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ABSTRACT: The interpretation of the small-angle X-ray scattering (SAXS) data for ionomers has been the
subject of considerable controversy in recent years. In this work, SAXS absolute scattered intensity data
without slit-smearing effects have been obtained on a series of sulfonated polystyrene ionomers. The various
microstructure models that have been proposed are evaluated by fitting calculated SAXS curves for each
of the models to these data. It is shown that none of the existing models is entirely satisfactory. A new model
is proposed that attributes the scattering peak to interference between small ionic aggregates arranged with
a liquid-like degree of order in the material. The model is a variation on the model of a system of hard spheres
in which the closest approach radius is larger than the scattering particle radius. The model provides an excellent
fit to the data and is consistent with the sample compositions. The interpretation of other data regarding
the dependence of the SAXS curve on swelling and stretching of the sample and the existence of two different

ion environments is discussed.

I. Introduction

The term “ionomer” has been applied to copolymers
consisting primarily of hydrophobic repeat units with a
small fraction of the monomer units containing ionic
functionality either on pendant groups or in the main
chain. This is most often a salt of a carboxylic or sulfonic
acid group. Research on the microstructure of ionomers
has been extensive over the past few years because of the
unique physical properties that these materials possess.
Some examples of ionomers that have found commercial
application are Surlyn and Nafion, both manufactured by
E. 1. du Pont de Nemours. Surlyn is a copolymer of
ethylene and methacrylic acid containing less than 10 mol
% methacrylic acid and neutralized with Zn?* or Na®.
This material has a high melt strength and excellent
toughness and is optically clear, making it ideal for certain
packaging applications.! Nafion, on the other hand, is
important because of its transport properties. This ion-
omer consists of a poly(tetrafluoroethylene) backbone with
occasional perfluoro ether side chains terminated by sul-
fonic acid groups. Because of its hydrophilicity, selective
permeability to cations, low resistance to current flow, and
excellent chemical stability, Nafion has been used as a
separation membrane material in chlor-alkali electro-
chemical cells.?

Although very different, the unique properties of both
Surlyn and Nafion appear to be due in some way to ag-
gregation of the ionic species in these systems. Much
research has been directed toward more fully under-
standing the microstructure of ionomers in order to ra-
tionalize their physical properties. Although the existence
of ion aggregates is generally recognized, the basic ques-
tions of their size, internal structure, and distribution in
the material are still matters of considerable uncertainty.
A detailed discussion of these issues and a review of the
work in this area is given in a paper by MacKnight and
Earnest?® and in two recent books.*5

Several models of the microstructure of ionomers have
been proposed, some based primarily on the interpretation
of mechanical and spectroscopic data and some based on
the analysis of small-angle X-ray scattering (SAXS) data.
Eisenberg postulated the existence of two types of ion
aggregation, which were termed multiplets and clusters.*57
These designations were based on certain apparent tran-
sitions in the behavior of ionomers as the ion content is
increased. A multiplet is a group of a few ion pairs (no
more than about eight) tightly aggregated and excluding
all hydrocarbon material. If the multiplets are assumed
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to be spherical, geometric constraints limit their size to
about 0.6 nm in diameter.” At higher ion contents, Ei-
senberg suggests the formation of clusters. Clusters are
defined as groups of several multiplets that form a domain
in the material which is locally rich in ionic material but
contains a significant amount of hydrocarbon as well. The
size of these entities is presumed to be on the order of 5-10
nm in diameter. Several spectroscopic experiments, in-
cluding dielectric, infrared, and Raman measurements,
have indicated that there are two different ion environ-
ments, and these have usually been interpreted as corre-
sponding to multiplets and clusters.?!

The earliest and most direct evidence for the existence
of ion aggregation in ionomers was the appearance of a
peak in the SAXS pattern of an ethylene/methacrylic acid
copolymer upon neutralization with Na*.!? This charac-
teristic peak has since been observed in many ionomer
systems. In ionomers based on carboxylic acid, the peak
appears only in the neutralized form of the polymer but
not in the acid form.*'7 In sulfonic acid based ionomers,
however, the peak may be observed in the acid form as
well.1¥2L4 Figure 1 shows data obtained by the authors
for 6.9% sulfonated polystyrene neutralized 85% with
Zn**. The curve is typical of ionomer SAXS data. The
characteristic ionomer SAXS peak is broad and centered
at g values ranging from 1.5 to 2.5 nm™ for different ion-
omers. (g = 4n /) sin 0, where 26 is the scattering angle
and X\ is the X-ray wavelength.) If Bragg’s law is applied
to the peak positions, the corresponding spacings are
2.5-4.0 nm. If the measurements are made at low enough
angles, one usually observes an upturn in intensity like that
seen in Figure 1. In ionomers with crystallizable back-
bones, one may also observe another peak at a lower g
value than the characteristic ionomer peak that arises from
scattering from crystalline lamellae. Roche et al.?? studied
the deformation dependence of the apparent Bragg spacing
(dg) in the directions parallel and perpendicular to elon-
gation in ethylene/methacrylic acid ionomers. They found
that the dg values changed much less than the macroscopic
sample dimensions. Several studies'*?*? have shown that
upon swelling of the ionic domains with polar solvents, dg
increases, but much more than the macroscopic linear
dimensions.

Various microstructural models have been proposed to
explain these SAXS observations. They differ primarily
in whether they attribute the peak to interference between
different ionic aggregates or to an internal structure of the
aggregate. Very few attempts have been made to check
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Figure 1. SAXS data for zinc-neutralized sulfonated polystyrene
ionomer (sample 4D).

the quantitative agreement of these models with experi-
mental data. Most of the arguments for or against dif-
ferent models have been made on the basis of certain
qualitative characteristics of the model and the data so that
the question is still far from resolved. In addition, the
correlation between the various SAXS models and the
multiplet—cluster concept has not been clear.

