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Abstract: A fully hydrated Nafion membrane is generally treated as a three-component
system comprising the tetrafluoroethylene-like main-chain, the fluorinated side-chain
ending with a sulfonic acid group, and absorbed water. We applied the contrast variation
small-angle neutron scattering technique to decompose the scattering intensity profiles to
partial scattering functions (PSFs) of each component in Nafion quantitatively. In the
large-scale (>30 nm), structural heterogeneities were observed in the main- and side-chain
domains but not in water domains. In the middle-scale (5 — 30 nm), bicontinuous-like
structure of crystalline and amorphous phases with a mean separation distance of 11 nm
was observed, as a result of the main-chain semicrystalline templating effect. In the small-
scale (<5 nm), another bicontinuous-like structure exists in the amorphous phase with a
mean separation distance of about 4 nm, indicating a well-connected water network
responsible for the good membrane conductivity. Cross-term analysis of PSFs for two
components suggested that the location of each component in that the main-chain
domains tends to phase-separate from either the side-chain or water domains, but the side-

chain and water domains are closely attached through sulfonic acid groups.



I. Introduction
Perfluorosulfonic acid polymer membranes, such as Nafion™), are benchmark
materials for a proton-exchange membrane and have been commercialized in residential
and automobile fuel cells and electrolytic synthesis of chlorine and sodium hydroxide
owing to their excellent proton conductivity and thermomechanical properties.! Nafion
comprises a chemically inert tetrafluoroethylene (TFE)-like main-chain and pendant
perfluoroalkyl ether (PFA) side-chains with sulfonic acid ionic groups (—SO3H) at the
terminal of the side-chains. Upon hydration, ionic groups absorb water and form
hydrophilic ion-conducting nanodomains (ion channels), through which proton and water
transport occurs, phase-separated from the semicrystalline hydrophobic polymer matrix.
Hydration-induced phase-separated morphology of Nafion membranes has been
extensively studied in the past decades using small-angle X-ray scattering (SAXS) and
neutron scattering (SANS).!* The morphological analysis is mainly based on the
scattering intensity profiles of /(g) as a function of the scattering vector, g. Generally /(g)
of hydrated Nafion membranes shows three features in the representative g-regimes: i) a
small-angle upturn at ¢ < 0.1 nm ™! (>60 nm), ii) the first broad peak at 0.2 < ¢ < 1.0 nm™!
(6 —30 nm), and iii) the second strong peak at g > 1.0 nm™! (<6 nm). Although the detailed
structure (such as size, shape, and connection) is still under debate and the quantitative
assignment of the characteristic structure (such as the composition of the scattering
objects) is ambiguous, it is generally accepted that the small-g upturn is related to large
structures, the first peak is related to the intercrystalline spacing between the crystalline
domains of the polymer matrix, and that the second peak (ionomer peak) arises from the
correlation of hydrophilic water domains. The small-angle upturn and two peaks are

usually interrelated, indicating that there exists a counterbalance between the



semicrystalline polymer matrix and hydrophilic water domains that governs the degree of
phase-separation. The properties of the Nafion membrane are closely related to its
hierarchical structures.

Numerous morphological models based on the /(gq) data have been proposed,
especially for the strong ionomer peak, such as the cluster-network model where
interconnected nanoscale spherical water clusters are distributed in the polymer matrix,>®
the sandwich model where water is embedded in the polymer matrix,” the disordered
network of polymer chains and water pools,? the ribbon-like structure of polymer domains
separated by water,” parallel cylindrical water nanochannels embedded in the polymer

matrix,'® a bicontinuous network of hydrophilic domains,!!

and a locally flat, layered
structure of water domains.!? There are also direct imaging approaches, i.e., Allen ef al.
reported the first direct 3D nanoscale image of a fully hydrated as-cast Nafion membrane
using Cryo-TEM tomography.!? They revealed an interconnected channel-type network
structure with a domain spacing of about 5 nm, which was similar to the bicontinuous
model based on the scattering data.!!

