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Although many different structural models have been proposed for perfluorosulfonic acid (PFSA)
ionomers such as Nafion, the very high degree of disorder in these materials makes it difficult, if not
impossible, to deduce their morphology unambiguously from small angle X-ray and neutron scattering
(SAXS/SANS) experiments alone. We present a combination of a model-independent procedure for
obtaining structural information from SAXS patterns based on a Maximum Entropy (MaxEnt)
approach coupled with mesoscale simulations of the morphology of Nafion using Dissipative Particle
Dynamics (DPD) parameterized with atomistic calculations and density functional theory. These two
methods show that the nanoscale ionic clustering in PFSAs is intimately linked to, but spatially
separate from, the larger scale organization of the fluorocarbon backbone. Although we are unable to
directly observe crystallization of the backbone in the DPD simulations, the high density regions of
fluorocarbon segments correspond exactly to those regions where the density of ionic clusters is lowest,
each forming an independent bicontinuous domain. We are thus able to demonstrate a unified
morphological description of PFSAs based on both statistical (MaxEnt) and thermodynamic (DPD)
descriptions, which broadly favours a bicontinuous network of ionic clusters embedded in a matrix of

fluorocarbon chains.

1 Introduction

Due to the widespread use of perfluorosulfonic acid (PFSA)
ionomers,' such as Nafion, in proton exchange membrane (PEM)
fuel cells* and other redox applications,® many different struc-
tural models have been proposed in order to explain the effect of
membrane morphology on properties such as the water swelling
behaviour and proton transport.*® There is widespread agree-
ment that this arises due to the phase separation of the sulfonate
side groups and aqueous counterions from the polytetrafluoro-
ethylene (PTFE) backbone. However, a detailed understanding
of the phase-separated morphology of PFSA ionomers at the
nanoscale is crucial to enable the design of new materials,
including non-fluorinated*” or composite membranes,*®° which
may yield improved performance in fuel cells operating at high
temperatures or low water contents. The phenomenon of proton
transport in nanoscale confined geometries'®!! is also relevant to
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many other soft matter systems, such as water wires in carbon
nanotubes'? and proton channels in biological membranes.*®

One of the earliest structural models for PFSA ionomers was
the cluster-network model of Hsu and Gierke,'*'* who proposed
the existence of spherical domains of water-rich sulfonic acid
phase, connected by narrow channels and embedded in an
amorphous fluorocarbon matrix, which swell on addition of water
to the membrane. Although this model gives a phenomenological
rationalization for the selective ionic conductivity of Nafion, and
provides a qualitative explanation of the “ionomer” peak in small-
angle X-ray scattering (SAXS) data, it has since been shown to be
quantitatively inconsistent with data over a wider range of scat-
tering angles'®!'” and from membranes oriented by tensile draw.'®
Furthermore, it takes no account of crystallinity in the fluoro-
carbon phase' and is not compatible with the inverse micellar
structure of Nafion aggregates dissolved in solution.?**!

As an alternative, Gebel, Diat and co-workers proposed the
fibrillar or polymeric bundle model,*® consisting of fluorocarbon
chains surrounded by ionic groups and water, which rotate and
then orient under uniaxial stretching.?® The scattering behaviour
at low scattering vector, ¢, resembles a ¢! power law predicted for
independent, randomly oriented cylinders.®> On addition of
water, swelling occurs between aggregates, as opposed to the
cluster-network model in which there is swelling of the aggregates
themselves. The fibrillar model can also be applied to Nafion in
solution (a polyelectrolyte as opposed to a polymer electrolyte),
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since it was developed with the whole solvent concentration range
in mind;**-?® however, it may understate the degree of structural
reorganization that can take place during swelling. The lengths of
the cylindrical domains were estimated to be in excess of
80-100 nm, compared to contour lengths of 175-1750 nm for
Nafion with a molecular weight of between 10° and 10° g mol~—',*’
and would thus require substantially chain-extended crystallites.
Furthermore, given persistence lengths of 3-5 nm for per-
fluoroalkanes,*?® there is no symmetry-breaking mechanism to
account for the global alignment of chains into cylinders in the
absence of any externally applied field or mechanical stress.
Nevertheless, the effects of tensile draw on SAXS data can be
explained in terms of orientation of fibrillar bundles,*® and they
give a natural explanation for the presence of fluorocarbon crys-
tallites which are important in physically cross-linking the
membrane.

