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Abstract

Comb-shaped sulfonated poly(arylene ether)s exhibit excellent properties when
applied in proton exchange membranes (PEMs). However, few investigations have
reported the use of comb-shaped sulfonated polymers with highly branched
backbones as PEMs. In this work, a series of highly branched sulfonated poly(arylene
ether)s with flexible alkylsulfonated side chains were successfully synthesized for the
first time. The branched polymers were soluble in polar organic solvents and could be
cast to form tough and smooth films. The membranes exhibited good overall
properties as PEMs. With an increasing degree of branching (DB) value, such
properties as oxidative stability, proton conductivity and swelling ratio of the
membranes were significantly improved. The membrane with the highest DB value
(8%) exhibits high proton conductivity (0.33 S cm™ at 80 °C) and excellent oxidative
stability (445 min) as well as acceptable mechanical properties (20.51 MPa), which
indicate that this material is a good candidate PEM for evaluation in fuel cell

applications.

Keywords: Branched polymer, Comb-shaped poly(arylene ether)s, Oxidative stability,

Proton exchange membrane.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have attracted particular interest
as an eco-friendly and efficient energy conversion system for stationary,
transportation and portable applications1’ 2. The PEM is a critical component in
PEMFCs because it transfers protons from the anode to the cathode and provides a
barrier against electrons and against fuel and oxygen cross-leaks between the
electrodes. Perfluorosulfonic acid polymers such as Nafion are the most promising
proton-conducting polymers from the standpoint of chemical and thermal stability as
well as physical and proton-conducting properties®>. However, the high cost, low
operation temperature (<80 °C), high methanol crossover, and environmental
recycling uncertainties of Nafion membranes limit their widespread commercial
application in PEMFCs. As an alternative PEM, sulfonated poly(arylene ether)s®™®
have been developed over the past ten years. The sulfonated poly(arylene ether)s were
found to possess good thermal stability, appropriate mechanical strength and high
proton conductivity. However, most of these materials failed in their use as PEMs
because of their short lifetimes when subjected to a combination of hydrolysis and

oxidative degradation. Cross-linkingg'17

is an effective method of improving the
oxidative stability of the membranes. However, cross-linked membranes are usually
insoluble in common organic solvents and are difficult to reprocess, which hinders the
development of a commercial process for PEM. Therefore, it is highly necessary to

improve the durability of these membranes with excellent solubility using other

methods.
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Recently, a series of branched PEMs were successfully prepared'®?®. Park et al."”
prepared a series of branched sulfonated polymers containing less than 0.4%
branching agent using a facile method. The resultant polymers also had a positive
effect on the oxidative stability and mechanical strength. Our group introduced

1,1,1-tris(4-hydroxyphenyl) ethane®- *°

and 1,3,5-tris[4-(4-fluorobenzoyl)phenoxy]
benzene as branching agents to synthesize two series of branched nonfluorinated
polymers, and the degree of branching (DB) values were 2% and 4%, respectively.
The synthesized branched nonfluorinated polymers with 4% DB value exhibited
better oxidative stability and proton conductivity than those with 2% DB value. Wang
et al.? successfully prepared partially fluorinated branched sulfonated poly(ether
ether ketone)s by introducing 1,3,5-tris(4-fluorobenzoyl) benzene as the branching
agent, and the highest DB value was 6.67%. The membrane prepared with the
branched polymer showed better oxidative stability than those with 4% DB value
reported by our group®"*2. These studies have demonstrated that branched polymers
with good solubility exhibit improved properties in common organic solvents and
therefore show great potential as PEMs materials.

More recently, a highly branched PEM with 10% DB value has been preparedZI’22
in our group. This membrane exhibits considerable proton conductivity and oxidative
stability. Unfortunately, the tensile strength of the membrane with 10% DB value is
quite low (11.5 MPa) and cannot meet the requirements for PEMFC assembly

application. The microstructure of the highly branched membrane according to DB

value was investigated using SEM and AFM. From the cross-section images of the
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branched membrane, it was found that a rigid network structure is formed due to the
branch points with hard arms and the short chain between the branching points, which
decreases the chain entanglement and thus decreases the mechanical properties of the
branched membranes. Therefore, we inferred that increasing the chain entanglement
of branched polymers can be an effective method of improving the mechanical
properties.

