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blocking gas, cations, and conducting 
anions, and can be used in fuel cells, 
liquid flow cells, and so on.[1–10] In 
order to meet the requirements of prac-
tical applications, AEMs need to have 
good ion conductivity, strong mechan-
ical properties, high-dimensional 
stability, and other comprehensive per-
formance.[11–16] With a ring opening 
metathesis polymerization (ROMP), the 
polymers with functional quaternary 
ammonium groups can be obtained. 
The conductivity and ion exchange 
capacity (IEC) of the membranes can 
be improved by increasing the number 
of functional groups in a single mono-
 mer molecule. This ROMP method is 
dramatically distinct from the methods 
of attaching functional groups to the 
polymer main chains directly.[17–19] For 
example, Zha et al.[20] synthesized the 
first metal-cations contained AEMs. 

The performance of the membrane (including the ion con-
ductivity, mechanical integrity, and alkaline stability) is sim-
ilar to the typical quaternary-ammonium-based AEMs. At 
present, AEMs are still at the initial stage of research and 

Novel Anion Exchange Membranes

A new monomer called 2,2′-(4,4′-oxydiphenol-4,4′-diyl)bis(2-methyl-
2,3,3a,4,7,7a-hexahydro-1H-4,7-methanoisoindol-2-ium) iodide (d3) is synthe-
sized possessing both cross-linker and functional groups. The membranes 
are formed by copolymerizing d3 with norbornene and (3aR,4S,7R,7aS)-2-
methyl-2-(3-(trimethylammonio)propyl)-2,3,3a,4,7,7a-hexahydro-1H-4,7-meth-
anoisoindol-2-ium iodide (a3) at varying ratios. The water uptake is 41.35% 
at 60 °C, and ion exchange capacity is 2.35 mequiv g−1 for a mole ratio of a3, 
norbornene, and d3 (1:6:3). The conductivity is 12, 37, and 40 mS cm−1  
when d3 is decreased. Meanwhile, the conductivity increases quickly with 
increasing the temperature. Furthermore, the mechanical properties and 
thermal properties are improved, attributed to the increased cross-linker. The 
membrane has a tensile strength of 41.3 MPa and the elongation at break of 
38.0 %, and the 5 wt% loss temperature for membrane is ≈159 °C. The H2/O2 
single fuel cells with this membrane show a maximum power density of  
124 mW cm−2 at 50 °C. The cross-linked membranes demonstrate high-
dimensional stability in alkaline solution.
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1. Introduction

Anion exchange membranes (AEMs), a kind of ion exchange 
membrane with selective permeability, have the function of 
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development, the low ion conductivity and other issues limit 
their commercial applications. These problems can be solved 
by increasing the IEC. With increasing the IEC, the ion 
exchange groups would get increased and thus the ion con-
ductivity would be rising as well. Whereas with increasing 
the IEC, the water absorption and swelling rate of the AEMs 
would also be fortified, thereby reducing the dimensional 
stability of the ion exchange membrane. For example, Khan 
et al.[21] had prepared a kind of quaternary ammonium bro-
mide polyphenylene oxide (BPPO) AEM, which demon-
strated good mechanical properties, for example, a tensile 
strength of 32.52–49.22 MPa, but a high swelling rate of 
20.41% when the IEC of the membrane was 1.47 mmol g−1.  
Clark et al.[22] made a series of norbornene ion exchange 
membranes, in which dicyclopentadiene (DCPD) was used 
as cross-linker to increase the dimensional stability of ion 
exchange membrane. However, the ion conductivity was 
reduced with increasing the cross-linker, the ion conductivity  
was only 14 mS cm−2 when the ratio of DCPD:monomer was 2:1. 
In the previous work, a bifunctional norbornene ion exchange 
membrane was prepared with an effectively improved ion con-
ductivity.[23] However, the problems such 
as high swelling rate and low mechanical  
strength still exist and need be solved.