More recently, Schmidt-Rohr and Chen have proposed the
parallel cylinder model,'” based on simulation of SAXS curves
using numerical Fourier transform techniques.®' Their model
contained large fluorocarbon crystallites, existing independently
of ionic aggregates, which themselves consisted of long parallel
cylinders decorated internally with ionic groups and water. They
argued that the combination of a ¢! power law regime at low ¢,
together with the absence of a meridional component of the ion-
omer peak in oriented Nafion,**** necessarily implies a cylindrical
morphology. However, in fact, correctly reproducing the X-ray
scattering data is only a necessary and not sufficient constraint on
the morphology due to the non-uniqueness caused by neglect of
phase information. Furthermore, the parallel cylinder model also
requires extreme lengths for the PTFE crystallites and water
channels (greater than 100 nm), which was justified by the stabi-
lization due to the high stiffness of the PFTE backbone.** Asin the
fibrillar bundle model, the mechanism of symmetry-breaking for
formation of cylinders is never explained, and there is no account
of structural reorganization required to explain the non-affine
swelling behaviour with increasing water content.*s In order to
obtain a more fundamental evaluation of PFSA morphology, in
particular the relative thermodynamic stability of various models,
itis helpful to employ computational simulation techniques based
on rigorous statistical mechanics approaches.

Beginning in the mid-1990s, there have been a number of clas-
sical atomistic,*** quantum mechanical** and other compu-
tational simulations of model PFSA systems,***¢ which have been
reviewed recently elsewhere.*” Although atomistic and quantum
mechanical simulations have been very helpful to clarify the
mechanisms of side group aggregation and proton transfer in
PFSAs,*4-50 they are less able to describe the morphology at
a scale comparable with experimental SAXS data (5 to 200 nm)
due to the relatively small number of atoms that can be considered
and the long equilibration times required for the polymeric
component. In this case, there are significant advantages in using
mesoscale modelling techniques in which the atomistic structure is
coarse-grained in some way, e.g. the ability to study much larger
system sizes and use polymer chains with close to a realistic
experimental molecular weight.>' So far, mesoscale simulations
using a coarse-grained description for the ionomer structure, such
as dissipative particle dynamics (DPD)-5* or dynamic mean field
theory (DMFT),%>% have shown no direct evidence of either
parallel channels or discrete spherical clusters in phase-segregated

morphologies. Instead, they tend to favour disordered structures
in which continuous networks of ionic aggregates form as the
water content is increased.

In the present work, we present results which demonstrate that
the morphologies predicted by mesoscale DPD simulations are in
quantitative agreement with the most likely distributions of
charge density reconstructed from experimental SAXS data
using maximum entropy techniques; ie. the most statistically
probable structural models for PFSA structure are also the most
thermodynamically stable. First, the experimental methods and
modelling techniques employed are briefly summarized below.

2 Methods

2.1 Experimental

SAXS data were recorded from Nafion 117 samples, in both the
“as received” state (AR117) and after uniaxial tensile draw with
extension ratio L/Ly = 1.5 (“oriented” AR117). Orientation was
conducted at an elevated temperature of 150 °C, just above the
« relaxation temperature of the acid-form polymer. The SAXS
data were obtained at the National Synchrotron Light Source
(NSLS) at Brookhaven, using a wavelength of 0.137 nm, a sample-
to-detector distance of 1.890 m and a detector pixel size of 158.0
pm. For a 1024 x 1024 pixel image, this gives a maximum scat-
tering angle of 20,,.x = tan~' (512 x 158/1.89 x 10-¢) = 2.451°.
The calibration of detector pixel size and sample-to-detector
distance was checked by using a silver behenate sample, which
produced a peak with the expected Bragg spacing of 5.838 nm.

