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Abstract A poly(amide-imide) (PAI) bearing imidazole
groups on the polymer chain was synthesized via direct poly-
condensation of a synthesized diacid-diimide and 4,4'-(1,4-
Phenylenediisopropylidene) bisaniline (PDBA). Diacide-
diimide was synthesized by the condensation of an amino acid
compound, (S)-(+)-Histidine hydrochloride monohydrate and
3,3',4,4'-Benzophenone tetracarboxylic dianhydride (BTDA).
On the other hand, a sulfonated polyimide (SPI) was also
synthesized by the solution imidization of sulfonated, (4,4-
diaminostilbene-2,2-disulfonic acid) (DSDSA) and non-
sulfonated, 4,4'-(1,4-Phenylenediisopropylidene) bisaniline
(PDBA) diamines in reaction with a six-membered naphtha-
lene base dianhydride, 1,4,5,8-Naphthalenetetracarboxylic
dianhydride (NTDA). A strong and flexible SPI membrane
with good uniformity and proper thermal and mechanical
properties was achieved. The SPI was then blended with dif-
ferent amounts of PAI and doped with phosphoric acid (PA),
in order to investigate the blending influence of PAI in PA-
doped blend membranes compared to the pure SPI membrane.
It was found that a proper amount of PAI could effectively
improve the water uptake, IEC and proton conductivity of the
PA doped SPI/PAI membranes. Nevertheless the excess PAI
negatively affected the membrane properties. The pure SPI
with an IEC of 1.76 meq.g ' showed a proton conductivity
of 29.4 mS cm™" at 120 °C, while PA doped SPI/PAI-10 %
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(w/w) as the most optimal PAI containing sample, with an IEC
of 2.23, showed a proton conductivity of 69.7 mS cm ' at
140 °C. The proton conductivity measurements were per-
formed at 40 % relative humidity.
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Introduction

Polymer electrolyte membranes are currently under active de-
velopment for electric vehicles, residential power sources, and
portable devices and have attracted much attention due to their
important application in fuel cell systems. In the past few
decades, various kinds of sulfonated aromatic polymers such
as sulfonated poly(arylene ether)s like poly(ether ether ke-
tone) PEEK and poly(sulfone), polybenzimidazole (PBI) and
sulfonated polyimide (SPI) have been introduced for the de-
velopment of high performing polymer electrolyte mem-
branes as cheaper alternatives to the perfluorosulfonic acid
(PFSA) membranes, Nafion, as the most common polymer
for PEMFC application. Nafion has excellent chemical stabil-
ity, mechanical strength, flexibility, durability and high con-
ductivity in hydrated state, but besides the high cost problem,
they have a number of disadvantages such as high methanol
permeability and poor performance at temperatures above
80 °C due to the loss of water, which limit their wider appli-
cation in higher temperatures and low humidity states [1-5].
Recently great spectra of researches have been focused on the
development of membranes that operate at medium-high tem-
peratures (100-200 °C) and low relative humidity states
[6-12]. Fuel cells operating at high temperatures offer many
advantages, including simpler water management, higher CO
tolerance and faster electrode kinetics [8, 13—15].
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Sulfonated six-membered ring polyimides, as membranes
possessing high thermal stability, mechanical strength and
chemical resistance and also low cost, have been identified
as one of the promising candidates for medium-high temper-
ature proton conductive membranes. Many SPI membranes
with various chemical structures have been reported in recent
researches. SPI membranes rely on water as a proton carrier,
so water uptake and degree of sulfonation are important is-
sues. A high degree of sulfonation can provide sulfonated
aromatic hydrocarbon polymers with high proton conductivi-
ty, but the high degree of sulfonation might decrease their
mechanical strength and also make them highly swell-able
in water or even soluble in aqueous methanol solution. Sulfo-
nation degrees can be controlled by copolymerization with
non-sulfonated diamine monomers. The introduction of non-
sulfonated diamines decreases the proton conductivity, but
can improve the water stability and mechanical properties of
membrane [16-23]. During the past decade, many types of
membranes such as inorganic polymer composites, non-
fluorinated hydrocarbon polymers and anhydrous proton
conducting polymers have been developed for improving the
performance of the membranes above 100 °C at lower relative
humidity [2, 24-27]. Recently, various kinds of aromatic
polybenzimidazoles (PBIs) and their blend membranes also
have received considerable attention for high temperature
and low humidifying polymer electrolyte membrane fuel cells
[28-31]. It has been found that phosphoric acid doped
sulfonated PBI membranes have shown higher proton con-
ductivities than the corresponding phosphoric acid doped
non-sulfonated PBI membranes [32, 33]. Phosphoric acid, as
a thermally stable triprotic amphoteric acid and excellent pro-
ton conductivity with low vapor pressure at elevated temper-
ature, is a good proton solvent for membranes operating in
high temperature ranges. Phosphoric acid can also be doped
into membranes of thermally stable polymers such as polyim-
ide and polybenzimidazole. The proton conductivity of PI/
H;PO, blends is still lower than that of polybenzimidazole
(PBI)/H3PO,4 blends due to the weaker Lewis basicity of PI
and lower H3PO, doping ability [34-36]. So it can be expect-
ed that introducing stronger basic groups into the PI in the PI/
H3;PO, membranes would give us higher conductivities, and
also PA doped sulfonated polyimide could show higher con-
ductivities than that of PA doped non-sulfonated polyimide. It
is indicated that heteroaromatic polymers containing groups
such as imidazole, pyrazole, and triazole are capable of show-
ing high conductivity in low humidity states at higher temper-
atures. The basic nitrogen groups of these compounds as a
strong proton acceptor with respect to the strong acidic
groups, can increase the proton conductivity of membranes
when be doped with phosphoric acid, through the formation
of acid-base complexes, which behave as durable acid con-
tainer sites [37-39]. These results stimulated us to investigate
the influence of blending a synthesized imidazole containing
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polymer on the proton conductivity of SPI blend membranes.
Polymer blending is an adjustable technique for producing
new materials with improved physical and chemical
properties.

