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ABSTRACT: Poly(phenylene sulfide benzimidazole) has been synthesized
and tested as a potential material for high-temperature proton transport. A
high content of sulfide bonds has been implemented in the polymer chains to
endow a high antioxidant capacity and, in combination with bulky
benzimidazole pendant units, to significantly suppress crystallinity and
thereby improve the solubility in highly polar aprotic solvents. The
amorphous polymer has high thermal stability and high glass transition
temperature (Tg). Freestanding, insoluble, and robust membranes were
obtained via thermal cross-linking of the benzimidazole moieties with octa-
glycidyl polyhedral oligomeric silsesquioxane (g-POSS). The series of hybrid
networks (cPPSBi_X, with X being the g-POSS content wt %) showed
excellent oxidative stability, with cPPSBi_15 having weight loss lower than
5% after 264 h in Fenton’s reagent at 80 °C. Elastic moduli as high as 868
MPa with reduced strain at break (1.8%) were obtained. After doping the membranes with phosphoric acid, proton conductivity in
the range of 2.3 × 10−2 S cm−1 at 180 °C was obtained, and the membranes show a stress at break of 2.3 MPa. Dimensional and
mechanical stability were maintained also at high doping levels thanks to the inclusion of g-POSS which provides the resulting hybrid
networks with increased free volume and high cross-link density.

KEYWORDS: high-temperature polymer electrolyte membrane (HT-PEM), anhydrous proton conductivity, oxidative stability,
hybrid composites, cross-linked membranes, benzimidazole, POSS

■ INTRODUCTION

Fuel cells are devices that convert hydrogen and water into
electricity, water, and heat. Among the different types and
classifications, polymer electrolyte (or proton exchange)
membrane fuel cells (PEMFCs) have been intensively studied,
and nowadays, they are the most used thanks to their high
efficiency, compact design, wide range of applications, low
emissions, and environmental friendliness.1,2 Proton exchange
membrane fuel cells could be classified according to their
operative temperature in low-temperature PEM fuel cells (LT-
PEMFCs) and High-Temperature PEM fuel cells (HT-
PEMFCs). LT-PEMFCs work between 20 and 80 °C using
PFSA (perfluorosulfonic acids) membranes, such as Nafion,
which perform best under fully hydrated conditions, reaching a
conductivity as high as 0.1 S cm−1 at 30 °C and 80% relative
humidity (RH).3 The high performances of these systems
come at the expense of several drawbacks regarding water
management inside the membrane electrode assembly (MEA),
slow oxidative reduction reaction (ORR) kinetics, high
sensitivity to CO poisoning by the Pt catalyst, and high costs
of the catalyst and high-purity hydrogen supply.4−6 HT-
PEMFCs offer potential solutions to all of these issues as they
work in the range between 100 and 200 °C (preferably 120−

180 °C) where Pt catalyst becomes more tolerant to CO
contamination up to 3% above 150 °C,7,8 the kinetics of the
ORR increase and thereby reduce the voltage loss of the
system, and the water management is less critical as well as the
heat dissipation.1,5 The high working temperature, on the other
hand, poses practical limitations and restrictions regarding the
available polymeric materials for the electrolyte membrane,
which can stand the harsh conditions of operating fuel cells.
Polybenzimidazole (PBI) membranes doped with phosphoric
acid (PA)9 resulted in an ideal system as polymeric electrolytes
thanks to its outstanding thermal stability, good mechanical
properties, and proton conductivities, capable of satisfying the
stringent U.S. Department Of Energy (DOE) requirements.4

Proton conduction in PBI−PA membranes has been widely
studied also in recent years clarifying the mechanisms behind
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the structural transport (Grotthus mechanism) and the
interplay between benzimidazole protonated NH sites
at the PA molecules.10−13

The peculiar hydrogen-bonded (HB) structure together with
the high degree of autodissociation of the pure PA is
responsible for its unique intrinsic proton diffusion, which is
higher than water. The “frustration” of the protons in the PA
molecules is strongly perturbated by water and benzimidazole
molecules, which causes the conductivity to be much lower in
PBI−PA membranes than in anhydrous PA. On the other
hand, the interaction of H3PO4 with benzimidazole units
reduces the hydrophilicity of the acid avoiding excessive
swelling and degradation of the HB network and maintaining a
high performance even at high doping levels.10 Different
conduction regimes are possible depending on the doping level
(PA level) which is defined as the number of PA molecules per
repeating unit of PBI. Once the doping level exceeds one
molecule of acid per benzimidazole group, the excess of PA
molecules compared to the basic nitrogens allows for
reconstructing an HB network, which tends to be more similar
to pure PA (from PA levels above 4).8 This explains the
proportionality between conductivity and PA doping level and
the benefit of incorporating as much PA as possible in PBI−PA
systems. The main drawback to this straightforward approach
is the deterioration of the mechanical properties of the PBI
membrane due to the disruption of the hydrogen bonding
between the imidazole rings by the acid and the resulting
plasticizing effect.5,14 Excessive doping also leads to instability
problems at high temperatures due to acid leaking with
consequent damage to the fuel cell components and a drop in
power density/efficiency.15 To prevent or avoid these
problems, different approaches had been attempted. Chemical
modification of the commercially available poly [2,2′-m-
(phenylene)-5,5′-(bibenzimidazole)] structure was among
the first strategies. Modifications of the molecular structure
by addition of basic as well as acidic groups were attempted to
increase the doping capacity of the membranes.,516−20 Another
approach studied was the structural stabilization via blending
or copolymerization of polybenzimidazoles.21−27 Beneficial
effects have been obtained also by the addition of free volume
elements such as nanoparticles18,28,29 or by producing porous
membranes30,31 which are capable of stabilizing the PA inside
the membrane, limiting both swelling and leaking of the acid.
One of the most effective and straightforward strategies to
improve the mechanical stability of the PBI−PA membranes at
high doping level is covalent cross-linking. The benzimidazole
unit can undergo nucleophilic substitution with, for instance,
alkyl halides, divinyl sulfone, or epoxides, and this reactivity has
been successfully exploited in the past using different types of
cross-linkers.2732−36 Silicon-based molecules found special
appreciation for PEM due to their chemical stability and the
possibility to form hybrid networks in situ by sequential
modification of the PBI and hydrolysis of the precursors.37−39

