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lation of the degradation process
of poly(arylene ether ketone)s containing
alkylsulfonated side chains used as a proton
exchange mmembrane†

Dong Liu,a Jiamin Li,a Jiangpeng Ni,a Xiongzhi Xiang,a Bin Liu*ab and Lei Wang*ab

Synthesis of poly(arylene ether ketone)s containing alkylsulfonated side chains (SPAEKs) has continued in

recent years because of their numerous advantages when used as proton exchange membranes (PEMs).

Although the oxidative stabilities of SPAEKs have been widely characterized in Fenton's reagent, few

investigations have reported the oxidative degradation of the membranes, which is critical to the

durability of PEMs. In this work, the oxidative degradation of SPAEKs was carefully studied through

analysis of the proton conductivity, 1H NMR and FT-IR spectra, elemental composition, molecular weight

(Mw), thermal properties, and morphology in a simulated fuel cell environment. The oxidative

degradation was mainly ascribed to the cleavage of the main polymer chain, and the excellent properties

of the membrane were maintained before it began to break into pieces.
1. Introduction

To overcome the drawbacks of Naon, such as high cost, limited
operating temperature (0–80 �C), and high methanol perme-
ability, extensive efforts have been made to develop alternative
sulfonated, acid-functionalized, aromatic hydrocarbon-based
polymers in recent decades.1–5 Nevertheless, most of these
sulfonated hydrocarbon polymers tend to quickly degrade under
the operating conditions of proton exchange membrane fuel
cells (PEMFCs), leading to a severe decrease in performance and
lifespan. Therefore, the design and synthesis of new, durable,
sulfonated, hydrocarbon-based polymers as alternative PEM
materials remains a great challenge.6–8

Recently, a great diversity of poly(arylene ether)s with
a polymer backbone containing both short and long sulfonated
side chains was prepared as a PEM. Li et al. obtained a series of
poly(arylene ether nitrile)s graed to novel exible alkylsulfo-
nated side groups that displayed excellent oxidative stability.9

Gao et al. reported neo-cardo poly(arylene ether sulfone)s
modied with alkylsulfonated side groups that exhibited better
proton conductivity than Naon 117.10 Wang et al. prepared
poly(arylene ether sulfone)s graed to novel exible sulfonic
acids with high oxidative stability for use as a PEM.11 Recently,
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our group prepared highly branched poly(arylene ether ketone)s
containing alkylsulfonated side chains (SPAEKs) as PEMs. The
introduction of exible alkylsulfonated side chains greatly
increased the oxidative stability and mechanical properties of
the membranes.6

In view of the good durability of side chain-type polymers, it
is of great importance to understand the oxidative degradation
process of the membranes. Several studies have been carried
out to experimentally explore the degradation mechanism of
PEMs. Maruyama et al. found that hydrogen peroxide can attack
the polymer chain to form an intermediate during the fuel cell
reaction.12 Perrot et al. proposed a mechanism in which
degradation proceeded through the addition of a hydroxyl
radical to the aromatic ring of sulfonated poly(aryl ether ketone)
s.13 Lawrence et al. proved that PEMs undergo an unzipping
scission during oxidative attack.14 Uegaki et al. studied indi-
vidual radical-induced reactions using g-rays and demonstrated
that degradation is initiated by radicals.15 Despite these
proposed degradation mechanisms, there is still not enough
evidence supported by experimental data to clearly describe the
detailed degradation process, especially for polymers contain-
ing exible alkylsulfonated side chains.16–18

In this work, SPAEKs were successfully synthesized. Three
chemical degradation processes were possible during the
accelerated oxidative degradation tests of the membrane. As
shown in Scheme 1, polymer degradation could occur on (i) the
main polymer chain, Section A; (ii) the linker between the main
chains and side chains, Section B; or (iii) the sulfonic acid
groups, Section C. To study the degradation process of SPAEK,
a detailed study of the oxidative degradation of SPAEKs was
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 (a) Three possible cleavage sections of SPAEK; (b) graphical representation of the possible degradation process.
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performed, including analysis of the proton conductivity, 1H
NMR and FT-IR spectra, elemental composition, molecular
weight (Mw), thermal properties, and morphology, aer treat-
ment in an accelerated simulated PEMFC environment.
2. Experimental
2.1. Materials