Water contents (expressed as A = mol water/mol sulfonic acid
groups) were in the range of 2 = 14 to 16, corresponding
approximately to exposure to fully saturated water vapour at
25°C. However, during the SAXS data acquisition, samples were
exposed to air for 85 s [sample loading time (25 s) + data
acquisition time (60 s)], which makes it difficult to specify precise
water uptake values. We have assumed A = 16 (30 vol% H,O for
Nafion 117) in the DPD simulations.

2.2 Computational modelling

DPD simulations were carried out using a methodology
described by Wu et al.* to generate several hundred independent
configurations for a model Nafion PFSA ionomer with EW 1244
and water content A = 16 (with chemical formula defined in Fig. 1
(c) in ref. 53). The DPD simulations were initialized using inde-
pendently randomized bead positions and equilibrated for
a period of up to 12 ns. Each simulation contained approxi-
mately 192 000 DPD beads, with radius 0.814 nm, corresponding
to approximately 2.5 million atoms as defined by the coarse-
grained representation described in ref. 53, and the dimension of
simulation cell was 32.56 nm cubed. The interactions between the
DPD beads were parameterized via classical atomistic MD
simulations and hybrid density functional theory.

Maximum entropy (MaxEnt) reconstructions of charge
density giving rise to 2D experimental small-angle X-ray scat-
tering (SAXS) patterns were generated using a procedure first
described by Elliott and Hanna,” and previously applied to
SAXS data from PFSA ionomers.>® Here, the diffraction data
and real-space reconstructed charge distributions were repre-
sented by 8-bit 512 x 512 pixel images. Simulated SAXS patterns

This journal is © The Royal Society of Chemistry 2011

Soft Matter, 2011, 7, 6820-6827 | 6821



were generated using a fast Fourier transform (FFT) technique,
in which the scattered intensity I(s) is given by:

I(s) = |R(s)|" = jjp(r’)p(r’ —r)exp(2mire s)dr'dr (1)

Vv

where R(s) is the structure factor in reciprocal space, p(r) is the
charge density in real space, and s is the scattering vector whose
magnitude is given by |s| = 1/d where d is the spacing given by
the Bragg equation. Eqn (1) expresses the fact that the far-field
Fraunhofer diffraction pattern is given by the Fourier transform
of the autocorrelation of the charge density distribution, which,
although mathematically indeterminate, can be inverted indi-
rectly via application of the MaxEnt method. It is important to
emphasize that the only input to MaxEnt algorithm is the
experimental SAXS pattern, and no model for charge distribu-
tion is assumed « priori. The result is the most likely charge
distribution that is consistent with the scattering data. Once the
charge density distribution is obtained, the diffraction pattern
can be derived straightforwardly as the squared complex
modulus of the structure factor. This also allows for spatial
filtering of the reconstructed charge densities by applying
a Gaussian mask to the structure factor before carrying out the
reverse Fourier transform. Since discrete Fourier transforms are
used for the numerical calculations, the spatial resolution of the
real space images is determined by the maximum scattering angle
measured in reciprocal space. For a maximum scattering angle of
20max = 2.451° (see Section 2.1), the pixel resolution is given by
din = M(2sin 0,,) = 3.203 nm for the real space images.

A similar procedure can be used to generate simulate SAXS
from bead density distributions produced via DPD simulations.
In principle, the full 3D scattering could be calculated from the
DPD simulations; however, we chose to use a 2D cross-section of
the 3D water bead density distributions in order to make an
appropriate comparison between MaxEnt reconstructions of 2D
experimental SAXS data and the DPD datasets. Since the
morphologies predicted by DPD simulations turn out to be
isotropic with respect to their orientation to the co-ordinate axes,
there is no loss of information by carrying out 2D averaging in
this way. In order to produce representative model structures
with a real-space dimension equivalent to those resulting from
the MaxEnt reconstructions from experimental data, it was
necessary to construct montages from multiple independent
DPD simulations. These were made by taking single cross-
sections from each DPD simulation and placing it into a 2D
array. In order to reduce artifacts resulting from such an ordered
assembly, each image was rotated by a random integer multiple
0f 90°, and placed at a random position within the array. Despite
the mismatch of densities at the boundaries of the individual
component images, these montages give an overall convincing
representation of the average structure of the PFSA model
systems at a sufficiently large size scale to be able to meaningfully
compare their 2D scattering to that of the experimental systems.

