
lable at ScienceDirect

Polymer 49 (2008) 3272–3278
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Synthesis of sulfonated poly(arylene-co-naphthalimide)s as novel
polymers for proton exchange membranes

Feng Zhang a,b, Zhiming Cui b, Nanwen Li a,b, Lei Dai a, Suobo Zhang a,*

a State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China
b Graduate School of Chinese Academy of Sciences, Beijing 100039, China
a r t i c l e i n f o

Article history:
Received 26 January 2008
Received in revised form 28 April 2008
Accepted 8 May 2008
Available online 21 May 2008

Keywords:
Sulfonated copolyimides
Water stability
Proton exchange membrane
* Corresponding author. Tel.: þ86 431 85262118.
E-mail address: sbzhang@ciac.jl.cn (S. Zhang).

0032-3861/$ – see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.polymer.2008.05.021
a b s t r a c t

A series of novel sulfonated poly(arylene-co-binaphthalimide)s (SPPIs) were successfully synthesized via
Ni(0) catalytic coupling of sodium 3-(2,5-dichlorobenzoyl)benzenesulfonate and bis(chloronaph-
thalimide)s. Bis(chloronaphthalimide)s were conveniently prepared from 5-chloro-1,8-naphthalic
anhydride and various diamines. Tough and transparent SPPI membranes were prepared and the elec-
trolyte properties of the copolymers were intensively investigated as were the effects of different di-
amine structures on the copolymer characterisitics. The copolymer membrane Ia-80, with an ion
exchange capacity (IEC) of 2.50 meq g�1, displayed a higher proton conductivity, i.e. 0.135 S cm�1 at 20 �C,
as compared to Nafion 117 (0.09 S cm�1, 20 �C). The copolymer membrane Id-70, containing 3,30-
dimethyl-4,40-methylenedianiline (DMMDA) units, exhibited excellent stability toward water and oxida-
tion due to the introduction of hydrophobic methyl groups on the ortho-position of the imido bond in the
copolymer. The mechanical property of Id-70 remained virtually unchanged after immersing membrane in
pressured water at 140 �C for 24 h. Furthermore, the introduction of aliphatic segment a hexane-1,6-di-
amine (HDA) in copolymer led to a significant increase in proton conductivity and water uptake with
increasing temperature; the proton conductivity of the Ic-70 membrane reached 0.212 S cm�1 at 80 �C,
which was higher than Nafion 117 as well as of the membranes based on aromatic diamines at equivalent
IEC values. Consequently, these materials proved to be promising as proton exchange membranes.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

A growing attention has been focused on proton exchange
membrane fuel cells (PEMFCs) for transport, as well as stationary
and portable applications, due to their low emissions and high
conversion efficiency [1–3]. As key component in PEMFC fabrica-
tion, polymer electrolyte membranes (PEMs) should satisfy certain
essential requirements in order for the fuel cell application to be
successful. Perfluorinated sulfonic acid ionomers such as Nafion,
developed by DuPont, are state-of-the-art PEMs in commercial
systems due to their high proton conductivity and excellent sta-
bility. However, some specific limitations for Nafion, including high
cost and considerable gas permeability, as well as the loss of the
preferable properties at high temperature, have stimulated the
development of new alternatives for PEM material [4–6].

In recent years, many kinds of sulfonated aromatic polymers
have been widely investigated as candidates for PEM materials [7–
20]. Particularly, sulfonated aromatic polyimides have been largely
developed by several groups due to their superior chemical
All rights reserved.
resistance, excellent thermal and mechanical stabilities, and good
film forming ability, which properties comply with those required
for PEMs [21–34]. The ‘‘structure–property’’ relationships of the
sulfonated polyimides have been systematically studied. Okamoto
et al. has reported that the water stability of the SPIs could be
improved by utilizing high basic and more flexible sulfonated and
nonsulfonated diamines [26]. It was also revealed that sulfonated
polyimides bearing pendant sulfonic acid groups are favorable for
forming continuous ionic channel as well as for water keeping and
proton transport [30].

