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ABSTRACT: 19F and 13C solid-state nuclear magnetic
resonance (SSNMR) spectra and near edge X-ray absorption
fine structure (NEXAFS) spectra at the S 2p, C 1s, O 1s, and F
1s edges of three different types of perfluorosulfonic acid
(PFSA) proton conducting polymers are reported. The
NEXAFS spectra were recorded in a scanning transmission
X-ray microscope (STXM). They are reported on quantitative
intensity scales, suitable for use as reference standards for
analytical spectromicroscopy studies. The NEXAFS spectral
features are assigned using comparisons to the corresponding
spectra of small molecule and polymer analogues, including C
1s and F 1s spectra of polytetrafluoroethylene (PTFE)
recorded using STXM. The 19F and 13C SSNMR spectra are reported and analyzed. Within each type of spectroscopy, the
spectra of the three types of PFSA are very similar. However, small but statistically significant differences were identified which
give insights into how minor molecular structure differences are reflected in the SSNMR and NEXAFS spectra. The relative
chemical sensitivity of SSNMR and NEXAFS for studies of PFSA materials is compared. Solution-state NMR diffusion profile
analyses of two PFSA ionomer dispersions are also reported.

1. INTRODUCTION

Electrochemical conversion of the energy of hydrogen
oxidation to useful power has been known for almost two
centuries.1,2 Recent development of efficient perfluorosulfonic
acid (PFSA) proton ionic conductors, combined with suitable
precious metal catalysts has led to practical, low temperature,
proton exchange membrane fuel cell (PEM-FC) systems, which
are now used in the aerospace field as auxiliary power sources,
commercial stationary power supply applications, as well as
mobile power applications in fleet vehicles.2−4 Many of the
major manufacturers of personal automobiles have plans to
introduce PEM-FC vehicles, and several manufacturers have
products on the market, such as Toyota Mirai and Hyundai
Tucson.5

Improving fuel cell performance and robustness during
operation while reducing use of expensive materials and
optimizing manufacturing is a major focus of fuel cell research
and development. The physicochemical properties of PFSA
materials used in PEM-FC devices as membranes and proton
conductors in electrodes (where PFSA is referred to as
ionomer) have been investigated intensively in the past several
decades. Understanding in detail how the ionomer performance
depends on its molecular structure, as well as on how it is
distributed in the electrodes, is a route to rational improvement
of fuel cell performance and robustness. In PEM-FC devices,
hydrogen is oxidized to protons at the anode and oxygen is
reduced and combined with protons to form water at the

cathode. Both electrochemical reactions are catalyzed. Protons
are transported from the anode to the cathode through a
proton-conducting, electron-insulating membrane electrolyte,
while the electrons generated are passed through an external
circuit where they power devices. The proton conductor plays a
crucial role in the membrane electrolyte and also in the anode
and cathode catalyst layers (CLs). Proton conductor
distributions in the cathode are particularly important since
the cathode CLs in most PEM-FCs are relatively thick
(5−10 μm) and therefore require a system to conduct protons
from the electrode-membrane interface to the active catalytic
sites throughout the whole thickness.
PFSA is the preferred proton conducting material for both

membrane and CL ionomer in current PEM-FCs. PFSA
consists of a poly(tetrafluoroethylene) (PTFE or Teflon)
backbone and perfluorinated vinyl ether side chains terminated
with sulfonic acid groups (see Scheme 1). Nanophase
separation of hydrophilic and hydrophobic domains caused
by differential hydration of the sulfonated side chains and
backbone, provides a dense distribution of sulfonate-rich
pockets at the nanoscale6 which provide pathways for proton
transport during fuel cell operation.3,6−8 Nafion, which is a
benchmark PFSA membrane often used in PEM-FCs, is a long-
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side-chain (LSC) PFSA material where each side chain has two
ether groups. Short-side-chain (SSC) analogues with only one
ether group, such as Aquivion, are a promising alternative to
Nafion. They have been heavily investigated due to their low
cost and high ion exchange capacity.7 Another modification in
the side chain of PFSA is a new design introduced by 3M,
which is similar to other SSC-PFSA with only one ether group.
Examples from these three different types of PFSA materials
with different equivalent weight (EW; EW = 100× mass of
PFSA per side chain. It is an inverse measure of the relative
number of sulfonic acid groups) were measured in the current
study (see Scheme 1 for molecular structures and Table 1 for
summary of properties). The changes in the side chain
structure are meant to reduce the rate of degradation of
PFSA by hydroxyl radicals generated during fuel cell operation
which mainly attack the ether bond(s) due to their relatively
high electrophilicity.9,10

Spectroscopies are important tools for material analysis.
Maximum benefit from any given spectroscopy is gained when
a detailed interpretation of all spectral features can be given.
Soft X-ray scanning transmission X-ray microscopy (STXM)
has been used to quantitatively map the ionomer, carbon
support and catalysts in membrane electrode assemblies
(MEAs).11−19 Analytical transmission electron microscopy
based on core level electron energy loss spectroscopy (TEM-
EELS) has been applied to PFSA materials.20,21 STXM has
significant advantages relative to TEM-EELS since STXM
causes much less radiation damage for similar levels of
analytically useful information.19,22−24

NMR is a powerful tool to probe the structure of materials.
From the perspective of solid-state NMR (SSNMR), a solid
material consists of nuclear spins with random orientations.

