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ABSTRACT: Highly fluorinated comb-shaped ionomer membranes made by solution casting have shown high
proton conductivity coupled with low dimensional swelling upon hydration, which demonstrates their potential
as materials for proton exchange membranes (PEM) for fuel cells (FC). Small-angle neutron scattering (SANS)
and neutron diffraction studies on the copolymers have been conducted to resolve the morphological structures.
Two peaks were found in the SANS curves: the low-qg peak is assigned to the strong interaction among the
self-aggregating hydrophilic and hydrophobic domains, whereas the high-¢g peak is attributed to the “ionomer
peak”. We propose a new structural model to fit the SANS data in the ¢ range covering 0.005—0.4 A~1. This
model combines a form factor of flexible wormlike aggregates with an ellipsoidal cross section and a structure
factor of hard-disk interaction accounting for the low-¢ scattering as well as the Teubner—Strey model for the
high-¢ “ionomer peak”. Water uptakes can be derived from the best-fitting results of the current model and are
consistent with the measured values. The neutron diffraction data indicate that there is little long-range orientation,

if any, of the hydrophilic or hydrophobic domains.

Introduction

The development of polymers for proton exchange membrane
fuel cells (PEMFC) plays an important role in both reducing
cost and improving performance. Ideal proton exchange mem-
brane (PEM) materials should possess properties such as high
proton conductivity, high chemical stability over the required
temperature range, good mechanical properties, and dimensional
stability in the hydrated state. Block copolymers forming
hydrophobic and interconnected hydrophilic (ionic) domains
have many of the aforementioned properties. The hydrophobic
matrix provides the mechanical strength and constrains the
swelling of the materials, while the hydrophilic (ionic) domains
determine/impart the proton conductivity. In order to better
design polymer architectures and improve performance of
PEMEFC materials, it is essential to resolve their morphologies.
Small-angle neutron scattering (SANS), X-ray scattering (SAXS),
and wide-angle X-ray diffraction (WAXD) have been powerful
tools for structural characterization at the length scale of 1000
A and below. In the past, Nafion, a benchmark PEM material
utilized in PEMFCs, has been intensively studied using SANS
and SAXS.''° The general scattering pattern of Nafion includes
a broad peak at the scattering vector, g [= (47t/1) sin(6/2), where
A and 6 are the wavelength of the neutrons (or X-ray) and the
scattering angles, respectively] around 0.1—0.2 A~! (also known
as the “ionomer peak”) corresponding to a length scale of 30—60
A and a low-angle intensity upturn before the peak. Several
models have been applied to interpret the small-angle data;
however, the morphology of Nafion remains inconclusive. The
most common ones include the cluster network model proposed
by Gierke et al.,' the core—shell model by Fujimura et al.,>*
the local order model by Dreyfus et al.,* the lamellar model by
Litt, the tortuous sandwich model by Haubold et al..® and the
tubelike interconnected tunnel model by Kim et al.” A review
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for many proposed morphologies of Nafion can be found in ref
8. All these models are obtained based on either the swelling
behavior upon dilution, the characteristics of the scattering
curves, or fitting scattering data over a limited range of scattering
vector because it requires a thorough understanding of the
system over a wide range of length scale in order to incorporate
appropriate terms accounting for the origins of the scattering
intensity. The task becomes more difficult when Nafion is at a
high concentration, where the structure factor (interdomain
interaction) may also play a role. Recently, a few SANS and
SAXS studies have shown that low-concentration Nafion
solutions form elongated aggregates with a length of the order
of 1000 A.™°