3 Results and discussion

3.1 “As received” Nafion AR117

Fig. 1(a) shows the unfiltered 2D MaxEnt reconstruction from
Nafion AR117 after 10 000 iterations, together with the raw

experimental 2D SAXS data (top left, inset) and the simulated
SAXS pattern of MaxEnt reconstruction (top right, inset). The
simulated SAXS pattern of MaxEnt reconstruction is a good fit
to the raw data, reproducing both the ionomer reflection
occurring around 26 = 1.43° and the lower angle reflection
attributed to the fluorocarbon matrix. The remaining discrep-
ancy is due to noise in the MaxEnt reconstruction, uncertainty
concerning the absolute number of counts in experimental data,
and the constraint of centrosymmetry in the simulated diffrac-
tion, which produces a spurious mirror image of the beam stop.
Reconstructions from SAXS data with beam stop removed gave
qualitatively identical results, and so the original data were
retained. The scale bars in MaxEnt reconstructions were deter-
mined from the maximum scattering angle in the diffraction
patterns, and the overall dimensions of the 512 x 512 pixel
MaxEnt reconstructions are 1.64 pm square. The light and dark
regions in the reconstructed image may be interpreted as areas of
low and high charge density, or vice versa, since the diffraction
pattern is invariant under contrast reversal by Babinet’s prin-
ciple.® The structure appears very disordered, as might be
expected by applying the MaxEnt criterion, but can be described
as a network of small aggregates with low/high charge density,
surrounded by channels of high/low charge density. It should be
emphasized that the positions of these aggregates and channels
are not random, since they produce interference giving rise to the
SAXS reflections shown in Fig. 1 (insets).

In order to interpret the origin of experimental SAXS peaks,
spatial filtering was applied to the MaxEnt reconstruction as
described in Section 2.2. Fig. 1(b) shows the low-pass filtered
MaxEnt reconstruction in Fig. 1(a) after contrast reversal, from
which has been subtracted 30% of the original image in Fig. 1(a),
again after contrast reversal. This shows more clearly the
network of small aggregates, appearing as white dots and cor-
responding to areas of low/high charge density in Fig. 1(a),
superimposed on a separate network of white, elongated chan-
nels, corresponding to areas of high/low charge density in Fig. 1
(a). Since the simulated diffraction pattern from low-pass filtered
reconstruction [inset to Fig. 1(b)] shows only the lower angle
diffraction peak, then the most reasonable interpretation of the
MaxEnt reconstruction is of a network of small ionic aggregates
with low charge density (white dots), giving rise to ionomer
reflection at higher angles, surrounded by regions of higher
charge density (elongated white structures), corresponding to
amorphous fluorocarbon chains and crystallites, giving rise to
lower angle reflection. This is similar to an earlier interpretation
by Elliott ez al.,*® except that they did not resolve the peak at low
angles and attributed the upturn in scattering intensity to the
transform of the shape function of ionic cluster aggregates. In
this case, the ionic phase and fluorocarbon phase form spatially
distinct, but bicontinuous, networks.

Another very important point is that the images in Fig. 1 are
reconstructed from 2D averaged scattering from through-thick-
ness SAXS measurements from thin membrane samples, and
thus represent only a projection of the actual 3D morphology. In
the absence of fully 3D SAXS data, it is therefore difficult to
distinguish between the images in Fig. 1 and similar 2D projec-
tions of the fibrillar or parallel cylinder models discussed earlier.
However, if we postulate that the morphology is isotropic, then
there is no reason to suppose that our reconstructed cross-section
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Raw data axEnt fit

0 &

Original MaxEntfit After low-pass filtering

Fig.1 (a) 2D MaxEnt reconstruction from AR117 SAXS data (shown in the top left inset, with MaxEnt fitted diffraction pattern shown in the top right
inset) and (b) spatially filtered MaxEnt reconstruction of charge density from experimental small angle patterns (simulated SAXS data from original and

filtered reconstructions shown in the top left and right insets, respectively).