Notably, /(g) profile of Nafion membrane contains scattering contributions from all
components, i.e., the main-chains, side-chains, and water. For such a complex system
comprising more than two components, it is impossible to accurately identify the concrete
structure of each component and the structural correlation of every two different
components via the analysis on /(g) alone. As such, the partial scattering functions (PSFs)
of each component in the membrane must be analyzed, which can be achieved via the
quantitative decomposition of a series of /(g) obtained through the contrast variation

SANS technique,'* which is based on hydrogen/deuterium replacement to modify the

scattering visibility (i.e., contrast) of the components in the system. In other words, the



contrast variation ensures no change in the native structure of each component, but
changes in its contribution to the final scattering intensity. The quantitative decomposition
of scattering intensity profiles of a ternary system into PSFs has been theoretically
developed, and successfully applied to polymer nanocomposites,!> 1 rubber-filled

O catalyst ink,>'23 efc. The most-difficult aspects of this technique are the

systems,?
accurate determination of the scattering length density (SLD) of each component and
precise control of the scattering contrast. These difficulties can be solved in the hydrated
Nafion membrane because of the following two reasons. First, the chemical structure of
Nafion is clearly known, which allows for the theoretical SLD calculation of each
component. Second, the scattering contrast can be precisely controlled by varying the
absorbed water composition that is composed of H,O and D>O with different volume
ratios.

Traditionally, structure analysis of Nafion relies on the scattering intensity profile,
which can only qualitatively give the possible structure images of all components, but not
the quantitative structure information of each component in the membrane. To understand
the exact structure and location of each component, PSF profiles are preferred over the
scattering intensity profiles.!# 24

In this study, we use PSF analysis to identify the detailed structure of each
component (i.e., main-chain, side-chain, and water), and the structural correlation
between two components to determine the hierarchical structures of hydrated Nafion (i.e.
bicontinuous, flat layered, or ribbon-like structures).

I1. Experimental details

II-1 Materials

Nafion membrane (NR-212, mass density = 1.97 g/cm?) with a thickness of 50.8 um



was purchased from DuPont. Before the experiment, the membranes were sequentially
immersed in 3 wt% hydrogen peroxide solution, deionized water (H20), 1 M sulfuric acid,
and then deionized water at 80 °C for 1 h in each process. Hydrogen peroxide aqueous
solution (30 wt%) and 1-M sulfuric acid were purchased from FUJIFILM Wako Pure
Chemical Co. Deionized water was purified using a Millipore Milli-Q UV system to
produce water with a resistance of 18.2 MQ-cm and a total organic carbon content of <10
ppb. Deuterated water (D20, 99.9 atom% D) used in SANS experiments was purchased
from Sigma-Aldrich Co. Ltd.
I1-2. Small-angle neutron scattering measurement

SANS measurements were performed on KWS-2 SANS diffractometer operated by
Juelich Centre for Neutron Science at the neutron source Heinz Maier—Leibnitz (FRM II
reactor) in Garching, Germany.?® The incident neutron beam at KWS-2 was
monochromatized with a velocity selector to have the average wavelength (1) of 5 A with
a wavelength resolution of AA/A= 20%. The scattering patterns were collected using a
two-dimensional (2D) scintillation detector and circularly averaged to obtain scattering
intensity profiles as a function of ¢, where ¢ is the scattering vector and defined as g =
(4 ©/A)sin(A2), where f1is the scattering angle. The final obtained intensity profiles were
corrected for the background of the cell, electronic noise of the detector, detector
sensitivity, and incoherent scattering. All measurements were performed at 25 + 0.5 °C.
I1-2. Decomposition of scattering intensity profiles into Partial scattering functions

The quantitative decomposition of scattering intensity profiles of a ternary system
into PSFs has been detailed in section S1 in the supporting information and in ref. 15-23,
and here we simply mention the main results under the incompressibility assumption,

which is applied to most condensed systems. The scattering intensity profiles can be



described using three PSF self-terms'# 17

1(q) = (by — by)(by — b3)S11(q) + (b; — by) (b, — b3)S;2(q) + (b3 — by) (b3 —

b;)S33(q) (D

where b; and §;; are the SLD and PSF self-term of the i component (i = 1 — 3). Sj; is defined

aS24

Si(@) = < [[ 60;@®6¢; (r')exp|-iG (¥~ )| afar’ > ()
where V is the scattering volume and §¢;(F) is the fluctuation part of the volume
fraction of the i component at position T (¢;(1)), which is expressed as