The most common method used for preparing SPIs is the poly-
condensation of 1,4,5,8-naphthalenetetracarboxylic dianhydride,
nonsulfonated diamine with sulfonated diamine. Since bis(naph-
thalene anhydride)s display a reduced electrophilic reactivity,
its polycondensation reaction has been shown to require a high
reaction temperature (>180 �C) and the use of an organic acid or
base as catalyst. The Ni(0) catalytic coupling of bis(aryl halide)s is
one of the most recent approaches for developing high perfor-
mance materials. Aromatic dichlorides containing phthalimide
moieties can be readily prepared from 4-chlorophthalic anhydride
and diamines. In a previous paper, we reported on the successful
synthesis of asymmetrical sulfonated poly(arylene-co-naph-
thalimide)s bearing a CF3 group at the ortho-position of the imido
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groups. The synthesized material exhibited a high proton conduc-
tivity and an improved water stability by Ni(0) catalytic co-
polymerization, thus showing potential as a polymer for proton
exchange membranes [29]. As a continuation of this study,
symmetrical sulfonated poly(arylene-co-binaphthalimide)s,
prepared from bis(chloronaphthalimide)s and sodium 3-(2,5-
dichlorobenzoyl)benzenesulfonate were introduced as new poly-
electrolytes for PEMFC applications. Bis(chloronaphthalimide)s
were obtained from a simple reaction between 5-chloro-1,8-naph-
thalic anhydride and diamines, and thus the structure of the co-
polymer could be easily tuned by introducing various diamines to
binaphthalimide dichlorides.

In the study reported in the present paper, the properties that are
related to the initial fuel cell performance of these membranes has
been intensively investigated, and the effects of the diamines
structures on the properties of the copolymers were evaluated based
on their electrolyte properties (IEC, water uptake, thermal stability,
water stability, oxidative stability, mechanical properties and proton
conductivity). The results should be instructional in the design of
superior membranes for an improved fuel cell performance.

2. Experimental section

2.1. Materials

Reagent-grade anhydrous NiBr2 was dried at 220 �C under vac-
uum. Triphenylphosphine (PPh3) was recrystallized from hexane. Zinc
dust was stirred with acetic acid, filtrated, washed thoroughly with
ethyl ether, and dried under vacuum. Isoquinoline (99%) and 5-chloro-
1,8-naphthalic anhydride were used as-received from Shanghai Kuilin
Chemical Co., Ltd. and Beijing Multi. Technology Co., Ltd., respectively.
4,40-Methylenedianiline (MDA) (diaminodiphenylmethane), 3,30-di-
methyl-4,40-methylenedianiline (DMMDA), hexane-1,6-diamine
(HDA), 4,40-diaminodiphenylether (ODA) were purchased from
Aldrich and used without further treatment. Sodium 3-(2,5-dichloro-
benzoyl)benzenesulfonate was prepared according to a previously
described procedure [20]. N,N-Dimethylacetamide(DMAc) was
dried over CaH2, distilled under reduced pressure and stored over
4 Å molecular sieves.

2.2. Monomer and polymer syntheses

2.2.1. Synthesis of 4,40-bis(5-chloro-1,8-naphthalimido)-
diphenylether (1a)

In a 500 mL round-bottomed flask, 23.3 g (0.10 mol) of 5-chloro-
1,8-naphthalic anhydride, 10.01 g (0.05 mol) of 4,40-dia-
minodiphenylether (ODA), 7.2 mmol of isoquinoline and 300 mL of
acetic acid were added, and this solution was refluxed for 48 h. The
precipitate was filtrated and recrystallized byacetic acid, washed with
ethanol, and dried in vacuum. A yellow product (denoted 1a) was
obtained at a yield of 72%. 1H NMR (DMSO-d6): d 8.64–8.67 (2H, d),
8.60–8.63 (2H, d), 8.44–8.47 (2H, d), 8.03–8.09 (4H, m), 7.44–7.47 (2H,
d), 7.22–7.25 (2H, d). IR (KBr): 1709 and 1665 cm�1 (C]O of imide).

2.2.2. Synthesis of 4,40-bis(5-chloro-1,8-naphthalimido)-
diphenylmethane (1b)

This compound (denoted 1b) was synthesized from 5-chloro-
1,8-naphthalic anhydride and 4,40-methylenedianiline (MDA) fol-
lowing a similar procedure to that described above. The yield of 1b
was 84%. 1H NMR (DMSO-d6): d 8.67–8.70 (2H, d), 8.59–8.62 (2H, d),
8.44–8.47 (2H, d), 8.03–8.10 (4H, m), 7.44–7.47 (2H, d), 7.33–7.36
(2H, d). IR (KBr): 1708 and 1664 cm�1 (C]O of imide).

