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estigation of sulfonated poly(p-
phenylene)-based ionomers with precisely
controlled ion exchange capacity for use as
polymer electrolyte membranes†

Miru Yoshida-Hirahara, ab Satoshi Takahashi,a Masahiro Yoshizawa-Fujita, a

Yuko Takeoka a and Masahiro Rikukawa *a

To achieve precise control of sulfonated polymer structures, a series of poly(p-phenylene)-based ionomers

with well-controlled ion exchange capacities (IECs) were synthesised via a three-step technique: (1)

preceding sulfonation of the monomer with a protecting group, (2) nickel(0) catalysed coupling

polymerisation, and (3) cleavage of the protecting group of the polymers. 2,2-Dimethylpropyl-4-[4-(2,5-

dichlorobenzoyl)phenoxy]benzenesulfonate (NS-DPBP) was synthesised as the preceding sulfonated

monomer by treatment with chlorosulfuric acid and neopentyl alcohol. NS-DPBP was readily soluble in

various organic solvents and stable during the nickel(0) catalysed coupling reaction. Sulfonated poly(4-

phenoxybenzoyl-1,4-phenylene) (S-PPBP) homopolymer and seven types of random copolymers (S-PPBP-

co-PPBP) with different IECs were obtained by varying the stoichiometry of NS-DPBP. The IECs and weight

average molecular weights (Mws) of ionomers were in the range of 0.41–2.84 meq. g�1 and 143 000–

465 000 g mol�1, respectively. The water uptake, proton conductivities, and water diffusion properties of

ionomers exhibited a strong IEC dependence. Upon increasing the IEC of S-PPBP-co-PPBPs from 0.86 to

2.40 meq. g�1, the conductivities increased from 6.9 � 10�6 S cm�1 to 1.8 � 10�1 S cm�1 at 90% RH. S-

PPBP and S-PPBP-co-PPBP (4 : 1) with IEC values >2.40 meq. g�1 exhibited fast water diffusion (1.6 � 10�11

to 8.0 � 10�10 m2 s�1), and were comparable to commercial perfluorosulfuric acid polymers. When fully

hydrated, the maximum power density and the limiting current density of membrane electrode assemblies

(MEAs) prepared with S-PPBP-co-PPBP (4 : 1) were 712 mW cm�2 and 1840 mA cm�2, respectively.
Introduction

Polymer electrolyte fuel cells (PEFCs), which transform chem-
ical energy directly into electricity, have been intensively
developed as hydrogen energy technologies with high efficiency
for use in automotive, and both stationary and portable elec-
tronic applications.1,2 Peruorosulfonic acid polymers (PFSAs),
particularly Naon®, are typically used as polymer electrolyte
membranes (PEMs) due to their high proton conductivity and
excellent chemical stability. However, they have some draw-
backs such as high manufacturing cost and limited operation
temperatures below 90 �C, which results from a low glass
transition temperature.3 Currently, sulfonated aromatic poly-
mers have been studied as an alternative to PFSAs due to their
nces, Sophia University, 7-1 Kioi-cho,
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low production cost, environmental compatibility, and high
thermal stability.4–6

Recently, sulfonated aromatic polymers containing pendant
side chains between the polymer main chain and sulfonic acid
group have received much attention. It is generally expected
that the polymers with pendant sulfonic acid groups or side-
chains are more stable against hydrolysis than those with
sulfonic acid groups directly on the polymer backbones.
Furthermore, the existence of exible side chains promotes the
nanophase separation of hydrophilic and hydrophobic
domains, resulting in improved proton conductivity as well as
dimensional stability of membranes.7–9 For example, Pang et al.
synthesised sulfonated poly(arylene ether) copolymers con-
taining pendant sulfonic acid groups with higher proton
conductivity under fully hydrated conditions and lower swelling
ratios than those of Naon® membranes.10 Guiver et al. also
reported that sulfonated poly(arylene ether sulfone) copolymers
with pendant aliphatic sulfonic acid groups exhibit very low
water uptake and dimensional changes at elevated temperature
with unique nanophase separation architectures.11
This journal is © The Royal Society of Chemistry 2020
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In our previous study, we focused on poly(phenylene)-based
polymer electrolytes and found that sulfonated poly(4-
phenoxybenzoyl-1,4-phenylene) (S-PPBP), which contains
sulfonic acid groups on the aromatic side chains, are attractive
materials for PEFC applications.12,13 Generally, the rigid poly(p-
phenylene) structure leads to high chemical and thermal
stability as well as poor solubility and low lm-forming ability
due to the high bond dissociation energy between phenyl
groups.7,14,15 Introduction of pendant sulfonic acid groups into
the rigid poly(p-phenylene) backbone resulted in high thermal
and hydrolysis stability, proton conductivity, and handling
properties. S-PPBP could be synthesised via a nickel(0) catalysed
coupling polymerisation technique, which was rst demon-
strated by Colon and Kelsey.16 The nickel(0) catalysed coupling
reaction is a useful synthetic method for the formation of
carbon–carbon aryl bonds. Excellent yields of biaryls can be
prepared from aryl chlorides in a short time at mild tempera-
ture in the presence of a nickel salt, triphenylphosphine, and
the reducing agent. In our work with the polymerisation tech-
nique, we optimised the synthetic conditions of the nickel(0)
catalysed coupling polymerisation and successfully obtained
highmolecular weight PPBPs (Mw¼ 438 000 gmol�1), which are
the precursors of S-PPBP.17 Use of high molecular weight
sulfonated aromatic polymers provides durable and reliable
membranes for PEFC applications.

Our next target was the precise control of sulfonated polymer
structures. There are two synthetic methods to obtain
sulfonated polymers. One is the so-called post-sulfonation of
preformed polymers. Various sulfonated polymer materials
have been synthesised via post-sulfonation methods due to
their simplicity and wide utility in materials selectivity,
including use of commercially available polymers.18,19 While
post-sulfonation is a simple and easy process, some serious
side-reactions, such as cross-linking and chain scission reac-
tions, might occur during the reaction. The other synthetic
method is the so-called preceding sulfonation of precursor
monomers. The direct polymerisation of preceding sulfonated
monomers avoids the serious drawbacks of the former post-
sulfonation process while also controlling the extent of sulfo-
nation and position of the sulfonic acid group.2,20 Because of
these advantages, the preceding sulfonation method has
received much attention for the polymerisation of block copol-
ymers and gra copolymers with well-dened morphologies.
On the other hand, tedious synthesis of the monomer may be
required because direct use of monomers with sulfonic acid
groups for polymerisation is difficult; several research groups
have reported the direct polymerisation of sodium or potassium
sulfonate-type monomers via nucleophilic substitution reac-
tions or nickel(0) catalysed coupling reactions.21–23 While it is
relatively easy to prepare sulfonate-type monomers, their low
solubility in organic solvents results in relatively low molecular
weight polymers which may cause deterioration of lm forming
property and mechanical strength of polymer membranes. It is
therefore necessary to design and synthesise novel sulfonated
monomers that are more suitable for polymerisation processes.
Recently, Goto et al. reported that the neopentyl (i.e., 2,2-
dimethylpropyl) group has optimal properties as a protecting
This journal is © The Royal Society of Chemistry 2020
group of sulfonic acids for polymerisation.24 However, the
synthetic procedures and characterisations of these polymers
have not been reported. There are a few studies using sulfonic
ester monomers for PEM applications with high molecular
weights and ion exchange capacities (IECs).