In order to better evaluate the various models, we con-
sidered it necessary to obtain absolute intensity SAXS data
on a simple, well-characterized ionomer system. Sulfo-
nated polystyrene was chosen because there is no possi-
bility of backbone crystallinity and because the post-
polymerization sulfonation procedure is likely to produce
a nearly random placement of sulfonate groups. Using
such data, we will show in this work that none of the
existing models is entirely consistent with the data. A new
model is proposed that can very accurately model the
SAXS curve with the exception of the upturn in intensity
near zero angle. The model parameters are consistent with
the sample compositions. In addition, the existence of two
ion environments can be interpreted in terms of the pro-
posed model.

II. Experimental Section

Four samples of partially sulfonated polystyrene prepared
according to the procedure described elsewhere?? were obtained
from Dr. Robert Lundberg and the late Dr. Henry Makowski of
Exxon Research and Engineering Co. The chemical structure of
these materials is

- CHp—CH————CHy—CH —+—

© 9

Atomic absorption analysis was used to determine the degrees
of sulfonation of the four different samples. The polymers were
dissolved in a 60/40 mixture by volume of toluene and dimethyl
sulfoxide (Me,SO) at a concentration of 100 g/L. The solutions
were filtered through no. 1 filter paper using nitrogen pressure.

The filtered solutions were then neutralized to three different
levels by dissolving the desired amount of zinc acetate dihydrate
in a minimum amount of water and adding that solution to the
polymer solution and stirring for approximately 30 min. The
mixture was optically transparent and slightly yellow as was the
acid solution. Thus, with this solvent and salt system, a one-phase
neutralization is possible. Since only a stoichiometric amount
of salt (or less) is used and since the sulfonic acid group is a
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Table I

fraction of

mole fraction

of sulfonated sulfonate groups density,
sample repeat units neutralized by Zn?* g/em?
1A 0.0168 0 1.048
1B 0.0337 0 1.045
1C 0.0555 0 1.075
1D 0.0691 0 1.080
2A 0.01868 0.28 1.063
2B 0.0337 0.25 1.077
2C 0.0555 0.24 1.095
2D 0.0691 0.23 1.100
3A 0.0168 0.45 1.066
3B 0.0337 0.46 1.080
3C 0.0555 0.50 1.095
3D 0.0691 0.55 1.102
4A 0.0168 0.86 1.0687
4B 0.0337 0.84 1.082
4C 0.0555 0.88 1.102
4D 0.0691 0.85 1.113

considerably stronger acid than acetic acid, there is little chance
that any Zn?* will be trapped in the polymer in the acetate form.

After neutralization, the polymer was recovered by pouring the
solution into boiling water purged with steam. The steam strips
away the toluene, and the Me,SO dissolves in the water, leaving
the polymer as a porous cake on the surface. The polymer cakes
were then pulverized in a blender containing a 50/50 mixture of
water and methanol to extract residual solvent. The granules were
separated from the liquid by filtration and dried in air at 50 °C
for 24 h and then under vacuum at 65 °C for 24 h.

The dried granules were then compression molded into disks
at 200 and 150 °C for the salt and acid forms, respectively, with
an applied pressure of 17 MPa for 10 min. The disks were then
annealed and dried under vacuum at 120 °C for 24 h and slowly
cooled under vacuum over a period of about 4 h to room tem-
perature. The effect of annealing at higher temperatures was not
investigated.

X-ray absorption spectra were obtained in the vicinity of the
zinc K edge, and the change in absorption coefficient at the edge
relative to the background was used to determine the mass fraction
of zinc in the materials and thus the degree of neutralization.?
The sample densities were measured by buoyancy in Dow Corning
Silicone 200 fluid. Table I summarizes the sample designations
and chemical characterization data.

SAXS data were obtained with the pinhole collimation camera
and two-dimensional position-sensitive detector at Oak Ridge
National Laboratory. A sample-to-detector distance of 1.12 m
and a pinhole diameter of 1 mm were used. The measurements
were performed with Cu Ke radiation from a rotating-anode
source operating at 42 kV and 50 mA. Monochromatization was
achieved by Bragg diffraction from a graphite crystal. Data were
obtained over a g range from 0.1 to 4.5 nm™ with a resolution
of about 0.1 nm™. The data were corrected for detector sensitivity,
dark current, parasitic scattering by the camera, and absorption
of the beam by the sample. The resulting curves were converted
to absolute scattering power by comparison to the scattering from
a calibrated Lupolen standard.?’ The data are presented as [/I,V,
where I is the scattered intensity, I, is the intensity scattered by
a single electron under identical conditions, and V is the irradiated
sample volume.

Short-range electron density fluctuations and thermal density
fluctuations give rise to a broad amorphous halo centered in the
wide-angle region which extends into the small-angle region. In
order to subtract out this contribution, data were obtained on
a Picker wide-angle diffractometer. The curves were normalized
to match the SAXS curves in the region of ¢ overlap. The
wide-angle data in the g region from 3.9 to 6.7 nm™! were fit by
using the exponential form suggested by Rathje and Ruland,®
and the extrapolated curve was subtracted from the SAXS data.