2.2.3. Synthesis of 1,6-bis(5-chloro-1,8-naphthalimido)hexane (1c)
This compound (denoted 1c) was synthesized from 5-chloro-

1,8-naphthalic anhydride and hexane-1,6-diamine (HDA) according
to a procedure similar to that described above. The yield of 1c was
74%. 1H NMR (DMSO-d6): d 8.60–8.62 (2H, d), 8.55–8.58 (2H, d),
8.40–8.43 (2H, d), 7.99–8.06 (4H, m), 4.06(4H, NCH2), 1.40–1.66 (8H,
4CH2). IR (KBr): 1700 and 1658 cm�1 (C]O of imide).

2.2.4. Synthesis of 3,30-dimethyl-4,40-bis(5-chloro-1,8-
naphthalimido)diphenylmethane (1d)

This compound (denoted 1d) was synthesized from 5-chloro-
1,8-naphthalic anhydride and 3,30-dimethyl-4,40-methylenediani-
line (DMMDA) in a similar manner as that described above. The
yield of 1d was 78%. 1H NMR (DMSO-d6): d 8.65–8.68 (2H, d), 8.60–
8.63 (2H, d), 8.45–8.48 (2H, d), 8.02–8.09 (4H, m), 7.35 (2H, s), 7.24–
7.30 (4H, d), 4.07 (2H, s), 2.07 (6H, s). IR (KBr): 1711 and 1664 cm�1

(C]O of imide).

2.2.5. General procedure for synthesis of the copolymers
The synthesis of Ia-70 is here given as an example: NiBr2 (0.16 g,

0.71 mmol), PPh3 (1.30 g, 4.96 mmol) and zinc (2.60 g, 40.00 mmol)
were charged to a 100 mL three-necked round-bottomed flask. The
flask was evacuated and filled with nitrogen for three times. Dry
DMAc (20 mL) was added via a syringe and the mixture became
reddish brown over a time period of 20 min. The 1a monomer
(1.88 g, 3 mmol) and sodium 3-(2,5-dichlorobenzoyl)benzenesul-
fonate (monomer 2) (2.46 g, 7 mmol) were added, and the reaction
mixture was stirred at 90 �C for 4 h. The resulting viscous mixture
was diluted with 10 mL of DMAc, filtered, and then poured into
200 mL of 25% HCl/water. The copolymer was collected by filtration,
washed with water, and then dried in vacuum at 200 �C for 24 h. The
copolymer yield was 97%.

2.3. Membrane preparation and characterization

2.3.1. Membrane preparation
The copolymers were dissolved in NMP in order to form a 5–

8 wt% solution at 80 �C, after which the solution was filtered and
cast on a glass sheet. The solvent was then evaporated by heating at
120 �C for 12 h. The as-cast membranes were soaked in methanol
for 24 h to remove the residual solvent, and then treated with
1.0 mol L�1 sulfuric acid at room temperature for 72 h for proton
exchange. The proton exchange membranes were thoroughly
washed with water and subsequently dried in vacuum at 100 �C for
12 h.