The randomness in spin orientation produces different
frequencies in the applied magnetic field, i.e., chemical shifts,
due to chemical shielding and dipolar coupling interactions,
which leads to line broadening in NMR spectra. The
orientation dependence of the chemical shift is referred to as
chemical shift anisotropy (CSA). The magic angle spinning
(MAS) technique, which involves spinning the sample about an
angle of 54.74°, is used in SSNMR.25,26 By doing so, the
orientation-dependent interactions are averaged to zero on the
time scale of rotor revolution speed, which mimics molecular
tumbling in the solution state. As a result, the CSA and the
dipolar coupling interactions are mostly removed and well-
resolved solution-state-like spectra are obtained. 19F SSNMR
provides exquisite chemical site differentiation averaged over
the whole sample. However, 13C and 33S SSNMR are very
challenging, due to the low sensitivities associated with low
natural isotopic abundances of both nuclei, as well as the low
gyromagnetic ratio and large quadrupole moment of 33S.
Hence, an integrated method that combines XAS and SSNMR
can provide structural information at the molecular level for all
of the elements in PFSA. In addition, if XAS is measured in
state-of-the-art soft X-ray microscopes, it can provide chemical
environment information at the few tens of nanometers spatial
scale.12−16,27,28

This study has measured the 19F and 13C solid state nuclear
magnetic resonance (SSNMR) and C 1s, F 1s, O 1s and S 2p
near edge X-ray absorption spectra (NEXAFS) of three
different types of PFSA as well as PTFE. The results are used
to develop spectral-structure relationships, and to investigate
the extent to which these two spectroscopies can provide
complementary information about PFSA materials. The
combination of NMR and NEXAFS for studies of polymeric
materials has been applied to biopolymers.29 NMR and hard X-
ray absorption spectroscopies have been combined to
investigate solid heterogeneous polymeric catalyst materi-
als.30,31 To our knowledge, this is the first report of NMR
and NEXAFS spectra applied to the same PFSA materials.
The paper is organized as follows. After describing the

experimental procedures, the XAS spectra are presented, with
interpretation aided by comparison to small molecule analogs.
The 19F NMR spectra are then presented and interpreted.
Results of a comparative study of molecular diffusion in two
ionomer dispersions are then reported to illustrate another
capability of NMR that is important to PEM-FC optimization.
The relative sensitivity of NMR and NEXAFS to differences in
the molecular structure of the three classes of PFSA is then
discussed, including cast films from ionomer dispersions,
followed by a short summary.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. 2.1.1. Mem-
brane Sample Activation. Pristine Nafion117 was purchased
from Sigma-Aldrich. Aquivion PFSA ionomer membranes were
obtained from Solvay, Italy. 3M “new” PFSA ionomer

Scheme 1. Molecular Structures of the Perfluorosulfonic
Acid (PFSA) Ionomer Materials Studied in This Worka

a(A) Tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesul-
fonic acid copolymer (Nafion); (B) tetrafluoroethylene-perfluoro-3-
oxa-4-pentenesulfonic acid copolymer (Aquivion); (C) tetrafluoro-
ethylene-perfluoro-3-oxa-4-heptenesulfonic acid copolymer (3M). The
value of m for each polymer is given in Table 1.

Table 1. Summary of Properties of the PFSA Membrane Materials Studied in This Work

name PFSA type EWa m formula M (g/mol) density (g/cm3) # of C−F # of C−C # of C−O

Nafion117 LSC 1100 6.5 C20F39SO5H 444 1.98 39 17 4
Aquivion98 SSC 980 7 C18F35SO4H 278 1.98 35 16 2
3M-725 3M SSC 725 3.5 C13F25SO4H 378 1.98 25 11 2

aReference 61.
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membranes32 were obtained from 3M, St. Paul, MN. The PFSA
materials were first washed in 3 wt % H2O2 for 1 h at 90 °C and
then washed with deionized water for another hour, changing
the water every 15 min. Subsequently, they were washed in
0.5 M H2SO4 solution for 1 h. They were then washed in
deionized water until a constant pH was obtained. Finally, the
materials were dried in vacuum oven at 80 °C for 24 h.
2.1.2. Cast Film Preparation. An aqueous dispersion with

60 wt % PTFE was purchased from Sigma-Aldrich. It was
diluted to 2 wt % using H2O (HPLC grade), spin coated onto
freshly cleaved mica (1000 rpm/30 s), and annealed at 190 °C
for 2 h. Nafion and Liquion alcoholic dispersions (EW = 1100)
with 5 wt % were obtained from Ion Power Inc. and diluted
with isopropanol into 3 wt % concentrated solutions. These
solutions were spin coated (30 s @ 3000 rpm) on to freshly
cleaved, 1 cm × 1 cm mica squares. The film covered mica was
scored into an array of 1 mm × 1 mm squares. The polymer
film was then transferred via a clean surface of deionized water
to a silicon nitride window. The film chip on the SiNx window
was vacuum annealed at 70 °C for 2 h, then used for STXM
measurements. Some spectra were also measured from
ultramicrotomed blocks (see Figure 1) or were recorded
from the membrane area of PEM-FC MEAs.
2.1.3. Ionomer Dispersions for NMR Study. For solution-

state diffusion study, Nafion and Liquion dispersions (EW =
1100) were obtained from Ion Power Inc. and diluted with n-
propanol (NPA) aqueous solution with volume ratio NPA/
H2O = 3:1 into 1% concentrated solutions. For SSNMR
spectral analyses, the dispersions were cast onto clean Petri
dishes at 80 °C under active vacuum for 4 h, then dried
overnight.
2.2. X-ray Absorption Spectroscopy. The X-ray

absorption spectra were recorded using the STXM micro-
scope33 on beamline 5.3.2.234 at the Advanced Light Source
(ALS, Lawrence Berkeley National Laboratory (LBNL),
Berkeley, USA), and the ambient STXM on beamline
10ID135 at the Canadian Light Source (CLS, Saskatoon,
Canada). In STXM a monochromated X-ray beam is focused to
a small spot (∼30 nm) using a Fresnel zone plate and an order
sorting aperture to select only the first order light. The sample
is positioned at the X-ray focal spot and X-Y raster scanned
under interferometer control while detecting the transmitted X-
rays. Further details are given in recent review articles.27,36,37

