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ABSTRACT: Polymer electrolyte membranes in which the
hydrophilic and hydrophobic domains phase separate exhibit
improved properties and stability. Such a phase separation of
hydrophilic and hydrophobic domains can be achieved by
polymerizing a 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-
oxide-bisphenol A (DOPO-BPA) and 1,4-bis(4-fluorobenzoyl)-
benzene (1,4-FBB) monomer. In this work, sulfonated polymer
membranes with various degrees of sulfonation (DS) were
prepared and their physicochemical and electrochemical properties
were studied. In addition, the effect of molecular structure on the durability of the copolymers was investigated. The sulfonated
copolymers were characterized by Fourier-transform infrared spectroscopy and proton nuclear magnetic resonance spectroscopy.
Then, sulfonated membranes were prepared using these copolymers by the solvent casting method, and their morphologies were
investigated by atomic force microscopy. The effect of DS on the thermal, mechanical, and oxidative stabilities, water uptake
behavior, and ion-exchange capacity of the membranes was determined. The results showed that compared with the commercially
available Nafion 212 polymer electrolyte membrane, the electrolyte membrane based on DOPO-BPA and 1,4-FBB exhibited a lower
water uptake and excellent dimensional stability despite having a relatively high ion-exchange capacity. The low water uptake is an
important characteristic that ensures the stability of the polymer electrolyte membrane in fuel cell applications.

1. INTRODUCTION

Recently, fuel cells have received significant attention world-
wide owing to the growing demand for hydrogen fuel as a clean
alternative to fossil fuels. Fuel cells can be classified into
different types depending on the type of electrolyte used.
Among them, polymer electrolyte membrane fuel cells
(PEMFCs) are a type of renewable power generation device
that generates electricity directly from the chemical energy of
fuels via an electrocatalytic reaction.1−4 A distinguishing
feature of PEMFCs that determines their electrochemical
performance is the polymer electrolyte membrane (PEM). For
efficient functioning, PEMs must have high thermal and
mechanical stability, excellent processability, and good water
retention ability in low-relative humidity conditions.5−8 In
addition, PEMs must be selectively permeable to small
molecules such as ionic species, which exhibit a complex
transport behavior, and be particularly conducive to the fast
transport of protons; however, they should be impermeable to
gases since permeated gases can cause thermal decomposition
of the cathode catalyst, thereby deteriorating the fuel cell
performance.9−11

One of the representative PEMs used in PEMFCs is the
aromatic ionomer, perfluorinated sulfonic acid (PFSA).12−16

PFSA has a C−F backbone, which provides excellent chemical
resistance; however, PFSA is difficult to synthesize and

expensive.12,17−19 Other aromatic ionomers have also been
used to prepare high-performance materials with good
thermodynamic and mechanical properties that are inexpensive
and easily synthesizable, modifiable, and processable.13,20−22

However, most aromatic ionomers have a low conductivity
despite having a high ion-exchange capacity (IEC) due to
excessive moisture expansion. Additionally, the water swelling
of the membrane induces an interfacial resistance due to
delamination between the membrane and the electrode, which
degrades the cell performance.23,24

9,10-Dihydro-9-oxa-10-phosphaphenanthrene 10-oxide-bi-
sphenol A (DOPO-BPA) is an aromatic ionomer with
excellent modifiability and processability. It is a cardo polymer,
which is a subgroup of polymers that contain carbons arranged
in a ring structure in the polymer backbone. These structures
are the development of ionic cluster sulfonated polymers to
enhance the hydrophilic domain, and exhibit good dimensional
stability and high thermal stability.25−27
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To improve the properties and stability of the hydrated
membranes, proper phase separation of the hydrophilic and
hydrophobic domains must be induced.28−33 Therefore, it is
necessary to design a polymer in which the hydrophilic and
hydrophobic domains are distinctly separate. This can be
accomplished by polymerizing FBB and DOPO structure,
which yields a polymer with improved thermal and mechanical
properties.34,35 These membranes exhibit sufficiently high
stability at a high IEC.35−38 1,4-Bis(4-fluorobenzoyl)benzene
(1,4-FBB) and DOPO-BPA were used to induce hydrophilic−
hydrophobic phase separation to improve the dimensional
stability of the membrane and cell performance.35