Fluorenone, dimethyl sulfoxide (DMSO), 2,6-dimethoxyphenol,
boron tribromide (BBr3), dimethylacetamide (DMAc), 4,40-
diuorobenzophenone (DFBP), dichloromethane, 1,4-butane
sultone, beta-mercaptopropionic acid, and phenol were
purchased from Energy Chemical and used without further
purication. Prior to use, toluene, DMAc and DMSO were
immersed in 4 Å molecular sieves, and anhydrous potassium
carbonate was powdered and then dried at 300 �C in a furnace
for 24 h. All other chemical reagents and solvents were used as
received.
2.2. Membrane preparation

All of the polymers were synthesized according to a modied
method in the literature,19 and the detailed synthetic procedure
is presented in the (ESI†). The synthesized SPAEKs were easily
dissolved in DMAc (10–15 wt% solution) by stirring at room
temperature. The solution was ltered, poured into an
extremely at dish, and dried at 60 �C for 24 h. Membranes with
an average thickness of 70 mm were obtained. To convert Na+ to
H+, the resultant membranes were soaked in a 2.0 M H2SO4
This journal is © The Royal Society of Chemistry 2017
solution at room temperature for 24 h. Then, the membranes
were thoroughly cleaned with deionized water for an additional
72 h to remove any free H+ and stored in deionized water for
subsequent testing.

2.3. Characterization techniques
1H NMR spectra, displayed in ppm, were obtained on a Varian
400 MHz NMR spectrometer using tetramethylsilane as an
internal standard and DMSO-d6 as the solvent. Elemental
analyses, including S determination, were carried out on a Vario
EL elemental analyzer. Mw analysis was performed on a Waters
HPLC 2695 instrument using dimethylformamide as the eluent
and polystyrene as the standard sample. The melting points
were determined on a model XT4A instrument. The thermal
stability of the membranes was assessed on a TGA instrument
(model: Q50) under nitrogen, with two ows of 40 ml min�1,
over a temperature range of 50 to 600 �C at a heating rate of
10 �Cmin�1. Atomic force microscopy (AFM) phase images were
obtained in tapping mode on a Bruker microscope. Proton
conductivity was measured using an electrochemical imped-
ance spectroscopy technique with a frequency range of 1 MHz to
10 Hz, and the ion exchange capacity (IEC) was measured via
a classical titration method, for which detailed measurements
have been reported in the literature.6

2.4. Chemical oxidative degradation processes

Chemical oxidative degradation was simulated in the environ-
ment of the PEMFC using Fenton's reagent (20 ppm Fe2SO4 in
RSC Adv., 2017, 7, 8994–9001 | 8995
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3% H2O2), which exposes the membrane to a highly oxidative
environment.20 The well-known degradation test using Fenton's
reaction is related to radicals as follows:

H2O2 + Fe(II) / Fe(III) + cOH + HO�

Fe(II) + O2 / Fe(III) + cO2
�

cOH + H2O2 / cOOH + H2O

The membranes were cut into ten small pieces (4 � 1
cm2). These specimens were separately soaked in Fenton's
reagent for 0 h, 5 h, 10 h, 15 h, 20 h, 25 h, 30 h, 35 h, 40 h, and
45 h. Then, the specimens were repeatedly washed with
deionized water and then soaked in deionized water for 5 h
to remove any small molecules that formed during the
chemical oxidative degradation processes. The whole lm
samples were tested to determine their proton conductivity
and were also characterized by gel permeation chromatog-
raphy (GPC), AFM, TGA, FT-IR, 1H NMR and elemental
analysis.
Scheme 2 Synthesis of the MPAEK, HPAEK and SPAEK copolymers.