The PFSA samples studied by STXM were prepared using
ultramicrotomy at the Department of Pathology and Molecular
Medicine at McMaster University. Sections with a nominal
100 nm thickness were prepared for each PFSA sample, and
placed on Formvar coated TEM grids. In addition to allowing
measurements of areas of near uniform thickness, the
transmission detection used in STXM does not suffer from
artifacts which can occur with yield based detection like total
electron yield or X-ray fluorescence yield. Figure 1a presents a
STXM optical density (OD) image of the Nafion117 sample,
measured at 200 eV before and 292.6 eV after the spectral
measurements. The absence of rectilinear contrast at the area of
spectral measurement in Figure 1b verifies the measurements
were performed without significant radiation damage. Soft X-
rays from 150−780 eV, covering the S 2p, C 1s, O 1s, and F 1s
edges, were used. After loading the sample, the STXM chamber
was evacuated to a pressure of 0.1 mbar, and then the tank was
backfilled with 0.3 bar of He gas. A N2 gas filter (at ALS 5.3.2.2)
or a Ti filter (at CLS 10ID1) was used to block second order
light when measuring the C 1s spectra. The spectra were

acquired using image sequences (“stacks”38) over a large area,
using a defocused beam and a step size the same or larger than
the defocused spot size in order to minimize radiation damage,
which is a severe problem with PFSA materials.24 For the C 1s,
F 1s, and O 1s edges, a dwell time of 1 ms per pixel was used.
For the S 2p edge, where the incident flux is much smaller and
the amount of S small, a dwell time of 4 ms per pixel was used.
The I0 was measured simultaneously with the I signal by
including an area in the stack with just the Formvar or silicon
nitride support (Figure 1). After each stack, an area larger than
the stack area was imaged at 292.6 eV where the radiation
damage has its strongest effect. If the change in intensity
between outside and inside the stack frame was more than 5%
the stack was remeasured using a less focused beam. After
image alignment, the transmitted I and I0 signals were
combined to generate the optical density (OD, or absorbance)
signal from the Lambert−Beer law, OD = −ln(I/I0). The
spectra reported are the average over all areas with an OD less
than 1.2. The C 1s, O 1s, and F 1s spectra were then converted

Figure 1. (a) Optical density (OD) image of an ultramicrotomed
section of Nafion117 PFSA, recorded with scanning transmission X-
ray microscopy (STXM) at 200 eV. The yellow rectangle indicates the
region for spectral study (blue rectangle in Figure 1b) which was
chosen to include an open area (rip in the microtomed section) to use
as an internal I0. (b) OD image measured at 292.6 eV after measuring
stacks at all 4 edges (F 1s, C 1s, O 1s, and S 2p) using a 200 nm
defocused beam. The stacks were measured in the area outlined by the
blue dashed rectangle. This area was subjected to a total exposure time
per pixel of 600 ms.
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to an absolute intensity scale, optical density per nanometer
(OD1), by scaling to match the pre- and postedge spectral
intensities to that predicted for the elemental composition of
the material (see Table 1), using X-ray absorption coefficients
from the literature.39 For the S 2p spectra, which have a low
signal to background ratio, the underlying non-S 2p signal was
subtracted using a spline curve fit to the pre-edge signal in
order to properly visualize the S 2p spectral features. All data
processing was performed using aXis2000.40

2.3. NMR Spectroscopy. The 19F SSNMR spectra of the
activated PFSA materials and cast dispersion samples (prepared
as described in 2.1) were measured on a Bruker Widebore
−300 MHz Avance III system using a double-resonance probe
that supports rotors with an outer diameter of 4.0 mm with
15 kHz MAS spinning speed (chemical shift referenced using
trichlorofluoromethane, CFCl3, (δ = 0 ppm). All 19F NMR
experiments were performed using a pulse at 97.5 kHz
radiofrequency (RF) field, with 5 s recycle delay. The solution
state diffusion NMR spectroscopy was done using a Diff50
diffusion probehead at variable temperatures ranging from 295
to 350 K. A pulse field gradient stimulated echo (diffSte) pulse
sequence was used. This sequence and the associated gradient
parameters are described in section A of the Supporting
Information. The 13C SSNMR measurements were conducted
using a 1.9 mm outer diameter rotor with 40 kHz MAS on a
Bruker Ascend 850 MHz system (chemical shift referenced
using adamantane, C10H16 δ = 38.5 ppm for high-frequency
peak). All measurements were performed using an 83.3 kHz RF
field, with 15 s recycle delay.

3. RESULTS
3.1. X-ray Absorption Spectra. 3.1.1. C 1s Spectra. Each

peak in an XAS spectrum arises from transitions from the
ground state to an inner shell (core) excited state where the
core hole is localized on one specific atom.41 The intensities are
determined by the electric dipole transition matrix element.
Thus, the spectral features provide information about chemical
bonding around that core-excited atom. We focus on peak
shapes and energies of the observed features. Detailed
assignment of the C 1s, F 1s, O 1s, and S 2p spectra provides
links between the spectral features and the chemical structures
of the three types of PFSA. The S 2p edge spectrum is sensitive
to the side chain in PFSA materials, since that signal arises
exclusively from the sulfonic acid groups. This is particularly
relevant, as the sulfonic acid site controls the proton
conductivity of the membrane.
Figure 2 compares the C 1s spectra of Nafion117,

Aquivion98, and 3M-725 PFSA to that of PTFE. Proposed
peak assignments are presented in Table 2. The C 1s spectra
are dominated by four strong peaks at 292.5, 295.5, 299, and
307.5 eV, which are also seen in other heavily fluorinated
saturated42 and unsaturated fluoro-organic compounds,43 as
well as polymers such as Teflon.44−46 The peaks at 292.5, 295.5,
and 299 eV, correspond to C 1s(CF2) → σ*C−F transitions,
while those at 295, 307.5, and 326 eV correspond to C 1s(CF2)
→ σ*C−C transitions. From C 1s XAS studies of aligned
PTFE45,46 the peak at 292 eV is associated with C 1s(CF2) →
σ*C−F (∥) excitations, where the σ*C−F (∥) orbital is aligned
perpendicular to the C−C chain. The peaks at 295 and 299 eV
are associated with C 1s(CF2) → σ*C−F (⊥) and C 1s(CF2) →
σ*C−C (⊥) excitations, where σ*C−F (⊥) and σ*C−C (⊥)
orbitals are aligned along the C−C chain. All three PFSA
species have a branch carbon site with two (−CF2), one F and