Comb-shaped3 338 sulfonated polymers with flexible side chains have been studied
as PEMs and exhibit excellent properties. The flexible side chain increases the
entanglement of polymer chains, which aids the membrane in forming good
mechanical properties. In this work, a series of comb-shaped sulfonated polymers
with highly branched backbones for PEMs were synthesized by introducing flexible
side chains on the highly branched polymer backbones. The introduction of the
flexible side chains is believed to increase the chain entanglement and improve the
mechanical properties. The properties of the comb-shaped sulfonated polymer with
highly branched backbones, including proton conductivity, hydrolysis and oxidative
stabilities, mechanical properties, ion-exchange capacity (IEC), water uptake, thermal
stability and swelling ratio of the membranes, were fully investigated with increasing

DB value.
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2. Experimental Section
2.1 Materials

1,3,5-Triphenylbenzene, 4,4-difluorodiphenyl sulfone (DFDS), 9-fluorenone,
2,6-dimethoxyphenol, 4-fluorobenzenesulfonyl, boron tribromide (BBr3), chloride,
mercaptopropionic acid (MPA), 4,4-(hexafluoroisopropylidene)diphenol (6F-BPA),
1,4-butanesultone, dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO), and
dichloromethane were purchased from commercial sources and used as received.
Toluene was dried using sodium wire, and DMAc, DMSO, and dichloromethane were
dried using 4-A molecule sieves prior to use. Anhydrous potassium carbonate was
dried at 300 °C for 24 h in a furnace before use. All other solvents and reagents were
reagent grade and were used as received.

2.2 Synthesis of 1,3,5-Tris[4-(4-fluorophenylsulfonyl)phenoxy]benzene (B3)

The B3 was synthesized from 1,3,5-triphenylbenzene and 4-fluorobenzenesulfonyl
chloride using the method reported in the literature®. A white powder was obtained
with an overall yield of 84.8% after purification through re-crystallization from acetic
acid. The structure of B3 was confirmed using '"H NMR.

'H NMR (400 MHz, CDCls; ppm): 8.02-8.08 (m, 12 H), 7.78-7.81 (m, 9 H),
7.22-7.30 (m, 6H). Mp: 143-144 °C.

2.3 Synthesis of 9,9-Bis(3,5-dimethoxy-4-hydroxyphenyl)fluorene (DMHF)

The DMHF was synthesized from 2, 6-dimethoxyphenol and 9-fluorenone using

the method reported in the literature®’. The crude product was re-crystallized from

toluene twice to yield 11.44 g (yield: 60%) of pure white crystalline DMHF. The
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structure of DMHF was confirmed using 'H NMR.

'"H NMR (400 MHz, DMSO-ds; ppm): 8.34 (s, 2H, -OH), 7.90 (d, 2H), 7.50 (d, 2H),
7.40 (t, 2H), 7.30 (t, 2H), 6.31 (s, 4H), 3.53 (s, 12H, -OCH3). Mp: 186-187 °C.

2.4 Synthesis of Poly(arylene ether sulfone)s Containing Methoxy Groups
(MPAES-x-y)

As shown in Scheme 1, the MPAES-x-y polymers [x:100 B;/(DMHF+6F-BPA),
y:100 DMHF/(DMHF+6F-BPA)] were successfully synthesized. The polymerization
procedure for MPAES-8-33, which represents a typical example for the synthesis of
the polymers, is described as follows: 0.2496 g (0.32 mmol) of Bj;, 0.6024 g (1.32
mmol) of DMHF, 0.9011 g (2.68 mmol) of 6F-BPA, 0.8950 g (3.52 mmol) of
4,4’-difluorodiphenyl sulfone, 0.828 g (6 mmol) of K,CO3, 10 mL of DMAc, and 10
mL of toluene were carefully introduced into a 50-mL three-neck round bottom flask
equipped with a Dean-Stark trap and condenser under nitrogen protection. Toluene
was used as azeotropic solvent to remove the water formed during the reaction. The
reaction mixture was heated at 140 °C for 4.0 h to remove the water produced, and the
temperature was subsequently increased to 170 °C (oil bath temperature) to distill the
toluene. The reaction mixture was held at this temperature for 3-5 h. After cooling,
the resulting viscous mixture was diluted with 5 mL of DMAc and poured slowly into
a 100-mL mixture of deionized water and methanol containing 2 mL of concentrated
HCl to precipitate the formed polymer. The precipitates were filtered and washed with
water three times to remove inorganic salts. The fibrous polymer was collected and

