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Orientation of Drawn Nafion at Molecular and Mesoscopic Scales
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ABSTRACT: The structural orientation in Nafion films in an ambient environment and under stretching
is analyzed using small/wide-angle X-ray scattering. On the basis of the absolute values of Hermans’
orientation factor, we characterize the structural anisotropy at different length scales (between angstroms
and several hundreds of angstroms) in agreement with a previously proposed fibrillar model of the Nafion
membrane. Bundles of elongated polymeric aggregates orient at small draw ratios, together with an
orientation of the aggregates within such a bundle. The crystal structure of this semicrystalline polymer
is analyzed, and we show that the crystallinity of the Nafion film does not change as a function of the

draw ratio.

Introduction

Nafion is a frequently used polymer for proton ex-
change membrane fuel cells (PEMFC) because of its
good chemical, mechanical, and proton-transport prop-
erties. Nowadays, it is the reference polymer in the
research to new polymeric materials for PEM fuel cells.
Since its development in the mid-1960s, much research
has been carried out to understand the structure of
Nafion. Many different experimental techniques have
been used, especially scattering techniques, in which the
correlation lengths are determined. For an overview of
experimental results and models, see for example refs
1-3. Experiments in the very diluted regime show the
existence of aggregates of Nafion with the ionic groups
at the surface,14 whereas in the concentrated regime
water pools with the ionic groups in a polytetrafluor-
ethylene matrix were proposed.® The transition between
the concentrated and diluted regimes is still a point of
debate.® To match the results between the diluted and
concentrated regime, recent work proposes the existence
of elongated polymeric aggregates in the concentrated
region’® The typical diameter of such an aggregate is
3—4 nm, and it is furthermore proposed that these
aggregates are entangled with an orientation correlation
length on the order of 100 nm.®

If Nafion films indeed consist of a collection of
asymmetric polymer aggregates, it should be possible
to orient them upon drawing, and this should result in
differences in the properties of a Nafion film. In our
previous paper,'? birefringence results were presented
and discussed, and it appeared that the birefringence
was caused by orientation of polymer chains. Further-
more, we showed that the initial orientation, the pre-
orientation, which stems from the manufacturing pro-
cedure, is reversible.

Already in the pioneering work of Gierke et al.,> SAXS
experiments were carried out on drawn Nafion films.
After this, a number of other SAXS experiments on
deformed Nafion have been carried out!~15 to study the
effect of stretching on the distribution of the water pools
in the polymer matrix. On one hand, Londono et al.4
showed that the intensity distribution of the ionomer
peak is anisotropic in the plane of the film parallel to
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the draw direction, whereas it is isotropic in the plane
perpendicular to the draw direction. They concluded
from their results that the Nafion structure consists of
coalesced water pools, which form cylindrical or lamellar
domains. On the other hand, Elliot et al.’® discussed
SAXS patterns of Nafion in terms of the spherical
nature of the clusters. They suggested “an increase and
a decrease in coherence of the intercluster spacings
perpendicular and parallel to the extrusion direction,
respectively”. The possibility of deformation of the
spherical clusters they rejected on the basis of their
results. In this work and in the work of Rubatat et
al.,’6.17 orientation in Nafion is discussed in terms of
elongated polymeric aggregates.®

To quantify the orientation in a material, Hermans’
orientation factor (or second-order Legendre polynomial)
can be calculated:8
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with ¢ the angle between the molecular chain axis and
the deformation axis. A perfect orientation gives a value
for f of 1, isotropic systems gives a value of 0, and perfect
perpendicular alignment gives a value of —0.5. Different
experimental techniques have been used to determine
the orientation factor of polymeric systems, like for
example birefringence, X-ray, infrared dichroism, laser-
Raman spectroscopy, broad line nuclear magnetic reso-
nance, and polarized fluorescence.181° A combination of
X-ray and birefringence experiments is frequently used
to study the orientations of amorphous and (semi)-
crystalline polymers, for example refs 20—25, and liquid
crystalline polymers, e.g., refs 26—28. Orientation in
ionomers is mainly studied by IR techniques.?® Orienta-
tion in styrene-based ionomers is studied by Zhao et
al.,%% and it appeared that the presence of ionic clusters
increases the orientation because they act as physical
cross-links. Ding et al.3! studied elastomer sulfonated
polyurethanes and observed that orientation of chains
in the polymer matrix was higher than in the ionic
aggregates. More recent work of Wang et al.3? on
zwitterionomers with IR showed only a small orienta-
tion in the ionic region upon drawing. These examples
show that the influence of an ionic group on the
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orientation within a polymer structure is not uniquely
defined.

