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Structural investigation of radiation-grafted polymer electrolyte
membrane by SANS partial scattering function analysis
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Radiation-grafted polymer electrolyte membranes (PEMs)
are a promising alternative to the benchmark material
Nafion® used for electrochemical devices like electro-
dialysis and fuel cells. To facilitate their applications,
thorough understanding of the structure of this type PEMs
is crucial. In this report, we introduced the partial scatter-
ing function (PSF) analysis through the contrast variation
small-angle neutron scattering technique to quantitatively
elucidate the hierarchical structure of the radiation-grafted
PEM, made of poly(styrene sulfonic acid) grafting onto
poly(ethylene-co-tetrafluoroethylene) base films, from
micro- /nano- meter scale to molecular level. The analysis
on PSF self-terms gave the exact structure of individual
components and that on cross-terms explored the correla-
tion between two components to establish their locations.
The results provided mechanistic insights into membrane
conductivity and structure correlations.

Keywords: contrast variation small-angle neutron scatter-
ing, partial scattering function, radiation-grafted polymer
electrolyte membrane

1 Introduction

Radiation-induced grafting polymerization is used in
the manufacture of many products, such as diaphragms
for button batteries and ion exchange membranes for
salt production. Recently, this technique has been used
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to fabricate polymer electrolyte membranes (PEMs)
for applications in fuel cells and other electrochemical
devices. It allows for imparting new functionalities by
graft polymers containing ionic groups and maintaining
the excellent mechanical/thermal properties of the base
polymer. Among extensively studied base polymers,
partially fluorinated poly(ethylene-co-tetrafluoroethylene)
(ETFE) has been identified as a good candidate due to its
outstanding thermal/mechanical properties and high resis-
tance to radiation. The fabrication of ETFE-based PEM
includes radiation-induced grafting monomers onto ETFE
base films followed by ionization1, 2). The resultant PEMs
such as poly(styrenesulfonic acid)-grafted ETFE (ETFE-
g-PSSA) were found to have initially comparable fuel
cell performance to the benchmark material, Nafion®2).
However, challenges still remain for ETFE-g-PSSA PEMs
such as the low proton conductivity under reduced relative
humidity and long-term stability. To overcome these
obstacles, we have to understand the structure-property
relationships of the membrane1–3).

It is well known that in a hydrated ETFE-g-PSSA PEM,
the sulfonic acid groups on the graft polymer absorb wa-
ter and form ion-conducting nano-channels through which
protons migrate and the conductivity is generated. These
hydrophilic channels are embedded in but microphase seg-
regated from the hydrophobic base polymer matrix. The
morphology, size and connectivity of hydrophilic channels
and hydrophobic base polymer domains severely influence
PEM conductivity and stability, respectively. To elucidate
these structures, the scattering techniques such as small-
angle X-ray scattering (SAXS) and small-angle neutron
scattering (SANS) are regarded as a powerful tool due to
the high space resolution covering wide length scales from
micro-/nano- meter down to molecular level. Note that the
scattering power of the element is proportional to its elec-
tron density for X-ray, while for neutrons it varies irregu-
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larly with the atomic number. As a result, neutrons might
be more efficient to explore water channels in the hydrated
PEMs than X-ray4–8). In conventional scattering analysis,
a scattering intensity profile, I(q), is plotted as a function
of the scattering vector, q. The typical SANS I(q) pro-
file of ETFE-g-PSSA PEMs usually shows two scattering
characteristics: a broad peak in the low-q range at 0.1 <
q < 0.3 nm−1, corresponding to the microphase separation
between graft polymer domains and base polymer matrix
due to their immiscibility; and a second peak in the high-q
range at 1.5 < q < 3 nm−1, so-called the “ionomer peak”,
associating with hydrophilic water domains and channels.
To analyze I(q), the proper structure model is usually pre-
sumed to describe the typical structure pattern of a sys-
tem without assigning components. Since the I(q) pro-
file contains the scattering contributions from all the com-
ponents, i.e., hydrophobic polymer, hydrophilic polymer,
and water, one may neither separately identify the structure
of each component nor offer the location assignment. To
solve this problem, we recently developed partial scatter-
ing function (PSF) analysis by the quantitative decomposi-
tion of intensity profiles through contrast-variation SANS
(CV-SANS) method4–6). This benefits from the unique
possibility of neutron scattering that uses isotope label-
ing with deuterium, i.e., the coherent scattering length of
the hydrogen (−3.74 fm) is much different from deuterium
(6.67 fm). Therefore, contrast variation can be performed
based on the hydrogen/deuterium replacement with neu-
trons as a probe.