Designing new PEMs to enhance their proton conductivity,
chemical/thermal stability, and mechanical property and to
reduce the swelling is an ongoing effort. Various synthetic
strategies to control PEM microstructure employing alternative
polymer materials have been reviewed.''™'* Recently, we have
developed a comb-shaped copolymer based on a highly fluori-
nated and rigid polyaromatic backbone containing monodisperse
a-methylpoly(styrenesulfonic acid) side chains (Figure 1). A
preliminary characterization of a series of these copolymers
having different ion exchange capacities (IEC), water uptake,
swelling behavior, and proton conductivity was recently re-
ported.'* In an optimal IEC range, the comb-shaped copolymer
PEMs exhibit very low hydration-based dimensional changes
at elevated operating temperatures with similar proton conduc-
tivity and water uptake values when compared to Nafion. This
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Figure 1. Molecular structure of comb-shaped copolymer.
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Table 1. Comparative PEM Data for the Samples

proton conductivity® (mS/cm)

water uptake? at 30 °C water uptake? at 80 °C

sample density” (g/cm?) IEC? (mequiv/g) 30 °C 80 °C wt % vol % wt % vol %
PEM-19 1.498 0.87 43 57 19 29 26 39
PEM-22 1.387 1.20 50 66 21.5 30 29.6 41
PEM-32 1.288 1.60 59 70 32 41 47 60
Nafion 117 1.66 0.92 54 67 17.5 29.1 24.6 40.8

4 Measured from known membrane dimensions and their weight after drying at 75 °C for 2 h (error range +3%). ® Determined experimentally by
titration. < Measured after treating the membranes in boiling 0.5 M H>SOy for 2 h, followed by thorough washing in deionized water. Proton conductivity
was determined using the two-probe method and a Solartron 1260 gain phase analyzer.'® ¢ Measured after drying the membrane in acid form at 100 °C under
vacuum overnight and then immersing in water at the set temperature and weighing until a constant water uptake weight was obtained (error range +5%).

was a result of the high glass transition temperature (7,) and
the microphase-separated polymer microstructure. On the basis
of the observation of a weak second-order Bragg peak in the
SAXS data, a lamellar morphology was suggested as a possible
microstructure in the comb-shaped PEMs.'* In this paper, we
propose another model which consists of highly interacted
wormlike ellipsoidal cylinders (at large length scales) combined
with Teubner—Strey microemulsions (at small length scales)
and compare it with the lamellar model based on the SANS
and transmission electron microscopic (TEM) results. This
model differs from other proposed models regarding the
interpretation of the “ionomer peaks” and is able to fit the SANS
data over almost 2 decades of ¢ values (0.005—0.4 A~1). The
approach is presumably valid for not only this specific material
but also other PEMs such as Nafion.

Materials and Methods

Comb-Shaped Fluorinated Copolymers. Detailed synthetic
procedures and characterization of the copolymers (Figure 1) were
reported previously.'* The present study includes two comb-shaped
copolymers having different side-chain contents and hence IECs.
The two samples PEM-19 (19 wt % side-chain content) and PEM-
32 (32 wt % side-chain content) represent the extremes of a low
and high IEC PEM material, having proton conductivities lower
(19 wt %) and higher (32 wt %) than Nafion, respectively. It is
relevant to conduct the SANS study of these two samples, since it
would determine whether the morphological model applies over
the IEC range that is useful for a PEM material in a FC. Sample
PEM-22 (Table 1) has an IEC that provides the combination of
properties for proton conductivity and water uptake that most closely
match Nafion. The properties of both materials are shown for
comparative purposes since it would be the most suitable PEM
material for applying to FC. The basic PEM properties of the three
PEM materials and those of Nafion were remeasured for the present
study and are listed in Table 1. The fluorine content and the
crystallinity of the comb polymers are lower than Nafion, thus
yielding a lower density of the dry films. The design of the comb
polymers creates a higher tendency for phase separation; conse-
quently, hydrophilic domains with high ion concentration can be
expected to form in the hydrophobic matrix. Once the intercon-
nected ionic channels are formed, these types of morphological
structures are capable of providing materials with high proton
conductivity, high mechanical strength, and good dimensional
stability upon swelling.