In the present work, we report the synthesis and character-
ization of a poly(amide-imide), containing imidazole groups,
which is capable of being doped with phosphoric acid, to be
blended with a synthesized sulfonated polyimide. The
sulfonated polyimide with 50 % molar ratio of sulfonated
diamine is expected to have good thermal and mechanical
properties and appropriate proton conductivity. In addition,
blending of PAI with SPI and sequenced doping of mem-
branes with phosphoric acid is supposed to increase the proton
conductivity of the membranes, especially at higher tempera-
tures. Achieving to the optimum amounts of blended PAI with
SPI is of great importance in this work. It is expected that
Phosphoric acid doped SPI/PAI membranes could overcome
the water loss problems of SPI membranes at high tempera-
tures. Proton conductivity of the membranes was tested from
room temperature to 140 °C, at ambient humidity (40 % RH)
and without further humidification. Thermal and mechanical
properties, morphology, water uptake and ion exchange ca-
pacity (IEC) of the samples are also discussed.

Experimental
Materials

4,4-diaminostilbene-2,2-disulfonic acid (DSDSA), 1,4,5,8-
Naphthalenetetracarboxylic dianhydride (NTDA), 3,3',4,4'-
Benzophenone tetracarboxylic dianhydride (BTDA) and 4,
4'-(1,4-Phenylenediisopropylidene) bisaniline(PDBA) were
purchased from Sigma-Aldrich. 1-Butyl-3-methylimidazolium
chloride was synthesized according to a procedure reported in
the literature [40]. Meta-cresol, triethylamine (TEA),
triphenylphosphite (TPP), benzoic acid (BA), glacial acetic
acid, phosphoric acid (85 %) and (S)-(+)-Histidine hydrochlo-
ride monohydrate were purchased from Merck. All other ma-
terials were used as received.

Monomer and polymers synthesis

Synthesis of diacid-diimide monomer bearing imidazole
groups

Here, 2.51 g (12 mmol) of (S)-(+)-Histidine hydrochloride
monohydrate and 1.61 g (5 mmol) of 3,3’,4,4’-Benzophenone
tetracarboxylic dianhydride (BTDA) were placed into a
100 mL double-necked round-bottomed flask, equipped with
anitrogen inlet and outlet and a reflux condenser. Then, 60 ml
of glacial acetic acid was added to the flask and the mixture
was magnetically stirred at room temperature under nitrogen
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flow until the solid was completely dissolved. The reaction
solution was refluxed at 120 °C for 24 h; after that, the solvent
was removed under reduced pressure, the residue was added
to 100 ml of distilled water and the pH of the solution was
adjusted to neutral by the drop-wise addition of 0.5 M NaOH.
A pale yellowish precipitate formed immediately, which was
filtered and washed with distilled water before being dried at
room temperature.

Melting point (mp): 202-204 °C, [ap >°]: 95.8° (0.050 g in
10 mL DMF); IR (KB): 3300-2500 (O-H), 1707 (C=0 im-
ide), 1774 (C=0), 1597 (C=N), 1374 (C-N), 1097 (C-0O), 838
(Ar), 728 (Ar), cmflé Elem. Anal. calcd. for C,oH,9NgOg
(596.5): C, 58.39 %; H, 3.38 %; N, 14.09 %. Found: C,
58.28 %; H, 3.20 %; N, 13.77 %. EI-MS: 596 (0.3, M+),
392 (2.8), 377 (2.6), 283 (1.2), 237 (40.5), 131 (78.1), 103
(58.2), 83 (52.2), 77 (43.8), 55 (83.5), 43 (92.3), 42 (80.5), 41
(100).

The synthesis route of the monomer is shown in Scheme 1.