In this article, we introduce the PSF analysis through
CV-SANS to determine the detailed structure of ETFE-
g-PSSA PEMs. The unique capability that PSF analysis
provides to understanding structure correlations can result
into new insights on the role of the polymer micro-/nano-
structure and water in the emergence of the ion conduction.

2 Theoretical decomposition of scattering intensities
into PSFs by CV-SANS

We consider a general PEM composed of three compo-
nents 1, 2, and 3, being the hydrophobic polymer, the hy-
drophilic polymer with ionic groups, and absorbed water,
respectively. Thus, I(q) can be split into three PSF self-

terms, S ii, based on the incompressibility hypothesis,

I(q) = (b1 − b2)(b1 − b3)S 11(q)
+ (b2 − b1)(b2 − b3)S 22(q)
+ (b3 − b1)(b3 − b2)S 33(q) (1)

where bi is the scattering length density (SLD) of the i
component. S ii is defined as,
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where V is the scattering volume and δφi(�r) is the fluctua-
tion of the volume fraction of the i component at position�r.
S ii is the Fourier transform of the autocorrelation function
of δφi(�r) and therefore gives the structural information.

CV-SANS experiments are performed with m different
contrasts by using H2O/D2O mixtures, the obtained I(q)s
are a group of linear equations of Eq. (1), expressed as
below, ⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
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where M is the coefficient matrix as expressed below,
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where mΔi j =
m(bi−b j) is the SLD difference between i and

j in m-th measurement. Note that the change in the SLD
of polymers in CV-SANS experiments is negligible, there-
fore, b1 and b2 are constants, which can be theoretically
calculated by their chemical structure and mass density.7)

On the contrary, b3 for water component varies as a func-
tion of volume fraction of D2O ( fD2O) in water mixtures
given below,

b3 = bD2O fD2O + bH2O(1 − fD2O) (5)

with bD2O and bH2O being the SLD of D2O and H2O being
6.34 and −0.56 (×1010 cm−2), respectively. Thus S 11(q),
S 22(q) and S 33(q) on the right side of Eq. (3) can be
mathematically determined through the series of I(q)4–6).
The PSF cross-term S ij(i � j) can be expressed by S ii

using relationships of S 12 =
1
2 (S 33 − S 11 − S 22), S 23 =

1
2 (S 11 − S 22 − S 33), S 13 =

1
2 (S 22 − S 11 − S 33).

S ii reflects the structure of the i component, and is al-
ways positive. Whereas S ij indicates the interaction be-
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Figure 1. Schematic of the hierarchical structure of individual components in the fully hydrated Nafion
membrane. Reprinted with permission from Macromolecules 2021, 54, 4128–4135. Copyright [2021]
American Chemical Society.

tween the i and j components, i.e., the positive and neg-
ative signs mean attractive and repulsive interactions, re-
spectively. Therefore, S ij may give the relative positions
of the i and j components.

3 PSF analysis on PEMs

To certify the validity of PSF analysis on PEMs, we first
applied it to elucidate the structure of the benchmark PEM,
Nafion® (NR-212, DuPont). The hydrated Nafion mem-
brane is composed of hydrophobic tetrafluoroethylene-like
main-chain (MC), the hydrophilic perfluoroalkyl ether sul-
fonic acid side-chain (SC), and water, in accordance with
components 1–3 defined in section 2, respectively. Using
the abovementioned decomposition method, both S ii and
S ij were calculated through CV-SANS results as detailed
in Ref. 5). The structure determination was based on the
best-fitting of structure models to S ii, including the Debye-
Bueche (DB) model describing the structure heterogeneity
in small-q region, and the Teubner-Strey (TS) model de-
scribing bicontinuous-shaped morphology in the middle-
and high-q regions. The analysis on S ij showed interac-
tions between MC and SC, and between SC and water are
repulsive, but that between SC and water is always attrac-
tive.