is unique, and on that basis a schematic illustration of the 3D
morphology proposed here is shown in Fig. 2. Although the
representation is schematic, it is clear that any chosen 2D cross-
section will closely resemble the images in Fig. 1. We now justify
both the thermodynamic stability of such a model and its isot-
ropy on the basis of comparison with computer simulations.
While the MaxEnt reconstructions presented in Fig. 1 give the
most probable distribution of charge density consistent with the

Fig. 2 Schematic representation of proposed morphology of hydrated
Nafion, showing 3D continuous network (light blue channels) of ionic
clusters (black dots) surrounded by amorphous and crystalline regions of
fluorocarbon chains (dark blue). The scale bar is calibrated from the
distance between ionic clusters (black dots) obtained from SAXS.

observed X-ray scattering, it is not necessarily the case that they
correspond to the most thermodynamically stable structure when
chemical information about chain connectivity and enthalpies of
interaction between various components are taken into account.
Furthermore, the assumption of an isotropic structure cannot be
justified on the basis of SAXS data alone.

To this end, we have carried out dissipative particle dynamics
(DPD) simulations, as described in Section 2.2, to generate the
3D model shown in Fig. 3(a). Although the structural properties
of such systems as a function of water content and PFSA
chemistry have been described in our previous studies,’** we
focus here on 2D cross-sections of the water bead densities, such
as shown in Fig. 3(b), where the white regions correspond to
areas high in water bead density. By ignoring the densities of the
fluorocarbon-containing beads, we have implicitly attributed to
them a scattering density in contrast to the water beads, and it
was found that using multi-phase models gave qualitatively very
similar results. The major difficulty in comparing these cross-
sections to the MaxEnt reconstructions is the large difference in
size scale, since the dimensions of the DPD cell are only 33 nm
compared to 1640 nm for the reconstructions. This was overcome
by building montages from cross-sections obtained from multiple
independent DPD simulations, as shown in Fig. 3(c), and
described in Section 2.2. The cross-section in Fig. 3(b) is also
shown, to the left side, reduced to the same scale as a montage of
121 independent cross-sections in Fig. 3(c) in order to give an
impression of the change in scale. The linear dimension of the
montage is 358 nm, and it represents the cross-section of a model
with approximately 3 x 10° effective atoms.

Despite this change in scale, a 4 x 4 array of independently
generated montages, such as the one shown in Fig. 3(c), were
needed to enable direct comparison with MaxEnt reconstruc-
tions. Since the dimensions of the 4 x 4 DPD supercell image
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Fig.3 (a) DPD simulation of Nafion (EW = 1244 g mol~', 1 = 16) with 3D distribution of fluorocarbon backbone beads shown in red, terminal portion
of side chain beads in green and water beads in blue (full coarse-graining scheme described in ref. 53), (b) corresponding 2D cross-section, as highlighted
in (a), of water bead density with white regions high in water content, and (c) 11 x 11 montage of 121 cross-sections through independently generated
DPD simulations as in (a) produced from different random starting conditions. Note that the linear dimensions of (a) and (b) are 33 nm, and the inset

shows cross-section (b) reduced to same scale as montage (c).

were 1.43 pum squared, a size reduction factor of 1.64/1.43 =
114% was applied to the MaxEnt reconstruction, shown in Fig. 4
(a), in order to bring it into exact size correspondence with DPD
image shown in Fig. 4(b). Both images have been spatially
filtered by the same procedure used in Fig. 1(b) to enable
a straightforward qualitative comparison of their features. The
same network of water-rich ionic aggregates (white dots) and
fluorocarbon channels (elongated white structures) can be seen in
each image in Fig. 4, and their absolute sizes appear to corre-
spond very well. However, the features in the DPD image are

more diffuse than those from the MaxEnt reconstruction, with
some overlap between the ionic and fluorocarbon phases. This
may be a result of the soft potentials used in the DPD simula-
tions, or the spatial averaging used to produce the montages.
However, since the DPD image contains approximately 2000
independent DPD cross-sections, corresponding to a structure
with over 2 x 10" effective atoms, it would be quite impossible to
produce without some kind of spatial averaging.

