4050 Macromolecules 2002, 35, 4050—4055

Evidence of Elongated Polymeric Aggregates in Nafion
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ABSTRACT: Small-angle X-ray and neutron-scattering techniques have been used to probe the structure
of swollen Nafion membranes in the range 10—10000 A. From analyzing the scattering data as a function
of the polymer volume fraction and using a contrast variation method for the neutron experiments, we
suggest a new structural model of Nafion in the hydrated state. It is based on the aggregation of the
ionomer chains into elongated polymeric bundles with a diameter on the order of 40 A and a length
larger than 1000 A, surrounded by the electrolyte solution.

Introduction

lonomer membranes are usually depicted on an array
of ionic clusters swollen by water dispersed in a con-
tinuous polymeric matrix.! For perfluorinated ionomer
membranes, numerous articles described thermody-
namical models that allow one to determine the shape
of these clusters when they are hydrated and their
distribution on a nanometer scale.2~* With different
techniques including scattering, spectroscopy, and mi-
croscopy, the local ordering of these clusters as well as
their sizes was intensively studied as a function of the
equivalent weight, the water content, the temperature,
and the nature of the ionic sites and of the counterions.>~7
It has been shown that above 10% in water volume
fraction, these clusters formed a connected network.
This cluster network is described in terms of a percola-
tion model that accounts semiquantitavely for scattering
and transport data.®~1° However, this model develops
weaknesses when used to describe membranes over a
wide range of swelling states. Numerous studies were
performed on the dried and swollen Nafion membranes
on one hand®# and in solution!?12 or in a gel state!314
on the other hand, and very different structural models
were described without giving a coherent scheme of the
swelling and dilution in such systems. Only a few
studies have been performed in order to investigate the
full range of structural evolution from dry membrane
to solution. So far the only model attempting to ratio-
nalize the scattering data over a wide range of water
content was described in ref 15. However, a structural
inversion with no thermodynamical support has to be
evoked to explain qualitatively this evolution between
a dispersion of connected spherical ionic domains in the
polymer matrix (or inverted micelles) for the low water
volume fraction regime and a network of rodlike poly-
mer aggregates for the diluted system. To confront these
difficulties, we have undertaken to study Nafion-type
membranes in different swelling states on a very wide
range of scattering vectors. Our results reveal a scat-
tering regime suggesting cylindrical or ribbonlike poly-
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meric aggregates, surrounded by the ionic groups and
the water molecules. This analysis allows extending the
model of elongated polymer aggregates, already used
for highly dilute perfluorosulfonated ionomers, to the
membrane case.

Experimental Section

We present mainly data from Nafion 117, purchased from
du Pont de Nemours but the study was performed also with
Nafion 115 (different thickness) and others perfluorinated
ionomers (Aciplex, Dow), showing a similar behavior. Nafion
117 membrane is characterized by its equivalent weight, 1100
glequiv, and its thickness, 175 um, in a dry state. The standard
procedures were used for the membrane preparation in term
of cleaning; the membrane is soaked for 2 h in HCI 1 M and
then for 2 h in NaOH 1 M. This operation is repeated twice,
and then the membrane is left for 1 h in boiling deionized
water. lonic exchanges either in Li-, Cs-, or N(CHj3)s-neutral-
ized form were chosen depending on the experiment. For each
case, the membrane is equilibrated in an electrolyte solution
for 2 days with a renewing of the solution, at least three times
a day. Then the membrane is rinsed in pure water to remove
the excess of salt. The swelling from about 90% to 10% in
polymer volume fraction, ¢p, was obtained either by using a
homemade water humidity controlled cell with different salt
saturated solutions or by swelling the film in a water-filled
autoclave, at different temperatures. The polymer volume
fraction is determined by weighing the water uptake. The
value of ¢, is calculated using 2.1 g/cm?® for the polymer
density.