Herein, we introduce a kind of new nor-
borneol cross-linker d3 (Scheme 1), which 
carries a diphenyl ether group and two 
quaternary ammonium groups. It not only 
serves as cross-linkers, which can minimize 
the swelling and enhance the mechanical 
stability of the AEM in the operation of fuel 
cells, the quaternary ammonium groups 
also serve as anion exchanging sites. When 
norbornene derivatives were mixed with the 
Grubbs third catalyst,[24,25] the monomers 
a3, norbornene (NB), and d3 were copoly-
merized by ROMP to build the cross-linked 
AEMs. Three different ratios (3:6:1, 2:6:2, 
and 1:6:3) of a3, NB, and d3 as monomers 
were adopted to prepare AEMs. The prop-
erties of the membranes were investigated 
including the IEC, swelling ratio, water 
uptake, thermal stability, mechanical prop-
erty, and ionic conductivity. Tuning the  
content of d3 can not only maintain the IEC 
and ionic conductivity but also improve 
the stability and mechanical properties of 
AEMs.

2. Experimental Section

2.1. Materials

Norbornene-endo-2,3-dicarboxylic anhydride 
(NA) and 4,4′-oxydianiline were obtained 
from Aladdin Industrial Corporation. Acetic 
acid glacial, lithium aluminum hydride, 

ethyl acetate, diethyl ether, dichloromethane, methanol, and 
magnesium sulfate were obtained from Sinopharm Chemical 
Reagent Co., Ltd. Iodomethane was supplied by Xiya Chem-
ical Industry Co., Ltd. and used without further purification. 
The Grubbs third generation catalyst was obtained from 
Energy Chemical. Deionized water was used and the resist-
ance was 16 Ω.

2.2. Synthesis

2.2.1. 4,4′-(Norbornene-5,6-amide group) phenyl ether (d1)

NA was mixed with 4,4′-oxydianiline in a mole ratio of 1:1.5 
in acetic acid. The reaction mixture solution was stirred and 
refluxed for 12 h. Then the mixture solution was poured into 
cold water, the water phase was extracted with CH2Cl2. The 
organic layer was washed several times with distilled water 
and dried with excess anhydrous Na2SO4. The organic solvent 
was removed under reduced pressure, the white powder d1 was 
obtained.

Macromol. Mater. Eng. 2018, 303, 1700462

Scheme 1. Synthetic route of d3.



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700462 (3 of 8)

www.advancedsciencenews.com www.mme-journal.de

2.2.2. 4, 4′-(5-Norbornene-2,3-methylene-N-) phenyl ether (d2)

To a slurry of LiAlH4 in Et2O, d1 in CH2Cl2 was added slowly 
under argon atmosphere at 0 °C. The molar ratio of LiAlH4 to 
d1 was 8:1. The mixture solution was stirred at room tempera-
ture for 24 h. Then the mixture solvent of EtOAc and water was 
added to the reaction solution, and the organic phase was col-
lected and dried with excess anhydrous Na2SO4, and the solvent 
was evaporated under vacuum to get d2.

2.2.3. 2,2′-(4,4′-Oxydiphenol-4,4′-diyl)bis(2-methyl-2,3,3a,4,7,7a-
hexahydro-1H-4,7-methanoisoindol-2-ium) iodide (d3)

d2 was dissolved in methanol, and methyl iodide was added 
to the solution with a mole ratio of 1:2 slowly. The mixture 
was stirred at room temperature for 2 d, and excess methyl 
iodide and CH3OH were removed under vacuum. The crude 
product was washed by diethyl ether several times, and d3 was 
obtained as shown in Scheme 1. And it was used for next step 
directly.

2.2.4. The Procedure of AEMs

Monomer a3,[23] NB, and d3 were dissolved in a mixed solvent 
of CH3OH and CH2Cl2 in a reaction tube under an argon 
protecting environment. The solvent was frozen with liquid 
nitrogen and refilled with nitrogen for three times, and then the 
Grubbs third generation catalyst was introduced. Then nitrogen 
was refilled for three times and thawed at room temperature, 
the mixture was stirred vigorously for half hour at 40 °C.  
The mixture was poured on a glass plate and maintained 
for 1 h, then the temperature was set at 50 °C to remove the 
residue solvent by evaporation. The compositions of a3, NB, 
and d3 are listed in Table 1, for example, system 361 means 
the mole ratio of a3, NB, and d3 is 3:6:1. The Grubbs third 
catalysts were used in a weight ratio of 1/200 with respect of 
the total mass of a3, NB, and d3. The AEMs were obtained as 
shown in Scheme 2 and the membrane was immersed into 
deionized water at room temperature.

