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ABSTRACT: Selective formation and reactivity of hydrogen
(H•) and hydroxyl (HO•) radicals with perfluorinated
sulfonated ionomer membrane, Nafion 211, is described.
Selective formation of radicals was achieved by electron beam
irradiation of aqueous solutions of H2O2 or H2SO4 to form
HO• and H•, respectively, and confirmed by ESR spectroscopy
using a spin trap. The structure of Nafion 211 after reaction
with H• or HO• was determined using calibrated 19F magic
angle spinning NMR spectroscopy. Soluble residues of
degradation were analyzed by liquid and solid-state NMR.
NMR and ATR-FTIR spectroscopy, together with determination of ion exchange capacity, water uptake, proton conductivity,
and fluoride ion release, strongly indicate that attack by H• occurs at the tertiary carbon C−F bond on both the main and side
chain; whereas attack by HO• occurs solely on the side chain, specifically, the α-O−C bond.

■ INTRODUCTION
Proton exchange membrane fuel cells (PEMFCs) continue to
attract attention in a range of applications, including
automotive, portable, and stationary power, and personal
electronic devices.1,2 However, an area of technological concern
is the less-than-desirable durability of commercially available
PEMs. Even “chemically resistant” perfluorosulfonic acid
(PFSA) ionomers are prone to failure before the minimum
lifetime requirements for automotive and stationary power
generation, respectively.3,4

Mechanical degradation of the membrane occurs under
normal fuel cell operating conditions due to repetitive swelling
and shrinking, caused by variations in membrane temperature
and humidity.5 Mechanical degradation is vastly exacerbated by
chemical degradation of the ionomer which results in a
reduction in ion exchange capacity,6 pH,7 proton conductiv-
ity,7,8 and membrane thickness, together with an increase of
fluoride ion release.7,9−16

Chemical degradation is believed to be initiated by the
formation of highly reactive free radicals. In situ ESR studies on
Nafion PFSA ionomer membranes have identified three
different radicals at the anode and the cathode: hydroxyl
(HO•), hydroperoxyl (HOO•), and hydrogen (H•).17 There is
a lack of concensus on their origin as they can originate
electrochemically and/or chemically at either the anode or the
cathode.17−19 Two pathways commonly discussed are the
electrochemical generation of hydroperoxide and its subsequent
cleavage by thermolysis or transition metal catalysis,7,17,19,20

and the chemical generation of radicals by direct reaction of
H2(g) and O2(g) on Pt, which occurs upon oxygen and/or
hydrogen crossover.9,13,15,18,21,22

Ex situ studies of membrane degradation have played an
important role in the development of PEMs as they provide
details on degradation pathways and hence provide strategies
for degradation mitigation. For instance, it was qualitatively
deduced that early versions of PFSA ionomer degrades by
reaction of hydroxyl/hydroperoxyl radicals with terminal
groups on the main chain (e.g., −COOH, −CF2H, −CF
CF2)

23−26 and −OCF2− and −CF2SO3
− groups on the side

chain.18,24,25,27−34 The former degradation pathway was
effectively eliminated upon chemical modification of the main
chain termini by postfluorination.18,24,25,30−34 Structural
elucidation of stabilized Nafion 211 after an ex situ Fenton’s
reagent test confirmed that the first point of HO• radical attack
occurs at the side chain α-O−C bond, leading to cleavage of
−CF2−CF2SO3

−/−OCF2−CF2SO3
− (Scheme 1).34 However,

Fenton’s reagent tests produce a mixture of HO• and HOO•

radicals31,35,36 while half-fuel cell arrangements generate a
mixture of HO•, HOO•, and H•.9,15,18 Thus, different radicals
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Scheme 1. Chemical Structure of Nafion 211 and Group
Assignments Used in This Worka

a(m) and (s) are used to differentiate main chain from side chain.
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are produced by different methods and radical types are not
produced selectively in any currently deployed ex situ method.
The selective formation and induced reactivity of single radical
species is necessary in order to further understand degradation
reactions.
Recently, the group of Nishijima reported γ-irradiation of

Nafion 117 membranes and noted greater amounts of
degradation in the presence of water. This led to speculation
that the rate of degradation is enhanced by radicals produced
via the radiolysis of water.15,18,37,38 The same group attempted
to generate HO•, H•, and O2

•− radicals exclusively by γ-
irradiation of N2O-saturated water, Ar-saturated acid (pH 2),
and O2-saturated water, respectively.39 The membranes were
characterized for proton conductivity, while molecular evidence
for polymer degradation was restricted to fluoride and sulfate
ion release. The mole ratio of eluted carbon to sulfur was
shown to be related to the type of radical generated and the
different locations of bond cleavage.39 Despite these creative
attempts to selectively generate radicals, no evidence
confirming the exclusive formation of desired radicals was
provided. Our attempts to reproduce the conditions published
indicate that a mixture of radicals is present in all the solutions
(see Supporting Information, Figure S1 and S2). Also, due to
the high penetration depth of γ-rays, the possibility of
membrane degradation by direct irradiation cannot be ignored.
In this work, we build upon the concept of water radiolysis as

a technique for selectively producing radicals;40 but rather than
γ-irradiation, we use β-irradiation (e-beam) for which the
penetration depth is a function of solvent density/depth,41

making it possible to control the penetration depth of the beam
and thus minimize direct irradiation of the polymer membrane,
as shown in Figure 1. More importantly, we demonstrate

selective production of either HO• or H• radicals by reaction of
additives with the β-irradiation-generated hydrated electrons
according to the reactions below.40

