectric absorption of higher energy X-rays let through
by the finite band-pass of the monochromator.*® The
excess intensity background in scattering patterns taken
close to the absorption edge, simply referred to as “flu-
orescence” below, was subtracted before constructing the
difference pattern, as discussed in the Experimental Sec-
tion.

SAXS patterns were generally acquired at 50 and 5
eV below the Ni?* K-edge. For Ni metal,**% f’ changes
by approximately —1.9 between these energies (f, = 28),
which should provide sufficient contrast variation. To
magnify any changes in the scattering pattern between
these two energies, the lower energy pattern is sub-
tracted from the higher energy pattern to yield a “dif-
ference pattern”. For a feature to appear in the differ-
ence pattern, it must arise from scattering between cation-
rich and cation-poor regions in the material. Possible
rich/poor pairs would include ionic aggregates/
hydrocarbon matrix, precipitated neutralizing agent/
sample, and sample/microvoids, where “sample” refers
to the cation content of the pure ionomer, averaged over
both the ionic aggregates and the hydrocarbon matrix.
As will be shown below, comparison of the single-energy
and difference patterns allows discrimination between these
possibilities.
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Figure 1. ASAXS data for S170. Inset: SAXS patterns taken
at 50 () and 5 (- - -) eV below the measured Ni?* K-edge. Main
figure: —50 eV pattern (—) and scaled difference pattern (O)
prepared from single-energy patterns in inset. Scaling required
multiplication by 6.60 and addition of 1670 nm™2.

B. Peak Region. The inset in Figure 1 shows how
the difference pattern is obtained, using S170 as an exam-
ple. The -5 eV pattern (dashed curve) contains a sub-
stantial fluorescent contribution, as can be seen in the ¢
range of 4-5 nm™. Once this component is removed, by
matching the tails of the -50 and -5 eV patterns, the
peak height in the latter is less than in the former, lead-
ing to a positive peak in the difference pattern. The main
portion of Figure 1 is a comparison between the —50 eV
pattern and the difference pattern, which has been appro-
priately scaled to allow visual comparison. This scaling
required multiplying the difference pattern by 6.60 and
adding 1670 nm™ of background scattering. These num-
bers were obtained by fitting the data to the Yarusso
model, as described below, but could also have been
obtained by trial-and-error matching of the two pat-
terns.

There is no discernible difference in peak shape or posi-
tion between the single-energy and difference patterns
in Figure 1. Figure 2 further emphasizes that the shape
and position of the ionomer peak in S170 do not change
with energy. Here three difference patterns are pre-
sented; each is constructed from the —50 eV pattern and
one taken at higher energy. The difference patterns in
Figure 2 do not vary in shape; the inset shows how well
the patterns superimpose when appropriately scaled. When
plots are constructed analogous to Figure 1, it was found
that none of the samples exhibited a change in peak shape
as the X-ray energy was changed. Thus, the slight dis-
crepancy in the morphological parameters found by Ding
et al.® when fitting their single-energy and difference pat-
terns to the Yarusso model may confidently be attrib-
uted to their larger experimental error.

In some respects, ASAXS is similar to performing SAXS
and small-angle neutron scattering (SANS) experiments
on the same sample.?! If a material contains only two
phases, the background-subtracted SAXS and SANS pat-
terns should differ only by a constant multiple. There-
fore, the superposability of the SAXS and SANS pat-
terns can be a sensitive test of whether a material
contains more than two phases, analogous to the super-
posability of the single-energy and difference patterns
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Figure 2. Difference patterns for $170. Main figure: differ-
ence between —50 eV pattern and pattern collected at (—) —20
eV, (---)-5eV, and (- -) -1 eV. Inset: same, scaled (X2.36 for
-20 eV, X1.35 for -5 eV, X1 for ~1 eV).

from ASAXS. Combined SAXS and SANS have been
used®? to study an amorphous, cesium-neutralized poly-
(ethylene-co-methacrylic acid), wherein it was found that
the ratio of upturn to peak intensity observed by SANS
was much greater than that observed by SAXS. The lack
of superposability was cited in support of the three-
phase lamellar model of Roche et al.'!

