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ABSTRACT: In this study, we aimed to decrease segmental mobility in
ring-opened polynorbornene anion-exchange membranes (AEMs) as a
strategy to suppress swelling. This was accomplished by copolymerization of
a norbornene-anthracene cycloadduct with cationic tetraaminophospho-
nium norbornene monomers to afford AEMs with glass transition
temperatures above 100 °C. The anthracenyl side groups appended to
the poly(vinylene-1,3-cyclopentylene) chain resulted in lower water uptake
for the phosphonium-functionalized AEM when compared to an analogue
without the arene moiety. Though chemical aging of these AEMs was noted
over time, the benefits of rigidifying the polymer backbone were clear.
Additionally, we have noted that the choice of dialkylamino groups around
the phosphorus center plays a key role in alkaline stability of these
phosphonium-based AEMs.

KEYWORDS: tetraaminophosphonium polymers, trimethylammonium polymers, ring-opened polynorbornenes, statistical copolymers,
anion-exchange membranes, alkaline stability

■ INTRODUCTION

In recent years, there has been extensive work on anion-
exchange membranes (AEMs) to facilitate selective transport
of hydroxide anions in electrochemical devices.1−8 Synthesis of
AEMs is typically accomplished by direct polymerization of
cationic monomers or by postpolymerization modification of a
polymer backbone decorated with reactive groups.9 Direct
polymerization of cationic monomers is particularly useful
when the cation itself is difficult to synthesize or when
quantitative postpolymerization functionalization is challeng-
ing. To this end, ruthenium-catalyzed ring-opening metathesis
polymerization (ROMP) is exceptional for direct polymer-
ization of cationic monomers due to the mild reaction
conditions required for this reaction (Figure 1A)9 and
tolerance to a wide range of different ionic groups.10−27

However, some of the AEMs prepared using ROMP swell
considerably in aqueous environments (water uptakes >
100%),10−27 which can be detrimental to the mechanical
integrity of the material over time. Swelling is related to the
type of tethered cation chosen for transport, the ion-exchange
capacity (IEC) of the material, and the choice of polymer
backbone.

The typical polyolefins prepared using ROMP, such as
polynorbornenes and polyalkenamers, have flexible backbones
and low glass transition temperatures (Tg < 50 °C),28 which
may play a role in the water uptake (WU) observed for
ROMP-based AEMs. Several researchers have demonstrated

that chemical crosslinking can reduce swelling in these
AEMs,11,15,22,25,27 which can be partially attributed to the
decrease in segmental mobility of the polymer backbone upon
crosslinking. Inspired by recent work on high Tg cyclic olefin
polymers prepared using ROMP,29,30 we demonstrate that
copolymerization of a rigid norbornene anthracene cyclo-
adduct with tetraaminophosphonium norbornenes can also be
used to decrease segmental mobility in polynorbornene-based
AEMs, which results in reduced swelling and improved
hydroxide conductivity (σ) when compared to the flexible
hPN-co-iPrMe analogue (Figure 1B). The unsaturated
PNBAn-co-Phos derivatives had higher conductivities than
the saturated ones at 80 °C, providing support that decreasing
segmental mobility is beneficial in these phosphonium
copolymers. In addition, stability studies in 10 M KOH
revealed the importance of bulky isopropyl groups on the
amino substituents around the phosphorus atom for improved
stability toward hydroxide. Though embrittlement of the
PNBAn-co-Phos AEMs was noted over time, the study
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demonstrates that simple modification of the poly(vinylene-
1,3-cyclopentylene) backbone can be used to enhance the
performance of polynorbornene-based AEMs.

■ RESULTS AND DISCUSSION

Preparation of Phosphonium Copolymers. Homopo-
lymerization of NBAn (Scheme 1) using ROMP affords a rigid
polymer with a Tg of 265 °C, which is a remarkable increase
when compared to the Tg of 37 °C of the parent ring-opened
polynorbornene.28−30 Here, NBAn was copolymerized with
two different tetraaminophosphonium norbornenes using the
Grubbs 3rd generation catalyst31 (Scheme 1). 5-(4-
Bromobutyl)norbornene (NB-5-BuBr) was used as the
synthetic precursor to the phosphonium monomers, as it can
prepared in one step from the Diels−Alder cycloaddition of 6-
bromo-1-hexene and cyclopentadiene.32 Displacement of the
bromide with either (Me2N)3P=NMe or (Me(iPr)N)3P=NMe
enabled preparation of the two desired cationic monomers
(Scheme 1). Tetraaminophosphonium cations were used here
for AEM synthesis due to their exceptional alkaline
stability.33−35

Copolymerization of the NBAn and phosphonium-function-
alized norbornenes was accomplished using 0.2 mol % of a
ruthenium alkylidene catalyst in 1,2-dichloroethane to target

copolymers with degrees of polymerization of 500 (DPn =
500). Copolymerizations of NBAn with either NB-5-BuP-
(NMe2)3 or NB-5-BuP(N(iPr)Me)3 were complete within 5
min, and the reactions were quenched with ethyl vinyl ether to
deactivate the catalyst, followed by precipitation of the
copolymers using diethyl ether. The isolated copolymers
were soluble in 1,2-dichloroethane and 1,1,2,2-tetrachloro-
ethane, but opaque solutions were obtained in other common
organic solvents including CHCl3, CH2Cl2, tetrahydrofuran
(THF), dimethylacetamide, dimethylformamide (DMF),
chlorobenzene, 1,2-dichlorobenzene, and methanol. Exchang-
ing the counterion to Cl− afforded improved solubility in DMF
and methanol.