III. SAXS Background

Small-angle X-ray scattering measurements are used to
study heterogeneities in matter having a length scale on
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the order of 1-100 nm. If a monochromatic beam of X-rays
illuminates a sample and the scattered intensity is mea-
sured as a function of scattering angle, it is well-known®
that the intensity distribution is given by

1@ = 1@ f pyear ar | &)

where q is the scattering wavevector whose magnitude is
given by

q=4r/N\) sin 8 2)

in which 24 is the angle between the incident and scattered
beams and X is the radiation wavelength. The direction
of q is the same as that of the vector which is the difference
between a unit vector in the scattered direction and one
in the incident direction. The vector r is a position vector
and p(r) is the electron density distribution in the sample.
I, is the intensity scattered by a single electron under the
experimental conditions and I is the observed intensity.
The three-dimensional Fourier transform integral is taken
over the volume of the sample illuminated by the X-ray
beam, V. The Fourier transform is a complex quantity and
its square is defined as the result of multiplication by its
complex conjugate. Although the Fourier transform is a
completely invertible procedure, the squaring causes cer-
tain information about the electron density distribution
to be lost. Thus, while the intensity profile can, in prin-
ciple, always be calculated for any microstructure, the
reverse procedure is not possible.

Since the small-angle region of the scattering pattern
contains the low-frequency components of the fluctuations
of p(r), it is primarily composed of contributions from the
larger scale microphase morphology. The wide-angle re-
gion contains primarily contributions from fluctuations in
density from atom to atom. Thermal density fluctuations
have a variety of wavelengths and contribute to the entire
scattering curve. As a consequence, to extract only the
information about the phase morphology, one must at-
tempt to subtract the contributions from short-wavelength
intraphase fluctuations and thermal density fluctuations
in p(r) by some approximate procedure.?3°

There are several cases of practical interest where eq 1
reduces to a simplified form. First is the case where the
structure consists of regions of electron density contrast
arranged on a periodic lattice. Here, the scattering pattern
will consist of a number of sharp peaks, and the application
of Bragg’s law will give the various lattice spacings. This
type of analysis is entirely analogous to crystal structure
determination by wide-angle X-ray diffraction. For
structures without long-range periodicity, however, the
calculation of a Bragg distance for a peak has little
quantitative significance.?

The opposite extreme is a dilute system of particles
dispersed in a matrix. In this case, correlations in phase
between X-rays scattered by different particles are neg-
ligible and the observed scattered intensity is simply the
sum of the scattered intensities from each of the particles.
Thus, to calculate the scattering from a dilute system of
identical particles, one must calculate the integral of eq
1 for a single particle and average over all particle orien-
tagons. For spherically symmetric particles, eq 1 reduces
to

1
I(q) = Ie(q)VU—Fz(q) 3
p
where v, is the average sample volume per particle and

@ sin (qr)
F@) = [ o0—0

(47r?) dr (4)
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F(q) is known as the structure factor of the particle. For
a sphere of constant density

F(g) = vopd(gR) (5)
where
qD(x)=3s1nx—;ccosx ©)
x
vo = ¥smR?

and p is the electron density difference between the spheres
and the matrix.

A third case, intermediate between these two, is char-
acterized by a liquid-like degree of order in the relative
positions of the particles. Zernike and Prins®® have de-
veloped the scattering equations for such a system, and
one form of their results® is

I(g) =

1 1 pe sin (gr)
Ie(q)Vz);Fz(q) 1 fo [1 - P(r)]

qr

(47r2) dr

(M

for spherically symmetric particles. P(r) is related to the
probability distribution function of interparticle separa-
tions and v;, is the average system volume per particle.
Debye®® assumed that for a system of hard spheres, P(r)
= (O for r < 2R and P(r) = 1 for r > 2R and showed that
this leads to the result

p

1 8vo
I(g) = Ie(q)Vv—vozpzéz(qR)[ 1-——®(2R) ] (8)
P

Guinier argues® that Debye’s approximation that P(r) is
independent of the particle concentration is inaccurate.
This can clearly be seen in the fact that eq 8 predicts
negative intensities for particle volume fractions (vy/v,)
greater than about 0.125. Guinier suggested an equation
derived by Fournet® based on the thermodynamic
theory of Born and Green:*

Itq) = Ie(qWUiFZ(q) ©
b

P
v, — (27)%/2%B(q)

where ¢ is a constant very close to one and

1 @ .
86) = G G fo ra(r) sin (gr) dr  (10)

where
a(r) = e/l - (11)

in which ¢(r) is the interparticle potential function. For
hard spheres, Y(r) = = for r < 2R and y(r) = 0 for r > 2R.
This approach then provides the following result for hard
spheres:

1
1 + (8vy/v,)e®(2gR)

Ilg) = Ie(q)VUlvo"’pW(qR) (12)
p

Another way to deal with systems with intermediate
degrees of order is through a paracrystalline lattice model.
In such a model, the scattering particles are arranged on
a lattice that is disordered from perfect periodicity by
allowing the lattice basis vectors to fluctuate in some way.
This lattice disorder is referred to as disorder of the second
kind. In addition, the particle positions and orientations
in each lattice cell can fluctuate. This is referred to as
disorder of the first kind. The mathematical analysis of

these models is described in detail by Hosemann and
Bagchi.#! Unlike the Zernike—Prins-type model, the par-



1874 Yarusso and Cooper

acrystalline lattice approach can deal with particles and
position distribution functions that are not spherically
symmetric.