Here, we synthesised a series of S-PPBP homopolymer and S-
PPBP-PPBP random copolymers (S-PPBP-co-PPBPs) with well-
controlled IECs and sulfonic acid group position by polymeri-
sation of preceding sulfonated monomers with neo-
pentylsulfonate esters. The thermal properties, mechanical
properties, oxidative stability, water uptake, proton conduc-
tivity, water diffusion, gas permeability, and fuel cell perfor-
mance of S-PPBP and S-PPBP-co-PPBPs were investigated.
Comparison of S-PPBP-co-PPBPs with different IECs allowed us
to understand the relationship between the IEC and copolymer
properties.

Experimental
General information

Thionyl chloride and pyridine were purchased from FUJIFILM
Wako Pure Chemical Co. and used as received unless otherwise
noted. 2,2-Dimethyl-1-propanol (neopentyl alcohol), diethyl-
amine hydrobromide ((C2H5)2NH$HBr), and chlorosulfuric acid
were purchased from Sigma-Aldrich Co. LLC., Tokyo Chemical
Industry Co., Ltd. and Kanto Chemical Co., Ltd., respectively,
and used as received. All solvents were purchased from FUJI-
FILMWako Pure Chemical Co. or Kanto Chemical Co., Ltd. and
puried as appropriate where necessary. Zinc powder (Zn, 325
mesh; Merck Ltd.) was washed three times with 1.0 mol dm�3

HCl in diethyl ether and dried in vacuo at 100 �C for 6 h and at
r.t. for 12 h. Bis(triphenylphosphine)nickel(II) dichloride
(NiCl2(PPh3)2; Kanto Chemical) was dried in vacuo at 100 �C
before use. Triphenylphosphine (PPh3; FUJIFILM Wako) was
recrystallised from ethanol and dried in vacuo at 50 �C for 12 h.
Sodium iodide (NaI; FUJIFILM Wako) was recrystallised from
distilled water and dried in vacuo at 70 �C for 24 h. N-Methyl-
pyrrolidone (NMP; Kanto Chemical) used for the polymerisation
was puried by distillation under reduced pressure (1 mmHg,
54 �C), degassed by bubbling N2, then dehydrated over 200 �C-
dried molecular sieves (MS4A; FUJIFILM Wako) before use. 2,5-
Dichloro-40-phenoxybenzophenone (DPBP) was synthesised
according to the literature.17

1H NMR (500 MHz) and 13C NMR (125 MHz) measurements
were performed on a ECA-500 spectrometer (JEOL Ltd.). Chlo-
roform-d1 (CDCl3; FUJIFILM Wako), dichloromethane-d2
(CD2Cl2; Sigma-Aldrich), or dimethyl sulfoxide-d6 (DMSO-d6;
Kanto Chemical) was used as the solvent, and tetramethylsilane
(TMS; FUJIFILM Wako) was used as an internal standard for 1H
and 13C NMR spectra. FT-IR spectra were recorded on a Nicolet
6700 spectrometer (Thermo Fisher Scientic Inc.) from 4000 to
650 cm�1. Solid samples were measured using KBr or attenu-
ated total reection (ATR) methods. High-resolution mass
spectrometry was performed with a JMS-SX102A (JEOL) spec-
trometer in electron impact mode. Elemental analysis was
performed using a PE2400-II instrument (PerkinElmer, Inc.) at
975 �C. Gel permeation chromatography (GPC) measurements
RSC Adv., 2020, 10, 12810–12822 | 12811
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were carried out using a LC-10AD chromatosystem (Shimadzu
Co.) equipped with a Shodex LF-804 column (Showa Denko
K.K.). GPC measurements were carried out at 50 �C using N,N-
dimethylformamide (DMF; FUJIFILM Wako) containing 0.1%
lithium bromide (LiBr; Wako) as an eluent at a ow rate of 1.0
mL min�1. Poly(ethylene oxide) standards (Sigma-Aldrich) were
used as the GPC standards.
Synthesis of 4-[4-(2,5-dichlorobenzoyl)phenoxy]
benzenesulfonylchloride (SC-DPBP)

DPBP (20.00 g, 58.28 mmol) was placed in a three-neck round-
bottom ask lled with nitrogen. Chlorosulfuric acid (33.95 g,
291.4 mmol) was added to the ask, and the resulting mixture
was stirred at r.t. for 3 h. The solution was then poured into ice
water and extracted with CH2Cl2. The organic layer was washed
with water and dried over MgSO4, then concentrated using
a rotary evaporator. Aer ltration, the solid product was
washed with chilled hexane and dried in vacuo at 40 �C for 12 h.
SC-DPBP was obtained as a white solid in 85% yield (21.75 g,
49.24 mmol).

1H NMR (500 MHz, CDCl3): d 8.05 (d, J¼ 8.6 Hz, 2H), 7.89 (d,
J ¼ 8.6 Hz, 2H), 7.42–7.43 (m, 2H), 7.38 (t, J ¼ 1.2 Hz, 1H), 7.21
(d, J ¼ 8.6 Hz, 2H), 7.16 (d, J ¼ 8.6 Hz, 2H) ppm. EI-MS: m/z ¼
442. IR (KBr): 3093, 3074, 1664, 1573, 1502, 1487, 1462, 1414,
1377, 1309, 1287, 1255, 1184, 1167, 1153, 1093, 1086, 1053,
1012, 955, 904, 877, 833, 821, 807, 779, 771, 713, 686, 666 cm�1.
Elemental analysis: calcd for (CHNS)n C, 51.66%; H, 2.51%; S,
7.26%. Found C, 51.71%; H, 2.42%; S, 7.20%.
Synthesis of 2,2-dimethylpropyl-4-[4-(2,5-dichlorobenzoyl)
phenoxy]benzenesulfonate (NS-DPBP)

SC-DPBP (21.59 g, 48.89 mmol) and pyridine (15.0 mL) were
placed in a three-neck round-bottom ask lled with nitrogen,
and a mechanical stirring sha was attached to the ask. A
solution of neopentyl alcohol (5.696 g, 48.89 mmol) in pyridine
(5.0 mL) was added to the ask, and the resulting mixture was
stirred at r.t. for 3 h. The resulting solution was extracted with
toluene. The organic layer was washed with HCl (aq), Na2CO3

(aq), and water, and then dried over MgSO4 and concentrated
using a rotary evaporator. Aer ltration, the solid product
was puried by recrystallisation from methanol at least three
times and then dried in vacuo at 40 �C for 12 h. NS-DPBP was
obtained as a white crystalline solid in 83% yield (17.94 g,
40.61 mmol).