Examination of different comonomer compositions revealed
that a 60:40 copolymer of the NBAn and phosphonium
monomer was optimal to balance WU and hydroxide
conductivity in these materials (Figure S17). Given this, the
60:40 copolymers were the primary focus of the work.
Molecular weight analysis using gel permeation chromatog-
raphy (GPC) of 60:40 PNBAn-co-iPrMe[PF6] was possible in
a 10 mM LiNTf2/THF eluent.36,37 A fairly broad GPC trace
was noted for this polymer under these conditions, and
significant tailing at long elution times was observed as shown
in Figure S16 (Mn = 33 kg/mol, Đ = 1.50). These results were

Figure 1. (A) Typical synthetic approaches to AEMs using ROMP and (B) tetraaminophosphonium AEMs prepared using ROMP.

Scheme 1. Preparation of Tetraaminophosphonium AEMs
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surprising when compared to our prior work on ring-opened
norbornenes, where recorded molecular weights were higher,
and molecular weight distributions were narrower.10 It is
possible that interactions between PNBAn-co-iPrMe[PF6] and
the stationary phase could be occurring, as the refractive index
signal never returns to baseline at the end of the measurement
(Figure S16). This was noted over repeated runs, suggesting
that the molecular weight analysis in this instance can be
considered at best, a rough estimate. No refractive index signal
was noted for 60:40 PNBAn-co-Me2[PF6] when GPC analysis
was attempted in 10 mM LiNTf2/THF, despite our
observation that both NBAn and NB-5-Bu(PNMe2)3 are

completely consumed during copolymerization. The poor
solubility of the phosphonium copolymers in THF may
contribute to the challenges in molecular weight determi-
nation, as both polymers dissolved in THF resulted in slightly
turbid solutions. Nevertheless, this analysis provided some
information on molecular weight unlike attempted GPC
analysis in CHCl3 or LiBr/DMF.

The proton nuclear magnetic resonance (1H NMR) spectra
collected for the 60:40 PNBAn-co-Me2[Cl] and PNBAn-co-
iPrMe[Cl] copolymers are shown in Figure 2. The broad
signals observed for the unsaturated materials are partially a
consequence of the restricted chain motion with the double

Figure 2. 1H NMR spectra of 60:40 PNBAn-co-Me2[Cl] (left) and 60:40 PNBAn-co-iPrMe[Cl] (right) before and after hydrogenation. All spectra
were collected in tetrachloroethane-d2 at 22 °C. The * signal is residual water, and the ** signal is residual methanol. The dotted box illustrates
saturation of double bonds (≥95%).

Figure 3. Invariant normalized SAXS profiles (log scale) of 60:40 PNBAn-co-Me2[Cl] and 60:40 PNBAn-co-iPrMe[Cl] collected at 22 °C in tall
narrow slit collimation geometry, before (top) and after (bottom) hydrogenation. The dashed lines were included as a reference to ideal Porod
scaling which, for this geometry, can be approximated as I−q−3.39 Linear scale SAXS profiles are shown in Figure S20.
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bonds in the backbone, in addition to the mixture of cis and
trans configurations for these groups. Hydrogenation of the
copolymers using p-toluenesulfonyl hydrazide resulted in
≥95% saturation of the double bonds,38 with a narrowing of
the 1H NMR signals for the copolymers (Figure 2). The
comonomer ratio in the polymer backbone is within a few
percent of the targeted values as determined by comparison of
the integrals for the N-alkyl signals from the tetraaminophos-
phonium cation to the benzyl protons of the anthracenyl side
group (Supporting Information). We have noted improved
accuracy in integration with the saturated copolymers, which
was attributed to the narrower signals observed in these spectra
(Figure 2).

Attempts to examine the relative rates of comonomer
insertion were difficult in these copolymerizations, as the
reactions were >90% complete after only 1 min. 1H NMR
spectra of aliquots removed from the reaction mixture
confirmed that the sharp signals for the monomers (between
6.1 and 5.9 ppm) had disappeared and had been replaced by
broad signals corresponding to the polymer backbone alkene
groups (5.8−5.0 ppm). The long butyl tether ensures that
polymerization of the endo phosphonium norbornene is rapid,
which is notable given that exo monomers tend to display
higher reactivity in ROMP. In the past, we have had difficulty
polymerizing endo isomers of norbornene phosphoniums when
the linker is short (methylene),10 suggesting that the tether
length may potentially be used as a tool to control composition
along the chain.