In this paper the orientation in Nafion on different
length scales is studied with the help of Hermans’
orientation factor. Elliot et al.’® calculated the orienta-
tion factor for the Nafion 115 ionomer peak, and in the
undrawn state a value of 0.2 was obtained, increasing
up to 0.62 for a draw ratio of 150%. Upon applying the
calculation of the orientation factor to other length
scales than those determined from the ionomer peak
position, we expect to get a complete picture of the
structure of Nafion. We want to know the influence and
type of orientation (rotation or chain distortion) at
different length scales. Furthermore, we discuss the
coherence between these orientation results and our
“elongated polymeric aggregates” model for the struc-
ture of Nafion.

Experimental Section

Sample Preparation. Nafion 117 films (Aldrich, charac-
terized by its equivalent weight (EW) = 1100 g equiv™') and
Nafion 125 (EW = 1200 g equiv') were used. The standard
procedures are applied for the membrane preparation in terms
of cleaning; the membrane is soaked twice for 2 h in HNO;
(1 M). Then, it is immersed for 1 h in deionized water. In
general, the acid form is used for our experiments. For the
birefringence experiments, lithium (Li*) and tetramethylam-
monium (TMA™) neutralized forms are used. These neutralized
forms are prepared by equilibrating the films in a saturated
chloride solution for 2 days and renewing of the solution at
least three times a day. Then the membrane is rinsed in pure
water to remove the excess of salt.

SAXS and WAXS Experiments. Taking care of the
processing direction of the film (the preorientation), a piece of
the Nafion membrane (5 x 20 mm?) is cut and placed in a
homemade drawing cell. Using two coupled endless screws, a
single membrane is stretched between two clamps, keeping
the symmetry center of the deformation at the beam position.
SAXS and WAXS 2D patterns are simultaneously recorded on
the ID2 beamline at the ESRF.3 The wavelength of the X-ray
beam was 1 A. Stacking membranes would improve the
efficiency of the detection; however, it adds the problem of
controlling the stretching without sliding of the different
layers. The SAXS detector located at 1.5 m from the sample
position (or 8 m for lower scattering angle detection) is an
image intensified FReLoN CCD system, and the WAXS
detector to measure the scattering over a larger q range is also
an image intensifier CCD camera using an optical fiber system
coupled to a 16 bit Princeton camera. We define the wave
vector as q = 4x/A sin(6/2), where 6 is the scattering angle.
Because of the off-centered position of the WAXS detector (it
is located at 45° from the horizontal axis, see Figure 1A) which
does not allow to record WAXS images over 360°, we have
mounted the sample on a cradle. With this cradle, we are able
to record scattering profiles simultaneously in SAXS and
WAXS along the meridional and equatorial direction (parallel
and perpendicular to the drawing direction, respectively) by
rotating the sample around the beam path from —45° to +45°.
This procedure is essential to obtain orthogonal scattering
information since the WAXS detector is only covering a
reduced scattering cone at large angles. The data acquisition
time in each position is about 0.5 s, and the dead time between
both positions is about 2 s. For example, 2D data in Figure
1B correspond to WAXS and to SAXS images obtained when
the equatorial axis of the sample is oriented toward the WAXS
detector. The dark region on the upper-right corner of the
SAXS image corresponds to the shadow of the WAXS camera
support, reducing the SAXS detection field. Data treatment
follows standard procedures for transmission, flat field, and
distortion corrections. The transmission is determined using
a photodiode located into the beamstop. The setup allows a
slight overlap in scattering angle between both detections.
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Figure 1. Schematic setup combined WAXS and SAXS
experiment. (A) The SAXS camera is as usual located along
the beam axis, and the WAXS detector is off-centered (located
at 45° of the beam axis). As an example, WAXS and SAXS 2D
images are displayed in (B), corresponding to a sample position
on the cradle with the stretching direction at —45°. The
equatorial axis is indicated on both scattering images. When
the SAXS detector is at less that 2 m from the sample position,
a shadow of the WAXS detector support is observable on the
SAXS image at the upper right corner.
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Figure 2. Combined WAXS, SAXS, and USAXS results of
water swollen Nafion 117 neutralized with lithium.