Here, we will consider a paracrystal having only disorder
of the second kind. For this case, the scattered intensity
is given by

Ita) = L@V=Fi@Z(@ (13)

where v, is the average volume per lattice cell, F, is the
structure factor of a lattice cell, and Z is the lattice sta-
tistics factor. If we wish to treat the sample as a collection
of paracrystalline lattices that are randomly oriented, an
average of eq 13 must be performed over all orientations
of the vector q. For simplicity, we will assume that the
three average fundamental lattice vectors, (a,), (a,), and
{a3), are orthogonal. We will further assume that the
scattering particles are spheres of radius R and density p.
For this case, the orientation averaging results in

I(g) =
2 x/2 /2 .
1@}V rvs’¥*(R) fo fo Z(g,0,¢) sin 6 df dg¢
(14)

where 0 and ¢ define the orientation of g with respect to
the lattice coordinate system. In other words

q-{a;) = g(a,) sin f cos ¢ (15)
q-(ay) = g(ay) sin 6 cos ¢ (16)
q-{az) = g(as) cos § (17

For the case of an ideal paracrystal, in which all of the
cells are parallelepipeds and the three lattice vectors
fluctuate independently from cell to cell with a spherically
symmetric Gaussian distribution about the mean, an
analytical expression exists for Z(q):

2(a) = 1IRe %:—((::—)) (18)
where
Fi(q) = |Fi(a)| exp[-i(q)-(a,)] (19)
and
IFi(q)| = exp[-Yag?s,] (20)

where s is a measure of the breadth of the distribution of
lattice vectors.

IV. Evaluation of Existing Models

In this section, through comparison of model calculations
with the experimental data obtained on the sulfonated
polystyrene ionomers, the strengths and weaknesses of
each of the ionomer X-ray models will be examined. One
of the features that will become an issue in the comparison
of various models is the upturn in intensity near zero angle.
It is not clear whether this feature is truly indicative of
the structure resulting from ion aggregation or is simply
artifact. In our data, the upturn occurs in the same region
where the background scattering from the camera is strong.
Thus, uncertainty in the measurement of the sample
transmittance can have a strong effect on the result of the
background subtraction procedure in this region. Another
possible source of scattering near zero angle is sample
impurities or voids. It should be noted that this feature
of the curve has been widely observed even in pure poly-
styrene and in carboxylate ionomers in the acid form,
where there is no evidence of ion aggregation and no SAXS
peak. 144249
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Figure 2. Fit of paracrystalline lattice model (solid line) to data
for sample 4D (circles). The model parameters are a = 4.36 nm,
s = 1.30 nm, R = 0.98 nm, and p = 133 nm™.

In our data, the characteristic ionomer SAXS peak was
observed for all levels of neutralization, including the pure
acid. This is contrary to the results of Peiffer et al.*® on
the same materials prepared by a slightly different pro-
cedure. For the evaluation of the various models, we will
concentrate on the 85% neutralized salts.

There are two types of models that attribute the ionomer
SAXS peak to an interparticle interference: the para-
crystalline lattice models and the liquid-like interference
models. The paracrystalline lattice is essentially the model
used by Marx et al.!* to analyze data obtained for a variety
of ionomer systems. However, no attempt was made to
calculate the scattering curve and compare it with the data.
Using the apparent Bragg spacings and the known com-
positions of the samples, Marx et al. calculated that the
number of ionic groups per aggregate ranges from 2 to 7
and increases as the overall ion content increases.

In considering the paracrystalline lattice approach, we
chose to use a cubic lattice with equal disorder in all three
basis vectors, i.e.

(a1) = (ag) = (a3) = a
and
S T 8§ =83 =8

having identical spherical particles on each lattice point.
Using eq 14-20, we attempted to fit the experimental
SAXS curve for the zinc sulfonated polystyrene sample
4D. Considering the uncertainties in the region near zero
angle, it was decided to fit only the data at g values greater
than 0.5 nm™, Figure 2 shows the best fit as determined
by nonlinear regression and the resulting model parame-
ters. The model fits the data reasonably well but the
calculated curve has a peak that is slightly sharper than
that in the data. It is also important to check that the
model parameters are reasonable, considering what is
known about the sample composition. For this calculation,
it is assumed that the number of sulfonate groups per unit
volume of aggregate is given by the corresponding number
for the zinc benzenesulfonate hexahydrate crystal struc-
ture®® multiplied by the ratio of the apparent ionic phase
electron density as determined by the model fit to that of
the crystalline analogue. The electron density of the
polystyrene matrix is 340 e"/nm?® and the electron density
of zinc benzenesulfonate hexahydrate is 510 e /nm?. The
apparent ionic phase density is 340 + 133 = 473 ¢*/nm?3.
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Figure 3. Fit of simple hard-sphere model (solid line) to data
for sample 4D (circles). The model parameters are p = 34 nm™>,
R = 1.28 nm, and v, = 20 nm?.

In the crystal there are four sulfonate groups in each unit
cell of 0.991 nm?. Thus, from the model parameters, the
apparent number of sulfonate groups in aggregates per unit
volume of sample is

480; 473 4
- - - - 0. 3
0.991 nmd 510 37 098 nm)

(4.36 nm)?

= (.18 SO3/nm?

The actual concentration of sulfonate groups as deter-
mined by the density and mass function of sulfur for this
sample is 0.42 SO;/nm?. Since the apparent number of
ions in aggregates is less than the total available, there is
no inconsistency with the known composition. The ap-
parent fraction of ions in aggregates, 3, for this model is
0.43.