The absence of distinct Bragg features in the small-angle X-
ray scattering (SAXS) patterns for the PNBAn-co-Me2[Cl] or
PNBAn-co-iPrMe[Cl] copolymers (Figure 3) in the dry state
(Cl− form) suggested that ionic groups were not clustered
along the backbone, as expected given the statistical nature of
the copolymerization. Some increase of scattering intensity in
the mid-q range (0.1−1 nm−1) was observed for PNBAn-co-
iPrMe[Cl] after hydrogenation, which hints at the enhance-
ment of local packing density fluctuations, possibly indicating
reordering facilitated by the concomitant increase of segmental
mobility of the polymer backbone. The lack of phase
separation was considered to be a benefit, as we have noted
in norbornene-based phosphonium copolymers with bulky
cationic groups that samples with distinct phase separation had
higher WU and were more difficult to manipulate.10

Differential scanning calorimetry (DSC) and thermo
gravimetric analysis (TGA) were used to examine the thermal
properties of the newly synthesized ring-opened polynorbor-
nenes. It has been noted that counterions can have a large
impact on the measured glass transition temperatures (Tg) of
polyelectrolytes.40,41 In an effort to separate counterion effects
from comonomer effects, we converted the PNBAn-co-
iPrMe[Cl] copolymer to the PNBAn-co-iPrMe[NTf2] form,
as the large bis(trifluoromethane)sulfonimide counterion
(−NTf2) does not seem to significantly impact Tg measure-
ments in polyelectrolytes.40,41 The measured Tg for PNBAn-co-
iPrMe[NTf2] as determined from DSC scans was 150.7 °C
(Figure 4). Saturation of the double bonds results in a
reduction of the Tg to 133.6 °C (Figure 4), as expected.28 This
is in sharp contrast to PNBAn-co-iPrMe[Cl] where no Tg value
was observed from 0 to 200 °C, demonstrating the importance
of counterion choice in Tg measurements.

Copolymerization of NBAn with the butyl norbornene
derivatives had the intended effect, as the decreased molecular
mobility from the rigid anthracenyl unit leads to a Tg well

above that of the parent ring-opened polynorbornene (Tg = 37
and 4 °C for unsaturated and saturated, respectively).28 The Tg

values for PNBAn-co-iPrMe[NTf2] fall nearly halfway between
the PNBAn homopolymer (265 and 221 °C) and poly(n-
butylnorbornene) (8 and 1 °C).28 TGA studies revealed a two-
step decomposition process for both saturated and unsaturated
PNBAn-co-iPrMe[NTf2], with nearly identical Td5% values of
∼320 °C.
WU and Hydroxide Conductivity of the Phospho-

nium Polymers. Transparent thin films of the phosphonium
copolymers (Cl− form) were obtained by solution casting from
1,2-dichloroethane in stainless-steel Petri dishes at room
temperature for 5 h. Films were typically manipulated when
wet as they were ductile when hydrated; however, the films
became brittle upon drying which precluded more in-depth
mechanical property analysis. These copolymers were con-
verted into the −OH form for conductivity studies using
electrochemical impedance spectroscopy (EIS) and WU
measurements using gravimetric analysis (Table 1).

The unsaturated PNBAn-co-iPrMe[OH] and PNBAn-co-
Me2[OH] copolymers had lower WUs and were more
conductive than a related ring-opened norbornene phospho-
nium at 80 °C (hPN-co-iPrMe[OH] shown in Figure 1B).10

The −OH conductivity of PNBAn-co-iPrMe[OH] at 80 °C (50
mS/cm) was 25% higher than the comparable polymer without
the anthracene side group (Table 1, entries 1−2). Moreover, a
reduction in WU (from 75 to 65%) and hydration number
(from 42 to 31) was noted for PNBAn-co-iPrMe[OH]. The
−OH conductivity at 80 °C was even higher with the smaller
dimethylaminophosphonium cation tethered to the polymer
backbone (Table 1, entry 3), highlighting the benefits of the
smaller cation combined with the NBAn comonomer.

Both saturated copolymers had WUs within 10% of their
unsaturated counterparts (Table 1, entries 4−5). Notably,
upon hydrogenation of the double bonds, conductivity
decreases for both copolymers at 80 °C, suggesting that
higher molecular mobility may cause issues for anion transport
in this case. To probe the impact of backbone saturation in
more detail, a conductivity vs time experiment was carried out
at 80 °C over 30 min using saturated and unsaturated 60:40
PNBAn-co-iPrMe[OH] (Figure 5). A 3 mS/cm loss in
conductivity was noted for the unsaturated polymer, and 5
mS/cm loss is noted for the saturated copolymer. We suspect
that differences in polymer backbone relaxation between the
saturated and unsaturated materials influence the conductivity

