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ABSTRACT: A novel setup based on electron paramagnetic resonance is used for the investigation of the
hydroxyl radical driven degradation on contact of gaseous hydrogen peroxide with sulfonated polyether-
ketones. This method is more sensitive than mass loss investigations and allows obtaining results 300 times
faster and with higher accuracy. Furthermore, it reveals detailed information about the character and amount
of paramagnetic intermediates formed during degradation. The spectra are composed of three signals which
are attributed to sulfonyl, phenyl, and phenoxy type radicals. Drying the membranes in the absence of
hydrogen peroxide leads to internal tension of the ionomer material and to bond breakage, and therefore also
to a small amount of radical defects. The presence of the peroxide at first leads to a linear increase in radical
concentration. The kinetics is compatible with a dissociative Langmuir type chemisorption process. With
progressing degradation time, a steady state is reached due to saturation of the surface and to radical
termination. It is accompanied by cross-linking the polymer and increasing its brittleness. The surface layer
then breaks off and leaves the sample in pieces (peel-off effect), providing a significant mass loss at random
times. Between the two studied commercial membranes, sulfonated poly(phthalazinone ether ketone) was

found to be more inert toward hydroxyl radicals than sulfonated poly(ether ether ketone).

1. Introduction

After 40 years of development of polymer electrolyte mem-
brane fuel cells (PEMFCs), high costs, the limited efficiency of the
catalysts, and the insufficient stability of the membranes are still
the main points of concern. Membranes face very harsh condi-
tions in the working fuel cell, such as locally very low pH,'
mechanical stress because of inhomogeneous temperature, gas
and humidity distribution as well as radical attack by side
products of the electrocatalytic reactions. Hydrogen atoms
("H), hydroxyl ("OH) and hydroperoxyl ("OOH) radicals exist
in relatively low concentrations” and are assumed to be respon-
sible for chemical degradation. Methods for quantitative inves-
tigation of these processes are currently being developed.

In situ measurements in working fuel cells provide an overview
over the relevant steps of degradation but only very few allow
distinguishing individual processes.” To simplify the complex
situation it seems promising to study reactions of individual
components, especially radical attack on bare membranes. Con-
ventionally, this is done using hydrogen peroxide and produce its
radical cleavage product, *OH. Radicals were reported to be
formed in a zero-order reaction of H,O, on solid surfaces
(polymer membrane, quartz glass tube) at temperatures higher
than 60 °C.*

So far, degradation was studied using several quantitative
methods, mostly by exposure to hot, liquid hydroperoxide
solution,” but it was also shown that dry membrane conditions
represent much harsher conditions regarding oxidative che-
mical degradation with hydroperoxide.® One of the methods
involves the measurement of the mass loss of membranes, which
is very time-consuming, and even special overnight drying pro-
cedures cannot fully avoid significant weighing errors.” Other
work involved detailed chemical product analysis.® Electron
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paramagnetic resonance (EPR) is a well-known method allowing
the identification of paramagnetic intermediates, also in the
context of fuel cell membranes.” In investigations of ionomers
it reveals the sites of preferential radical attack. Spin trap EPR
with an in situ fuel cell in the resonator of the spectrometer has
been used to demonstrate radical formation, including *OH, in a
running fuel cell.>* Using a double resonator setup, EPR permits
spin quantification,'® which allows the determination of the
radical concentration and leads to a time-resolved picture of
radical formation and termination depending on measurement
conditions and material structure. On this basis, strategies to
extend the stability of membranes can be developed. So far, most
of the work concentrated on perfluorinated ionomers.

Here we report a rapid EPR test for fast and quantitative in situ
monitoring of radical defect formation on two nonfluorinated
sulfonated hydrocarbon membranes under the influence of hy-
drogen peroxide vapor at variable temperature and humidity. It
simulates the radical driven membrane degradation by *‘OH
radicals in a working fuel cell. The membrane samples are
conditioned before exposing them to gaseous hydrogen peroxide
by bubbling nitrogen through a 3% aqueous solution at 5 °C.
Relative to air the nitrogen atmosphere increases the lifetime of
free and membrane trapped radicals and conserves their nature. In
air, carbon-centered radicals are known to be trapped by dioxygen
under the formation of peroxy radicals. The present study leads to
an unexpected insight into the mass-loss mechanism.

2. Experimental Section

2.1. Setup. The central element of the degradation setup
shown in Scheme 1 is a double-walled quartz glass cylinder,
the outer tube (inner diameter 8§ mm) of which is used for heating
by a flow of temperature-controlled nitrogen. The inner tube
(inner diameter 4 mm) has a small nib to hold the polymer
sample stripes in place. Water vapor or hydrogen peroxide
vapor is fed in from the top via a second, continuous nitrogen
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Scheme 1. Schematic Sketch of Rapid Test Setup
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flow. Condensed liquid drips out at the outlet, and gaseous
degradation products escape. Temperature inside the reaction
chamber was measured using a sensor placed in the gas flow
close to the sample.

Humidification is set by a humidifier that is controlled by a
thermostat which cools the liquid (water or hydrogen peroxide)
in the reservoir to 5°C. A nitrogen flow of 0.4 L-min ' saturates
to maximum humidity (dew point: 5 °C) while passing the
humidifier. This gas flow enters the reactor, where it is heated
up to 65 or 80 °C, corresponding to 3.5 and 1.8% relative
humidity (r.h.), respectively. At this low humidity water does
not condense in the reaction chamber. This is essential for EPR
spectroscopy, because water dissipates microwaves strongly,
thereby reducing the sensitivity of the experiments.

For all measurements the membranes were first conditioned
by passing the nitrogen through plain water. After a few hours,
the treatment was switched to hydrogen peroxide solution.