2.3. Measurement and Characterization

2.3.1. 1H NMR

1H NMR spectra of the monomers were measured on a  
Japanese electronic NMR spectrometer using CDCl3 and 
DMSO-d6 as solvent and tetramethylsilane (TMS) as an internal 
reference.

2.3.2. Water Uptake

AEMs were dried under 70 °C in an oven until the weight was 
not changing. Then the dry AEMs were immersed in deionized 
water and stored at room temperature for 24 h. The samples 
were swabbed and patted dry to remove water from surface. 
The hydrated weights of the samples were recorded. The water 
uptake was measured using Equation (1)

% %w d

d

= −
Wu

m m

m  
(1)

where md and mw are the weight of dry and wet sample, 
respectively.

2.3.3. Swelling Ratio

The swelling ration was tested as follows. The dried 6 cm × 1 cm  
samples were cut, immersed into deionized water, and stored 
in an oven at certain temperatures. After 2 d, the length of the 
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Table 1. Different compositions of a3, NB, and d3 in producing AEMs.

System a3 NB d3 Grubbs third 
(cyclenes)

361 3 6 1 1/200

262 2 6 2 1/200

163 1 6 3 1/200

Scheme 2. The synthesis process of d3 and AEMs.
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wetted samples was measured. The swelling ratio was calcu-
lated by Equation (2)

% %w d

d

= −
S

L L

L  

(2)

where Lw and Ld are the length of hydrated and dry sample, 
respectively.

2.3.4. Ion Exchange Capacity

The IEC was determined by the Mohr titration method.[23] 
Briefly, the dried AEM samples in the iodide form were 

weighed. The AEM samples were then immersed in 20 mL 
0.5 m NaCl salt solution for 2 d. After this, the samples were 
washed with deionized water several times and stored in deion-
ized water for 2 d. After that, the samples were put in 20 mL  
0.5 m NaNO3 for 2 d. With 10 wt% K2CrO4 solution to serve as 
an indicator, it was titrated with 0.05 m AgNO3 to reach an equiv-
alence point. The IEC was then calculated with Equation (3)[23]

IEC
0.05 AgNO

d

3=
× V

m  
(3)

where md is the weight of dry AEM samples, and VAgNO3 is 
the volume of AgNO3 solution. Each sample was measured 
three times and the average value was taken for analysis.

Macromol. Mater. Eng. 2018, 303, 1700462

Figure 1. 1H NMR spectrum of d1 in CDCl3.

Figure 2. 1H NMR spectrum of d2 in CDCl3.
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2.3.5. Conductivity

The conductivity was measured with a four-point probe 
method using an electrochemical impedance spectroscopy 
(EIS) by ZAHNER IM6e with the frequency ranging from 
100 kHz to 100 MHz. A rectangular sample (3 cm × 0.6 cm)  
was fixed in a Teflon conductivity cell with four platinum 
wires. The AEM sample was immersed into NaOH with 
0.5 m and changed to OH− type. The conductivity cell was 
immersed in a temperature-controlled water bath after 
purging with nitrogen for half an hour. The conductivity was 
calculated with Equation (4)

S cm /1σ ( ) =− L RS
 

(4)

where σ is the in-plane conductivity, L is the distance between 
two reference electrodes (cm), R is the membrane resistance 
(Ω), and S is the area of samples (cm2).

2.3.6. Mechanical Properties

The mechanical strength of the AEMs at room temperature 
was evaluated by a CMT4204 Universal Testing Machine. Five 
dumbbell-shaped membrane samples were prepared. The test 
was carried out at 25 °C, a relative humidity of 60%, and a 
stretching rate of 5 mm min−1.

2.3.7. Thermogravimetric Analysis (TGA)

The TGA was carried out by a PerkinElmer 7 series thermal 
analysis system. A heating rate of 10 °C min−1 under N2 
atmosphere was used for the test. Before the test, all the 
membrane samples were preheated to 150 °C and main-
tained at 150 °C for half an hour to remove any moisture 
and solvent.

2.3.8. H2/O2 Fuel Cell

The MEA (membrane of electrode assemblies) was prepared by 
spray-casting the solution on a carbon paper (Pt/C 0.65 mg cm−2)  
at 50 °C, assembling the anode, cathode, and membrane 
without hot pressing into the fuel cell. The effective electrode 
area of the membrane was 6.25 cm2. Oxygen and hydrogen 
under a pressure of 0.15 MPa were pumped into both sides of 
a single cell.

