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A series of high molecular weight, sulfonated polyimide copolymers (8a–f) with controlled acid contents
have been obtained using 2,20-bis(4-sulfobenzyloxy)benzidine (14) prepared via a flexible synthetic
route. This series of novel sulfonated polyimide membranes were found to possess higher hydrolytic
stability than polyimides in which the sulfonic acid groups are bound directly to the polymer main chain.
An in-depth analysis of conductivity data was also performed for 8 and compared to the results for
Nafion� (1), sulfonated poly(ether ether ketone) (2) and a main-chain sulfonated polyimide (3). In order
to remove the influence of acid strength, the proton mobility value for 8 at infinite dilution was calcu-
lated and found to be 1.2(�0.6)� 10�3 cm2 s�1 V�1. A catalyst-coated membrane (CCM)-MEA based on
a polyimide incorporating 60% sulfonated monomer (8d) was found to exhibit comparable beginning-of-
life fuel cell performance as a Nafion�-based CCM MEA at 50 �C.

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

The proton exchange membrane (PEM) has a number of roles in
a PEM fuel cell (PEMFC), including separation of reactant gases,
transportation of protons from anode to cathode and providing an
environment for electrode reactions to occur at the electrolyte/
electrode interfaces. In order to be suitable for PEMFC applications,
a membrane ideally possesses a variety of different characteristics
such as low cost, high proton conductivity, low permeability to fuel
and oxidant, low electrical conductivity, balanced water transport,
oxidative and hydrolytic stabilities, good mechanical properties
and capability to be assembled into a membrane electrode
assembly (MEA) [1,2]. Furthermore, for PEMFC-based applications
to achieve commercial success, the membrane must be capable of
performing well under increasingly stringent operating conditions
(e.g., high temperature, low relative humidity) [2,3]. Even Nafion�

(1), currently the most widely used membrane, does not satisfac-
torily meet all of these criteria (Fig. 1).

A variety of different polymer systems (e.g., perfluorinated and
partially fluorinated ionomers, polystyrene-based systems,
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sulfonated polyarylenes) have been investigated for their suitability
as PEMs [2,4–9]. Sulfonated polyarylene-based systems (e.g.,
sulfonated poly(ether ether ketone), SPEEK, 2) are one of the most
widely studied due to the attractive mechanical properties, as well
as thermal and chemical stabilities of the parent, high temperature,
thermoplastics [2]. Examples of polyarylene-based systems
that have been studied for application as PEMs include poly
(phenylene)s [10–16], poly(arylene ether)s [2,17], poly(arylene ether
sulfides) [2,18,19], polyimides [20–23] and polybenzimidazoles
[24–27]. In addition to the previously mentioned advantages, poly-
arylenes are relatively easily to functionalize and can be readily
sulfonated by reagents such as concentrated sulphuric acid, fuming
sulphuric acid, chlorosulfonic acid and sulphur trioxide. However,
post-sulfonation reactions suffer from a lack of control over the
degree and location of functionalization, in addition to potential side
reactions (e.g., cross-linking) and/or degradation of the polymer
backbone [28,29]. More recently, improvements in this area have
been achieved by the use of sulfonated monomers which allow both
for control over the degree of sulfonation as well as preventing the
occurrence of side reactions or degradation [18,30–36]. Direct
polymerization of sulfonated monomers also provides the possi-
bility of polymer microstructure design, such as block or graft
copolymers, which have been demonstrated to exhibit advantages
over random copolymers for fuel cell application [19,37–46].

Due to their excellent thermal, chemical and mechanical
stabilities, relatively facile synthesis of high molecular weight
polymer, readily available commercial starting materials, and
resistance to swelling, sulfonated polyimides (e.g., 3) are attractive
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Fig. 2. Examples of potential sulfonated polyimide-based PEMs [53–59,61].
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Fig. 1. Archetypal polymers used in PEMs: Nafion� (1) and SPEEK (2).
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materials for application as membranes in PEMFCs [23]. Studies on
sulfonated polyimides have found that phthalic-based systems
readily degrade due to hydrolysis of the carbonyl carbon–nitrogen
bond whereas naphthalic-based sulfonated polyimides (3) are
significantly more stable [47,48]. Thus, most of the research on
sulfonated polyimide as PEMs have focussed on naphthalic-based
systems [20–23,48–59].

Although polyimide-based systems have been developed with
the sulfonic acid groups directly bound to the polymer backbone,
Okamoto et al. [49–54] (4) and Watanabe et al. [55,56,59] (5) have
recently reported the synthesis of sulfonated polyimides in which
the sulfonic acid groups are separated from the polymer main chain
via an alkyl ether spacer unit. This has led to greater hydrolytic
stability over those polyimides in which the sulfonic acid groups
are directly bound to the polymer backbone. It has been shown that
the hydrolytic stability of polyimides is dependent on the basicity of
the amido nitrogen; the greater its basicity, the greater the stability
of the carbonyl carbon–nitrogen bond against hydrolysis [60]. The
strong electron-withdrawing effect of the sulfonic acid group
decreases the electron density in the phenyl ring and thus also the
basicity of the neighbouring nitrogen centre. This effect of the
sulfonic acid group is decreased if a spacer group is placed between
the –SO3H group and the phenyl ring, thereby increasing relative
hydrolytic stability. In the case of 4 and 5, the electron-donating
ethereal oxygen further increases the basicity of the nitrogen centre
and hydrolytic stability.

