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cation options in polymeric anion
exchange membranes†

Michael T. Kwasny and Gregory N. Tew*
Here we present the synthesis of new metal-containing ROMP-based

anion exchange membranes (AEMs) incorporating either ruthenium,

nickel, or cobalt. To accomplish this, homoleptic norbornene mono-

mers were synthesized, cross-linked, and compared to systems

previously synthesized, which featured heteroleptic ruthenium-con-

taining monomers. This produced AEMs with varying metal cations, in

an effort to elucidate the effect different metals have on AEM prop-

erties. The metal had minimal effect on water uptake and mechanical

properties, while also maintaining excellent chemical stability.

Conductivity, however, appeared to change as the metal changed,

with the nickel-cation-containing AEM performing the best among all

equivalent metal cations studied. These results indicate that metal-

cation-based AEMs need not be limited to ruthenium.
Anion exchange membrane fuel cells (AEMFCs) have garnered
interest over the past decade as a potential substitute for proton
exchange membrane fuel cells (PEMFCs). Despite the success of
PEMFCs in applications like generators and power plants,
drawbacks such as high cost due to the required use of precious
metal catalysts and peruorinated polymers restrict their
widespread implementation.1–4 AEMFCs offer a potential alter-
native to PEMFCs, with reduction in overall cost, a wider range
of potential fuels, and improved oxygen reduction kinetics.1,5–7

Even so, anion exchange membranes (AEMs), the conducting
membrane in an AEMFC, must overcome their own shortcom-
ings before they can become commercially feasible. One such
issue is the trade-off between conductivity and mechanical
stability, which arises due to the water uptake in AEMs. While
the water absorbed into the membrane helps facilitate anion
conductivity by improving mobility, high water content also
leads to weaker and mechanically unstable membranes.1,8–11

Traditionally, the water uptake in membranes is lowered by
reducing the relative amount of cations in the membrane;
ing, University of Massachusetts Amherst,
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tion (ESI) available. See DOI:
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however, this also reduces the ion exchange capacity (IEC) of the
material, thereby lowering the ion conductivity.10,12

Another problem facing AEMs is the alkaline promoted
degradation of the commonly used cationic quaternary
ammonium group.6,11,13–15 In order to improve stability,
numerous cation systems have been studied over the years,
such as quaternary ammonium without b-hydrogens,16–18

quaternary guanidinium,19 imidazolium,15 phosphonium,20 and
a metal–ligand complex.9,21,22 Of these, metal cations are
a distinct alternative to organic cations due to their robust
stability as well as their higher valence and subsequent associ-
ation of multiple anions.23 One promising example from our
own group was a ROMP-based AEM platform made through the
gelation of norbornene functionalized ruthenium–terpyridine
monomers, which resulted in mechanically robust and highly
conductive membranes.9,22 Ruthenium was initially chosen due
to its well-known thermal and chemical stability; however, as
seen in Fig. 1, ruthenium is a raremetal and thusmay not be the
best choice for large scale fuel cell production.23–26 Therefore,
expanding this approach to incorporate more readily available
and stable metal–terpyridine complexes, featuring nickel or
cobalt, would signicantly improve the feasibility of these
metal-cation-based AEMs.25–27

When designing metal cation containing AEMs there are
a number of parameters to consider, including the redox
potential of the metal. If the metals are active within the oper-
ation range of the AEMFC, then potentially detrimental side
reactions can occur.1,28 However, it has been shown that all
three metal–terpyridine complexes (ruthenium, nickel, cobalt)
contain redox potentials outside of the range for AEMs and thus
should not be active (Table S1†).29–34 In addition, due to the fast
equilibrium kinetics of nickel– and cobalt–terpyridine bonds,
heteroleptic complexes with these metals are difficult to
isolate.27,35,36 Thus, AEMs derived from homoleptic ruthenium,
nickel, and cobalt complexes, as well as a heteroleptic ruthe-
nium complex which primarily serves as a control and reference
to previous work,22 were synthesized and compared to deter-
mine the effect different metal-cations have on AEM properties.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Plot showing the natural abundance of all elements (A) in the solar system,25 and (B) in Earth's crust.26 Ruthenium abundance in the Earth's
crust was minimal and thus not provided.
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The synthesis of all monomers (M1–M4) is shown in Scheme
1. M1 is a heteroleptic, mono(norbornene) functionalized,
ruthenium–terpyridine complex, whereas M2–M4 are homo-
leptic, bis(norbornene) functionalized terpyridine complexes
containing either ruthenium, nickel, or cobalt for M2, M3, and
M4, respectively. All monomer and subsequent AEM syntheses
followed adaptions from our previously reported procedures.9,22

It was observed that the mono(norbornene) functionalized M1
was water soluble, but the bis(norbornene) functionalized
M2–M4 became completely water insoluble. The subsequent
Scheme 1 Synthesis of monomers M1–M4, where M1 contains the hete
leptic complex, but with different metals.