2.2. Investigated Materials. Two polyaromatic membranes,
s-PPEK and s-PEEK from FuMaTech, were investigated in the
present work. Complementary measurements were carried out
with two additional, related materials to support the assignment
of the observed radicals. Table 1 shows the chemical composi-
tion and physical characteristics of the samples. Following the
recommendation in the data sheets!' both samples were condi-
tioned in 10 mL of 0.5 M sulfuric acid per 10 mg polymer at
80 °C. After 3 h they were taken out, rinsed with water and
stored in demineralized water at room temperature.

When the samples are treated with hydrogen peroxide solu-
tion (30%, Perhydrol p.a. from Merck, diluted to 3 wt % with
doubly distilled water) at 65 or 80 °C for more than 5 h, they
became darker in color; the yellow P 730 turns brown, while the
brown E 730 darkens.

2.3. Polymer Analysis. Although the method was developed to
monitor membrane degradation more rapidly than by mass loss,
the weight of all samples was checked after different periods
of time. To identify molecular changes on the membrane dif-
ferent analytical methods were applied. For distinction between
main chain attack and side chain cleavage (Scheme 3), mea-
surement of the equivalent weight and elemental analysis were
used.

2.3.1. Mass Loss and Equivalent Weight Measurements. To get
a quick overview over mass loss dependence on degradation
time, all fully proton exchanged samples were dried in an air
conditioned room (23 °C dew point, 30% r.h.) and weighed
before and after the experiment using a Sartorius E 214S
balance. The samples (~4 mm x 50 mm) had typically a mass
of 10 mg. Mass losses higher than 0.2 mg are reliably detectable.

The equivalent weight (EW), a common and easily measurable
characteristic of membrane samples, is given in grams polymer per
mol of sulfonic acid groups. It influences the degree of water
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Table 1. Chemical Composition and Physical Characteristics of the

Samples
Polymer type Appearance EW (g'mol ") Molecular weight, glass transition
and temperature
thickness (pum) and
(literature '/ chemical structure
measured)

s-PEEK brownish 700/820 >50000 g/mol, Tg=150-160 °C
sulfonated poly- | transparent, and . OH o
etheretherketone | flat 30/30

E730 "2 o °

s-PPEK >90000 g/mol, T4=220-240 °C

sulfonated poly- Hos © sop
yellowish 700/680 o °
phthalazinone © W © ©
transparent, and e
etherketone o
flat 30/30
P730 "2
white film °
PEEK and © © ©
of different ©
20-100 °
thicknesses
yellowish E@w
PSU and N I
transparent :
50

uptake and swelling of fuel cell membranes. Furthermore, it
changes significantly when sulfonic acid groups are cleaved off
or blocked by metal ions during the preparation procedure or in
ionically cross-linked materials. Because of this blocking one
distinguishes between the so-called TEW (total EW, all sulfonic
acid groups) and the AEW (available EW, only free, protonated
sulfonic acid groups).

For averaging out sample inhomogeneity, all investigations
were performed on three membrane pieces following instruc-
tions in literature.'> The EW was measured by titration of
the membrane with sodium hydroxide solution and calculated
using eq 1:

EW =
dry weight of membrane [g]
added volume (NaOH) [L] x concentration (NaOH) [mol-L"]

(1)

The end point at pH = 7 was determined using a pH sensitive
electrode.

2.3.2. X-Band EPR. All investigations were performed in a
double resonator of the Bruker EMX 10127 X-band spectro-
meter at | G modulation amplitude. The microwave power was
varied (0.1, 1,or4 mW, and 100 mW for special measurements at
high power) based on the conditions in the cavity. An ultra-
marine blue sample of known spin concentration (3.0 x 10'®
spins cm ™~ ') was placed in one of the resonators and measured as
a standard simultaneously with the samples.

2.3.3. Data Analysis. For handling the high data rate the C++
based data analysis package “Root”'* and its MINUIT mini-
mization library were adapted and used for automatic fitting of
Lorentzian functions and area calculation of EPR lines. For the
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Figure 1. EPR signal of s-PEEK (E 730) after 15 h hydrogen peroxide
treatment at 80 °C measured at 4 mW (broken line) and 100 mW (full
line) microwave power.

given signal-to-noise ratio fitting Gaussian line profiles did not
lead to significant improvements of the fits.

Comparing areas of sample and reference spectra with each
other and dividing by the membrane mass permit the calculation
of the radical concentration in the sample. Origin 8.0'> was used
to fit the increase of radical concentrations with time.

3. Results and Discussion

3.1. Type and Origin of the Signals. 3.1.7. Signal Char-
acteristics. Figure 1 shows the EPR signal of s-PEEK (E 730)
after 17 h of hydrogen peroxide treatment. It is stable
and remains detectable in inert atmosphere for more than
1 week at —70 °C and for more than 100 h at +-80 °C. With its
shoulder on the left and the broad negative part of the signal
it is asymmetric but does not have the typical anisotropic
powder pattern line shape. This suggests the signal represents
a superposition of different species.

In such a situation the presence of different species can often
be distinguished based on their different relaxation times.
Therefore, various microwave powers were applied, as de-
monstrated in Figure 1 for the example of E 730 (s-PEEK).
The strongest saturation effect is shown by the center line,
because its intensity decreases with increasing microwave
power. The other two lines change their intensity only slightly,
which means they are in the saturation region as well at
100 mW, but the saturation is weaker. Because of the different
saturation behavior it is concluded that the EPR spectrum
represents a superposition of three coexisting radical species.

The overlap of lines impedes the determination of g values
directly from the graph. Therefore, a set of the three Lor-
entzian functions was fitted to the spectra (Figure 2) to
obtain g values, line widths and areas from the parameter
output.

3.1.2. Comparison of the Membranes. Figure 3 shows the
EPR spectra of s-PEEK (E 730) and s-PPEK (P 730) after
around 20 h of hydrogen peroxide treatment at 80 °C. Both
signals are superpositions of three lines, but their intensity
ratio is different for s-PEEK (E 730) and s-PPEK (P 730).