1H NMR (500 MHz, CDCl3): d 7.91 (d, J¼ 8.6 Hz, 2H), 7.84 (d,
J ¼ 8.6 Hz, 2H), 7.45–7.44 (m, 2H), 7.38 (t, J ¼ 1.2 Hz, 1H), 7.21
(d, J ¼ 8.6 Hz, 2H), 7.13 (d, J ¼ 8.6 Hz, 2H), 3.69 (s, 2H), 0.90 (s,
9H) ppm. 13C NMR (125 MHz, CDCl3): d 192.4, 160.9, 160.7,
140.2, 133.4, 133.0, 132.5, 131.8, 131.7, 131.6, 130.8, 129.8,
129.2, 119.8, 119.5, 80.2, 31.9, 26.1 ppm. EI-MS: m/z ¼ 492. IR
(KBr): 3095, 3071, 3040, 2976, 2958, 2868, 1666, 1585, 1491,
1463, 1421, 1387, 1360, 1285, 1244, 1182, 1165, 1093, 1051,
1013, 955, 935, 878, 839, 776, 764, 691, 674 cm�1. Elemental
analysis: calcd for (CHNS)n C, 58.42%; H, 4.49%; S, 6.50%.
Found C, 58.36%; H, 4.47%; S, 6.41%.
12812 | RSC Adv., 2020, 10, 12810–12822
Synthesis of S-PPBP-co-PPBP

All reactants, catalyst reagents, and solvents were handled in
a glove box under an argon atmosphere. NS-DPBP, DPBP, PPh3

(1.039 g, 3.962 mmol), NaI (0.203 g, 1.36 mmol), Zn (0.890 g,
13.6 mmol), and NiCl2(PPh3)2 (0.216 g, 0.330 mmol) were placed
in a previously dried three-neck round-bottom ask. A
mechanical stirring sha and an addition funnel containing
NMP (12.7 mL) was attached to the ask, and the ask was
heated to 65 �C under a ow of argon. Aer NMP was added to
the ask dropwise, the resulting mixture was stirred at 65 �C for
24 h with continuous and vigorous stirring. The resulting
mixture was quenched with 550 mL of HCl/acetone (1 : 10, v/v).
The crude product was then puried by reprecipitation from
chloroform solution into HCl/methanol (1 : 10, v/v) at least
twice in order to remove the residual catalyst, and then washed
using Soxhlet extraction with methanol for three days and dried
in vacuo at 50 �C for 12 h. NS-PPBP-co-PPBP was obtained as
a white solid in 59–90% yield. Detailed polymerization condi-
tions including the amounts of monomers are described in the
ESI.†

The neopentyl-protecting group of NS-PPBP-co-PPBP was
cleaved by acidolysis with (C2H5)2NH$HBr. NS-PPBP-co-PPBP
was placed in a three-neck round-bottom ask lled with
nitrogen, and a mechanical stirring sha was attached to the
ask. NMP was added to the ask, and the mixture was stirred
at 80 �C. Aer NS-PPBP-co-PPBP completely dissolved in NMP,
a solution of (C2H5)2NH$HBr in NMP was added to the ask,
and the resulting mixture was stirred at 120 �C for 24 h. Aer
cooling to room temperature, the resulting mixture was poured
into an excess of methanol containing 10% HCl, and the solu-
tion was stirred for 24 h. The precipitate was immersed in 1 mol
dm�3 HCl (aq) for 48 h to exchange the diethylammonium ions
with protons. Aer conversion to the acid form, the crude
product was puried twice by reprecipitation from NMP into
methanol and then dried in vacuo at 80 �C for 12 h. S-PPBP-co-
PPBP was obtained as a red-brown precipitate in 72–95% yield.
Detailed synthetic conditions and characterisations are
described in the ESI.†
Preparation of polymer membranes

Polymer membranes of S-PPBP and S-PPBP-co-PPBP were
prepared by solution casting onto a at glass plate with 5 wt%
DMSO solution. Each polymer solution was cast on a previously
washed glass substrate (10 � 10 cm), heated at 80 �C for 12 h at
ambient pressure, and then dried in vacuo at 80 �C for 3 h. The
membranes were immersed in deionised water to allow them to
be peeled from the substrates, and then the detached
membranes were immersed in 1 mol dm�3 HCl (aq) at 80 �C for
2 h, followed by treatment with deionised water at 80 �C for 3 h,
and nally dried in vacuo at 80 �C for 12 h.
Measurements

The experimental IEC values were determined using elemental
analysis and back titration as described below. The dried
membranes were immersed in 1.0 mol dm�3 HCl (aq) at 80 �C
This journal is © The Royal Society of Chemistry 2020
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for 2 h followed by treatment with deionized water at 80 �C for
3 h. The IEC was then estimated by titration with 10mmol dm�3

NaOH (aq). Thermogravimetric analyses (TGA) were performed
with a TG-DTA7200 instrument (Seiko Instruments Inc.) at
a heating rate of 10 �C min�1 from 25 to 500 �C under a ow of
nitrogen. The oxidative stability was investigated using Fenton's
reagents containing 3% hydrogen peroxide (H2O2, Wako) and
1.00 mmol dm�3 iron(II) chloride (aq) (FeCl2, Fe

2+ ¼ 4.0 ppm).
The membrane samples were dried in vacuo and weighed before
performing the Fenton's test. Aer immersing the membranes
in the Fenton's reagent at 80 �C for 2 h, the residual weight of
the membranes was measured; the oxidative stability was
correlated with this residual weight of the membrane.25

Mechanical tensile tests were performed with a Tensilon
RTG-1210 instrument (A&D Company, Ltd.) equipped with
a chamber in which the temperature and the humidity were
controlled with a ow of humidied air. The tensile strength
and ultimate elongation of membrane samples, which had
areas of 10 mm � 20 mm, were measured under ambient
conditions (r.t., non-humidied) and conditions of elevated
temperature and humidity (80 �C, 90% RH).

Weight-based water uptake (WUw) was measured using
a MSB-AD-V-FC isothermal adsorption measurement system
(MicrotracBEL Corp.) equipped with a temperature and
humidity controlled chamber. The measurement was per-
formed at 80 �C with varying humidity from 25 to 85% RH. The
value of water uptake was calculated using the following
equation:

WUw ¼ Wwet �Wdry

Wdry

� 100

where Wdry and Wwet are the weights of the dried and hydrated
membranes, respectively. The numbers of adsorbed water
molecules per sulfonic acid group (l([H2O][SO3H])) were calcu-
lated using the following equation:

lð½H2O�=½SO3H�Þ ¼ Wwet �Wdry

18:01
� 1000

IEC�Wdry

where 18.01 is the molecular weight of water.
The in-plane proton conductivity s (S cm�1) of the polymer

membranes were measured using a SI1260 electrochemical
impedance analyser (Solartron Group Ltd.). The samples were
clamped between Pt electrodes and placed on a four-probe
conductivity cell. The measurement was performed at 80 �C
with varying humidity from 30 to 90% RH, and s was calculated
using the following equation:

s ¼ l

ðA� RÞ
where l (cm) is the distance between two electrodes, A (cm2) is
the cross-sectional area of the membrane, and R (U) is the
membrane resistance.