dried at 110 °C under vacuum for 24 h (Yield: 96 %).
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'H NMR (400 MHz, CDCls; ppm): 7.60-8.04 (m, 0.55H), 7.71-7.92 (m, 4H),
7.31-7.51 (m, 1H), 6.99-7.10 (m, 7.45H), 6.82-6.88 (m, 1H), 6.48(d, H), 3.55 (s, 3H,
-OCHs).

2.5 Conversion of a Methoxy Group (MPAES-xx) to a Hydroxyl Group
(HPAES-x-y)

The demethylation reaction is described as follows. The MPAEEN (3 g) was
dissolved into 100 mL of anhydrous dichloromethane in a 500-mL three-neck flask
with a nitrogen inlet. The BBr; (3 mL) was mixed with CH,Cl, (30 mL), and the
resulting solution was added dropwise to the MPAES-8-33 solution at 0 °C (ice bath).
After 6 h, the resulting polymer (HPAES-8-33) was filtered, washed with methanol
and deionized water, recovered, and finally dried under vacuum at 100 °C for 24 h
(yield: 94 %.).

'H NMR (400 MHz, DMSO-dg; ppm): 9.75 (s, 1H, -OH), 8.36-8.40 (m, 0.55H),
7.27-7.94 (m, 5H), 7.51-7.68 (d, 7.45H), 7.14-7.22 (m, 1H), 6.59-6.64 (d, 1H).

2.6 Preparation of Sulfonated Polymer (SHPAES-x-y)

Amounts of 1.0 g of HPAES-8-33 and 0.30 g of NaOH were dissolved into 30 mL
of DMSO at room temperature and stirred for 2 h under nitrogen atmosphere. Next, 1
mL of 1,4-butanesultone was added, and the reaction was heated to 100 °C for
another 12 h. The resulting polymer was obtained by carefully pouring the solution
into 300 mL of isopropanol, filtered, washing thoroughly with water, and dried under
vacuum at 80 °C for 10 h (yield: 89%).

'H NMR (400 MHz, DMSO-dg; ppm): 8.08-8.10 (m, 0.55H), 7.80-8.01 (m, 5H),
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7.19-7.36 (m, 7.45H), 6.88-6.96 (m, 1H), 6.36-6.66 (m, 1H), 3.73 (s, 2H), 2.30 (s, 2H),
1.68 (s, 2H), 1.40 (s, 2H).
2.7 Film Preparation

The dried sulfonated polymers were dissolved as 10 wt% solutions in DMAc by
stirring at room temperature. The solutions were filtered, cast on glass slides and dried
under vacuum at 60 °C for 24 h to obtain tough and smooth membranes. The resultant
membranes were acidified with a 1 M H,;SOy4 solution for 24 h to exchange Na" with
H'. Finally, the membranes were immersed in deionized water overnight to eliminate
excessive HSO4 and held in deionized water for testing purposes.
2.8 Characterization

The 'H NMR spectra reported in ppm were recorded using a Varian 400-Hz NMR
instrument using tetramethylsilane (TMS) as the internal standard. Gel permeation
chromatography (GPC) analysis was carried out with Waters HPLC 2695 instrument
(tetrahydrofuran as eluent and polystyrene as standard). The thermal stability of the
polymers was investigated at a heating rate of 10 °C min™ over a temperature range
from 50 °C to 600 °C using a Q50 TGA instrument in a nitrogen environment with a
flow of 50 mL min™. Tapping-mode atomic force microscope (AFM) images were
acquired using a Dimension Icon scanning probe microscope.