2.3.2. Measurements
Nuclear magnetic resonance (NMR) spectra were measured at

300 MHz on a Bruker AV400 spectrometer (Germany). FT-IR spectra
of the copolymers were obtained with a Bio-Rad digilab Division
FTS-80 FT-IR spectrometer (Cambridge, MA). The inherent viscos-
ities were determined on solutions of polymer (at a concentration
of 0.5 g dL�1) m-cresol with an Ubbelohde capillary viscometer at
30� 0.1 �C. Molecular weight measurement was performed via gel
permeation chromatography/light scattering (GPC/LS) at 30 �C us-
ing an HPLC 515 pump equipped with Wyatt Optilab DSP and Wyatt
DAWN EOS light scattering detectors. The separations were ach-
ieved in HMW 6E columns with 0.1 M LiBr in DMF as eluent at
a flow rate of 1.0 mL min�1. Mn and Mw were calibrated with
a polystyrene standard. Thermogravimetric analyses (TGA) were
carried out in nitrogen on a Perkin–Elemer TGA-2 thermogravi-
metric analyzer (Inspiratech 2000 Ltd, UK) at a heating rate of
10 �C min�1. Tensile measurement was performed on a mechanical
tester Instron-1211 instrument (Instron Co., USA) at a speed of
2 mm min�1 at ambient humidity (w50% relative humidity). The
proton conductivity (s, S cm�1) of each membrane coupon (size:
1 cm� 4 cm) was obtained according to s¼ d/LsWsR (where d is
the distance between the reference electrodes, and Ls and Ws are
the thickness and width of the membrane, respectively). Here, the
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ohmic resistance (R) was measured by four-point probe alternating
current (ac) impedance spectroscopy using an electrode system
connected with an impedance/gain-phase analyzer (Solatron 1260)
and an electrochemical interface (Solatron 1287, Farnborough
Hampshire, ONR, UK) [35]. The membranes were sandwiched be-
tween two pairs of gold-plate electrodes, and this sandwich
structure was placed in a Teflon cell. The distance between the
reference electrodes was 1 cm. The cell was placed in a thermo-
controlled chamber in liquid water so as to carry out conductivity
measurements under fully hydrated conditions out with the cell
immersed in liquid water. All samples were equilibrated in water
for at least 24 h before the conductivity measurements, and at any
given temperature, the samples were re-equilibrated for at least
30 min prior to the measurements. Repeated measurements were
then performed at each temperature with 10 min intervals, until
the conductivity became constant.

2.3.3. Water uptake and dimensional change
The membrane sample (30–40 mg per sheet) was dried at 80 �C

under vacuum for 10 h until it reached a constant weight. It was
then immersed in deionized water at given temperature for 4 h,
after which it was quickly taken out, wiped with tissue paper, and
quickly weighted on a microbalance. The water uptake (WU) was
calculated according to Eq. (1):

WU ¼ ðWs �WdÞ=Wd (1)

where Ws and Wd are the weights of the dry and corresponding
water-swollen membranes, respectively.

The dimensional changes of the membranes with respect to their
thickness and diameter were characterized by Eqs. (2a) and (2b):

DTc ¼ ðT � TsÞ=Ts (2a)

DLc ¼ ðL� LsÞ=Ls (2b)

Here Ts and Ls represent, respectively, the thickness and diameter of
the membrane equilibrated at 70% relative humidity (RH), and T
and L refer to the corresponding values in a membrane equilibrated
in liquid water for 5 h.

The number of water molecules per ionic group (l) can be
determined from water uptake and the IEC of the membrane
according to Eq. (3):

l ¼ nðH2OÞ=nðSO3Þ ¼ ðwater uptakeÞ=ð18IECÞ (3)

where n(H2O) is the H2O mole number, n(SO3
�) the SO3

� group mole
number, and 18 corresponds to the molecular weight of water
(18 g mol�1).
Cl
O

O

O

H2N Ar NH2
HOAc

Isoquinoline

Ar: OH2N NH2

H2N
NH2

a

c

+

Scheme 1. Synthesis of bis(chlorona
2.3.4. Oxidative stability and water stability
A small membrane sample (30–40 mg) with a thickness of

approx. 40 mm was soaked in Fenton’s reagent (30% H2O2 contain-
ing 30 ppm FeSO4) at room temperature. The stability was evalu-
ated by recording the time at which the membranes began to break
into pieces and completely dissolve.

The water stability test was carried out by immersing a sample
into deionized water at 140 �C (to represent accelerated conditions)
and was evaluated as the time it took for the sample to lose its
mechanical strength.

2.3.5. Ion exchange capacity
The ion exchange capacity (IEC) was calculated from the molar

ratio of sulfonated monomer 2 to monomer 1 in the feed, and was
also determined by titration. The membranes in the Hþ form were
immersed in an 1 M NaCl solution for 24 h to liberate the Hþ ions
(which were replaced by Naþ), and the Hþ ions in solution were
then titrated with 0.01 mol L�1 NaOH.
3. Results and discussion

3.1. Synthesis and characterization of monomers and polymers

The synthetic route of the monomers is outlined in Scheme 1.
Monomers (1a–1d) were synthesized from of 5-chloro-1,8-naph-
thalic anhydride and either of four diamines (a–d) in acetic acid in
the presence of isoquinoline. The reactions proceeded for relatively
long periods of time (approx. 48 h) in order to obtain completely
converted products. The products were then purified by recrys-
tallizing from acetic acid.