The pulsed-eld-gradient nuclear magnetic resonance (PFG-
NMR) measurements were carried out on an ECA-500 spec-
trometer (JEOL) with an 11.7 T superconducting magnet. To
determine the diffusion coefficients of water, the sample
membranes were equilibrated in a humidity–temperature
This journal is © The Royal Society of Chemistry 2020
chamber (ESPEC Corp.) at a specied RH and 30 �C for 24 h, and
then inserted in a 5 mm f NMR glass tube and tightly sealed
with a Teon rod, such that the water volume would not vary
aer sample conditioning. The bipolar pulse longitudinal eddy
current delay (BPPLED) pulse sequence with half-sine shaped
gradient pulses was employed and measurements were ob-
tained by observing the NMR signal intensity I as a function of
spin dephasing (gradient strength g). The self-diffusion coeffi-
cient was determined by tting the data to the following
equation:

I ¼ I0 exp

�
�4g2g2d2DNMR

�
D� s

2
� d

8

�
4

p2

�

¼ I0 expð�DNMRbÞ
where DNMR is the self-diffusion coefficient, g is the gyromag-
netic ratio of the prove nucleus (here 1H, g ¼ 2.6752 � 104 rad
s�1 T�1), I0 is the NMR echo intensity without eld gradient, d is
the duration of each gradient pulse, s equals the sum of d and
gradient recovery, and D is the time delay between gradients.
The measurements were conducted by setting g ¼ 0.1 to 12.0 T
m�1, d ¼ 1 ms, s ¼ 1.3 ms, and D ¼ 20 ms.

Hydrogen (H2) and oxygen (O2) permeability through
membrane samples was measured with a GTR-30XFST gas
permeation measurement apparatus (GTR Tec Corp.) equipped
with a G2700T gas chromatograph (Yanaco) containing a Por-
apak-Q column and a thermal conductivity detector. Argon
and helium were used as carrier gases for the measurement of
H2 and O2, respectively. A membrane with an area of 35 mm �
35 mm, was set in a cell with a gas inlet and outlet on both sides
of the membrane. The cell temperature was controlled by
placing it in an oven. Dry or humidied test gas (H2 or O2) was
supplied at a ow rate of 30 mL min�1. Before measurements,
the membranes were equilibrated with the gases at the given
temperature and humidity. The gas permeation rate, r
(cm3(STP) cm�2 s�1), and the gas permeation coefficient, P
(barrer; 1 barrer ¼ 1 � 10�10 cm3(STP) cm cm�2 s�1 cmHg

�1),
were calculated according to the following equations:

g ¼ 273

T
� 1

A
� B

1

t

P ¼ g� l � 1

76� Pw

� 1010

where T (K) is the absolute temperature of the cell, A (cm2) is the
permeation area, B (cm3) is the volume of test gas permeated
through the membrane, t (s) is the sampling time, l (cm) is the
thickness of the membrane, and Pw (cmHg) is the water vapor
pressure.26

Membrane electrode assemblies (MEAs) were constructed
according to the following protocol. A catalyst ink was prepared
by mixing Pt on Vulcan XC-72 (amount of Pt¼ 47 wt%), puried
water, ethanol, and 5 wt% Naon® dispersion. The mixed
catalyst ink was coated on SIGRACET® GDL 35BC gas diffusion
layers (SGL Carbon Japan Co, Ltd.). The electrodes were then
pressed onto membrane samples (35 mm � 35 mm) at 6 MPa
and 125 �C for 10 min. The active area was 5 cm2, and the Pt
RSC Adv., 2020, 10, 12810–12822 | 12813
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catalyst loading was 1.0 mg cm�2. The MEA was assembled in
a single cell (ElectroChem, Inc.) between bipolar plates made of
graphite with serpentine ow channels. A single fuel cell test fed
by H2/air was conducted using a 890B fuel cell test system
(Scribner Associates, Inc.) at a cell temperature of 80 �C under
humidied conditions. Dry or humidied H2 and air were
continuously supplied at a ow rate of 500 and 1000 mL min�1,
respectively, and the back pressure was maintained at 0.1
MPaG.
Fig. 1 1H NMR spectra of (a) NS-DPBP in CDCl3, (b) NS-PPBP-co-
PPBP (1 : 1) in CDCl3, and (c) S-PPBP-co-PPBP (1 : 1) in DMSO-d6.
Results and discussion
Synthesis of sulfonated monomer

We synthesised S-PPBP and S-PPBP-co-PPBPs via the following
three steps: (1) preceding sulfonation of monomers using
a protecting group, (2) polymerisation or copolymerisation of
NS-DPBP with a nickel(0) catalysed coupling reaction, and (3)
cleavage of protecting groups from the polymer. Neopentyl
groups were used as the protecting group of sulfonic acids due
to both the high polymerisation stability and ease of depro-
tection. Neopentylsulfonate esters are more stable than their
isopropyl counterparts.24,27

The synthetic route to prepare the monomer is outlined in
Scheme 1. In our synthesis of the sulfonated monomer, we
started with the preparation of DPBP in 74% yield by Friedel–
Cras acylation of 2,5-dichlorobenzoyl chloride and dipheny-
lether according to a literature procedure.17 Chlorosulfonation
of DPBP with chlorosulfuric acid gave sulfonyl chloride DPBP
(SC-DPBP) in 85% yield. SC-DPBP was then treated with neo-
pentyl alcohol in pyridine to provide neopentylsulfonate ester
DPBP (NS-DPBP) in 83% yield aer purication from at least
two recrystallisations from methanol.

The identity of NS-DPBP was conrmed by EI-MS, FT-IR
spectroscopy, 1H and 13C NMR spectroscopy, and elemental
analysis. The FT-IR spectrum (KBr pellet) showed absorption
bands at 2958, 1421, and 1360 cm�1 corresponding to the C–H
stretching vibration, CH3 asymmetric vibration, and S]O
stretching vibration, respectively (Fig. S1†). As shown in Fig. 1a,
the 1H NMR signals were assigned, with two singlet peaks at
0.90 ppm (i) and 3.69 ppm (h) attributed to the aliphatic protons
of the neopentylsulfonate ester group, and six peaks downeld
(7.13–7.91 ppm) were assigned as aromatic protons. 1H NMR
and 13C NMR spectra conrmed that one neopentylsulfonate
ester group was successfully introduced to the para-position of
Scheme 1 Synthesis of NS-DPBP.

12814 | RSC Adv., 2020, 10, 12810–12822
the terminal phenoxy group. NS-DPBP was readily soluble in
various organic solvents (e.g., CHCl3, NMP, DMF, and DMSO).
This high solubility in organic solvents derives from the pres-
ence of the neopentyl group, which is suitable for our poly-
merisation strategy.
Nickel(0) catalysed coupling polymerisation

As shown in Scheme 2, S-PPBP homopolymer and seven types of
random copolymers, S-PPBP-co-PPBP x : y with different molar
ratios, were synthesised from NS-DPBP and DPBP via a nickel(0)
This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Synthesis of S-PPBP-co-PPBP.
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catalysed coupling polymerisation. Herein, the (x : y) means the
theoretical molar ratio of hydrophilic S-PPBP and hydrophobic
PPBP units calculated from the feed ratio of NS-DPBP and
DPBP.

According to a previous report, a catalyst solution was
prepared from Ni(PPh3)2Cl2, PPh3, NaI, and activated Zn in
puried NMP under an argon atmosphere and stirred for 5 min
at 40 �C.17 Aer formation of a deep-red color of the catalyst in
solution, which indicated the reduction of nickel(II) to nickel(0)
by activated zinc, a monomer solution of NS-DPBP and DPBP in
NMP was added dropwise to the catalyst mixture with vigorous
stirring at 65 �C for 24 h. A longer reaction time can be
employed to prepare less dispersed copolymers.17 NS-PPBP and
NS-PPBP-co-PPBPs were synthesised by varying the stoichiom-
etry of NS-DPBP and DPBP with yields of 59–90%.