Small-angle scattering techniques are extremely suitable
probes of the morphology of multiphase materials such as
ionomer films, whose the structure exhibits features with
length scales varying from nanometers to micron. Moreover,
contrast variation, using isotopic substitutions allows to
distinguish between the shape and the spatial correlation of
the different polymeric domains, ion-rich or ion-poor, crystal-
line, or amorphous. However, to allow for reliable fitting to
the model, it is important to explore the largest possible range
of scattering angles. Such study is possible using high flux
neutron sources and third-generation synchrotron sources
having small-angle scattering spectrometers, covering a wide
and comparable scattering vectors range. Small-angle neutron
experiments (SANS) were performed on D22 spectrometer at
the Laue-Langevin Institut (ILL, Grenoble, France). Two
different configurations were used: (Ds-¢ =2mand 1 =6 A)
and (Ds—qg = 17.6 m and 1 = 10 A) where Ds_q is the sample—
detector distance and 4 the incident wavelength. In this article,
the scattering spectra are plotted as a function of the scattering
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Figure 1. Alog—Ilog representation of a standard small-angle
X-ray scattering curve from a swollen Nafion 117 film.

vector q defined as followed: q = 4x/1 sin(6/2) with q the
scattering angle. To vary the scattering contrast between the
polymer matrix, the counterions and the solvent, the sample
is placed in closed quartz cell with different mixture of H,O
and D,O. For small-angle X-ray studies (SAXS), ID02 beamline
at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) was quite suitable.'® Both pinhole SAXS and
ultra-SAXS camera were used in order to cover the widest
range in q and to analyze the very-small-angle scattered
intensity upturn with accuracy. Some SAXS experiments were
also performed on the microfocus beamline, 1D13, to probe the
structure of the film along its thickness with a micro X-ray
beam of typically 5 um in size.'” Standard data corrections
were applied depending on the neutron or X-ray scattering
methods. Although the determination of the transmission
factors as well as the sample thickness for the highly swollen
samples is not so accurate, the scattering spectra are given in
absolute units (cm™t) for comparison with other systems. For
ultra-small-angle X-ray scattering (USAXS) experiments per-
formed on ID2, no folding operations were used since crossed
channel-cut analyzers were mounted for the detection scan-
ning.1¢

Results and Discussion

As an example, we present for the first time the entire
scattering curve from g = 5 x 10~4 up to 0.5 A1
obtained by combining SAXS and USAXS experiment
for a Lit—Nafion film, swollen in water (see Figure 1).
The ionomer peak is clearly visible around q = 0.15 A-1,
However, a log—log representation of the data shows a
strong variation of the scattering intensity over roughly
six decades around this peak. From this plot we can
distinguish three features. First, below 103 A-l a
strong upturn is observed which trends to saturate
below 5 x 10~4 A~1, This upturn was attributed to large
scale electron density inhomogeneities in the range of
thousands of angstrom.8 Second, at larger scattering
angles (see Figure 1), two local maxima are distinguish-
able. The first one corresponds to the well-known
ionomer peak. This is the main feature of the small-
angle scattering curves from an ionomer film. It corre-
sponds to the first maximum in the structure factor,
which is analyzed as a local ordering between the ionic
clusters. The absolute intensity and the position of this
interference signal has been extensively studied as a
function of the equivalent weight, the water content, the
temperature, the cation exchange and the polarity of
the solvent. The second one at slightly lower angle is
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Figure 2. Radial averaged small-angle X-ray scattering data

(scattering intensity vs q) for Nafion-117 membranes with
different polymer volume fractions.

less clearly pronounced in this swollen state and cor-
responds to the so-called matrix knee. Its intensity
depends on the crystallinity and is usually analyzed as
a supralamellar distance in the crystalline part on the
polymer.819 The intensity of this knee is larger because
the polymer is dry and its ionic exchange capacity is
low. Finally, the averaged intensity decay between 103
and 5 x 1071 A~ following a g~ power law at low angles
and in g at larger angles as indicated by the straight
lines in Figure 1. A g~! regime between wave vectors,
27/L and 27/D, is usually modeled as the scattering from
rodlike particle with a length L and a diameter D. If
we assumed a sharp interface (in scattering densities
variation) for the rods, the averaged intensity decays
as g~ for wave vectors larger than 27/D. From Figure
1, we can estimate D ~ 60 A and L > 1000 A. This
corresponds to a rather large specific surface (surface-
to-volume ratio) in comparison to previous analysis on
this system.18

However the presence of the quite large ionomer peak
at the crossover between the =1 and the g~ scattering
regimes does not allow an accurate analysis of the
experimental curves over a large range of scattering
vector. Actually, in the present paper, a study as a
function of the polymer volume fraction was carried out
in order to separate the contributions of what is highly
dependent or not on the dilution.