In this study, sulfonated DOPO-BPA (S-DA) and DOPO-
BPA-1,4-FBB (S-DAF) copolymers with different degrees of
sulfonation were used to prepare PEM materials for PEMFCs.
By synthesizing random copolymers with different numbers of
DOPO-BPA groups and controlling the degree of sulfonation,
membranes with good dimensional stability and high thermal
stability could be obtained owing to the good thermal
properties of the DOPO-BPA groups along the copolymer
main chain and the sulfonated pendent as well as the aromatic
structure. The effect of DOPO and FBB structure on the
properties of the copolymer membranes was systematically
investigated, and the performance of the PEM was evaluated
by applying them to PEMFCs.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Properties of the Monomers and

Polymers. 1,4-FBB and DOPO-BPA monomers were
successfully synthesized according to the procedures reported
in the literature with a modified recrystallization process (see
the Experimental Section). The chemical structures of 1,4-FBB
and DOPO-BPA were analyzed by proton nuclear magnetic
resonance (1H NMR) spectroscopy. In the 1H NMR spectrum
of 1,4-FBB, the proton peaks of the aromatic rings appear at
7.89−7.93 ppm, while the four proton peaks of the main
aromatic ring appear at 7.18−7.28 ppm (Figure 1). In the 1H-

NMR spectrum of DOPO-BPA (Figure 2), the proton peak for
the −OH group of DOPO-BPA appears at 9.22 ppm. The
signals of the methyl group are split into two peaks with a
coupling constant of 17.4 Hz due to JP‑H coupling.42,45

Figures 3 and 4 show the 1H-NMR spectra of the DOPO-
BPA (S-DA 38 and S-DA 42) and DOPO-BPA-1,4-FBB (S-
DAF 38 and S-DAF 42) copolymers. The values 38 and 42 in
the sample designations denote the degree of sulfonation of the
DOPO-BPA monomer. Different S-DA and S-DAF copoly-
mers were prepared by the polycondensation of DOPO-BPA,

bis(4-fluorophenyl)sulfone (DFDPS), bis(4-hydroxyphenyl)-
sulfone (BHPS), and 1,4-FBB, as shown in Figure 12. The
copolymers have a high molecular weight (Mw) ranging from
142,000 to 204,000. The viscosity of S-DA 38 and S-DA 42

Figure 1. 1H NMR spectrum of the 1,4-FBB monomer.

Figure 2. 1H NMR spectrum of the DOPO monomer.

Figure 3. 1H NMR spectrum of the S-DA 42 copolymer.

Figure 4. 1H NMR spectrum of the S-DAF 42 copolymer.
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varied from 1.52 to 1.59 dL·g−1, while that of S-DAF 38 and S-
DAF 42 varied from 0.82 to 1.02 dL·g−1. The chemical
structures of the S-DA and S-DAF copolymers were analyzed
by FTIR and 1H NMR spectroscopies. Figure 5 shows the

FTIR spectra of the copolymers. In the FTIR spectra of S-DAF
38 and S-DAF 42, the peak at 1655 cm−1 corresponds to the
carbonyl group (CO) of 1,4-FBB [33]. In the FTIR spectra
of the S-DA and S-DAF copolymers, the peaks at 1584 and
1487 cm−1 are assigned to the aromatic ring (CC) of the
DOPO structure,42,46 while the bands at 1323 and 1151 cm−1

arise from PO and P−O−Ar, respectively.47,48 The peaks
corresponding to PO stretching vibration overlap with those
of C−O−C appearing at 1237 and 1010 cm−1. The peak near
1069 cm−1 is attributed to the sulfonic acid groups, while the
peak at 1100 cm−1 arises from the symmetric sulfur dioxide
(OSO). In addition, the sulfonated polymers exhibit a
wide band from 3200 to 3600 cm−1 due to the presence of
water and the hydroxyl groups (-OH) of the sulfonic acid
moieties. Figures 3 and 4 show the 1H NMR spectra of S-DA
and S-DAF with the assignments of all the protons. Owing to
the presence of many aromatic protons, the region between 6.5
and 8.5 ppm was assessed, and the signal at 1.62 ppm is
attributed to the protons of the methyl group on the aromatic
rings. Especially, compared with S-DA42 and S-DAF, the
highest chemical shifts at 7.3 and 7.9 ppm are assigned to the
proton of C−H in the 1,4-FBB aromatic rings. Thus, 1H NMR
and FTIR spectroscopic analyses confirm the site specificity
and degree of sulfonation of the well-defined S-DA and S-DAF
copolymers.
2.2. Thermal and Mechanical Properties. The thermal