Among those, epoxy-based silanes and siloxanes proved to be
an efficient cross-linker, improving doping levels, mechanical
properties, and conductivity of PBI−PA hybrid mem-
branes,14,40−44 Polyhedral oligomeric silsesquioxanes (POSS)
are a class of compounds with a well-defined silicon oxide
(−Si−O−Si−) rigid core which offers a versatile tool, which
has been successfully employed as an additive to improve
polymeric protective coatings45−47 and PEM properties and
performances.48−51 Oxidative stability is another critical issue,
which affects the durability and performance of the electrolyte

over time. Thioether (sulfide) containing polymers have
particular chemical and oxidative stability as they can act as
an effective radical scavenger in oxidative environments
limiting polymer degradation.52−56 In modern times, sulfur is
considered a “green” building block because of its excess
production from the petrochemical industry.57 A lot of efforts
have been spent to use elemental sulfur for the production of
sulfur-rich polymers, because of its low cost and availability,
but also trying to fix an environmental issue valorizing a waste
and establishing a virtuous (circular) recovery cycle.58,59

In this work, we aimed to exploit the chemical stability of
aromatic polyphenylene sulfides including a benzimidazole
moiety in each repeating unit, successfully obtaining a fully
amorphous poly(phenylene sulfide benzimidazole) (PPSBi)
with improved solubility in polar aprotic solvents. Freestanding
membranes were obtained by casting different PPSBi/glycidyl
POSS (g-POSS) solutions and thermally cross-linking the
resulting films. The octa-epoxy functionalized g-POSS ensured
a high cross-linking density with controlled size and distances
within the network. The resulting membranes had good
thermal and mechanical properties with excellent oxidative
stability. After doping with PA, mechanical strength did not
deteriorate, and promising proton conductivity was obtained.

■ EXPERIMENTAL SECTION
Materials. Phosphorus pentoxide (P2O5, Acros Organics),

phosphoric acid 85 wt % (H3PO4, Acros Organics), anhydrous
potassium carbonate (K2CO3, 99% Acros Organics), methanesulfonic
acid (99% Sigma-Aldrich), 3,5-difluorobenzoic acid (3,5-DFBA, >98%
TCI Chemical), sodium hydroxide pellets (NaOH, Merck), benzene-
1,2-diamine (o-PDA, 99%, TCI Chemical), toluene (99.8% extra dry
stored over molecular sieves, water <50 ppm Acros organics), acetone
(HPLC grade Macron), absolute ethanol (EtOH, Baker), hydrolyzed
trimethoxy[3-(oxiranylmethoxy)propyl]silane (g-POSS) (Hybrid
Plastics) were used as received.

N-Methyl-2-pyrrolidone (NMP, 99.5%, extra dry Acros Organics)
was distilled from P2O5 under vacuum (water content 20 ppm Karl
Fischer test); 4,4′-thiobisbenzenethiol (TBBT) (98% Sigma-Aldrich)
was recrystallized from toluene.

Synthesis of 2-(3,5-Difluorophenyl) Benzimidazole (DFBi).
In a dried 250 mL three-neck round-bottom flask with an argon inlet,
a condenser, and a stirring egg, Eaton’s reagent was prepared in situ
by dissolving 20 g of P2O5 into 200 g of methanesulfonic acid under
argon. After a clear viscous solution was obtained, 10 g (63.2 mmol)
of 3,5-DFBA and 7.18 g (66.4 mmol) of o-PDA were added under
argon. The temperature of the oil bath was raised to 120 °C for 15 h.

After cooling down to room temperature, the dark brown solution
was slowly poured into an ice−water mixture and then neutralized
with a NaOH 15% w/w in water until alkaline pH (8−9) was reached.
The product was filtered and washed several times with water until
neutrality (pH ≅ 7) in the filtrate was achieved.

The solid was dried in vacuum at 80 °C overnight and then
recrystallized from an EtOH:H2O mixture (3:7 v/v) obtaining fine
needlelike crystals, which were washed thoroughly with the cold
crystallization mixture and then dried at 80 °C under vacuum for 24 h.

mp 224−226 °C. Anal. Calcd for C13H8N2F2: C, 67.82%; H,
3.50%; N, 12.17%. Found: C, 67.75%; H, 3.54%; N, 11.91%. 1H NMR
(400 MHz, DMSO-d6): δ 13.09 (s, NH), 7.86 (h, J = 4.9 Hz, HB),
7.70 (d, J = 7.8 Hz, HC), 7.57 (d, J = 7.8 Hz, HD), 7.40 (t, J = 9.3, 2.4
Hz, HA), 7.25 (dt, J = 18.9, 7.1 Hz, 1HE).

Synthesis of Poly(phenylene sulfide benzimidazole)
(PPSBi). To a dried 100 mL three-neck round-bottom flask equipped
with an argon inlet, overhead stirrer, and a Dean−Stark trap fitted
with a condenser, 1.000 g (4.34 mmol) of 2-(3,5-difluorophenyl)
benzimidazole, 1.088 g (4.34 mmol) of 4,4′-thiobisbenzenethiol, and
0.901 g (6.52 mmol) of anhydrous potassium carbonate were added.
The solid mixture was solubilized in 10 mL of anhydrous N-methyl-2-
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pyrrolidone and 5 mL of dry toluene, and the resulting solution was
stirred for 10 min at room temperature under an argon atmosphere.
The temperature of the oil bath was slowly raised to 150 °C and left
distilling out the water for 4 h before raising the temperature to 190
°C and continuing the reaction for 40 h.
The viscous solution was cooled down to room temperature,

diluted with 2 mL of dry N-methyl-2-pyrrolidone, and then
precipitated in 300 mL of distilled water.
After thoroughly stirring and washing with water, the polymer was

dried and reprecipitated from N,N-dimethylformamide in excess
acetone. The solid was extensively stirred at room temperature and
then recovered by 30 min of centrifugation at 4500 rpm. The
collected solid was dried at 80 °C under vacuum for 24 h to give
1.308 g of polymer (68% yield).