To exclude any saturation effects the fitting of the Lor-
entzian functions was to the spectra obtained at 0.1 mW. The
g values are roughly equal for the two membranes (Table 2).
It is therefore concluded that both membranes degrade via
the same intermediates and mechanisms, which might have
been expected as their chemical structure is similar. The
isotropic nature and low line width of the signals indicates
effective averaging of g anisotropies as a consequence of high
chain mobility in the polymer at 80 °C. At room temperature,
the spectra of, e.g., phenoxyl type radicals are far broader
and show resolved components of the g tensor.”'®
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Figure 2. 4 mW spectrum obtained with s-PEEK (E 730) from Figure 1
(black), with fitted lines of three species (gray, solid line) and sum of
fitted lines (gray, dashed line).
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Figure 3. EPR spectra of s-PEEK (E 730, black) and s-PPEK (P 730,
gray) after 18 h hydrogen peroxide treatment at 80 °C measured at 4 mW.

Table 2. Fit Results: g Values and Line Widths for s-PEEK (E 730)
and s-PPEK (P 730)

parameter signal 1~ signal 2 signal 3 errors
s-PEEK g value 2.0016 2.0034 2.0071  £0.0001
line width (G) 3.4 5.2 6.2 +0.1
s-PEKH g value 2.0016 2.0038 2.0062  £0.0001
line width (G) 3.4 6.9 7.6 +0.1

The two membrane types deviate in the ratio of ether to
ketone groups, the EW value and most of all the phtalazinone
bridge, which is only present in P 730 (s-PPEK).'*> Mem-
branes with and without phtalazinone show the same signals,
so the phtalazinone element does not form distinguishable
EPR active products under the influence of hydrogen per-
oxide vapor and does probably not take part in the radical
degradation mechanism. It has to be investigated whether
differences in signal intensities can be directly correlated to
differences in the ratio of ether and ketone to sulfonic acid
groups, for example whether the amount of double-ether
units in s-PEEK (E 730) is the reason for the nearly doubled
intensity of the main signal with intermediate g. An answer to
this question requires the identification of the signals.

3.1.3. Suggested Origin of the Signals. According to the
chemical structure (Scheme 2), degradation is possible by
attack at different positions. The *OH radical as a well-known
oxidation agent acts as an electrophile. Therefore, positions
of high electron density are preferred for radical reaction.
Arrows in Scheme 2 show the possible sites of attack.

Electrophilic *OH attack at position a: The radical adds to
the substituted ring carbon and delocalizes its unpaired elec-
tron within the 7 system via formation of a cyclohexadienyl
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intermediate. Breaking the ether bond restores the aromatic
system on one side and leads to an oxygen centered phenoxy
radical at the other fragment. g values around 2.0033 and
hyperfine splitting into a multitude of lines with H(1) splittings
around 34 G are expected for cyclohexadienyl radicals.!”

The sulfonic acid group with its pK, of —2.6 has a strong
tendency to dissociation. Therefore, ion pairs will be formed
as soon as water in the membrane material allows solvation
of the protons. No matter whether *OH radicals attack the
sulfonic acid groups (b) by hydrogen abstraction or at sulfur,
the resulting radical will have electron density distributed
between the oxygen and sulfur atoms. This detected g value is
higher than for pure oxygen centered species, for example
2.007, and supports the proximity to sulfur. Following this
(b), the sulfur remains attached to the polymer. By radical
substitution at position ¢, instead, the sulfonic acid group is
expected to dissociate from the polymer, which leads to
phenol and a free sulfonic acid radical. The latter is normally
washed out and detected in product water.

As elemental analysis does not show any changes in the
ratio of carbon to sulfur, the side chain cleavage (¢) does not
seem to take place to an extent that is detectable by this
method of limited sensitivity.

‘OH addition at the planar carbonyl carbon center (d)
leads to an oxygen centered localized radical in the polymer
structure. Further reaction via bond-break forms a car-
boxylic acid on the one and an o carbon-centered o phenyl
radical on the other side. The acidic end group represents a
product of backbone cleavage that is well-known in
literature'® for perfluorinated samples like Nafion.

If radical addition takes place at the ring (e), the cyclohex-
adienyl species (compare a) may terminate either via dispro-
portionation or via cross-linking with another chain defect.

Scheme 2. Possible Sites of “OH Radical Attack on Sulfonated
Poly(ether ketones) (s-PEK)
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Cyclohexadienyl radicals were so far not detected in the
present systems, perhaps due to the multiline hyperfine split-
ting or also because of too low concentration or too short
lifetime, while in earlier EPR experiments with model com-
pounds in aqueous solution they were clearly observed.'”

The degradation species of poly(2,6-dimethyl-1,4-phenyl-
ene oxide) (PPO), which has a structure similar to that of
s-PEK, were investigated previously.?® The results support
participation of reactions a and b. PPO was also proposed as
a backbone for polymer membranes in fuel cells.'* A decay
mechanism analogous to the one proposed for PPO is
illustrated for s-PEK in Scheme 3.

The polymer main chain consists of an analogous back-
bone structure of ether-bridged aromatic rings. Ketone
groups in s-PEK can give additional EPR signals on oxida-
tive degradation, but their —M (mesomeric electron with-
drawing effect through delocalized systems) and —1I (induc-
tive electron withdrawing effect through o bonds) effects are
not expected to influence radical formation at ether groups
on the remote side of the aromatic ring. Furthermore, the
inductive effects of the methyl substituents of PPO (denoted
here “side chain”) are weak and negligible. In comparison,
the sulfonic acid substituents have a dominating +M-effect
which stabilizes & radicals. Therefore, with the exception of
the sulfur center, the same radicals are expected in s-PEK
as in PPO but perhaps in higher concentration because of
stabilization.