Ar-saturated aqueous solutions of H2O2:

+ → +

= ×

− • −

− −

e

k

H O HO HO

( 1.1 10 L. mol s )

aq 2 2

10 1 1

Ar-saturated aqueous acidic solutions (pH 2):

+ → = ×− + • − −e kH H ( 2.3 10 L. mol s )aq
10 1 1

In order to confirm the generation of selective radicals,
radicals were captured by a spin trap and detected by ESR
spectroscopy. An archetypal, chemically stabilized PFSA

ionomer, Nafion 211, was selectively exposed to H• or HO•

radicals and the membranes were structurally analyzed in order
to distinguish the mechanisms of H• and HO• radical attack.
H• and HO• radicals are found to initiate profoundly different
pathways of polymer degradation.

■ EXPERIMENTAL SECTION
Chemicals. All materials were used as received unless otherwise

noted. DuPont Nafion 211 (NRE211) was provided by Ballard Power
Systems Inc. 30 vol% H2O2 (Caledon Laboratory Chemicals Ltd.) and
98% sulfuric acid (Anachemia) were diluted to 10 vol% and 0.01 M,
respectively using Milli-Q (18 MΩ) water. 5,5-Dimethyl-1-pyrroline-
N-oxide (DMPO) was obtained from Santa Cruz Biotechnology Inc.;
t-butanol (t-BuOH), trichlorofluoromethane (CCl3F), and sodium
hexafluorosilicate (Na2SiF6) were purchased from Sigma-Aldrich Co.
Total ionic strength adjustment buffer (TISAB II, with CDTA)
solution was purchased from Thermal Orion. Argon 99.998% (Ar) was
purchased from Praxair Technology Inc.

Sample Preparation. Stock solutions for selectively generating
radicals were made by sparging a solution with Ar gas overnight. The
solutions were either Ar-sparged 10 vol% H2O2 for HO• radical
formation or Ar-sparged 0.01 M H2SO4 (containing 1 M t-BuOH) for
H• radical formation. t-BuOH served to trap any HO• radicals
formed.40,42 Sparging with argon removed oxygen and eliminated
formation of O2

•‑, O2
•2‑, and HOO• radicals.

Nafion 211 membranes cut to 6 cm × 6 cm and X-cut in the center
to allow gases to escape from beneath the membrane, were kept in a
N2 drybox and placed in individual jars. The membranes were held in
place with glass rings (see Figure 2). In an inert Ar atmosphere

glovebag 300 mL of solution (chosen according to the desired radical)
was poured into each jar to a solution height of 5.8 ± 0.05 cm and
sealed with a phenolic resin cap (stable to 100 MGy irradiation).
Membranes were immersed for a period of at least 12 h prior to
irradiation. The jars were stored under ice to increase the solubility of
Ar in the solutions. A minimum of 3 samples of Nafion 211 were used
for each radical examined. For ESR experiments, 10 mL of each
solution and 0.1 mL of DMPO were added to a 15 mL vial and sealed
with a phenolic cap, inside an inert Ar atmosphere glovebag. A
minimum of 2 samples of DMPO solutions were used per radical type.
ESR samples were prepared shortly before the irradiation to limit
decomposition of DMPO.

Irradiation Procedure. E-beam irradiation of samples was carried
out at Iotron Industries Canada/USA Inc., Port Coquitlam, BC,
Canada, using an IMPELA Electron Beam Accelerator configured for
10 MeV irradiation. IMPELA uses an L-band, on-axis-coupled,
standing-wave cavity system for accelerating electrons. Sample
containers containing the membrane (or DMPO solutions) were
placed on trays and surrounded by ice up to the top of the lid.
Irradiation was carried out by passing the samples through the e-beam
to acquire a dose of 80 kGy. This process was repeated twice more for
a total dose of 240 kGy per sample. In between passes, additional ice
was added to ensure that the jars were kept cold. After irradiation, the
jars were stored under ice. Irradiated membranes were washed with DI

Figure 1. β-irradiation of water. The depth of water was chosen so that
hydrated electrons formed, and thus radicals formed, occurred close to
the membrane’s surface.