In order to enable a quantitative comparison of the MaxEnt
reconstruction and DPD images in Fig. 4, 1D scattering curves

Fig. 4 Comparison of (a) 2D MaxEnt reconstruction from AR117 SAXS data (as shown in Fig. 1b, but rescaled and cropped in order to match
dimensions of the DPD montage) and (b) montage of 2D water densities generated from the DPD simulations comprising of a 4 x 4 supercell of 16
independent instances of 11 x 11 montages of the type shown in Fig. 3(c). Both (a) and (b) have been spatially filtered to enhance contrast between
water-rich ionic clusters (lighter dots) and fluorocarbon regions (lighter channels).
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Fig. 5 Comparison of 1D-averaged simulated SAXS data (dashed lines)
during DPD simulations (summed over 10 independent instances of
water density montage), with red solid line showing 8-point moving
average of data from DPD simulation after 12 ns, and 1D-averaged
SAXS from ARI117 Nafion (black solid line) used to fit the MaxEnt
reconstruction.

were calculated by azimuthally averaging the 2D experimental
results (fitted by MaxEnt) and simulated (DPD) SAXS patterns,
as shown in Fig. 5. The SAXS patterns from DPD models were
calculated sequentially at time intervals of 4, 8 and 12 ns in order
to check the equilibration. Furthermore, scattering curves from
10 independent realizations of each model, with a single instance
being shown in Fig. 4(b), were summed in an attempt to increase
the signal-to-noise ratio. Although the SAXS data from the DPD
model are still noisy, the general features of fluorocarbon and
ionomer peaks are present in each simulated SAXS curve. At 4
and 8 ns, the ionomer peak is rather indistinct, whereas by 12 ns,

Raw data

> MaxEnt fit

it peaks clearly around s = 0.158 nm~' (d = 6.3 nm) as compared
with s = 0.182 nm™! (d = 5.5 nm) for the experimental data. The
fluorocarbon peak occurs at higher s = 0.068 nm~! (d = 14.7 nm)
in the DPD curve compared to s = 0.037 nm~' (d = 27 nm) for the
experimental data. Given that the dimensions of the DPD cell are
approximately 33 nm cubed, it is perhaps not surprising that the
smaller features are reproduced more accurately.

Nevertheless, the existence of a second maximum related to
a network of fluorocarbon phase in the DPD simulations
confirms the interpretation of this reflection in MaxEnt image,
and is also consistent with a simple calculation based on crys-
tallite volume, estimated via the Scherrer equation from wide-
angle X-ray scattering data, which gives a lower bound of 10 nm
for the average distance between crystallites assuming they are
uniformly distributed. The discrepancy in the spacing of this
reflection compared to experimental data may be related to
a lack of significant chain ordering in DPD simulations. Due to
the scale of coarse-graining in the DPD simulations, it was not
possible to observe crystallization of the fluorocarbon directly;
however, it is likely that crystallites will be present in regions of
high fluorocarbon bead density.

3.2 “Oriented” Nafion AR117

Since one of the principal arguments in favour of the randomly
oriented cylindrical models over spherical aggregates is the
absence of significant meridional intensity in the ionomer peak
following tensile draw, the SAXS data from Nafion AR117
oriented by uniaxial tensile draw with extension ratio L/Ly = 1.5
were analyzed. Fig. 6(a) shows the unfiltered MaxEnt recon-
struction, together with 2D experimental and MaxEnt fitted
diffraction patterns. The draw direction is vertical with respect to
the images and, by comparison with Fig. 1(a), it can be seen that

Original MaxEntfit

B After low-pass filtering

Fig. 6 (a) 2D MaxEnt reconstruction from uniaxially oriented (L/Ly, = 1.5) Nafion 117 SAXS data (shown in the top left inset, with MaxEnt fitted
diffraction pattern shown in the top right inset) and (b) spatially filtered MaxEnt reconstruction of charge density from experimental small angle patterns
(simulated SAXS data from original and filtered reconstructions shown in the top left and right insets, respectively). The draw direction is vertical.
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the ionomer peak has strongly arced on the equator, while the
fluorocarbon peak at lower angles has produced a “butterfly”
four-point pattern®® typical of oriented lamellar polymers.®* In
this case, the scattering comes not from chain-folded lamellae,
but from the contrast between fluorocarbon crystallites oriented
obliquely to the draw direction and the lower density ionic
regions. This can be seen more clearly in Fig. 6(b), showing the
low-pass filtered MaxEnt reconstruction in Fig. 6(a) after
contrast reversal, from which has been subtracted 30% of the
original image in Fig. 6(a), again after contrast reversal.