one O attached, while Nafion has a second similar C 1s(CF)
site in its side chain. The C 1s level for this site will be ∼1 eV
lower in binding energy than the majority C 1s (CF2) sites
which would shift the σ*C−F and σ*C−C transitions to lower
energy. However, these sites are 1 in ∼14 of the carbons in
Aquivion98 and 1 in ∼7 of the carbons in Nafion117 and 3M-
725, so these transitions are masked by the much stronger
C 1s(CF2) features. Note this is in sharp contrast to the 19F
SSNMR, where signals from each chemically distinct site are
detected (section 3.2.1).
In addition to the peaks seen in PTFE, the C 1s spectra of all

three PFSA show a structured peak at 289.1 eV. We attribute
this striking difference to the presence of oxygen in the PFSA
materials. Initially we attributed the 289.1 eV signal to
C 1s(CF2) → σ*C−O transitions at the ether groups in the
side chains. However, C 1s → σ*C−O features are typically
observed at higher energies.47 At present, we attribute the 289.1
eV peak to C 1s(COOR) → π*CO transitions at the
termination of the −(CF2)− main chain. For comparison, the
C 1s(COOR) → π*CO transition in CF3COOH occurs at
288.2 eV.43 In partial support for this tentative assignment, the
13C SSNMR provides evidence of carbonyl signal (see
subsection 3.2.2).
From a comparative point of view, Aquivion98 and

Nafion117 have similar EW despite having different side-
chain lengths. Nafion117 has more C−C bonds per formula
unit compared to Aquivion98, while 3M-725 has the smallest
number of C−C bonds per repeating unit. This is consistent
with the relative intensities of the transition at 295 eV (Figure
2) which arises primarily from C 1s(CF2) → σ*C−F (⊥) and
C 1s(CF2) → σ*C−C (⊥) excitations, in the main chain.

3.1.2. F 1s Spectra. Figure 3 compares the F 1s spectra of
Nafion117, Aquivion98, 3M-725 PFSA with that of PTFE.
Detailed transition assignments are presented in Table 3. As
with the C 1s spectra, the F 1s spectra of the three PFSA are
very similar, with each PFSA having the same F 1s spectral
features with very similar intensities. In contrast to the C 1s
edge, the F 1s spectra of all three PFSA species are much closer
to that of PTFE. The F 1s spectra are dominated by strong F 1s
→ σ*C−F peaks at 689.8 and 694.0 eV. By comparison to the F
1s spectra of aligned PTFE45 the first peak at 689.8 eV is
associated with excitations to σ*C−F (⊥) orbitals oriented
across the C−C chain direction while the peaks at 693.4, 704,

Figure 2. C 1s X-ray absorption spectra of Nafion117, Aquivion98,
3M-725, and polytetrafluoroethylene (PTFE) recorded using STXM.
The spectra have been converted to an absolute intensity scale (optical
density/nm thickness at standard density, OD1) using the procedures
described in the text. Peak positions and tentative assignments are
given in Table 2.
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and 723 eV are associated with σ*C−F (∥) orbitals oriented
along the C−C chain direction. There are small but
reproducible differences in the intensities of the two main F
1s peaks among the three PFSA. Given that the relative
intensities of the two main F 1s NEXAFS peaks can change
dramatically with molecular orientation,45 one might suspect
that the variations in the spectra of the 3 species could be
related to partial alignment of the polymer chains. However,
the spectra shown were recorded with 100% circularly polarized
light which is insensitive to molecular orientation.41 Several
spun cast films were examined using 100% linearly polarized
light in several orientations, but there was no evidence of linear
dichroic response. We conclude the variations seen among the
F 1s spectra plotted in Figure 3 are due to the chemical
bonding changes, not to partial alignment.

3.1.3. O 1s Spectra. The O 1s spectra of the Nafion117,
Aquivion98, and 3M-725 PFSAs are presented in Figure 4a.
Detailed transition assignments are summarized in Table 4. An
O 1s spectral signal was also measured from PTFE. Although it
should only contain C and F, the very weak O 1s spectrum of
PTFE (not shown) was very different from the spectra of PFSA
(Figure 4a) and likely arose from residual polymerization
catalysts or impurities. The main intensity of the O 1s spectra
of PFSA is contained in a broad structure between 535 and
545 eV, which is the region where both O 1s(C−O) →
σ*C−O

48 and O 1s(S−O) → σ*S−O transitions are expected.
This region has a significantly different shape in each of the
three species, with that of Aquivion being asymmetric on the
high energy side, that of 3M-725 showing signs of a separate
peak, and that of Nafion117 having two distinct components,
with maxima at 537.0 and 539.6 eV. Nafion117, has two ether
(C−O) bonds, whereas the SSC alternatives only have one
ether bond. This gives rise to the difference in O 1s NEXAFS
observed at both 537 and 540 eV. The difference in intensity at

Table 2. Summary of Peak Positions and Tentative Assignments for Spectral Features in the C 1s Spectra of PTFE, Nafion117,
Aquivion98, and 3M-725

energy (eV) Assignment

PTFE Nafion117 Aquivion98 3M-725 C−O CF2

− 287.8 (sh) 287.8 (sh) 287.8 (sh)
− 289.1 289.2 289.1 σ*(C−O)
292.4a 292.4a 292.5a 292.4a σ*(C−F) ∥
294.8 (sh) − − − σ*(C−C)
295.6 295.4 295.7 295.4 σ*(C−F) ⊥
298.7 298.8 298.6 298.5 σ*(C−F) ∥
307.6 307.2 307.4 307.2 σ*(C−C)
326 (br) 326 (br) 326 (br) 326 (br) σ*(C−C)

aCalibration: PTFE: −2.56 (4) eV; Nafion117: −2.54 (4) eV); Aquivion98: −2.48 (4) eV); 3M-725: −2.46 (4) eV, relative to C 1s → 3p transition
of CO2 (294.96(2)

62).

Figure 3. F 1s X-ray absorption spectra of Nafion117, Aquivion98, and
3M-725 recorded using STXM. The spectra have been converted to an
absolute intensity scale (optical density/nm thickness at standard
density, OD1) using the procedures described in the text. Peak
positions and tentative assignments are given in Table 3.