The identities of NS-PPBP and NS-PPBP-co-PPBPs were
conrmed by FT-IR and 1H NMR spectroscopies, and with
elemental analysis. The FT-IR spectra of NS-PPBP and NS-PPBP-
co-PPBPs conrmed polymerisation or copolymerisation by
disappearance of the absorption bands at 1093 cm�1 corre-
sponding to the C–Cl stretching. The chemical structures of
polymers were characterised via 1H NMR spectroscopy (Fig. 1b
and S1†). The chemical shis at 3.69 ppm (h) and 0.90 ppm (i)
corresponding to the neopentylsulfonate ester group indicate
that no cleavage of the neopentyl group occurs during the
nickel(0) catalysed coupling reaction.
Fig. 2 Relationship between IEC of S-PPBP-co-PPBP and feed molar
ratio of NS-DPBP.
Preparation of the sulfonated polymer

Conversion of the neopentylsulfonate ester into a sulfonic acid
group was realised by acidolysis with an NMP solution of dieth-
ylamine hydrobromide at 120 �C for 24 h. Due to adsorption of
a large quantity of diethylammonium ions, the deprotected
copolymers were subsequently immersed in a 1 mol dm�3 HCl
(aq) for 48 h to obtain the acid form. All polymers were puried by
reprecipitation in NMP/methanol.

The identities of S-PPBP and S-PPBP-co-PPBPs were
conrmed from FT-IR and 1H NMR spectroscopies, GPC, and
elemental analysis. In the FT-IR spectra of S-PPBP and S-PPBP-
co-PPBPs, absorption bands assigned to the S]O stretching
vibration at 1120, 1026, and 1003 cm�1 were observed (Fig. S2†).
The intensity of absorption bands corresponding to the S]O
stretching vibration increased with increasing theoretical molar
ratio of S-PPBP segments. Comparison of the spectra before and
This journal is © The Royal Society of Chemistry 2020
aer the deprotection reaction indicates that the absorption
bands at 2960 and 2868 cm�1, which were assigned to the C–H
stretching of the neopentylsulfonate ester groups of NS-PPBP
and NS-PPBP-co-PPBPs, disappear for S-PPBP and S-PPBP-co-
PPBPs. These results indicate that deprotection proceeded
successfully, as expected. The Mws of S-PPBP and S-PPBP-co-
PPBPs determined by GPC with DMF as the eluent were in the
range of 143 000–465 000 g mol�1. Slightly wide polydispersity
of polymers is presumably due to the reduced reactivity of
reduction reaction of Ni species. Since the polyphenylene-based
polymer has low solubility, a viscosity of the reaction solution
increased rapidly at the late stage of Ni(0) coupling polymeri-
sation, which might cause the inhibition of Ni reduction,
especially in high molecular weight products. The molecular
weight did not depend on the molar ratio of S-PPBP and PPBP.
All the samples of S-PPBP and S-PPBP-co-PPBPs were soluble in
only polar aprotic solvents (e.g., NMP, DMF, and DMSO).

Polymer membranes of all polymers were prepared by solu-
tion casting onto a glass plate with DMSO. The thicknesses of
prepared membranes were �50 mm. The experimental IEC
values of polymer membranes were determined by back titra-
tion and elemental analysis, as shown in Fig. 2. All of the IEC
data obtained are in good agreement with the theoretical IEC
values calculated from the feed molar ratio of NS-DPBP and
RSC Adv., 2020, 10, 12810–12822 | 12815
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Table 1 Summary of properties for S-PPBP, S-PPBP-co-PPBP, and
PPBP

Sample Mw
a Mw/Mn

a

IEC/meq. g�1

Exp.b Theory

S-PPBP 359 000 3.04 2.84 2.84
S-PPBP-co-PPBP 9 : 1 243 000 3.20 2.50 2.61
S-PPBP-co-PPBP 4 : 1 346 000 4.94 2.40 2.38
S-PPBP-co-PPBP 7 : 3 465 000 4.84 2.17 2.13
S-PPBP-co-PPBP 10 : 9 143 000 3.00 1.69 1.68
S-PPBP-co-PPBP 1 : 1 216 000 3.32 1.50 1.60
S-PPBP-co-PPBP 1 : 3 250 000 2.69 0.86 0.86
S-PPBP-co-PPBP 1 : 9 326 000 3.36 0.41 0.36
PPBP 146 000 2.53 — —

a Determined by GPC (eluent: DMF). b Determined by back titration.

Table 2 Membrane properties for S-PPBP and S-PPBP-co-PPBP

Sample (IEC)
Residual
weighta/wt%

Swelling
ratiob/%

S-PPBP (2.84 meq. g�1) 0 90
S-PPBP-co-PPBP 9 : 1 (2.50 meq. g�1) 0 —
S-PPBP-co-PPBP 7 : 3 (2.17 meq. g�1) 24 38
S-PPBP-co-PPBP 1 : 1 (1.50 meq. g�1) 58 26
S-PPBP-co-PPBP 1 : 3 (0.86 meq. g�1) 78 <1
S-PPBP-co-PPBP 1 : 9 (0.41 meq. g�1) 95 —

a Residual weight of membranes aer Fenton's tests. Each membrane
was immersed in 3% H2O2 with 4 ppm FeCl2 aq. at 80 �C for 2 h.
b Swelling ratios of membranes in the through-plane direction. Each
membrane was immersed in water at 80 �C for 2 h.
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DPBP. These results indicate that we can successfully control
the IEC by varying the feed ratio of monomers. PPBP homo-
polymer (Mw ¼ 146 000), Naon®112, and Naon®115 were
used as controls. The properties of all polymer products are
summarised in Table 1.
Chemical, dimensional, and thermal stability

The oxidative stability of S-PPBP and S-PPBP-co-PPBPs was
investigated with the Fenton degradation test, which is a stan-
dard method to gauge relative oxidative stability and simulate
accelerated fuel cell operating conditions. S-PPBP and S-PPBP-
co-PPBP membranes were immersed in Fenton's reagent (3%
H2O2 containing 4 ppm Fe2+) at 80 �C for 2 h, and the residual
weight of the membranes were measured, as summarised in
Table 2. Generally, a high IEC leads to low oxidative stability
because oxidative attack by a radical species, which is classied
as an electrophilic addition, mainly occurs in hydrophilic
domains and results inmembrane degradation.28,29 As expected,
the oxidative stability of membranes increased with decreasing
IEC values. Aer immersion in the Fenton's reagent for 2 h, the
membranes of S-PPBP and S-PPBP-co-PPBP 9 : 1 were
completely dissolved in the Fenton's reagent. The residual
weights of S-PPBP-co-PPBP 7 : 3, 1 : 1, 1 : 3, and 1 : 9 were
approximately 24, 58, 78, and 95 wt%, respectively, comparable
to reported random copolymers with pendant sulfoalkyl
groups.11

The dimensional stability of PEMs is an important technical
problem that leads to serious physical degradation of MEAs
under fuel cell operation. Huge swelling causes both loss of
desired mechanical properties and interfacial detachment of
the membranes and electrodes, which results in drastically
reduced fuel cell performance. The dimensional stabilities of S-
PPBP and S-PPBP-co-PPBPs were determined by measuring the
swelling ratios in the through-plane direction. The polymer
membranes were immersed in water at 80 �C for 2 h, and the
changes in membrane thickness were measured (Table 2).
Swelling ratios increased sharply with increasing IEC for all
samples. Upon increasing the IEC of the membranes from 0.86
to 2.84 meq. g�1, the swelling ratio increased from 0 to 90%.
While S-PPBP increased by 90% in the through-plane direction
12816 | RSC Adv., 2020, 10, 12810–12822
due to the high IEC, S-PPBP-co-PPBP (7 : 3) with relatively high
IEC (2.13 meq. g�1) exhibited a much lower swelling ratio of
38%. Furthermore, S-PPBP-co-PPBP (1 : 3) demonstrated
a negligible change that was comparable to the dry state. In
a previous study, high molecular weight S-PPBPs exhibited less
swelling than those of low molecular weight due to strong
intermolecular interactions, which results in a tightly packed
structure.17 These results indicate that controlling both the IEC
and molecular weight are important for achieving desirable
dimensional stability. Our synthetic strategy is effective for
obtaining polyphenylene-based PEMs with precisely controlled
IECs and high molecular weight.