The fluorocarbon-rich regions, represented by a network of
white elongated channels, are preferentially oriented with spac-
ings at approximately +38° to the tensile axis, as compared with
Fig. 1(b) where they are oriented isotropically. Their average
separation has also increased slightly from 27 nm to 29 nm,
whereas the spacings between ionic aggregates remained
unchanged at 5.5 nm. Further orientation by tensile draw causes
both fluorocarbon and ionomer peaks to concentrate strongly on
the equator, with the spacing of former continuing to increase
while the latter remains constant. This reinforces the interpre-
tation that the ionic aggregates are intimately linked to, but
spatially separate from, the larger scale organization of the
fluorocarbon backbone, as shown in Fig. 2.

The loss of meridional intensity in the ionomer peak as a result
of tensile draw has been attributed to changes in the spatial
coherence of the network of ionic aggregates;> in other words, as
the network of ionic clusters is stretched, the spacings between
the aggregates become incoherent parallel to the draw direction
relative to those in perpendicular direction. Although it is not
possible to test this directly with DPD simulations presented
here, they do confirm the interpretation of ionomer peak as
arising from interparticle scattering from ionic aggregates. In
particular, it is not necessary to invoke the orientation of
extended cylindrical aggregates to explain the behaviour of ion-
omer peak.

4 Conclusions

Using a combination of statistical modelling to interpret SAXS
data and coarse-grained DPD simulations of PFSA ionomers, it
has been shown that the most plausible morphology consists of
independent bicontinuous networks of ionic clusters and fluo-
rocarbon chains. Although we are unable to observe fluoro-
carbon crystallites directly in the DPD simulations, the high
density regions of fluorocarbon segments correspond exactly to
regions where the density of ionic clusters is lowest. The model is
consistent with SAXS from both unoriented PFSA membranes
and those which have been subjected to tensile draw, and does
not require the existence of extended parallel structures. The
MaxEnt reconstructions are also qualitatively very similar to
other disordered structure models (e.g. the clipped random wave
approach of Aieta ef al. %*) and demonstrate the problem of using
structural models constructed a priori to interpret SAXS data,
since a good match to scattering curve is only a necessary but not
sufficient condition to establish the correctness of the model. In
this case, additional information about both the statistical like-
lihood and thermodynamic stability of the model have been
introduced, yielding a consistent morphology that agrees well
with data using no direct fitting parameters on the scattering

data. In comparison to the cluster-network and fibrillar or
parallel cylinder discussed earlier, it conforms exactly to none of
them; however, it does retain the network of ionic aggregates
found in the former and rejects the extended parallel channels
found in the latter.

With respect to the relationship between morphology and
transport properties, the existence of a continuous network of
water-filled channels explains the high water diffusion coefficient
of water in Nafion without the need for parallel channels.
Furthermore, it allows for easy structural rearrangement via the
redistribution of sulfonate groups between adjacent ionic
aggregates upon water uptake, which is necessary to explain the
non-affine macroscopic swelling behaviour when compared
against the shift in the spacing of ionomer peak for an inter-
particle scattering model. It also suggests that, in order to facil-
itate the design of novel materials with improved performance
over that of Nafion at low water contents, some means of
sustaining the connectivity of these ionic clusters must be found.
One possibility is the incorporation of inorganic nanoparticles
containing ionic groups on their surface, which would limit the
swelling and shrinkage of the membrane itself while maintaining
a continuous network of bound water throughout the
membrane. Such computational methods as DPD could be used
in future to test new polymeric matrices and filler particles to
establish their suitability in generating mesoscale morphologies
for efficient proton conduction.
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