Membranes were prepared from copolymer solutions in N,N-
dimethylacetamide (DMAc) and drying the cast films at 50 °C under
a constant purge of argon for 2—4 days, yielding final film thickness
typically in the range of 50—75 um. For the neutron scattering
measurements, the dry films were then trimmed and placed in quartz
cells (35 mm x 42 mm x 0.5 mm), which were later filled with
D,0 and sealed. After equilibrium, the PEMs swelled to 100-130
um in thickness.

Transmission Electron Microscopy (TEM). TEM results were
conducted on PEM-19 and PEM-36. Films of the sulfonic acid form
were immersed in 0.5 M lead acetate solution for 48 h and rinsed
with water. A 1 mm x 5 mm strip of the dried film was then
embedded in bimodal polystyrene (Aldrich). Thin slices (40—50

nm) of the embedded polymer samples were cut using an ultrami-
crotome (Ultracut-E, Reichert-Jung) fitted with a Diatome diamond
knife and were transferred onto 400 mesh carbon-coated copper
grids for TEM analysis. The samples were analyzed using a Philips
CM20 STEM equipped with a Gatan UltraScan 1000 charge-
coupled device (CCD) camera and INCA Energy TEM 200 EDX
spectrometer operating at 120 kV.

Neutron Scattering. SANS experiments were conducted on the
30 m NG7 SANS instrument located at the National Institute of
Standards and Technology (NIST) Center for Neutron Research
(NCNR, Gaithersburg, MD). The scattering data were collected at
three different sample-to-detector distances (SDDs): 15.3, 4, and
1 m, where neutrons of a wavelength 8 A were employed for the
long SDD and 6 A neutrons were employed for the other two SDDs.
With these configurations, the SANS data cover a g range from
0.003 to 0.4 A~1. The raw 2-D data were corrected for detector
sensitivity, background, empty cell scattering, and sample transmis-
sion. The corrected data were then circularly averaged, around the
beam center, yielding the customary 1-D data. These data were
then put on an absolute intensity scale using the known incident
beam flux. The incoherent plateau was determined by averaging
the intensity of the last several high ¢ data points and was then
subtracted from the reduced data.

A neutron diffraction experiment was also performed on N5
spectrometer located at the Canadian Neutron Beam Centre (CNBC,
Chalk River Laboratory, Chalk River, Ontario, Canada) to inves-
tigate the orientation of the structure. The wavelength of neutrons
was selected to be 2.37 £ 0.06 A by a pyrolytic graphite crystal,
and both incident and scattered neutrons were narrowly collimated
with a two-slit geometry of 2 mm in width and 66 cm in length.
The angle of the detector was fixed at the position of the first-
order Bragg peak, and the sample angle, W, was scanned through
+40°, where 0° is set as the membrane sample surface that is
parallel with the incident beam. This is known as a “rocking curve”
in the case of studying the orientation of aligned samples. The
intensity then was normalized by the illuminated volume of the
sample and the number of neutrons on the sample at different W.
The exercise is mainly to examine whether there is preferred
orientation of the morphology in the sample.

Results

SANS Data and Models. The SANS results of D,O-soaked
PEM-19 and PEM-32 as shown in Figure 2 illustrate a similar
scattering pattern, presumably resulting from the same morphol-
ogy. The general feature of both curves is a gradual decay of
the intensity over the whole ¢ range with a strong and broad
peak at ¢ = 0.03—0.04 A~! and a shoulder at ¢ = 0.06—0.08
A~1 (seemingly the second-order Bragg peak), followed by
another broad peak at higher ¢ (between 0.2 and 0.25 A~1).
Comparing these two curves, the low-g peak shifts outward
(corresponding to a smaller length) and the high-g peak shifts
inward with an increased intensity (corresponding to a larger
length) when the sample contains more sulfonic acid groups
(i.e., PEM-32). Figure 3 shows TEM images of two lead-stained
comb-shaped copolymers, PEM-19 and PEM-38, the latter
sample being a previously reported high IEC comb-shaped
polymer with 38 wt % side-chain content.'* The TEM images
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Figure 2. SANS results of PEM-19 (blue circles) and PEM-32 (green
triangles).