Table 3. Summary of Peak Positions and Tentative
Assignments for Spectral Features in the F 1s Spectra of
PTFE, Nafion117, Aquivion98, and 3M-725

energy (eV) assignment

PTFE Nafion117 Aquivion98 3M-725 CF2

689.7 689.8 689.9 689.8 σ*(C−F) ⊥
692.7 (sh) 692.8 (sh)
694.1a 693.8a 694.2a 693.7a σ*(C−F) ∥
696.7 (sh) − 697.1 (sh) −
704.1 704.2 704.6 704.3 σ*(C−F) ∥
723 (br) 723 (br) 723 (br) 723 (br) σ*(C−F) ∥

aCalibration: PTFE: +5.8(1) eV; Nafion117: +5.5(1) eV; Aquivion98:
+ 5.9(1) eV; 3M-725: +5.4(1) eV, relative to F 1s → a1g transition of
SF6 (688.27(15)

63).

Table 4. Summary of Peak Positions and Tentative Assignments for Spectral Features in the O 1s Spectra of Nafion117,
Aquivion98, and 3M-725

energy (eV) assignment

Nafion117 Aquivion98 3M-725 CO(OR) COOR C−O−C SO3

531.8a 532.2a 531.9a π*CO − −
535.4 (sh) 535.1 (sh) 535.0 (sh) π*CO

537.0 537.5 537.1 σ*(S−O)
539.6 540.8 (sh) 539.5 (sh) σ*(C−O)
558 (br) 558 (br) 558 (br) σ*(S−O)

aCalibration: Nafion117: −7.1 (1) eV; Aquivion98: −6.7 (1) eV; 3M-725: −7.0 (1) eV, relative to O 1s → 3s transition of CO2 (538.9(1) eV
64).
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∼540 eV is introduced by the extra ether bond in the
Nafion117 structure. Therefore, the 540 eV transition
corresponds to the O 1s → σ*C−O transition at the ether
bond that is closer to the terminal sulfonic acid group. In
addition to the broad σ*C−O signal there is a weak but sharp
feature at 532.0 eV. This is the region where O 1s → π*CO
transitions occur. Since PFSA is usually synthesized with the
main PTFE chains terminated by carboxylic acid or carboxylate
groups,49,50 it is likely the 532.0 eV feature arises from these
end carboxyl groups.
In early studies, we noted a significant difference in the

strength of the O 1s pre-edge peak at 532 eV between two
different ionomer species (not shown). Initially we attributed
the 532 eV peak to O 1s → σ*O−H transitions at the sulfonic
acid group based on a hypothesis suggested from a small
molecule core excitation study (see Supporting Information
Figure S1). If this was the case, differences in the intensity of
this peak would track the differences in degree of protonation
of the PFSA, which would be a very useful probe for PEM-FC
studies. A peak at 532 eV has been reported in the O 1s
NEXAFS spectra of ZnSO4 and ionic liquid antiwear engine
additives which have sulfonate groups.51 In order to test that
initial hypothesis we used STXM to measure the O 1s spectra
of H2SO4(l) and CH3SO3H(l) in sealed wet cells (see Figure
4b). Contrary to our expectations based on the initial (and
clearly incorrect) spectral interpretation, the O 1s spectra of
sulfuric acid and methyl sulfonate do not exhibit a peak at
532 eV, indicating the 532 eV peak observed in PFSA species

cannot be due to O 1s → σ*O−H transitions at the sulfonate
group. Rather we assign the 532 eV peak to O 1s → π*CO
transitions at carbonyl groups in the terminal carboxylates. This
is consistent with the known energies and relatively sharp peaks
for O 1s(COOR) → π*CO transitions, and supported by 13C
SSNMR (see subsection 3.2.2) as well as our interpretation of
the 289 eV peak in the C 1s spectra of the PFSA materials.
Unfortunately the 532 eV transition cannot be used as an
indication of the degree of protonation of the material.
Another interesting observation related to the 532 eV peak is

that this feature is significantly more intense in spin cast films of
ionomer dispersions than in microtomed bulk membrane
PFSA; see Figure 5a. This could indicate a smaller mean

molecular weight, i.e., shorter mean polymer chain, for ionomer
(which is expected from the need to solubilize the ionomer in
the catalyst ink dispersions) and thus a greater number of
carboxylate termination sites relative to ether oxygen side chain
sites. However, if that was the case, and our assignment of the
289 eV peak as the corresponding C 1s(COOX) → π*CO
transition is correct, then the 289 eV peak should be relatively
stronger in the ionomer than in the membrane. In fact the
opposite is the case; see Figure 5b. In studies of several different
types of ionomers, we consistently found these observations
(Supporting Information Figure S2). At present, these
observations remain a puzzle.

3.1.4. S 2p Spectra. S 2p spectra are sensitive to the local
bonding environment of the sulfur52 and informative in
material speciation. The S 2p spectra of the Nafion117,
Aquivion98, and 3M-725 PFSAs are presented in Figure 6.
Detailed transition assignments are summarized in Table 5. The
low lying transition at 172 eV is assigned to overlapping

Figure 4. (a) O 1s X-ray absorption spectra of Nafion117, Aquivion98
and 3M-725 recorded using STXM. The spectra have been converted
to an absolute intensity scale (optical density/nm thickness at standard
density, OD1) using the procedures described in the text. Peak
positions and tentative assignments are given in Table 4. (b) O 1s
spectra of H2SO4 and CH3SO3H. The absence of a feature at 532 eV
indicates that the prepeak observed in PFSA materials is not due to O
1s → σ*O−H or O 1s → σ*SO transitions at the sulfonate group.