The molecular structures of binaphthalimide dichloride mono-
mers were confirmed by FT-IR and NMR spectroscopies. In FT-IR
spectra, these dichloride monomers displayed characteristic bands
associated with the six-membered naphthalimide ring. The 1H
NMR data were also consistent with the assigned structures of
these aromatic dichlorides. Fig. 1 shows a representative 1H NMR
spectrum of dichloride 1a. Monomer (2), i.e. sodium 3-(2,5-
dichlorobenzoyl)benzenesulfonate was prepared according to a
previously described procedure [36], and used to introduce the
sulfonic acid groups along the copolymer backbone.

The synthetic route and general chemical structure of the
sulfonated poly(arylene-co-naphthalimide)s (SPPIs) are shown in
Scheme 2. In a previous investigation, sulfonated fluorinated poly-
(arylene-co-naphthalimide)s (F-SPPIs) were prepared according
to Scheme 2(b). The hydrophobic segments consisted of an
asymmetric fluorinated naphthalimide dichloride. In the present
study, the hydrophobic monomers were extended to the symmet-
rical bis(chloronaphthalimide)s derived from various aromatic
O
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Fig. 1. An 1H NMR spectrum of monomer 1a in DMSO-d6.

Table 1
Inherent viscosities, molecular weights and solubility data of SPPIs in salt form

Samples hr
a (dL g�1) Mn

b (�105) Mw
b (�105) Mw/Mn NMPc DMAcc MeOHc

Ia-60 1.24 0.97 2.09 2.15 þþ þ� �
Ia-70 1.70 0.92 1.95 2.12 þþ þþ �
Ia-80 0.88 0.87 2.04 2.34 þþ þþ �
Ib-70 1.72 0.89 2.17 2.42 þþ þþ �
Ic-70 0.80 0.97 2.45 2.52 þþ þþ �
Id-70 1.22 1.09 2.48 2.27 þþ þþ �

a In DMAc with 0.5 g dL�1 at 30 �C.
b Measured at 30 �C using DMF as solvent and polystyrene as standard.
c (þþ) Soluble at room temperature; (þ�) partially soluble; (�) insoluble.
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diamines. The SPPIs’ preparation was carried out through a Ni(0)-
catalyzed coupling polymerization of monomer binaphthalimide
dichloride 1a–1d with 2 under reaction conditions described
elsewhere [29]. The degree of sulfonation (DS) of the copolymers
was readily controlled through the monomer feed ratios of 1 to 2.
The copolymers were donated I-x, where x corresponding to the
mole fraction of the monomer 2 in the feed. The successful in-
troduction of sulfonic acid groups in the copolymers was confirmed
by FT-IR. The strong absorption bands around 1705 cm�1

(nsymC]O), 1659 cm�1 (nasymC]O) and 1368 cm�1 (nC–N imide)
were assigned to the naphthalimide rings. The bands around 1197
and 1034 cm�1 were attributed to asymmetric and symmetric S]O
stretching vibrations of the sulfonic acid groups. All the SPPIs in salt
form displayed good solubility in common aprotic solvents such as
NMP, DMSO, DMAc except Ia-60 which was partly soluble in DMAc.
N
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CF3

Cl
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N
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O

Ar
Cl
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O

O
Cl

Cl
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+

b

Scheme 2. The synthetic route for sulfona
The as-prepared SPPIs were not soluble in MeOH, EtOH, etc. The
present SPPIs gave flexible and tough films by solution casting. The
inherent viscosity values of these copolymers are listed in Table 1.
As confirmed by GPC analyses, the SPPIs were of high molecular
weight (Mw> 1.9�105, Mn> 8.0�104), the polydispersity indices
(Mw/Mn) were in range 2.12–2.52 (Table 1). The thermal stability of
the SPPI membranes was investigated by TGA and the respective
spectra are shown in Fig. 2. All polymers exhibited a typical three-
step degradation pattern. The first weight loss at ca. 200 �C was
ascribed to the loss of water molecules, absorbed by the highly
hygroscopic –SO3H groups. The second weight loss at around
300 �C was due to the decomposition of sulfonic acid groups by the
desulfonation. The third stage weight loss at approx. 560 �C was
attributed to the main chain of the aromatic diamine-based poly-
mer. For the aliphatic diamine polymer Ic, the decomposition
temperature of the polymer main chain was at around 470 �C
which is lower than that of the aromatic polymers.
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Table 3
Mechanical properties and water stability of SPPI copolymersa