Figure 3. TEM images of lead-stained (a) PEM-19 and (b) PEM-38
samples. The dark regions are (lead-stained) water channels.

show that the segregation of hydrophobic and hydrophilic
domains loosely formed periodic structures and that the spacing
between ionic domains (the dark regions) decreases upon
increasing sulfonic acid groups due to the shrinkage of
hydrophobic regions. The previously published SAXS data
revealed a low-¢g peak corresponding to a spacing of 15—20
nm, which was interpreted as lamellar phase and also seemingly
consistent with the TEM images.'"* Low-g peaks were also
observed in other PEM materials and Nafion in the past and
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Figure 4. Rocking curves of PEM-19 (blue circles) and PEM-32 (green
triangles) as a function of sample angle (W) at the first-order Bragg’s
peak.

interpreted as a crystalline peak.”®'>~!'7 The “rocking” curves
at this low-¢ peak of both copolymer films were practically flat
with no more than a 20% higher intensity at —2° < W < 2°
than the rest (Figure 4), indicating only slightly preferred
orientation, if any, along the surface of the samples for this
crystalline phase. In the case of SANS, both measurements were
taken at ¥ = 90° (the beam perpendicular to the film) where
the rocking curve is practically flat; thus, the orientational
preference is negligible.

It is well-known through many SANS and SAXS studies on
Nafion that the “ionomer peak” is located around 0.1—0.25 A~1,
Although the origin of the “ionomer peak” remains debatable,
it is found to shift toward lower ¢ and had an increased intensity
at higher hydration levels."”” The same trend of shift and
intensity and the similar vicinity of the high-g peak observed
in our SANS measurement further confirms that it is the
“ionomer peak”

In the past the scattering feature of the “ionomer peak™ and
the intensity upturn prior to it was considered to result from the
same structure in most of the proposed models while fitting the
scattering data.>* Here, we propose a different approach to fit
the SANS data by focusing on low-¢ and high-g regimes
individually. The scattering intensity in the low-g regime is
mainly attributed to the crystalline phase composed of large
hydrophobic and hydrophilic domains, whereas the high-¢
scattering mainly comes from the local distribution of the
ionomers/water (D,0) in the hydrophilic domain. The rationale
is that the short-range (small length scale) correlation is
dominated by “ionomer” scattering, which diminishes or has
little contribution in the long-range correlation (large length scale
in the low ¢ range). This is supported by the fact that the low-¢
scattering intensity from dilute Nafion solution follows ¢! up
to the “jonomer peak”, suggesting that “ionomer” scattering,’
Lionomer(¢), should be independent of that from the crystalline
phase, Icrysianine(q). Therefore, the scattering function, /(g), can
be split into two terms as follows:

I(q) cryslallme((p + Ilonomer(q) (1 )

Moreover, there is no evident reason to presume that the
“ionomer” scattering arises from regularly sized scatterers. We
would argue that the density distribution in the hydrophilic
domain could more resemble the case of microemulsions
considering the mixing of polyions and water. Therefore,
Tionomer(q) can be formulated with the Teubner—Strey model
(T—S model),'® which is derived based on Landau’s free energy
theory and Debye—Anderson—Brumberger’s derivation of scat-
tering by inhomogeneous domains,'® with a correlation function,
y(r) [in eq 2] yielding a scattering function as eq 3.
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where ay, 1, and ¢; are the coefficients of various terms of order
parameters in Landau’s free energy. In the case of microemul-
sion, ¢ indicates the tendency of forming interfaces between
domains and is usually negative, when a, is positive, to favor
the formation of microemulsion. A positive ¢, stabilizes the
system to meet the criteria of 4axc; — ¢; > 0 for a stable
morphology.