Figure 5. (a) Comparison of O 1s spectra of Dupont ionomer and
Nafion117 membrane. (b) Comparison of C 1s spectra of Dupont
ionomer and Nafion117 membrane. All spectra were measured in
STXM using no-damage defocused beam conditions.
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S 2p3/2,1/2 (S−C) → 4s and S 2p3/2,1/2 (S−O) → 4s transitions
which form a characteristic “triplet” structure due to spin−
orbital coupling.53 Transitions in the 178−186 eV region are
attributed to spin orbit pairs of S 2p(S−C) → 3d (t2g) and
S 2p(S−O) → 3d (t2g) transitions. For all three PFSA
materials, the spectral features are very similar, with only slight
intensity differences. This is consistent with expectations since
the sulfur environments in all three PFSA materials are very
similar because the S centers are all in sulfonic acid or sulfonate
groups, depending on pH. The only possible change could be
due to changes in the degree of protonation of the sulfonate
sites, but, as seen from the O 1s edge, a localized σ*S−O−H
orbital either does not exist or the O 1s→ σ*S−O−H and S 2p→
σ*S−O−H transitions are too weak to be detected. The S 2p
spectra of these three PFSA materials are similar to the S 2p
spectra of gas phase trifluoromethanesulfonate and two other
sulfonates, recorded in a complementary inner shell electron
energy loss (ISEELS) study (see Supporting Information
Figure S3). Since the S 2p spectra of all PFSA samples are
identical, we conclude that the sulfonic acid groups in all 3
species have similar local bonding and environments, at least in
the dehydrated state. It is important to note that the intensities
in Figure 6 do not correlate with the number of sulfonic acid

groups present since the spectra have been converted to an
optical density per nanometer (OD1) scale which normalizes
the S 2p spectra on a per-S basis.

3.2. NMR Spectroscopy. 3.2.1. 19F NMR Spectroscopy.
19F NMR spectroscopy was performed at ambient temperature
and humidity on three PFSA membrane materials after the
activation treatment described in the experimental section.
With careful deconvolution of the 19F SSNMR signals, each of
the different fluorine sites in each PFSA sample are
distinguished and assigned, as shown in Figure 7. Peak
locations and assignments are summarized in Table 6. The
Nafion117 spectrum (Figure 7a) agrees with previous reports.12

The signal from the side-chain fluorine atoms is well-resolved
from those of the backbone. The alternative PFSA materials,
Aquivion98 (Figure 7b) and 3M-725 (Figure 7c), have not
been studied in detail previously using 19F SSNMR.
Importantly, our meticulous deconvolution routine9,54,55 is an
effective tool for distinguishing the molecular structure of the
PFSAs. In the spectra of all three PFSAs, the signal at −122
ppm is dominant, and is assigned to the backbone CF2
moieties, which are the major building blocks of PFSAs. The
most noticeable difference of the 19F spectrum of Nafion
compared to those of Aquivion98 and 3M-725, is that two
-OCF signals observed: one is from the backbone branch point;
the other is from that in the side-chain. The OCF2 signals are
found at approximately −80 ppm in all three PFSAs, however
the relative signal intensity in Nafion117 is much higher than in
the other two PFSAs. This is due to the fact that the signal at
−80 ppm in Nafion117 includes contributions from three
different fluorine sites, i.e. signal overlap. The SCF2 site, the
terminal fluorine site that is adjacent to the sulfonic acid group,
is partially resolved in the spectra. Its signal is very close to that
of the backbone CF2 but the SCF2 signal intensity can be easily
analyzed with deconvolution. Another interesting observation is
that the SCF2 signal in 3M-725 is better resolved than in
Nafion117 or Aquivion98. This is possibly caused by the
fluorine environment in the material, where the surrounding
electronegative fluorines are pulling the electrons more since
there are more fluorines nearby in 3M-725. Therefore, the
chemical shift of the SCF2 site is at a relatively higher frequency
than the SCF2 sites in Nafion and Aquivion. Thus, by looking at
the general spectral features, these three PFSA materials can be
differentiated with sufficient clarity that an unknown material
exhibiting one of these three 19F SSNMR spectra could be
unambiguously identified.

Figure 6. S 2p X-ray absorption spectra of Nafion117, Aquivion98 and
3M-725 recorded using STXM. The as-recorded OD spectra were
subjected to a spline fit to generate the nonsulfur background by
extrapolating the pre-S 2p signal, which was then subtracted. The
intensity scale was then set by matching to similarly background
subtracted elemental response functions (OD1-S 2p). Further details
are described in the text. Peak positions and tentative assignments are
given in Table 5.

Table 5. Summary of Peak Positions and Tentative Assignments for Spectral Features in the S 2p Spectra of Nafion117,
Aquivion98, and 3M-725

assignment

energy (eV) S−C SO3

Nafion117 Aquivion98 3M-725 2p3/2 2p1/2 2p3/2 2p1/2

171.1 171.2 171.1 4s
172.5a 172.6a 172.6a 4s 4s
174.1 173.8 174.0 4s
177.3 177.3 177.2 3d (t2g)
178.2 (sh) 179.0 (sh) 178.5 3d (t2g)
180.0 180.2 180.3 3d (t2g)
182.0 (sh) 181.9 182.0 3d (t2g)
186.6 186.9 186.8 3d (eg) 3d (eg)
194 (br) 193 (br) 194 (br) 3d (eg) 3d (eg)

aCalibration: Nafion117: −12.1 eV; Aquivion98: −12.0 eV; 3M-725: −12.0 eV relative to S 2p → t2g transition of SF6 (184.57(6)
65).
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Quantitative analysis of PFSA composition can also be
performed using 19F NMR study. Normalized integrated signal
intensities for each fluorine site are summarized in Table 6. The
relative intensity ratios agree with the chemical formulas
provided by the manufacturers. This indicates that 19F SSNMR
can provide quantitative analysis of PFSA materials. 19F
SSNMR specifically probes the fluorine environments in
PFSA, which can provide unambiguous evidence to identify/
distinguish PFSA materials.