This journal is © The Royal Society of Chemistry 2017
AEMs 1–4, derived from their corresponding monomers, were
synthesized using Grubbs' second generation catalyst, G2, in
a methanol/chloroform solvent mixture (Scheme 2). AEM 1 was
formed with the crosslinker dicyclopentadiene (DCPD), while
AEMs 2–4 were formed with both DCPD and norbornene. This
was done to ensure that both the molar ratio of charged to
uncharged monomers as well as non-crosslinkers to cross-
linkers remained 1 : 5.

The resulting membranes were rst studied for their water
uptake, as measured by comparing the masses of the hydrated
roleptic ruthenium complex and M2, M3 and M4 all contain a homo-

J. Mater. Chem. A, 2017, 5, 1400–1405 | 1401
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Scheme 2 Synthesis of AEMs 1–4 from monomers M1–M4, respectively, with AEMs 2–4 containing norbornene to keep molar equivalents of
the cations consistent between all membranes. The addition of norbornene for AEMs 2–4 also keeps the ratio of crosslinker to non-crosslinker
the same. Molar equivalent for each monomer is indicated below the chemical structure.
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and dried membranes. Fig. 2 shows that AEM 1 had the highest
water uptake, 230%, versus 30–35% for 2–4, with exact values
shown in Table 1. The swelling data indicates that changing the
transition metal appears to have little effect on the amount of
water absorbed into the network, but that the chemistry
surrounding the cationic unit plays a crucial role. This is
Fig. 2 Water uptake values for all AEMs, measured by weighing the
swollen gel and the corresponding dried membrane. Inset image is of
swollen AEM 3.

1402 | J. Mater. Chem. A, 2017, 5, 1400–1405
supported by the UV-vis spectra of each monomer in DI water
(Fig. S1†), showing that M1 had very strong absorbance in the
UV region, but M2–M4 showed very low absorbance. The low
absorbance for M2–M4 is due to the fact that these monomers
never dissolved in the water, showing their hydrophobicity. By
making the monomers more hydrophobic with the addition of
the extra norbornene, AEMs with higher potential IECs but
reduced water uptake were produced.

The lack of alkaline stability is a major limitation for all AEM
materials. Therefore, all four AEMs were tested for their alkaline
stability by monitoring their mass loss, as measured in the
dried state, aer incubation in an aqueous 2 M KOH solution at
80 �C for up to 48 hours (Fig. 3). As Fig. 3 indicates, AEM 1 had
75% mass remaining aer the rst six hours, which then
stabilized at 72% aer 48 hours. Since previous reports have
demonstrated the alkaline stability of ruthenium complexes,
this mass loss observed here was most likely related to a loss of
sol fraction.22 To test this theory, AEM 1 was tested in both less
harsh conditions (1 M NaOH at 80 �C) as well as in multiple
incubations in 2 M KOH. It showed similar mass loss even in
this slightly milder condition (Fig. S2†), but showed no further
mass loss in subsequent incubations in KOH (Fig. S3 and S4†).
In addition, 1 showed a lower gel fraction than 2–4 (Table S2†),
This journal is © The Royal Society of Chemistry 2017
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Table 1 Membrane properties for all AEMs

AEM
Theoretical
IECa (mmol g�1)

Experimental
IEC (mmol g�1)

Water
uptakeb (%)

Mass
remainingc (%)

s*(Cl�)80�C
d

(mS cm�1)
Tensile stress at
breake (MPa)

Tensile strain
at breake (%)

1 1.24 1.08 � 0.11 231 72 3.40 27 � 15 8.1 � 2.5
2 1.19 0.89 � 0.51 28.0 94 0.92 37 � 22 13 � 5.8
3 1.35 0.49 � 0.11 36.0 98 2.40 45 � 12 7.9 � 2.9
4 1.35 0.56 � 0.29 29.0 99 0.30 56 � 17 8.3 � 3.5

a Theoretical IEC calculated based on the chemical structure. b Liquid water uptake in the Cl� form at room temperature, where water uptake ¼
[(mwet �mdry)/mdry].

c Percent of dried mass remaining with membranes in the OH� form aer 48 h at 80 �C. d Normalized Cl� conductivity at 95%
relative humidity and 80 �C ðs*80�C ¼ s80�C=IECtheoÞ: e Obtained using dynamic mechanical analysis in the Cl� form and in the dried state. Average
values, with errors, from three trials are shown.