1H NMR (400 MHz, DMSO-d6): δ 6.43 (s), 7.19 (m, 13H), 7.45
(m, 2H), 8.04 (d, 2H), 13.05 (s, 1H).
Membrane Preparation. To a 10 wt % solution of PPSBi in

DMSO, a variable amount between 1.5 and 15 wt % (based on PPSBi
weight) of g-POSS was added as 10 wt % solution in DMSO and then
stirred for 2 h at room temperature. After mixing, the solutions were
filtered through a 0.45 μm PTFE filter and drop cast on aluminum
plates. The membranes were dried in air at 80 °C for 6 h and
successively were heated at 200 °C for 15 h to allow cross-linking of
the PPSBi and to evaporate the solvent. The membranes were peeled
off in deionized water and then dried for 20 h at 110 °C under
vacuum. The resulting cross-linked membranes are indicated as
cPPSBi_X (X = 1.5, 3.5, 5, 10, and 15, separately) with X representing
the cross-linking content as weight percentage of g-POSS.
Phosphoric Acid (PA) Doping. The membranes were doped in

phosphoric acid at 50 °C for 3 h. The excess phosphoric acid was blot
dried from the surface and the doped membrane dried under vacuum
at 110 °C for 15 h. The PA doping level was evaluated using the
weight of the doped dried membrane (wdoped) and the weight of the
initial dry membrane before doping (wdry) and according to eq 1.

w M
PA level

/

w w

M

dryPPSBi PPSBi

doped dry

PA

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ=

[ ]

−

(1)

where MPA is the molecular weight of the phosphoric acid, and MPPSBi
is the molecular weight of the PPSBi repeating unit. For the
calculation of the PA level of cross-linked membrane, the weight of
the dry membrane was corrected for the effective PPSBi content:
wdryPPSBi = wdry‑membrane × (1 − X)/100, with X being the weight
percentage of cross-linker.
The PA uptake was calculated as the mass increase of the

membrane after doping according to eq 2.

w w

w
PA uptake %

( )
100doped dry

dry
=

−
×

(2)

Phosphoric Acid Retention Test. The dried PA doped
membranes were hung over boiling water for a period of 5 h, and
the weight of the membrane was recorded every hour (wt) after
wiping off the leached acid and condensed water from the
membranes. The weight loss ratio of acid in the membranes was
calculated according to eq 3.

R
W W

W
% 100t0

PA
=

−
×

(3)

where, w0 is the initial weight of the PA doped membrane, wt is the
weight of the PA doped membrane after leaching at different times,
and wPA is the original weight of PA present in the membranes
calculated from the PA doping level of the membranes.
Characterization. Nuclear Magnetic Resonance Spectroscopy

(NMR). NMR spectra were recorded at room temperature using a
Varian VXR 400 MHz (1H, 400 MHz; 13C, 100 MHz; 19F, 376 MHz)
spectrometer and using CDCl3 and DMSO-d6 as solvents. Chemical
shifts (δ) are reported in ppm and calibrated to the solvents’ residual
peaks.

Gel Permeation Chromatography (GPC). The molecular weights
(Mn number and Mw weight-average molecular weights) and the
dispersity (Đ) of the samples were determined by GPC using DMF
(containing 0.01 M LiBr) as the solvent in a Viscotek GPCmax
instrument equipped with model 302 TDA detectors and two
columns (Agilent Technologies-PolarGel-L and M, 8 μm, 30 cm) at a
flow rate of 1.0 mL min−1 and 50 °C.

Narrow dispersity PMMA standards (Polymer Laboratories) were
used for constructing a universal calibration curve, and the Mark−
Houwink parameter was applied for determining the molecular
weights of the polymers. For sample preparation, the purified dry
samples were dissolved in DMF (containing 0.01 M LiBr). Once the
samples were completely dissolved, they were filtered through a PTFE
syringe filter (Minisart SRP 15, Sartorius stedim biotech, PTFE-
membrane filter; pore size, 0.2 μm; filter diameter, 15 mm) and
analyzed by GPC using a 100 μL injection volume. The collected
spectra were analyzed with the use of an OmniSEC instrument (v5.0)
(Malvern).

Attenuated Total Reflection−Fourier Transform Infrared Spec-
troscopy (ATR−FTIR). Background corrected FTIR spectra were
recorded on a Bruker Vertex 70 spectrophotometer in the range
4000−400 cm−1, using 64 scans at a nominal resolution of 4 cm−1

using a diamond single reflection attenuated total reflectance (ATR).
Atmospheric compensation and offset-correction were applied on the
collected spectra with the use of OPUS spectroscopy software (v7.0)
(Bruker Optics).

Differential Scanning Calorimetry (DSC). Calorimetric measure-
ments were made on a TA-Instruments Q1000 differential scanning
calorimeter under a dry nitrogen atmosphere (50 mL min−1). The
samples were scanned in a temperature range from 0 to 250 °C by
heating−cooling−heating scans at a heating/cooling rate of 10 °C
min−1. The glass transition temperature (Tg) was determined as the
inflection point of the specific heat change in the second heating
curve. The thermograms were evaluated with the use of TRIOS
software (v5.1) (TA Instruments).

Thermogravimetric Analysis (TGA). To determine the thermal
stability and decomposition behavior, TGA measurements were
performed on a TA-Instruments D2500 device. A programmed
heating ramp from 35 to 700 °C was used at a heating rate of 10 °C
min−1 under nitrogen purge gas (50 mL min−1). The decomposition
temperature (Td) of the samples was assigned to the temperature
corresponding to the 5% weight loss of the initial mass. TRIOS
software (v5.1) (TA Instruments) was used to analyze the TGA
curves.