§pi(F) = ¢;(H) — @, 3)
where {, is the average volume fraction of the i component (i.e., @, = % [ @;(®)dr).
The definition in Eq. (2) indicates that Si(qg) is the Fourier transform of the correlation
function of §¢;(¥), 7,(d), which is given by

(@) = [ 59 (D)Sp; (¥ + W)dr (4)

As y,(U) specifies how 8¢;(¥) and J¢; (F’)) in neighboring regions separated by U
correlate with each other in the real space, it gives the structural information of the i

component. The details of Si; as a function of ¢ can be experimentally determined from

the intensity profiles obtained from the contrast-variation SANS experiments as shown in
section S2 in the supporting information.'# 17
The PSF cross-term Sj; (i # /), defined by the following equation
1 e _,) Tl - _,) - _,)
Sij(@) = < NRIAGIYS (r ) exp [—Lq (r —r )] drdr’' > (5)

can be deduced from S;; using Eqs (6) — (8) under the incompressibility assumption. !4 17

1
Sz = 5(533 -8 — 522) (6)



1
Sy3 = 3 (511 — S8y — 533) (7

S13 = i(szz — S11 — S33) (&)

I1-3. Atomic force microscopy
Atomic force microscopy (AFM) measurements were performed on an AFM5300E

(Hitachi High-Tech Science Corporation, Tokyo, Japan) equipped with an open-loop
scanner (scan range: 20 um x 20 um x H1.5 pm). Standard, commercially available SizN4
cantilevers with integrated tips were used as AFM probes. The tips had a radius of
curvature of 10 nm and a spring constant of 1.6 N/m as supplied by the manufacturer.
After the pretreatment, Nafion membranes were allowed to air-dry and mounted on the
sample stage using double-sided tape. All AFM measurements of the Nafion surface were
performed under ambient conditions at room temperature under a relative humidity range
of 20%-30%. For image analysis, the open-source software, Gwiddion, was employed.?®
The characteristic size of the polymer structure was calculated from the radial averaged
power spectrum obtained from 2D-FFT operation following the watershed binarization
process.?’
I11. Results
ITI-1 Contrast variation SANS

Contrast variation SANS measurements were performed on a Nafion 212 membrane
equilibrated in HoO/D>0 mixture with nine different D>O volume fractions (fp20). The
scattering intensity profiles, /(g), at the representative H>O/D20O volume ratios are shown
in Figure 1. In agreement with the previously reported scattering features, the small-g
upturn and two scattering peaks are observed in all /(g) profiles. The small-g upturn

follows the power-law relationship with an exponent increasing from —1 to approximately



—4 with fp20 at fp2o > 70%. The first scattering maximum appears at g1 = 0.53 nm ™!, and
the corresponding d-spacing (2m/qi1) is 11.8 nm. The peak intensity decreases with
increasing fp2o at fp2o < 77% without a change in the peak shape and width, exhibiting
the minimum value at fpro = 90% and then increases again at fpoo = 100%. The second
scattering peak appears at g> = 1.44 nm™!, with the corresponding d-spacing (2n/¢>) being
4.3 nm. Similar to the first peak, its intensity also first decreases and then increases with
increasing fp20, but at a different transition point at fp2o = 77%.

According to Babinet’s principle,'* 24

if the system comprises only two components,
contrast variation experiments will only change the absolute intensity but not the shape
of the scattering profiles (see section S1 in the supporting information). Therefore, the
fully hydrated Nafion membrane is not evidenced as a simple “two-component” system.
Thus, the structural analysis merely based on /(g) cannot provide the accurate structure

of each component in the membrane quantitatively. Therefore, in the following section,

we introduce PSF analysis.
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Figure 1 = Experimental scattering intensity profiles (symbols) and the reconstructed
intensity profiles (solid lines) of the fully hydrated Nafion membrane swollen
in water mixtures of D-O and H>O with different ratios.