Samples IECc

(meq g�1)
Time
(h)

Tensile
strengthd

(MPa)

Young’s
modulus
(GPa)

Elongation
at break (%)

Reference

Ia-70 2.00 0 80.6 1.22 14.8 This
24 39.2 0.84 6.6

Ib-70 1.99 0 70.1 1.17 10.4 This
24 37.4 0.78 5.9

Ic-70 2.15 0 43.8 0.69 31.2 This
24 37.5 0.52 9.5

Id-70 1.96 0 78.5 1.01 18.0 This
24 72.8 0.97 15.5

F-SPPI-50(I) 1.67 0 60 1.28 9 [29]
24 – – –

F-SPPI-50(II)b 1.13 0 65 1.80 7 [29]
23 – – –

a Measured after soaking in water at 140 �C.
b Measured after soaking in water at 100 �C.
c IEC as calculated from DS.
d The samples were dried at ambient conditions for one day and tested at 30 �C,

50% RH.
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3.2. Water uptake and dimensional changes

The level of hydration of the membrane has a profound effect on
the conductivity and mechanical properties. The water uptake
(WU) was thus measured from the ratio of the weight of water
absorbed by the membrane when immersed in water (or at 70%
RH), with respect to the dry membrane weight. The data are shown
in Table 2. As expected, the membranes with high IEC values
absorbed the most water. For example, the water uptake of Ia-x
(that had IECs in the range 1.53–2.41) was 32–58%, thus, corre-
sponding to an absorption of 11.3–12.9 water molecules per –SO3H
group. Accordingly, the swelling degree of the copolymer mem-
branes was consistent with their water uptake values. As shown in
Table 2, the aliphatic copolyimide (Ic-70) displayed isotropic
membrane swelling in water, whereas the other SPPIs demon-
strated an anisotropic membrane swelling. In other words, the
swelling for the other SPPIs was much larger in the membrane
thickness direction than in the plane direction. It was assumed that
the flexibility of aliphatic hexane-1,6-diamine segment gave rise to
a rather random orientation of the polymer chains. On the other
hand, the orientation was favorable in the plane direction for SPPIs
from aromatic diamine due to the relatively rigid planar structure
of polymer chain.
3.3. Mechanical properties and water stability

The mechanical properties of the SPPI membranes were mea-
sured at room temperature, 50% RH, and are listed in Table 3. The
tensile strength, Young’s modulus, and elongation at break of the
Table 2
IEC, water uptake and dimensional changes of SPPI-x membranes

Samples IEC (meq g�1) l W

Caculateda Measuredb R

Ia-60 1.58 1.53 11.6 1
Ia-70 2.00 1.92 12.4 1
Ia-80 2.50 2.41 13.4 2
Ib-70 1.99 1.92 11.6 2
Ic-70 2.15 2.08 11.0 2
Id-70 1.96 1.88 11.5 1
F-SPPI-50(I) 1.67 1.65 20.5 3
F-SPPI-50(II) 1.13 1.11 10.0 1

a IEC as calculated from DS.
b IEC as measured with titration.
c Samples were measured at 25 �C, 70% RH.
copolymer membranes ranged between 43.8–80.6 MPa, 0.69–
1.22 GPa, and 10.4–31.2%, respectively, which indicated that these
membranes were strong and tough enough for fuel cell application.
The Ic membrane, which was composed entirely of aliphatic di-
amine, showed a lower maximum stress (43.8 MPa) and a higher
elongation at break (31.2%) than other aromatic diamine-based
SPPIs. This was a result of the flexible and long aliphatic diamine
structures. In general, these SPPI membranes demonstrated higher
values of elongation at break than those of previously reported
fluorinated poly(arylene-co-imide)s. This was attributed to the in-
creased flexibility of the copolymer main chain as opposed to that
of the latter.