Synthesis of poly(amide-imide) (PAI)

Here, 1.6 g (2.81 mmol) of synthesized diacid-diimide and
1.16 g (3.37 mmol) of 4,4'-(1,4-Phenylenediisopropylidene)
bisaniline (PDBA) were placed in a 50 ml double-necked
round-bottomed flask, containing 7 g ionic liquid (1-Butyl-
3-methylimidazolium chloride) and 1.5 ml
triphenylphosphite. A reflux system with a magnetic stirrer
was set up and the reaction was equipped with a nitrogen inlet
and outlet. The mixture was stirred at 60 °C for 1 h and then
refluxed with constant stirring at 140 °C for 12 h. The
resulting brown and viscose solution was cooled to room tem-
perature and poured drop-wise into 500 mL of methanol under
constant stirring. The formed precipitate with pale yellow col-
or was filtered off and washed with methanol and distilled
water several times. The polymers were dried under vacuum
and then placed in an oven at 70 °C in vacuum overnight to
remove all residue of the solvent. Scheme 2 shows the
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Scheme 1 Synthesis route of diacid-diimide monomer

synthesis route of the PAI. The molecular weight M,, of the
poly(amide-imide) (PAI) was about 2.3 x 10* (M,,/M,=1.96).

Synthesis of sulfonated polyimide (SPI)

Sulfonated polyimide was synthesized by reacting sulfonated
and non-sulfonated diamines with a six-membered naphtha-
lene base dianhydride through solution imidization. A repre-
sentative SPI (DSDSA/PDBA/NTDA) with molar ratio of
(1/1/2) was prepared as shown in Scheme 3.

Here, 68 ml of m-cresol was added to 2.96 g (8 mmol) of
sulfonated diamine, 4,4-diaminostilbene-2,2-disulfonic acid
(DSDSA), in a 250 ml double-necked round-bottomed flask
with a nitrogen inlet and outlet. A reflux system with a dean-
stark trap and a powerful magnetic stirrer was set up. Then,
2.5 ml (17.92 mmol) TEA was added dropwise to the mixture
while stirring at room temperature. The mixture was heated at
70 °C until the DSDSA was dissolved (about 1 h), after which
the temperature was decreased to 30 °C and 2.76 g (8 mmol)
PDBA, 4.3 g (16 mmol) NTDA and 3.90 g of benzoic acid
were added individually and subsequently. The mixture then
was stirred at 80 °C for 4 h and 180 °C for 24 h. At the end,
50 ml m-cresol was poured into the highly viscose dark brown
solution to reduce the viscosity and then the temperature was
decreased to 80 °C. The reaction mixture was poured gently
into 800 ml of acetone with a mixer and stirred for 1 h. The
polymer fibers were filtered and washed with further acetone
and dried in vacuum at 120 °C for 24 h. The molecular weight
M,, of the sulfonated polyimide (SPI) was about 5.7x 10*
(M,/M,=3.2).

Membrane preparation

All membranes were prepared by a solution-casting method.
The SPI and SPI/PAI membranes were fabricated by casting a
5%wt solution of pure SPI or SPI/PAI polymer blends in m-
cresol on a glass sheet. The homogeneous solutions were fil-
tered and casted at 80 °C and casted membranes were dried at
110 °C for 15 h. The as-cast membranes were separated from
glass by immersing in distilled water. After that, the mem-
branes were soaked in methanol for 24 h at room temperature
to remove the residual solvent and then treated with 2.0 M
HCI at room temperature for 48 h and at 50 °C for 12 h for
exchanging the Et;N groups to the H' ions. The proton-
exchanged membranes were thoroughly washed with distilled
water and then dried in a vacuum oven at 120 °C for 12 h. Five
membrane samples prepared by this method consisted of a
pure SPI sample and four blend membranes, with 5, 10, 15
and 20 %(w/w) ratios of PAI to SPI. The blend membranes
were named SPI/PAI-5 %, SPI/PAI-10 %, SPI/PAI-15 % and
SPI/PAI-20 %, respectively. All of the mentioned membranes
are shown in Fig. 1.
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Scheme 2 Synthesis route of
poly(amid-imide)

Preparation of phosphoric acid doped (SPI/PAI)
membranes

Homopolymeric PAI with imidazole groups was blended with
SPI, in order to be doped with phosphoric acid. Phosphoric
acid molecules have the potential to form an acid-base com-
plex with imidazole groups of PAI, existing in the blend mem-
branes. The vacuum dried SPI/PAI membranes in acid form
were immersed in phosphoric acid 85 % at 60 °C for 24 h. The
result PA doped (SPI/PAl)membranes were soaked in distilled
water while stirring for 10 min to remove the extra phosphoric
acid, and then the membranes were dried with paper towels.

Membrane characterization
Instrumentation

The synthesized monomer and polymer structures were con-
firmed by "H NMR and '*C NMR spectra and Fourier Trans-
form attenuated total reflectance (FT-ATR) spectroscopy. The
"H NMR and ">C NMR spectra were measured on a Bruker
(400 MHz) spectrometer using DMSO-dg4 as solvent and
tetramethylsilane (TMS) as an internal standard. The ATR-
FTIR spectra (6004000 cm ") were recorded with a Bruker