Fig. 3 Mass stability in aqueous 2 M KOH solution at 80 �C. The data
indicates amount of mass remaining after a given time. Inset image
shows how the aqueous KOH solution removes ruthenium from AEM 1
over the 48 hours.

Fig. 4 Example mechanical data for all AEMs using dynamic
mechanical analysis. Symbol at the end of the curve indicates stress
and strain at break for each sample. Inset image shows AEM 3 in the
DMA apparatus.
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which supports the idea that the observedmass lost for AEM 1 is
almost certainly due to sol fraction not removed during the
initial work-up as opposed to actual degradation of the
membrane, especially since degradation would continue in
subsequent incubations.

Further, AEMs 2–4 showed excellent stability aer the full
48 hours of incubation. AEM 2, containing ruthenium, showed
94% of its mass remaining aer incubation; AEMs 3 and 4,
containing nickel and cobalt, respectively, showed greater than
98%mass remaining. This shows that despite introducingmore
labile metal–ligand bonds into these membranes with nickel
and cobalt, robust chemical stability was maintained.

To test mechanical stability, samples were cut into rectan-
gular lms, dried, and tested using dynamic mechanical anal-
ysis (DMA) at a preload force of 0.001 N and a force ramp of
1 N min�1 to obtain the stress and strain at break. An example
curve can be seen in Fig. 4, with average stresses and strains at
break reported in Table 1. All samples showed similar stresses
and strains with a stress at break ranging from 27–56 MPa and
a strain at break ranging from 8–13%. Thus all samples,
regardless of monomer chemistry or metal incorporated, have
comparable mechanical properties both within this series as
well as with respect to literature values.11,14
This journal is © The Royal Society of Chemistry 2017
To determine how conductivity varied with metal ion, chlo-
ride conductivity was measured as a function of temperature at
95% relative humidity (Fig. 5). As expected, all samples showed
an increase in conductivity with temperature, but differed
between samples, with AEMs 1 and 3 performing the best. In
order to adjust for the IEC of each membrane, a relative
conductivity at 80 �C, s*80�C, was calculated by dividing the
observed conductivity by the theoretical IEC, with values re-
ported in Table 1. The theoretical IEC was used for this calcu-
lation to provide a theoretical conductivity comparison in ideal
AEMs, however if the experimental IEC values were used the
relative conductivity would just be larger.

AEM 1 showed the highest relative conductivity, with a s*80�C
of 3.4 mS cm�1. This is unsurprising, since 1 also demonstrated
the highest water uptake. It is, however, noteworthy that the
relative conductivity changed between AEMs 2–4. The nickel-
containing AEM 3 showed the highest conductivity of 2.4 mS
cm�1, while 2 (Ru) showed a moderate conductivity of 0.92 mS
cm�1 and 4 (Co) showed the lowest conductivity of 0.3 mS cm�1.
Furthermore, the experimental IEC, determined through back
titration and shown in Table 1, strengthens the argument that
nickel appears to perform the best since it had a lower metal
content as compared to AEMs 1, 2, and 4, yet higher
J. Mater. Chem. A, 2017, 5, 1400–1405 | 1403
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Fig. 5 Cl� conductivity for all AEMs as a function of temperature in
95% relative humidity. All samples show an increase in conductivity as
temperature increases.
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conductivity. These results highlight the potential of nickel
containing AEMs with AEM 3 rivaling, or surpassing, the
conductivity of AEM 1 at a considerably reduced water content,
which is advantageous. Moreover, nickel is orders of magnitude
more abundant than ruthenium, greatly improving the acces-
sibility of metal-based AEMs.

New metal-containing monomers, utilizing ruthenium,
nickel, and cobalt, were synthesized and incorporated into
novel AEMs. Hydrophobic, homoleptic metal-based AEMs were
synthesized, which demonstrated minimal water uptake as
compared to the heteroleptic ruthenium-based AEM. Despite
the low water uptake, the nickel-containing AEM 3 was
comparable to AEM 1 in terms of conductivity and out-
performed the analogous ruthenium- and cobalt-containing
AEMs, demonstrating the importance different metal cations
have on AEM performance. Considering the high mechanical
and chemical stability, low water content, and comparable
conductivity, nickel provides a promising alternative to ruthe-
nium for metal-cation-based AEMs, making themmore feasible
for future fuel cell applications.
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