Results and Discussion

Figure 2 shows a combined X-ray scattering result for
a large wave vector range (q) of swollen Nafion 117.
Using the terminology of refs 1 and 8, we can distin-
guish for the SAXS experiments (from small to large q
values): the USAXS upturn which is attributed to large-
scale electron density inhomogeneities in the range of
thousands of angstroms and corresponding to an ori-
entation correlation scale for the polymeric aggregates,
the matrix knee which is characterized as the correla-
tion distance between the crystalline parts along the
polymeric aggregates, and the ionomer peak which is
analyzed as the distance between polymeric aggregates
(g =0.15 A-1).° The WAXS results show an amorphous
peak with a superimposed crystalline peak at q =
1.1 A-tand q = 1.24 A1, respectively.®* Finally, at a q
value of g = 2.75 A1 a peak not frequently described is
observed. The Bragg distance (2.28 A) might be inter-
preted as an intrachain distance of a Nafion chain.

The ionomer peak, amorphous peak, crystalline peak,
and peak 3 are subjected to our orientation analysis.
In the following section the data treatment procedures
are described to obtain plots of the maximum intensity
against the azimuthal angle for the four peaks.



Macromolecules, Vol. 37, No. 14, 2004

amorphous peak v etalline peak
w/

5 .
g / \ peak 3
[ Py
/ \ VAR
/SN §
L I Mo -
1 1 1
0 1 2 3 4
q(A")
L A —0
H 15°
I'I‘ : ......... 30°
P 45°
T R 60°
it
]
= '.
3 i

q(A")

Figure 3. WAXS results of Nafion 125: at meridian for
DR = 100% (top picture) and for DR = 229% for different
azimuthal angles (bottom picture).

WAXS: Data Treatment. Figure 3 shows results of
Nafion 125, with the definitions of the different peaks
(top picture) and for different azimuthal angles (bottom
picture). The draw ratio (DR) is defined as the ratio of
the distance between two marks on the drawn film, and
this distance in the undrawn state. The peaks already
identified can be distinguished from these figures: the
amorphous peak at g = 1.1 A=, a small and weak peak
superimposed on the amorphous peak (at q = 1.24 A1)
which is the crystalline peak,> and a peak at q = 2.75
A-1(peak 3). In the Appendix the peaks are interpreted
by comparing different models for the crystalline phase
of Nafion. It appeared that the crystalline peak is caused
by intermolecular distances and that the broad peak 3
consists of several diffraction peaks from intramolecular
correlations.

To obtain figures of the maximum intensity as a
function of the azimuthal angle for the WAXS peaks,
the following procedure is applied. For each draw ratio,
intensity—q plots are extracted from the 2D WAXS
pattern for azimuthal angles of 0° (meridian), 15°, 30°,
45°, 60°, 75°, and 90° (equator). After subtraction of a
linear baseline, the WAXS spectra are fitted with three
Lorentzian functions to obtain values for the peak
positions and heights corresponding to the amorphous
and the superimposed crystalline peaks (see Figure 4).
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Figure 4. Fit for Nafion 117, DR = 100% for the meridional
direction. The gray dots represent the experimental (baseline
corrected) curve. The dotted line represents the amorphous
peak, the solid line the crystalline peak, and the dashed line
represents peak 3.
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Figure 5. lonomer peak as a function of g for different
azimuthal angles for Nafion 117, DR = 143%. Gray dots
represent the experimental data and black lines the Gaussian
fits.

We consider that peak 3 can be assimilated to a single
diffraction peak in a first approach.

SAXS: Data Treatment. To obtain the maximum
intensity of the ionomer peak from the SAXS results, a
linear baseline is subtracted from the data, and a
Gaussian function is used to obtain peak height and
position (example in Figure 5).

For azimuthal angles below 50° and draw ratios over
108%, it was difficult to obtain reliable Gauss fits
because of the very small peaks in comparison with the
scattering of data. The observed shift to lower g values,
and the disappearance of the ionomer peak in the
meridional position for higher draw ratios is in agree-
ment with other work.14

Radial and Azimuthal Distribution. The ionomer,
amorphous, crystalline, and peak 3 positions are plotted
in Figure 6 as a function of the draw ratio for the
meridian (0°, solid line) and the equator (90°, dotted
line). It can be observed that the peak positions in the
meridional and equatorial direction of the crystalline
peak do not change upon drawing. On the contrary, the
ionomer, the amorphous, and peak 3 positions show a
decrease in q value in the meridional direction with
increasing draw ratio.