To synthesize 4, Okamoto et al. employed a rearrangement reac-
tion to synthesize the side-chain sulfonated benzidine monomer
[49,50,52–54]. This route, however, is not particularly flexible and
only a limited number of different chemical structures can be made.
Watanabe et al. used sultone ring-opening reactions to obtain suit-
able monomers to synthesize 5 but, given the generally difficulty in
synthesizing sultone rings and the restriction of this method to only
strained rings, this route is also limited in scope [55]. More recently,
Watanabe et al. used a relatively flexible route to produce acetamido-
protected (for the amine functionalities) sulfonated benzidine
monomers bearing long (n-C10H21 or n-C12H25), aliphatic side chains
that were subsequently polymerized in order to yield 6e–f with
fluorenyl moieties in the main chain [56]. Hydrolytic stability was
found to increase as a function of side-chain length where the poly-
mers with shorter side-chain length, 6a–d displayed lower stability
than those with longer side-chain lengths, 6f having the greatest
stability within this series of polymers. However, proton conductivity
values were found to be lower for the long side-chain sulfonated
polymers, presumably due to their relatively lower IEC values.

Our group has also been actively investigating polyimides as
model systems for exploring structure–property relationships of
PEMs [57,58]. In our initial study, the effects of introducing angled
moieties into the polymer backbone (7) were examined. It was
found that linear polyimides (3) possessed lower conductivity
values for a given ion exchange capacity (IEC) value. This was
shown to be due to higher water content for the linear polymer,
thereby leading to lower proton concentrations, whereas proton
mobility values were found to be relatively similar. It was theorized
that the angled monomer led to greater number of chain entan-
glements and thus a greater resistance to swelling [57].

As part of our continued interest in structure–property rela-
tionships for polyimides, we report our work on polyimides with
sulfonated side chains (8) [58]. In this paper, we provide details on an
improved synthetic route to 2,20-bis(4-sulfobenzyloxy)benzidine-
based monomers (14), thereby providing easier access to a wide
variety of different sulfonated side-chain polyimides suitable for an
extensive study on polyimide-based PEM structure–property rela-
tionships (Fig. 2). Furthermore, we report the synthesis and char-
acterization of copolymers (8a–f) incorporating this monomer
wherein ion content was controlled by altering the monomer feed
ratios, and the results of beginning-of-life fuel cell tests.

2. Experimental

2.1. Materials and methods

Unless otherwise mentioned, all reagents were purchased from
Sigma–Aldrich, Canada and were used as-received. Compound 12
(4-bromomethyl-benzenesulfonic acid, sodium salt) was synthe-
sized according to a literature procedure [62].

2.2. Synthesis of 2,20-bis(4-sulfobenzyloxy)benzidine (14)

To a suspension of 3,30-dihydroxybenzidine (9) (1.000 g,
4.625 mmol) in 30 mL of anhydrous ethanol was added
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benzophenone imine (10) (1.7604 g, 9.713 mmol). The suspension
was refluxed overnight. The light brown suspension turned bright
yellow after 5 h. The suspension was then filtered and washed with
methanol to give the pure bright yellow compound N,N0-bis(di-
phenylmethylene)-o-aminophenol (11). Yield: 2.12 g (88%). 1H NMR
(DMSO-d6, 500 MHz) d 9.07 (1H, s), 7.64 (2H, d, 7.0 Hz), 7.51 (1H, t),
7.44 (3H, m), 7.29 (2H, t, 8.0 Hz), 7.16 (2H, d, 7.5 Hz), 6.85 (1H, s),
6.68 (1H, d, 8 Hz), 6.37 (1H, d, 8 Hz). 13C NMR (DMSO-d6, 100 MHz)
d 168.19, 147.87, 138.97, 138.42, 136.49, 135.44, 130.78, 128.23,
120.69, 116.36, 112.75. FTIR (KBr cm�1): 3200 (O–H stretch), 3050
(Ar–H stretch), 1588 (C]C stretch), 1560 (C]N stretch), 1480 (C]C
stretch), 1323 (C–N stretch), 1188 (C–O stretch). Calcd. for
C38H28O2N2: C 83.80; H 5.18; N 5.14. Found: C 83.55; H 5.39; N 4.91.

To a suspension of 11 (1.0000 g, 1.921 mmol) and 12 (1.0129 g,
4.034 mmol) in DMF was added sodium hydride (0.0968 g,
4.03 mmol). The reaction was left stirring overnight under nitrogen
at room temperature. The yellow suspension turned instantly red
after adding NaH and became soluble after 2 h, with a red precip-
itate forming after approximately 5 h. Methanol was added to the
solution and the white precipitate filtered and washed with
methanol to give 13. Compound 13 was acidified with 2 M HCl for
24 h to remove the protecting groups. The remaining solid was
filtered and rinsed with Millipore water. The intermediate was then
solubilized in 1 M NaOH. The reddish solution was then filtered to
remove the insoluble products. The filtrate was then poured in 2 M
HCl and gives a light brown precipitate. The precipitate was then
isolated by centrifugation and dried under vacuum at 80 �C over-
night. The dry product was washed with chloroform to give 2,20-
bis(4-sulfobenzyloxy)benzidine (14). Yield: 0.89 g (83%). 1H NMR
(DMSO-d6, 500 MHz): d 7.61 (2H, d, 8.0 Hz), 7.47 (2H, d, 8.0 Hz), 7.06
(1H, d), 6.89 (1H, dd, 8.5 Hz), 6.66 (1H, d, 8 Hz), 5.14 (2H, s), 4.68
(2H, s). 13C NMR (DMSO-d6, 100 MHz): d 152.97, 150.79, 142.99,
141.52, 134.74, 132.03, 130.77, 123.80, 119.57, 115.35, 74.47. FTIR (KBr
cm�1): 3405–2621 (NH3 stretch), 3050 (Ar–H stretch), 2919 (C–H
stretch), 1628 (N–H rocking), 1502 (C]C stretch), 1398 (N–H
rocking), 1270 (C–N stretch), 1238 (S]O asym. stretch), 1123 (S]O
sym. stretch), 1030 (C–O stretch). Calcd. for C26H24O8N2S2: C 56.10;
H 4.35; N 5.03. Found: C 55.89; H 4.54; N 4.90.