The T—S scattering function, It—s(q) describes a morphology
of two alternating domains losing long-range order and has a
characteristic feature of a low-g plateau with a peak followed
by a ¢~* decay (as shown in Figure 5). Since the intensity of
the low-q plateau is simply a flat background for the low-q data,
it does not affect the structural parameters of the crystalline
phase obtained from the SANS data in this regime. The two
length scales, d and &, in eq 2 represent the domain periodicity
(related to spacing of the domains) and the correlation length
(related to the decay length of the domains) of the system,
respectively, and can be related with the coefficients at the
denominator of It—s(g) as expressed below.'®

a,\12 c.1-12 a,\12 c,1-12
e=|L2) 412 and d=2q12] =12
2\c, 4 ¢, 2\c, 4 ¢,

C5)

The application of the T—S model does not require the
assumption of aggregates with a regular shape and size (such
as spheres, ellipsoids, disks, cylinders, etc.) or location, yet the
ratio of the ionomer/water interfacial area (S) to hydrophilic
volume (V), S/V, can be still obtained through Porod’s law: S/V
= [4¢RM(1 — @pP]/E, where ¢BM! is the volume fraction of
water in the hydrophilic domain.'®

To find an appropriate scattering model, Icrystanine(q), describ-
ing the crystalline phase at low-g regime is more challenging,
since a significant interdomain interaction peak (structure factor)

100

10

0.1

0.01

0.001

Figure 5. Best-fitting results of various low-¢ models (stacking disks
in red; flexible cylinders with a circular cross section in orange; flexible
ellipsoidal cylinders in black) in comparison with the SANS data. The
data of PEM-32 (the green circles) are shifted by a factor of 10 (for
better clarity) and only fitted with the flexible ellipsoidal cylinder model.
In the high g regime, the best-fitting T—S model to PEM-19 SANS
data (the blue triangles) is shown as the dashed line.
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is found in both scattering curves. According to the TEM
images, two different models, stacking layered disks (similar
to lamellar model with a smaller planar region) and wormlike
elongated aggregates with a hard disk structure factor (as shown
in Figure 6), were employed to fit the SANS data in order to
probe the most plausible morphology. The stacking disk model
would assume the periodic structure imaged by TEM was at
the edge side of the stacking disks composed of alternating
hydrophobic and hydrophilic layers and dispersed uniformly
throughout the system. The fitted structural parameters include
the size of disks, the thicknesses of each layer, stacking number
of the disks, and a Gaussian distribution of one of the layers.
This model is similar to the stacking lamellar model proposed
by Richter et al. to interpret the structure of a polyethylene—
poly(ethylenepropylene) diblock copolymer, where the planar
size is assumed to be much larger than the lamellar thickness.*”
A detailed description of the stacking disk model (considering
a limited planar size) has been previously described and
successfully applied to fit the SANS results of organically
modified clays.”' In fact, the stacking disk model was also
proposed for another PEM material, poly([vinylidene difluoride-
co-hexafluoropropylene]-b-styrene) block copolymer.'® The
best-fit result of this model to the PEM-19 SANS data indicates
several mismatching regions compared with the experimental
data. First, the fit overestimates the minimum prior to the first-
order peak and the maximum of the second-order peak. Second,
the model predicts a sharper decrease after the second-order
peak. This observation seems to suggest that the stacking disk
model tends to overestimate the periodicity of the stacking even
when the best-fit stacking number is less than 1.5 (Table 2).
However, the structure in TEM images apparently shows a
higher periodicity than 1.5. Moreover, the best-fit radius of the
disk is ~3000 A (Table 2), which was not observed in the TEM
image. In light of the aforementioned observations, stacking
disks may not be the best model to describe the PEM
morphology.