3. Results and Discussion

3.1. Synthesis and Characterization of the Monomer  
and Polymers

As shown in Figure 1, the structure of the d1 was identified 
by the 1H NMR spectrum. The peaks at 7.06 (e) and 7.10 (d) 

were assigned to the chemical shifts of pro-
tons on the benzene ring.[23] The signal peak 
appeared at the chemical shift of 6.26 (a) rep-
resents the CH in ring as shown in Figure 1.  
The peaks at d 1.78 (b), 1.80 (b′), 3.50 (c), 
and 3.42 (c′) were due to the chemical shifts 
of CH2 and CH,[23] respectively. Figure 2 
shows the 1H NMR spectrum of d2. Different 
from the d3, the peaks at about 2.94 (f) and  
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Figure 4. The ionic conductivity of different AEMs.Figure 3. The FTIR spectrum of AEMs.

Table 2. The property of different AEMs.

System 361 262 163

Temperature [°C] 20 60 20 60 20 60

Water uptake [wt%] 52.83 72.64 44.35 60.87 27.88 41.35

Swelling ratio [%] 29.45 41.96 26.37 33.36 21.98 27.98

IEC [mequiv g−1] 2.79 2.57 2.35
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2.85 (f′) were attributed to the chemical shifts 
of the protons on the ring[23] (Figure 2). The 
above results illustrate the successful syn-
thesis of d1 and d2.

The structures of the resulting AEMs were 
characterized by Fourier transform infrared 
(FTIR) spectroscopy. Figure 3 shows the FTIR 
spectra of the resulting AEMs. After curing 
process, the resulting AEMs present several 
absorption bands. The characteristic peak at 
3432 cm−1 is identified to the absorption peak 
of H2O and attributed to the water uptake 
of quaternary ammonium salt groups.[26] 
The characteristic peaks of CC from aro-
matic hydrocarbon appear at 1612 and  
1500 cm−1.[26] The peak at 867 cm−1 is ascribed 
to the disubstituted benzene derivatives in the 
para-position. The 966 cm−1 band represents 
the stretch of COC in structure.[27] This 
FTIR spectrum analysis confirms the suc-
cessful preparation of the AEMs.

3.2. IEC, Water Uptake, and Swelling Ratio

IEC can provide an indication of the content of exchange-
able groups in the membranes and dominate the properties 
of AEMs, such as hydroxide conductivity, water uptake, and 
swelling ratio. The results are shown in Table 2. The IEC value 
is controlled at about 2.79 and 2.35 mequiv g−1. With increasing 
the content of d3, the IEC value is decreasing. This may be 
directly related to the cross-link effect of adding d3.

The water uptake and swelling ratio are 
greatly related to the hydroxide conductivity 
performance and mechanical properties  
of AEMs. Abundant water in the membrane  
facilitates the hydroxide transport by  
broadening the ion transferring channels. 
However, excess water uptake in AEMs will 
lead to large dimensional unstability and 
loss of mechanical properties. As shown in 
Table 2, the water uptake and swelling ratio 
decrease with increasing the content of d3. 
Furthermore, with increasing the tempera-
ture, the water uptake and swelling ratio of 
membranes are increasing. The explanation 
is that the cross-linker increased the interac-
tion of the polymers and decreased the chain 
mobility.

3.3. Ionic Conductivity of Anion Exchange 
Membranes

The ionic conductivity of AEMs is a key 
parameter and is closely related to the fuel 
cell performance. The ionic conductivity of 
different AEMs at different temperatures is 
shown in Figure 4. As seen, the conductivities  

of the three membranes are increasing with increasing the test 
temperature. This may be caused by two reasons. One is that 
the polymeric chains become more flexible at high tempera-
tures, and the corresponding channels for the migration of ions 
are broadened. The other is the high diffusivity of ions at high 
temperatures. On the other hand, at certain temperature, the 
trend of the ionic conductivity of membrane is 163 < 262 < 361,  

Macromol. Mater. Eng. 2018, 303, 1700462

Figure 5. The tensile properties of different AEMs.

Figure 6. The TGA curves of different AEMs.
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which is similar to that of IEC. The 
increasing content in d3 can provide more 
cross-linking sites accompanied with the 
decrease of exchangeable groups.