2.3. Synthesis of sulfonated side-chain polyimides (8a–f) using 8d
as example

To a dry, three necked flask equipped with a Dean Stark trap and
condenser were added 2,20-bis(4-sulfobenzyloxy)benzidine (14)
(0.2783 g, 0.5000 mmol), 4,40-oxybisbenzenamine (15) (0.06674 g,
0.3333 mmol) and 1,4,5,8-naphthalenetetracarboxylic dianhydride
(16) (0.2235 g, 0.8333 mmol) under nitrogen. To this was added
m-cresol (5 mL), chlorobenzene (7 mL) and triethylamine (0.1214 g,
1.200 mmol). The mixture was stirred for 2–3 h until complete
dissolution of the monomers occurred. Benzoic acid (0.1221 g,
1.000 mmol) was then added to the solution and the temperature
increased to 150 �C for 2 h. Chlorobenzene was then removed from
the solution and the temperature was brought to 180 �C for 24 h.
After a few hours, the solution viscosity was observed to increase.
Upon cooling down the solution, additional m-cresol (10 mL) was
added to dilute the reaction mixture. The polymer was then
precipitated into MeOH. After filtration, remaining m-cresol was
removed using a Soxhlet extractor with MeOH as solvent for 48 h.
The polymer was then dried under vacuum at 80 �C for 24 h. Yield:
0.53 g (99%).1H NMR (DMSO-d6, 500 MHz): d 8.78 (br), 7.77 (br), 7.56
(br), 7.49 (br), 7.39–7.22 (br), 5.28 (br). FTIR (drop cast on NaCl,
cm�1): 3442 (H2O/O–H stretch), 3074–3007 (Ar–H stretch), 2915
(C–H stretch), 1715 (C]O sym. stretch), 1675 (C]O asym. stretch),
1582 (C]C stretch), 1499 (C]C stretch), 1448 (C]C stretch), 1349
(C–N stretch), 1251 (Ar–O stretch), 1199 (C–O stretch), 1123 (S]O
stretch), 1037 (SO3 sym. stretch), 1012 (S–OH stretch). Membrane
casting: the polymer was dissolved in DMSO after which the viscous
solution was then filtered, cast onto a flat, glass petri dish and dried
at 80 �C for 24 h. Note: Other copolymers in the series were
synthesized using the same method bychanging the molar feed ratio
of 14:15 in order to obtain copolymers with different IEC values.

2.4. Instrumentation

1H NMR spectra were obtained on a Varian Unity Spectrometer
500 MHz operating at 500 MHz and 13C NMR spectra from a Bruker
Unity Spectrometer 400 MHz operating at 100.4 MHz. The
compounds were dissolved in DMSO-d6 at a concentration of
w10 mg/mL. Triethylamine was added to the sulfonated monomer
solution to increase its solubility. For the sulfonated polyimides, the
salt form (SO3

�(CH3CH2)3NHþ) was used due to its higher solubility
compared to the acid form. Fourier transform infrared spectroscopy
(FTIR) was performed on a Bomem FTLA2000-154 FTIR system. For
the sulfonated monomer and its intermediate, KBr pellets were
made with the appropriate compound. Sulfonated polyimides
(sodium form) were drop cast from a DMSO solution on a NaCl
window and dried under vacuum at 80 �C for 2 h prior to
measurements. Elemental analysis was used to determine the
composition of the sulfonated monomer (14) and its intermediate
(13), using a Carlo Erba model 1106 CHN analyzer. Thermogravi-
metric analysis (TGA) was performed on the sulfonated polyimides
(acid form) on a 2950 TGA HR instrument at a rate of 10 �C/min
under nitrogen from 50 to 550 �C. Prior to measurement, the
samples were dried at 150 �C for 30 min in the instrument chamber
to remove excess water. The measurements of reduced and
inherent viscosities of synthesized sulfonated polyimides were
performed using a homemade viscometer, thermally controlled by
a circulating water system. An automatic timer, controlled by
a refractive index detector, was used to make the time measure-
ments. Viscosities were measured at 30 �C in m-cresol. Viscosity
provides information on the size of a polymer molecule in solution.

2.5. Membrane water weight uptake (WU)

After casting, membranes were soaked in 2 M HCl for 48 h, then
rinsed and soaked for 2 h at room temperature in Millipore H2O. The
membranes were dried in a vacuum oven at 80 �C for 24 h. The dry
membranes were then weighed, soaked again in Millipore H2O for
48 h, and weighed again. Water uptake is reported as a percentage
uptake and determined by taking the equilibrium weight difference
between the wet film (Wwet) and the dry film (Wdry) and dividing by
the dry film (Wdry) weight. The equation is given below:

Water uptake ¼
wwet �wdry

wdry
� 100 (1)

To obtain the value of water uptake of a membrane, the average
water uptake of three membranes with the same theoretical ion
exchange capacity was measured.

2.6. Membrane water volume uptake (VU)

The acidified membranes were first immersed in Millipore
water for 24 h at room temperature. Membrane thickness was then
measured with Series 293 Mitutoyo Quickmike Series calipers
while length and width were measured with Series 500 Mitutoyo
Digimatic Calipers. The membranes were dried under vacuum at
80 �C overnight and the dry volume was measured. VU was
calculated using Eq. (2):

Volume uptake ¼
Vwet � Vdry

Vdry
� 100 (2)
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2.7. Membrane water volume fraction (Xv)

The membrane water volume fraction was calculated according
to the following equation:

Xv ¼
Vwater

Vwet
(3)

where Vwet¼ (wwet�wdry)/rwet.