However, each of the two ion-rich phases in the three-
phase models (core and shell or inner and outer lamel-
lae) achieves its enhanced electron density (or scattering
length density) solely because of a greater number den-
sity of ionic groups in that phase than in the ion-poor
regions, if volume additivity is a good approximation. Put
another way, if a multiphase material contains only two
components (e.g., ionic and hydrocarbon repeat units),
then no matter how many phases are present or how the
two components partition between the phases, the SAXS
and SANS patterns (or single-energy and difference
ASAXS patterns) should always be superposable if vol-
ume additivity is obeyed. For the sodium salts of other
poly(ethylene-co-methacrylic) acids, volume additivity has
been shown to hold® within 0.5%. Thus, while the super-
posability of the single-energy and difference ASAXS pat-
terns observed here is consistent with a two-phase inter-
particle model, it does not rule out the three-phase intra-
particle models. The apparent contradiction between the
good superposability found here and the poor superpos-
ability found by Roche et al.>? may be explained by the
presence of third component in the latter experiments,
namely, the “foreign heterogeneities” that were observed
to cause strong scattering at low ¢ even in the acid form
of the polymer,?® which contains no aggregates.

As detailed in the Experimental Section, numerous cor-
rections had to be applied to the data to ensure that the
intensities of the single-energy patterns were as accurate
as possible. It is important to show, then, that the dif-
ference patterns presented in Figures 1 and 2 derive from
anomalous effects and not from artifacts of the data treat-
ment. Figures 3 and 4 demonstrate that the former is
truly the case. Changing f’ is manifested in the height
of the ionomer peak in the difference pattern. For an
interparticle interference model, the peak height above
background in a single-energy pattern is proportional to
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Figure 3. Scaling test, S170 ionomer peak intensity with f’.
Left scale and (—): curve for nickel metal based on data of
Suortti et al.>*® Right scale and (X): squared electron density
differences based on Yarusso model.
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Figure 4. Scaling test, fluorescent background with Eu(E). Left
scale and (—): experimental value of Eu for S170 from near-
edge spectrum. Right scale and (X): fluorescent background
intensity.

the square of the difference between the ionic aggregate
electron density p,, and the matrix electron density p,.
(For the MacKnight, Roche, or Fujimura models, the inten-
sity expression is more complicated but is still propor-
tional to the square of the electron density difference
between ionic and hydrocarbon repeat units. Thus, the
argument presented here does not hinge on the choice of
model.) At energies below the edge, where f’ effects dom-
inate, we may write

(p1—pg) =aldb+ 1) (2)
where a is a proportionality constant and b represents

~ the nonanomalous part of the electron density differ-

ence between aggregates and matrix (which includes con-
tributions from such sources as sulfonate groups and the
fo portion of the nickel atomic form factor). Thus, if we
denote the f’ values at energies 1 and 2 by subscripts,
the electron density difference in a difference pattern
(dp) is

(o1 — Po)a? = @%(@b(f "y — ') + [(F )P (F D) (3)

Even at the edge, the ionic aggregates still have an effec-
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Table II
Yarusso Model Parameters for S170 Patterns

pattern®eV  R,Pnm  R,/R,® wv,tnm® p, - pp nm

-50 0.81 1.91 82 461
-50/-20 134
-50/-5 177
-50/-1 206

@ Dual-numbered patterns refer to difference patterns taken
between the two energies indicated. ° Fixed for all difference pat-
terns at the value computed for the —50 eV pattern.

tive electron density much higher than the matrix, so b
is always much larger than f’. thus, the second term on
the right-hand side may be neglected to a first approxi-
mation, and (p, — po)gp~ should be linearly related to f'.
The difference patterns for S170 were used to test the
f’ scaling given by eq 3.

Since (p; = po)ap’ is proportional to the height of the
ionomer peak, we could simply test whether the peak height
is linearly related to f’. However, taking a single-point
measurement of peak height in the presence of experi-
mental noise and a varying background level is not the
optimal way to treat the data. It is preferable to use
least-squares fitting to an analytical representation for
the peak to determine the best values of the background
level (artificially set negative in matching the tails of the
single-energy patterns) and the peak height above back-
ground. For this purpose, we selected the Yarusso model
with the Percus—Yevick interference function.”®*57 The
modelling parameters are shown in Table II; R, is the
radius of the ionic aggregate, R, the radius of closest
approach between aggregates, and v, the total volume of
material per ionic aggregate. In the fits to the differ-
ence patterns, the parameters determining the shape of
the curve (R,, R,, and v,) were fixed at the values found
for the =50 eV pattern.