stability of S-DA and S-DAF for application as a PEM was
investigated by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC). As shown in Figure 6, all
the polymer membranes exhibited typical two-step thermal
degradation curves. The initial weight loss step appeared at
∼250 °C, while the second weight loss step, which is related to
the thermal degradation of the backbone and sulfonic acid
groups,49−51 appeared at ∼450 °C. DSC data show the typical
thermal property of copolymers in Figure S1.
The thermal and mechanical properties of the S-DA and S-

DAF membranes are summarized in Table 1. The S-DA and S-

DAF copolymers displayed excellent thermal stability, as
determined from the 5% weight loss temperature (Td5%;
Figure 6 and Table 1). Td5% of the S-DA copolymers was ≥297
°C, while that of the S-DAF copolymers was ≥308 °C. S-DA
and S-DAF demonstrated two-step weight loss above 297 and
460 °C, which was attributed to the degradation of the −SO3H
group and the polymer backbone, respectively. Interestingly,
the S-DAF copolymers were more thermally stable than the S-
DA copolymers; this suggests that the DOPO structure imparts
a higher thermal resistance.
The mechanical properties of the S-DA and S-DAF

membranes were determined at room temperature under dry
conditions. The results are listed in Table 1. As shown in Table
1, the tensile strengths (38.21−44.10 MPa) and Young’s
moduli (789.3−1116.3 MPa) of the S-DA and S-DAF
membranes are much higher than those of the Nafion
membranes. Furthermore, the elongations at break of the S-
DA and S-DAF membranes (9.90−19.83%) are much lower.
This is attributed to the presence of rigid backbone structures
in the copolymers, similar to that of other aromatic
hydrocarbon polymers reported in the literature. The results
indicate that the S-DA and S-DAF membranes are strong and
tough enough to be used as PEM materials in PEMFCs.

2.3. Fundamental Characteristics of S-DA and S-DAF
Membranes. Water uptake and dimensional stability are
closely related to the IEC. In the case of S-DA and S-DAF, the
IEC and, hence, the water uptake and dimensional stability
depend on the amount of hydrophilic sulfonic acid groups
present in the copolymers.52,53 Membrane water uptake and
dimensional swelling are caused by water present in the
membrane electrode assembly, which leads to delamination of
the membrane electrode and thus reduction in cell
durability.54,55 In this study, the IEC values of S-DA and S-
DAF, determined by acid−base titration, are close to the
theoretical IEC values (Table 2). As shown in Figure 7, the
IEC of S-DAF is lower than that of S-DA although they have
the same degree of sulfonation. This is because of the
enhanced stability of the hydrophobic segments due to the
presence of FBB domains in S-DAF, which render the
copolymer membrane more resistant to water absorption.
The water uptake and dimensional swelling were measured

in deionized (DI) water. At room temperature, the water
uptake of the S-DA 38 and S-DA 42 membranes was 22.14 and

Figure 5. FTIR spectra of S-DA 42, S-DA 38, S-DAF 42, and S-DAF
38 copolymer membranes.