2.8. Ion exchange capacity from titration (IECTitr)

Copolymers (8a–f) in the acid form were dried overnight at 80 �C
under vacuum, weighed and then immersed in 2 N NaCl for 1 h.
Titrations were carried out using 2 N NaOH as titrant (standardized
against dry potassium biphthalate) and phenolphthalein as indi-
cator. The reported experimentally determined ion exchange
capacities are the average of at least three separate titrated samples.
Eq. (4) was used to calculate the ion exchange capacity. The volume
of NaOH used to reach the end point (VNaOH), the concentration of the
NaOH solution used ([NaOH]) and the dry weight of the membrane
(wmembrane) were needed to calculate the ion exchange capacity.

IEC ¼ VNaOH � ½NaOH�
wmembrane

� 100 (4)

2.9. Ion exchange capacity from 1H NMR (IECNMR)

1H NMR was used to confirm the polymer structure and to
measure the ion exchange capacity (IECNMR) and compare the
results with the titration method (IECTitr). To determine IEC, the
ratio between the benzylic protons (only present in the sulfonated
monomer unit, SM) and the aromatic protons (present in SM and
other monomer units (M)) was measured. This ratio, based on the
molar feed ratio (RatioFR), was compared with the ratio obtained
from the peak integration in 1H NMR spectra (RatioNMR). Eq. (5) was
used to calculate the aromatic/aliphatic protons ratio from the
molar feed ratio. The number of aromatic protons in the sulfonated
part (H(SMAromatic)), in the non-sulfonated part (H(MAromatic)) and
the aliphatic proton (H(SMAliphatic)) was also used:

Ratio ¼ HAromatic

HAliphatic

¼ ðHðSMAromaticÞÞ � ðxÞ þ ðHðMAromaticÞÞ � ð1� xÞ
H
�

SMAliphatic

� (5)

The ion exchange capacity from NMR (IECNMR) was obtained using
Eq. (6). The aromatic/aliphatic proton ratio obtained from NMR
(RatioNMR) and molar feed ratio was first calculated.

IECNMR ¼
IECFR � RatioNMR

RatioFR
(6)

2.10. Lambda (l)

This value represents the average number of H2O molecules per
sulfonic acid group. These were calculated using water uptake
(WU) and IECTitr using Eq. (7):

l ¼ ðWU=100ÞMWH2O

IECTitr � 1000�1
(7)

2.11. Proton conductivity

Proton conductivity was measured using AC impedance spec-
troscopy with a Solartron 1260 frequency response analyzer (FRA)
employing a transverse two-electrode configuration. Rectangular
samples (w1�2 cm) of membranes were cut to the required
dimensions (length, L, and width, W, measured using a caliper,
�0.1 mm, and thickness, h, using a micrometer, �0.001 mm).
Samples were laid across two Pt electrodes (0.5�1 cm) 1 cm apart
fixed in place by attaching to an inert 2 cm� 2 cm Teflon block
(see Supplementary data). Another Teflon block was placed on
top and four nylon screws were used to hold the probe together
during measurement. Both blocks have identical 1�1 cm holes
cut out of the centre to allow for membrane equilibration with
the atmosphere where necessary. Membrane equilibration with
water vapours of known relative humidity (�1.5% RH) was
obtained at 25 �C (�0.1 �C) by placing the entire Pt/Teflon probe
assembly into a computer controlled environmental test chamber.
Temperature and relative humidity conditions were confirmed
using an independently operated humidity sensor and digital
thermometer.

Two wires fitted with alligator clips connected the probe to the
frequency response analyzer and ionic resistance was measured by
applying a 100 mV sinusoidal AC voltage between the two platinum
electrodes over 10 MHz–100 Hz frequency range and measuring
the AC resistance (i.e., impedance). Measurements were collected
every half an hour during equilibration until constant ionic
resistance was obtained. Data was analyzed using Zplot software
(Scribner).

Ionic resistance was abstracted from the impedance data and
fitting was performed by non-linear least squares regression to
a standard Randles equivalent circuit model. In essence, the data
can be approximated by taking the difference between the high
frequency and low frequency x-intercepts, i.e., semi-circle diameter.
The ionic resistance was used to calculate proton conductivity, sHþ ,
according to the following relationship (Eq. (8)):

sHþ ¼
L

RmA
(8)

where L is the spacing between the Pt electrodes (1.0 cm), A is the
cross-sectional area of the membrane (W� h), and Rm is the ionic
resistance of the membrane.
2.12. Acid concentration ([–SO3H]) and effective proton
mobility ðm0HþÞ

Acid concentration for the membranes was determined
according to Eq. (9):

½�SO3H� ¼
IEC�wdry

Vwet
(9)

where IEC is based on titration measurements.
The effective proton mobility was then calculated from Eq. (10):

m0Hþ ¼
sHþ

F½�SO3H� (10)

where F is Faraday’s constant.
2.13. Membrane stability

The hydrolytic stability of the sulfonated polyimide membranes
were determined by immersing the membranes into distilled water
at 80 �C and characterized by the visible loss of mechanical
strength. The mechanical stability test was made every 20 min for
the first hour, every hour for 5 h and once a day until they lost their
mechanical property as judged by their response to bending. The
same test was simultaneously performed on the other membranes.
An example of the test is provided in Supplementary data.
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2.14. Fuel cell testing

Two different methods were used to prepare membrane elec-
trode assemblies (MEAs): the catalyst-coated gas diffusion layer
(CCGDL) and catalyst-coated membrane (CCM) methods. The
CCGDL method consisted of coating Toray carbon paper 10%, wet-
proofed (TGP-H60, PEMEAS, E-TEK Division) with a catalyst layer
spray deposited from a heterogeneous mixture of 0.40 mg/cm2 20%
Pt/C (Vulcan XC-72, PEMEAS, E-TEK Division) with 30 wt% Nafion�

(Sigma–Aldrich Co.) ionomer in aqueous solution of isopropanol.
Copolymer 8d (thickness¼ 30 mm) was hot pressed between these
two CCGDLs at 135 �C for 90 s with approximately 90 kg cm�2

(w1280 psi) of pressure.
In the CCM method, a similar aqueous isopropanol based ink

slurry having the composition 0.4 mg/cm2 carbon supported 20%
Pt/C (Vulcan XC-72, PEMEAS, E-TEK Division) and 30 wt% Nafion�

ionomer content was spray deposited directly onto both sides of 8d
(thickness¼ 30 mm). To avoid overcompression of this deposited
catalyst layer, the CCM was laminated with a w35 mm thick poly-
ethylene film exposing the active 5 cm2 area at 80 �C through
a rolling laminator. The CCM was sandwiched between two gas
diffusion layers, SGL BC24 Gas Diffusion Media (GDM) (SGL Carbon
Group) having a microporous layer (MPL). The MEA was assembled
in the cell without hot pressing. A 125 mm thick compressible Si-
gasket was used to assemble the gas diffusion media and to avoid
gas leak within the cell. For Nafion�-based CCGDL and CCM ano-
logues, N115 (thickness 138 mm) and N112 (thickness 55 mm) were
used, respectively, with identical catalyst layers and GDMs as used
for 8d.

A triple serpentine 5 cm2 single cell (Teledyne Energy
Systems) was used for collecting fuel cell polarization data. The
cell was operated with 200 mL/min of H2 and O2 at the anode and
cathode at ambient pressure, respectively. Fully humidified reac-
tant gases at 50 �C were supplied in a co-flow manner. The cell
temperature was set at 50 �C. Polarization curves were obtained
by reducing the potential from open circuit voltage (OCV) to 0.2 V
in 50 mV increments and holding for 30 s at each point of the
controlled potentials. Eight polarization curves were obtained in
the same manner to confirm the polarization behaviour of the
sample.

3. Results and discussion

3.1. Monomer synthesis

The synthesis of 14 (Fig. 3) was carried out by first protecting the
amine functionalities as benzophenone imine groups [63]. The side
chain reagent 12 was attached to N,N0-bis(diphenylmethylene)-o-
aminophenol 11 via an SN2 reaction and the amines subsequently
deprotected via hydrolysis [64].

In the first step of the reaction, the amine groups of 9 were
protected to yield 11. By 1H NMR spectroscopy, the amine peak of 9
(4.51 ppm) was observed to disappear whereas the hydroxyl group
remained (singlet at 9.07 ppm). The hydroxyl peak was further
identified by the addition of D2O to the NMR solution whereby the
fast exchange of D for H resulted in the disappearance of the
hydroxyl peak. Additional spectroscopic evidence for the structure
of 11 was found in the FTIR spectrum (O–H broad peak at
3200 cm�1, peaks due to C]N at 1560 and 1323 cm�1). Elemental
analysis was also consistent with the molecular formula of 11.

The second step of the synthesis consisted of the attachment of
the sulfonated side chain (12) via the protected amine (11).
Evidence for the reaction was the colour change (yellow to red) and
the formation of bubbles (H2) during the reaction. Deprotection
was achieved via hydrolyzation of the imine group and isolation of
14 by precipitation of the salt intermediate (13) into 2 M HCl, thus
converting it into its acid form. Excess 12 was removed by multiple
washings, together with the by-product, benzophenone. Analyses
of 14 by 1H and 13C NMR spectroscopies as well as FTIR (S]O
stretching at 1238 and 1123 cm�1 and N–H stretching between
2621 and 3405 cm�1) and elemental analysis were consistent with
the assigned structure.
3.2. Polymer synthesis

Using the polycondensation reaction described by Okamoto
et al. [35], a series of side chain sulfonated polyimides were
synthesized as shown in Fig. 4. By adjusting molar feed ratios of
sulfonated (14) and non-sulfonated monomers (15), it was possible
to generate copolymers with different IEC values. Compound 15
was chosen as the non-sulfonated monomer due to the presence of
an ether linkage which should afford more flexibility to the poly-
mer main chain, thereby leading to increased hydrolytic stability
and improved mechanical properties [36].

Fig. 5 shows the 1H NMR spectrum of 8d. The other polymers in
the series exhibited similar spectra except that the integrals
between the aromatic and aliphatic protons varied according to the
composition. The aromatic protons of the side chain are located at
approximately the same position found in the 1H NMR spectrum of
the sulfonated monomer (14) (7.77 and 7.49 ppm). The protons on
the naphthalene units appear at 8.78 ppm. Protons at the o-position
from the imide group (both sulfonated and non-sulfonated
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moieties) exhibit similar chemical shifts of 7.56 ppm. Other protons
exhibit broad signals at 7.39 and 7.22 ppm. The alkyl protons with
the sulfonated side chain are found at 5.28 ppm. FTIR was also used
to confirm the structure. The presence of the sulfonic acid group
was confirmed with peaks of S]O stretch (1123 cm�1), SO3

symmetric stretch (1037 cm�1) and S–OH stretch (1012 cm�1).
Peaks from the imide group are also present (C]O symmetric
stretch (1715 cm�1), C]O asymmetric stretch (1675 cm�1) and C–N
stretch (1349 cm�1)).