For PPO a radical driven, photo-oxidative degradation
mechanism has been described:*® A reaction a’ similar to a
(Schemes 2 and 3) was found to represent the main channel.
By chain cleavage it leads to phenoxy radicals (poly(2,6-
dimethylphenoxy), PDMP) showing a multiplet at g =
2.0049. The line splitting is caused by f hydrogen atoms of
neighboring methyl groups, which are absent in s-PEK.

Hence, EPR active phenoxy radicals (PDMP) are formed
from PPO. PDMP forms byproduct of yellow color.?! The
darkening of the investigated s-PEK materials is a strong
indication for the formation of phenoxy radicals with de-
gradation time. For the more common and better investi-
gated perfluorinated membranes like Nafion, main chain
scission has been described.??> There, radical attack is as-
sumed to occur next to the ether bond®® which is a prefer-
ential position of attack in s-PEK as well.

Scheme 3. Possible Sites of Radical Attack on PPO?° (Left) and Sulfonated Poly(ether ketones) (Right)
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Figure 4. Signals of s-PEEK (E 730, black), sulfonated polyether (PSU,
light gray) and PEEK (gray) at 4 mW microwave power and 80 °C.

While PDMP gives a split signal at g = 2.0049, the s-PEK
phenoxy radical can be assigned to the detected unsplit signal
near g = 2.0036. In organic z-type radicals, g values higher
than g. generally arise from increased spin—orbit coupling of
the electron on heavier atoms. Values >2.0030 indicate
some admixture of oxygen orbitals, and 2.0049 is typical
for phenoxy radicals.

By the same attack at the ether bond (a and a’ in Scheme 3)
the formation of phenyl radicals is suggested. They were not
discussed by Scoponi et al.*” as they were not detected. For
s-PEK the lowest g value is assumed to belong to the phenyl
radical. Its o character legitimates the g value of 2.0016 which
is lower than that of the free electron.?

Other attacks occur at methyl groups (“side chain” of
PPO, b’ in Scheme 3). For PPO the resulting benzyl-type
radicals have been verified by the spin trap technique.
Assuming formally the same position of attack on the “side
chain” (here the sulfonic acid group) of polyetherketones
(b in Scheme 3) the reaction would occur under formation of
sulfonyl (ArSO;°) radicals. Sulfonyl & radicals show stron-
gly structure dependent g values®** in the range between
2.005 and 2.010,?° which includes also the measured value
of 2.0068. It is assumed that the measured signals near g =
2.007 are related to sulfur centered radicals derived from
sulfonic acid.

It is noted that a recent review on thermal degradation of
PEEK membranes?’ also expects the ether and ketone chains
to break via formation of phenoxy and phenyl radicals.
Pinteala et al.'® proved this by spin trapping EPR experi-
ments following UV irradiation of hydrogen peroxide in the
presence of s-PEEK polymer.

3.1.4. Additional Experiments Supporting Radical Assign-
ment. In support of the above considerations based on
literature two further experiments were performed with
polymers containing in part the chemical building blocks
which are expected to give the EPR signal (see Table 1).
PEEK (pellets by Victrex, molten to a film at 400 °C) which
unlike s-PEEK (E 730) does not carry any sulfonic acid
groups was used to distinguish the existence of sulfur cen-
tered radicals. Sulfonated polysulfone-ether (PSU) was cho-
sen because it contains sulfone groups and dimethyl bridges
in place of ketone groups. The film thicknesses were similar
to those of the membranes (30 um), but reactions are
expected to take place in the outer 2 um near the surface.”®

Figure 4 shows the signals of s-PEEK (E 730), PEEK, and
PSU. The black line represents the s-PEEK (E 730) spectrum
with g values of 2.0070, 2.0036, and 2.0016. The dark gray
line for PEEK shows only the lines with g values of 2.0035,
2.0019, while the high-g shoulder is missing. The light gray
line of PSU shows again all three lines (g = 2.0070, 2.0040,

Vogel et al.
0.2
5G

0.1
2
2
£0.0
£

-0.14

-0.24

2.010 2.005 2.000 1.995
gvalue

Figure 5. EPR signal of s-PEEK (E 730) after 2 h treatment in dry
nitrogen at 80 °C measured at 4 mW.

and 2.0012) but the ratio of the intensities is different to that
observed with s-PEEK. The line positions of s-PEEK, PEEK
and PSU agree roughly, indicating that they belong to the
same species.

Assuming that s-PEEK forms carbon centered phenyl
(g = 2.0016), oxygen centered phenoxy (g = 2.0036) and sul-
fur centered sulfonyl (g = 2.0070) radicals, several conclu-
sions for PEEK and PSU can be drawn: (i) The fact that the
high-g shoulder is missing in PEEK that does not contain
sulfonic acid groups supports that the corresponding signal
in s-PEEK is caused by the sulfonic acid group derived sulfur
centered degradation products (e.g., ArSO," radicals near
g = 2.0070). (i) PSU gives nearly the same signal as s-PEEK
although it does not contain any carbonyl groups. Therefore,
the resonances near g = 2.0040 and g = 2.0016 must result
from the reaction products of ether cleavage which are
phenoxy radicals at g = 2.0040 and phenyl radicals at g =
2.0016. Both are in the same range as observed for s-PEEK.
Small deviations are caused by the structural differences in
the polymer which influence radical centers via the deloca-
lized 7 system.

3.2. Time Dependence. 3.2.1. Strain-Induced Degrada-
tion. During EPR investigations it was found that mem-
branes stored under dry conditions at room temperature for
some weeks already showed an EPR signal. This is detected
without any hydrogen peroxide contact and is thus of lower
intensity (compare Figures 1 and 5). The signal disappears
immediately after wetting the sample, and also after some
hours of oxygen contact.