I1I-2 Partial scattering function analysis

We treat the hydrated Nafion membrane as a three-component system. The
fluorinated main-chain of Nafion [(CoF4),—C:F3— with m = 6.5 for NR-212] is
hydrophobic, which should be phase-separated from water. Therefore, the Nafion
membrane is partitioned into separate components of the main-chain, whole side-chain

(CsF1002—S0O3H), and water (Scheme 1). The SLD of each component can be calculated

11



24.28 Theoretically determined

on the basis of the chemical structure and mass density.
SLDs of the main-chain (bmc) and side-chain (bsc) are listed in Table 1. SLD of water
(bw) varies as a function of fp2o of the water mixture:

bw = bp20fp20 + br20(1 = fp20) )
where bp2o and bimo are the SLD of D>O and HO being 6.34 and —0.56 (x 10'° cm™2),

respectively.2* 2829

main-chain (MC)

{CFCF,(CE,CFl—
OCF,CFOCF,CF,SO;H
CF,
side-chain (SC)

Scheme 1 Illustration of the three-component system of the fully hydrated Nafion

composed of the main-chain (MC), side-chain (SC) and water.

Table 1 SLD (bx) of each component in the fully hydrated Nafion membrane.

Components Main-chain  Side-chain Water

by (x10' cm2) 4.34 3.73 Variable

Thus Eq. (1) can be rewritten to
1(q) = (buc — bsc) (buc — bw)Smuc-mc(@) + (bse — buc) (bse — bw)Ssc-sc(q) +
(bw — buc) by — bsc)Sw-w(q) (10)

where i = MC: main-chain, SC: side-chain, and W: water, for the current hydrated Nafion

membrane. The PSF cross-terms S;; are rewritten to

12



1

Suc-sc = 3 (SW—W — Smc-mc — Ssc—sc) (11)
1

Ssc-w = 3 (SMC—MC — Ssc-s¢c — SW—W) (12)

Suc-w =75 (Ssc—sc = Smc-mc = Sw-w) (13)

The self-term S;; reflects the exact structure of the i component, while the cross-term
Sij (i #j) gives information about the interaction between the i and j components and their
positions relative to each other. Thus, in the following sections, we analyze the self-terms
and cross-terms of PSFs.
I1I-2.1 Self-terms

Three self-terms of PSFs, including main-chain (Suc-mc), side-chain (Ssc.sc), and
water (Sw-w) are plotted as a function of ¢ in Figure 2. All the SANS intensity profiles
were reconstructed via backsubstitution with three self-terms of PSFs using Eq. (10). The
reconstructed /(g) profiles (solid lines) are well matched to the experimental profiles
(symbols) as shown in Figure 1, indicating the correctness of S;; with the appropriate
SLDs, i.e., the validity of the application of the PSF method to the Nafion sample.

As shown in Figure 2, the absolute value of S;; in the order of Syc-mc > Ssc-sc > Sw-
w in the whole-¢g range means that the magnitude of correlation functions of main-chain,

side-chain, and water follow the same trend of », ._, - in the real

= Vsc-sc = Yw-w
space. Therefore, we can conclude that the main-chain dominantly contributes to the

structure pattern more than the other two components, i.e., the main-chain works as a

template in the membrane.

13
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Figure 2 PSF self-terms of the fully hydrated Nafion (symbols) and the best-fitting

results obtained using Eq. (14) (solid lines). The fitting parameters are listed

in Table 3.

In addition, the following structural features are observed in S;;. In the small-g regime
at ¢ < 0.2 nm™!, either Syc_mc or Ssc-sc exhibits an upturn with a power-law exponent of
—4, indicating that the main-chain and side-chain components are not homogeneously
distributed in this length scale. By contrast, no small-g upturn in Sy.w is observed,
indicating that water is homogeneously distributed in this length scale. In the middle-¢g

regime at 0.2 nm ! <g <1nm™!, Sycmc, Ssc-sc, and Sy—w show a broad peak with a center

14



position close to the crystalline peak observed in the scattering intensity profiles (Figure
1). The shape and sharpness of the peak in all S;; are similar, reflecting the similar structure.
In the high-¢ regime at ¢ > 1 nm™', Sucmc, Ssc-sc, and Sw-w show a peak with the center
position close to the ionomer peak observed in the scattering intensity profiles but a
relatively broader peak is observed in Ssc-sc compared to Syc-mc and Sw-w.