The thermal properties of PPBP, NS-PPBP, S-PPBP, and S-
PPBP-co-PPBP (10 : 9) were measured with TGA at a heating rate
of 10 �C min�1 under a nitrogen atmosphere from 50 to 500 �C
(Fig. 3). NS-PPBP exhibits two weight loss transitions. The rst
weight loss occurs from 170 to 180 �C due to degradation of the
neopentyl group, and the second weight loss from 200 to 500 �C
is associated with the degradation of the sulfonic acid group.
The TG-MS spectrum of NS-PPBP measured at 177 �C shows the
peaks of the neopentyl and isobutane groups, which reveals that
the rst weight loss of NS-PPBP is attributed to the degradation
of the neopentyl group. Unlike PPBP and NS-PPBP, S-PPBP and
S-PPBP-co-PPBP (10 : 9) exhibited three weight loss transitions.
The rst weight loss occurs below 150 �C and can be attributed
to the release of free water molecules adsorbed by the sulfonic
acid groups. The second continuous weight loss observed above
220 �C is due to degradation of the sulfonic acid groups. The
third continuous weight loss above 400 �C is assigned to
degradation of the polymer backbone. These results indicate
that S-PPBP and S-PPBP-co-PPBP have good thermal stabilities
for fuel cell operation.

Mechanical properties

It is important for polymer electrolyte membranes to achieve
high mechanical properties under both dry and humid condi-
tions that are suitable for MEA manufacturing conditions and
PEFC operation. The tensile strength and ultimate elongation of
PPBP, S-PPBP, and S-PPBP-co-PPBP membranes were deter-
mined with mechanical tensile tests under ambient atmo-
spheric conditions (r.t., non-humidied) and elevated
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 TGA curves of NS-PPBP, NS-PPBP-co-PPBP, and PPBP.
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temperature and humidity (80 �C, 90% RH), as listed in Table 3.
The polymer lms of S-PPBP and S-PPBP-co-PPBPs under
ambient conditions had tensile strengths ranging from 33.1 to
64.9 MPa, with elongation at break from 2.2 to 14.0%. S-PPBP
tends to exhibit lower tensile strength and higher ultimate
elongation than that of S-PPBP-co-PPBPs with low IECs. This is
presumably due to the introduction of strong polar sulfonic
acid groups in the polymer chain, which lowers the molecular
interaction between the polymer backbones. Elongations of S-
PPBP-co-PPBPs of <10% were attributed to the rigid poly(p-
phenylene)-based backbone structure. A distinct relationship
between mechanical properties and IECs under ambient (non-
humidied) conditions was not observed. It is therefore
possible that the molecular weight and backbone structure of
the polymer chains have a greater inuence on the mechanical
properties in our copolymers.17 In the hydrated state (80 �C,
90% RH), S-PPBP and S-PPBP-co-PPBPs had tensile strengths
between 6.2 and 50.5 MPa with elongations in the range of 3.7 to
48.9%. S-PPBP and S-PPBP-co-PPBP (4 : 1) showed much lower
tensile strengths in the hydrated state. High levels of adsorbed
water in the membranes results in excessive dimensional
swelling and leads to poor mechanical properties.30 S-PPBP in
the hydrated state exhibited much higher exibility and lower
tensile strength than those of S-PPBP-co-PPBPs because water
Table 3 Mechanical properties of S-PPBP, S-PPBP-co-PPBP, and PPBP

Sample

Tensile strengtha/MPa

Ambient condition 80 �C

S-PPBP 47 27.0
S-PPBP-co-PPBP 4 : 1 33 6.20
S-PPBP-co-PPBP 10 : 9 65 50.5
S-PPBP-co-PPBP 1 : 3 52 48.6
PPBP 23 —

a Tensile strength determined from mechanical tensile tests under am
humidity (80 �C, 90% RH). b Ultimate elongation determined by mechan
elevated temperature and humidity (80 �C, 90% RH).

This journal is © The Royal Society of Chemistry 2020
molecules adsorbed on the membrane surface act to reduce the
ion–ion interactions of the polymer chains.31 S-PPBP-co-PPBP
membranes 10 : 9 and 1 : 3 maintained high tensile strength
under humid conditions, which is attributed to both the low
IEC and low water swelling. All S-PPBP and S-PPBP-co-PPBP
membranes provide moderate mechanical integrities for their
potential use as PEMs.
Water uptake

Water uptake of sulfonated polymers has a profound effect on
proton conductivity because water acts as a carrier for proton
transportation through the polymer membrane. The water
sorption properties of membranes expressed as water uptake
and the number of water molecules per sulfonic acid group
l([H2O]/[SO3H]) were measured in the range of 30–85% RH at
80 �C (Fig. 4). The water uptake was 12–48 wt% for S-PPBP and
4–36 wt% for S-PPBP-co-PPBPs. Water uptake increases with
increasing hydrophilicity of the polymer membranes. As ex-
pected, the water uptake increased with IEC values for all S-
PPBP and S-PPBP-co-PPBP membranes.

While S-PPBP exhibited the highest water uptake among
those of S-PPBP-co-PPBPs and Naon®112, there are few
differences in their hydration numbers (l) under low humidity
(<60% RH). The l values of S-PPBP-co-PPBP membranes (10 : 9,
1 : 1, and 1 : 3) with IEC values <1.69 meq. g�1 increased line-
arly with humidity. On the other hand, the l values of S-PPBP, S-
PPBP-co-PPBP (4 : 1 and 7 : 3), and Naon®112 gently increase
as a function of humidity below 60% RH, then sharply increase
above 60% RH. This suggests that the observed changes of S-
PPBP and S-PPBP-co-PPBPs with high IEC are inuenced by
the morphology and different states of water. It is known that
there are at least three states of water associated with water
residing in the hydrophilic phases of polymers, namely non-
freezing bound water, freezable loosely bound water, and free
water.32 The higher l value of S-PPBP indicates the presence of
more free water, which presumably reduces the extent of ionic
interactions in the hydrophilic channels and increases the
mobility of the protonic species.33 S-PPBP-co-PPBP (4 : 1 and
7 : 3) exhibit water sorption characteristics that are very similar
to S-PPBP and Naon®112, suggesting that the distribution of
water types is similar among these polymers.
Elongationb/%

, 90% RH Ambient condition 80 �C, 90% RH

13 49
6.8 9.1
2.2 3.7
3.3 4.5
2.2 —

bient conditions (r.t., non-humidied) and elevated temperature and
ical tensile tests under ambient conditions (r.t., non-humidied) and
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Fig. 4 (a) Water uptake and (b) the number of adsorbed water
molecules per sulfonic acid group (l) for S-PPBP and S-PPBP-co-
PPBP as a function of relative humidity at 80 �C.