Figure 7 shows the maximum intensities as a function
of the azimuthal angle for the different draw ratios. For
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Figure 6. Crystalline, amorphous, and ionomer peaks posi-
tions of Nafion 117 as a function of the draw ratio. Solid line:
azimuthal angle is 0° (meridian). Dotted line: azimuthal angle
is 90° (equator).

a fair comparison between different draw ratios, the
intensities are divided by the thickness of the film
according to a relation based on experiments in our
previous paper.1® This is necessary because upon draw-
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ing the thickness decreases, and hence less scattering
entities are present. This correction has no influence
on the calculation of the orientation factor and crystal-
linity treated later in this work. The ionomer peak,
amorphous peak, and crystalline peak show an increas-
ing intensity with increasing azimuthal angle, and peak
3 shows the inverse trend. These observations are
discussed in more detail later in this work. Before using
Figure 7 to calculate Hermans’ orientation factor, we
first discuss the crystallinity and the interpretation of
peak 3.

Crystallinity. To a first approximation the crystal-
linity (xc) can be calculated by integrating the crystalline
intensity and the total intensity over all reciprocal
space.3® For an isotropic system this can be written as

Jo d?1(q) dg
X, = ——

5 (2)
J.9?1(g) dg

In our case we deal with an anisotropic system, and
(2) has to be rewritten to take into account an intensity
which depends on the azimuthal angle. Using the 2D
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Figure 7. Maximum intensities vs azimuthal angle (0° is meridian and 90° is equator) of Nafion 117 for different draw ratios for

the different peaks.
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Table 1. Crystallinity (xc) as a Function of the
Draw Ratio

DR (%) Nafion 117 Nafion 125 DR (%) Nafion 117 Nafion 125

100 0.22 0.20 229 0.17 0.19
143 0.21 0.23 272 0.18 0.22
186 0.19 0.19
Table 2. Ratio Amorphous and Crystalline Peak to
Peak 3 (x3)

DR (%) Nafion 117 Nafion 125 DR (%) Nafion 117 Nafion 125
100 0.35 0.36 229 0.35 0.38
143 0.34 0.35 272 0.36 0.39
186 0.34 0.36

X-ray data, we summed over the azimuthal angle,
multiplied this by g2 and integrated over Q:

00 A7T/2
S5 [ 1(0.9)0” d dg
XC: o0 /2 2
S f3 W@.9)a* dg dg

with ¢ the azimuthal angle and | = 1, + I, with I, and
I the intensities of the amorphous and crystalline peak,
respectively.

Instead of integrating over g values between 0 and
infinite, we integrated between 0 and Qmax = 3.4 A1,
which corresponds to the highest q value of the fit of
our WAXS results. Table 1 lists the values of x. for both
Nafion types.

The average crystallinity over all the draw ratios is
0.193 + 0.017 for Nafion 117 and 0.204 + 0.014 for
Nafion 125. For undrawn Nafion, Fujimura3* calculated
the crystallinity assuming complete isotropy (according
to eq 2) and found a value of 0.12 for Nafion 117 H*
and 0.19 for Nafion 125. From an IR study,3¢ a crystal-
linity of 0.25 was observed for Nafion 117. The most
important conclusion of this calculation of the crystal-
linity is that no significant change in crystallinity is
observed as a function of the draw ratio. The frequently
observed phenomena of a stress-induced crystallization
in polymers (e.g., refs 37 and 38) is not observed for
Nafion, probably because of the influence of the ionic
groups in Nafion which prohibits the presence of large
crystalline domains. Moreover, whereas the crystalline
peak is more pronounced for Nafion 125 than for Nafion
117, the degree of crystallinity does not strongly differ
and suggests that mainly the size and not the amount
of the crystalline region is changing by varying the
equivalent weight.

Interpretation of Peak 3. To verify our hypothesis
that peak 3 is caused by overlapping diffractions from
intrachain correlations, we define the ratio of diffracting
planes of the amorphous and crystalline peak with peak
3as

®3)

0 /2
S5 @.9)a? de dqg
37T e /2 2
I3 14(a.0)0° do da

Table 2 lists the values for peak 3 (x3):

X3 IS interpreted as the ratio between the amount of
diffracting planes parallel and perpendicular to the
polymer chain. The density of the diffracting planes in
a given direction can be expressed as

(4)

n=d* (5)

with d the distance between the planes.
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When assuming a Nafion monomer which only dif-
fracts along the chain axis and perpendicular to it, the
theoretical value of x3 should have a value of

_nperp_%_%

n d

X3
par a q3

(6)

with g, and gs the q values of the peak maximum of
the amorphous peak and peak 3.

In our case x3 = 1.1/2.75 = 0.4. This number agrees
well with the values in Table 2, which indicates that
peak 3 is the result from diffraction of both the
amorphous and crystalline phases along the chain axis
of Nafion.