Figure 4. DSC traces (scan rate 20 °C/min) from the 3rd heating
cycle for unsaturated (left) and saturated (right) 60:40 PNBAn-co-
iPrMe[NTf2] copolymers annotated with Tg values determined from
the maxima of the first derivatives of heat flow versus temperature.
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over time. This is consistent with other reports where
backbone relaxation can lead to conductivity changes in
polyelectrolytes.42,43

Alkaline Stability. Cation and backbone stability toward
hydroxides are arguably the most important features of any
high-performing AEMs. Two approaches were used here to
offer insight into stability of these phosphonium polymers.
First, two small-molecule analogues of the cations ([P-
(NMe2)4][Cl] and [P(N(iPr)Me)4][Cl]) were mixed with
50% (w/w) NaOH/H2O in phase-transfer reactions to rapidly
quantify cation degradation with excess hydroxides. These
studies mirror our prior work on cation degradation in alkaline
media.33 In addition to the small-molecule studies, the

copolymers were immersed in 10 M KOH at 80 °C to
examine alkaline stability, similar to prior work by Holdcroft
and co-workers who demonstrated the exceptional stability of
benzimidazolium polymers.44

Both [P(NMe2)4][Cl] and [P(N(iPr)Me)4][Cl] were
dissolved in C6H5Cl (0.04 M) and combined with 300 equiv
of NaOH (50 wt % solution) to examine degradation with
excess −OH. We have demonstrated previously that [P(N-
(iPr)Me)4][Cl] degrades rapidly under these conditions at 100
°C.33 This likely happens via −OH attack at phosphorus
forming a 5-coordinate intermediate, followed by deprotona-
tion with a second equivalent of −OH to form the P�O bond,
with elimination of an amino group.45 Since the temperature
has a significant impact on the cation degradation rate in
phase-transfer reactions, we re-examined [P(N(iPr)Me)4][Cl]
degradation with >300 equiv of NaOH at 60 °C rather than
100 °C, which offers better comparison with literature reports
(Figure S23).46

In 3 h at 60 °C, 11% of [P(N(iPr)Me)4][Cl] had been
converted to the relevant oxide, O=P(N(iPr)Me)3, corre-
sponding to a t1/2 ∼ 19 h assuming a pseudo 1st order reaction.
This is particularly impressive when benchmarked against
quaternary ammonium salts typically used for phase-transfer

Table 1. Optimized AEMs and Relevant Properties

entry copolymer (monomer ratio) IECtheo
a (mmol/g) IECb (mmol/g) WUc −OH (%) λd σ25 °C

e −OH (mS/cm) σ80 °C
e −OH (mS/cm)

1 hPN-co-iPrMe (86:14) 1.00 0.99 75 42 22 ± 1 40 ± 3

2 PNBAn-co-iPrMe (60:40)f 1.18 1.16 65 31 23 ± 2 50 ± 4

3 PNBAn-co-Me2 (60:40)f 1.37 1.24 56 25 29 ± 3 60 ± 7

4 PNBAn-co-iPrMe (60:40)g 1.18 1.11 63 32 21 ± 2 39 ± 3

5 PNBAn-co-Me2 (60:40)g 1.37 1.21 61 28 25 ± 3 55 ± 2

6 PNBAn-co-iPrMe (60:40)fh 1.21 0.90 49 30 30 ± 3 61 ± 4

7 PNBAn-co-NMe3 (60:40)f 1.59 1.40 46 18 26 ± 4 56 ± 8

8 PNBAn-co-NMe3 (50:50)f 2.02 1.72 75 24 52 ± 3 112 ± 9
aTheoretical ion-exchange capacity values were determined from percent of the ionic group according to 1H NMR. bIon exchange capacity was
measured using standard back-titration methods.10 cWater uptake (WU) was determined gravimetrically for each film in the −OH form.
dHydration values were calculated according to the equation λ = [1000 × WU]/[IEC × 18]. eConductivity was determined using electrochemical
impedance spectroscopy (average of three trials with error corresponding to standard deviation). fUnsaturated polymer. gSaturated polymer.
hMethylene tethered cation.

Figure 5. Hydroxide conductivity versus time for 60:40 PNBAn-co-
iPrMe[OH] at 80 °C.

Figure 6. Top: Cation degradation for the PNBAn-co-Phos materials (u = unsaturated polymer, s = saturated polymer and * = Methylene tethered
cation) was examined by immersing the solid polymers in 10 M KOHaq and periodically removing some sample from the vessel. The sample was
dissolved in tetrachloroethane-d2 for 31P{1H} NMR analysis where percent cation remaining was determined by comparing the ratio of the starting
material to decomposition products. Bottom: Proposed cation decomposition mechanism for PNBAn-co-Me2[OH].
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catalysis, where tetrahexylammonium chloride [N(C6H13)4]-
[Cl] has a t1/2 of 0.4 h under near identical conditions.46 In our
hands, the smaller [P(NMe2)4][Cl] cation completely oxidized
to O=P(NMe2)3 in C6H6Cl/50 wt % NaOH at 60 °C after 1 h.
It also degraded rapidly in 1 h at 22 °C (83%), corresponding
to a t1/2 of only 0.4 h at room temperature. This large stability
difference between [P(NMe2)4][Cl] and [P(N(iPr)Me)4][Cl]
highlights the importance of the isopropyl group to limit direct
attack at the phosphorus atom in tetraaminophosphoniums.