Values of f’ for Ni?* are not available for comparison
with (p; = po)ap’s but £ for Ni° (metal) has been mea-
sured by several investigators. The data of Suortti et
al.,%° obtained by absolute intensity measurements of crys-
tal reflections, is well-represented over the range of inter-
est by

log (f") = -7.774 + 1.934 log (Eygge ~ Exray) (@)

This curve and the (p; ~ pg)q, values are plotted in Fig-
ure 3; the superposition is reasonably good. While some
of the discrepancy may be due to experimental error, some
is also due to differences in f’ between Ni?* and Ni°.
Since f’ and f ” are related by the Kramers—Kronig rela-
tions and f” is proportional to Eu(E) as measured by
the XANES spectra and the XANES spectra for Ni foil
and for the ionomer samples differ markedly, it is clear
that some differences in f ' between Ni® and Ni?* do exist.

An analogous test may be made for the effects of f”
by superimposing the “fluorescent” background inten-
sity on a plot of Eu(E) computed from the XANES spec-
trum, as shown in Figure 4. The superposition is excel-
lent here, since the f 7 data (whose surrogate in Figure 4
is Eu(E)) were obtained for the actual sample under stu-
dy and not for Ni foil. Thus, it is clear that the effects
observed here truly arise from anomalous dispersion and
are not artifacts of the data treatment.

Figure 5 shows the ~50 eV patterns for the entire SPS
series; that for S085 is virtually identical with that for
S100. As the degree of neutralization increases, the peak
intensity increases while the upturn intensity decreases;
in S170, the upturn is nearly an order of magnitude weaker
than in the acid SPS. This confirms that the upturn is
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Figure 5. -50 eV patterns for sulfonated polystyrene iono-
mers: (-) S000, (- - -) S050, (- -) 8100, (- - -) S130, (-~} S170.

not due to precipitated particles of nickel acetate, as the
upturn would not then be present in S000 and would
also be expected to increase dramatically in intensity for
neutralization levels above stoichiometric. Moreover, since
the peak intensity continues to increase beyond 100%
neutralization, this indicates that at least some of the
excess neutralizing agent incorporates itself into the ionic
aggregates, as has been generally assumed.%®

S000 (acid SPS) exhibits a weak ionomer peak; this
point has been the subject of some controversy, with one
group reporting its presence’ and another its ab-
sence'*® even in samples prepared similarly. The lat-
ter group has attributed the discrepancy to the presence
in the acid aggregates of residual dimethyl sulfoxide, used
by the former group in the solution from which they pre-
cipitated their polymer. In the present case, only tet-
rahydrofuran and water were used, indicating that the
scattering contrast between sulfonic acid groups and poly-
styrene is sufficient to produce an observable peak.

Since none of the ionomers exhibited a change in peak
shape with energy, an analysis similar to that carried out
in preparing Figure 3 can be used on all the SPS sam-
ples to see how the relative importance of the anomalous
effects changes with the degree of neutralization. The
parameter examined here is the ratio of (o, — p)g, to (0,
- pg) at 50 eV below the edge; roughly, the square root
of the ratio of peak intensities in the difference and sin-
gle-energy patterns. This ratio must be zero at 0% neu-
tralization, as no nickel is present but the scattering peak
is visible; as the degree of neutralization increases, the
ratio would be expected to reach a plateau as the aggre-
gates approach pure nickel acetate in composition. The
parameters obtained from the Yarusso model are listed
in Table III, while Figure 6 shows the ratio plotted against
the degree of neutralization. The dashed curve is sim-
ply a guide to the eye. The data appear to describe a
curve having the expected shape, and the ratio appears
to plateau at approximately 0.4. Using the f’ values of
Suortti for Ni® and assuming that the limiting case at
high neutralization is a dispersion of nickel acetate tet-
rahydrate in polystyrene, we expected the limiting value
to be 0.28. Since f’ for Ni** and Ni° differ and the trend
shown in Figure 6 is as expected, this should be consid-
ered reasonable agreement.
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Table I1I
Yarusso Model Parameters for SPS Samples

sample fit range,” nm™ R,°nm R,/R,® v’ nm® p, - p,, nm=
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S000 1.6-5 0.77 2.06 153 252
diff. 82
S050 1.2-5 0.84 1.79 83 312
diff 82
5085 1.0-5 0.79 1.83 64 341
diff 110
S100 1.0-5 0.80 1.84 66 345
diff 106
8130 0.8-5 0.78 1.92 68 435
diff 166
S170 0.6-5 0.81 191 82 461
diff 177