Orientation. Originally, the theory to calculate the
orientation factor was derived for well-defined crystal
phases. The orientation factor of a crystal plane with
the normal in the a direction, and the drawing direction
in the Z direction (f,7) can be calculated according to
(7)_35

f,, = 1,(3os’ ¢, ,0— 1) (7)
) j;ﬂ/zl(go) sin ¢ cos® ¢ dg
[Bos® ¢, 0= — : (8)
S W) sin @ do
fa,z + fb,z + fc,z =0 9

with a, b, ¢ the crystal directions and ¢ the angle
between a given crystal direction and the draw direc-
tion, Z. In eq 8, I(¢) is the intensity of the diffraction in
direction a. For orthogonal crystals, the sum of the
orientation factors in the three directions is 0 (eq 9).

In the equatorial direction, the crystalline peak
(representing the interchain distance) is increasing in
intensity with increasing draw ratio (as observed in
Figure 7). This indicates that more chains are aligned
along the meridional direction upon drawing. From this,
we conclude that the Nafion chains in the crystalline
phase orient parallel to the draw direction. The amor-
phous peak and the ionomer peak show the same trend.
Negative values for the orientation factors are deter-
mined from their azimuthal distribution. Peak 3 is
decreasing with an increasing draw ratio, less scattering
entities are in the diffraction plane, and a positive value
for f upon drawing is obtained. Assuming an ortho-
rhombic structure for the crystalline part of Nafion, as
proposed in the Appendix, perfect alignment is achieved
when the ¢ axis (which is along the chain direction) is
parallel to the draw direction. The diffractions in the a
and b directions are thus perpendicular to the draw
direction.

To quantify these considerations, a Gaussian function
is drawn through the results of the intensity vs the
azimuthal angle. The orientation factors for the four
peaks are plotted in Figure 8 as a function of the draw
ratio. The error bars are determined from the errors in
the coefficients from the Gaussian fit. The curve of the
ionomer peak of Nafion 125 is not as nice as those for
Nafion 117, and the error bars are larger. This is caused
by the fact that the equivalent weight of Nafion 125 is
higher; therefore, the ionomer peak is less pronounced
as for Nafion 117, and it is more difficult to extract
accurate data for this peak. From Figure 8, it can be
observed that the ionomer peak reaches the maximum
orientation at lower draw ratios than the crystalline
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Figure 8. Orientation factors of the different peaks of Nafion
117 (top) and Nafion 125 (bottom) as a function of the draw
ratio.

peak, at least for Nafion 117. This effect is present, but
less pronounced, for Nafion 125 as well. This means that
the orientation is different at the scale of several
ionomer distances in comparison with the scale of
several chains distances, in agreement with the obser-
vations in ref 13. This mechanism of orientation can be
described in two steps as explained in the section
“Interpretation of Orientation Results”.

To compare the origin of the orientation of the
different peaks, we have to keep in mind that the
observed azimuthal profiles are the results of the
convolution between the true orientation distribution
function and the intrinsic profile. The distances between
or in a molecule in the amorphous phase have a broader
distribution than in the crystalline phase, which give a
broader azimuthal profile in the amorphous phase for
the same orientation factor. To correct for this intrinsic
azimuthal width, the azimuthal half-width can be
determined according to

/2

o @) = 1(0)] dg
I(/2) — 1(0)

(10)

and this value can be plotted as a function of the inverse
of the draw ratio® or the observed orientation factor?*
in order to determine the intrinsic azimuthal width (by
extrapolation to DR™! = 0 and f = 1, respectively).
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Figure 9. Azimuthal width of the ionomer peak and the
crystalline peak of Nafion 117 as a function of the inverse draw
ratio to determine the intrinsic azimuthal width. The extrapo-
lation to a perfect oriented system (DR~ = 0) is given by the
dotted lines.

Table 3. Intrinsic Azimuthal Width and Correction
Factor According to Ref 22 of Nafion 117

peak correction factor
ionomer 11
amorphous 15
crystalline 11
peak 3 2.0

Figure 9 shows the results for the ionomer peak and
the crystalline peak as a function the reciprocal draw
ratio. For the two other peaks (the amorphous peak and
peak 3) the intrinsic widths are larger. In the case of
amorphous systems, an infinite draw ratio cannot lead
to a perfect orientation, and a procedure was developed
to correct the Hermans’ orientation factor taking into
account the intrinsic width extrapolation.??2426 These
correction factors can be determined with the help of
Figure 5 of ref 22 and are listed in Table 3 for the four
peaks. From this table, it can be observed that the
correction factor for both crystalline and the ionomer
peaks are identical. Therefore, we have the interesting
possibility to compare the orientation factors of the
ionomer peak and the crystalline peak in a direct way,
without using correction factors. We can remark that
this value is 1.1, a value which is close to the theoretical
value of crystalline system (=1).