Fig. 5 (a) Proton conductivity of S-PPBP and S-PPBP-co-PPBP as
a function of relative humidity at 80 �C. (b) Relationship between
proton conductivities and IEC of S-PPBP and S-PPBP-co-PPBP at
80 �C and either 90% RH or 40% RH. Symbols with white and coloured
backgrounds correspond to 90% RH and 40% RH, respectively.
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Proton conductivity

The proton conductivity of S-PPBP and S-PPBP-co-PPBP
membranes in the in-plane direction was measured between 30
and 90% RH at 80 �C (Fig. 5). Conductivities increased linearly
with increasing relative humidity for all samples. S-PPBP and S-
PPBP-co-PPBP (4 : 1) showed high conductivities in the range of
2.1 � 10�3 to 2.2 � 10�1 S cm�1, which were comparable to or
higher than those of Naon®112. Generally, sulfonated
aromatic polymers show lower conductivity than those of
Naon® membranes, especially under conditions of low
humidity due to loss of interconnected water channels. The
proton conductivity of polymer membranes is strongly related
to the IEC values, water uptake, and microstructure. Compared
to conventional sulfonated aromatic polymers based on
sulfonated poly(arylene ether) backbone structures, S-PPBP
exhibited high conductivities due to the existence of pendant
side chains between the polymer main chain and the sulfonic
acid groups, which enhances the mobility of the sulfonic acid
groups and forms continuous ionic networks. This feature may
be useful for increasing the water retention capacity under
conditions of low humidity.
12818 | RSC Adv., 2020, 10, 12810–12822
The conductivities of S-PPBP-co-PPBP membranes increase
with increasing IEC values. Upon increasing the IEC of S-PPBP-
co-PPBPs from 0.86 to 2.40 meq. g�1, the conductivities
increased from 6.9 � 10�6 S cm�1 to 1.8 � 10�1 S cm�1 at 90%
RH and 80 �C. The S-PPBP-co-PPBP membranes with IEC values
<1.69 meq. g�1 exhibited low conductivities. The conductivity
changed by three orders of magnitude when the IEC increased
from 0.86 to 1.50 meq. g�1. These results suggest that S-PPBP-
co-PPBPs with low IEC form less connected and randomly
distributed ionic channels, which results in low proton
conductivity. When the ionic clusters become continuous and
form interconnecting channels, the proton transport is facili-
tated, and proton conductivity is enhanced. It is expected that
the conductivities of membranes with low IEC can be further
improved by forming well-dened morphologies. We propose
that block copolymerisation of S-PPBP and other hydrophobic
segments is one promising strategy to achieve this aim. Further
investigations including the synthesis of block copolymers of S-
PPBP are ongoing in our laboratory.
This journal is © The Royal Society of Chemistry 2020
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Water diffusion properties

Pulsed-eld-gradient (PFG) NMR techniques are widely used to
study molecular diffusion of uids and to probe the structures
of restricted geometries on porous media.34–38 In order to
investigate the water diffusion properties, the self-diffusion
coefficients of water (DNMR) for S-PPBP and S-PPBP-co-PPBP
membranes were measured using PFG-NMR under 30–95% RH
at 30 �C.39 The NMR stimulated echo signal decay (I/I0) was
measured as a function of b (¼16g2g2d2(D � s/2 � d/8)/p2), and
the values of DNMR were obtained from the slopes of the tted
lines (Fig. S4†). The DNMR for all samples as a function of the
relative humidity are shown in Fig. 6b.

The DNMR for all the samples increased with increasing
relative humidity, strongly suggesting that an increase in water
content gives rise to faster diffusion in PEMs. Except for
Naon®112, the DNMR increased with IEC values as well. This
trend is in good agreement with the proton conductivity in
Fig. 5. S-PPBP and S-PPBP-co-PPBP (4 : 1) showed high DNMR

values in the range of 1.6 � 10�11 to 8.0 � 10�10 m2 s�1. Under
the same conditions, Naon®112 exhibited DNMR values from
5.6 � 10�11 to 5.5 � 10�10 m2 s�1. While there are a few reports
Fig. 6 (a) PFG-NMR spectra of S-PPBP at 30 �C and 30% RH. (b)
Diffusion coefficients of water (DNMR) for S-PPBP and S-PPBP-co-
PPBP as a function of relative humidity at 30 �C.

This journal is © The Royal Society of Chemistry 2020
discussing the relationship between polymer structures and
water diffusion properties of sulfonated aromatic polymers,
some research groups have reported that the mobility of water
molecules in the PFSA membranes depends on the channel
structure of hydrophilic domains.40–42 As previous reports sug-
gested, the high DNMR values of Naon®112 reect strongly
phase separated structures, which water primarily transports
within hydrophilic networks. Interestingly, S-PPBP and S-PPBP-
co-PPBP (4 : 1) demonstrate higher water diffusion properties
comparable to Naon®112 above 70% RH. These results indi-
cate that a continuous channel morphology without any
morphological barriers exists for S-PPBP and S-PPBP-co-PPBP
with high IEC values under conditions of high humidity. The
high water diffusion properties of S-PPBP-co-PPBP (4 : 1), which
is comprised of 20% hydrophobic component, suggests that the
hydrophobic segments may not disturb the well-connected
ionic channels when the amount of hydrophobic monomer
introduced in the random copolymerised structure is low.

The DNMR of S-PPBP and S-PPBP-co-PPBPs showed a more
pronounced dependence on humidity than Naon®112. Below
70% RH, S-PPBP and all copolymers exhibited lower DNMR than
Naon®112. A decrease in the DNMR of the polymers reects less
connectivity and more isolated dead-end channels and pockets
within the solvated hydrophilic domain. S-PPBP-co-PPBP (10 : 9
and 1 : 3) exhibited much slower water diffusion than the other
membranes. Copolymers with IEC values <1.69 meq. g�1 also
showed a drastic decrease in proton conductivity. These results
indicate decreased connectivity within the solvated hydrophilic
domain, and thus a decrease in both the water and proton
mobility occurred in proportion to the random copolymerisa-
tion rate of hydrophobic monomers. As we mentioned above,
controlling well-dened morphology is necessary for further
improvement of desirable properties. Kreuer et al. also reported
that the retardation of water diffusion in PEMs was caused by
increased internal molecular friction within the solvated
hydrophilic domain due to the connement effect in addition to
the effect of reduced connectivity of hydrophilic domain,
especially under conditions of low water content.40
Gas permeation properties

Hydrogen and oxygen permeation properties of S-PPBP and S-
PPBP-co-PPBP membranes were measured between 0 and 95%
RH at 80 �C. The humidity dependence of the gas permeability
coefficient, P (barrer; 1 barrer ¼ 1 � 10�10 cm3(STP) cm cm�2

s�1 cmHg
�1), for these samples are shown in Fig. 7. The

hydrogen permeability coefficient (PH2
) for S-PPBP and all S-

PPBP-co-PPBP membranes was approximately one order of
magnitude greater than the oxygen permeability coefficient
(PO2

) mainly due to a decrease in the kinetic diameters of the
gases. All S-PPBP and S-PPBP-co-PPBPs possessed lower PH2

and
PO2

than those of Naon®115. For these membranes, PH2

decreased with increasing IEC values under dry conditions. PH2

of S-PPBP under dry conditions was 3.6 barrer, which was
approximately three and ve times lower than that of S-PPBP-co-
PPBP (1 : 1; 13 barrer) and PPBP (20 barrer), respectively. The
gas permeability of the sulfonated polymers under dry
RSC Adv., 2020, 10, 12810–12822 | 12819
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Fig. 7 (a) Hydrogen permeability and (b) oxygen permeability of S-
PPBP, S-PPBP-co-PPBP, and PPBP as a function of relative humidity at
80 �C.