To clarify this effect, a piece of membrane was kept in
demineralized water at room temperature for at least 2 h,
taken out, gently wiped and fixed in the reactor at 80 °C. By
drying the sample in a flow of nonhumidified nitrogen a
signal appeared which saturated with time (Figures 5 and 6).
The spectra are very similar to those resulting from degrada-
tion in hydrogen peroxide, but the line intensities and there-
fore the relative concentrations of species are different. The
sulfur centered species does not seem to contribute, and the
ratio of carbon to oxygen centered radicals is much lower
than after reaction with hydrogen peroxide.

The formation of these radical defects is still observed
when the sample is treated in slightly humidified nitrogen
(1.8% (80 °C) and 3.5% (65 °C) r.h.). Several series of
measurements showed that this nonoxidative degradation
depends very strongly on the relative humidity, but hardly on
temperature. This observation suggests that the radicals arise
from chain rupture due to strain arising within the polymer
during shrinking. This process has been observed many years
ago by stretching golymers in an EPR cavity and measuring
resulting defects.” In a humid environment, water uptake
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Figure 6. Development of spin concentration ["[MOH] on the s-PEEK
(E 730) membrane in dry nitrogen followed after 13 h by 3% hydrogen
peroxide vapor at 65 °C.

“lubricates” the chains and helps to release the mechanical
strain. The fact that the shoulder at g = 2.0070 correspond-
ing to sulfonic acid derived radicals is missing is in line with
expectation, since the sulfonic acid groups are not influenced
by strain in the main chain.

Also Meyer et al.*® have described such behavior for
sulfonated polyimide membranes in a working fuel cell. They
suggested two competing degradation mechanisms, oxida-
tion by radicals and a thermally activated process. Higher
water contents in the microstructure allow partial recombi-
nation of broken polymer chains. Additionally, swelling—
deswelling cycles reduced the lifetime of sulfonated poly-
imide by a factor of 4, while Nafion lost as much as a factor of
200. The ratio of strain induced to chemical reaction induced
spin concentration depends on the type of material and on its
history. This was described for Nafion by Onishi et al.” who
found that much misinterpretation occurs when the polymer
is insufficiently conditioned before analysis. The hydropho-
bic PEEK polymers, in contrast, do not show swelling and
therefore do not lead to internal strain. However preferred
positions for bond rupture on ether and ketone bridges were
demonstrated by mass spectrometry.?’ This is another hint
for the weakness of these bridges, which obviously break
easily either by internal or external forces.

Thus, even though strain induced degradation is not yet
completely understood, its contribution to the overall spin
concentration on the polymer has to be taken into account.

Figure 6 shows the time dependence of radical signals
observed with s-PEEK (E 730) after storage in water. During
the first 13 h in a dry nitrogen flow the spin concentra-
tion increases up to a saturation value [M]yax sirain Of about
0.5 x 10'7 g~'. Addition of hydrogen peroxide then leads to
pronounced increase to a new saturation value [M]yax, a
factor of 3 to 8 higher than [M]yax strain-

3.2.2. Chemical Degradation. Radical degradation signals
are first observed after about 5 min of hydrogen peroxide
treatment, but no mass loss was detectable even after
24 h. Therefore, the sensitivity of EPR is higher by a factor
of ~300 than that of weight loss determination.

Figures 7 and 8 show the signal development with time
quantified by fitting the EPR signals and calibration against
a spin standard. All measurements were carried out under
the same conditions so that the relative errors are close to the
lower possible limit of 10%.>'

Two criteria can be used to analyze a measured curve: (i)
the gradient of the spin concentration near time zero repre-
sents the initial rate R of radical formation and is a direct
measure of the chemical inertness of the polymer. (ii) The
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3% hydrogen peroxide vapor in N at a flow of 0.4 L min~". The solid
curve represents the fit of eq 8, the dotted curve the fit of eq 10, the
dotted line at the top the maximum spin concentration [M]max chem-
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Figure 8. Development of spin concentration ["[MOH] obtained with
s-PPEK (P 730) in 3% hydrogen peroxide vapor at 80 °C (filled squares)
and 65 °C (open squares) at a nitrogen flow of 0.4 L min~'. The sym-
bols represent the experimental data, the solid curve the fit of eq 8, the
dotted curve the fit of eq 10. The dotted line on the top represents the
maximum spin concentration [M]max chem-

Table 3. Initial Rate R of Radical Formation and Maximum Spin
Concentration Observed with s PEEK (E 730) and s-PPEK (P 730)
(Estimated Without Fitting from Figures 7 and 8)

[M]max,chem /1017 R/1016
sample T/°C spins g~ ! spins g '-h7!
P 730 80 1.7 3.4

65 2.8 4.0
E 730 80 24 4.0
65 4.9 2.0

maximum spin concentration, [M]yax.chem, represents the
balance between radical formation and termination. These
parameters are independent of any detailed kinetic model
and obtained qualitatively directly from the measured curves
in Figure 7 and 8. Table 3 shows the results for s-PEEK
(E 730) and s-PPEK (P 730) at 65 as well as 80 °C.

The values show that the rates of radical formation are
close to a factor two larger for E 730 at 65 °C, and in the
same range at 80 °C, thus P 730 appears to be chemically
more inert. Furthermore, the saturation spin concentration
[M]iax.chem Of both samples is lower at 80 °C than at 65 °C,
although saturation is not reached in the experiments so that
these numbers have a large error. While this qualitative
evaluation is quick and its interpretation straightforward it
is desirable to find an accurate fitting expression for a safer
and more detailed interpretation. This is undertaken in the
following paragraph.
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3.2.3. Development of a Kinetic Model. We start with a
historic mechanism where the behavior of hydrogen perox-
ide on surfaces, also those of polymers, was described by a
dissociative Langmuir mechanism®? (Scheme 4a, eq 2):

k k
HO — OHyy + M+M == HO ~ Oy, v +M ==

-1 k-

(2)

KRec.

ke
HO — OH,q, om Zj 2’MOH P,
‘-3

A hydrogen peroxide molecule from the vapor (HO—
OH,,) adsorbs on the membrane, occupying at first one
free site at the membrane surface (k). Since the interaction is
weak, the molecule can redesorb (k_;). Adsorption is com-
pleted as soon as the second oxygen atom of the peroxide
succeeds in finding a second membrane binding site (HO—
OH, 45.om) for adsorption (k;, k). This double adsorption
weakens the peroxide bond and promotes homolytic bond
cleavage (k3) of the peroxide (Scheme 4a, eq 2). Thereby, a
pair of membrane-bound EPR active species ‘"MOH is
formed. Termination of radical species is possible either by
back reaction (k_3) or by recombination or disproportiona-
tion of two neighboring radicals (k).