The other model inspired by the TEM data would assume
that the periodic domains were the cross sections of elongated
objects, which are highly tortuous. Therefore, the wormlike
elongated aggregates model proposed for wormlike micelles is
chosen to be the form factor, Fyy(¢).>> Because the TEM image
shows that these objects are compactly arranged, a hard disk
structure factor, Sup(g), is employed to account for such
interference.”® The use of the hard disk structure factor is based
on the assumption that the radial interparticle interaction among
the long aggregates is expected to be much more significant
than the axial interaction in the current g range. Therefore,
Terystaine(g) can be expressed as

Icryslalline(q) = Apz(l - ¢phob)vSHD(Q) FWL(q) (5)

where Ap, ¢pnob, and v are the difference of scattering length
densities (SLDs) between hydrophilic and hydrophobic domains,
the volume fraction of hydrophobic domain, and the volume of
individual cylindrical aggregates, respectively.

This model (denoted as flexible circular cylinders or FCC
model) also includes five fitted structural parameters: effective
hard disk volume fraction and radius, the radius, the contour
length, and persistent length of the elongated objects. The best
fit (Figure 5) shows a better agreement with the SANS data at
maxima and minima than the stacking disks model, except for
the minimum after the second-order peak. The mismatch is
mainly attributed to the unrealistic constraint on the fixed,
circular radius of the hydrophilic domain and can be improved
by introducing an ellipsoidal cross section (Figure 5). The
modification results in a flexible ellipsoidal cylinder (FEC)
model, which has an additional fitting parameter than the FCC
model, the aspect ratio at cross section. We have found that
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Figure 6. Various schemes to explain the morphology of the PEMs:
(a) stacking disks model, (b) interconnected FCC model, (c) intercon-
nected FEC model. In all cases, the green represents hydrophobic
domains (presumably polymer backbones) and the blue represents
hydrophilic domains (presumably polymer side chains and water). The
average interdomain spacing at the crystalline phase, D, yields the
crystalline peak. (d) The zoom-in of the hydrophilic domains proposed
with the FEC model where hydrophilic side chains (poly(styrenesulfonic
acid) groups) are depicted as black curves sequestering the hydrophobic—water
interface and extending into the water channels. The color represents
the SLD, which is proposed to change gradually from side-chain-rich
regions (blue) to water (i.e., D,O)-rich ionomers (light blue) with a
decay length of & (see text), and the average distance among ionomers
is d, as described in T—S model.

aspect ratios (long-to-short axes) of 1.5—2 (Table 2) are
sufficient to correct the mismatch. The best fit of the short-axis
at cross section is ~30 A (Table 2), consistent with the width
of the dark (lead stained) regions of the TEM images (Figure
3). The fact that TEM result reveals a similar width of the water

Macromolecules, Vol. 41, No. 16, 2008

channels for both PEM-19 and PEM-38 is also consistent with
the best fitting result of FEC model. Moreover, comparing the
dark regions of the two samples, the cross section of PEM-38
seems to be more symmetric than that of PEM-19 (Figure 3);
thus, a smaller aspect ratio is expected, agreeing with our best
fitting result. As expected, the dark regions are more intercon-
nected in the case of PEM-38, possibly indicative of a longer
persistent length of the water channels. However, this is difficult
to judge from the TEM images, which are projected from 3-D
objects with certain depth of field. The best-fitting result of the
effective disk radii and volume fractions of the hard disk
structure factor also reflects the correct trend of the domain
spacing of the crystalline phase in the TEM-images (i.e., PEM-
19 > PEM-38). At lower g range (¢ < 0.005 A~ 1), both fits
(FCC and FEC models) underestimate the intensity, possibly
due to either the overemphases by the structure factor or the
scattering tail from other large morphologies, which was
observed in ultra SANS measurements of Nafions.””'>** In
comparison with the stacking disk model, the FEC model is
more consistent with the TEM result. Recently, scattering data
of stretched Nafions were published in support of cylindrical
morphology.>> A recent simulation of SANS and SAXS based
on the morphology of hexagonally packed inverted-micelle
cylindrical bundles by Schmidt-Rohr and Chen also yields a
similar scattering curve of Nafion, validating the concept of
cylindrical water channels.”® However, the origin of the “iono-
mer peak” is proposed to be the spacing of the inverted micelles
within the bundle which is different from the random distribution
and size of ionomer aggregates within the water channels as
proposed here by the T—S model.