This comparison allows to correlate the drawing effect
on the polymeric film at two different length scales: the
mesoscopic scale which is characterized by the ionomer
peak and the molecular scale which is characterized by
the crystalline peak. We can define the ratio o between
both orientation factors and as a function of the draw
ratio to analyze the evolution of this correlation. This
concept is used in polymer liquid crystals?73940 and
allows taking into account separately the mesoscopic
and the molecular orientation. A ratio of 1 between
these factors means that the degree of orientation is
similar on both scales.

This ratio o between the crystalline and ionomer
orientation factors is plotted in Figure 10 for both
Nafion 117 and Nafion 125. At the first sight, a is
different than 1 and increases as a function of the draw
ratio from 0.5 up to 1. An almost perfect orientation of
the polymer chains in the crystal phase within the
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Figure 10. «, the ratio between the crystalline and ionomer
orientation factors, as a function of the draw ratio.

mesoscopic scale (oo ~ 1 and f close to —0.5) is achieved
at large draw ratios. The interpretation of this orienta-
tion correlation between the mesoscopic and molecular
scales is discussed in more detail in next section.
Furthermore, it is striking to observe that, after reach-
ing this maximum orientation, the polymer film breaks.

Interpretation of Orientation Results. In this
section, the observed results are discussed in the frame
of existing models of swollen Nafion. We have shown
in a previous publication that the Gierke model cannot
be applied for the Nafion structure;” however, we can
consider the case of water swollen spherical ionic
clusters (with a distance between two pools being of the
same order as the pool size) dispersed in a polymeric
matrix. The stretching effect on this type of structure
is described in terms of the deformation of the water
pools (characterized by the ionomer peak in the scat-
tering geometry). They have a spherical shape in the
undrawn state and an ellipsoidal shape under deforma-
tion. The deformation of the water pools should have a
strong dependency on the orientation of the polymer
chains at the interface and in the polymer matrix,
characterized by the crystalline and amorphous peaks.
Thus, the orientation of both the ionomer and crystalline
peaks should vary with the same trend; in other words,
o has to be equal to 1. The fact that the orientation
factor of the ionomer peak is a different function of the
draw ratio than the crystalline peak (see Figure 8 or
10, o < 1) is sufficient to reject the possibility of the
deformation of the hydrophilic pools (that cannot be

bundle

B)
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deformed more than the surrounding polymeric mate-
rial).

Starkweather*! proposed a bilayered crystal phase
between the water pools. Upon stretching, it is possible
that the water pools surrounded by the bilayered crystal
phase do not deform; however, the water pools sur-
rounded by the amorphous phase have to deform
(otherwise, no change in ionomer peak can be observed).
Assuming this mechanism, we have to observe an
increase in the azimuthal half-width of the ionomer
peak as a function of the draw ratio because the
orientation distribution of the ionomer increases. This
trend is in contrary to our results in Figure 9, in which
the azimuthal width decreases. Also, this physical
picture can be rejected on the basis of our results.

Taking into account a fibrillar structure as developed
in refs 8 and 9 in which we consider the Nafion structure
as a collection of elongated polymeric aggregates in
bundles, we can describe our experimental observations.
Indeed, the fact that the orientation factor differs
between the mesoscopic scale and the molecular scale
means that there exists a cutoff in size which character-
izes two different structural orientation effects. If we
consider the elongated polymeric aggregates consisting
of more or less ordered chains as the basic entities in
the Nafion structure, this cutoff corresponds to the
diameter of these aggregates. Starting with this picture,
we can describe the orientation process in Nafion films
as follows. Upon stretching, two mechanisms are simul-
taneously present: the first one corresponds to the
rotation of large bundles (in which the elongated ag-
gregates are more or less correlated in orientation) and
which is described by the orientation factor of the
ionomer peak. The second mechanism corresponds to a
better alignment of the aggregates within the bundles;
due to sliding or disentangling of the aggregates from
each other, this is described by the orientation factor of
the crystalline peak. The first mechanism is predomi-
nant at small draw ratios, while the second mechanism
mainly takes place at higher draw ratios. In Figure 11,
a rough sketch is presented to give an insight on both
orientation mechanisms. The orientation in the amor-
phous phase is, even when the correction factor from
Table 3 is applied, much smaller upon drawing than for
the crystalline phase. Probably, chain distortion of the
amorphous phase takes place upon stretching whereas
with the crystalline peak only orientation takes place
(see Figure 6 in which the peak position of the crystal-
line peak is constant, and the peak position of the
amorphous peak shifts as a function of the draw ratio).