8996 | RSC Adv., 2017, 7, 8994–9001
3. Results and discussion
3.1. Characterization of the chemical structure

The linear poly(arylene ether ketone) (Scheme 2) was synthesized
and characterized. Detailed characterization of the polymers is
shown in the ESI.† The chemical structure of the samples treated
with Fenton's reagent was also conrmed by 1H NMR. Fig. 1
shows the 1H NMR stacked spectra of the samples with their
peak assignments. The spectra of the different samples agree
well with that of the untreated polymers (0 h). Aer treatment
with Fenton's reagent, if radicals rst attacked the sulfonated
groups (Section C), the characteristic peak of Hd (at �4.5 ppm)
corresponding to the –SO3H group should disappear as the
soaking time increased, particularly aer membrane fragmen-
tation. Alternatively, if radicals rst attacked the alkyl side
chains, the ratio of the representative proton signals (Ha, Hb,
and Hc) from the alkyl linker of Section B and the peak of Hd

should clearly change, even complete disappear aer membrane
fragmentation. However, no changes in the 1H NMR spectra of
the samples in terms of the characteristic peaks (Ha, Hb, Hc, and
Hd) were observed compared to that the untreated polymers (0 h)
as the soaking time increased, even aer membrane
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 1H NMR spectra of the sulfonated poly(aryl ether ketone)
membranes.

Fig. 2 FT-IR spectra of the sulfonated poly(aryl ether ketone)
membranes.
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fragmentation. Thus, Sections B and C retained stable chemical
structures aer treatment with Fenton's reagent.

To further understand the degradation process, the molec-
ular structures of the membranes were veried by FT-IR, as
shown in Fig. 2. The characteristic bands at 1047 and 1128 cm�1

ascribed to the O]S]O stretching vibration of the sulfonated
groups indicate the presence of sulfonic acid groups. As the
duration of immersion in Fenton's reagent increased, if the free
radicals rst attacked the sulfonic acid group or exible alkyl
side chains, the lowMw groups would be removed aer washing
the tested membrane with deionized water, and the IR spectral
ratios of the O]S]O stretching vibration would change and
even completely disappear. However, the O]S]O stretching
vibration remained the same as that in the initial membrane
with increasing immersion time (Fig. 2), and the alkyl side
chains were close to the sulfonic acid groups. Comparison of
the IR spectra (0 h, 35 h and 40 h) indicated that the sulfonic
acid groups and alkyl side chains were insensitive to the free
radicals of the Fenton's reagent.

Themain characteristic peaks in the 1HNMR spectra and the
characteristic bands in the FT-IR spectra remained approxi-
mately the same for all of the test samples. These results
showed that the free radical attacks of the sulfonic acid groups
(Section B) and alkyl side chains (Section B) are somehow
limited compared to the free radical attacks on the polymer
main chains (Section A).
3.2. GPC and elemental analysis

The Mw, as a visual indicator, can reveal the structural degra-
dation of the polymers. The GPC spectra of the SPAEKs
This journal is © The Royal Society of Chemistry 2017
measured aer treatment with Fenton's reagent are shown in
Fig. 3. The retention time of the SPAEKs increased with the
soaking time in the Fenton tests, along with the appearance of
small peaks in the lowMw range for the samples. Multiple peaks
were clearly observed in the GPC chromatograms of the samples
during degradation, suggesting that the Mw decreased gradu-
ally. The average Mw of each sample is shown in Table 1. When
the membrane was immersed in Fenton's solution, the Mw of
the SPAEKs changed from 73 400 to 30 200. Meanwhile, the
RSC Adv., 2017, 7, 8994–9001 | 8997
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Fig. 3 GPC spectra of the sulfonated poly(aryl ether ketone)
membranes after treatment with Fenton's reagent.
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average numbers (x, y, x + y) of molecular units shown in Fig. 4
were calculated from the Mw determined by GPC and the
elemental H percentage determined from the 1H NMR spectra.
Aer treatment with Fenton's reagent, all of the molecular units
(x + y) decreased gradually with the immersion time from 120 to
50, indicating that great changes in the polymer main chain
structure had occurred. If the radicals attacked on the alkyl side
chains or sulfonic acid groups, a small average Mw should be
obtained, and the average molecular units of the polymers
should not signicantly decrease, neither of which agree with
the results of Fig. 4. Therefore, the cleavage of Section B or C
had little impact on the Mw, and the signicant decrease in Mw

may be ascribed to the cleavage of the main chain structure of
SPAEKs.