Discussion

Water Uptake and Morphology of Water Channels. The
water uptake of PEM is defined as (IPEMy,e(eight — BPEMary Weigh)/
[(PEMrydeighe. The validity of the current wormlike model can
be examined with the water uptake measurement. Since the
SANS data were on an absolute scale, the D,O volume fraction,
¢p, can be derived from the measured prefactor, Ap*(1 —
@phob)D, in eq 5 [values listed in Table 2] with known
(calculated) SLDs of the hydrophilic (ionomer side chain)
domain, ppni (1.8 x 1076 A~2), hydrophobic (polymer backbone)
domain, ppnob (3.2 x 10~ 6 A=2), and D0, pp (6.4 x 1076 A2),
Both ¢pnob and Ap are functions of ¢p as follows: Ap = [¢ppp
+ (1 — ¢p)psippnil/[¢p + (1 — ¢D)¢;§Eﬁ] Pphobl, and @phob =
(1 — ¢p)(1 — ¢§}{}i), where ¢> Y is the volume fraction of the
hydrophilic domain of the dry film. The value of ¢ can be
expressed as WpniiVphit/ [Wpnit¥phit T (1 — Wphi) Uphobl, Where wpnil
is the weight percentage of the hydrophilic domains of the dry
Silm (i.e., 0.19 for PEM-19 and 0.32 for PEM-32) and vpy; and
Uphob are the specific volume of hydrophilic and hydrophobic
domains (0.83 and 0.63 cm’/g, respectively, estimated from
Table 1). Thus, ¢p can be obtained as well as the D,O uptakes,
which are 23% and 47% for PEM-19 and PEM-32, respectively,
agreeing reasonably with the measured values of 19% and 32%
at 30 °C (Table 1). This consistency implies that the proposed
wormlike cylindrical model with a hard disk structure factor is
a good candidate to explain the PEM morphology.

According to the Babinet principle,?’ the coherent scattering
behavior of water channel imbedded in a hydrophobic matrix
is indistinguishable with that of hydrophobic wormlike cylinders
imbedded in hydrophilic domains. However, the former (inter-
connected water channels) seems to be the correct morphology
since the best fitting radii (Table 2) ~ 30 A of the elongated
aggregates are consistent with the lead-stained TEM images.
Moreover, the best-fitting result shows that the aspect ratio
(asymmetry) of the ellipsoidal cross section of PEM-19 is larger
than that of PEM-32, also consistent with the TEM images. The
other finding is the average persistent length of the water
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Table 2. Best-Fitting Structural Parameters of Various Models to the SANS Data of PEMs
structural parameters of various models PEM-19 PEM-32
stacking layered disks model disk radius (A) >3000 >3000
layer 1 thickness (A) 60 +2 4 +£2
layer 2 thickness (A) T0+£5 56 +4
number of disks stacking 1.46 + 0.09 1.35 £ 0.08
Gaussian distribution of the stacking spacing (A) 0.06 £ 0.05 0.09 £ 0.05
flexible circular cylinders (FCC) contour length A) >1000
Kuhn length (A) 280 + 80
cylindrical radius (A) 43 £5
Flexible ellipsoidal cylinders (FEC) contour length A) >1000 >1000
Kuhn length (A) 350 & 100 1200 + 200
minor axis(A) 34 +4 27 +4
aspect ratio 1.9+0.6 1.5+0.5
hard disks structure factor (for both FCC and FEC) effective volume fraction 0.52 +0.05 0.5+ 0.05
effective average radius of hard disks (A) 90+3 69+3
prefactor, Ap? (1 — Ppnob)0 (A1 (1.3£0.3) x 107 (1.1 £0.3) x 107
T—S model d(A) 254 +£2 304+£3
A 149+12 120£15
&ld 0.585 £+ 0.09 0.395 £+ 0.08
SIV (AY/A3) 0.067 + 0.006 0.08 + 0.01