In Figure 2 are presented different scattering curves
corresponding to water-swollen Nafion films with a
polymer volume fraction varying between 95 and 15%.
We can clearly see that on one hand the ionomer peak
as well as the matrix peak is shifted quite continuously
toward the lower angles as the polymer volume fraction
¢p is decreasing. On the other hand, the averaged
intensity decay between 10-3and 5 x 10~ A~ s almost
constant whatever the swelling. The q~* power law
variation at low angles and the g~ power law at larger
angles as well are still distinguishable with more or less
alteration depending on the positions and intensities of
both structure maxima. In fact, it is quite interesting
to notice that the general shape of the scattering curves
is similar whatever the membrane water swelling. This
allows us to support the assumption concerning a simple
dilution of the scattering entities without a strong
structural reorganization of the material unlike it was
suggested in ref 15.
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Figure 3. Inverse of the ionomer and matrix peak position
as a function of the polymer volume fraction of a swollen Li*-
and Cs*-exchanged Nafion membrane.

By plotting the position of both maxima as a function
of ¢p or more especially the corresponding characteristic
distance given by 2x/g*, two regimes can be described
as has already been shown by Gebel.*> For high ¢,, the
swelling process described by the ionomer peak follows
a power law close to ¢~ (see Figure 3).2 For ¢, lower
than about 60% the position of the ionomer follows a
power law in ¢~12 suggesting a dilution of cylindrical
shaped particles. The experimental point at ¢, = 0.05
is obtained from a solution of a Li* form of Nafion. The
shaded data points correspond to swollen Nafion mem-
brane exchanged with Cs* counterions. The exchange
of counterions will slightly change the polymer volume
fraction but not the overall structure.” Concerning the
matrix peak position, we observed also a crossover
between two regimes, around 60% in ¢p, which is more
pronounced than that for the ionomer peak. However,
the broadness of this local maximum in the scattering
curves prevents an accurate determination of its q
position as a function of the water content. However,
an interesting point to emphasize is that the matrix
peak shifts over a large q range, which is quite surpris-
ing for a crystalline distance. Moreover, the dilution
laws at two different scales are correlated: one between
30 and 300 A described by the ionomer peak and the
second one between 100 and 1000 A described by the
matrix peak. It is important to remember that the
swelling process of a ionomer membrane in a polar
solvent is usually described as a sorption of the solvent
until an equilibrium between the electrostatic forces
between the solvated charges, the osmotic pressure of
the counterions and the elastic deformation of the
polymer chain.?? Thus, the swelling of the perfluorinated
ionomer membrane is highly temperature dependent
with two different regimes, below and above the glass
transition temperature of the membrane in dry state.
We can probably attribute the crossover in the dilution
process to the same cause since to get a sample with a
polymer volume fraction below 60% we have to increase
the water temperature above the Ty of the ionomer.23

We have of course to consider the ¢, power law with
care, in particular for high volume fraction since the
studied system is a film and not a colloidal suspension.
Nevertheless, this observation can be correlated with
the fact that we consider a 1D aggregation of the
polymer chains. However, the difference between the
swelling of the film and the dilution of a suspension
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Figure 4. Contrast variation data: SANS curves for a swollen
N(CHs)s—Nafion membrane with ¢, = 16% and four different
H,0/D,0 ratios. Solid curves correspond to the form factor
simulation of shell cylinders taking into account the contrast
variation from the solvent. The four arrows indicate the
position of the first minimum for each curve, a minimum
related to the counterions shell interferences.
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Figure 5. Simulated SANS curves (from eq 2) for a swollen
N(CHs;)s—Nafion membrane with ¢, = 16% and five different
H,0/D;0 ratios indicated in the legend. They correspond to
the form-factor simulation of shell cylinders taking in account
the contrast variation from the solvent. The position of the
first minimum is very sensitive to the contrast variation since
the counterion shell is highly protonated.

might be revealed in analyzing the change in the matrix
peak or even the ultra-small-angle upturn. But up to
now, no clear model can be established at this meso-
scopic scale.