@ First line for each specimen contains the results for the ~50 eV
pattern; second line is for the difference pattern, using the same
fit range and R;, R,, and v,, values as found for the -50 eV pattern.
b Fixed for all difference patterns at the value computed for the
-50 eV pattern.
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Figure 6. Ratio of electron density differences between differ-
ence and single-energy patterns (O). Dashed line is a guide to
the eye.

It should also be noted that the (p;, - py) values listed
in Table III are quite large; as polystyrene has p, = 340
e/nm?, these correspond to p, values ranging from 592
to 801 e/nm® For comparison, Ni(CH;C00),-4H,0 has
an electron density of 566 ¢/nm?, while NiSO,-6H,0 has
an electron density of 645 e/nm?. This suggests that the
model overestimates the value of p;. (For comparison,
the following paper®® shows that p, in dry Nafion per-
fluorosulfonate membranes is about 580 e/nm3.) The dif-
ficulty is that the model is not very sensitive to the value
of R,; for instance, a value of R, = 0.95 nm for S170 yields
a value of p, = 622 e/nm® and nearly as good a fit. This
point is explored in greater detail elsewhere;*® however,
it does not affect the ratio plotted in Figure 6.

C. Upturn Region. The intensity upturn at low angles
has variously been dismissed as the result of residual cam-
era scattering,” voids or impurities,?® or precipitated neu-
tralizing agent.”® In the present study, the data were
truncated at a g value well above that where significant
residual camera scattering occurs, which rules out the
first source. The scattering patterns shown in Figure 5
have already eliminated precipitated neutralizing agent
as a possibility. Since all the samples were prepared from
the same acid SPS, if the upturn were due to foreign

10°¢
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i —— -50 eV
L o scaled diff.
N 10*F
£ -
g I
> B
e
= 10°E
FS170:
, % scaled diff.
10 1 1 lllllll 1 L L4 1 111
0.1 1. 10.

q (nm™)

Figure 7. S085: —50 eV (—) and scaled difference (O) pat-
terns, S170: -50 eV (- - -) and scaled difference (X) patterns.
Intensities for 8170 have been lowered by one log unit. Scal-
ing for 8085 difference pattern: X9.63, +1600 nm™S.

heterogeneities, it should appear with approximately the
same intensity regardless of the degree of neutralization.
Instead, its intensity decreases smoothly with increasing
neutralization, eliminating impurities as a substantial
source of upturn scattering here. Voids still remain a
possible explanation, however, and will be addressed next.

Figure 7 shows the —50 eV and scaled difference pat-
terns for S085 and S170 on a log-log scale; those for S170
have been shifted downward by one log intensity unit,
for clarity. For these as well as the other samples, the
-50 eV and difference patterns have the same shape over
the entire g range, within experimental error. Were the
upturn due to voids, it would not be totally absent in the
difference pattern, since the effective electron density of
the pure ionomer (averaged over both aggregates and
matrix) would diminish slightly. However, most of the
scattering contrast between voids and sample arises from
the electron density of the hydrocarbon matrix, so changes
in the scattering power of Ni?* would have only a small
effect on the sample-void contrast. On the other hand,
since the aggregate—matrix contrast is due exclusively to
a difference in the number density of Ni?* cations between
the two phases, changes in the scattering power of Ni?*
would have a strong effect on the intensity of the iono-
mer peak. The fact that the single-energy and scaled
difference patterns superpose well unambiguously rules
out voids as the source of scattered intensity near zero
angle.