The viscosity of solutions was used to provide further evidence
of polymers, and an indication of polymer molecular weight by
comparing the results with those in the literature [65]. Given the
polyelectrolyte nature of 8, however, the reduced and inherent
viscosities increase rapidly with dilution, instead of decreasing
linearly with concentration as is found for neutral polymers
[66]. This phenomenon, known as the polyelectrolyte effect, is
due to intramolecular and/or intermolecular ionic interactions:
as the solution is diluted, the concentration of the counter
ions decreases, forcing ionomer chains to extend (repulsion of
anions) [67].
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Attempts to mitigate the polyelectrolyte effect by the addition of
1 wt% LiCl to the DMSO solution in the form of an aqueous solution
[67,68] were unsuccessful as the polymer precipitated from solu-
tion upon addition of aqueous LiCl. The reduced viscosity measured
according to the method reported by Pineri et al. [69] using
m-cresol as solvent and a triethylammonium salt as the counter ion
for concentrations of 0.5 g/dL of 8d is w4.7 dL/g. This is in the range
of the reduced viscosities for sulfonated polyimides reported in the
literature (2.0–7.7 dL/g) at similar concentrations [61]. Although
molecular weights cannot be extracted from this data, based on this
result and that ductile thin films can be obtained by film casting
from DMSO solution, it can be concluded that high molecular
weight polyimides were synthesized.
4. Membrane characterization

4.1. Ion exchange capacity (IEC) and water uptake (WU) values

The ion exchange capacity of membranes as calculated inde-
pendently from titration, NMR and monomer feed ratio was found
to exhibit excellent agreement (�10%) amongst the different
methods. The results are shown in Table 1:

As expected, WU values (Table 2) were found to increase with
greater IEC values due to the increase in osmotic pressure. In
contrast to sulfonated polyimides in which the sulfonic acid groups
are directly attached to the backbone, copolymers 8a–f were
generally found to possess a higher WU for a similar IEC value [61].
The number of water molecule per acid group (l) is also listed in
Table 2. An important feature is that despite the increase in water
content with IEC, the l values remain relatively low and constant.
This is in contrast to the vast majority of membrane types reported
in the literature where l increases with ion exchange capacity [69].
This is a positive feature since excessive swelling is a negative trait
for fuel cell membranes.
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Table 1
Ion exchange capacity (IEC) values for copolymers 8a–f

Copolymer Monomer
feed ratioa

IEC (mmol/g)
calculatedb

1H NMR Titration

8a 30:70 1.10 1.12 1.03
8b 40:60 1.38 1.40 1.29
8c 50:50 1.62 1.84 1.54
8d 60:40 1.83 1.97 1.73
8e 70:30 2.02 2.14 1.94
8f 80:20 2.19 2.23 2.10

a Based on ratio of sulfonated monomer to unsulfonated monomer (i.e., 14:15).
b Determined from monomer feed ratio.
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4.2. Proton conductivity of copolymers 8a–f as a function of acid
and water contents

In recent publications, we presented an approach for analyzing
proton conductivity data for a series of main chain, statistically
sulfonated polymers [70,71]. Through this approach, it was possible
to examine the effects of acid concentration [–SO3H] and effective
proton mobility ðm0Hþ Þ upon conductivity (as per Eq. (10)) as well as
the connections to water content. In the two studies, water content
was varied by varying acid content (IEC) of the membrane[70] or
relative humidity (RH) on the membrane environment [71]. In this
paper, we used the first method for copolymer 8 and compared the
data against results from our previous study [57] on linear
sulfonated polyimides (3) and SPEEK (2), using Nafion� (1) as
a baseline PEM. This data is summarized in Table 2 and displayed in
Figs. 6–8 (see also Supplementary data).

In Fig. 6, proton conductivity values for the aforementioned
PEMs are shown as a function of both acid content (IEC) and water
content (l, Xv). As has been observed for many systems, the rela-
tionship between conductivity and IEC for copolymer 8 is linear
(Fig. 6a), thus suggesting that its percolation threshold has been
reached by at least IEC¼ 1.03 meq/g. Interestingly, it appears that 8
exhibits a higher conductivity values than its linear analogue 3 as
a function of acid content for IEC< 2 meq/g. Comparisons between
8 and 2, however, are complicated by the fact that the available IEC
values for the two polymer systems do not generally overlap.
Nevertheless, it does appear that if samples with IEC> 2 meq/g for
2 were available, 2 would exhibit lower conductivity values than 8
whereas 2 would exhibit higher conductivity values than 8 if
samples of 8 with IEC> 2.1 meq/g were available. Potential expla-
nations for these observations can rationalized on the basis of the
proton conductivity of 8 as a function of water content as well as
examining the components of conductivity (i.e., m0Hþ and [–SO3H])
in greater detail. Overall, however, Nafion� exhibits the highest
conductivity value as a function of acid content.

As a function of water volume fraction (Xv) as seen in Fig. 6b,
copolymers 3 and 8 exhibit relatively similar conductivity values
and both exhibit lower values than 2, suggesting that the polyimides
Table 2
Properties of sulfonated polyimide membranes with various IEC values

Membrane IECa (mmol/g) WUb (%) Xv
c l

8a 1.03 32 0.26 1
8b 1.29 35 0.28 1
8c 1.54 37 0.33 1
8d 1.73 40 0.37 1
8e 1.94 53 0.46 1
8f 2.10 60 0.47 1

a Determined from titration measurements.
b Water uptake.
c Water volume fraction.
d [H2O]/[SO3H].
e Measured at room temperature, samples allowed to equilibrate in H2O prior to meas
make less effective use of water than 2. More information about the
effect of water content on conductivity for these polymers can be
obtained by examining the relationship of conductivity to l (Fig. 6c).
However, as can be seen, the behaviour of 8 is relatively complicated
in comparison to that for 2 and 3. This is due to the fact that, although
2 appears to exhibit lower Xv values for a given IEC value (Fig. 7a)
than 8, l values for 8 only vary within the range of 13–18 H2O/–SO3H
over the examined IEC range (Fig. 7b) whereas 3 and 2 exhibit l

values of 15–26 and 13–42, respectively. The lack of swelling for 8 is
probably due to the inherent rigidity of the polyimide backbone in
comparison to 2. Although 8 would probably exhibit higher l values
at higher IEC values, the stiff main chain would likely still prevent
the greater degree of swelling as exhibited by 2. Restricted swelling
is a potential advantage in order to prevent dilution of acid sites
within the polymer. However, it is interesting to note that both 3 and
8 still clearly exhibit lower conductivity values in comparison to 2
even at relatively the same l values, thereby further suggesting that
these two systems are generally unable to achieve the same
conductivity values as 2 for a given water content (l). Nevertheless,
it does appear that the conductivity for 8 is higher as a factor of l

than 3, even though the acid content (IEC) of 3 is generally higher
than 8 for the available samples.