Figure 2. Experimental setup for β-irradiation and generation of
radicals.
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water and cut into smaller pieces for analysis. Post-irradiated solutions
were analyzed for fluoride ions and by 19F NMR spectroscopy.
The depth of water through which electrons pass before reaching

the membrane was chosen to be 5.8 ± 0.05 cm. This was based on the
specifications provided by Iotron Industries (Figure 3) stating that

hydrated electron formation (and hence radical formation) falls to
negligible values for path lengths >5.8 cm. At a 5.8 cm depth, less than
2% of the incident irradiation reached the submerged membrane. Our
control experiments showed that, when the depth of water was 6 cm or
greater, no membrane degradation was observed.
Spin Trap Electron Spin Resonance (ESR) Spectroscopy. ESR

spectroscopic analysis was performed on the DMPO solutions within 3
h of irradiation. Spin-trapping was used due to the low concentration
and transient nature of the radicals.46−48 DMPO was chosen because
of its well-documented trapping ability (see Supporting Information,
Scheme 1).17,36,49−51 DMPO is known to contain impurities that are
difficult to remove. In order to take impurities into account, a pre-
irradiated sample of DMPO in water was used as a background signal.
For each sample, an ESR X band aqueous flat cell was filled with
solution and inserted into the ESR resonator. All ESR experiments
were run with identical parameters using the same number of scans. A
Bruker ESR spectrometer was used operating at 9.7 GHz and 100 kHz
magnetic field modulation, operated by the Bruker BioSpin data
system. The acquisition parameters for the experiments were as
follows: sweep width, 150 G; microwave power, 2 mW; time constant,
10.24 ms; conversion time, 20 ms; number of data points, 1024;
modulation amplitude, 2 G; receiver gain, 1 × 105; and number of
scans, 16. Simulation of the spectra was carried out using the ESR
public software tool, WinSIM version 0.96.
Solid State 19F Nuclear Magnetic Resonance Spectroscopy.

Solid state 19F NMR was performed on Nafion 211 samples before and
after irradiation, and on solid residues suspended in solution, if any.
NMR analyses were performed at 376.09 MHz on a Bruker 400 MHz
spectrometer operating with a static magnetic field of 9.4 T. A 2.5 mm
three-channel HFX wide band MAS probe with a Vespel spinning
module and zirconia rotors with Vespel drive tips and caps were used
in order to avoid fluorine background signals. The spectra were
recorded at 300 K, at a spinning rate of 30 kHz, a 90° pulse length of
3.0 μs, a recycle delay of 3 s, and a dwell time of 5 μs. 256 transients
were recorded. Each transient was acquired for 4096.24 ms with a
spectral width of 227 kHz (∼600 ppm). The spectra were processed
with TOPSPIN software (Bruker), and the FID was Fourier
transformed without any additional line broadening. The chemical
shifts were calibrated with respect to Na2SiF6 as an external standard
having resonance at −151.45 ppm. Quantification of solid 19F NMR
data was reported in detail in our recent publication.34 Briefly, 19F solid
state NMR analyses was performed on mixed powders of Na2SiF6
(19F-rich) and SiO2 (

19F-free) with different mass ratio. The collected
spectrum of each sample was divided by the sample mass to an
accuracy of 1 μg and a calibration curve was constructed using the area
of the Na2SiF6 signal as a function of fluorine concentration. The

absolute integrals of each spectrum were normalized to the sample
mass and deconvoluted using the dmf it program.52 The area of each
peak was related to the fluorine mass using the reference calibration
curve.

Liquid and Solid State 19F NMR Spectroscopy of Irradiated
Solutions. Membrane residues suspended in solution after irradiation
were concentrated by freeze-drying: 35 mL of solution was placed in a
50 mL centrifuge tube. The solution was frozen using liquid nitrogen
and transferred to vacuum line of 120 mbar where it remained at −40
°C for at least 48 h. The dehydration process at low temperature and
pressure causes the water to sublimate, leaving behind a solid residue.
From each post-irradiation solution, 3 samples (3 × 35 mL) were
prepared by this technique. After thawing, 1 mL of isopropyl alcohol
(IPA) was added to each dried centrifuge tube. The alcohol solutions
were then transferred to a 5 mm NMR tube. NMR analyses of
solutions were performed at 470.59 MHz on a Bruker 500 MHz
spectrometer operating at a static magnetic field of 11.7 T. A double
resonance broad band probe was used. 19F NMR spectra were
recorded using a 1D sequence with power-gated proton decoupling; a
90° pulse length of 13.5 μs and a recycle delay of 1 s. 8192 transients
were recorded. Each transient was acquired for 349.5 ms with a
spectral width of 188 kHz (∼400 ppm). The spectra were processed
with TOPSPIN software (Bruker). The chemical shifts were calibrated
with respect to CClF3an external standard with a resonance at 0
ppm.

19F MAS NMR was used to analyze solid residue present after
freeze-drying in a similar manner to that samples described above. The
residue was mixed with SiO2 (as filler) and packed in a 2.5 mm
zirconia rotor. The experimental conditions were identical to those
used to analyze membranes except a higher number of transactions
(8192) was used to improve the signal-to-noise ratio.