To analyze more precisely the part of the scattering
curve, which is practically not dependent on the swelling
process, the contrast variation method in small-angle
neutron scattering appears to be very suitable. In Figure
4, we present four sets of data corresponding to the
scattering curves of a water-swollen N(CH3z)s—Nafion
membrane with ¢, = 16% for different H>,O/D,0O ratio.
This type of experiment was carried out also for higher
polymer volume fractions (see such an example in
Figure 6); however for ¢, = 16%, the ionomer as well
as the matrix peak is not so well pronounced and are
shifted to the lowest scattering angle. Thus, this latter
case appears to be more convincing to support our
proposal.

In this graph, we can observe that the shapes of the
scattering curves are significantly different, as a func-
tion of the H,O/D,0O ratio. Actually, this continuous
variation from fully protonated to fully deuterated water
allows changing the contrast between the scattering
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aggregates and the solvent. If we consider only a
biphasic structure seen by the neutrons—the polymer
and the solvent with the counterions—the intensity of
the whole scattering curves should scale simply as the
square of the scattering densities difference and this is
not the case for the N(CHj3)4™-exchanged Nafion mem-
brane.

Now, if we describe the interface between the poly-
meric parts and the water domains by a condensed layer
of the solvated counterions, using a two-step model for
the scattering length density (SLD), we can really
analyze these scattering curves as the signature of the
interferences between the three domains.?® Moreover,
the shift of local minima as a function of the H,O/D,0
ratio—indicated by arrows in Figure 4—discriminates
with no ambiguity between a cluster of water in a
polymeric matrix or a cluster of polymer surrounding
with the solvent.?° For this latter case, only an entangle-
ment of elongated aggregates can be considered in order
to match the film properties. Thus, to analyze the
scattering curves, we have to define the form factor F(q)
for a cylinder of axial semilength L and cross-sectional
radius R, which is given by

sin(gL cos(y)) 23:(aR sin(y))

L R si
gL cos(y) ¢ SIn(V)(l)

with y the angle between @ and the cylinder axis and V
the volume of the particle. pp is the difference in
scattering length density (SLD) between the particle
and the solvent, and J;(x) is the first-order Bessel
function of the first kind. In our case, if we consider the
form factor of a shell-cylinder with a polymeric core
characterized by a SLD p, surrounded with the con-
densed counterions shell (p;) and the solvent (pp) and
taking in account the average over all particle orienta-
tions, then the scattered intensity, with the assumption
that the interaction between the objects are negligible,
can be written as

F(@) = F@.y.L.R) =

I(d) = KOF(G,L,R.e)’q = Kfo”[F(q,y,L,RJre) +

P2 = P V(R)
— po V(R+e)

F(q,y,L, R)] sin(y) dr (2)

with R the core radius, e the thickness of the counterion
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condensed layer, and V(r) the volume of the cylinder
with a radius r. The constant K is only a function of the
radii, the corresponding SLD pj, and experimental
factors.