By examining how the components of proton conductivity for 8
(i.e., proton mobility and acid concentration) are related to water
and acid contents, further understanding of the conductivity
behaviour of 8 can be obtained. The value of proton mobility
provides an assessment of how rapidly a proton is able to move
through the membrane, and may be affected by the degree of
proton dissociation, tethered anionic groups, degree of proton
pathway tortuosity and relative proximity of neighbouring acid
groups [3,70–74]. As can be seen in Fig. 8a, it appears that the
mobility of 8 is greater than for 3 at IEC< 2.0 meq/g whereas only
comparable, if not lower at IEC> 2.0 meq/g. It also appears that the
mobility of 8 is comparable or greater than that of 2. However,
given the unavailability of higher IEC samples of 8, it is difficult to
make a direct comparison with the mobility behaviour of 2.

By examining mobility as a function of water content (Fig. 8b
and c), it is interesting to note that while generally mobility values
as a function of Xv for all three systems are similar, there appears to
be greater distinction between mobilities of 3 and 8 as a function of l.
This may be showing that the use of a sulfonated side chain in 8
leads to an increase in proton mobility versus the reduced mobility
imparted by sulfonic acid groups being directly bonded to the main
chain as in 3. However, in spite of this, the mobility of 8 is still lower
than that of 2, suggesting that perhaps the increased mobility
imparted by a side chain over a main-chain sulfonated system does
not fully overcome the inherent greater rigidity of the backbone of
8 in comparison to 2, as well as perhaps due to the relatively rigid
nature of the benzyl side chain of 8. It is interesting to note that the
mobility of 8 increases at relatively fixed l values; i.e., mobility is
increasing although the amount of water available to each sulfonic
d se (S/cm) ðm0Hþ Þ (10�4 cm2 s�1 V�1) [SO3H] (M)

7 0.010 1.06 0.94
5 0.017 2.10 0.86
3 0.027 2.18 1.28
3 0.040 2.95 1.42
5 0.043 2.64 1.70
8 0.060 6.00 0.97

urement.
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acid group is relatively unchanged. This appears to demonstrate
that increasing acid content at a fixed l value does lead to increased
mobility as has been previously theorized [70–73].

Acid concentration can also be examined as a function of acid
and water contents (see Table 2 and Supplementary data). The
rigidity of the backbone of copolymer 8 is also evident from these
plots. Whereas many polymer systems (e.g., 2) exhibit a decrease in
[–SO3H] as a function of increasing IEC, this value is observed to
generally increase for 8 and only exhibits a decrease for the sample
with the highest available IEC value. This is also seen as a function
of water content, particularly for [–SO3H] versus Xv wherein at
Xv¼ 0.35–0.45, acid concentration is decreasing for SPEEK whereas
it is increasing for 8.

The effective proton mobility values of 2, 3 and 8 at infinite
dilution (Xv¼ 1.0) are shown in Table 3. These were calculated in
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Table 3
Calculated proton mobility values at infinite dilution (Xv¼ 1.0)

Polymer m0Hþ at Xv¼ 1.0 (10�3 cm2 s�1 V�1) Source

2 3.2� 0.4 Ref. [68]
3 1.6� 0.7 Ref. [68]
8 1.2� 0.6 This work

Table 4
Hydrolytic stability at 80 �C for different membranes

Membrane IEC (mmol/g) Thickness (mm) Timea (h)

1 (N115) 0.97 125 >120
2 2.00 103 <0.3b

3 2.70 85 <0.3
4 2.09 20 200c

7 1.80 147 2
8e 1.94 90 120

a Point at which polymer membrane became brittle.
b Dissolved in water.
c Ref. [49].
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order to remove the effects of different acid strengths for the
various polymers and thereby permit comparisons between
systems as well with the theoretical mobility of a free proton at
infinite dilution (3.63�10�3 cm2 s�1 V�1 at 25 �C) [75]. As stated in
our previous work [70,71], the calculated proton mobility value for
2 at Xv¼ 1.0 is relatively consistent with that of a free proton at
infinite dilution whereas the inflexible backbone of 3 significantly
reduces the proton mobility. The value for copolymer 8 can be
considered within standard deviation to be equivalent to that of 3,
and is likely again, at least in part, to be due to the rigid polyimide
backbone restricting proton mobility. By placing the tethered
sulfonate groups on side chains rather than on the main chain, it
might be thought that mobility would be improved through greater
potential flexibility of the side chain versus the main chain of the
polymer. However, the relatively rigid nature of the benzylic side
chain in 8 may prevent the achievement of any significant increase
in mobility in comparison to 3. Further work on systems with more
flexible side chains may permit a more in-depth study of the
potential effect of sulfonated side groups versus sulfonated main
chains upon proton mobility.

4.3. Membrane ex situ thermal and hydrolytic stabilities

Ex situ thermal stability of the sulfonated polyimides was
determined using thermal gravimetric analysis (TGA). An initial loss
in mass was observed around 220 �C and has been attributed to
side chain degradation and desulfonation [61], and occurs at
a similar temperature to other literature examples of sulfonated
polymers [50]. In the case of polymers with higher IEC values (i.e.,
8b – f), greater weight losses are observed. This behaviour is
generally consistent with the relative amount of sulfonated moiety
present in the copolymer since the degradation at 220 �C is
dependent upon the amount of side chain present and acid content
(IEC). The mass loss around 550 �C is likely due to thermal degra-
dation of the polymer backbone [61].