Attenuated Total Reflection Infrared (ATR-IR) Spectroscopy.
ATR-FTIR spectra were measured with a Nicolet Nexus 670
spectrometer using a single reflection germanium crystal. Spectra
were recorded at a resolution of 2 cm−1. The membranes were
squeezed between the top surface of a germanium crystal and the
ATR-tip. 64 scans were averaged covering a spectral range of 700 to
4000 cm−1.

Fluoride Ion Concentration. The fluoride ion concentration
released from the membranes after irradiation was measured using an
ion selective electrode (ISE) (Mettler-Toledo, ISE part no. 51340510,
meter model number MX300), which was calibrated for the range
0.01−1000 ppm fluoride using aqueous solutions of NaF. The ISE was
immersed in a solution containing 20 mL of sample and 20 mL of
TISAB II solution with constant stirring and the potentiometric
reading recorded at RT after equilibrium was reached (typically 5−10
min). Fluoride concentration data are reported against the calibration
curve. The detection accuracy limit is ∼0.1 ppm (corresponding to
5.26 × 10−6 M).

Ion Exchange Capacity (IEC). The ion exchange capacity was
determined by acid−base titration using a Metrohm 848 Titrino Plus
titrator. Membranes were soaked in 2 M NaCl solution for 12 h before
titrating with 0.01 M NaOH. The samples (in their Na+ form) were
dried after titration in a vacuum oven at 110 °C for 12 h. Ion exchange
capacities (IEC, mmol/g) are given in units of mmoles of titratable
protons per gram dry weight of ionomer:

=
×V M

W
IEC NaOH NaOH

dry

where VNaOH and MNaOH are the blank-corrected volume [mL] and
molar concentration [mol/L] of NaOH solution, respectively. Wdry is
the dry weight of the membrane in H+ form [g].

Water Uptake. The membranes were soaked in deionized water at
25 °C for 24 h (where the water was exchanged every 4 h) and blotted
with a Kim wipe to remove surface water prior to determining the
“wet” weight (Wwet). The “dry” weight (Wdry) was obtained after
heating the membrane at 110 °C for 12 h under vacuum.

Figure 3. Penetration depth of β-rays using a 10 MeV e-beam source.
Data supplied by Iotron Industries Canada/USA Inc. and confirmed
by literature data.43−45
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Proton Conductivity. In-plane proton conductivity was measured
by AC impedance spectroscopy with a Solartron 1260 frequency
response analyzer (FRA) employing a two-electrode configuration,
according to a procedure described elsewhere.53 Proton conductivity
(σH+) of fully hydrated membranes was measured at RT by placing a
membrane (∼10 mm × 5 mm) between two Pt electrodes of a
conductivity cell and applying a 100 mV sinusoidal AC voltage over a
frequency range of 10 MHz to 100 Hz. Proton resistance was obtained
from the high-frequency intercept of the complex impedance with the
real axis, RH+ [Ω], from which proton conductivity was calculated
using the distance between electrodes, L [cm], and cross-sectional area
of the membrane, A [cm2]:

σ =
·

+
+

L
A RH

H

■ RESULTS

Selective Radical Generation by E-Beam Irradiation of
Aqueous Solutions. Ar-saturated aqueous solutions of H2O2

and Ar-saturated aqueous acidic solutions (pH 2) were
irradiated with an e-beam as described. In order to determine
which radicals were generated, ESR spectroscopy was
performed on the solutions irradiated in the presence of the
spin trap, DMPO. Experimental and simulated ESR spectra of
the radical adducts are presented in Figure 4. The relative
intensities and the corresponding magnetic parameters are
summarized in Table 1.
While the relative intensities of the adducts do not

necessarily provide a quantifiable correlation with the radicals
that are formed because of the different trapping rates of
DMPO with the different radicals in the mixture,54,55 speciation
is highly reliable due to the position and hyperfine splitting of

Figure 4. ESR spectra of DMPO adducts detected in (a) irradiated Ar-saturated H2O2 (10 vol%); (b) irradiated Ar-saturated 0.01 M H2SO4/1 M t-
BuOH; and (c) DMPO in water prior to irradiation.

Table 1. Hyperfine Splitting and g Values of DMPO Adducts Detected

hyperfine splitting [G]

samples adduct aN aH g value relative intensity [%]

Ar-saturated H2O2 (240 kGy) DMPO/OH 14.8 15.0 2.0057 27
DMPO/CCR 15.4 23.0 2.0037 3
DMPO deg. 14.8 2.0040 70

Ar-saturated H2SO4 (240 kGy) DMPO/H 16.4 22.4 (2H)a 2.0067 33
DMPO/CCR 15.6 23.0 2.0037 57
DMPO deg. 15.0 2.0040 10