Figure 6. TGA curves of S-DA 42, S-DA 38, S-DAF 42, and S-DAF
38 copolymer membranes.
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31.03%, respectively, while that of the S-DAF 38 and S-DAF
42 membranes was 7.14 and 8.70%, respectively. As shown in
Table 2, the trend of water uptake measured at 80 °C is
consistent with the trend of water uptake at 25 °C. Although
the S-DA and S-DAF copolymers have the same degree of
sulfonation, the water uptake of the S-DAF membranes was
significantly lower than that of the S-DA membranes. This
phenomenon also may be profit from the promoted phase
separation morphology attributed to the hydrophobicity of the
FBB structure isolated from the main structure.
The dimensional change of the membranes due to water

uptake was also measured in DI water. The dimensional
changes and test conditions are presented in Table 2.
Regardless of the polymer type, the dimensional swelling and
water uptake increased with an increase in the degree of
sulfonation. This is proportional to the IEC, which indicates an

absolute increase in the amount of hydrophilic sulfonic acid
groups. In addition, the dimensional swelling in the through-
plane (Δt) direction is larger than the dimensional swelling in
the in-plane (Δl) direction. The S-DAF membranes exhibited
excellent dimensional stability even though their degree of
sulfonation is the same as that of the S-DA membranes. The
result suggests that the FBB structure present in the S-DAF
copolymer improved the dimensional stability of the
membranes.
As shown in Table 1, the oxidative stabilities of the S-DA, S-

DAF, and Nafion 212 membranes were measured by Fenton’s
test, which mimics the harsh conditions of fuel cell operation
that leads to accelerated degradation. In Fenton’s test, the
samples were immersed in Fenton’s reagent at 80 °C for 2 h.
The S-DA membranes exhibited a low oxidative stability of 76
and 84%, while the S-DAF membranes exhibited excellent
stability of >99%. The result shows that the oxidative stability
decreased with an increase in the number of hydrophilic
segments in the copolymer. Hence, the S-DAF membranes
exhibited excellent oxidative stability.56−58

2.4. Proton Conductivity and Morphology. The proton
conductivity of membranes is closely related to their water
sorption property. The absorption of a certain amount of water
is beneficial to the formation of hydrophilic domains inside the
membrane. However, excessive swelling can dilute the
concentration of ion-conducting groups, thereby disrupting
the channel of hydrophobic domains, which results in poor
membrane durability. The effect of relative temperature on the
proton conductivity of the membranes with different degrees
of sulfonation was investigated, and the results are shown in
Figure 8. The proton conductivity of the membranes was
measured using a four-probe electrode AC impedance
spectroscope. Figure 8 shows the proton conductivities of
the membranes measured in DI water in the temperature range

Table 1. Thermal and Mechanical Properties of S-DA and S-DAF Membranes

proton
conductivity
(S cm−1)

polymer Tg Td5%
a

tensile strength at breakb

(MPa)
Young’s modulusb

(MPa)
elongation at breakb

(%)
oxidative stabilityc

(%) 30 °C 80 °C

S-DA 42 207 297 42.32 842 9.90 76 0.07 0.18
S-DA 38 192 301 44.10 861 9.95 84 0.05 0.17
S-DAF 42 213 308 38.21 789.3 18.86 >99 0.055 0.139
S-DAF 38 198 318 38.69 1116.3 19.83 >99 0.039 0.099
Nafion 212 100 0.09 0.18
aThe temperature at which 5% weight loss of the membrane occurs, as measured by TGA (acid form). bSamples were dried at 120 °C, and
measurement was carried out at a crosshead speed of 2 mm·min−1 at room temperature (25 °C). cThe weight of the membrane soaked in Fenton’s
reagent (3 wt % H2O2 and 2 ppm FeSO4) at 80 °C for 2 h was measured.

Table 2. Fundamental Properties of S-DA and S-DAF Membranes

dimensional swelling (%)

water uptake (%) Δt Δl

polymer
[η]a (dL
g−1)

Mw (×104 g
mol−1)

theoretical IEC (meq
g−1)

titrated IEC (meq
g−1) 25 °C 80 °Cb 25 °C 80 °C 25 °C 80 °C

S-DA 42 1.59 12.1 1.38 1.37 31.03 94.12 29.61 40.84 21.74 31.64
S-DA 38 1.52 20.4 1.21 1.21 22.14 63.19 17.93 25.27 11.52 17.36
S-DAF 42 1.02 14.6 1.26 1.29 8.70 30.43 3.31 10.05 2.44 11.48
S-DAF 38 0.82 14.2 1.19 1.18 7.14 20.00 2.75 8.88 2.06 6.12
Nafion 212 0.96 0.96 30.60 50.00c 17.70 25.3
aIntrinsic viscosity in DMSO (0.5 g·dL−1) at 30 °C. bThe dry membrane was soaked in water at 80 °C for 24 h, and then, its weight was measured.
cThe dry membrane was soaked in water at 100 °C for 1 h, and then, its weight was measured