This model involves seven rate constants and the concen-
trations of various reactant, intermediate and product spe-
cies. Considering that a single species is observed as a
function of time it is impossible to solve for all unknowns.
This calls for rigorous simplifications, which are described in
the following.

When the radical mobility on the surface is high enough,
radicals can terminate by recombination or disproportiona-
tion to diamagnetic products (Pg;,, Scheme 4b). This be-
comes important only when the surface is almost fully
covered,*” and it is neglected in the present context as the
degree of coverage is quite low (compare calculation in
section 3.2.5). Radical termination is taken into account by
the last term of eq 2. The overall reaction is described by the
following differential equations:

d[HO - OH],,,
dr B
- kl [HO - OH]gas [M} k- 1 [HO - OH]ads, M (3)

d [HO - OH] ads, IM

= ki[HO — OHJ, [M]

ds
— k-1 [HO — OH], 4, 1 — k2[HO — OH], 4, 1y [M]
+ k- 2 [HO o OH} ads, 2M (4)
dMOH
% = 2k3[H200],4, om — 2(k -3 + ky)'MOHJ? (5)

Since hydrogen peroxide is replenished permanently
by the gas flow its concentration is constant, and d[HO—
OH]g,s/dt = 0.

The rates of the partial reactions 3 and 5 depend on the
concentration of unoccupied membrane sites [M]. For
chemisorption according to the Langmuir model this
concentration is given by the maximum concentration of
free membrane sites, [M],ax, reduced by the concentration
of surface radicals, "M OH]. Therefore, [M] is given by [M] =
[Mlnax.chem — [[MOH] and its derivative is d[M]/dz =
—d["'MOH]/dr.
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Scheme 4. Suggested Reaction Pathway between Hydrogen Peroxide
and Membrane Surface: (a) Adsorption Equilibrium and Hydrogen
Peroxide Dissociation; (b) Radical Termination

a) HO-OHgas

i
HO'OHads,IM Kk H,O'O,Hads,zm Kk
2 -3

b)

As long as only ["'MOH] is observed, the back reaction
(represented by k_5), and termination (represented by k4) are
kinetically indistinguishable. We therefore subsume both pro-
cesses in kt. With these considerations, eqs 3 and 5 become

d[*MOH]

dt - kt‘)t([M]ma.x ,chem [.MOH])Q - 2kT [.MOH]Q
(6)
with
2k koks [HQOQ] s
kot = e (7)
2k]k3[H202}gaS +k_1k_»

Solving this differential equation for the boundary condi-
tion ["'MOH], = ¢ = 0 gives

[ MOH]
_ Kot M, chenn” (€xp[2€21] = 1) -

N Q
ktOt [M]max ,(:hCln(eXp[QQl] - 1) +§(6XP[QQI] + 1)

with

Q== 2[M]max ,chem V kt‘OtkT (9)

Only the positive values of Q are physically relevant. For
kt = 0,eq 8 becomes trivial "MOH] = 0), and in the limit of
kt— 0 eq 8 simplifies to

[M]max chem[
S (10)

e
2kion[M]

max , chem

[MOH] =

[M]max.chem 18 the total number of sites for radical attack at
the membrane surface. Assuming that the material is homo-
geneous its value is characteristic and therefore fixed for one
batch of membrane. "MOH] equals the observed spin con-
centration at time 7 of hydrogen peroxide treatment.
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Table 4. Results of Fits of Eqs 8 and 10 to the Time Dependent Spin Concentrations of s-PEEK (E 730) and s-PPEK (P 730)

[M]max‘strain/lol() [M]max,cllen'l/lol6 ktot/10719 g kT/IO719 g Zktot[M]zmux.chem/1016
sample T/°C spins g~ spins g ! spin”"h™' spin 'h™! spinsg '-h!
P 730 80 6.1+0.3 48 (fix) 1.2+0.1 0.7+0.2 54403
65 103+1.4 48 £ 1 1.3+£0.2 —0 6.2+0.8
E 730 80 23£09 29 (fix) 29+£0.1 2.1£0.5 4.7+£0.2
65 8.6+1.9 29+1 1.6+0.1 —0 25+£0.2

Fitting eq 8 to the data sets leads to the following behavior:
For the measurements at 65 °C, the termination rate kt tends
toward zero. This means that no recombination occurs, and
therefore eq 10 can be applied. The saturation behavior
of the kinetic curves at [M]iax chem 1S in this case given solely
by the Langmuir kinetics. For the measurements at 80 °C kt
is not close to zero. It is therefore necessary to use eq 8§ which
contains one parameter more than eq 10. The parameters,
particularly kt and [M]yax.chem, are highly correlated and
therefore imprecise. As per definition [M]ax.chem 1S cOnstant
for a given type of membrane, its value was taken from the
65 °C data. This allows the remaining variables (k. and k)
to become more precise.

The gradient of eq 8 at + — 0 is given by 2k
[M]Zmaxychem. It represents the rate of radical formation at
time zero (R in Table 3), which is a good parameter to judge
the membrane inertness against radical attack.