One of the objections that is commonly raised against
a paracrystalline lattice approach is that one has no ra-
tionalization based on physical arguments for the degree
of correlation between ionic aggregate positions which the
model implies. It would be more satisfying if one could
derive the observed scattering from the Zernike-~Prins
liquid-like model with a physically reasonable postulate
for the form of the interparticle potential function. The
simplest such model involves the assumption of spherical
particles that have no interaction other than impenetra-
bility, i.e., a system of hard spheres. In evaluating this
model, we will use eq 12. Some authors have used Debye’s
result (eq 8) but as was pointed out earlier, that approach
is not accurate. As it turns out, the two equations can give
curves of similar shape but the volume fraction of particles
required is higher for the Fournet equation than for
Deybe’s equation for a given shape. This type of model
is incapable of predicting the observed intensity upturn
near zero angle but if an interparticle potential function
with an attractive component is used, such a feature could
be modeled.** Again, because of the uncertainties in that
region, we have decided to use the simpler model and to
fit only the data for ¢ greater than 0.5 nm™'. Figure 3
illustrates that this model could not provide a good fit.
Futhermore, using the same type of calculation as for the
paracrystalline lattice model, one finds that in this case
there is an inconsistency with the known composition since
the apparent concentration of sulfonate groups in aggre-
gates is larger than the known total concentration by a
factor of 3.
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Figure 4. Original core—shell model and corresponding electron
density profile.

Because of the deficiencies of the existing interparticle
scattering models, other models have been proposed that
attribute the ionomer SAXS peak to the internal structure
of each ionic aggregate. Thus, they use the theory for
dilute systems of particles. It is the particle structure
factor that dictates the shape of the SAXS peak. The first
model of this kind was proposed by MacKnight et al.*3
The ionic aggregate structure for this model is shown in
Figure 4. The core is a dense aggregate of ionic groups
surrounded by attached hydrocarbon chains. At some
distance from the core is located a shell of ionic material
at a significantly lower electron density than the core. The
electron density distribution across the particle of this
model is also shown in Figure 4. Using eq 3 and 4, one
calculates for this model

4

[p1R*®(gR,) + p2(R33(1>(qR3) -
3

I(g) = LV~
Up
2

R*®(qR)]( (21)

Another model suggested by Roche et al.? involves a la-
mellar arrangement of three ionic regions with an electron
density profile very similar to that in Figure 4. This model
has very similar characteristics to the core-shell model
when the averaging over all particle orientations is per-
formed so it is not discussed in detail here. Fujimura et
al.,?8 in referring to the core—shell model, use a different
type of electron density profile. In this case, a central core
of ionic material is surrounded by a shell that has been
depleted of ions while the matrix has a finite ion concen-
tration. This results in the profile shown in Figure 5. This
model is much more intuitively appealing than the original
core-shell model since it is difficult to imagine what forces
could exist to maintain the shell of ions associated with
the core over such distances. This is especially true when
one considers the fact that the ionomer SAXS peak has
been observed to persist in some cases to temperatures
above 200 °C. The depleted-zone core—shell model is
analogous to the structure that was originally thought to
cause a similar SAXS peak in certain phase-separated
metal alloys.*® The resulting equation for this model is

1 2
1g) = I(@) V| s - pIR{AB(GR)) + poRe'(aR)]
p

(22)
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Table 11
sample p,, nm™3 p,, nm™3 R,,nm R,,nm vp, nm® 8 ¥ N
4A 170¢ -0.7 1.00 3.4 1.0x 10?2 0.16 0.15 17
4B 170¢ -2.1 0.99 3.4 4.3 x 10? 0.19 0.39 16
4C 170¢ -3.5 1.03 3.3 2.8 x 10? 0.20 0.52 18
4D 170¢ -3.4 0.99 3.1 1.9x 10?2 0.20 0.68 16
¢ Fixed during regression.
ILGV("m-S)
2000

Figure 5. Depleted-zone core-shell model and corresponding
electron density profile.

Both of these equations are capable of predicting an in-
tensity upturn at very low angles but they do not fit the
data very well as can be seen in Figure 6, where the results
of nonlinear regression are shown along with the best-fit
parameters. An improvement can be obtained by allowing
for a distribution of dimensions. Using the depleted-zone
version of the core—shell model and following the procedure
of Fujimura et al.,” we allow for a normal distribution of
core radii with a constant ratio of shell volume to core
volume. If P,(R,) is the probability of having an aggregate
with radius R;, we calculate the intensity as

Ig) = § IqRP,R) dR, (23)

P(R,)) = exp[(R; - R1)2/02] (24)

o2
Figure 7 shows the results for this extension of the model.
The fit is still not very good. If we ignore the very low
angle data and fit only the region for which ¢ is greater
than 0.5 nm™., a reasonably good fit is obtained with the
depleted-zone core—shell model even without a distribution
of radii. In fact, allowing for a distribution does not im-
prove the fit. Figure 8 shows the fits of this model to the
entire series of data on the 85% neutralized salt of samples
A, B, C, and D. Table II summarizes the best-fit param-
eters. For this type of model, v, and the core electron
density are not independent parameters so we have fixed
p1 at the electron density of zine benzenesulfonate hexa-
hydrate. The apparent fraction of sulfonate groups in
aggregates, 3, and the corresponding number of sulfonate
groups per particle, N, are also listed in Table II. These
values were determined by assuming that the number of
sulfonates per unit volume of core is the same as in the
crystalline analogue. Since these values are all less than
one, the model is consistent with the sample composition.
Also, since all the values of v, are greater than */;7R,?,
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Figure 6. Attempted fits of original core-shell model (dotted
line) and depleted-zone model (solid line) to entire range of data
for sample 4D (circles). The model parameters are as follows.
Original core-shell model: R, = 0.89 nm, R, = 3.6 nm, Ry = 6.8
nm, p; = 170 nm™, p; = 3.8 nm™, v, = 1.17 nm®. Depleted-zone
core—shell model: R, = 0.92 nm, R, = 3.81 nm, p; = 170 nm™3,