The water uptake and swelling ratio of the membranes were measured as follows.
The membrane was measured in deionized water at the desired temperature for 12 h.
The membranes were taken out, wiped with tissue paper, and quickly measured to

obtain their weight and length (or width). The weights of wet membranes (W) were
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obtained by repeating this process at different temperatures. The weights of dry
membranes (W,) were obtained by weighing the films dried at 110 °C under vacuum
for 24 h. The water uptake (WU, wt%) was calculated using the following equation:
WU= (W-Wy/Wq*x100 %
The change in length was calculated from the equation:
Swelling ratio (%) = (Ls-Ly) / Ls<100 %
where L and L, are the length of wet and dry membrane, respectively.

The ion-exchange capacity (IEC) of the membranes was determined by a classical
titration method. The membranes were first converted to acid form and immersed in a
2 M sodium chloride solution for 24 h to exchange H" with Na'. Next, the exchanged
H" within the solutions was titrated with a 0.01 M sodium hydroxide solution using
phenolphthalein as an indicator. The IEC values were calculated via the following
relationship:

IEC (meqg”) = (Mnaon *Vaon) / Wa
where Mu,on and Vin,on indicate the molar concentration and volume (mL),
respectively, of the aqueous NaOH solution used in titration, and Wy (g) is the weight
of dry membrane.

Proton conductivity measurements were conducted on the hydrated film using an
impedance analyzer (Solartron 1260A) with an oscillating voltage of 10 mV and a
frequency range from 10 MHz to 500 Hz. Prior to the measurement, the membrane
was immersed in 1 M H,SO, at room temperature for 24 h and washed to a pH of 7
with deionized water. After holding in deionized water over 12 h, the membrane (4

10
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cm % 1 cm) was tightly clamped and placed in a closed container with the relative
humidity of 100%. The entire container was placed in a temperature-controlled water
bath during the measurement. The proton conductivity was calculated from the
impedance data according to following equation:

o=d/RS
where d and § are the thickness and the cross-sectional area of the specimen,
respectively, and R is the membrane resistance measured by impedance analyzer.

Oxidative stability was investigated by immersing the membranes in Fenton’s
reagent (2 ppm FeSO4 in 3% H,0,) at 80 °C. The oxidative stability of the
membranes was characterized by the expended time during which the membranes
started to break into pieces. The hydrolytic stability was also investigated by treating
the membrane samples in boiling water for 8 days.

The hydration number (4) indicates the number of water molecules absorbed per
sulfonic acid group and is calculated by combining the water uptake and [EC data.
Using the dry (W,) and the wet (W) membrane weights, 4 were calculated as follows:

A=[(Ws— Wy/18] x 1000/(W, x IEC)= (WUx 1000)/(18% IEC)

Membrane density was calculated from measurements of membrane dimensions
and weight after drying at 110 °C for 24 h according to the method reported in the
literature™'.

The microscopic morphology of membranes was investigated using an atomic force

microscope (AFM) with a Dimension Icon Scanning Probe Microscope.
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3. Results and Discussion
3.1 Synthesis and Characterization of Monomers and Sulfonated Polymers

The structure of B; was confirmed by 'H NMR, and the signals of B; were
observed at 7.22-7.30 ppm, 7.78-7.81 ppm, and 8.02-8.08 ppm, respectively. The
structure of DMHF was confirmed by "H NMR spectroscopy in DMSO- dg. The -OH
signal appeared at 8.34 ppm, and the signals at 3.55 ppm correspond to -OCHj3. The
spectra of aromatic protons were observed at 6.31-7.90 ppm.