The introduced kinetic model is based on the Langmuir
description, which results in the square dependence in eq 6.
Another model which has no restriction on available reac-
tion sites at the surface was also applied but matches the
curvature of experimental data significantly less well. This
may be taken as first evidence that the Langmuir model is
correct. Nevertheless, several uncertainties remain. In parti-
cular, itis not possible to determine separately all parameters
contained in k., This is a consequence of the fact that
['TMOH] is the only observable quantity. The fit results for
the two membranes are given in Table 4.

3.2.4. Ratio of Strain Induced Degradation to Chemical
Degradation. The maximum spin concentration generated by
strain induced degradation ([M]ax strain) 18 @ factor of 3—12
lower than the one caused by degradation with hydrogen
peroxide ([M]max.chem)- This factor is expected to depend on
the material under investigation and on humidity.

By increasing the temperature from 65 to 80 °C, the
number of strain induced radicals, ([M]mnax strain)» 1S reduced
by a factor of 2 for s-PPEK (P 730) and by a factor of 3 for
s-PEEK (E 730). Explanations for this behavior consist in
different strain built up in the polymer chains. The two
polymers vary in their glass transition temperature by
roughly 70 °C (Table 1'"). As this parameter increases with
higher molecular weight (compare Table 1) and reduced
mobility of the polymer®® it can be concluded that there is
enhanced sterical strain for s-PPEK (P 730) with its planar,
rigid phtalazinone bridge. Higher temperature and therefore
smaller relative humidity at the same composition of the
treatment gas cause shrinking of the polymer and support
chain cleavage. For E 730 the chain tension is expected to be
lower than for P 730 because of higher flexibility and
possibility for chain reorientation. Therefore, the influence
of relative humidity is stronger for this material.

In general the spin concentrations for s-PPEK (P 730)
are higher than for s-PEEK (E 730). In relation to the
investigations by Meyer et al.*® the activation energy for
“thermal degradation” of polyimide depends on the degree
of sulfonation. This is obviously also valid for polyether-
ketones. So the higher degree of sulfonation of P 730 with
an EW of 680 leads to a stronger influence of humidity than
for E 730 (EW 820).

3.2.5. Influence of Temperature on the Radical Formation
and Termination. Lowering the temperature of s-PEEK
(E 730) from 80 to 65 °C decreases k, by almost a factor
of 2. According to the assumptions in section 2.2 the
equilibrium constants k/k_; and k,/k_, have an opposite
temperature dependence. So the dominating parameter res-
ponsible for a decrease of k. is k3. Since k5 changes by more
than a factor of 2 (between 65 and 80 °C) it is concluded, that
for s-PEEK (E 730) there has to be a small activation barrier
for attack. For s-PPEK (P 730) in contrast, changing the
temperature has no significant impact on k. Therefore, the
activation barrier for radical attack on this membrane must
be significantly smaller.

[M]max.chem 18 about two times higher for s-PPEK (P 730)
than for s-PEEK (E 730). [M]nax.chem. = 2.8 x 10" spins g~
for s-PPEK. With a mass of about 7 mg per sample and a
sample size of about 0.4 x 3 cm” with both sides accessible to
radicals, 0.8 x 10" spins are formed per square centimeter
or 8 spins per square nanometer in average for s-PEEK
(E 730) and 14 spins for s-PPEK (P 730). It is interesting to
see that these numbers are of the same order as literature
values obtained after cutting polymers (10'? spins-cm 2, for
polyethylene terephthalate™ and 10'° spins-cm ™2, for high
density polyethylene®®). This demonstrates that the polymer
surface saturates with radical defects, which is further qua-
litative support for the Langmuir mechanism on which the
present kinetic model is based.

kT, the recombination rate, is expected to be smaller at
lower temperature. At 65 °C it is close to zero for both
membranes. At 80 °C kr is three times higher for s-PEEK
(E 730) than for s-PPEK (P 730). The recombination rate is
probably lower for s-PPEK (P 730) because it contains the
rigid phtalazinone bridge, which reduces flexibility in the
chains and therefore inhibits recombination in general.

At 65 °C, the radical formation rate 2ktot[M]2max,chcm of
s-PEEK (E 730) is about half of that of s-PPEK (P 730). Since
at this temperature the recombination rate is close to zero we
conclude that at low temperatures s-PEEK (E 730) is more
stable against radical attack than s-PPEK (P 730).

Atelevated temperatures the radical formation rates of the
two membrane types reach similar values, but the radical
termination is three times faster for s-PEEK (E 730). The
saturation value, [M]nax.chem., 18 therefore lower. The dia-
magnetic product is expected to be cross-linked and brittle,
and will cause peeling-off the membrane surface slowly. In
mass loss experiments, despite equal reactivity to hydrogen
peroxide, s-PEEK (E 730) loses its weight faster than s-PPEK
(P 730). This demonstrates that criteria other than chemical
inertness toward initial radical attack play a role.

3.2.6. Long-Term Experiments. In a long-term experiment,
the degradation behavior of a piece of the s-PPEK (P 730)
membrane was measured every 30 min for 1 week around the
clock. The result is shown in Figure 9. The initial increase
during the first 14 h (regime I) does not quite reach the
extrapolated saturation value [M],.x reported in Table 4. It
is followed by two sharp discontinuities (regime II) and for
t > 40 h a somewhat wavy near-exponential decay (regime
III) with a decay constant of (50 + 3) h™'. The formation
of yellowish products is observed as darkening of the
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Figure 9. Development of spin concentration on the s-PPEK (P 730)
membrane at 80 °C (1.8% r.h. of 3% hydrogen peroxide vapor) and their
exponential decay after 60 h. The inset sketches visualize the peel-off
effect of the layered membrane: The initial surface (1 < 0) weakens
(0—15h), membrane pieces leave the material (15—30 h), expose the next
layer for attack (30—40 h) up to complete disintegration (40—170 h).