Oxidative Stability. The chemical stability of the undoped cross-
linked and pristine membranes was measured using Fenton’s reagent
(3% H2O2 aqueous solution containing 2 ppm of Fe2+). The residual
weight (RW) was calculated by the difference of the weight of the
membrane before and after 1 h of immersion in Fenton’s reagent at 80
°C. The oxidative stability was evaluated, also extending the
immersion in Fenton’s reagent and monitoring the weight on a
daily basis. Every 24 h, the samples were taken out, washed with Milli-
Q water, and dried at 110 °C under vacuum for 15 h before
weighting. The samples were then immersed again in fresh Fenton’s
reagent for continuing the test.

Tensile Test. Mechanical properties of the membranes were tested
on an Instron Model IX 5565 instrument with a 100 kN load cell at
ambient conditions (25 °C and RH 45 ± 5%) with a strain speed of 1
mm min−1 and membrane size of 25 × 4 mm.

Electrochemical Impedance Spectroscopy (EIS). Ion conductivity
of the doped membrane was measured by four-electrode AC
electrochemical impedance spectroscopy using an SP300 potentiostat
(Bio-Logic) equipped with a controlled environment sample holder
(CESH, Bio-Logic). The membranes were dried 24 h at 110 °C under
vacuum before each measurement. Proton conductivity was measured
in the frequency range from 1 MHz to 10 Hz with an AC voltage
amplitude of 50 mV against a 0 V bias DC. The temperature was
controlled with a thermocouple placed on the top support of the
membrane with an accuracy of ±1 °C while the CESH was heated via
a heating plate and insulated with a custom-made insulating mantle to
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minimize heat dispersions. The measurement was performed upon
heating from 100 to 180 °C feeding current with two outer electrodes
and measuring the voltage drop between the two inner electrodes.
The proton conductivity was calculated according to eq 4:

R A
1

b
σ =

(4)

Here, l is the distance between the sensing electrodes (1 cm), Rb is
the membrane resistance, and A is the cross-sectional area of the
membrane.
Small Angle X-ray Scattering (SAXS) Analysis. X-ray measure-

ments were conducted using the Multipurpose Instrument for
Nanostructure Analysis (MINA) diffractometer in Groningen
equipped with a Cu rotating anode (λ = 1.5413 Å). The sample-to-
detector distance was 3 m, and the SAXS patterns were collected
using a Bruker Vantec2000 detector with a pixel size of 68 μm × 68

μm. The direct beam position and the scattering angle scale were
calibrated using a standard silver behenate powder. The SAXS
patterns were converted into the one-dimensional scattering intensity
profiles by radial azimuthal integration using Fit2D software. The
scattering intensity profiles are plotted as a function of the modulus of
the scattering vector q = 4π sin(θ)/λ where θ is half of the scattering
angle.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The synthetic route to
obtain the PPSBi polymer is summarized in Scheme 1a. The
novel monomer 2-(3,5-difluoro)benzimidazole (DFBi) used
for the synthesis of the PPSBi polymer was synthesized using a
modified procedure reported in the literature (Scheme S1).60

The successful synthesis of the DFBi monomer was confirmed

Scheme 1. (a) Synthesis of the Poly(phenylene sulfide benzimidazole) (PPSBi) and (b) Scheme for the Preparation and
Structures of the Cross-Linked cPPSBi_X Networksa

aIn the first step, the PPSBi (black line with blue dots) is cross-linked with the g-POSS (yellow cubes) to give the cPPSBi. The orange color has
been used to identify the nonprotonated cross-linked benzimidazole groups while the nonprotonated free benzimidazoles are colored in blue. In the
last step, after the doping with phosphoric acid (PA, green), benzimidazolium ions are formed (red), and the cross-linked network hosts the excess
PA molecules responsible for the proton conduction mechanism, schematically represented in the bottom right zoom lens.
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by NMR and FTIR spectroscopy (Figures S1 and S2). The 1H
NMR signals clearly show the aromatic protons between 7 and
8 ppm and the −NH− signal at 13.25 ppm of the imidazole
ring. The composition of the monomer was further confirmed
by elemental analysis and the narrow melting point between
224 and 226 °C. The DFBi monomer was employed in the
aromatic substitution polymerization of the poly(phenylene
sulfide benzimidazole) together with TBBT as the comonomer
and potassium carbonate. To maximize the molecular weight,
an equimolar amount of the two monomers was used, together
with an extended reaction time of 40 h in NMP as solvent.
According to GPC analysis, the resulting polymer reached a
molecular weight (Mw) of 19.2 kg mol−1 with a Đ of 3.2.
Fluorine end-groups were detected by 19F NMR analysis
indicating DFBi functionalities at the end of the polymer
chains. The 1H NMR spectrum (Figure 1a) shows all the
aromatic peaks of the polymer backbone and a small signal at
6.43 ppm belonging to the proton of the phenyl ring of the
DFBi end-groups, which was used to estimate the molecular
weight by NMR. The theoretical value was in good agreement
with the result obtained by GPC analysis (Table S1).

Low-molecular-weight PBI proved to perform better in
MEA,61 and different structures have been also designed to
improve solubility and filmability.16,18 The PPSBi obtained
here had excellent solubility in polar aprotic solvents with its
relatively not too large molecular weight, but its filmability was
poor. In order to produce high-quality, mechanically robust,
freestanding membranes, we have explored a cross-linking
strategy that used a multifunctional g-POSS as the cross-
linking motif (see Scheme 1b). POSS molecules indeed have
been demonstrated to have beneficial effects when included in
polymer composites endowing the resulting materials with
high resistance toward several environmental degradation
factors, such as moisture, oxidation, corrosion, and UV
radiation.62

The chemical structures of the polymer and the cross-linked
membranes were studied via FTIR (Figure 2). For all the
samples, FTIR analysis showed a broad band absorption
between 2400 and 3500 cm−1 which contains the stretching
vibrations of the aromatic CH bond together with the N
H stretching above 3000 cm−1 and the absorption of the
hydrogen bonding between the imino and amino groups in the
region 2800−2600 cm−1. The p-phenylene sulfide moieties
appeared as typical signals of poly(p-phenylene sulfides)63 at
1570, 1471, 1093, 1074, 811, and 480 cm−1, while the
benzimidazole unit gave the characteristic CN stretching at
1520 cm−1, together with the in-plane deformation of the
imidazole ring at 1440 cm−1 and the CN stretching vibration
at 1280 cm−1.40 In addition to the aforementioned bands,
cPPSBi_X membranes exhibited additional signals belonging
to the g-POSS, namely, the bending vibrations of the SiC
bending at 1200 cm−1 and the CH stretching of the aliphatic
chain at 2855 cm−1. The intensity of these two absorption
bands increased proportionally with the amount of cross-linker.
On the other hand, the epoxy peak at 910 cm−1 of the glycidyl
units disappeared in all the membranes demonstrating
successful cross-linking.