Scheme 3 Synthesis route of
sulfonated polyimide (SPI)
copolymer
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Equinox 55 FT-IR Spectrometer. Thermogravimetric analysis
(TGA) was performed on a Rheometric Scientific STA 1500.
The samples were heated from room temperature to 800 °C
under Argon atmosphere at a scanning rate of 10 °C/min.
Tensile measurements were performed with a mechanical tes-
ter Instron-5566 instrument at a speed of 5 mm/min. Samples
were dried at ambient conditions for 1 day and tested at room
temperature and ambient humidity (about 25 °C and 40 %
relative humidity). The sample dimensions were 9x50 mm
with an average thickness of 60 um, so that 15 mm of each
sample was put in the pulling jaws up and downwards and a
the remaining 20 mm of the membranes was pulled between
the jaws with at a constant speed. The membrane morphol-
ogies were investigated by a Seron AIS2300 scanning electron
microscope, while the surface and cross-section of membrane
samples were coated with a nanometric layer of sputtered
gold. The measurements of proton conductivity, o (mS.cm ™),
of the membrane samples were performed using an AC im-
pedance spectroscopy by an Autolab PGSTAT302N
Potentiostat-Galvanostat Impedance Analyzer over the fre-
quency of 0.01 Hz—100 kHz and 50 mV Amplitude. Waters
410 Gel permeation chromatography (GPC) instrument fitted
with an RI detector was used to determine the molecular
weights of the sulfonated polyimide and Poly(amide-imide)

m-cresol, Et;N
Benzo:c acid;
1) 80°C, 4h
2) 180°C, 24h
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' SPI/PAI-20%

Fig. 1 Top view of the pure SPI and SPI/PAI blend membranes

bearing imidazole groups. N,N-dimethylformamide (DMF)
was used as the eluent and polystyrene was used as the stan-
dard. Mass spectrum was recorded on an Agilent Technology
(HP) MS Model: 5973 Network Mass Selective Detector, in-
strument by Electron Impact (EI) Ionization mode with an
ionization voltage of 70 eV. Elemental analyses (C, H, N)
were performed with a Heraeus CHN O-Rapid analyzer.

Water uptake

The water sorption values of the membranes were determined
at 30 °C. The membranes were vacuum-dried at 120 °C for
12 h, weighed and immersed in distilled water for 24 h. The
wet membranes were wiped with tissue paper and quickly
weighed. The water uptake (WU) of the membranes was cal-
culated in weight percent by Eq. (1):

Wwet : Wdry

dry

WU (%) x 100 (1)
Where Wy, and Wy, are the weights of water-swollen and
dry membranes, respectively. Water uptakes of the corre-
sponding phosphoric acid doped membranes also were mea-
sured by the same procedure.

Ion exchange capacity

Ion exchange capacity (IEC) of the pure SPI and blend SPI/
PAI membranes, before and after doping with phosphoric ac-
id, was calculated by the titration method. The membranes in
the H' form were immersed in a 1 N NaCl solution at 50 °C
for 48 h to exchange the H' ions of the membrane with Na"
ions in the solution. Then, the released H" ions within the
solution were titrated with 0.02 N NaOH using phenolphtha-
lein as an indicator, while the membrane was still present in
the solution during titration. The IEC was calculated by the
following formula using Eq. (2):

M XV nwou

dry

IEC = (2)

Where IEC is the ion exchange capacity, expressed in
meq.g ', M is the molarity, V is the volume of titrated NaOH

and W,y is the weight of dried membranes in vacuum oven in
120 °C for 12 h, before immersing in NaCl solution.

Proton conductivity

Each sample was cut into sections (1.2%2 cm) prior to being
mounted between two platinum electrodes on the cell. The
membranes were sandwiched between two plates of Pt elec-
trodes (0.8% 1.6 cm) and the electrodes were set in a Teflon
cell. The Teflon cell was packed between two aluminum
plates with a thickness of 1.5 cm, while two controllable
heating elements were set inside the aluminum plates for cre-
ating various temperature conditions inside the Teflon cell.
The membranes were placed in contact with the air through
the gaps placed in the Teflon cell and aluminum plates. Before
the test, the membranes were soaked in water for 24 h and then
the conductivity measurements were performed at ambient
humidity (about 40 % RH). The proton conductivity, o, of
the membrane was calculated from Eq. (3):

e /
T Rx A

(3)

Where 1 is the distance (cm) between the Pt electrodes, which
here is the same as the membrane thickness. R is the resistance
value measured with Autolab impedance analyzer and A is the
surface area (cm?) required for a proton to penetrate the mem-
brane that equals with the Pt plates surface area. The imped-
ance of each sample was measured three times to ensure good
data reproducibility.

Results and discussion

Synthesis and characterization of diacid-diimide
monomer bearing imidazole groups

As outlined in Scheme 1, diacid-diimide was synthe-
sized by the condensation of one equiv. of 3,3',4,4-Ben-
zophenone tetracarboxylic dianhydride (BTDA) with
two equiv. of (S)-(+)-Histidine hydrochloride
monohydrate in acetic acid as a solvent. After
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dissolving the materials, diacid-diimide was synthesized
via imidization reaction between the amine and
dianhydride, under refluxing conditions in a nitrogen
atmosphere. Monomer structure was determined and
confirmed by '"H NMR, 'C NMR and FT-ATR tech-
niques. The 'H NMR spectrum of diacid-diimide
(Fig. 2) showed a peak at 4.89 ppm that was assigned
to the proton of the chiral center.