Water (No Irradiation) DMPO/CCR 15.4 23.0 2.0037 46
DMPO deg. 14.8 2.0040 54

aThere are 2 hydrogen in this position.
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the signals. The DMPO/OH spectrum is characterized by a g-
factor of 2.0057, splitting by one 14N (aN = 14.8 G) and one 1H
(aH = 15.0 G) nuclei, respectively (see Supporting Information,
Figure S3-a). The DMPO/H spectrum is characterized by a g-
factor of 2.0067, splitting by one 14N (aN = 16.4 G) and by two
equivalent 1H (aH = 22.4 G) nuclei, respectively (see
Supporting Information, Figure S3-b). As observed in Figure
4, DMPO/HO adducts are detected in irradiated Ar-saturated
H2O2 solutions, but DMPO/H is not; whereas DMPO/H
adducts are detected in irradiated Ar-saturated acid solutions
but DMPO/HO is not, indicating exclusive formation of HO•

and H•, respectively. In addition to DMPO adducts of HO• and
H• radicals, two other adducts were consistently detected.
These two signals were also present in the ESR spectrum of
DMPO in water prior to irradiation, as shown in Figure 4-c, and
are due to a DMPO adduct possessing a carbon centered
radical (DMPO/CCR: aN = 15.4 G, aH = 23.0 G); and an
impurity due to decomposed DMPO (DMPO.deg: aN ∼ 15 G).
The source of carbon centered radicals (DMPO/CCR) is
believed due to hydrolysis of DMPO, as reported in the
literature;36,56−59 the latter signal is due to N−C bond cleavage
and ring-opening.36,56,57,60 The mechanism of DMPO degra-
dation is provided in Scheme S2 in the Supporting Information.
In the present study, it is sufficient to recognize that these
signals are not due to the e-beam irradiation but, rather,
background signals.
By distinguishing the background signals from signals due to

the formation of new spin adducts, the sole formation of HO•

radicals in irradiated H2O2 solutions is established by the sole
presence of the DMPO/OH adduct (Figure 4-a) and the sole
formation of H• radicals in irradiated 0.01 M H2SO4 solution is
established by the sole formation of the DMPO/H adduct.
Note that since the H• radical can react with water to form
HO• (H•+ H2O → HO• + H2), it was necessary to add t-
BuOH to scavenge HO•40,42 and form a stable and
comparatively unreactive carbon center radical: C(CH3)3−
OH + HO• → (•CH2)−C(CH3)2−OH + H2O (k = 6.0 × 108

L.mol−1 s−1). The signal of this radical overlaps that of the
DMPO/CCR adduct formed from DMPO degradation, and
hence the intensity of the DMPO/CCR adduct in Ar-saturated
acid (containing t-BuOH) is higher than in its absence.
Increasing concentrations of t-BuOH were employed in order
to quench the HO• radical. We found that 0.5 M t-BuOH, as
suggested in earlier work,39 was not sufficient to capture all
HO• radicals: we therefore used 1 M t-BuOH for the exclusive
production of H• radical (Figure 4-b). A comparison of ESR
spectra of DMPO adducts in Ar-saturated acid with 0.5 and 1
M t-BuOH is shown in Figure S1 of Supporting Information,
demonstrating the need to use 1 M t-BuOH.
Solid State NMR of Nafion Membranes. MAS 19F NMR

spectroscopy was used to detect changes in ionomer structure
after exposure to H• and HO•. Figure 5 presents the spectra of
pristine Nafion 211. Peak assignments are based on a previous
analysis.61 Peak positions, line shapes, and error margins are
shown in Table 2.
The most intense signal occurs at −122 ppm which is an

overlap of different signals due to main chain CF2 units. The
difference in chemical shift values and line broadenings of the
deconvoluted spectra result from the varied distance of CF2
units from the branch point.34,61 The 19F resonance at −138
ppm is assigned to the CF group in the ionomer backbone to
which the side chain is attached, CF(m). The CF group in the
side chain, CF(s), appears at −144 ppm; the SCF2 group

appears at −118 ppm, and the two OCF2 groups and the CF3
group of the side chain overlap at −80 ppm. Deconvoluting the
signal at −80 ppm into 3 peaks with relative areas of 2:2:3
reveals the OCF2 groups (two signals with similar area) and
CF3 group (the peak with the larger area). Based on the
expected mobility of these groups, the narrower peak is
assigned to OCF2 near the end of the side chain (α-OCF2) and
the broader signal to the OCF2 near the branch point (β-
OCF2), in agreement with reported 19F−13C 2D NMR analyses
of Nafion 117.61

The absolute fluorine content associated with each fluorine-
containing unit before and after exposure to HO• and H• is
shown in Figure 6-a, and the percentage loss in fluorine content
is shown in Figure 6-b. For Nafion 211 exposed to HO• radicals
the concentration of main chain CF2 units (the sum of 5 peaks
with the estimation error ±1.5%) was unchanged. Also, no
change was observed in the main chain CF content at −144
ppm, confirming that the main chain of the polymer is
unaltered by HO•. In contrast, the side chain clearly degrades.
The largest change in fluorine content was observed for the side
chain SCF2 and α-OCF2 groups, which decreased by ∼16.5%
(see Figure 6-b). The CF side chain group concentration
decreased by 13%, similar to the change in CF3 content (13%).
A smaller change was observed for the β-OCF2 groups (10.9%).