5.0

pz = =5.1 nm’3, v, = 169 nm®.
I -
m(nm )
2000{ T T T T
7 _
N /Q%
| o]
1600+ | \ bl
cok
L b 4
I \
1200~ } ’ v N
Lo ? E
-y © \ ]
Pel
1o g
800~ | f ]
Pl 1
[
400‘#— \\)/ e
! )
o} L 1 ! P : ?%x__& |
0 1.0 2.0 3.0 4.0 5.0
qinm™1)

Figure 7. Fit of depleted-zone core—shell model with distribution
of radii (solid line) to data for sample 4D (circles). The model
parameters are R, = 0.51 nm, R, = 1.29 nm, ¢ = 0.66 nm, p;
170 nm3, p, = —20 nm™®, and v, = 110 nm®

there is no inconsistency with the assumption of a dilute
system of particles.

If the shell-core structure is formed by precipitation of
ionic groups from the region enclosed by Ry, the number
of ions in the aggregate should equal the original number
in the region enclosed by R,. Thus, the value of 8 as
calculated should be equal to the ratio (4/57R,%)/ Uy, des-
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Figure 8. Fits of depleted-zone core-shell model (lines) to data
for series 4 samples (symbols) ignoring data near zero angle.

ignated y. Those values are also listed in Table II. It is
clear that the agreement here is not very good. Another
discrepancy is that the values of p, are all about a factor
of 5 smaller than one would expect assuming that the zone
is completely depleted of ions and the matrix ion con-
centration is the same as the overall concentration. Finally,
although the model curve has the right qualitative shape,
the quantitative agreement near the peak is not very good.

V. Proposed Model

Of the existing models, the depleted-zone version of the
core—shell model and the paracrystalline lattice model seem
to be the most reasonable and agree best with available
data. However, since even they are not entirely satisfac-
tory, we decided to explore other possibilities. It was found
that a slight variation on the hard-sphere liquid-like in-
terference model has some very attractive characteristics.
If it is postulated that the closest approach distance be-
tween two aggregates is 2R,, where R, is greater than
R, using eq 9-11 one can derive the relation

Lol 2 L
I(g) Ie(Q)VUplh pr®(eR) T (8vca/vp)e®(2gRca)

(25)

where vey = */3mRes® and v, = #/,7R,3. This reduces to
eq 12 if Ry = R,. Physically, it is expected that each ionic
aggregate must necessarily be coated with an attached
layer of hydrocarbon material whose electron density is
the same as the matrix but which would provide a steric
limitation on the relative positions of two ionic aggregates.
This model is shown schematically in Figure 9. Using eq
25 and again ignoring the very low angle data, we find that
all the data for the zinc sulfonated polystyrene system can
be fit extremely well. In initial trials with all of the pa-
rameters free to vary, the resulting value of p; did not
change significantly through the series of sulfonation levels
with a constant degree of neutralization. Since the ag-
gregate composition was expected to depend only on the
chemical nature of the cation—anion pair and not on the
overall ion concentration, it was decided to fix the value
of p; for samples A, B, and C at the value determined by
the fit for sample D in each series. The matrix electron
density, in principle, depends on the amount of ionic
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Figure 9. Schematic of modified hard-sphere model and cor-
responding electron density profile for one of the particles.
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Figure 10. Fits of modified hard-sphere model (lines) to data
for SPS acid (series 1) samples (symbols).

material that is not contained in aggregates. However,
calculations indicate that at the sulfonation levels used,
the highest matrix electron density possible even with all
of the ionic units dissolved in the matrix in the most
concentrated sample is 360 ¢"/nm3. Since the density for
pure polystyrene is 340 e”/nm?, this effect was ignored.
Figure 10-13 show the fits for all of the samples. Table
III lists the best-fit parameters. Using the same approach
employed in the analysis of the simple hard-sphere model,
we calculated the fraction of ionic groups that are in ag-
gregates, 3, as well as the number of sulfonate groups per
aggregate, V. For the acid samples, the crystal structure
of p-toluenesulfonic acid monohydrate” was used to de-
termine the appropriate density of sulfonate groups in the
aggregates. The electron density of this crystal analogue
is 460 " /nm®. For the partially neutralized materials, a
weighted average of the density in the two crystal ana-
logues was used. Since none of the values of 8 are greater
than one, it is apparent that this model is consistent with
the sample compositions. From examination of Table I1I,
it is clear that these data imply that there is no significant
change in the aggregate structure or characteristic di-
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Figure 11. Fits of modified hard-sphere model (lines) to data
for 25% neutralized ZnSPS (series 2) samples (symbols).
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Figure 12. Fits of modified hard-sphere model (lines) to data
for 50% neutralized ZnSPS (series 3) samples (symbols).
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Figure 13. Fits of modified hard-sphere model (lines) to data
for 85% neutralized ZnSPS (series 4) samples (symbols).