In Figure 5, we have plotted I(q) for 2L > 1000 A,
the polymeric cross-section R = 22 A, the counterion
shell thickness e = 5 A and different contrast param-
eters (p2 — p1)/(p1 — po). The shift of the first minimum
is sensitive to the contrast variation and depends
strongly on the SLD of the inner part of the scattering
object, that means the polymer SLD in our model
instead of the solvent SLD for the case of “inverted
micelles”.8

To analyze the experimental scattering curves, since
the oscillations in the Porod region are quite smooth,23
we have taken into account a polydispersity of 20% with
a Gaussian distribution function for the core radius. We
can clearly see in Figure 4 (full curves) that the
adjustment using our model is quite good and the
assumption of a rodlike aggregate as a scattering entity
allows one to analyze the data with few parameters. For
a set of data corresponding to the same volume fraction
but with different contrasts, once the inner radius, the
counterion shell thickness, and the rod length are fixed,
only a contrast parameter (o2 — p1)/(p1 — po) has to be
adjusted. It corresponds to the ratio of the scattering
density difference between the polymeric inner part and
the hydrated counterion shell with the scattering den-
sity difference between the hydrated counterion shell
and the solvent. From the adjustment shown in Figure
4, this ratio is equal to —100, —3, —1.33, and —0.5 for
100, 50, 30, and 0% of H,O in the mixture H,O + D0,
respectively. Since the solvent SLD ranges from —0.56
x 1010 cm/cm3 in pure H,O to 6.39 x 10° cm/cm? in
pure D,O and the polymeric core SLD p; has a value
between 4.21 (in complete amorphous state) and 5.08
x 101 cm/cm? (in the fully crystalline state), we can
draw the graph in Figure 6. It corresponds to the
variation of the interfacial SLD as a function of p,. So,
assuming that p; for the solvated protonated counterions
should be a monotonic function of the ratio between H,O
and D0, then we determine a polymer core SLD around
4.7 x 10'° cm/cm3. This value is quite similar to what
it has been obtained from contrast variation analysis
in Nafion H* alcohol solution in ref 11.

For more concentrated membrane (see Figure 6), the
scattering profiles depending on the contrast variation
is similar to those displayed in Figure 4 for three
different H,O/D,0 ratios. Unlike the previous case, it
is obviously more difficult to analyze this scattering
curve due to the presence of the correlation peaks. The
respective structural interferences with their maxima
(and minima) disturb strongly the averaged scattering
decrease, which is nevertheless qualitatively comparable
with those of highly swollen samples. Moreover, we can
observe, depending on the contrast, that a minimum
around 1072 A1 in the scattering curve is shifting in
the g position as is observed for the highly swollen
sample and the ionomer peak may vanished when the
solvent is fully deuterated. However, since the structure
factor cannot be dissociated from the form factor of the
scattering objects—the geometry of these aggregates is
not centrosymmetric and the polymer concentration is
high—we can only emphasize some relative intensity
variations at different q vectors. For example, it is
important to point out that we observe an increase of
the intensity level and a shift to the larger scattering
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Figure 7. Contrast variation data: SANS curves for a swollen

N(CHa),—Nafion membrane with ¢, = 80% and three different
H,0/D,0 ratios.

angles of the smooth oscillations in the Porod region.
Relative to our model, this can be interpreted as an
apparent decrease of the core radius from typically 22
A in the hyperswollen state to about 14 A in the dry
state. This can still be understood as a temperature
effect, allowing higher chain mobility and an apparent
swelling of the aggregates themselves with the solva-
tation of the sulfonated ionic groups. Of course, these
values are extracted from a rather crude model for a
complex polymeric system. Nevertheless, it allows one
to extract two characteristic lengths, one for the trans-
versal size or apparent diameter of the scattering
entities and the second for its axial length, larger than
1000 A.

Finally, we can consider the ionomer peak as a
signature of the mean distance between the polymeric
aggregates, its position variation in ¢~ below ¢, = 60%
being in quite good agreement with a dilution law of
apparent rodlike particles. This assumption is not
sufficient to explain the change in the dilution process
around ¢ = 60% between ¢~12 and roughly ¢1, except
if we consider that the aggregates are more ribbonlike
instead to be rodlike. This type of aggregate has been
already suggested in ref 23. Then, from the analysis of
the Porod region for which the absolute intensity is
proportional to the surface of the scattering object over
the scattering volume ratio, we can determine a poly-
meric thickness and a width close to 20 and 80 A
respectively, for ribbonlike aggregates. This is coherent
with the dilution process crossover observed in Figure
2 below 100 A. As a matter of fact, for a distance
between the aggregates larger than 80 A, the orientation
distribution of the particles around the long axis be-
comes isotropic and they can be considered as cylinders.
On the other hand, for high polymer volume fraction,
the aggregates are packed together in domains face to
face, and the dilution process is certainly more complex.
Nevertheless, we can consider at first order that the
dilution process is similar to those of a lamellar struc-
ture for which the dilution law is characterized with an
exponent of 1.2