As illustrated in Scheme 1, the linear and branched comb-shaped poly(arylene ether
sulfone) polymers MPAES-x-y containing methoxyl groups were successfully
synthesized. The polymerization was studied by changing the amounts of B3 from 0
mol% to 8 mol% relative to the mol% of bisphenol monomer employed (6F-BPA and
DMHF). When the amount of B; was greater than 8 mol%, the branched polymers
were easily crosslinked during polymerization and became insoluble in polar solvents.
The branched polymer MPAES-8-33 was selected as an example for analysis of
chemical structure by "H NMR spectroscopy in CDCCl;. The "H NMR spectra of
branched polymer MPAES-8-33 are exhibited in Fig. S1. The occurrence of the peaks
at approximately 8.08 ppm and 8.10 ppm suggest that the B; moiety is introduced into
the polymers, and the -OCHj; proton signals at 3.55 ppm indicate that the DMHF
moiety is introduced into the polymers.

The conversion of MPAES-x-y to HPAES-x-y polymer was conducted in CH,Cl,
using BBr3, and the resulting polymer was precipitated from CH,Cl, solvent because
of the polar nature of hydroxyl group. Fig. S2 shows the 'H NMR spectra of

12

Page 12 of 41



Page 13 of 41

Journal of Materials Chemistry C

HPAES-8-33. After demethylation, the peaks at 3.55 ppm corresponding to the
hydrogen atoms of methoxyl groups disappeared, whereas the new peaks for the
protons of the hydroxyl groups were observed at approximately 9.75 ppm. This result
indicates that the methoxyl groups were completely converted into hydroxyl groups.
The SPAES-x-y was obtained by reaction of 1,4-butanesultone with HPAES-x-y in
the presence of NaOH. The structures of SPAES-x-y were confirmed by 'H NMR
spectroscopy. The 'H NMR spectra of SPAES-x-y is shown in Fig. S3. As expected,
the -OH proton signal at 9.75 ppm disappeared, whereas the signals for the four
sulfobutyl methylene groups (H;3, Hi4, H;s, and Hje) appeared at lower frequencies.
The 'H NMR spectra of linear polymer SPAES-0-33 and branched polymer
SPAES-8-33 are compared in Fig. S4. The occurrence of the peaks at approximately
7.94 ppm and 8.04 ppm in SPAES-8-33 confirmed that the B; moiety is introduced
into the polymers. The polymers are soluble in polar organic solvents, i.e., NMP,
DMAc, DMSO, and DMF, insoluble in H,O and CH;0H, and can be readily cast
from DMAc solutions to form tough and smooth films.
3.2 Mechanical Properties

Mechanical properties are crucial to satisfying the requirements for
PEMFC-assembly applications. The mechanical properties of the branched
membranes were measured, and the results are listed in Table 2. The tensile strength
of the linear membrane is better than those of the branched membranes. With
increasing DB value, the tensile strength of the branched membranes decreases slowly.
However, all of the comb-shaped sulfonated polymer membranes with highly

13
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branched backbones show tensile strengths comparable with that of Nafion 117 (25.7
MPa). The schematic diagrams of the highly branched polymers (SPAES-main) and
the comb-shaped sulfonated polymers with highly branched backbones (SPAES-side)
are compared in Fig. 1. Compared with SPAEKS-main, the tensile strength of
SPAES-side with similar DB value is significantly higher (Fig. 2). From the results,
we can infer that the introduction of a flexible side chain is beneficial to increasing
the chain entanglement, which leads to improved tensile strength of the branched
polymers.
3.3 Thermal Properties

The thermal properties of the sulfonated polymers were investigated by TGA under
nitrogen protection, and the 5% weight loss temperatures are listed in Table 1. All
samples were preheated at 150 °C for 30 min in the TGA furnace to remove any
moisture and solvent. The TGA curves of the polymers SPAES-x-y in the sulfonic
acid form appear to have two distinct degradation steps (Fig. 3). The first degradation
step observed at approximately 220-300 °C is associated with the thermal degradation
of the (sulfo)butoxyl groups. The second degradation step at approximately 350 °C is
likely related to the thermal decomposition of the polymer main chain. The Tgse, of
linear and highly branched polymers is higher than 250 °C, which indicates that the
thermal stability of the sulfonated polymers can meet the requirement of PEMFC.
3.4 Ion-exchange Capacity (IEC), Water uptake and Dimensional Stability

The IEC is an important parameter for evaluation of a PEM because it influences
water uptake and proton conductivity. The IEC values were determined by a titration

14
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method, and the measured IEC values of all the side-chain-type SPAES-x-y
membranes were in the range of 1.66-1.71 meq g'1 (Table 1). The IEC values slightly
decreased with increasing DB value. The experimental IEC values are close to the
theoretical values. This result further indicated that the sulfonate groups were
successfully incorporated into the polymer by the sulfobutylation reaction without any
side reactions.