Submerging the synthesized PNBAn-co-Phos materials in 10
M KOHaq at 80 °C produced a similar outcome to the phase-
transfer reactions, where the larger phosphonium cation in
PNBAn-co-iPrMe[OH] degraded much more slowly than the
smaller analogue in PNBAn-co-Me2[OH] (Figure 6). Approx-
imately 30% of the cationic sites had degraded after 240 h for
PNBAn-co-iPrMe[OH], while ∼85% of the cationic sites had
degraded in PNBAn-co-Me2[OH] after just 48 h under the
same conditions. Diagnostic signals for the oxide products
((R(R′)N)3P=O) were observed in the 31P{1H} NMR spectra
(∼26−24 ppm), indicating that oxide formation was the major
mode of degradation (presumably through direct attack at
phosphorus), similar to the small-molecule studies. Two oxide
signals were observed in the degradation studies of both
polymers, which is tentatively attributed to the unsymmetrical
substitution pattern around the tetraaminophosphonium
(Figures S28 and S29). Interestingly, a minor degradation
product was also observed in the 31P{1H} NMR spectrum for
PNBAn-co-iPrMe[OH] copolymers after 240 h, which was
attributed to a small amount of dealkylation (roughly 5−10%).

We reasoned that stability could be improved by bringing
the phosphonium cation closer to the polymer chain, and this
prediction proved to be accurate, with only 21% of the cation
lost if the butyl tether is shortened to a methylene group
(Figures 6 and S30). This is consistent with increased steric
congestion around the phosphorus atom, making direct attack
with the −OH anion more difficult. The −OH conductivity of
this polymer is σ = 61 mS/cm at 80 °C, which is one of the
highest measured (Table 1, entry 6) and ∼50% higher than the
hPN-co-iPrMe under the same conditions.
Chemical Aging. The phosphonium copolymers became

markedly more brittle and difficult to handle after 240 h in 10

M KOH at 80 °C, making additional conductivity studies
impossible. To determine whether this loss of mechanical
integrity was attributed to cation degradation, we carried out a
similar alkaline stability experiment to the one described above
but at a lower concentration of KOH. Both saturated and
unsaturated PNBAn-co-iPrMe[OH] were immersed in 5 M
KOH for 240 h at 80 °C. Over that time, no appreciable
degradation of the cation was observed, but the mechanical
integrity of the polymers still deteriorated. GPC analysis
revealed a molecular weight reduction from the initial value of
33 to 8 kg/mol for the unsaturated polymer and 17 kg/mol for
the saturated derivative (Figure S33). As ring-opened
norbornenes are susceptible to oxidative degradation,47 it
suggests that part of the aging process can be attributed to
backbone oxidation over time, leading to the reduction in
molecular weight. One might expect to observe new signals in
IR upon oxidation, but only subtle changes are noted in the IR
spectrum for unsaturated PNBAn-co-iPrMe[Cl] after aging
(Figure S35). The area where one would expect to see new
carbonyl signals (1550−1700 cm−1) also overlaps with the
bending mode for water (∼1650 cm−1), making it difficult to
get more information from this analysis (Figure S35). Further
assessment of the aged polymers using NMR spectroscopy and
SAXS (Figures S31, S32 and S34) did not provide additional
insight into the decomposition pathway, but the GPC analysis
over time clearly illustrated that the reduction in molecular
weight contributes to embrittlement of the polymer.

Hydrogenation is a natural approach to limit polymer
backbone oxidation, but we still observed embrittlement of the
saturated copolymers in the 5 M and 10 M KOH studies.
Residual double bonds are present in the hydrogenated
copolymers using the tosyl hydrazide method, and an
exhaustive hydrogenation would be key for future studies.48

We suspect that chemical aging causes issues with repeated
conductivity measurements over time, as we have noted that σ

values can decrease by 10% upon remeasuring using EIS. It
should be noted that all reported values in Table 1 are the
initial conductivity values measured for each material.
Trimethylammonium Copolymers. Finally, NBAn was

copolymerized with NB-5-BuBr followed by treatment with
NMe3 to afford a trimethylammonium AEM (PNBAn-co-

Figure 7. Top: 1H NMR spectrum of 60:40 PNBAn-co-NB-5-BuBr (* corresponds to H2O) and GPC trace of 60:40 PNBAn-co-NB-5-BuBr
(molecular weight determined relative to the polystyrene standard). Bottom: Synthesis of 60:40 PNBAn-co-NMe3[Br]. Invariant normalized SAXS
profile of 60:40 PNBAn-co-NMe3[Br] collected at 22 °C in tall narrow slit collimation geometry.
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NMe3[Br]) for direct comparison with the phosphonium
copolymers. Copolymerization of NBAn and NB-5-BuBr with
the 0.2 mol % Grubbs 3rd generation catalyst was rapid at
room temperature, and the 60:40 copolymer had an Mn = 90
kg/mol (Figure 7).