The elemental composition of the SPAEKs was measured on
a Vario elemental analyzer, and the results are shown in Table 1.
The element N was detected because the solvent DMAc was used
for membrane formation. The sulfonic acid groups of all the
SPAEK samples contain S, whereas the other structures do not
Table 1 Summary of GPC and elemental analysis of the sulfonated poly

Soaking time
(h) Mw

a (�105) x/(x + y)b (%) Mwx
c (�105) Numbe

0 7.34 21.46 1.58 55.73
5 5.97 20.67 1.23 43.39
10 4.77 20.92 1.00 35.27
15 4.24 21.19 0.90 31.75
20 4.13 19.61 0.81 28.57
25 3.87 19.56 0.76 26.81
30 3.45 19.01 0.66 23.28
35 3.05 19.16 0.58 20.46
40 3.04 19.01 0.58 20.46
45 3.02 21.46 0.55 19.40

a Determined by GPC. b Determined from 1H NMR spectra. c Mwx ¼ Mw �
elemental analysis. f Calculated from elemental analysis results.

8998 | RSC Adv., 2017, 7, 8994–9001
contain S. Aer treatment with Fenton's reagent, the S content
in the membrane decreased dramatically if the radicals
attacked Section B or C. However, the S content in the SPAEKs
decreased only slightly (<20%) before the membrane broke (35
h), and aer the membrane broke, the S content remained high,
indicating that there was no signicant loss of sulfonic acid
groups from any of the polymer compounds in the degradation
tests. Therefore, most of the sulfonic acid groups were still
graed to the main polymer chains, and Sections B and C
remained relatively stable during the chemical degradation of
the SPAEKs.

Aer treating the polymers with Fenton's reagent, the poly-
mers were characterized by GPC, 1H NMR spectroscopy, and
elemental analysis. Table 1 summarizes the degradation results
for the number of S atoms, which were calculated using two
methods: one involving GPC and 1H NMR and another
involving elemental analysis. However, the number of S atoms
was essentially the same when calculated using entirely
different methods at the same treatment time. Because a certain
section of the polymer that was graed to the alkylsulfonated
side chains was lost, the content of S decreased; meanwhile,
number of S atoms in the lost polymer section was close to the
theoretical number of S atoms calculated from elemental
analysis, indicating the possibility that only the polymer main
chains were attacked by the free radicals during the entire
degradation process.

The GPC and elemental analysis results showed that the
entire degradation process of these polymers is primarily
caused by the decrease in polymer Mw as a result of main chain
scissions.
3.3. Proton conductivity, IEC and thermal properties

The effect of oxidative degradation on the proton conductivity
and IEC of the membranes was studied carefully, as shown in
Fig. 5. The membranes were immersed in Fenton's reagent, and
the proton conductivity of the membranes was tested once every
5 h. Aer every 5 h of immersion in Fenton's reagent, the
membranes were taken out of the reagent, washed with deion-
ized water, acidied with 1 M HCl, and then analyzed.
(aryl ether ketone) membranes

r of S atomsd Ne (%) Ce (%) He (%) Se (%)
Number
of S atomsf

0.10 69.19 4.171 2.480 56.89
0.05 67.90 4.171 2.384 44.48
0.05 65.98 4.087 2.204 32.85
0.06 67.95 4.195 2.283 30.25
0.06 67.80 4.180 2.182 28.16
0.06 68.01 4.148 2.262 27.36
0.05 69.14 4.154 1.994 21.50
0.06 69.10 4.152 2.013 19.17
0.06 69.03 4.152 1.861 17.68
0.06 69.54 4.110 1.661 15.68

x/(x + y). d Calculated from GPC and 1H NMR spectra. e Determined by

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Change in the molecular units of the sulfonated poly(aryl ether ketone) membranes.
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Unfortunately, the membranes began to break into pieces aer
35 h of immersion in Fenton's reagent, and the conductivity
could no longer be obtained. Fig. 5(a) shows the relationship
between the proton conductivity and immersion time in Fen-
ton's reagent prior to 35 h. The proton conductivity relies
Fig. 5 Proton conductivity (a) and IEC (b) of the sulfonated poly(aryl
ether ketone) membranes.