The Ia-70, Ib-70, Ic-70, and Id-70 membranes (of equivalent
sulfonation degree) were subjected to the water stability tests
performed under accelerated conditions by immersing the samples
in deionized water at 140 �C. The mechanical properties of the
membranes were measured after soaking in the water and the re-
sults are summarized in Table 3. Since the degradation of the co-
polymer membrane containing naphthalimide moieties mainly
arose from the hydrolysis of the imide rings, the water stability of
the sulfonated poly(arylene-co-imide)s was related to the structure
of the naphthalimide units in the backbone of the copolymers. Most
sulfonated polyimides (SPIs) synthesized from 1,4,5,8-naph-
thalenetetracarboxylic dianhydride have four carbonyl groups in
the naphthalimide rings, whereas, the synthesized sulfonated
poly(arylene-co-imide)s (SPPIs) in the present study had only two
carbonyl groups in the naphthalimide rings. Due to the electron-
withdrawing characteristics of carbonyl groups, the SPPIs should
possess decreased positive charge densities in the imide rings
ater uptake (%W/W) Dimensional changes Reference

H 70%c In water Dt Dl

4 32 0.08 0.03 This
8 43 0.09 0.05 This
9 58 0.11 0.06 This
0 40 0.07 0.05 This
1 41 0.05 0.04 This
8 39 0.06 0.04 This
5 61 0.19 0.03 [29]
0 20 0.12 0.01 [29]



Table 4
Oxidative stability of SPPI copolymers

Samples IEC (meq g�1) Oxidative stabilitya

s1
b (h) s2

c (h)

Ia-70 2.00 12 36
Ib-70 1.99 16 36
Ic-70 2.15 12 24
Id-70 1.96 41 262

a In 30% H2O2 containing 30 ppm FeSO4 at 30 �C.
b The time when the membrane broke into pieces after vigorous shaking.
c The time when the membrane dissolved completely.

Table 5
Proton conductivity of SPPI-x membranes

Samples IECa (meq g�1) Water uptake
(%W/W) in water

s (S cm�1) Reference

20 �C 80 �C

Ia-60 1.58 32 0.035 0.078 This
Ia-70 2.00 43 0.075 0.164 This
Ia-80 2.50 58 0.135 0.234 This
Ib-70 1.99 40 0.064 0.131 This
Ic-70 2.15 41 0.086 0.212 This
Id-70 1.96 39 0.053 0.106 This
F-SPPI-50(I) 1.67 61 0.050 0.260 [29]
F-SPPI-50(II) 1.13 20 0.011 0.025 [29]
Nafion 117 0.9 19 0.090 0.175 This

a IEC as calculated from DS.
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compared to SPIs, and should thus demonstrate an improved water
stability. Moreover, the structure of the diamines the main chain
had a dramatic influence on the water stability. The Ia-70, Ib-70, Ic-
70 and Id-70 membranes displayed quite different water stabilities,
even though they possessed the similar IEC values. Among the in-
vestigated SPPIs, Id exhibited the best water stability. After the
soaking treatment in pressurized water at 140 �C for 24 h, the Id-70
membrane displayed a Young’s modulus of 0.97 GPa, a tensile
strength of 72.8 MPa, and an elongation at break of 15.5%, corre-
sponding to, respectively, 96, 91, and 86% of the values obtained for
the non-treated membrane. The high stability of Id was a result of
a stronger basicity of DMMDA due to the electron-donating effect of
its methyl groups in DMMDA. In addition, introducing hydrophobic
methyl groups at the ortho-position of the imido bond in the co-
polymer protected the polymer chain from being attacked by water
molecules. Although the Ic-70 membrane contained a strong basic
hexane-1,6-diamine, it showed a lower stability than Id. This was
because the aliphatic copolyimide possessed a lower solvent re-
sistance, and thus also a lower solubility stability than the aromatic
copolyimide. The F-SPPI-x could not endure the rigorous test and
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Fig. 3. The temperature dependence of (a) the proton conductivity an
lost mechanical properties after the treatment. This is attributed to
the higher swelling ratio of the F-SPPI-x at high temperature in
water.