The neutral NBAn/NB-5-BuBr copolymer could be cast into
a free-standing film from CHCl3, and conversion to the desired
PNBAn-co-NMe3[Br] was accomplished by placing the solid
film in 25 wt % aqueous NMe3 for 2 days at 22 °C. The
resultant PNBAn-co-NMe3[Br] copolymers were insoluble in
organic solvents, but IEC measurements suggested good
conversion of the alkyl bromide groups to ammonium bromide
groups (Table 1, entries 7 and 8). Phase separation was noted
in the SAXS patterns for the PNBAn-co-NMe3[Br] copolymers
at ∼2 nm−1, which was attributed to ionic clustering in the film
(Figure 7). This contrasts with the phosphonium AEMs, where
no phase separation was observed, likely due to the larger more
hydrophobic phosphonium cation.

For the 60:40 PNBAn-co-NMe3[OH], conductivity was
comparable to the 60:40 PNBAn-co-Me2[OH]. Since the
ammonium copolymer has a higher experimental IEC (1.4 to
1.24, Table 1 entry 7), this may suggest that percolation
pathways are improved with the larger cation. However, the
concentration of the phosphonium cation cannot be increased
beyond 40 mol % due to excessive swelling. By contrast, the
WU for a 50:50 PNBAn-co-NMe3[OH] copolymer was only
75%, with a σ80 °C = 112 ± 9 mS/cm (Table 1, entry 8). This
demonstrates the benefits of the smaller cation, where IEC can
be significantly increased to improve performance without
excessive swelling in aqueous environments (Figure S18). The
conductivity values for PNBAn-co-NMe3[OH] compare well
with prior reports on ammonium-functionalized ring-opened
polynorbornenes,15,20 as well as our prior report on high Tg

ammonium-functionalized vinyl addition polynorbornenes.49

The alkaline stability of 50:50 PNBAn-co-NMe3[OH] was
evaluated in 10 M KOH at 80 °C for comparison with the
PNBAn-co-Phos AEMs. Surprisingly, the ammonium copoly-
mer was still ductile after 2 days which enabled assessment of
−OH conductivity. σ25 °C was 8 mS/cm, which was an 85%
reduction compared to the initial value (Figure S36). We
suspect that the ammonium cation degrades under these
conditions, but NMR spectroscopy could not be used to
confirm this degradation pathway since the copolymer was
insoluble. After 4 days in 10 M KOH at 80 °C, the membrane
became too brittle to manipulate, limiting further −OH
conductivity measurements.

■ CONCLUSIONS

In conclusion, we have demonstrated that fusion of an
anthracene moiety to the ring-opened polynorbornene back-
bone can improve AEM performance. The combination of the
anthracenyl side group and double bonds along the polymer
backbone limits WU and enables increased incorporation of
large cationic groups. Though the additional rigidity from
backbone double bonds is beneficial for conductivity measure-
ments at 80 °C, chemical aging over time is a concern. Future
work will focus on strategies to mitigate backbone oxidation
while retaining a rigid-backbone framework.

The choice of the dialkylamino group around the
phosphonium center was also examined and shown to impact
both performance and stability. AEMs where the phosphonium
center is surrounded by only dimethylamino groups are highly
conductive but can be more susceptible to hydroxide

degradation. The use of isopropylmethylamino groups in
place of dimethylamino groups markedly improves the
chemical stability of the material, suggesting that secondary
alkyl groups are key to the stability of tetraaminophosphonium
cations, as shown previously.34 The combination of polymer
stability studies and model compound investigations in phase-
transfer studies were key to identifying the degradation
mechanisms in the materials and will be used in the future
with novel cations in AEMs. Functionalization of these high Tg

polymers with the benchmark trimethylammonium cation also
provided insight into how cation size impacts −OH transport
and swelling when contrasted against phosphonium-based
AEMs. Future studies will seek to implement rational design
principles to facilitate high concentrations of bulky cations in
AEMs with an improved balance of ion transport and swelling
in water.