Figure 7. IEC and water uptake of S-DA 42, S-DA 38, S-DAF 42, and
S-DAF 38 copolymer membranes and Nafion 212.
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of 30−80 °C at 10 °C intervals. At 80 °C, the proton
conductivities of S-DA 38 (0.17 S·cm−1) and S-DA 42 (0.18 S·
cm−1) were slightly lower than those of the Nafion 212
membrane. With an increase in temperature from 30 to 80 °C,
the proton conductivity of the membranes increased by >50%,
which is attributed to membrane hydration and water diffusion
facilitated by the high temperature. At 80 °C, the proton
conductivities of S-DAF 38 (0.099 S·cm−1) and S-DAF 42
(0.139 S·cm−1) with FBB structures were significantly lower
than those of the S-DA membranes. The low proton
conductivity of the membranes is attributed to their relatively
low hydration level and reduced water swelling, as discussed
above.
Furthermore, the morphology of the membranes was

analyzed by atomic force microscopy (AFM) and transmission
electron microscopy (TEM). As shown in the AFM images in
Figure 9, the hydrophilic−hydrophobic domains on the surface
of the S-DA and S-DAF membranes can be identified as
brightly marked hydrophilic domains located between the
hydrophobic domains. Compared with the S-DA membranes,
the S-DAF membranes exhibit higher connectivity between the
hydrophilic domains. The TEM image also shows a similar
morphology to the AFM image in Figure S2. The proton
conductivity of the S-DAF membranes is lower than that of the
S-DA membranes even though the hydrophilic domains are
well connected in the former. This is attributed to the lower
number of sulfonic acid groups per unit mass of the S-DAF
membranes due to their low IEC at the same degree of
sulfonation as that of the S-DA membranes (Table 2), which
decreases the proton conductivity.

2.5. PEMFC Performance. To evaluate the applicability of
the copolymer membranes as PEMs in PEMFCs, membrane
electrode assemblies (MEAs) were fabricated using the
copolymer membranes by the hot-pressing technique and
assembled into a single cell. The performance of the PEMFCs
employing the S-DA and S-DAF membranes is shown in
Figure 10. All the membrane samples exhibit similar polar-

ization behaviors. The intrinsic ohmic resistance affects
activation and leads to a low output upon application of a
load to a system. At a current density of 600 mA·cm−2, the
power density of S-DAF 42 was higher than that of the Nafion
212 membrane. The maximum power densities of the S-DA
38, S-DA 42, S-DAF 38, S-DAF 42, and Nafion 212
membranes were approximately 460, 490, 460, 480, and 430
mW·cm−2, respectively. Furthermore, at high current densities
of over 800 mA·cm−2, the current−voltage curves of the
membranes were more stable than those of the Nafion 212
membrane. This is due to the FBB structure of the S-DAF
membranes that imparts excellent dimensional stability and
reduces water uptake.59 Consequently, the PEMFC perform-
ance of the S-DAF membranes was better than that of the S-
DA membranes. This suggests that membrane FBB structures
have improved cell performance and long-term stability. The
result indicates that our copolymer membranes have significant
application potential as PEMs in PEMFCs.

3. CONCLUSIONS

In this study, S-DA and S-DAF copolymer membranes were
designed, successfully synthesized, and used as PEMs in
PEMFCs. NMR and FTIR spectroscopic analyses confirmed

Figure 8. Proton conductivity of S-DA 42, S-DA 38, S-DAF 42, and S-
DAF 38 copolymer membranes and Nafion 212.

Figure 9. AFM images of S-DA 42, S-DA 38, S-DAF 42, and S-DAF 38 copolymer membranes.