PSF analysis allowed us, for the first time, to visualize
the structure pattern of individual components in Nafion
as illustrated in Fig. 1. In the large scale, structural hetero-
geneity with a size of > 65 nm was found in the MC and
SC domains but not in water domains. In the middle scale,

bicontinuous-like structure of crystalline and amorphous
phases with a mean separation distance of 11 nm was ob-
served. In the small scale, bicontinuous-like structure of
SC domains and water domains existed in the amorphous
phase with a mean separation distance of about 4 nm.

The successful demonstration of Nafion structure sub-
stantially increased the impact of the PSF analysis. Fol-
lowing the strategy, we applied the analysis to radiation
grafted ETFE-g-PSSA PEM with an ion exchange capac-
ity (IEC) of 2.0 mmol/g6). The components 1–3 represent
ETFE base polymer (BP, -CH2CH2CF2CF2-), PSSA graft
polymer (GP, -C8H7-SO3H), and water, respectively. CV-
SANS measurements were performed on KWS-2 SANS
diffractometer operated by Juelich Centre for Neutron Sci-
ence at the neutron source Heinz Maier-Leibnitz (FRM II
reactor), and the fully hydrated ETFE-g-PSSA PEMs were
prepared in H2O/D2O mixtures with different fD2O ranging
from 0 to 100 %8). I(q) profiles at representative fD2O are
shown in Fig. 2. Superior to the conventional SANS mea-
surement in that only a single profile usually being mea-
sured, i.e., I(q) at fD2O = 100 % shown in Fig. 2, unable
to distinguish a system composed of two or more compo-
nents, CV-SANS clearly provides a measure. According
to Babinet’s principle, if the system is made of two com-
ponents, contrast variation will change the absolute inten-
sity but not the shape of the scattering profiles7). Figure 2
confirmed that the hydrated ETFE-g-PSSA PEM is not a
“two-component” system, and hence it is better to be de-
scribed by the three-component model proposed in Section
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Figure 2. CV-SANS I(q) profiles of fully hy-
drated ETFE-g-PSSA PEMs at representative
fD2O. Adapted with permission from Macro-
molecules 2022, 55, 7100–7109. Copyright
[2022] American Chemical Society.

2. The decomposition of CV-SANS data gave S ii and S ij,
which were plotted in Figs. 3(a) and 3(b), respectively.

S ii in Figure 3(a) shows a clear upturn with a power-law
exponent of −2.4 in Region I (q< 0.12 nm−1), a shoulder-
like scattering maximum with a center position at q1 =

0.2 nm−1 in Region II (0.12 < q < 1.5 nm−1), and a peak
with a center position at q2 = 2.7 nm−1 for S 22 and S 33 in
Region III (q > 1.5 nm−1). Note that S 11 in Region III is
flat, revealing BP is structureless at this length scale.

To interpret structures, several structural models were
proposed to fit S ii. In Region I, the mass fractal (MF)
structure model, S MF(q) ∼ q−Df , with D f being the frac-
tal dimension, was used to describe densely packed GP
nanodomains in the BP matrix. This is based on the mi-
crophase separation between BP and GP during the graft
polymerization resulting in the aggregation of individual
GP domains. In Region II, Guinier-exponential (GE) func-
tion,

S GE(p) ∼ exp

⎛⎜⎜⎜⎜⎜⎝−q2R2
g
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,

was used to describe the irregular shaped individual GP
domains, where Rg is the particle’s radius of gyration, erf

Figure 3. (a) S ii of the fully hydrated ETFE-
g-PSSA PEMs (symbols) and the best-fitted re-
sults (solid lines). (b) S ij of the fully hydrated
ETFE-g-PSSA PEMs. Enlarged plot in the in-
set. Adapted with permission from Macro-
molecules 2022, 55, 7100–7109. Copyright
[2022] American Chemical Society.