The peaks of aromatic protons are shown at 6.91—
8.21 ppm. The "*C NMR spectrum of this compound properly
matched with "H NMR spectrum. A peak at 53.17 ppm was
attributed to the chiral center carbons and the highest chemical
shift at about 193 ppm was attributed to the carbonyl group of
the centric ketone. The mentioned peaks and the peaks of
aromatic region are shown in Fig. 3.

The FT-ATR spectrum of the monomer (Fig. 4a) showed a
peak at 1774 cm ' that was ascribed to C=0 stretching of
centric ketone and the sharp and intense peak at 1707 cm '
was assigned to acidic and imidic carbonyls.

The peak at 1597 cm ™' showed the C=N bond of imidazole
ring and the imidic C—N bond was showed at 1374 cm'. Also,
728 and 838 cm ' peaks are attributed to the bending of aro-
matic rings and the peak of the C—O bond of carboxylic acid

was shown at 1097 cm .

Fig. 2 'H NMR spectra of
diacid-diimide monomer

Polymer synthesis
Synthesis and characterization of poly(amide-imide) (PAI)

A poly(amide-imide) with imidazole groups on the poly-
mer chain was synthesized successfully by direct
polycondensation of one equiv. of synthesized diacid-
diimide monomer with one equiv. of 4,4'-(1,4-
Phenylenediisopropylidene) bisaniline (PDBA), in ionic
liquid (1-Butyl-3-methylimidazolium chloride) as a sol-
vent and catalyst in the presence of triphenylphosphite
(TPP) as an activating agent. Polymer structure was char-
acterized with "H NMR and FT-ATR spectrum. The 'H
NMR spectrum showed a doublet peak at 1.51 and
1.55 ppm that was attributed to the aliphatic hydrogen
of methyl groups and a singlet peak at 10.27 ppm,
assigned to the amidic proton. The weak peak at
4.9 ppm was assigned to the chiral center protons. The
other peaks that belong to the aromatic region protons
appeared between 6.42 and 8.45 ppm (Fig. 5).

The ATR-IR spectrum showed absorption bands at
1774 c¢cm '(C=0 of centric ketone), 1710 cm '(acidic
and imidic C=0), 1609 cm '(C=N of imidazole ring),
1373 cm '(imidic C-N), 1512 cm™' (aromatic C=C)

OH

a H20

e W

pPM 14
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Fig. 3 '3C NMR spectra of
diacid-diimide monomer

pPPM 200

and 830 cm !, 744 cm ' (C-H bending of aromatic
rings) (Fig. 4b).
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Fig.4 FT-ATR spectra of diacid-diimide monomer (a), poly(amide-
imide) (PAI) (b) and sulfonated polyimide (SPI) (c)
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Synthesis and characterization of sulfonated polyimide (SPI)

Sulfonated polyimide (SPI) was synthesized via a solu-
tion imidization reaction. The "H NMR spectrum of SPI
showed a singlet and sharp peak at 1.73 ppm that was
attributed to the hydrogen of methyl groups. Another
singlet and sharp peak at 4.26 ppm was ascribed to
the protons of aliphatic double bonds in the sulfonated
monomer (DSDSA) structure. The peaks of aromatic
region hydrogen appeared in the range of 7.29-
8.74 ppm, as shown in Fig. 6.

The ATR-IR spectrum of SPI (Fig. 4c) showed strong ab-
sorption bands around 1712 cm ! (sym C=0), 1669 cm !
(asym C=0) and 1342 cm ! (C-N imide), were assigned to
the naphthalimide absorption bands. The broad bands at 1019,
1080 and 1193 cm 1 were attributed to the symmetric and
asymmetric stretching vibrations of the sulfonic acid groups
[41, 42]. Aromatic rings bending peaks were appeared around
766 and 829 cm ™.

Membranes morphology

The surface and cross-section morphology of the membranes
in acid form was investigated using scanning electron micros-
copy (SEM) and the images are depicted in Fig. 7.

The cross-sectional pieces of the membrane were pre-
pared by immersing and then fracturing the membranes
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DMSO__ .
m

——————
ppm 10 8
Fig. 5 "H NMR spectra of poly (amide-imide) (PAI)

annealed in liquid nitrogen. The SEM images showed
that the membranes have a dense surface without any
pores. Pure SPI membrane showed a homogeneous and
dense structure with good uniformity. The PA-doped
blend membranes including SPI/PAI-S % and SPI/PAI-
10 % also had good uniformity and good dispersion
with a small amounts of unresolved particles in the
membrane surface, showing that the PAI is distributed
uniformly in the films, but more small sediments stick-
ing together on one side of SPI/PAI-15 % and SPI/PAI-

Fig. 6 'H NMR spectra of _
sulfonated polyimide (SPI)

20 % membranes can be detected from the images. It
was found that increasing the PAI percentage and dop-
ing with phosphoric acid in blend membranes could
change the membrane morphology and also the excess
amounts of PAI would increase the micrometer-sized
agglomerated polymeric particles in the membrane ma-
trix that could decrease the uniformity of the mem-
branes overall. The morphology of membranes could
effectively influence membrane properties such as me-
chanical stability, water uptake and conductivity.