The comparative hydrolytic stability of membranes was evalu-
ated as the time required for the membrane, soaked in hot (80 �C)
water, to substantially lose its mechanical properties. The loss of
mechanical property was judged to have occurred when the
membrane broke upon bending, providing a basic evaluation of the
hydrolytic stability of 8 [61]. Five types of membranes were
studied: N115 (1), 2, 3, 7 and 8e. All were immersed in 80 �C water
and the time required for mechanical failure determined. The
results are summarized in Table 4. Copolymer 8e remained ductile
for 120 h, which was considerably longer than its linear, main-chain
sulfonated analogue (3) which lost its mechanical integrity after
less than 20 min. The angled sulfonated polyimide (7) retained its
mechanical properties for only 120 min, but in comparison to 3,
possessed a lower IEC and was considerably thicker [54]. Given its
propensity for a high degree of swelling and loss of mechanical
integrity when heated in water [76,77], it is not surprising that
a membrane of SPEEK (2) rapidly dissolves under the testing
conditions. Perfluorinated 1 exhibited no observable loss in
mechanical properties even after 120 h.

The enhanced hydrolytic stability for the side-chain sulfonated
polyimide (8) versus main-chain sulfonated polyimides (3 and 7) is
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attributed to both the larger distance between the sulfonic acid and
imine functionalities in the case of 8 as well as the greater strength
of the basic nitrogen in 8 as compared to either 3 or 7. This is
illustrated schematically in Fig. 9. In the case of 3 and 7, the sulfonic
acid group is in close proximity to the imide functionality and thus
protonation of the carbonyl group can occur more readily. For 8, the
presence of the spacer group increases the distance between
the acid and imide functionalities, thereby hindering protonation.
The degree of phase separation between the hydrophilic domains
and the polymer backbone may also be expected to have increased
by the use of spacer group [53,56] although this has yet to be
confirmed. In addition to the proximity effect of the spacer group,
copolymer 8 also benefits from the ether functionality and the
resultant increase in basicity of the polyimide backbone. As has
been demonstrated by other groups, this is known to increase
the resistance of the imide functionality against hydrolysis [59,60].
It is further interesting to note that an alkyoxy-based side group
appears to lead to greater hydrolytic stability (4) in comparison
to benzylic-based side group (8e) at comparable acid content
levels (IEC¼ 2.09 and 1.94 meq/g, respectively). Whether this is
due to the increased flexibility of the propyloxy side chain,
increased basicity (two strongly electron-donating oxygen atoms in
close proximity to the imide nitrogen) or a combination thereof is
not clear.

Preliminary studies of fuel cell performance of 8d were under-
taken. Two different assembling methods were used to prepare the
membrane electrode assembly (MEA) as described in the experi-
mental section: the catalyst-coated gas diffusion layer (CCGDL) and
CCM (catalyst-coated membrane) techniques. Fig. 10 shows the
results obtained at 50 �C. MEAs containing 8d prepared by the
CCGDL method provided only a modest fuel cell polarization curve,
exhibiting 220 mA/cm2 at 0.6 V, much lower than the Nafion�-
based GDE MEA which yielded w450 mA/cm2 at 0.6 V. However,
MEAs containing 8d prepared by the CCM method showed a
dramatic improvement in current output exhibiting w850 mA/cm2

at 0.6 V and similar to Nafion�-based CCGDLs which yielded
w900 mA/cm2 at 0.6 V.

The improvement in performance of MEAs prepared by the CCM
techniques has been established with other polymer systems and is
due to the improvement in bonding between the catalyst layer and
membrane. The CCGDL method relies on the softening of the
polymer in the membrane upon hot pressing the MEAs, and its
binding in the catalyst layer, which in the case of sulfonated poly-
imides is problematic because of its high Tg. In the case of the CCM
method it is believed that the solvent in the ink serves to plasticize
the polymer in the membrane so as to form a more favourable
interface. These preliminary beginning of life experiments indicate
that a good electrochemical interface can be obtained using the
CCM method and that the membranes provide sufficient protonic
and water transport under the conditions used to generate
considerable current density. The stability of such MEAs is not
expected to be as great as that reported for Nafion� based CCMs but
further studies in this area are warranted to the extent of the
degradation but such studies are not the intent of this work, which
focuses on the synthesis and structure–property relationships of
these polymers.
5. Conclusion

A series of novel, side-chain sulfonated polyimides (8) have
been synthesized, characterized, and evaluated for ion exchange
capacity, water uptake, volume uptake, proton conductivity,
hydrolytic stability and single cell fuel cell performance. Although
the hydrolytic stability of the polyimides was found to be poor, the
stability of 8 was found to be an improvement over linear (3) and
angled (7) sulfonated polyimides. It is surmised that this increase in
stability is due to higher basicity of the amine groups as well as
increased separation of the sulfonic acid group from the imide
functionality. An in-depth analysis of the proton conductivity data
for 8 was carried out and calculation of the value for proton
mobility at infinite dilution (Xv¼ 1.0) suggests that the mobility of
protons in 8 is comparable to that in 3 but significantly lower than
in 2, and likely to be indicative of the rigid polymer backbone for
both 3 and 8. Preliminary beginning of life studies on polymer 8d
incorporated within a CCM-based MEA showed similar perfor-
mance as compared to a CCM-based MEA incorporating Nafion� in
a fuel cell operated at 50 �C. Using the procedure outlined in this
paper, future work in this area will be to synthesize derivatives of 8
containing alternative, sulfonated side groups, in order to study
structure–property relationships of different side groups for this
class of sulfonated polymer.
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