Figure 10. H2/Air PEMFC performance of S-DA 42, S-DA 38, S-DAF
42, and S-DAF 38 copolymer membranes and Nafion 212.
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the successful synthesis of the S-DA and S-DAF copolymers.
Because of the FBB structure, the S-DAF membranes were
more thermally stable than the S-DA membranes. Compared
with the Nafion 212 membrane, the S-DA and S-DAF
membranes exhibited a lower water uptake and excellent
dimensional stability despite having a higher IEC. Thus, the
performance of the S-DA and S-DAF membranes as PEMs in
PEMFCs was better and more stable than that of the Nafion
212 membrane at high current densities. This study
demonstrates that PEM materials bearing DOPO and FBB
structure impart long-term operational stability to fuel cells.

4. EXPERIMENTAL SECTION

4.1. Materials. 9,10-Dihydro-9-oxa-10-phosphaphenan-
threne 10-oxide (DOPO, 97%), p-toluene sulfonic acid
monohydrate, and phenol were purchased from TCI
Chemicals (Japan). 4’-Hydroxyacetophenone (98%) was
purchased from Acros Organics (USA). Fluorobenzene
(99%), terephthaloyl chloride (>99%), calcium hydride
(95%), potassium carbonate (99%), and sulfonic acid (95%)
were purchased from Merck Co. (USA). Dimethylacetamide
(DMAc) and toluene were purified by drying over calcium
hydride under continuous stirring for 1 day and were distilled
before use. The other solvents, i.e., methanol, acetone, and DI
water, were used as received.
4.2. Synthesis of the 1,4-FBB Monomer. The 1,4-FBB

monomer was synthesized following the procedures reported
in the literature with slight modification (Figure 1).39−41

Terephthaloyl chloride (18.3 g, 0.09 mol) and fluorobenzene
(33.9 mL, 0.36 mol) were mixed, and AlCl3 (13.3 g, 0.1 mol)
was slowly added to the mixture at 25 °C. Since the reaction is
exothermic, the temperature was slowly increased to 60 °C
after sufficient stabilization. The reaction was allowed to
proceed for 4 h at 80 °C. The mixture was then cooled to 25
°C and poured into an aqueous hydrochloric acid solution (3
vol %). The resulting suspension was stirred for at least 12 h
and distilled to eliminate excess fluorobenzene, and the
remaining solids were collected by filtration. The collected
residue was then rinsed several times with methanol and
aqueous hydrochloric acid solution (3 vol %). The product was
recrystallized from DMAc, and the obtained pastel green
powder was dried in a vacuum oven at 150 °C. Yield: 34 g
(65%); melting point 221−222 °C. 1H NMR (600 MHz,
CDCl3) δ (ppm): 7.18−7.28 (m, 4H), 7.86−7.93 (m, 6H).
4.3. Synthesis of the DOPO-BPA Monomer. The

DOPO-BPA monomer was synthesized according to reported
procedures (Figure 11).42,43 Briefly, DOPO (10.81 g, 0.05
mol), 4-hydroxyacetophenone (6.81 g, 0.05 mol), p-TSA
(0.432 g, 0.0025 mol), and phenol (14.11 g, 0.15 mol) were
added to a three-neck round-bottom flask and stirred for 10 h
at 60 °C. The obtained DOPO-BPA was filtered with

methanol and dried in an oven at 100 °C. The product was
then recrystallized from methanol and dried in a vacuum oven
at 120 °C. Yield: 21 g (68%); melting point 359−360 °C. 1H
NMR (600 MHz, CDCl3) δ (ppm): 1.51−1.65 (m, 3H),
6.51−6.61 (m, 2H), 7.05−7.21 (m, 7H), 7.34−7.39 (m, 2H),
7.70−7.78 (m, 1H), 8.01−8.08 (m, 1H), 8.12−8.19 (m, 1H),
9.36−9.47 (d, 2H).

4.4. Synthesis and Sulfonation of Polymers. 4.4.1. Syn-
thesis of the DOPO-BPA Copolymer (DA Copolymer). The
DA copolymer was synthesized by a typical polycondensation
process (Figure 12). DOPO-BPA (1.798 g, 4.2 mmol), DFDPS
(2.543 g, 10 mmol), BHPS (1.452 g, 5.8 mmol), K2CO3 (1.294
g, 9.63 mmol), DMAc (18 mL), and toluene (9 mL) were
added to a three-neck round-bottom flask equipped with a
Dean−Stark trap, N2 inlet/outlet, and condenser. The mixture
was heated to 150 °C for 4 h to remove water. The
temperature was then raised to 180 °C for an additional 8 h to
distill off toluene and remove remaining water. The resulting
mixture was then poured into a methanol (400 mL)/water
(600 mL) solution and filtered. Finally, the product was rinsed
with water and dried in a vacuum oven at 100 °C for 24 h.