Thermal Properties. The thermal properties of the novel
polymeric material and the cross-linked networks were studied
via DSC and TGA. The results are summarized in Table S2.
The Tg of the pristine PPSBi is 207.5 °C, well below the Tg

of neat PBI;64 more interestingly, also the cross-linked network
showed a similar Tg (Figure S4b). This effect is well-known for
hybrid composites involving POSS cross-linker, and it can be
ascribed to the balance between the bulky size of the cross-
linker and the rigidity induced by the cross-linking.47

Both the PPSBi polymer and the cPPSBi_X membranes
showed high thermal stability with decomposition temper-
atures Td above 400 °C. The initial mass decrease for the
membrane with X < 10 between 200 and 300 °C is due to
evaporation of some residual DMSO strongly bound to the
network, similar to what was reported for DMAc36 (Figure 3a).
An additional test in an air atmosphere for the cPPSBi_1.5
membrane was performed to verify the impact of oxidant
atmosphere on the degradation process. The thermogram is
reported in Figure S5. An identical trend for the Td is observed,
while a two-step process is observed in air because of the
complete oxidation of the PPSBi starting around 600 °C. The
doped membranes showed good thermal stability up to 240 °C
which is above the temperature range for HT-PEMFC (100−
200 °C). The first step in the thermograms belongs to the
conversion of PA into pyrophosphoric acid.65 A second step at
380 °C indicates the degradation of the cross-linker followed
by the decomposition of the backbone (Figure 3b).Figure 1. (a) 1H NMR and (b) 19F NMR spectra of the PPSBi.
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Solubility Tests and Network Structure. The solubility
of PPSBi and cPPSBi_X membranes was tested in DMAc at 80
°C. The results are summarized in Figure 4a, and they clearly
show the effect of the cross-link on the solubilization of the
membranes. SAXS analysis provides valuable hints to under-
stand the structure of the cross-linked network at the nanoscale
and explaining, at the same time, some features of the solubility
behavior (see Figure 4b). The PPSBi polymer does not show
any particular features in the probed angular range (probed d-
spacing range from 125 to 4 nm), suggesting that the
homopolymer is an amorphous, homogeneous physical
network. When the cross-linker ratio is between 1.5% and
5%, a broad but measurable signal appears at low q-values
(Figure 4b), associated with the formation of some structural
inhomogeneities in the cross-linked network. This could be
ascribed to the nonhomogeneous distribution of the g-POSS
cross-linker within the PPSBi matrix, so that some part of the
material may still present low (or even no) cross-linking at the
lowest POSS content. This aligned well with the solubility test
results, which highlighted the inverse relationship between
residual weight and cross-linker ratio.

The density of these cross-linked regions evolved with the
cross-linking ratio, as the location of the bump shifts toward
high q-values with increasing cross-linking ratio (see inset of
Figure 4b). The low-q region can be modeled in order to
extract the inhomogeneity correlation length Ξ (related to the
average distance between regions with high cross-linking
density) using the Debye−Bueche equation:66

I q
I

q
( )

(0)
(1 )

bkg2 2 2=
+ Ξ

+
(5)

where I(0) is the asymptotic value of the intensity at q → 0 of
the Debye−Bueche equation, and bkg is the high angle
constant background. The solid lines in Figure 4b represent
the best fit obtained using eq 5. A decrease of the correlation
length is expected when the cross-linking density is
increased.67 The estimated inhomogeneity correlation length
was 21.8, 19.0, and 9.5 nm for the films with cross-linking
ratios of 1.5%, 3.5%, and 5%, respectively. When the cross-
linking ratio is further increased to 10% and 15%, the SAXS
profiles do not show any more particular features, suggesting

Figure 2. FTIR spectra of the pristine PPSBi, g-POSS, and cPPSBi_X membranes. (a) Aliphatic C−H stretching of the g-POSS at 2886 cm−1

appeared in the cross-linked membrane together with the Si−C bending signal at 1200 cm−1. (b) The disappearance of the epoxy band at 910 cm−1

confirms the cross-link reaction with the benzimidazole. The dashed lines are guides for the eyes indicating the position of the peaks representing
the incorporation of the g-POSS into the PPSBi matrix.

Figure 3. TGA thermograms under a N2 atmosphere of the PPSBi polymer and the cross-linked cPPSBi_X membranes (a) in the undoped state
and (b) doped with PA.
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that for these two samples the cross-linking is homogeneously
distributed in the probed angular range. The solubility of the
cPPSBi_10 and cPPSBi_15 in DMAc is strongly reduced
especially considering that the PPSBi is very soluble in the
same solvent and dissolves even at room temperature within a
few minutes.
Phosphoric Acid Doping. The phosphoric acid (PA)