The results of water uptake (wt%) are shown in Fig. 4. Compared with the linear
membranes, the branched membranes exhibited higher water uptake. The water
uptake of the branched polymer membranes increased significantly with increasing
DB value and temperature. The IEC values of the sulfonated aromatic polymers
generally dominate the water uptake. However, water uptake of the comb-shaped
polymer membranes with branched backbones increased significantly with decreasing
IEC values. We infer that these results are primarily due to the introduction of
branching points. Water can filter into the hydrophobic region in the
three-dimensional structure near the branching points, which might contribute to the
high water uptake of the branched polymers. Compared with SPAEKS-main, the
water uptake of SPAES-side with similar DB value is significantly lower (Fig. 5). It is
attributed that the introduction of a flexible side chain leads to decrease of free
volume of the branched polymers

Fig. 6 compares the dimensional swelling ratio of the side-chain-type SPAES-x-y
membranes. With increasing DB value, the swelling ratio of the branched membranes
decreases slightly. Compared with the linear membrane, the branched membranes

15
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exhibited better dimensional stability. In general, water uptake of PEMs influences
the dimensional stability, and excessive water uptake can deteriorate the dimensional
stability, leading to high swelling and solubility. Nevertheless, the branched
membranes exhibit special behavior, and the swelling ratio of the branched
membranes decreases with increasing water uptake due to the increased branching
points, which limit the movement of polymer chain in water and prevent swelling of
the branched membranes.
3.5 Proton Conductivity and Microstructure

The proton conductivities of the side-chain-type SPAES-x-y membranes were
measured in a temperature range of 30-80 °C at a relative humidity of 100%. The
conductivity data are tabulated in Fig. 7. The proton conductivities of the linear and
branched polymers are greater than 102 S cm™, which is the lowest value of practical
interest for use as PEMs in fuel cells. It is obvious that the proton conductivities
increase with increasing DB value and temperature. The membrane with the highest
DB value shows the maximum proton conductivity (0.33 S cm™) at 80 °C. Compared
with SPAEKS-main , the proton conductivity of SPAES-side with similar DB value is
significantly higher at low DB, shown in Fig. 8. From the results, we can infer that the
introduction of a flexible side chain is beneficial to increasing the phase separation,
which leads to improved proton conductivity of the branched polymers at low DB.
However, the water uptake played more important than phase separation in proton
conductivity of the polymers at high DB. From Fig. 8, we can see that SPAEKS-main
at 8% DB exhibits higher proton conductivity than SPAEKS-side. The proton

16
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conductivities of the SPAES-x-y membranes were also measured at 80 °C under
different relative humidity (RH) (30-95%) conditions compared to that of the Nafion
117 membrane and the results are shown in Fig. 9. It can be seen that for all the
SPAES-x-y membranes, the proton conductivities increase with the increasing RH.
They show higher proton conductivities (0.132-0.251 S cm™) than that of Nafion 117
(0.131 S cm™) at 95% RH. It is believed that proton conductivity depends heavily on
the IEC values and water uptake of electrolyte membranes. However, the IEC values
slightly decrease with increasing DB value. The excellent proton conductivity could
be attributed primarily to the high water uptake of the electrolyte membranes.
Furthermore, the membrane morphology plays an important role for proton transport
in PEMs.