3.4. Mechanical Properties

The mechanical properties are especially 
important for potential uses as AEMs. The 
results are shown in Figure 5. The mem-
brane 163 had a tensile strength of 41.3 MPa  
and the elongation at break of 38.0%. With 
decreasing the content of d3, the tensile 
strength and the elongation at break are 
decreasing. The membrane 361 had a lowest 
tensile strength and the elongation at break 
of 16.5 MPa and 13.7%, respectively. These 
phenomena are related to the cross-linker, 
that is, with more d3 being introduced 
into the system, more cross-linkers can be 
obtained. All these results indicate that 
all the membranes were strong and tough 
enough for the fuel cell operations.[23]

3.5. Thermal Stability

Thermal stability is one of the most important criteria of mem-
branes and decides their using temperature range. The thermal 
stability of different AEMs was measured by TGA (Figure 6). 
No observed weight loss below 100 °C indicates no residual 
water in the membranes. Furthermore, all three membranes 
have a similar degradation tendency. With increasing the con-
tent of d3, the initial degradation temperature is increased. 
The 5 wt% loss temperatures for membrane 
163, 262, and 361 are 159, 157, and 151 °C, 
respectively. This may be due to high cross-
linked groups by introducing d3. The weight 
loss at 200 °C is due to the complete decom-
position of quaternary ammonium bases.[26] 
In this system, quaternary ammonium base 
is the most unstable bases in AEMs. Thus, 
the thermal stability of all the membranes is 
able to satisfy the requirement of the fuel cell 
operations.

3.6. Alkaline Stability

The alkaline stability of the membrane is 
one of the most important parameters in 
evaluating the performance of the alkaline 
membrane fuel cells. In order to evaluate the 
alkaline stability of anion exchange mem-
brane, the membrane was immersed into  
2 m NaOH solution at 50 °C. The ionic con-
ductivity of sample 361 was tested at a regular  
interval. The result is shown in Figure 7.  

The ionic conductivity does not change for the first 2 d and 
keeps the initial value. From the third day, the samples show 
a significant decline in the ionic conductivity and this trend 
continues for the rest test days. The ionic conductivity drops 
from 56.45 to 37.23 mS cm−1, about 34% decrease at 50 °C. 
When the processing procedure lasted for one month, the 
membranes were too brittle to be tested for obtaining the 

Figure 7. Conductivity of anion exchange membrane after immersing in 2 m NaOH solution 
over different time at 50 °C.

Figure 8. Fuel cell performance based on membrane 361 at 50 °C.
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conductivity. This result is due to the fact that the quaternary 
ammonium functional groups can be easily degraded by the 
alkaline environment during the alkaline fuel cell opera-
tion.[11] However, in comparison with the traditional anion 
exchange membranes, it still shows a high-performance 
advantage.[28]

3.7. Single Fuel Cell Performance

MEA of membrane 361 was made by spray-casting solution 
and catalyst on carbon paper at 50 °C, assembling anode, 
cathode, and membrane without hot pressing into fuel cells. 
The effective electrode area was 6.20 cm2. The hydrogen 
and oxygen under a pressure of 0.15 MPa were pumped 
into a single cell with a gas humidification. Figure 8 shows 
the polarization curve of single cell at 50 °C with a 70% rela-
tive humidity. It can be noted that the open-circuit voltage is 
≈1.02 V, this means that the fabricated membrane can block 
fuel. When the current density is at 240 mA cm−2, the fuel 
cell shows a maximum power density of more than 124 mW 
cm−2. The good performance can be attributed to the high ion 
conductivity of AEMs.

4. Conclusions

A new route for modifying the properties of AEMs was suc-
cessfully realized by synthesizing a novel monomer which 
could provide both cross-linkers and functional groups 
simultaneously. Monomers were characterized by 1H NMR. 
The maximum tensile strength and the elongation at break 
of the modified membrane were 41.3 MPa and 38%, meaning 
that these AEMs showed good mechanical strength. Meanwhile, 
the properties including IEC: 2.35 mequiv g−1, conductivity: 
40 mS cm−1, water uptake: 41.35%, swelling: 27.98%, and loss 
temperature 159 °C were all good enough for practical applica-
tions because of the high loading of cross-linker in the modified 
system. With the rational design and synthesis of the monomers 
to modify the membrane, the cross-linked membranes may be 
good application for fuel cells.
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