Figure 5. Solid state 19F NMR spectrum (red line) and peak
assignment of Nafion 211. The deconvoluted spectrum is shown in
black.

Table 2. Deconvoluted 19F NMR Signals for Pristine Nafion
211

signal position [ppm] relative area width [kHz] G/La

β-OCF2 −79.9 2 2.01 (±0.2) 1
α-OCF2 −80.0 2 0.95 (±0.1) 1
CF3 −80.9 3 0.41 (±0.03) 0.3
SCF2 −117.6 2 0.46 (±0.04) 0.8
CF2 (n) −118.5 4 1.13 (±0.2) 0

−121.1 4 0.61 (±0.1) 0.4
−122.0 4 0.43 (±0.08) 0.4
−122.5 8 0.38 (±0.06) 0.4
−122.9 8 0.32 (±0.06) 0.4

CF(m) −138.8 1 1.47 (±0.05) 0.3
CF(s) −144.2 1 0.7 (±0.02) 0.6

aG/L: Gaussian:Lorentzian ratio in peak shape. For assignments see
Figure 5.
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For Nafion 211 exposed to H• radicals, the changes in
fluorine content were larger and different in nature. The SCF2,
α-OCF2, and CF(s) groups decreased at the same rate (∼22%
fluorine loss). The changes in other side chain units, including
CF3, β-OCF2, were slightly lower than this (∼19%). A
significant decrease was observed in the main chain CF(m)
content (19.2%), similar to that observed for the decrease in
CF3 and β-OCF2 groups, yet the decrease in main chain CF2
content was much smaller (3%). This is strong evidence that, in

contrast to HO•, H• attacks the main chain, and more
specifically, the main chain CF(m) branch point.

NMR Spectroscopy of Solution and Solid Residues. As
described in the Experimental Section, the solutions of
membranes exposed to H• and HO• were freeze-dried and
dissolved in IPA. 19F NMR spectra of the IPA-soluble
compounds are shown in Figure 7.
Exposure of Nafion to H• also yielded an IPA-insoluble

residue, which was subsequently analyzed by MAS 19F NMR
spectroscopy (see Figure 8).

Figure 6. (a) Fluorine concentration and (b) fluorine loss associated with each fluorine-containing unit in Nafion 211 before and after exposure to
H• and HO• radicals. The error margins of the data in (b) are similar to those in (a).

Figure 7. 19F NMR spectra of isopropyl alcohol-soluble residues after exposure of Nafion 211 to H• (black lines) and HO• (red lines). Peak
assignments and proposed fragments are indicated.
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NMR spectra of IPA-soluble residues from HO• radical
attack yield a signal at −127.3 for the fluoride ion, most likely
due to dissociation of HF, as previously proposed for the
soluble species of membranes exposed to Fenton’s re-
agent.18,27,31 Signals at ∼−118 ppm and ∼−80 ppm attributed
to fluorine next to SO3

− and O−C indicate the presence of
−OCF2CF2SO3

− fragments, consistent with the solid state
NMR data, which reveal a decrease in concentration of side
chain SCF2 and OCF2 groups. Peaks at −82.2, −82.9, and
−83.2 are due to CF3 units having different neighboring groups.
The strong peak at −82.2 ppm is assigned to fluorine in CHF3.
The IPA-soluble residues of membrane exposed to H•

provide different signals to the HO• reaction analogue. For
instance, the signal for F− is completely absent, and in addition
to OCF2 and SCF2 signals at ∼−80 ppm and −118.6 ppm, new
signals due to CF3 (−83.2, −84.2, −84.5), CF2 (−131.5), and
CF (−148.5) are observed. The signal at −111.2 ppm is due to
SCF2 signal in HCF2−CF2−SO3

−.
MAS 19F NMR of the solid residue of Nafion 211 after

exposure to H• radicals is presented in Figure 8. The spectra
possesses a number of peaks similar to that of the pristine
Nafion spectra shown in Figure 5, providing evidence that the
residues contain large fragments of the ionomer. However,
there are differences: the signal at ∼−118 is an overlap of 2
signals with different line widths (−116.8 and −117.2 ppm;
with the line width of 6.67 and 2.35 Hz, respectively). The
position of both peaks confirms the assignment of SCF2 groups,
but the presence of 2 peaks suggest the possibility for having
more than one compound. The narrow and broad peak could
be due to the SCF2 group attached to a small and larger
molecular structure, respectively. The signal at −80 ppm is
assigned to OCF2 and CF3 groups, but the relative ratio of the
peaks is different from that found in pristine Nafion. The signal
at −130 ppm is also an overlap of 2 signals which are not
present in Nafion. These peaks, and the peak at −121 ppm, are
assigned to CF2 groups in different environments. The peak at
−144 ppm is similar to that observed in Nafion and is assigned
to CF in the side chain.
ATR-FTIR Spectroscopy. The respective FTIR spectra of