mensions with ion content but only a change in the con-
centration of aggregate particles. Interestingly, the values
for the number of ionic groups per aggregate and the in-
sensitivity of that parameter to the overall ion content are
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Table 111
P1s Rn RCAa
sample nm™? nm nm Up, nm? 8 N
1A 70¢ 098 1.2 3.9 x 10? 0.41 16
1B 70¢ 099 153 19x10? 0.43 17
1C 70¢ 1.04 165 1.3x 10° 0.45 19
1D 70 1.01 162 8.9x 10* 0.47 18
2A 87¢ 1.07 1.7¢ 6.0 X 10? 0.32 19
2B 87¢ 1.09 191 2.6x 10° 0.39 20
2C 87¢ 1.16 2.08 2.1x 10? 0.35 25
2D 87 1.07 1.77 1.2 x 10? 0.39 19
3A 85¢ 1,11 1.7¢ 6.7 x 10? 0.30 21
3B 85¢9 1.05 1.91 2.0x 10? 0.43 17
3C 85¢ 1.08 185 1.0x 10? 0.57 19
3D 85 1.00 1.67 6.2 X 10° 0.59 15
4A 89¢ 1.02 15 3.0 x 10? 0.49 15
4B 89¢ 0.98 1.78 1.1x 10? 0.59 13
4C 89¢ 1.00 173 7.0x 10! 0.62 14
4D 89 1.00 166 5.8x 10! 0.59 14

¢ Fixed during regression. Note: The value of Rga
primarily affects the peak position. Since, in the low ion
content materials, the peak is weak or nonexistent, the
value of Rc, contains considerable uncertainty for these
materials. In two cases, the value had to be fixed arbi-
trarily in order for the regression procedure to converge,

quite consistent with the predictions of Forsman from
statistical mechanical calculations.®

From the apparent electron density difference between
the aggregates and the matrix and the known density of
the matrix, it appears that the ionic domains in the acid
samples are 9% less dense than crystals of toluenesulfonic
acid monohydrate. In the 85% neutralized salt, the do-
mains are about 10% less dense than zinc benzenesulfonate
hexahydrate crystals. These numbers seem reasonable and
imply a fairly well-ordered structure within the aggregates,
in agreement with extended X-ray absorption fine struc-
ture data obtained by us on these materials.?6 This model
can also explain the persistence of the SAXS peak to high
temperatures because these crystal-like aggregates would
be expected to be quite stable.

It should be pointed out that the values for the aggregate
size and concentration as determined from this model are
in excellent agreement with those resulting from the
paracrystalline lattice model. It is apparent that the actual
physical situations represented by the two models with the
values of the parameters that were determined are nearly
identical. The advantages of the liquid-like model are that
there is a physical rationalization for the correlation in
particle positions and that the acutal degree of order that
exists can be modeled more accurately with the liquid-like
approach than with the ideal paracrystal.

The only deficiency of this model is its inability to
predict the intensity scattered at very low g. However, as
discussed previously, none of the existing models can ad-
equately fit that region either. The uncertainties in the
data in that region have also been described.

It has been argued®® that any model that attributes
the scattering peak to an interparticle interference is
necessarily inconsistent with the observed shifts in peak
position as a function of swelling or elongation which were
discussed in the Introduction. It has been said that if the
peak is due to interparticle interference, the apparent
Bragg spacing should change in proportion to the macro-
scopic dimension changes, contrary to what has been ob-
served. However, these arguments are based on the as-
sumption that the total number of aggregates and the
number of ionic groups per aggregate remain the same
during the deformation or swelling process. We believe
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it is very unlikely that this is the case. Let us consider
deformation first. Using the 6.9% sulfonated material as
an example, one finds that the average contour length
between ions participating in aggregates along a chain is
6.2 nm. The average distance between domains in the
undeformed sample, taken as v,/3, is 3.9 nm. Thus at a
60% strain level, the average chain will be stretched to its
contour length, and further deformation must result in
either chain rupture or aggregate rupture. Because of the
distribution of subchain lengths, one might expect sig-
nificant reorganization of the domains even at very low
strains. This could be tested by measuring the elastic
recovery of an ionomer when strained above the backbone
glass transition temperature. In an experiment where the
ionic domains are swelled by water, one might expect that
the number of ionic groups per unit area of the water
micelle would remain roughly constant. This would require
coalescence of different domains during swelling and would
be consistent with the data. We intend to test these
postulates in future experiments.

Several spectroscopic studies®!! have indicated the ex-
istence of more than one kind of environment for the ionic
groups in ionomers. These have usually been interpreted
in terms of the “multiplets” and “clusters” proposed by
Eisenberg. Examining these data in terms of the proposed
model suggests that the two environments may correspond
to ions dispersed in the matrix and ions in the aggregates.
The dispersed ionic groups probably exist as a zinc atom
coordinated by two sulfonate groups. In fact, it seems more
reasonable that these two situations should manifest
themselves in different infrared and Raman vibration
frequencies than the multiplet and cluster environments.
There is actually little difference in the local ionic envi-
ronment between the multiplet and cluster states, and it
is the local environment that primarily affects the bond
vibration frequencies. Since the aggregate environment
of the proposed model is close to that in an ionic crystal,
it is reasonable to expect different vibration energies for
these ions compared to ionic groups isolated in the matrix.

The results of the present analysis also indicate no
transition in structure as a function of ion content. This
is in contrast to some of the work of Eisenberg,*!5 which
shows the breakdown of time—temperature superposition
and a sudden shift in the apparent Bragg spacing at a
composition of about 6% methacrylic acid in styrene/
methacrylic acid copolymers. However, Raman spectros-
copy studies of Eisenberg et al.? and other spectroscopic
studies!®!! also indicate no transition in the structure but
simply a change in the relative populations of the two ion
environments.