Sugiyama et al. obtained the PSF self-term of Cu ions (Scu-c.), which were absorbed
in Nafion membrane in a limited g-range of 0.35 < ¢ < 2.5 nm™!, using a small-angle X-
ray scattering method with X-ray anomalous dispersion effect.’ They revealed the
hierarchical distribution of hydrophilic domains where Cu ions are located. Though a
detailed structural analysis of Scu.-c. profile was not performed in that study, we find that
Scu-cu 18 quite similar to Sw-w observed in Figure 2. Note that the PSF self-term of each
component cannot be directly extracted using the anomalous X-ray scattering method.
II1-2.2 Cross-terms

Using contrast variation SANS, it is possible to evaluate the PSF cross-terms Sj; (i #
j) through Eqgs. (11)—(13), which reflect cross-correlations between the components 7 and
J, as defined in Eq. (5). The sign of S reveals the interaction force between i and j, i.e.,
positive and negative signs of Sij indicate attractive and repulsive interactions,
respectively. The shape of §; profiles indicate the geometry distribution of the two
components. '

Figure 3 shows the calculated PSF cross-terms of Swc-sc, Suc-w, and Ssc-w as a
function of g. Suc_sc and Suc-w are negative, indicating the repulsive interactions between
the main- and side-chains, and between main-chains and water. Ssc_w is found to be
positive with a noticeable magnitude in comparison with Ssc_sc and Sy—w, as shown in the

inset of Figure 3, suggesting a strong attractive interaction between the side-chain and

15
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Figure 3  PSF cross-terms of the fully hydrated Nafion. The inset shows the plot of Ssc.

w in the logarithmic scale.

I1I-3. Structural analysis on S;; using Debye—Bueche and Teubner—Strey models

As already mentioned, S;; contains the structural information of the i component,
which comprises three parts: upturn/or-not in the small-g regime at ¢ < 0.2 nm™!, one
peak in the middle-¢ regime at 0.2 nm ! < ¢ < 1 nm!, and another peak in the high-q
regime at ¢ > 1 nm™'. We use the Debye-Bueche (DB) model to describe the small-g
upturn and the Teubner—Strey (TS) model to fit the peaks in the middle- and high-¢

regimes (Table 2). Thus, S;; is constructed as the sum of the three-model analysis:

16



Sii(q) = C1Spp(q) + C257rs51(q) + C35rs52(9) + Cs (14)
where C;, (2, and Cs are the fitting constants, and Cp is the constant background. The

first term, Spp(q), is the scattering function of DB model:

Smf

SDB(Q)“’W

(15)

where & is the characteristic size. Spp(q) is generally applied to two-phase systems, in
which one phase is randomly distributed in another phase, such as the “island-and-sea”
structure having a characteristic “island” size of &, as schematically shown in Figure S1(a)
in the supporting information.*"- 3> The second term S;g;(q) and third term Sys,(q)
are scattering functions of TS model describing bicontinuous-shaped morphology of the

33-36

domains, which correspond to the first and second peaks in the middle- and high-¢

regimes, respectively. Srs(q) is generally expressed as follows:

grwd*
e[16m*+8d2m2(e~2—q2)+d*(e~2+q?)] (16)

Srs(q)~

where d is the mean distance between two domains and is determined from the peak
position, gm (d = 2m/q,, ), and ¢ is considered as the dispersion of d (inversely
proportional to the peak width). Thus, a broader peak leads to a smaller &, thus indicating
a more disordered bicontinuous structure with less interfacial correlations. The schematic
pictures of TS models with similar d values but different ¢ values are illustrated in Figure
S1(b) and S1(c) in the supporting information.