doping was studied by immersing in phosphoric acid 85 wt %
the three samples that provided membranes with the best
quality, namely, the cPPSBi_5, cPPSBi_10, and cPPSBi_15.
When immersed in the PA solution, the cPPSBi_5 membrane
lost its dimensional stability even at low doping level, and it
was discarded from further tests. A 48 h doping test at room
temperature for the cPPSBi_10 and cPPSBi_15 membranes
resulted in only 20% PA uptake. Doping at higher temperature
yielded higher uptake in a sensibly shorter time (see Figure
S6a). A doping temperature of 50 °C was found to give the
best compromise between fast PA uptake and dimensional
stability retention. Doping the membranes at higher temper-
ature (T = 60 °C) induced PA uptakes >150% with subsequent
loss of mechanical stability. The final PA uptake values were
113% for the cPPSBi_10 and 90% for the cPPSBi_15, which
corresponded to a PA level of 5.6 and 4.8, respectively (Figure
S6b). It is important to note that, by definition, the PA level
refers to the moles of PA per repeating unit of the polymer,
besides the effective content of benzimidazole units. In our
case each repeating unit contains only one benzimidazole,
meaning that a PA level of 5 corresponds to a PA level of 10
for a conventional PBI. The molecular design of the PPSBi
polymer and the cross-linked networks was meant to facilitate
the accessibility of the benzimidazole functionality aiding the
doping with PA but without losing mechanical stability thanks
to the dense cross-linking network. This is thanks to the
pendant position of the benzimidazole groups and the free
volume associated with the POSS particles. The positive effect
of this approach resulted in a lower Tg of the pristine polymer
and the polymer networks compared to classical PBI64 and also
in a faster PA uptake at moderate temperature compared to
other works.35,51,65 Moreover, we have exposed the doped
membranes in a water vapor atmosphere at 100 °C for 5 h in
order to verify the PA retention ability of our materials (see

Figure S7). We found that our membranes exhibit an
approximately 20% PA retention that is much higher than
reference OPBI. However, this value is not as high as the one
reported for m-PBI probably due to the lower content of
benzimidazole in our PPSBi and the possible location of part of
the PA molecules in the free volume of the polymer matrix. We
must note that the PA retention ability of our materials may be
also limited by the low molecular weight achieved here.
Increasing the molecular weight of the pristine PPSBi and
further optimization of the degree of cross-linking, con-
sequently strengthening the interchain interactions, are
expected to improve the PA retention properties of our
cPPSBi_X membranes. These aspects are currently under
investigation in our group

Mechanical Properties. The mechanical properties of the
cPPSBi_10 and cPPSBi_15 membranes were evaluated by
tensile tests, and the results are summarized in Table 1. The

neat polymer, as well as all the cross-linked membranes with g-
POSS content below 10%, could not be tested due to the poor
film-forming behavior. The sulfide structure of the backbone is
rigid and provides stiffness to the resulting material, similar to
what was reported for aliphatic thioether containing
benzimidazole.52 The cPPSBi_10 and cPPSBi_15 stress−
strain curves (Figure S8) revealed the rigid structure of the
membranes with low strain at break and high modulus (868
MPa for cPPSBi_15). We noticed that the elastic modulus is
lower when compared to values reported for classical PBI
membranes, which are in the range of units of GPa, and this
can be explained considering the lower density and different
position of the benzimidazole units in the polymer backbone,

Figure 4. (a) Solubility test results for the PPSBi and cPPSBi_X membranes. (b) SAXS curves of the cPPSBi_X network at different cross-linking
densities. The I(q)q2 vs q plots are reported in the inset. The * symbol indicates the location of the low-q intensity bump generated from the
scattering of inhomogeneities in the networks. The black solid lines are the best fits using eq 5.

Table 1. Summary of the Tensile Properties of Undoped
and Doped cPPSBi_X Membranes

stress at break
(MPa)

elongation at
break (%)

Young’s modulus
(MPa)

sample undoped dopeda undoped dopeda undoped dopeda

cPPSBi_10 5.9 2.3 1.6 3.1 598 59
cPPSBi_15 12.7 4.6 2.1 2.2 868 317

aThe doped samples had a PA uptake of 90%.
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which enable the formation of fewer hydrogen bonds between
the benzimidazole moieties. The higher content of g-POSS in
cPPSBi_15 is responsible for an approximately 2 times higher
stress at break with respect to the cPPSBi_10 due to the higher
number of interconnections between the polymer chains.
Additionally, the low molecular weight of the polymer and its
high density of cross-linking compared to similar systems68

negatively affect the tensile strength of the produced
membranes. What is encouraging is the behavior of cross-
linked membranes in the doped state. The PA doping
inevitably affected the mechanical properties due to the
breakdown of the intermolecular forces, namely, the hydrogen
bonding between CN and NH groups of the
imidazole rings. As a consequence, the stress at break and the
modulus of the doped membrane significantly decreased
compared to the undoped membranes. The values reported
in Table 1 show a neat difference between the stress at break of
the doped membranes which is more than halved compared to
the related undoped ones. However, the value of about 300
MPa measured for the cPPSBi_15 membrane was more than 5
times higher in comparison to PBI−PA membranes with a
similar cross-linking density and similar doping level, which
reports a Young’s modulus of 40 MPa.40 The lower drop can
be explained again in terms of the different molecular design
but also considering the structure of the POSS cage and the
relatively short branches of the glycidyl units which build up a
homogeneous network as demonstrated also via X-ray analysis
(vide infra). The limited size of the cage and the high number
of functionalities enable the membrane standing a high level of
PA doping and avoiding degradation of the mechanical
properties. The stress at break is also in the range 2−5 MPa
which is considered useful for conducting fuel cell performance
tests.20

Proton Conductivity. Proton conduction in PBI−PA
doped membranes under anhydrous conditions is known to
happen through structural diffusion (Grotthus mechanism).
Proton transfer mainly involves phosphate ions while the
benzimidazolium cations are excluded from the conduction
mechanism due to slower proton exchange between
benzimidazoles and phosphoric acid compared to proton
exchange between phosphate species.8,13,69 The proton