4.4.2. Synthesis of the DOPO-BPA Copolymer (DAF
Copolymer). The DAF copolymer was synthesized by a typical
polycondensation process (Figure 12). DOPO-BPA (1.798 g,
4.2 mmol), DFDPS (1.068 g, 4.2 mmol), BHPS (1.452 g, 5.8
mmol), 1,4-FBB (1.869 g, 5.8 mmol), K2CO3 (1.382 g, 1.00
mmol), DMAc (18 mL), and toluene (9 mL) were added to a
three-neck round-bottom flask equipped with a Dean−Stark
trap, N2 inlet/outlet, and condenser. The mixture was refluxed
at 150 °C for 4 h to remove water and then heated to 180 °C
for 8 h to distill off toluene and water. The resulting mixture
was then poured into a methanol (400 mL)/water (600 mL)
solution and filtered. Finally, the product was rinsed with water
and dried in a vacuum oven at 100 °C for 24 h.

4.4.3. Sulfonation of the Copolymer. The dried polymer
(1.00 g) was added to a three-neck round-bottom flask,
completely dissolved in concentrated H2SO4 (15 mL) under a
nitrogen atmosphere, and then kept at 30 °C for 6 h. The
solution was then slowly poured into ice water, and the
resulting precipitate was repeatedly rinsed with water to
eliminate any acid residue.

4.5. Preparation of Membranes by Solvent Casting.
To prepare thin membrane films, the polymers were dissolved
in DMSO (10% w/v) and filtered through a PTFE syringe
filter. The filtrates were evenly poured into hydrophilic glass
plates and cast using a doctor blade. The films were first dried
at 60 °C for 12 h and then dried in a vacuum oven at 120 °C
for 24 h.

4.6. Characterization of Polymer Membranes. The
polymers dissolved in CDCl3-d1 and DMSO-d6 were analyzed
by 1H NMR spectroscopy (Bruker Avance, 600 MHz) using
tetramethylsilane as the internal standard. FTIR spectroscopy
(Perkin Elmer, Frontier) was performed in the wavenumber
range of 4000−400 cm−1 in the ATR mode at a resolution of 4
cm−1. Gel permeation chromatography (GPC; Waters, Alliance
e2695) was performed in DMSO with a flow rate of 1.0 mL·
min−1. The average molecular weights were calibrated with
polystyrene standards. The prepared membranes were
dissolved in DMSO at a concentration of 0.5 g·dL−1, and the
intrinsic viscosity was measured at 30 °C using an Ubbelohde
viscometer. DSC (Mettler Toledo, DSC A851e) was
performed at a heating rate of 10 °C·min−1 in the temperature
range of 50−300 °C under an N2 atmosphere. TGA (MettlerFigure 11. Synthesis of 1,4-FBB and DOPO-BPA monomers.
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Toledo, TGA A851e) was performed to evaluate the thermal
stability of the membranes. First, the dried membranes were
loaded into a TGA instrument and held at 160 °C for 15 min.
After cooling the membranes under an N2 atmosphere, the
membranes were heated to 800 °C at a rate of 10 °C·min−1,
and the temperature at which 5% weight loss occurred for each
membrane was recorded. The surface morphology of the
prepared membranes was analyzed by AFM (PSIA XE100)
performed in the noncontact mode using P/N 910 M-NCHR
tips. Tapping-mode AFM was conducted using a Digital
Instrument (SII-NT SPA400) with microfabricated cantilevers
and a force constant of ∼20 N·m−1.
4.7. Weight-Based Ion-Exchange Capacity (IECw). The

weight-based ion-exchange capacity (IECw) was determined by
the acid−base titration of the sulfonated polymers. First, the
weight of the dry membranes in their acid form was measured.
Then, the samples were immersed in a 2.0 mol·L−1 NaCl
solution for 24 h. The NaCl solution was then replaced with a
HCl solution, and acid−base titration was carried out using

0.05 mol·L−1 NaOH solution. The IECw was calculated as
follows:

=
×V C

W
IECw

NaOH NaOH

dry

where VNaOH is the volume of the NaOH solution, CNaOH is the
concentration of the NaOH solution, and Wdry is the weight of
the dried membrane.