The best-fitted curves obtained using Eq. (14) are shown together with S;; in Figure
2. The fitting parameters, i.e., £ from the DB model and the two sets of d and ¢ values
from the TS model, namely, d1 and & in Syg1(q) andd2and & in Srs,(q), respectively,

are listed in Table 3.
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Table 2 Summary of hierarchical structures of each component by model analysis

g-regime Fitting model Structure of the component

MC SC W
Small-¢ DB model Heterogeneous Heterogeneous = Homogeneous
Middle-¢q TS model Bicontinuous  Bicontinuous Bicontinuous
High-q TS model Bicontinuous  Bicontinuous Bicontinuous

Table 3 Best-fitting parameters of the DB-model and two TS-models

Sii & (nm)  dy (nm) & (nm) db (nm) & (nm)
Sucmc  >65 10.7 4.1 4.2 2.0
Ssc.sc >65 10.7 4.1 4.0 1.7
Sw-w - 10.8 4.2 4.2 2.1

I11-4 Direct observation using AFM

We performed direct observation on the surface of Nafion-212 membrane using
AFM technique to obtain the topographic image of a 500 nm x 500 nm (512 pixel?) area
(Figure 4). The image was analyzed to obtain the radial averaged power spectrum via 2D-
FFT operation (Figure 4). The power spectrum indicates the most probable characteristic
correlation distance of 112 nm. As phase-contrast imaging can provide fine details about
phase separated structures in polymer solids even with rough surfaces, we measured a
phase-contrast image in an area of 250 nm x 250 nm (256 pixel?), as shown in Figure
5(a).’” The correlation distance of 10.6 + 0.28 nm (number of images = 3) in the
corresponding power spectrum was obtained as a characteristic size of the fine structure,
which is in good agreement with the periodical distance (8.2 = 0.8 nm) evaluated from

the phase-contrast image in Figure 5(b).

18
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Figure 4  AFM full-size topographic image of Nafion surface. The image is shown with

the averaged radial power spectrum calculated from the 2D FFT operation.
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(a) Typical AFM phase-contrast image, and the radial power spectrum

calculated from the 2D FFT operation. (b) Enlarged phase-contrast image,

and the obtained periodical distance profile along the white line in the image.

(b) Middle-scale (c) Small-scale

LN
crystalline domain ~ amorphous domain ~ water SC  -SOsH
(MC) (MC + SC + water) amorphous MC

Schematic of the hierarchical structure of the main-chain, side-chain and
water domains in the fully hydrated Nafion membrane at (a) large-scale; (b)
middle-scale; and (c) small-scale.
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IV. Discussion

Small-g regime. DB-model analysis on Suc-mc and Ssc-sc shows that both the main-chain
and side-chain have large-scale structure heterogeneities with a size of &> 65 nm, which
is in agreement with the characteristic size observed in AFM topographic images shown
in Figure 4. This large-scale structural heterogeneity is believed to originate from two
domains, both of which comprise the main- and side-chain of Nafion with water but
possess different ratios of the main- to side-chains. As the TFE (main chain) and PFA
(side chain) units are randomly arranged, one domain with the sequence that includes
more TFE units can form more semicrystalline structures than the other domain that has
less main-chain, resulting in less semicrystalline structures. Figure 6(a) shows the
schematic picture of the large-scale structure, drawn based on the AFM observation. The
similar & values for the main-chain and side-chain components are reasonable because
the two components are chemically linked, which results in coordinative movements. In
other words, the & values for main-chain and side-chain components should correspond
to the fluctuation of the longer sequence of crystalline TFE units in the Nafion polymer
chains.

On the contrary, the third component, water, is distributed more or less
homogeneously in both semicrystalline (main-chain)- and amorphous (side-chain)- rich
domains, resulting in the plateau part of Sy-w in the small-q regime. This new finding is
remarkably advanced than the traditional structural analysis based on the scattering
intensity profile, e.g., the low-g intensity scales with /(q) ~ ¢ (1< o < -2) were
reported, but accurate assignment for either the main-chain, side-chain or water was
missing.* The structural feature of homogeneous distribution of water in large-length

scale is found in this study for the first time using the contrast variation SANS technique
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and the delicate PSF analysis. Such a unique water structure is believed to cause the high
conductivity of the hydrated Nafion membrane.