conductivity of the doped dry membranes was tested in the
range 100−180 °C, and the results are reported in Figure 5.
We recall that cPPSBi_10 has a PA level of 5.6, while the
cPPSBi_15 has 4.8 due to the different PA uptake (Figure
S6a). The proton conductivity increased proportionally with
the PA level of the membrane with cPPSBi_10 reaching a
maximum conductivity of 23 mS cm−1 (Figure 5a), which is
suitable for use as PEM.52,70 When looking at the molar
conductivity (conductivity divided by the PA level) as a
function of temperature, the difference in transport behavior
between the two membranes is almost negligible (Figure 5b),
with the cPPSBi_15 membrane holding better the conductivity
at the highest temperature. The similar behavior observed here
for the normalized conductivity of the two membranes could
be ascribed to the proton conduction in a PA percolated
system, since for membranes with a PA level above 3, the PA
domains can be considered percolated.30 The values of the
molar conductivity of cPPSBi are lower than PBI with a similar
doping level.17 This can be explained if we consider the
possible interference of the cross-linking to the free proton
diffusion in the matrix. Indeed, the cPPSBi_10 and cPPSBi_15
membranes have a nominal molar degree of cross-linking of
29% and 46%, respectively, which created a dense,
homogeneous network (as observed by SAXS data discussed
above). The dense cross-linking level present in our
membranes most probably hinders the free movement of the
proton through a PA percolated network. On the other hand,
this dense and robust network structure is beneficial to retain
higher conductivity at high temperature, as demonstrated by
the molar proton conductivity of the cPPSBi_15 membrane
that does not decrease with increasing temperature (see Figure
5b). This observation aligns well to the expected benefits from
the cross-linking approach which enables higher PA uptake
preserving dimensional stability and avoiding PA loss.10

The rigid structure of the PPSBi backbone together with the
high cross-linking density generate a stiff network which is not
easily deformable. These observations explain the increase of
the activation energy with cross-linking of the membranes as
obtained from the Arrhenius plot (Figure 6) according to eq 6:

E
RT

ln 0
aσ σ= −

(6)

Figure 5. (a) Proton conductivity of cPPSBi_10 and cPPSBi_15 as a function of temperature and (b) normalized conductivity for the PA molecule
in the cross-linked network.
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The membrane follows in good agreement an Arrhenian
behavior showing a linear trend of the conductivity with
temperature on a semilogarithmic scale. The higher the degree
of cross-link, the higher the activation energy due to the
hindrance of the dense network to the free motion of the acid.
The values obtained (ca. 10 kJ mol−1) are comparable to
reported values for percolated membranes containing sulfides
bonds.52

Oxidative Stability. The oxidation test was conducted in
Fenton’s reagent (H2O2 3% and Fe2+ 2 ppm) at 80 °C
immersing the membrane in the solution and checking the
weight loss daily. The residual weight (RW) was evaluated
after a 1 h test, and the results are reported in Table S2. The
PPSBi backbone was designed to implement a high amount of
sulfide functionalities to improve the oxidative stability of the
resulting material according to beneficial effects previously
reported.52 Additionally, according to the proposed mecha-
nism for PBI oxidative degradation in aqueous media, the
cross-linking of the −NH− groups reduces the available
number of protons susceptible to abstraction by the hydroxyl
radical.71,72 The polymer and the cross-linked membrane

revealed exceptional oxidative stability with cPPSBi_10 and
cPPSBi_15 showing a weight loss of less than 5% after 264 h of
immersion in Fenton’s reagent at 80 °C much lower than the
reference m-PBI (Figure 7a). The sometimes positive variation
in the weight might be explained also considering the
incorporation of oxygen atoms in the backbone due to the
formation of the sulfoxide and sulfone group as a consequence
of the oxidation of the thioether functionalities. The different
behavior of the PPSBi and cPPSBi_5 explained the crucial role
of the g-POSS network in stabilizing the membrane. The
missing or incomplete network in PPSBi a cPPSBi_5 (see X-
ray results below) does not prevent the penetration and the
disruption of the membrane structure, whereas the highly
cross-linked membranes are more resistant to oxidative attack,
and the time needed to degrade the organic material is
sometimes longer than the time needed to oxidize the sulfur
moieties.
Macroscopically, the PPSBi membrane broke within the first

48 h while the cPPSBi_5 and cPPSBi_10 cracked at 120 and
264 h, respectively (see Figure S9). FTIR analysis of the
samples after the test clearly shows the transformation of the
thioether functionality into both sulfoxide and sulfone moieties
(Figure 7b). The presence of the characteristic double
absorption of the sulfone scissoring at 1324 and 1157 cm−1

is accompanied by the appearance of the sulfoxide stretching
vibration at 1040 cm−1 and the disappearance or reduction of
the bands at 480 and 811 cm−1 belonging to the p-phenylene
sulfide moieties as reported in Figure 2b. Some degradation
occurs also for the g-POSS moiety as shown by the almost
disappearance of the broad band at 1100 cm−1 belonging to
the Si−O−Si and to the ether (C−O−C) stretching. The 4,5-
disubstituted imidazole ring vibration at 616 cm−1 is
representative of the scission of the bond with the glycidyl
chain of g-POSS which gave a weak shoulder at 640 cm−1 in
the cross-linked membrane.

■ CONCLUSIONS

A novel poly(phenylene sulfide benzimidazole) polymer
(named PPSBi) has been successfully synthesized through
nucleophilic aromatic substitution polymerization. The poly-

Figure 6. Arrhenius plot of cPPSBi_10 and cPPSBi_15.

Figure 7. (a) Weight variation of the samples during the oxidation test in Fenton’s reagent at 80 °C; values of a conventional m-PBI are reported
for comparison from ref 34. (b) FTIR of the samples after 264 h.
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mer has a high sulfur content and contains side benzimidazole
groups useful for phosphoric acid doping and proton
conductivity in high-temperature anhydrous conditions. Draw-
backs such as the brittle behavior and the poor filmability of
the PPSBi polymer were overcome by network formation using
polyfunctional g-POSS cross-linking via benzimidazole-epoxy
thermal reaction. The use of g-POSS as a cross-linker ensured
the formation of homogeneous, insoluble networks with good
dimensional stability, especially in the doped state. The free
volume created by the bulky structure of the POSS cage and
the branched epoxy functionalities endowed also fast acid
uptake at mild conditions without extreme loss of thermal or
mechanical properties. Phosphoric acid levels as high as 5.6 PA
molecules per benzimidazole group were reached without loss
of mechanical and dimensional stability. All the membranes
showed good thermal stability with degradation temperatures
well above 160 °C, the reference operative temperature for
HT-PEMFC.9,12 When a sufficiently high cross-linking degree
is used, membranes of good mechanical stability with high
modulus even in the doped state were prepared, confirming the
synergic role of the rigid backbone with the nanosized flexible
cross-linker. The proton conductivity reached by the
membranes (>20 mS cm−1) is promising and comparable to
conventional PBI−PA systems with a similar doping level.40