0 0* 0\‘
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b,b’ DMSO
a,a’
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Amirkabir University

Amirkabir University

Amirkabir University

Thermal stability

Thermal stability of the membranes in protonated form,
consisting of pure SPI and phosphoric acid doped blends
(SPI/PAI-5 %, SPI/PAI-10 %, SPI/PAI-15 % and SPI/PAI-
20 %), and also the thermal stability of pure PAI powder, were
investigated by TGA in an argon atmosphere, at a scanning
rate of 10 °C/min; the results are shown in Fig. 8.

All of the samples showed a typical three-step degra-
dation pattern. The first step of degradation in pure SPI at
about 120 °C is due to the loss of water molecules
absorbed by the highly hygroscopic SOs;H groups. The
second weight loss that started around 290 °C was
assigned to the degradation of SO3H groups. Finally the

Amirkabir University

AIS2300C_SEI WD =112 17.0kV X 5.0K _10um

AlS2300C_SEl_WD=9.6_17.0kV X 17K __30um

Fig.7 Surface (leff) and cross-sectional (right) view of SEM images for pure SPI (a, a') - SPI/PAI-5 % (b, b’) - SPI/PAI-10 % (c, ¢) - SPI/PAI-15 % (d, d')
- SPI/PAI20 % (e, €)

substantial weight loss at about 530 °C was attributed to
the cleavage of the main polymer chain of SPI [43, 44].
The SPI copolymer membrane still had about 80 %
weight remaining at 500 °C that shows the considerable
thermal stability of the SPI copolymer. The TGA curve of
pure PAI also exhibited a three-step decomposition pat-
tern. The first weight loss at about 100 °C is due to the
loss of water absorbed from atmospheric humidity upon
storing and preparing the PAI sample for the TGA mea-
surements, whereas the second one observed at about
250 °C, could be attributed to the degradation of imidaz-
ole rings, existing on the polymer chain. The third weight
loss which began from about 410 °C corresponds to the
cleavage of the PAI backbone. As seen from the curves,
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Fig. 7 (continucd,

all of the samples had a
Pure SPI membrane had

Generally, before about 300 °C, the pure PAI and SPI
howed the lowest and highest weight losses among the
perature while the decompo itfen temperatuye Q xmples respectively, and the weight loss values totally
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Table 1  Thermal stability data of PAI, SPI and blend membranes
Samples 2nd weight loss start up (°C) 3rd weight loss start up (°C) Weight loss (%) until
200 °C 400 °C 600 °C 800 °C

PAI 247 410 5.1 16.4 77.9 91.8
SPI 287 532 10.3 19.9 44.8 90.9
SPI/PAI-5 % 284 521 7.6 15.3 457 92.4
SPI/PAI-10 % 285 517 8.7 17.1 68.9 89.6
SPI/PAI-15 % 282 511 9.2 18.1 72.5 91.4
SPI/PAI-20 % 283 502 7.7 15.8 76.4 90.5

start up temperatures and also weight loss amounts of the
samples at different temperatures.

Mechanical properties

The mechanical stabilities of membranes (in acid form) were
evaluated by means of tensile strength at ambient state; the
resulting strain-stress curves are indicated in Fig. 9 and
Table 2.

All of the films were strong and flexible with a thickness of
56—63 micrometers. The films showed different tensile
strengths in the ranges of 59.4-91.3 Mpa, Young-modulus
of 1.26-2.41 Gpa, and Elongation at break of 5.3-16.6 %,
illustrating that they have reasonably high values of mechan-
ical properties. As shown by the previous works, phosphoric
acid could influence the mechanical properties of the mem-
brane with respect to the types of polymer and the amounts of
doped PA. The phosphoric acid may increase the elongation at
break due to the increasing space between the polymer chains;
therefore, it can also weaken the membrane strength by reduc-
ing the intermolecular forces. On the other hand, it can make
the membranes more brittle at higher doping levels of PA

[45—47]. The pure SPI showed a tensile stress of 74.2 Mpa,
Young-modulus of 1.80 Gpa and elongation at break 0f 9.2 %.
According to the data, adding 5 and 10 W% of PAI into the
SPI membranes increased the elongation at break of the sam-
ples, but introducing more amounts of PAI reduced the elon-
gation at break for samples with 15 and 20 w% of PAI in PA-
doped blend membranes. Moreover, the maximum tensile
stress of the films reduced in samples with 5, 10 and 15 %
of PAI compared to pure SPI, while the young modulus en-
hanced as the PAI ratios increased in blend samples. The sam-
ple SPI/PAI-20 % showed an increase in the maximum tensile
stress and Young-modulus and a reduction of elongation at
break, which implies its greater stiffness and lower flexibility
compared to the pure SPI and other membranes.