4.8. Dimensional Change and Water Uptake. To
determine the change in the length and thickness of the
membrane samples, the membranes were first soaked in DI
water at a constant temperature for 24 h and their length and
thickness were measured. The membrane samples were then
dried in a vacuum oven at 100 °C for 24 h, and the length and
thickness of the dried membranes were measured. Dimensional
changes were calculated as follows:

Δ =
−

×l
L L

L
(%) 100wet dry

dry

Figure 12. Synthesis of S-DA 38, S-DA 42, S-DAF 38, and S-DAF 42 copolymer membranes with different degrees of sulfonation.
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and

Δ =
−

×t
T T

T
(%) 100wet dry

dry

where Twet and Lwet are the thickness and length of the
membranes in the wet state, respectively, and Tdry and Ldry are
the thickness and length of the membranes in the dry state,
respectively. The change in length (Δl) and change in
thickness (Δt) of the membranes are represented as
percentages.
The water uptake of the samples was calculated by

measuring the dry and wet weights of the samples. The
water uptake of the samples was calculated as weight
percentage by the following equation:

=
−

×
W W

W
Water uptake (%) 100wet dry

dry

where Wwet and Wdry are the weights of the wet and dried
samples, respectively.
4.9. Oxidative Stability. The accelerated oxidative

stability test is generally performed using Fenton’s reagent
(3% H2O2 containing 2 ppm Fe2+). The membranes were
immersed in Fenton’s reagent at 80 °C for 2 h, and the weight
of the remaining membrane was measured.
4.10. Mechanical Properties. The tensile strength,

Young’s modulus, and elongation at break were measured
using a Universal Testing Machine (UTM; Ametek, Lloyd
instruments) at a crosshead speed of 2 mm·min−1. The
samples were cut with a membrane thickness of ∼25 μm into
10 mm × 40 mm pieces. Average values were obtained after
measuring at least 10 specimens of each membrane sample.
4.11. Proton Conductivity. Electrochemical impedance

spectroscopy (EIS) was performed using a potentiostat
(Biologic, VMP3). The samples (1 cm × 4 cm) were placed
on four platinum electrodes, fixed using a PTFE clamp, and
immersed in DI water. The proton conductivity (σ, S·cm−1)
was obtained from the following equation:

σ = L
RA

where R is the ohmic resistance, L is the distance between the
platinum electrodes, and A is the exposed surface area of the
sample.44

4.12. Fabrication of MEA and Evaluation of PEMFC
Performance. MEAs were fabricated on both sides of the
electrodes by the decal transfer method. The catalyst layer of
both the electrodes was prepared using 70 wt % Pt/C (Hispec
13100, Johnson Matthey Inc.), with Pt loadings of 0.2 mg·
cm−2 at the anode and 0.4 mg·cm−2 at the cathode. MEAs were
prepared by applying a pressure of 10 MPa at 130 °C for 5
min. Wet-proofed Toray carbon sheet (TGPH-060, Toray
Inc.) was used for the gas diffusion layer (GDL) at the anode
side, whereas Sigracet carbon paper (SGL-25 BC, Sigracet
Inc.) was used for the GDL at the cathode side. GDLs were
implemented on both sides of the electrodes in the MEAs.
After the MEAs were assembled into a single cell with an

active area of 9 cm2, the MEAs were hydrated by supplying
fully humidified N2 gas into the single cell for 2 h. To evaluate
the single cell, H2 at 1.5 bar was supplied to the anode side and
air at 2.0 bar was supplied to the cathode side in the fully
humidified N2 gas. The operation temperature was set at 70
°C. After activating the MEAs, current−voltage curves were

measured in the constant current mode starting at the open-
circuit voltage using a PEMFC test station (Fuel Cell Test
Station, Scitech Korea Inc.) at 70 °C.
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