Concerning the matrix peak which has been shown
in other articles to be strongly correlated with the long
period of the crystallinity, a microSAXS experiment on
H* Nafion membrane has been performed in two
orthogonal configurations (see Figure 8). It permitted
us to emphasize a structural anisotropy, which can be
revealed also with optical observations between crossed
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Figure 8. 2D- X-ray scattering profiles obtained in a trans-
verse configuration (the microbeam illuminates the membrane
along its thickness) and in parallel configuration (the micro-
beam illuminates the membrane perpendicular to its surface).
The ionomer and the matrix rings are indicated with arrows.
The intensity log scale is displayed below.

polarizers. This type of experiment does not allow to
evidence if this anisotropy is induced by the industrial
processing or comes from an intrinsic anisotropy in the
nanoaggregation as rodlike particles, not randomly
distributed, but it indicates that the scattering contri-
bution from the ionomer and the matrix peak are
distinct and even orthogonal. We can clearly see in
Figure 8 that the intensity of the ionomer peak is more
intense along the x and y directions when the matrix
peak intensity is higher along the z direction, parallel
to the casting process. These observations will allow us
in a next step to analyze as a function of the scattering
vector direction the small-angle scattering bump related
to the weak crystallinity of the material and the form
factor of the polymeric aggregates, for very-well-oriented
samples.

Finally, the high angular resolution of USAXS tech-
nique allows to analyze accurately the very-small-angle
scattering upturn of the spectra, usually attributed to
large scale inhomogeneities. Assuming an exponential
form for the density correlation function?* (Debye—
Bueche model) which fits quite well the intensity
variation over 1 decade in q values (see Figure 9), leads
to the identification of a characteristic size on the order
of 800—1000 A. This value depends slightly on the
perfluorinated ionomers studied (Aciplex, Dow) and can
be only determined with accuracy when the membrane
are partially swollen. As a matter of fact, the Figure 4
shows that this upturn is less pronounced for highly
swollen samples or for practically dried samples for
which the contrast at large scale is certainly quite weak.
However, to go further in the scattering data analysis,
and especially at the micrometer scale, it would be
interesting to consider that the bundles or the packing
of elongated polymeric aggregates in larger domains
would give rise to this strong scattering upturn.

Conclusion

From the scattering point of view, it is clear that the
structure of Nafion membrane is quite complex and
presents some density variation at different scales from
nanometers up to micrometers. Since the scattering
data reflects the Fourier transform of the real structure,
we cannot consider only the signal around the ionomer
peak but over a larger scattering range. From the
contrast variation method combined with the SANS
technique, the structure between 10 and 1000 A of the
Nafion can be described in term of elongated polymeric
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Figure 9. Ultra-small-angle scattering intensity profile of Li*
Nafion 115 membrane vs g and the corresponding adjustment
intensity (solid curve) using a Debye—Bueche density correla-
tion function (with a characteristic length of 750 A).

aggregates connected at larger scale to form a film with
good mechanical properties. The water swelling process
allows to separate these aggregates following two dif-
ferent regimes depending on the hydration: a lamellar
dilution at low water content and a 2D swelling for
polymer volume fraction higher than 60%. Our crude
model in term of more or less elongated polymeric
aggregate is coherent with the evolution of the structure
as a function of the water content until the solution.
Finally, a deeper study on the crystallinity dependence
for the shift of the so-called matrix peak as well as
orientation studies is highly desirable in order to really
point out the role of the polymer backbone arrangement
in the aggregates, the orientation distribution of these
aggregates, and the long-range correlation observed at
the submicrometer scale.
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