¢/) icrystalline
- region

C) D)

Figure 11. Sketch of fibrillar structure of Nafion:1¢ (A) organization of bundles of elongated aggregates made of more or less
aligned and ordered polymeric chains surrounded with ionic groups and water molecules (a magnification of an aggregate is
depicted in image D, the surrounding ionic groups are not drawn). Under stretching (vertical direction), the large domains or
bundles are rotating (B), and then at higher strain the aggregates are oriented within a bundle (C).
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A different approach to study the Nafion structure is
carried out using birefringence techniques and with
mechanical experiments analysis in which the creep of
drawn Nafion is studied. It appears that both mecha-
nisms of orientation can be observed as well and will
be described as a function of water content and the
nature of counterion in a future publication.*?

If we assume that a higher equivalent weight gives
larger ordered parts inside the aggregates, then we can
suppose that the aggregates are more rigid. These
aggregates will be better aligned inside the bundles.
Consequently, for Nafion 125, the orientation effect of
the crystallites inside the aggregates is more correlated
with the orientation of the aggregates in the bundles
than for Nafion 117 (which is observed in Figure 8). To
confirm this tendency, a study should be performed on
a larger variation of equivalent weights in order to
analyze the effect of crystallinity.

Conclusion

Using SAXS and WAXS techniques, we have recorded
the 2D X-ray scattering intensity of Nafion films as a
function of the draw ratio. We determined the azimuthal
distribution function at different g-vector positions,
corresponding to the ionomer, amorphous, and crystal-
line peaks. We quantified this distribution using the
Hermans’ orientation factor for each of them in order
to analyze their correlations as a function of the drawing
ratio. We showed that the orientation effects at the
“lonomer” and molecular scales are not equal; this
difference disappears at a large draw ratio and can be
perfectly analyzed in the frame of a fibrillar model of
the Nafion structure, made of elongated polymeric
aggregates. Two mechanisms are revealed upon stretch-
ing that can be interpreted as (1) the rotation of bundles
of aggregates at small draw ratios and (2) the orienta-
tion increase of the aggregates within a bundle, the
second becoming predominant at large draw ratio.

In the future we will show that the coupled analysis
between the birefringence and the X-ray scattering data
allows us to obtain the values for the intrinsic amor-
phous and crystalline, which are reasonable in com-
parison with published data for aliphatic polymers.
Moreover, we will use this optical property and these
values to determine the internal stress of the film under
strain.
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Appendix. Crystal Structure of Nafion

It is commonly agreed that Nafion is a semicrystalline
ionomer because of the presence of the polytetrafluor-
ethylene (PTFE) backbone.® However, the type of unit
cell and corresponding distances is still a debate.
Starkweather*! proposed a hexagonal unit cell with
length of a = 5.8 A and ¢ = 2.6 A (direction along the
chain axis). His work was based on oriented and
unoriented Nafion fibers. Ludvigsson*® casted Nafion
films and irradiated the film with Xenon ions to
introduce crystalline regions. They observed an ortho-
rhombic unit cell like polyethylene (PE) with a linear
zigzag structure of the polymer backbone. Porat*

Macromolecules, Vol. 37, No. 14, 2004

Table 4. Lattice Planes and q Spacing for Nafion
SO.F and H

Nafion SO,F Nafion 117 H™ fit orthorombic
gAY intensity q (A1) intensity plane q A
1.27 high 1.24 high 2000 1.27
1.73 low 1.70 low 2100 1.69
1.95 medium 30000 1.90
2.26 high 0010200 2.24
2.78 broad 2.75 broad 2110 2.812
3.18 medium 0210 3.172

a2 Many other (higher value Miller indices) planes give a solution
close to these values. This is maybe also an explanation for the
broad peak around q = 2.8 A-1.