3.4. Oxidative stability

The stability of the membranes toward oxidation was examined
by observing their dissolution behavior in Fenton’s reagent
(30 ppm FeSO4 in 30% H2O2) at 25 �C. This is one of the standard
tests for oxidative stability. The oxidative stability of the samples
was characterized by the elapsed time after which the membranes
started to dissolve (s1) and had dissolved completely (s2) in the
solution. As shown in Table 4, the Id-70 membrane exhibited
a much better oxidation stability as compared to the other three
membranes. In a previous paper, we reported that the fluorinated
sulfonated poly(arylene-co-imide)s displayed a superior oxidation
stability as compared to that of other polyimides reported in the
literature. The observed enhancement in oxidation stability was
attributed to the introduction of the hydrophobic CF3 groups at the
ortho-position of the imido bond in the copolymers, thus leading to
a protection of the polymer main chains from being attached by
water molecules containing highly oxidative radical species. In this
case, Id-70 exhibited a comparable stability (s2¼ 262 h) to that of
the fluorinated sulfonated poly(arylene-co-imide)s (s2¼ 263 h),
thus implying that the methyl groups on the ortho-position of the
imido bond in copolymers played a similar role to that of the tri-
fluoromethyl groups.

3.5. Proton conductivity

The proton conductivities of the SPPI membranes along with that
of Nafion 117 were measured in water in the temperature range of
20–80 �C, and the results are listed in Table 5. The proton conduc-
tivity of the SPPI membranes strongly depended on IEC, the hydra-
tion state, and the temperature. For example, the proton
conductivity increased from 0.078 S cm�1 for Ia-60 to 0.234 S cm�1

for Ia-80 along as the IEC increased from 1.58 to 2.50 meq g�1. The
Ia-80 (with an IEC of 2.50 meq g�1) showed a higher conductivity
than that of Nafion 117. For the SPPI membranes with IEC of 1.96–
2.00 meq g�1, i.e. Ia-70, Ib-70, and Id-70, the conductivities in water
were slightly smaller than that of Nafion 117. For Ic-70, a somewhat
higher IEC and a greater water uptake value resulted in a slightly
larger proton conductivity. The temperature dependence of the
proton conductivities and water uptake of Ia-70, Ib-70, Ic-70, Id-70
as well as Nafion 117, measured in liquid water are shown in Fig. 3.
The proton conductivity of these copolymer membranes showed
a linear dependence on the temperature, and the same was observed
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for the water uptakes (Fig. 3a). As shown in Fig. 3b, the HAD-based
membrane exhibited a sharp increase in water uptake with in-
creasing temperature as a result of molecular mobility increasing
with temperature. Hence, the water molecules could easily pene-
trate through the polymer backbone and hydrate a maximum
number of SO3H groups, which was ultimately responsible for the
proton conductivity behavior at high temperature. The relative
conductivity to Nafion 117 versus relative water uptake at 20 and
80 �C are shown in Fig. 4a. At the comparable conductivity value,
SPPI membranes exhibited higher water uptake than Nafion 117
while they showed better swelling stability than Nafion 117 (Fig. 4b).
4. Conclusions

Novel sulfonated poly(arylene-co-imide)s were synthesized by
a Ni(0) catalytic copolymerization from bis(chloronaphthalimide)s
based on various diamines. Hydrophilic sodium 3-(2,5-dichloro-
benzoyl)benzenesulfonate was used to provide sulfonated sites along
the copolymer backbone. The effect of the structures of the diamines
on the properties of the copolymers was evaluated by studying
their electrolyte properties. The Ia-80 copolymer membrane (with an
IEC of 2.50 meq g�1) displayed a higher proton conductivity (i.e.
0.135 S cm�1 at 20 �C) than that of Nafion 117 (0.09 S cm�1, 20 �C).
The Id copolymer membrane exhibited excellent water and oxidative
stabilities due to the introduction of the hydrophobic methyl groups
at the ortho-position of the imido groups, thus protecting them
from being attacked by water molecules containing highly oxidizing
radical species. Flexible aliphatic segment in the copolymers was
favorable to water uptake and proton transport at high temperature,
and the proton conductivity of the hexane-1,6-diamine (HDA)-based
Ic-70 membrane was found to reach 0.212 S cm�1 at 80 �C. This was
higher than for Nafion 117 and other aromatic diamine-based
membranes. Consequently, the synthesized materials proved to be
promising as proton exchange membranes.
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