■ EXPERIMENTAL SECTION

Materials and Methods. Reagents and solvents were purchased
from commercial sources and used as received. Grubbs’ third-
generation catalyst or G3 ((H2IMes)(pyr)2(Cl)2Ru=CHPh) was
prepared according to a prior report.50 5-(4-Bromobutyl)-2-
norbornene (NB-5-BuBr) and norbornene anthracene cycloadduct
(NBAn) were prepared according to literature procedures.32,49,51−53

Final purification of NBAn was accomplished via sublimation at 110
°C in vacuo. Tris(isopropyl(methyl)amino)(methylamino)-
phosphonium hexafluorophosphate(V) and ((bicyclo[2.2.1]hept-5-
en-2-ylmethyl)(methyl)amino) tris(isopropyl(methyl)amino)-
phosphonium hexafluorophosphate(V) were prepared according to
our previous report.10

NMR Analysis. All NMR spectra were recorded on a 500 MHz
Bruker Avance 3 spectrometer or a 500 MHz Bruker Neo
spectrometer with Prodigy Cryoprobe. The 1H NMR spectra were
referenced to residual protio solvents (7.26 ppm for CHCl3 and 6.00
ppm for TCE-d2), and 13C NMR spectra were referenced to the
solvent signal (CDCl3: 77.2 ppm; TCE-d2: 73.8 ppm). The 31P{1H}
NMR spectra were referenced to the lock signal. The example 1H
NMR data for the phosphonium polymers is reported in the −PF6

form in the experimental section below, while all the spectra included
in the Supporting Information were recorded in the −Cl form. The 1H
NMR chemical shifts for these polymers are essentially the same,
regardless of the counterion.
Gel-Permeation Chromatography (GPC). GPC measurements

were performed using a Waters Instrument equipped with a 2690
autosampler, a Waters 2414 refractive index detector, and two SDV
columns (Porosity 1000 and 1,000,000 Å; Polymer Standard
Services). The eluent (THF) was doped with 10 mM lithium
bis(trifluoromethanesulfonyl)imide (flow rate of 1 mL/min, 40 °C).
A 9-point calibration based on polystyrene standards (Polystyrene,
ReadyCal Kit, Polymer Standard Services) was applied for
determination of molecular weights. Both PNBAn-co-NB-5-BuBr
and PNBAn-co-iPrMe[PF6] were dissolved in THF and filtered
through a 0.22 μm PTFE syringe filter before analysis. The
phosphonium polymer samples were slightly turbid before and after
filtration.
Ion Exchange Capacity and Conductivity. IEC was measured

using standard back titration methods and carried out according to
our prior report, with gentle heating during exchange.10 Conductivity
measurements were also carried out like our prior work, with a
Scribner membrane conductivity clamp and a Bio-Logic SP-150
potentiostat.10

Small-Angle X-Ray Scattering. SAXS was performed on
polymer films using an Anton Paar SAXSess mc2 with narrow-slit
beam collimation.10

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectroscopy was performed using a PerkinElmer Frontier FT-IR
spectrometer with an attenuated total reflectance attachment
containing a germanium crystal. Raw spectra were obtained over a
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range of 4000−600 cm−1 with 4 cm−1 resolution and analyzed using
Spectrum software (PerkinElmer).
Differential Scanning Calorimetry (DSC) and Thermogravi-

metric Analysis (TGA). DSC analysis was performed using a TA
Instruments DSC Q20. Samples were scanned over a range of −50 to
220 °C at a rate of 20 °C/min under a N2 atmosphere for 3 cycles.
TGA was performed using a TA Instruments TGA Q50 under a N2

atmosphere. Samples were heated from 50 to 800 °C at a rate of 10
°C/min.
Tris (dimethylamino)(methylamino)phosphonium

Hexafluorophosphate(V). This was prepared nearly identically to
tris(isopropyl(methyl)amino)(methylamino)phosphonium
hexafluorophosphate(V), as described previously.10 Under N2, 88.5
mL of a dimethylamine solution (177 mmol, 2.0 M in THF) was
added dropwise to PCl5 (12.3 g, 59 mmol) in chlorobenzene (250
mL) at 0 °C. Then, triethylamine (32.9 mL, 236 mmol) was added
dropwise over a period of 10 min, and the reaction mixture was
warmed to room temperature and stirred for 17 h. The resultant
[ClP(NMe2)3]Cl salt was then treated with 35.4 mL of a methylamine
solution (71 mmol, 2.0 M in THF) and heated to 55 °C for 17 h. The
reaction mixture was filtered, and the filtrate was concentrated in
vacuo at 80 °C. The crude product was then diluted with 200 mL of
CH2Cl2, washed twice with a saturated KPF6 solution (2 × 150 mL),
and once with water (100 mL). The organic layer was dried with
anhydrous sodium sulfate and concentrated. The resultant crude oil
was diluted in 10 mL of CH2Cl2 and precipitated into diethyl ether
(500 mL). The white solid was isolated by filtration and used without
further purification (13.8 g, 69% yield). 1H NMR (500 MHz, CDCl3)
δ 2.76 (d, JPH = 9.9 Hz, 18H), 2.69 (dd, J = 12.3, 5.6 Hz, 3H), 2.66
(dd, J = 13.8, 9.7 Hz, 1H). 13C{1H} NMR (126 MHz, CDCl3) δ 37.1
(d, JPC = 4.6 Hz), 28.1 (d, JPC = 1.3 Hz). 31P{1H} NMR (202 MHz,
CDCl3) δ 42.5, −143.4 (sep, JPF = 712 Hz).
T e t r a k i s ( d i m e t h y l a m i n o ) p h o s p h o n i u m