This journal is © The Royal Society of Chemistry 2017
heavily on the number of sulfonic acid groups in the electrolyte
membranes.21 From Scheme 1, we can infer that the cleavage of
Section B or C would obviously decrease the number of sulfonic
acid groups, leading to a decrease in proton conductivity.
However, the proton conductivity rate decreased slowly by less
than 0.015 S cm�1 during the degradation of the membranes,
Fig. 6 TGA curves of the sulfonated poly(aryl ether ketone)
membranes.

RSC Adv., 2017, 7, 8994–9001 | 8999
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Fig. 7 AFM phase images at 0 h, 35 h and 40 h of the sulfonated poly(aryl ether ketone) membranes.
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which may have been attributed to the proton transport chan-
nels essentially remaining unchanged with the degradation of
the membrane. As shown in Fig. 5(b), the IEC of the membranes
exhibited a similar tendency as the proton conductivity as the
soaking time increased, which further veried the relatively
constant proton conductivity with membrane degradation.
Therefore, Sections B and C were relatively stable against the
attack of free radicals, agreeing with the elemental analysis
results.

The thermal stability of the SPAEKs was assessed by TGA.
The TGA curves of all SPAEKs are shown in Fig. 6. The distinct
weight loss at 220–300 �C was assigned to the breakage of the
alkylsulfonated side chains. All the curves ranging from 220 to
300 �C almost overlapped. These results also suggest that the
apparent cleavage of the membrane aer 35 h was not mainly
caused by the alkylsulfonated side chains.
3.4. Morphological analysis

The phase morphologies of the SPAEKs (0 h, 35 h, and 40 h)
were investigated by AFM, and the results are shown in Fig. 7.
The dark region in the images represents the hydrophilic area of
the SPAEK membranes (sulfonic acid moieties), and the bright
region refers to the domain formed by hydrophobic polymer
backbones (the main polymer chain).22,23 For SPAEK copoly-
mers, the incorporation of exible side chain sulfonic acid
groups could be benecial to the aggregation of ionic clusters,
which would lead to more obvious hydrophilic/hydrophobic
separation. The AFM phase images exhibit a clear nanophase-
separated morphology,24 which indicates that the sulfonic
acid groups had aggregated into small hydrophilic clusters that
could provide proton transport channels or ionic transport
pathways. During degradation, if the alkyl side chains or
sulfonic acid groups were preferentially attacked, equivalent
hydrophilic clusters would be lost, and the phase separation
would gradually become faint. However, the phase separation
became clearer with increasing immersion time. We propose
that the main chain of the polymer was broken, and as
a consequence, small segments of polymer containing sulfonic
acid groups tended to aggregate in the large hydrophilic nano-
micro region. Coinciding with the elemental results and
proton conductivity results, the S content of the membrane at
35 h decreased by approximately 18.8%, but the proton
conductivity remained at a relatively higher conductivity. These
9000 | RSC Adv., 2017, 7, 8994–9001
results indicate that most of the free radicals attacked the
polymer main chain aer treatment with Fenton's reagent.
4. Conclusion

Highly stable and durable SPAEKs were successfully synthesized
as PEMs, and the oxidative degradation process was investi-
gated in detail through treatment with Fenton's reagent. The
proton conductivity, 1H NMR, FT-IR, and elemental analysis
results suggest that the sulfonic acid groups remained relative
stable during the Fenton's test. Moreover, the GPC results, TGA
spectra and AFM spectra indicate that the main chains of the
polymer were signicantly disrupted during the degradation of
the membranes. As a conclusion about the degradation process
based on the current experimental data, the apparent structural
degradation of the SPAEKs in Fenton's test is mainly ascribed to
the cleavage of the main chains of the polymer (Section A in
Fig. 1). Accordingly, the chemical stability of sulfonated poly
(arylene ether ketone)s can be improved by increasing the
stability of the main chain.
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