The apparent Bragg spacing shift is reported by Eisen-
berg only for the Cs*-neutralized materials, where dg
changes from about 2.0 nm to about 6.0 nm at a meth-
acrylic acid content of about 6%. No such change is ob-
served in Lit*- or Nat-neutralized samples. The Cs* data
conflict with data obtained by Roche* on the same ma-
terials. He observes no SAXS peak in the low ion content
materials, and in the 7.7 and 9.7% materials, dg is about
3.0 nm. Thus, it appears that the structure of Cs* salts
of styrene/methacrylic acid ionomers may be very sensitive
to the sample preparation method.

The applicability of the time-temperature superposition
principle requires that all of the relaxation processes have
the same temperature dependence. In ionomers, an im-
portant relaxation mode must involve the pulling of ionic
groups from an aggregate. There is no reason to expect
this mode to behave in the same way as the polystyrene
backbone relaxations. Thus, it is not surprising that su-
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perposition does not work for high ion content ionomers.
The fact that it does seem to work for low ion content
materials may be due to the fact that there is simply not
enough ionic material for the effects of that relaxation
mode to be observable.

VI. Conclusions

A modified hard-sphere scattering model is proposed
that is consistent with much of the existing SAXS data
on ionomers and is capable of quantitatively modeling the
characteristic SAXS peak in sulfonated polystyrene ion-
omers. The model provides a better fit than any existing
model and its physical interpretation is straightforward.
If the model is valid, it implies that in the Zn%*-neutralized
sulfonated polystyrene system, about half of the ionic
groups are aggregated in well-ordered domains with the
remainder dispersed in the matrix. The ionic domains are
about 2.0 nm in diameter and contain about 20 sulfonate
units. The layer of attached polystyrene chains on the
surface of each aggregate prevents any two aggregates from
being closer than about 3.4 nm center to center. There
is no change in the aggregate structure or size as a function
of ion content; the change in the SAXS pattern is due to
a change in the concentration of aggregate particles.
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Short-Range Order in Form II of Poly(vinylidene fluoride):
Antiphase Domain Structures

Yasuhiro Takahashi* and Hiroyuki Tadokoro

Faculty of Science, Department of Macromolecular Science, Osaka University, Toyonaka,
Osaka 560, Japan. Received February 24, 1983

ABSTRACT: The crystal structure of form II of poly(vinylidene fluoride) was reported to include the disorder
that four molecules with different orientation occupy a crystal site with different existence probabilities. In
the present study, it is established that there exists a short-range order, antiphase domain structures, in the
crystallite of form II. The antiphase domain structures on the ¢ projection and for the up and down molecules
explain the half-widths of two series of the reflections: 120, 130, 140, and 011, 021, 031, respectively. In the
antiphase domain structure on the ¢ projection, the size of a domain is much longer in the a direction than
in the b direction, while, in the antiphase domain structure for the up and down molecules, the size of a domain
in the a direction is considered to be comparable to that in the b direction. From the antiphase domain structures,
it is concluded that the locally stable structure of form II is the antipolar and antiparallel structure.

In previous papers,'™ it was established that a confor-
mational disorder, a kink band, exists in form I and streak
II of poly(vinylidene fluoride), and it was reported that
the conformational disorder plays an important role in the
crystal phase transformation. On the other hand, it is also
very interesting to clarify what kind of disorder with re-
spect to the molecular packing exists in the crystalline
region. In the preceding paper,’ the crystal structure of
form II was analyzed in detail. The analysis showed that
four molecules with different orientation statistically
coexist at a crystal site with different existence proba-
bilities (Figure 1). Among two series of reflections 1%0:
120, 130, 140, and Ok1: 011, 021, 031, the superlattice spots
with A + k = 2n + 1 were much broader than the reflec-
tions with h + & = 2n. This suggests that there exists a
short-range order in the crystalline region. The purpose
of the present study is to clarify what kind of short-range
order exists in the crystalline region and what structure
is locally stable in form II.

Experimental Section

The poly(vinylidene fluoride) sample used for this study is
KF-1100 (Kureha Chemical Industry Co., Ltd.). A uniaxially
oriented sample was prepared by stretching at 150 °C, followed
by annealing at 175 °C for 24 h. X-ray measurements were made
with Cu Ko radiation monochromatized by a graphite mono-
chromator. Fiber photographs were taken in a He gas atomo-
sphere with a cylindrical camera with a 5-cm radius. Intensity
was digitally measured by a drum scanner (Optronics) installed

in the Crystallographic Research Center of this University. The
digital data were summed along each reflection arc after the
density was converted to the intensity. The profiles of the re-
flections 120, 130, 011, 021, and 031 are plotted along the layer
lines in Figure 2, where the reflections 021 and 031 are separated
from the reflections 111 and 121 by assuming a Gaussian dis-
tribution, respectively.

Antiphase Domain Structure on the ¢ Projection

From the crystal structure (Figure 1), the reflections
with A + & = odd for hkl correspond to the so-called
“superlattice spots™.® On the equator, the half-widths of
the reflections 120, 130, and 140 are found to be broad, very
sharp, and broad, respectively (Figure 2).> This relation
in half-width cannot be interpreted by the anisotropy in
the crystallite size and disorder of the second kind.” It
should be rather considered that there exists a short-range
order in packing of the molecules with different orientation
A and A (Figure 3) on the ¢ projection. In comparison with
reflections of other crystalline polymers, the reflections 120
and 140 are not so broad. This suggests that the short-
range order on the ¢ projection is very regular. Accord-
ingly, a domain structure is reasonably considered for the
short-range order. Furthermore, the intermolecular dis-
tance calculated for the crystal structure® requires that the
molecules aligned along the a axis have the same orien-
tation A or A. Accordingly, the size of a domain is con-
sidered to be very long in the a direction and could be
assumed to be infinite in the a direction, while the size in
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