The phase morphologies of the membranes were also investigated using AFM (Fig.
10). The bright and dark regions in the images are assigned to the hard structure
corresponding to the hydrophobic domains and the soft structure corresponding to the
hydrophilic domains with sulfonic acid containing water, respectively. With similar
DB values, the SPAES-side membrane exhibits better formation of phase-separated
structures than that of the SPAEKS-main membrane, which indicates that the
introduction of flexible alkyl-sufonic acids side chains induces the formation of
well-organized nanodomains. In the AFM images, both SPAES-0-33 and
SPAES-8-33 membranes display formation of phase-separated structures in which the
alkylated sulfonic acids aggregate into hydrophilic clusters. More organized
phase-separated morphology in the SPAES-8-33 membrane can be observed than in

17
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the SPAES-0-33 membrane, which indicates that the branched structure could induce
the formation of well-organized nanodomains. The aggregation of sulfonic acids
supported by the branched structure generates the well-developed nanochannel-liked
morphology, which could improve the proton conduction at low IEC values.

As shown in Fig. 11, the linear and branched membranes exhibit Arrhenius-type
temperature-dependant proton conductivity behavior. The activation energy (E,) for
proton conductivity was calculated according to the Arrhenius equation: ¢ =
Aexp(-E/RT), where ¢ is the proton conductivity (S cm™), R is the universal gas
constant (8.314 J mol” K'), A is the pre-exponential factor, and T is the absolute
temperature (K). The linear membrane exhibits a relatively low activation energy
value (9.46 kJ mol™), which is similar to that of Nafion 117 (9.56 kJ mol™)40*. With
increasing DB value, the activation energy of the branched membranes shows an
increasing trend. The activation energy value of SPAES-8-33 reaches as high as 14.22
kJ mol™. The results revealed that the membrane with higher activation energy values
exhibited greater proton conductivity with increasing the temperature. This result is
attributed to the increased absorption of water by the hydrophilic segments of the
branched comb-shaped polymers with increasing DB value. When the temperature is
increased, the water can improve the proton conductivity of the branched membranes.
3.6 Membrane Density and Hydration Number

The results of the density testing are listed in Table 2. The densities of the branched
membranes decrease with increasing DB values, primarily due to the increase of
branching points in the membranes. With increasing branching points, the free

18
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volume of the branched polymer membranes increases, leading to a decrease in the
density of the membranes. The free volume can also aid in trapping water, thus
leading to the significant increase in water uptake. Hydration number (), or the
number of water molecules per sulfonic acid group, was calculated by combining the
water uptake and IEC data. The A values of membrane can better reflect the proton
conductivity”. The results are presented in Table 2. The A values of the branched
membranes increased remarkably with increasing DB wvalue, and the proton
conductivity and A values exhibited similar behavior.
3.7 Oxidation and hydrolytic stabilities

PEMs are known to undergo degradation resulting from hydroxyl or peroxyl free
radicals formed by the decomposition of H,O, generated at the cathode under the
operational conditions of fuel cells™. Following a well-established procedure, the
oxidative stability of the membranes was evaluated by measuring the elapsed time
before membrane began to break after immersion in Fenton’s reagent (2 ppm FeSO4
in 3% H»0,) at 80 °C. The results are shown in Table 2. The branched comb-shaped
polymer membranes exhibit superior oxidative stabilities compared with that of the
linear polymer membrane. The membrane formed by the branched polymers
SPAES-8-33 shows the best oxidative stability, and the elapsed time is 445 min,
which is 2 times longer than that of the membrane formed by linear polymers (220
min) at same conditions.

The results of the oxidative stabilities of the SPAES-side and the SPAEKS-main
membranes are shown in Fig. 12. With similar DB values, the SPAES-side membrane

19
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exhibits better oxidative stabilities than that of the SPAEKS-main membrane reported
by our group45, which indicates that the introduction of flexible alkylsulfonic acids
side chains can improve the oxidative stability. For the side chain-type polymers, the
alkyl side chains might separate the polymer main chain from the sulfonic acid groups
more effectively to maintain the main chain in a hydrophobic atmosphere that
prevents or reduces the chance of radical attack.

The hydrolytic stability was also investigated by treating the membrane samples in
boiling water for more than eight days. The membranes did not change in shape or
appearance after the treatment. It can be concluded that no hydrolysis occurred during
the treatment.