It has also been suggested that the upturn is due to a
nonrandom distribution of the unaggregated ionic groups
(small multiplets or “dissolved” ionic groups) residing
within the matrix.? This explanation is not at odds with
the present results, for the same reason that the super-
posability cannot distinguish between the interparticle
and intraparticle models. A similar hypothesis would be
to assume that there is an inhomogeneous distribution
of ionic aggregates within the sample, such as in finite
paracrystalline lattices separated by aggregate-free re-
gions.?® However, the lack of nonionic matrix chains to
fill these regions makes the physical basis of such a model
rather tenuous. It has also been suggested® that the shape
of the upturn can be described by the Debye~Bueche ran-
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Figure 8. Debye plots for upturn region of sulfonated poly-
styrene ionomers: (0) S000, (X) S085, (a) S130, (O) S170.

dom-two-phase model®6:%7

I/1,V = 8x(1 - $)(Ap)*/c(g® + ¢ )? (5)

where ¢ is the volume fraction of either the ion-rich or
ion-poor portion of the matrix, Ap is the electron-
density difference between the two types of region, and
¢ is the correlation length, a measure of the size of the
regions. According to the above equation, a Debye plot
(I"*% vs ¢® of the intensity above background should
yield a straight line. If this explanation is correct, then
the “background” in the upturn region consists of two
contributions: (1) the true SAXS background, due to the
leading edge of wide-angle scattering, fluorescence, ther-
mal density fluctuations, mixing of matrix matter into
the ionic aggregates, and ionic groups dissolved in the
matrix, and (2) the leading edge of the ionomer peak inten-
sity, which would then be described by the Yarusso
model.?

Since the single-energy and difference patterns have
the same shape, we can use the single-energy patterns
(which possess much better counting statistics) to test
this hypothesis. The first source of background was found
by fitting the tail region of the curves (3-5 nm™) to Porod’s
law®! plus a Vonk-like background® of the type (I/I,V),,
= A + Bg*. The Bg* term arises from the leading edge
of a polystyrene wide-angle reflection® at 7 nm™; B was
found from the S000 data and held fixed for the other
samples. The curves with (I/I,V), subtracted were fit
with the Yarusso model, yielding the parameter values
in Table III. The Yarusso model fits were subtracted
from the data, and the residuals were recast in the Debye
format to yield Figure 8. (The curves for S000 and S050
and for S085 and S100 nearly superimpose, so only one
from each pair is shown.) Fortunately, the upturn inten-
sity is large enough that it is rather insensitive to any
errors in background subtraction. In all cases, the Debye
plots do not describe straight lines, even at the lowest
accessible ¢ values. While it might be argued that the
plots would straighten out if lower g values were attained,
very recent data'® on other SPS ionomers reveals that
the curvature persists to at least 0.03 nm™. Thus, the
Debye-Bueche model is an unsatisfactory quantitative
representation for the upturn; all the Debye plots are
concave downward.
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One obvious shortcoming of the Yarusso model is that
it does not predict an upturn in scattered intensity near
zero angle. The MacKnight, Roche, and Fujimura mod-
els do predict an upturn, which is often cited in their
favor. The MacKnight and Fujimura models behave as
Rayleigh functions® near g = 0, and the Roche model is
similar; therefore, all three models predict Debye plots
with a pronounced upward concavity, in disagreement
with the results shown in Figure 8. Thus, none of the
morphological models proposed to date is completely sat-
isfactory. One possibility that has not been explored in
detail is to introduce an attractive potential between the
ionic aggregates in the Yarusso model, which results in
both a peak and an upturn;®® this model will be dis-
cussed in detail elsewhere.%°

IV. Conclusions

Nickel-neutralized sulfonated polystyrene ionomers of
varying neutralization level were studied by ASAXS at
the Ni** K-edge. The single-energy and difference pat-
terns were found to be superimposable in all cases, with
appropriate scaling, and no change in the shape of the
scattering patterns with energy was discernible. These
observations unambiguously show that both the iono-
mer peak and the low-g upturn are due to an inhomoge-
neous distribution of ionic repeat units in the samples
and not to precipitated neutralizing agent or voids. The
intensity of the ionomer peak was found to scale with f”,
while the fluorescent contribution was found to scale with
/", demonstrating that the difference patterns truly arise
from anomalous effects and not from artifacts of the data
treatment. The peak height increased and the upturn
intensity decreased with increasing neutralization, with
no abrupt change at the stoichiometric point, indicating
that the excess neutralizing agent is taken up by the ionic
aggregates. Finally, Debye plots of the intensity near zero
angle were found to be concave downward in all cases
examined, contrary to the predictions of the intraparti-
cle interference models proposed to date.
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