channels of PEM-32 increases by a factor of 3 compared with
that of PEM-19. Presumably, this is due to higher frustration
in extending the water channels along the axial direction in the
case of a sample with a higher volume fraction of hydrophobic
domains (e.g., PEM-19). This frustration mechanism also results
in a larger effective radius in the hard disk model, explaining a
lower ¢q value of the crystalline peak position in the SANS curve
of PEM-19 (Table 2).

Structural Parameters from the T—S Model. The T—S
scattering function reveals important local structures about the
PEMs. The best-fitting correlation length, &, decreases, while
the domain periodicity, d, increases with increased hydrophilic
side-chain fraction. Studies on the shift of the ionomer peak of
Nafions follow the same trend as that of the current PEM
samples, i.e., moving toward lower ¢ with increased hydra-
tion."™® The previous explanation was that this was caused either
by a swelling of ionomer clusters (in the core—shell model)*~
or by a swelling of ionomer spacing.* The T—S model agrees
more with the latter, yet assuming a random distribution of the
ionomers clusters (presumably in water channels) similar to
microemulsion in contrast to the constrained locally ordered
ionomers.* Teubner and Strey confirmed that the value of &/d
increased with surfactant concentration in the case of micro-
emulsion.'® In this comb-shaped PEM, the side-chain sulfonic
acid groups seemingly serve a similar function of a surfactant
bridging the polymer backbone (0il phase) and water—sequestering
the interface of water channel and polymer matrix. However, a
lower value of &/d of PEM-32 is obtained from the best-fitting
result (in Table 2). This can be rationalized if the contrast of
the “ionomer peak” arises from the side-chain-rich regions and
embedded water-rich ionomers (as shown in Figure 6d). Then,
&/d is expected to decrease with increased volume fraction of
hydrophilic side chains.

Another important piece of information obtained from the
SANS data is the parameter, S/V (= [4gRM(1 — ¢pMH]/E), as
mentioned in the previous section. It should be noted that ¢!
represents the volume fraction of water with respect to that of
the hydrophilic domain (instead of overall water volume
fraction) according to our model. The values of ¢! obtained
from the water uptake calculation are 0.57 and 0.59 for PEM-
19 and PEM-32, respectively, resulting in 0.067 and 0.080 A%/
A3 of S/V, which is higher than the published results for Nafions
(0.0439 A%A%.2

Conclusion

The current compact FEC with the T—S model as shown in
Figure 6 is able to fit the SANS data nicely in the g range from

0.005 to 0.4 A~! and describes the structure rationally over a
large range of length scales. We propose that the comb-shaped
PEM copolymer forms interconnected ellipsoidal water channels,
within which ionomer aggregates are randomly distributed,
similar to a microemulsion (oil and water phases interfaced by
surfactants). The short axis of the ellipsoidal cross section of
the water channels is in the range of 25—40 A with an aspect
ratio <2. The persistence length of the cylinders varies from
350 to 1200 A. All these structural parameters depend on the
ratio of sulfonic acid side chain to the backbone (i.e., IEC) and
are consistent with the TEM images. At a smaller length scale,
the ionomer aggregates (presumably in the water channels) have
an average periodic spacing of 25—30 A with a correlation
length of 12—15 A. The proposed model is presumably valid
not only for the current PEMs but also for other PEMs in view
of recent reports on Nafions.””>>?® Moreover, since only
minimal preferential orientation is found along the surface of
the film, the wormlike water channels orient more or less
isotropically, indicating that the solution casting does not create
a situation which defeats the desired property for PEM used in
FC, where high proton conductivity is through the film.
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