the Nafion samples before and after exposure to H• and HO•

are shown in Supporting Information, Figure S5, together with

the peak assignments.62 A comparison of the spectra before and
after chemical degradation show a general decrease in intensity
of the C−O−C (960 and 980 cm−1), S−C (805 cm−1), and S−
O (1056 cm−1) stretching modes, similar to other reports on
ATR-FTIR of Nafion treated with Fenton’s reagent.31 At the
same time, an intensity decrease is detected for peaks at 1132
and 1196 cm−1 related to the stretching modes of CF groups.
The appearance of two new peaks upon exposure to H• and
HO• (1628 and 1692 cm−1) is attributed to CO stretching
modes, resulting from the formation of carbonyl or carboxylic
acid groups.38,63

Effect of H• and HO• on Membrane Properties. The
membranes remained colorless after exposure to radicals, were
homogeneously smooth, but mechanically more fragile. Table 3

lists the fluoride ion release, together with selected membrane
properties. The IEC decreased by 20.9% and 16.5% after
exposure to H• and HO•, respectively. These values are
consistent with that calculated from 19F NMR data. Water
uptake and proton conductivity decreased commensurate with
loss of IEC. Fluoride ion release, which is presumed to be due
to HF loss,18,27,31,64 for the membranes exposed to H• is almost
half that of the membranes exposed to HO•.

■ DISCUSSION
Selective Radical Generation. It has long been known

that exposure of water to high-energy radiation, such as β-rays
and γ-rays, results in the formation of hydrated electrons (eaq

− ),
which rapidly react with water to generate radicals.40,50,65,66 The
use of γ-rays necessitates long exposure times (3 h for doses of
100 kGy)39 while similar doses of β-rays require much shorter
irradiation times (5 min for 80 kGy using a 10 MeV e-beam
source). In addition, employing γ-rays, membranes are
invariable exposed to high energy irradiation. In fact γ-rays
are commonly used to produce radicals on polymer main
chains, allowing for their post modification, for example, the
preparation of graft copolymers.67−71 In contrast, it is relatively
straightforward to control the penetration depth of β-rays using
aqueous solution so as not to overexpose a substrate. In the
configuration used, while hydrated electrons and radicals are
produced in the whole depth of liquid exposed to the e-beam,
given the short lifetimes of HO• and H• (t1/2 = 10−9 s and 10−7

s, respectively)72−74 only radicals in the immediate vicinity of
the membrane react with the membrane. Hence, it is important
to reproducibly control the depth of penetration of the e-beam,
which we did so that <2% of the irradiation dose reaches the
membrane surface. The fact that different molecular residues
and mechanisms are observed in different solutions, and that no
degradation was observed when the penetration depth was
increased to 6 cm, indicates the observations are not the result
of direct irradiation but rather the result of radical reactions. It
is important to recognize that the radicals are transient species

Figure 8. Solid state 19F NMR spectrum of solid residues in solution
upon exposure of Nafion 211 to H•. Peak assignments and proposed
fragments are indicated. For more information on spectra
deconvolution see Figure S4 in Supporting Information.

Table 3. Fluoride Release, Ion Exchange Capacity (IEC),
Water Uptake, And Proton Conductivity (σH+) of Nafion 211
after Exposure to H• and HO•

radical
F− release
[mmol/g]

IEC
[mmol/g]

H2O uptake
[%]b σH+ [S/cm]

a 0.91 ± 0.01 35 ± 1 0.079 ± 0.001
HO• 0.51 0.76 ± 0.01 21 ± 1 0.059 ± 0.004
H• 0.28 0.72 ± 0.05 29 ± 1 0.061 ± 0.003

aPristine Nafion 211. bAt RT, fully hydrated membrane.
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and are generated in nonuniform concentration near, or at, the
membrane surface. It is therefore not possible to quantitatively
compare the rates of reaction of H• and HO• with the
membranes as the absolute relative concentrations are not
known. Nonetheless, qualitative information concerning the
mechanism of attack is still possible.
Side Chain vs Main Chain Degradation. Quantified

MAS NMR data indicated that no changes in the main chain
occurred upon exposure to HO•, at least to the extent that
16.5% of the side chain termini had been lost. This confirms
that the attack point by HO• is the side chain and not the main
chain. In contrast, upon exposure of Nafion to H•, in addition
to a 22% decrease in side chain termini, a 19.2% decrease in the
main chain CF(m) units was observed. The changes in the
other main chain signals, e.g., CF2(n), are, however, very small
(3%). This supports the assertion that the CF(m) branch point
is the main point of attack for H•, and that the CF2(n) units
remain largely unperturbed. The latter point also supports the
assertion that the changes in polymer structure observed are
not the result of direct β-irradiation but indeed the result of
radical reactions.
HO• Radical Generation: β-Irradiation vs Fenton’s