Water uptake

The hydration state of a membrane has an important
effect on the proton conductivity [48]. Acid groups ca-
pable of liberating H" ions for the generation of H;O"
through dissociation in water have an important role in
the proton conductivity. H,O molecules cause the

Fig. 9 Stress-strain curves of SPI 120
and phosphoric acid doped SPI/ — Pure SPI
PAI membranes. Samples were 0
dried at ambient conditions for 100 - — SPI/PAL-5%
1 day and tested at 25 °C and -~ SPI/PAI-10%
40 % RH
g+ S e SPI/PAI-15%
)
E SPI/PAI-20%
~ 60 e ¢ 2 R
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o |
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Table 2 Mechanical properties of the membranes in protonated form

Membranes Thickness (pm) Tensile strength (MPa) Young’s modulus (GPa) Elongation at break (%)
SPI 63 74.2 1.80 9.2
SPI/PAIL-5 % 58 59.4 1.26 16.6
SPI/PAI-10 % 56 65.8 1.53 11.7
SPI/PAI-15 % 58 63.5 1.78 5.8
SPI/PAI-20 % 62 91.3 241 53

dissociation of acid functional groups and also help with
proton transport in the membrane. However, the exces-
sive and unnecessary amounts of water sorption will
reduce the mechanical stability of the membranes and
can limit their practical use as polymer electrolyte mem-
branes. So the optimal values of water uptake have a
key role in PEM membranes. The water uptake data of
the pure SPI and also SPI/PAI membranes before and
after doping with phosphoric acid are given in Table 3.

The pure SPI showed a water uptake of 34.13 %. As the
weight percent of PAI increases in SPI/PAI samples, the num-
ber of imidazole groups increase and the amounts of SPI and
SOsH groups decrease subsequently. SOsH groups have more
important role in water sorption compared to imidazole
groups; therefore, as Table 3 shows, the water uptakes of
SPI/PAI membranes without PA doping, decrease with the
increment of PAI ratios, accompanied with the reduction of
SPI ratios. Moreover, the PA doped membranes showed dif-
ferent results. SPI/PAI-10 % displayed the maximum water
uptake (47.19) among the samples. Water sorption in pure
SPI, SPI/PAI-5 % and SPI/PAI-10 % samples increased, and
decreased in SPI/PAI-15 % and SPI/PAI-20 % samples.
Blending of SPI with PAI, on the one hand, decreases the ratio
of SPI and also the number of SO;H groups and would de-
crease the water sorption of the film; on the other hand, doping
of blend membranes with phosphoric acid could potentially
increase the water sorption of films through the formation of
hydrogen bonds between phosphoric acid and water mole-
cules. However, it seems that the W% of PAI in blend mem-
branes has an important role in the water uptake of the mem-
branes. In other words, increasing the percentage of PAI to

Table 3  IEC, Water uptake and proton conductivity of the membranes

10 % can increase the water sorption through the interaction of
doped phosphoric acid with H,O molecules, but further in-
crease of PAI might change the blend membrane morphology
and obstruct the water carrier channels of the SPI membrane
that leads to the reduction of water uptake in SPI/PAI-15 %
and SPI/PAI-20 % samples.

Ion exchange capacity (IEC)

The experimental Ion exchange capacity of the membranes in
the protonated form, including pure SPI, non-doped SPI/PAI
membranes and phosphoric acid doped SPI/PAI membranes,
was determined by titration methods and the resulting IECs
calculated from Eq. (2) are given in Table 3. The pure SPI
membrane had an IEC of 1.76 meq.g ' and SPI/PAI-10 %
showed the highest IEC value among the samples
(2.23 meq. g ). Although all of the PA doped membranes
showed higher IECs than pure SPI, the IECs of SPI/PAI-
15 % and SPI/PAI-20 % membranes reduced compared to
SPI/PAI-10 % and SPI/PAI-5 %. Since the total weight of
SPI and PAI are constant in all of the membrane samples, as
the PAI percent increases in the membrane, the SPI percent
and also the number of SO;H groups reduces. Increasing the
PAI can engage a greater number of phosphoric acid mole-
cules with the membrane, which can raise the IEC; on the
other hand, it will reduce the SO;H groups that will lower
the IEC value. Therefore, finding an optimum ratio between
them would give more optimal values of IEC. The IEC data
almost showed desirable agreement with the water uptake of
membranes. It was found that the higher blending amounts of

Samples IEC (meq. gfl) Water uptake (%) Proton conductivity, o, (mS em )

- PA doped - PA doped 25 °C 40 °C 60 °C 80 °C 100 °C 120 °C 140 °C
SPI 1.76 - 34.13 - 10.9 12.1 14.8 18.7 25.8 29.4 26.7
SPI/PAI-5 % 1.67 1.98 32.57 39.62 14.6 16.0 19.3 25.1 32.5 453 474
SPI/PAI-10 % 1.57 2.23 31.12 47.19 17.8 19.6 24.5 34.1 48.4 63.5 69.7
SPI/PAI-15 % 1.43 1.82 25.89 29.04 9.6 10.8 12.7 15.9 24.5 28.9 29.7
SPI/PAI-20 % 1.31 1.78 24.40 27.16 72 7.8 8.8 11.6 18.5 19.8 20.4
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Fig. 10 Proton conductivities of 80
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PAI more than 10 % could relatively reduce the IEC and water
uptake of the phosphoric acid doped SPI/PAI membranes.