observed a comparable structure with electron micros-
copy experiments. They deposited Nafion from solution
directly on a carbon-coated TEM grid, or they formed a
Nafion film on mica before placing on the TEM grid.
The unit cell dimensions obtained from the experiments
were different in both studies. Ludvigsson proposed unit
cell dimensions of a = 6.64 A and b = 5.44 A; Porat
found a = 7.49 A and b = 5.02 A. They were not able to
determine the distance in the c-direction. Upon follow-
ing the analogy with polyethylene, it is possible to
estimate the unit cell size in the c-direction, for PE c =
2.54 A (for completeness: a=7.40 A and b =4.94 A).45
With these dimensions of the unit cell and the fact that
one unit cell consists of two PTFE monomers, it is
possible to calculate the density of the crystalline
phase.*® This gives values of 3.3 g cm~2 (Porat) and 3.5
g cm~3 (Ludvigsson). Literature values for PTFE (2.3 g
cm~3)%5 and Nafion (2.1 g cm~3, amorphous and crystal-
line parts together)*® show much lower values. Even
when the distance ¢ is raised to 3 A, unrealistic high
densities are obtained. Hence, the unit cells sizes
proposed by Porat and Ludvigsson are not applicable
for standard Nafion films. Nafion consists of a PTFE
backbone; therefore, a comparison with the crystal data
of PTFE polymers is made as well. The polymer hand-
book gives for PTFE for T > 20 °C a twisted hexagonal
structure. Different twist values and lattice parameters
(only small differences) are proposed; we choose for a
lattice consisting of 15 CF, groups with a lattice size of
a=b=5.66 A andc=19.5 A. Calculating the density
basesd on the lattice dimensions gives a value of 2.3 g
cm~3.

X-ray experiments on the precursor of Nafion, the
SO,F form, show sharp diffraction peaks as listed in
Table 4. The peaks found for Nafion H* films in this
work are listed as well. To contribute to the discussion
about the structure of the crystal phase of Nafion, our
experimental results were fitted with an orthorhombic

B e

with d the interplanar spacing, a, b, ¢ the unit-cell
dimensions, and h, k, | the Miller indices of the refrac-
tion planes.

The obtained unit cell dimensions are a = 9.9, b =
5.6, and ¢ = 2.8 A. The q values for planes belonging to
this unit cell are listed in the last two columns of Table
4. The calculated crystal density of this unit cell is 2.05
gcm™s3,

To compare the different models to our experimental
data, the diffraction peaks are calculated for the model
of Starkweather, PTFE, and our orthorhombic model
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Figure 12. Comparison proposition Starkweather,** PTFE
helix,*® and our fit with a orthorhombic model for Miller indices
to 2. The black lines represent large peaks, and the gray lines

represent smaller peaks.
C

a \ / a

Figure 13. Schematic unit cell; only the monomers of the
carbon backbone of PTFE are drawn (drawn on the base of
the structure of polyethylene?).

(only Miller indices equal or smaller than 2 were used)
and plotted in Figure 12. The comparison between the
different models is made with the experimental results
of Nafion SO,F. This precursor shows higher crystal-
linity and is not influenced by ionic interactions as is
the case for Nafion H™. Starkweather*! mentioned that
the crystal sizes in the acid form were smaller or less
perfect than in the F form. In this work we assume that
the crystal type is equal for the precursor and acidic
form of Nafion.

None of the models can describe the experimental
diffraction pattern exactly up to Miller indices of 2.
Because of the large c-direction in the PTFE helix
model, many peaks of the form [10xCor M1xChas to be
found from q values of 1.6 A~1 and higher. However,
these peaks are not observed in our experimental
results. The model of Starkweather gives no extra
diffraction between q = 1.5 and 2 A~ for higher Miller
indices; hence, this model describes our experimental
results not very accurate as well. Our orthorhombic
model misses a peak at g = 1.95 A~1. When taking into
account higher Miller indices, it appears that the
missing peak can be described by the [300Cplane. This
is a strong indication that our orthorhombic model is
the best choice.

From these considerations we conclude that the
crystalline phase in Nafion consist of PTFE chains in
an orthorhombic unit cell with dimensions a = 9.9 A,
b =56 A, and ¢ = 2.8 A. The value of ¢ is in good
agreement with the van der Waals radius of the fluorine
atom, 1.4 A:;35 maybe the structure is slightly twisted
as proposed by ref 36. They proposed a unit cell with a
¢ value of 1.7 nm and 6 monomers; this gives a distance
of 2.8 A between the monomers. However, they did not
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distinguish between the amorphous and crystalline
phase. A schematic picture of the (nontwisted) ortho-
rhombic structure is drawn in analogy of the polyeth-
ylene structure® in Figure 13. To study the orientation
of Nafion H*, the most reliable information can be
obtained from the peak at q = 1.24 A1, the 200plane.
The other signals either have a plane with an angle
different than either O or 90° with the draw direction
(peak at g = 1.70 A~1) or are not uniquely defined (peak
at q = 2.75 A1),
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