Middle-¢g regime. From the TS-model analysis of Syc-uc, Ssc-sc and Sw—w, we observed
that all components exhibit similar bicontinuous-like structures with similar d; (ca. 11
nm) and & (4.1 — 4.2 nm) values. Note that the side-chains and water are located in the
amorphous phase of the main-chain, while the crystalline phase of the main-chain remains
nonhydrated. Thus, the main-chain crystalline domains are phase-separated from the
amorphous domains. The d value of Suc-uc represents the characteristic separation
distance of the two main-chain crystalline domains. Similar d; values are observed for
both Ssc-sc and Sw-w because the side-chain with water in hydrophilic domains are
structured through the influence of the semicrystalline main-chain matrix. Thus, the
selective distribution of side-chains and water, together with the semicrystalline feature
of main-chains are the main factors for the similar bicontinuous structure of all
components in the middle-q regime. AFM phase-contrast image also shows a
characteristic length of 9.4 nm (Figure 5(a)), which is in good agreement with the d; value
determined from Sj. A schematic of the structure in the middle-scale is shown in Figure
6(b).

High-¢ regime. Syc-uc, Ssc-sc and Sww profiles at high-q regime can also be well fitted
using the TS-model, indicating that all components have bicontinuous-like local
structures with similar ¢ value (4.0 — 4.2 nm). However, the & value of side-chain (ca.
1.7 nm) is found to be smaller than that of the main-chain (ca. 2.0 nm) and water (ca. 2.1
nm), which can be observed from the broader peak of Ssc-sc compared to Syc-uc and
Sw_w in the high-g regime. Thus, the local structure of the side-chain domains is more

disordered than that of the main-chain and water domains probably because side-chains,
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which are chemically linked to the main-chain at one end and physically linked to water
at the other end, locate at the interface of hydrophobic main-chain phase and hydrophilic
water phase, making the interface of domains more vague.

All the components can be allocated via the analysis of Sj; in Figure 3. The negative
Smc-sc and Syc-w indicate that the main-chain domains tend to phase-separate from both
side-chain domains and water domains. Ssc-w is found to be positive and comparable with
Ssc-sc and Sw_w, suggesting a strong attachment between the side-chain and water. This
is because the side-chain is ending with a hydrophilic sulfonic acid group, which can
strongly absorb water. Thus, it is reasonable to image the picture in which the side-chain
and water domains are closely attached via sulfonic acid groups at the interface of two
domains. The profile shape of Ssc.w in Figure 3 is similar to that of Ssc-sc and Sw—w in
Figure 2, indicating that the strong attachment between side-chain and water does not
result in structural distortion to either side-chain or water domains, partly because the
interaction of side-chain and water domains mainly exists in the interface, and partly
because the structures of both side-chain and water domains are robust. Thus, the detailed
local structure and location of all the components are pictured and schematically shown
in Figure 6(c), which clearly indicates that the distribution of side-chain domains is
influenced by both main-chain and water domains, thus confirming the above explanation
for the more disordered side-chain local structure.

V. Conclusions

We studied the structure of fully hydrated Nafion membranes by performing contrast
variation SANS experiments, which allows for the decomposition of the scattering
intensity data into PSFs of each component. These PSFs are essential for the quantitative

understanding of the role of each component in the whole structure.
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Our results confirmed the validity of three-component domains of the main-chain,
the side-chain and water. The analysis of PSF self-terms revealed the detailed structure of
each component, and that of the cross-terms gave the correlation between two
components leading to the location determination of the component. The whole structure
pattern of the hydrated Nafion membrane was constructed (Figure 6); the main-chain
forms the bicontinuous-shaped template made of crystalline main-chain and amorphous
domains with side-chain and water distributed in the amorphous domains. All
components have a bicontinuous-like local structure. Main-chain and side-chain show
heterogeneity in the large-scale with a size of >65 nm; however, water distributes
homogeneously in the large-scale, indicating the formation of well-connected network
which is believed to be the key structural factor for high membrane conductivity.
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