The most interesting feature exhibited by these novel materials
was the high chemical stability. The high sulfide content
endowed exceptional oxidative stability with sulfur atoms
acting as an effective radical scavenger and g-POSS avoiding
excessive swelling and penetration of the oxidant molecules
through the membrane. The encouraging results obtained in
this work provide insights for future improvements especially
by increasing the molecular weight of the constituting PPSBi
polymer, obtaining high-quality large-scale membranes, and
performing tests in HT-PEMFC.
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(70) Lobato, J.; Cañizares, P.; Rodrigo, M. A.; Linares, J. J.; Aguilar,
J. A. Improved Polybenzimidazole Films for H3PO4-Doped PBI-
Based High Temperature PEMFC. J. Membr. Sci. 2007, 306 (1−2),
47−55.
(71) Chang, Z.; Pu, H.; Wan, D.; Jin, M.; Pan, H. Effects of Adjacent
Groups of Benzimidazole on Antioxidation of Polybenzimidazoles.
Polym. Degrad. Stab. 2010, 95 (12), 2648−2653.
(72) Chang, Z.; Pu, H.; Wan, D.; Liu, L.; Yuan, J.; Yang, Z. Chemical
Oxidative Degradation of Polybenzimidazole in Simulated Environ-
ment of Fuel Cells. Polym. Degrad. Stab. 2009, 94 (8), 1206−1212.

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c01285
ACS Appl. Energy Mater. 2020, 3, 7873−7884

7884

https://dx.doi.org/10.1039/C8PY00650D
https://dx.doi.org/10.1039/C8PY00650D
https://dx.doi.org/10.1039/C8PY00650D
https://dx.doi.org/10.1016/j.jpowsour.2014.04.055
https://dx.doi.org/10.1016/j.jpowsour.2014.04.055
https://dx.doi.org/10.1016/j.jpowsour.2014.04.055
https://dx.doi.org/10.1016/j.jpowsour.2014.04.055
https://dx.doi.org/10.1016/j.jiec.2011.05.036
https://dx.doi.org/10.1016/j.jiec.2011.05.036
https://dx.doi.org/10.1016/j.jiec.2011.05.036
https://dx.doi.org/10.1016/j.jpowsour.2013.11.102
https://dx.doi.org/10.1016/j.jpowsour.2013.11.102
https://dx.doi.org/10.1016/j.jpowsour.2013.11.102
https://dx.doi.org/10.1016/j.eurpolymj.2015.11.024
https://dx.doi.org/10.1016/j.eurpolymj.2015.11.024
https://dx.doi.org/10.1016/j.eurpolymj.2015.11.024
https://dx.doi.org/10.1002/aenm.201000062
https://dx.doi.org/10.1002/aenm.201000062
https://dx.doi.org/10.1002/aenm.201000062
https://dx.doi.org/10.1021/ma400154t
https://dx.doi.org/10.1021/ma400154t
https://dx.doi.org/10.1021/ma400154t
https://dx.doi.org/10.1039/c2ee21992a
https://dx.doi.org/10.1039/c2ee21992a
https://dx.doi.org/10.1039/c2ee21992a
https://dx.doi.org/10.1016/S1352-2310(97)00093-9
https://dx.doi.org/10.1016/S1352-2310(97)00093-9
https://dx.doi.org/10.1039/C7GC00014F
https://dx.doi.org/10.1039/C7GC00014F
https://dx.doi.org/10.1038/nchem.1624
https://dx.doi.org/10.1038/nchem.1624
https://dx.doi.org/10.1002/pola.20486
https://dx.doi.org/10.1002/pola.20486
https://dx.doi.org/10.1002/pola.20486
https://dx.doi.org/10.1016/j.ijhydene.2013.08.011
https://dx.doi.org/10.1016/j.ijhydene.2013.08.011
https://dx.doi.org/10.1016/j.ijhydene.2013.08.011
https://dx.doi.org/10.1016/j.memsci.2013.12.062
https://dx.doi.org/10.1016/j.memsci.2013.12.062
https://dx.doi.org/10.1016/j.memsci.2013.12.062
https://dx.doi.org/10.1016/0584-8539(95)01408-X
https://dx.doi.org/10.1016/0584-8539(95)01408-X
https://dx.doi.org/10.1126/science.139.3554.494
https://dx.doi.org/10.1126/science.139.3554.494
https://dx.doi.org/10.1016/j.ijhydene.2011.03.147
https://dx.doi.org/10.1016/j.ijhydene.2011.03.147
https://dx.doi.org/10.1016/j.ijhydene.2011.03.147
https://dx.doi.org/10.1016/j.progpolymsci.2016.12.011
https://dx.doi.org/10.1016/j.progpolymsci.2016.12.011
https://dx.doi.org/10.1039/C7CP00195A
https://dx.doi.org/10.1039/C7CP00195A
https://dx.doi.org/10.1039/C7CP00195A
https://dx.doi.org/10.1039/C7CP00195A
https://dx.doi.org/10.1002/er.5571
https://dx.doi.org/10.1002/er.5571
https://dx.doi.org/10.1002/er.5571
https://dx.doi.org/10.1002/er.5571
https://dx.doi.org/10.1016/j.ssi.2013.07.003
https://dx.doi.org/10.1016/j.ssi.2013.07.003
https://dx.doi.org/10.1016/j.memsci.2007.08.028
https://dx.doi.org/10.1016/j.memsci.2007.08.028
https://dx.doi.org/10.1016/j.polymdegradstab.2010.07.009
https://dx.doi.org/10.1016/j.polymdegradstab.2010.07.009
https://dx.doi.org/10.1016/j.polymdegradstab.2009.04.026
https://dx.doi.org/10.1016/j.polymdegradstab.2009.04.026
https://dx.doi.org/10.1016/j.polymdegradstab.2009.04.026
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01285?ref=pdf