4. Conclusions

Highly branched sulfonated poly(arylene ether sulfone)s containing comb-shaped
pendant sulfonated groups were successfully prepared by polycondensation reactions.
The resulting polymers can be cast into transparent, flexible, and tough membranes.
With increasing DB value, the water uptake, proton conductivity and oxidative
stability of the branched membranes increased, while the swelling ratio and
mechanical properties of the branched membranes decreased. Compared with the
highly branched sulfonated polymer SPAES-main, the comb-shaped polymers with
highly branched backbones exhibit better oxidation stability and mechanical
properties. The membrane with the highest DB value (8 mol%) exhibits considerable
proton conductivity (0.33 S cm ' at 80 °C) and oxidative stability (445 min) and offers
good potential as PEMs.
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Table 1. Properties of linear and branched comb-shaped polymers

B3 Yield Mn* Mw"  Tgse, IEC" IEC®

(%) (%) (x10%)  (x10%) (C) (meqg’) (meqg’)
SPAES-0-33 0 91 33 5.5 250 1.75 1.71
SPAES-4-33 4 90 66.8 77.3 252 1.71 1.70
SPAES-6-33 6 94 64.0 74.9 257 1.69 1.68
SPAES-8-33 8 89 62.3 72.7 270 1.68 1.66

* Measured at 30°C in THF, ° Theoretical IEC, ¢ Experimental IEC.
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Table 2. Properties of linear and branched comb-shaped membranes

Water Proton Oxidation Tensile
Density*
uptake conductivity stability A strength
(g em™)
wt%)*  (102°S em™)” (min) (meq g™)
SPAES-0-33 343 23.45 220 11.2 1.57 30.15
SPAES-4-33 45.8 25.17 345 15.0 1.52 28.79
SPAES-6-33 54.8 27.29 420 18.1 1.34 24.35
SPAES-8-33 68.7 33.11 445 23.0 1.20 20.51
Nafion 117 19¢ 10.08 >400 NR® 1.98¢ 25.7¢

“Measured at 80 °C," measured at 80 °C and 100% relative humidity for membrane

samples, “ Based on the dry state, ¢ Data taken from Ref, ¢ Not reported.

28



Page 29 of 41 Journal of Materials Chemistry C

F
OCH; oc1-|3 ©
HO o-%
O O +|=—< } —< >—F+ HOH OH +
H3CO OCH; O
O O DFDS 6F- BPA

DMHF K,COs

e | o T
o Toluene /@sb OS\©\
g* B
o> F 3 F
OCH3 OCH3;

5O Ao OFO--O-LOn

H3CO OCH;
O 0.0 MPAES-33

CH,C1,
b BBr,

() @4 O O @@W
O OO HPAES-33

O-OFORN AeOFO-OF0n
0\\ 0.0 SPAES-33

S,

o}
Q R=OCH2CH20H2CH2303H

Scheme 1. Synthesis of highly branched polymers MPAES-33, HPAES-33,
SPAES-33

29



Journal of Materials Chemistry C

o
O

-
-~

~o

«

L

-d

SPAEKS-main

Fig. 1 Diagrams of the linear and branched comb-shaped polymers

D€

Branched unit
—SOH
NN\ s0H

Polymer main chain

30

v

SPAES-side

Page 30 of 41



Page 31 of 41

Tensile strength(MPa)

30

Journal of Materials Chemistry C

[}
9]
|

(]
=
|

15

—m— SPAES-side
—eo— SPAEKS-main

—o—

4 6

0 -

Degree of branching (%)

31

Fig. 2 Tensile strength of SPAEKS-main and SPAES-side




Journal of Materials Chemistry C

100 4 ——SPAES-0-33

- - - SPAES-4-33
----- SPAES-6-33

~ 901 —-—--SPAES-8-33

\

e

=1V

=

‘2 80

£ 1

| %

£ o

- N

:ban 70 -

g \..\_

& 60 -

\\'
N\
! | ! | ! | |
100 200 300 400 500

Temperature (°C)
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Fig. 10 AFM phase images of the linear and branched comb-shaped polymer

membranes
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