Proton conductivity

Having proper proton conductivity is one of the most
important features of a polymer electrolyte membrane.
The proton conductivity measurements of the membranes
in their acid form were evaluated by an electrochemical
impedance spectroscopy technique, through the

Scheme 4 Schematic
representation of proton transfer
mechanism in SPI/PAI membrane
through the interactions between
imidazole Ring, phosphoric acid,

measurement of membrane resistance via an Autolab im-
pedance analyzer and a proton conductivity cell. Resis-
tance and proton conductivity of the pure SPI and phos-
phoric acid doped SPI/PAI membranes were measured at
ambient humidity (about 40 % RH) and a range of tem-
peratures. The membrane resistance was obtained from
Nyquist diagrams and their corresponding proton conduc-
tivities achieved from Eq. (3) are given in Table 3. Tem-
perature dependence of the proton conductivities of the
membranes are also summarized in Fig. 10.
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Pure SPI membrane with an IEC of 1.76 meq.g ' and water
uptake of 34.13 % showed proton conductivities in the range
of 10.9 to 29.4 mS cm ™', while phosphoric acid doped mem-
brane SPI/PAI-10 % with an IEC of 2.23 meq.g ' and water
uptake 0f 47.19 % showed the highest proton conductivities in
the range of 17.8 to 69.7 mScm . As the diagrams show an
increase in temperature leads an increase in proton conductiv-
ity due to the streamlined diffusion and thermal motion of
protons in channels within membranes. The PA-doped sam-
ples of SPI/PA-5 % and SPI/PAI-10 % showed a promotion in
proton conductivity values to the pure SPI, implying the pos-
itive effect of PA molecules on the membranes conductivity,
especially at elevated temperatures. Not only could the phos-
phoric acid molecules help to improve the water sorption of
membranes via the formation of hydrogen bonds with water
molecules, but it can also compensate for the lack of water in
membranes in high temperatures. Scheme 4 illustrates a pro-
posal mechanism for the proton transfer in PAI/SPI blend
membranes.

The imidazole rings could strongly interact with PA mole-
cules to form a resisting acid-base complex which its presence
can potentially facilitate the hydrogen bonding between H"
ions, phosphoric acid, water molecules and sulfonic acid sites
.This can provide the pathways for higher proton
conductivities.

Although the SPI/PA-15 % and SPI/PAI-20 % samples
showed higher conductivities in enhanced temperatures due
to the presentation of PA molecules in the membrane matrix,
and despite having slightly higher IECs than the pure SPI,
they showed lower conductivities than it, at all. The proton
conductivity mainly depends on IEC, water sorption state and
also membrane morphology. It seems that the excess amounts
of PAI have negative morphological effects on SPI/PAI-15 %
and SPI/PAI-20 % membranes by changing or blocking their
proton conducting channel structures, which leads to the water
uptake reduction in these samples rather than the pure SPI
membrane.

Conclusion

A series of materials were synthesized in order to be used in
the fabrication of proton exchange membranes. A diacid-
diimide monomer was synthesized by the condensation of 3,
3'4,4'-Benzophenone tetracarboxylic dianhydride (BTDA)
with (S)-(+)-Histidine hydrochloride monohydrate. A PAI
bearing imidazole groups was synthesized by direct polycon-
densation of the diacid-diimide monomer and 4,4'-(1,4-
Phenylenediisopropylidene) bisaniline (PDBA). A sulfonated
polyimide (SPI) also was synthesized by polymerization of 4,
4-diaminostilbene-2,2-disulfonic acid (DSDSA) and 4.,4'-(1,
4-Phenylenediisopropylidene) bisaniline (PDBA) with 1,4,5,
8-Naphthalenetetracarboxylic dianhydride (NTDA). SPI and

@ Springer

phosphoric acid doped SPI/PAI membranes with good
filmability were made. The membranes had good uniformity
according to the SEM images and the stress-stain curves
showed that the membranes had proper mechanical stability.
The membranes also showed good thermal stability due to the
high thermal stability of the SPI presented in the membrane.
The coordination of phosphoric acid molecules with the im-
idazole groups placed in the main chains of the PAI forms a
poly ionic liquid salt involved with phosphoric acid and water
molecules, which could improve the water uptake, IEC and
the proton conductivity values of the phosphoric acid doped
SPI/PAI membranes. The phosphoric acid content in the mem-
brane can overcome the problems resulting from a loss of
water at higher temperatures. It was found that a suitable con-
tent of PAI in phosphoric acid doped SPI/PAI membranes
could effectively improve the water uptake, IEC and proton
conductivity of them, but excess PAI can negatively affect the
water uptake and proton conductivity. The most efficient PAI
content was observed in the SPI/PAI-10 % sample with good
mechanical and thermal properties and the most appropriate
water uptake, IEC and proton conductivity among the
samples.
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