membrane samples. The initial mass of the sample (6.5 mg)
was reduced to <1 mg during the treatment. The weight loss
factor coincides roughly with the loss in spin concentration,
suggesting that the observed discontinuities represent sud-
den mass loss. Such behavior is conceivable, considering that
radical termination after radical attack leads to cross-linking
and therefore to increasing brittleness and peeling-off of the
damaged surface layer in pieces. The process may be analo-
gous to skin peeling following heavy sunburn (which is also
the consequence of a free radical process at a surface). The
overall observed degradation process is always the same, but
the time when the peeling process begins is to some extent
random. The general behavior is in good agreement with
literature where the degradation of nonsulfonated polyethers
shows the same behavior.*®

4. Summary and Concluding Remarks

A setup to measure accelerated degradation of polymer
electrolyte membranes was developed. It allows achieving more
accurate results a factor of 300 faster than by the traditional mass
loss investigations. The higher reproducibility within and the
better comparability among the series provides a deeper insight
into degradation of the commercially available sulfonated poly-
etherketones with different ether to ketone ratios (s-PEEK and
s-PPEK). Basically the same three radical species, sulfonyl,
phenyl and phenoxy radicals were identified for both membranes
under all measurement conditions. Their relative abundance
depends on the sample and changes with time.

Quantitatively, it was shown that drying the membrane with-
out oxidizing reactants leads to radical defects on the membrane
in somewhat lower concentrations. Using hydrogen peroxide to
initiate the attack of *OH radicals gave rise to radical concentra-
tions larger by factors of 3 to 12 than from drying. The time
dependent concentrations can be directly interpreted model-free.
Alternatively, a kinetic model allows fitting the data. It suggests
that radical formation is not driven by thermal, homolytic bond
cleavage of hydrogen peroxide followed by the reaction of "OH
with the ionomer as often described. Rather, the interaction of the
peroxide molecule with the membrane surface is the driving force
for bond cleavage in a dissociative Langmuir mechanism. AG” of
thermally activated hydrogen peroxide cleavage in the gas phase
is 163 kJ-mol " at 80 °C (standard concentration: 1 atm).* The
corresponding equilibrium constant is in the range of 7 x 102,
and the equilibrium concentration of hydroxyl radicals approxi-
mately 2.7 x 10 spins- L™ under the conditions in the reactor.
At the experimental gas flux of 0.4 L min~' 7 x 10° *OH radicals
pass by the membrane sample per hour. Under the assumption
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that they all react with the 10 mg membrane this would lead to a
radical formation rate R of 7 x 10" spins g"'h™", 5 orders of
magnitude less than the experimentally observed rate. Thus, even
under this optimistic assumption thermal hydrogen peroxide
dissociation is not able to explain the radical formation rate.
On the other hand, the same gas flux transports 3.3 x 10%°
peroxide molecules per hour, more than enough to take care of
the experimental radical formation rate of R of 4 x 10'
spins g 'h™', suggesting again that indeed the Langmuir mecha-
nism of dissociative hydrogen peroxide adsorption is responsible
for degradation.

Danilczuk et al. demonstrated the formation of hydroperoxyl
radicals in a working fuel cell.* In the absence of a Fenton reagent
nonthermal hydrogen peroxide cleavage requires the *OH trap-
ping energy as a driving force. Unlike perfluorinated polymers,
the polyaromatic compounds are highly efficient radical traps.
Therefore, the hydroxyl radicals are not available for reaction
with hydrogen peroxide to form "“OOH to any significant extent,
and they need not be considered here. Furthermore, their
reactivity is much lower than that of *OH.?

With progressing degradation time, radical formation and
recombination weaken the ionomer material. Outer layers break
away randomly in pieces, giving way for new attacks (sunburn-
like peel-off effect).

Among the two specific studied polymers, s-PPEK has the
lower ether content and the higher packing density than s-PEEK,
which lowers chain mobility in the polymer. So radical formation
is faster, the maximum concentration of radical defects is higher
and recombination is hindered. The products of radical termina-
tion make the material brittle, force the peeling-off, and are only
roughly accessible via mass loss measurements. s-PPEK is the
more stable material, although the radical formation rate and the
radical concentration are higher.

No radical defects have been detected by this method so far for
Nafion or any other perfluorinated membrane material. This is
puzzling, since there can be no doubt that Nafion degrades, and a
radical mechanism very close to that inferred here for polyaro-
matic membranes is normally assumed. The ether bridges in
Nafion were found to be preferentially broken,> fragmentation
of the main chain was found several times for example by
chromatographic product analysis’’ or loss of molecular
weight.'® Even evidence for the cross-linking to O—S—0 was
found by infrared spectroscopy for perfluorinated samples.’
However, ex-situ EPR investigations on Nafion degradation
have never shown any evidence of radical formation in the
absence of UV light. At this point of investigation the reasons
are not clear: either Nafion follows a nonradical degradation
pathway, for example because of its much higher hydrophobicity
compared to hydrocarbon materials, or the lifetime of radical
intermediates is too short for detection.

Transferring these results to real fuel cell conditions needs
some additional comments: (i) Formation of hydrogen peroxide
in a working fuel cell was already demonstrated some years ago
by cyclic voltammetry®® and recently found to proceed “in a
wavelike manner” which is well compatible with the peel-off
oscillations found in the present work. However, there is dis-
agreement about whether the peroxide is formed at the cathode
(as an intermediate of oxygen reduction) or the anode side (by
oxygen crossover). Alternatively, “OH and *OOH radicals which
are also intermediates of oxygen reduction may detach from the
catalyst before complete reduction. (ii) There is no catalyst
present under the conditions of the present study. This excludes
possible complications, since Pt normally tends to induce decom-
position of the peroxide. (iii) The influence of UV light which is
absorbed by the polymer and can potentially cause photolytic
cleavage is excluded as well. (iv) Another aspect to consider is the
humidity, which is normally much larger in fuel cells than under
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the conditions of this work. There is general agreement that dry
conditions accelerate degradation. The advantage of the present
study is that such complications are avoided so that the reaction
of the polymer can be studied separately.
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