is the error function, k is an empirical constant of 1.06, and
P(3<P<4) is the particle’s surface fractal dimension, and
B is a constant prefactor. In Region III, TS model,

S TS(q) ∼ 8πd4

ε[16π4 + 8d2π2(ε−2 + q2)2]
,

was used to fit S 22 and S 33, describing bicontinuous-
shaped local morphology of the GP and water domains,
with d and ε being the mean distance between two
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Table 1. Best-fitting parameters by MF, GE, and TS structural models. Adapted with permission from
Macromolecules 2022, 55, 7100–7109. Copyright [2022] American Chemical Society.

Models MF Model GE Model TS Model

S ii D f Rg(nm) P d (nm) ε (nm)

S 11 2.4 ± 0.1 9.5 ± 0.2 3.50 ± 0.05 - -

S 22 2.4 ± 0.1 9.5 ± 0.2 3.50 ± 0.05 1.9 ± 0.1 0.47 ± 0.02

S 33 2.4 ± 0.1 9.5 ± 0.2 3.50 ± 0.05 2.0 ± 0.1 0.58 ± 0.02

Figure 4. Schematic of the hierarchical structure of individual components in the fully hydrated ETFE-
g-PSSA PEMs. Adapted with permission from Macromolecules 2022, 55, 7100–7109. Copyright
[2022] American Chemical Society.

domains and the dispersion of d, respectively. These
structural models provided adequate fits to the data as
shown in solid lines in Fig. 3(a). The detailed struc-
ture evolution can be found in Ref. 6), and the fitting
parameters are listed in Table 1.

Figure 3(b) shows that S 12 and S 13 are negative, sug-
gesting that BP domains tend to phase-separate from ei-
ther GP or water domains. Therefore, the incorporation of
GP domains in the BP matrix adds its structural pattern to
the original BP matrix. It explained why S 11 showed the
same MF structure and GE structure features as S 22. On
the other hand, S 23 is found to be positive at q < 2 nm−1,
indicating the attraction between GP and water, and hence
GP and water domains must be closely attached through
sulfonic acid groups and move coordinately at the length
scale > 3 nm. Thus, water domains form aggregates in
the same way as GP domains, giving the same MF struc-
ture and GE structure as GP. It was surprising to find that

S 23 becomes negative at q > 2 nm−1 in Region III, sug-
gesting a repulsion between GP and water at the molecular
length level < 3 nm. This result is rather different from
Nafion where an attractive interaction between side-chain
and water exists from microscopic scale to molecular lev-
els. This structure difference results in a much higher hy-
dration number (number of water molecules per SO3H) for
Nafion being ∼23 than that for ETFE-g-PSSA PEMs being
∼11 under the same hydrated condition. It is believed to be
the main reason for the low swelling but high conductivity
of ETFE-g-PSSA PEM under fully hydrated conditions.

We summarized the results and constructed the entire
structure pattern of ETFE-g-PSSA PEMs in Fig. 4. In the
large scale, aggregates of GP/water domains in a mass
fractal structure with a fractal dimension of 2.4 were
formed and well phase-separated with the ETFE BP ma-
trix. In the middle scale, the individual GP/water domain
made of homogeneously incorporated GP and water with
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an average size of Rg = 9.5 nm was observed. In the small
scale, both GP and water showed a bicontinuous-like local
structure, indicating the formation of a well-connected
ion channel network, a key structural factor for the
high membrane conductivity that was claimed in Nafion
membranes.

4 Conclusion and future perspectives

We developed PSF analysis through CV-SANS experi-
ments to gain quantitative knowledge of the role of each
component in the entire structure of fully hydrated PEMs.
The method was successfully verified in the benchmark
material Nafion, and then applied to the radiation-grafted
ETFE-g-PSSA PEMs. PSF self-terms analysis revealed
the detailed structure of individual components, whereas
the cross-terms gave the interactions among components.
PSF analysis provides mechanistic insights concerning
multiple length scale structural correlations. In particular,
the structural guidelines at the molecular level in turn can
help in the design of high-performing PEMs for a wide
range of energy conversion applications.
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