Fig. 8 Cell voltage and power density as a function of current density
for a 5 cm2 H2 (500 mL min�1, 0.1 MPaG)/air (1000 mL min�1, 0.1
MPaG) PEFC based on S-PPBP and S-PPBP-co-PPBP membranes at
80 �C at (a) 100% RH and (b) 42% RH.
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conditions mainly arise from the free volume in the hydro-
phobic domains.43,44 When dry, the S-PPBP domains are less
permeable to gases than the PPBP domains due to their high
cohesive energy density.45 We could only obtain PO2

values for S-
PPBP-co-PPBP (1 : 1) under dry conditions; the amount of O2

that permeated across the membranes of the other samples was
too low to be detected with gas chromatography.

Upon hydration, the humidity dependence of PH2
of S-PPBP

and S-PPBP-co-PPBPs rst presented concave forms with
increasing humidity, and then increased linearly at >30% RH.
The rst behaviour might be caused by water molecules lling
the free volume as a result of stabilised intermolecular inter-
actions.46 When sulfonated membranes contact water vapor,
water molecules are adsorbed by sulfonic acid groups and gas
molecules can only diffuse through the pathways formed from
unoccupied spaces that are sufficiently large in size. The second
linear behavior under conditions of >30% RH might be caused
by the plasticising phenomenon induced by water sorption.45

When sulfonated membranes adsorb more water molecules,
they begin to develop well-connected water clusters in hydro-
philic domains, and these sorbed water molecules act to
enhance the mobility of polymer chains, which results in
increased gas permeation. Our results are in good agreement
with these water sorption properties. Futhermore, S-PPBP and
S-PPBP-co-PPBP (4 : 1) with high IEC showed high PH2

and PO2
.

Fuel cell operation

Single-cell tests of S-PPBP and S-PPBP-co-PPBP membranes
were carried out with a cell temperature of 80 �C and two
different relative humidity conditions (100% RH and 42% RH)
12820 | RSC Adv., 2020, 10, 12810–12822
for both electrodes. The fuel cell polarisation curves of the
membranes are shown in Fig. 8. The open circuit voltages
(OCVs) of S-PPBP, S-PPBP-co-PPBP (4 : 1), and S-PPBP-co-PPBP
(7 : 3) were 1.00, 1.00, and 0.97 V at 100% RH and 0.97, 0.94, and
0.92 V at 42% RH, respectively. Generally, a high OCV value
indicates that the hydrogen gas permeability from the anode to
the cathode through the membrane is very low. The trend of the
OCV is in good agreement with the hydrogen permeation results
of S-PPBP and S-PPBP-co-PPBPs, as discussed above.

Under fully hydrated conditions, the maximum power
density and the limiting current density of S-PPBP-co-PPBP
(4 : 1) were 712 mW cm�2 and 1840 mA cm�2, respectively,
which were higher than those of S-PPBP (589 mW cm�2 and
1620 mA cm�2) and S-PPBP-co-PPBP (7 : 3; 453 mW cm�2 and
1260 mA cm�2). S-PPBP and S-PPBP-co-PPBP with high IEC
exhibit very promising fuel cell performance comparable to
Naon® membranes under fully hydrated conditions. At 42%
RH, S-PPBP exhibited only a 10.5% reduction in power density
(527 mW cm�2) while S-PPBP-co-PPBP (4 : 1 and 7 : 3) displayed
reductions of 67.3% (233 mW cm�2) and 88.0% (54 mW cm�2)
in power density, respectively. The high fuel cell performance of
S-PPBP and Naon® membranes under less humid conditions
mainly depends on the well-connected proton channels which
facilitate proton transfer. S-PPBP-co-PPBP (7 : 3) exhibited
a drastic decrease in fuel cell performance with decreasing
humidity due to the random structure. Controlling polymer
morphology is important to improve both proton conductivity
and fuel cell performance under conditions of low humidity.
This journal is © The Royal Society of Chemistry 2020
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Conclusions

We synthesised eight types of poly(p-phenylene)-based ionomers
of S-PPBP and S-PPBP-co-PPBP via a nickel(0) coupling polymeri-
sation of preceding sulfonated monomers protected with neo-
pentylsulfonate esters. A series of random copolymers with well-
controlled IECs of 0.41 to 2.50 meq. g�1 were successfully
prepared by varying the stoichiometry of the sulfonated mono-
mer. Well-controlled IECs and substantially high molecular
weight of the obtained ionomers indicate that our preceding
sulfonation process is suitable for PEM preparation.

The relationship between the IEC and the fundamental
membrane properties were investigated. The water uptake,
dimensional stabilities, proton conductivities, and water diffu-
sion properties of S-PPBP and S-PPBP-co-PPBPs clearly
increased with increasing IEC values. S-PPBP and S-PPBP-co-
PPBP (4 : 1) with IEC values >2.40 meq. g�1 showed high
conductivities and water diffusion properties, which were
comparable to Naon®112. These results indicate that
a continuous channel morphology exists in S-PPBP and S-PPBP-
co-PPBP with high IEC values. The mechanical and gas perme-
ation properties exhibit different trends when the membranes
are under dry or humid conditions. While the mechanical
properties under moderate conditions did not show a distinct
dependence on IEC, the mechanical strength under higher
humidity tends to decrease with increasing IEC values due to
the excessive dimensional swelling caused by adsorbed water. S-
PPBP, which possesses the highest IEC, exhibited much higher
exibility than the other copolymers. The gas permeation
properties exhibited two effects due to the free volume of the
polymer and the adsorption of water molecules. In the dry state,
PH2

decreased with increasing IEC because gas permeability
mainly contributes to the free volume in the hydrophobic
domain. On the other hand, PH2

and PO2
increased greatly for

samples with higher IEC under the humidication conditions
of >30% RH. These distinctive properties of hydrated
membranes are presumably due to the plasticising phenom-
enon induced by water adsorption. These results indicate that
controlling IECs, in other words controlling water sorption
properties, is signicant in order to obtain PEMs with desirable
properties.

Our synthetic procedure aimed to synthesise random
copolymers with well-controlled IECs. A signicant decrease in
proton conductivity and water diffusion were exhibited below
1.69 meq. g�1. These results indicate that the decreasing
connectivity within the solvated hydrophilic domain occurred
in proportion to decreasing IEC due to the randomly distributed
structure. It is expected that the PEM properties can be further
improved by forming well-dened morphologies. Block copoly-
merisation of S-PPBP and other hydrophobic segments
following the synthetic strategy presented here is one promising
approach that we are currently exploring in our laboratory to
develop membranes for use in PEFCs.
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