Reagent. Selective HO• radical generation by β-irradiation
provides an alternative, comparative method to Fenton’s
reagent for radical generation. NMR spectra obtained for
Nafion 211 after exposure to HO• generated by β-irradiation
are similar to those reported upon exposure to HO• radicals
generated by Fenton’s reagent.34 That is, no main chain
degradation is observed and side chain degradation is more
prevalent close to the ionic head groups rather than near the
branch point. The rate of loss of α-OCF2 and SCF2 units
(16.5% in this study) were similar, indicative of a first point of
HO• attack at α-OCF2, leading to cleavage of -OCF2CF2SO3

−

and/or −CF2CF2SO3
−. The extent of loss of β-OCF2 and CF3

is similar but lower than α-OCF2. These observations are
consistent with the likelihood that HO• radicals continue to
attack further up the side chain after cleaving the α-O−C bond
(as i l lustrated in Figure 9).34 Products such as
HOCF2CF2SO3

−, FCOCF3, HCF3, and F− found in the IPA-
soluble residues (Figure 7) are further confirmation of α-OCF2

bond cleavage, and β-OCF2 bond cleavage. The formation of
CO was observed by ATR-FTIR. The observed reduction in
IEC of the samples determined by titration (16.5%) is exactly
the same as that determined by NMR. These observations
together with the 19F solid state NMR data lead us to propose a
mechanism for HO• attack as illustrated in Figure 9. The
suggested mechanism anticipates the formation of
HOCF2CF2SO3

−, FCOCF3, HCF3, and F−, as observed in
Figure 7. It is also consistent with experimental work of
Danilczuk et al. on the formation of •OCF2R radicals obtained
by spin trapping the model compound, CF3CF2OCF2CF2SO3

−,
degraded by Fenton’s reagent,75 and consistent with the kinetic
study of Dreizler et al. on model compounds, in which they
conclude the point of attack by HO• radical is the α-O−C
bond.33

In Figure 9, we suggest that after the first HO• radical attack
carboxylic groups are formed on the side chain (as ATR-FTIR
also indicates), which primes it for another radical attack
causing unzipping of the side chain, similar to the mechanism
suggested by Curtin et al. for HO• radical attack on main chain
terminal −COOH groups that are present on nonchemically
stabilized PFSA ionomers.23

Mechanism of H• Radical Attack. There are no prior
experimental data in the literature pertaining to the mechanism
of H• radical attack on Nafion. The results of 19F solid state
NMR in this work reveals that H• attacks the main chain and
side chain. H• attack decreases the number of SCF2, α-OCF2,
and CF(s) groups by the same extent (22%) suggesting these
groups are cleaved by a common reaction step. CF3, β-OCF2,
and CF(m) units are also lost to the same extent as each other
(19.2%), also suggesting a common step. These data indicate
H• radical attack of C−F bonds in both tertiary carbons (see
Figure 6-b). The weakest of the C−F bonds in Nafion PFSA
ionomer is indeed the C−F in the side-chain bonded to the
ether group and the C−F bond at the branch point in the
backbone.18,25,32 The bond dissociation energy for CF(m) and
CF(s) is calculated to be 435.6 and 455.6 kJ/mol,
respectively.76 This information confirms the 19F MAS NMR
data of this work suggesting C−F bond attack at both main
chain and side chain, with higher possibility of reaction at the

Figure 9. Proposed mechanism of HO• radical attack on Nafion 211.
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main chain. •CF2−CF(CF3)−OCF2−CF2−SO3
− produced as a

result of H• radical attack on the main chain CF group, whereas
•CF2−CF2−SO3

− is produced by attack on the side chain CF
group, fragments that are detected by NMR analyses of IPA-
soluble and solid residues. The lower fluoride ion release rate
observed by ion selective electrode and 19F NMR analyses is
consistent with H• generating large fragments of degraded
ionomer. A mechanism that accounts for these observations is
presented in Figure 10, showing attack of the C−F bond in
CF(m) and CF(s) by H•. The mechanism indicates H• cleaves
the whole side chain with the formation of only 1 or 2 HF
molecules (depending on the reaction pathway), whereas HO•

attack forms 3 or 4 HF.

■ CONCLUSIONS

β-Irradiation of water was proven to yield exclusive formation
of HO• and H• radicals. This provides the first opportunity to
study membrane degradation in the sole presence of H• and
HO•. Exposure of Nafion 211 to HO• or H• radicals led to
chemical degradation but via different mechanisms, which was
explored by quantitative 19F NMR spectroscopy, ATR-FTIR
spectroscopy, ion exchange capacity, water uptake, proton
conductivity, and fluoride ion formation. HO• attacks the α-O−
C bond in the side chain, involving many reaction steps and
high F− release rates; H• radical attack occurs on the main
chain, almost exclusively at the CF branch point, in addition to
side chain bond cleavage, causing lower F− release rates.
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