3.2.2. 13C NMR Spectroscopy. 13C SSNMR is a challenging
experiment due to the low natural abundance of NMR active
13C nucleus. In order to assist transition identification in STXM
C 1s NEXAFS analysis, 13C SSNMR spectroscopy was used to
identify different carbon environments in three different PFSA
materials. The 13C NMR data was collected on materials
without 13C enrichment. A field strength of 20 T was used to
enhance signal sensitivity. The materials selected were activated
Nafion117, and cast film samples from Nafion and Liquion
dispersions. It is known that the terminal end group of the
polymer chains can be −COOH, −CF2H or −CF2CF2 from
polymer manufacture.49,50 A proton decoupling sequence was
applied during detection to achieve good signal resolution. All
of the carbon sites located on the polymer chains were
observed in the chemical shift range 100−120 ppm, shown in
Figure 8. The chemical shifts observed agree with the literature
for all of the carbon signals expected from the PFSA
materials.55

In each of the three PFSA samples studied, a carbonyl signal
was observed in the 13C SSNMR spectra. These signals have
not been reported previously using SSNMR, or any other NMR
method, to our knowledge. In Nafion117, this signal occurs at
175.5 ppm (Figure 8a), but in both Nafion and Liquion cast
film samples, the carbonyl signals are present at 179 ppm
(Figure 8b, c). This chemical shift range has been observed for
carbonyl carbons in various materials.56,57 The variation in
chemical shift in these three PFSA materials is possibly due to
different cations being associated with the carbonyl groups. The
cast films were not prepared in fully protonated form;
identification of the cations was not in the scope of this
study. Nonetheless, observation of 13C SSNMR signal
associated with carbonyl groups in all of the PFSA materials
tested is consistent with the literature with regard to the
possibility of carboxyl groups as the main chain termina-
tion.49,50 It also supports assignment of the 289 eV NEXAFS
peak as the C 1s(COOR)→σ*CO transition and the 532 eV
NEXAFS peak as the O 1s(COOR)→σ*CO transition at a
chain termination carbonyl group.

3.2.3. Diffusion Profile Analysis. The STXM and SSNMR
analyses of the ionomer dispersion in cast film form
demonstrate the chemical sensitivity of these spectroscopies
for identification of different thin films. To further extend this
investigation of PFSA cast films starting from different
dispersions, the macroscopic diffusion profiles of those
dispersions were investigated via NMR spectroscopy. By
doing so, the solvated molecular motion can be monitored,

Figure 7. 19F MAS SSNMR of Nafion117, Aquivion98, and 3M-725.
The asterisk (*) indicates spinning side bands. Different fluorine sites
are labeled accordingly, separating the side chain and backbone signals
based on the chemical shifts. Spectral intensities and assignments are
given in Table 6.

Table 6. Summary of Peak Positions (ppm), Normalized Relative Intensities, and Assignments for Spectral Features in the 19F
MAS SSNMR Spectra of Nafion117, Aquivion98, and 3M-725

PFSA 19F SSNMR spectra analysis: chemical shift (ppm) and normalized relative intensitya

Nafion117 type αOCF2 βOCF2 CF3 SCF2 CF2 CF(b) CF(s)
δ −80 −80 −80 −118 −122 −138 −144
relative intensity 2 2 3 2 28 1 1

Aquivion98 type OCF2 SCF2 CF2 CF
δ −78 −117 −122 −138
relative intensity 2 2 30 1

3M-725 type OCF2 SCF2 γCF2 CF2 δCF2 CF
δ −80 −114 −122 −122 −122 −139
relative intensity 2 2 2 16 2 1

aSpinning side bands are included in relative intensity normalization.
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which provides insight into ionomer film formation in CL and
MEA.
Diffusion arises from Brownian motion, where the molecules

move randomly in a fluid. It is often characterized by a diffusion
coefficient, which is described according to the Stokes−Einstein
equation as

πη
=D

kT
r6 s (1)

where k is Boltzmann constant, T is temperature, η is the
viscosity of the liquid, and rs is the radius of the molecule.

19F
diffusion ordered NMR spectroscopy (DOSY) experiments for
the PFSA dispersions were performed. The pulse sequence
used in the current diffusion study can be found in the
Supporting Information. The dispersions were obtained from
Ion Power Inc. and diluted with n-propanol (NPA) aqueous
solution with volume ratio NPA/H2O = 3:1 into 1%
concentrated solutions. By doing so, the difference in viscosity
in the stock dispersion solutions can be neglected. By
monitoring the attenuation of signal intensity, the diffusion

coefficient can be extracted by plotting the signal intensity
against gradient, according to

= γ δ δ− Δ−I I e D g
0

( /3)2 2 2

(2)

where D is diffusion coefficient, γ is the gyromagnetic ratio of
the observing nucleus, g is the gradient strength, Δ is the
diffusion time, and δ is the length of the gradient pulse.
In the current study, the molecular diffusion coefficients were

extracted by 19F DOSY experiments at different temperatures,
by fitting the signal attenuation trend to the experimental
parameters used in the gradient pulse sequence based on the
Stejskal and Tanner equation58 using Bruker Dynamics Center
software (v. 2.2.1). The results are plotted in Figure 9. The

profile diffusion coefficients for different PFSA dispersions were
reported by averaging the values for all fluorine sites with 10%
difference. The two PFSA dispersions were considered to have
the same solution viscosity due to use of the same solvent
system, as mentioned previously. In general, the Liquion
dispersion has much higher diffusion coefficients at all
temperatures, compared to the Nafion dispersion. Taking
into account that the two PFSA dispersions were considered to
have the same solution viscosity, and the inverse proportion-
ality between the diffusion coefficient and the solvated radius
(eq 1), one can conclude that the molecular radius of Liquion
dispersion with 1% concentration is smaller than that in a 1%
Nafion dispersion. Yet, despite the fact that the chemical
compositions of these two dispersions are indistinguishable, the
macroscopic diffusion profiles effectively differentiate the two
dispersions in terms of solvated molecular radius. 19F diffusion
study via NMR spectroscopy is an efficient approach to assist
the differentiation of different PFSA ionomer dispersions, and
provide self-diffusion profiles of the PFSA molecules.

4. DISCUSSION
This study has explored the strengths and weaknesses of
NEXAFS and SSNMR spectroscopies with respect to differ-
entiating PFSA materials in different forms. Together they
complement each other from several different perspectives. The
STXM technique provides chemical analyses at the C 1s, F 1s,
O 1s, and S 2p edges for both membrane and electrode
ionomer analysis. From the C 1s and F 1s NEXAFS

Figure 8. 13C SSNMR of (a) Nafion117, (b) Nafion (EW1100) spin
cast film, and (c) Liquion (EW1100) spin cast film.

Figure 9. Plot of temperature dependent proton diffusion coefficients
in Nafion and Liquion liquid dispersions.
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investigation, the chemical differentiation was not as clear as we
had hoped. Even with detailed transition assignments, the C 1s
and F 1s NEXAFS spectra were not able to distinguish PFSA
membranes with similar, but differing chemical structures.
However, the O 1s NEXAFS was able to differentiate the three
PFSA species studied, and thus potentially could be used to
identify different PFSA membrane materials. From the O 1s
NEXAFS spectral comparison, LSC-PFSA with two ether
bonds, like Nafion, can be recognized and separated from the
others. In contrast to NEXAFS, 19F NMR analysis provides a
powerful way to reveal the complete molecular structures at the
fluorine atoms in bulk membrane samples, as demonstrated in
Figure 7.
Another form of PFSA, ionomer dispersions, was also

explored. The dispersion form is preferred in MEA
manufacturing and catalyst layer (CL) casting in the industrial
setting due to its tunability, which allows catalyst inks to reach
desirable viscosity based on different formulations. When the
material form switches from the bulk membrane to the cast thin
film made from the ionomer dispersion, such thin films
replicate the properties of PFSA materials in fuel cells without
the complexity contributed from other MEA or CL
components.
The O 1s NEXAFS spectra are sensitive to the chemical

bonding between C and O. Spectroscopically, the prepeak at
532 eV is consistent with the presence of terminal carboxylic
acid groups,49,50 an attribution which is supported by 13C
NMR. From the NMR perspective, 19F NMR is consistently
able to reveal polymeric molecular structure of single-
component materials. 13C NMR study at high magnetic field
positively identifies the terminal end groups on polymers and
speciates residual solvent molecules. The 13C NMR result
supports the STXM finding, in that solvent residue signal
appears at the lower chemical shift range (10−60 ppm) and
carbonyl signal appears at the higher chemical shift range
(175−180 ppm). The assignments of the 289 eV C 1s and the
532 eV O 1s signals are still debatable, since these transitions
could arise from several possible sources. However, the STXM
and NMR results are consistent with each other regarding the
existence of carboxyl groups. To further support the NEXAFS
peak assignments, additional small molecule investigation could
be performed. For example, studies of pentafluoropropionic
acid (CF3CF2COOH) and its derivatives could help to define
the spectra expected for carboxyl groups in a highly fluorinated
environment.
By using solution-state NMR with an advanced gradient

pulse sequence, the diffusion profiles of the ionomer dispersion
were extracted and compared. This demonstrates the power of
NMR for combined solid and liquid state studies of PFSA.
However, the diffusion experiment performs much more
reliably if there are no additional components in the sample
system. NMR can easily pick up interfering carbon signals in
CL samples, but the existence of paramagnetic catalyst particles
causes NMR signal line broadening.
The goal of this research was to explore the relative merits of

SSNMR and NEXAFS spectroscopy for characterization of
PFSA materials. While SSNMR is clearly more chemically
sensitive than NEXAFS, it is not able to investigate the S or O
environment directly. NEXAFS requires a synchrotron facility,
which is less widely available than lab based solid state NMR.
However, if NEXAFS is measured with STXM, spatially
resolved chemical mapping can be achieved which benefits
investigations of systems with multiple components, such as CL

and MEA samples.12−19 Together, this combination of
techniques is able to probe subtle aspects of PFSA materials
particularly for studies of degradation as a function of ionomer
and membrane composition, following FC operation.15

5. SUMMARY
This paper reported an investigation of several different PFSA
materials using two spectroscopic techniques, XAS and NMR,
which provide different molecular perspectives. NEXAFS
spectroscopy via STXM provides chemical sensitivity and
spatially resolved (∼30 nm) chemical mapping. Together, the
C 1s, F 1s, O 1s, and S 2p NEXAFS provide insights into the
chemical bonding environment of these elements in PFSAs. S
2p edge studies have great potential to provide insight into
selective chemical and electrochemical degradation study of
PFSA materials in PEM-FC.15,59 SSNMR is much more
sensitive than NEXAFS in material structure elucidation with
qualitative identification and quantitation of different spin
environments, since it can detect signals specific to each distinct
fluorine site in the repeat unit. However, the natural abundance
13C SSNMR is a “heroic” experiment and 33S SSNMR seems
beyond reach of current instrumentation. Within their
sensitivity limits, 19F and 13C SSNMR studies can greatly
extend STXM analyses of PFSA. Both techniques detected
signal from carboxyl groups, which unveils the possible
termination of the polymer chain. The existence of carboxyl
groups potentially reduces the acidity of the PFSA; however, it
may be useful as a chemical stabilizer49,50 to help ionomer
solutions stay dispersed.
STXM analyses of CLs or MEAs can be interpreted with the

support of NMR reference data of PFSAs measured without
any interference from C support or Pt catalysts, which are
essential components in industrial fuel cell devices. At the same
time, the S 2p and possibly O 1s NEXAFS can provide localized
information on the proton conducting site, the sulfonic acid
group, providing another tool to study ionomer materials, even
in the presence of other fuel cell CL components. For example,
the combination of S 2p NEXAFS and 19F SSNMR would be a
powerful approach to study membrane or catalyst layer
degradation, or to analyze MEA activation or aging. In
particular a STXM-SSNMR combination would have the
potential to characterize both the spatial and chemical nature
of operationally induced degradation. In particular, attack on
PFSA side chains by electrochemically generated free radicals is
implicated as a primary damage mechanism during PEM-FC
operation.60 The ability to quantify side-chain loss by high-
resolution 19F SSNMR and sulfonic group loss by S 2p XAS
would provide a unique vantage point on the degradation
process. Furthermore, this approach could be used to evaluate
the role of carboxylic acid groups in CL/membrane. Our
proclivity is to further utilize STXM to evaluate full CL/MEA
components, such that the importance of polymer stability can
be probed with spatial resolution.
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