Hexafluorophosphate(V). Tris(dimethylamino)(methylamino)-
phosphonium hexafluorophosphate(V) (1.0 g, 3.0 mmol), chlor-
obenzene (6.6 mL), 3.3 g of 50% (w/w) KOHaq, and methyl iodide
(4.26 g, 30 mmol) were combined in a 25 mL pressure flask at 60 °C
for 48 h. The flask was cooled, and the mixture was diluted with 25
mL of water as well as 25 mL of CH2Cl2. The organic layer was
separated, the aqueous layer was extracted with CH2Cl2 (2 × 25 mL),
and the combined organic layers were washed with a saturated KPF6

solution (3 × 25 mL) as well as water (25 mL). The combined
organic layers were dried with anhydrous sodium sulfate and
concentrated. The crude oil was precipitated into diethyl ether (100
mL), and the solid was collected (0.76 g, 72% yield). 1H NMR (500
MHz, CDCl3) δ 2.77 (d, JPH = 9.7 Hz, 24H). 13C{1H} NMR (126
MHz, CDCl3) δ 37.7 (d, JPC = 4.5 Hz). 31P{1H} NMR (202 MHz,
CDCl3) δ 44.2, −143.4 (sep, JPF = 712 Hz).
Monomer Synthesis. Either tris(dimethylamino)(methylamino)-

phosphonium hexafluorophosphate(V) (2.06 g, 6.1 mmol) or
tris(isopropyl(methyl)amino)(methylamino)phosphonium
hexafluorophosphate(V) (2.58 g, 6.1 mmol) was combined with 5-(4-
bromobutyl)norbornene (3.5 g, 15.3 mmol) in chlorobenzene (13
mL) in a round-bottom flask. Then, 13.0 g of 50% (w/w) KOHaq was
added to the reaction mixture, and the flask was heated to either 60 or
100 °C for 48 h. Synthesis of NB-5-Bu-P(NMe2)3 was accomplished
at 60 °C and NB-5-Bu-P(N(iPrMe)Me)3 at 100 °C. After 48 h, the
reaction mixture was cooled to room temperature and transferred to a
separatory funnel where it was diluted with 50 mL of water and 50 mL
of CH2Cl2. The organic layer was separated, and the aqueous layer
was extracted with CH2Cl2 (2 × 50 mL). The combined organic
layers were washed with a saturated KPF6 solution (3 × 50 mL) as
well as water (50 mL), then dried with anhydrous sodium sulfate, and
concentrated. The crude product was purified by precipitation into
200 mL of diethyl ether. A mixture of endo/exo isomers (∼4:1 ratio)
was isolated, but a full assignment for the exo could not be included
since all of the signals could not be resolved. Yield of NB-5-Bu-
P(NMe2)3 was 78% (2.3 g) and yield of NB-5-Bu-P(N(iPrMe)Me)3

was 80% (2.8 g).

endo-NB-5-Bu-P(NMe2)3.
1H NMR (500 MHz, CDCl3) δ 6.11

(dd, JHH = 5.8, 3.0 Hz, 1H, H2), 5.89 (dd, JHH = 5.7, 2.9 Hz, 1H, H3),
2.93−2.84 (m, 2H, H11), 2.77−2.71 (m, 2H, H1, H4 these signals
overlap with that of H12,13), 2.75 (d, JPH = 9.7 Hz, 3H, H12), 2.74 (d,
JPH = 9.7 Hz, 18H, H13), 2.01−1.90 (m, 1H, H5), 1.83 (ddd, JHH =
11.3, 9.0, 3.8 Hz, 1H, H6exo), 1.62−1.48 (m, 2H, H10), 1.43−1.18 (m,
4H, H7, H9), 1.18−0.98 (m, 2H, H8), 0.47 (ddd, JHH = 11.3, 4.3, 2.5
Hz, 1H, H6endo). 13C{1H} NMR (126 MHz, CDCl3) δ 137.4 (s, C2),
132.3 (s, C3), 49.7 (s, C7), 49.3 (d, J = 4.6 Hz, C11), 45.5 and 42.7 (s,
2C, C1, C4), 38.8 (s, C5), 37.5 (d, J = 4.6 Hz, C12), 35.7 (d, J = 3.6 Hz,
C13), 34.6 (s, C8), 32.5 (s, C6), 28.3 (d, J = 2.5 Hz, C10), 26.0 (s, C9).
31P{1H} NMR (202 MHz, CDCl3) δ 43.1, −144.4 (sep, JPF = 712
Hz). exo-NB-5-Bu-P(NMe2)3.

1H NMR (500 MHz, CDCl3) δ 6.07
(dd, JHH = 5.7, 3.1 Hz, 1H, H3), 6.01 (dd, JHH = 5.7, 2.9 Hz, 1H, H2),
2.76 (d, JPH = 9.5 Hz, 3H, H13), 2.74 (d, JPH = 9.7 Hz, 18H, H13), 2.48
(br s, 1H, H4). 13C{1H} NMR (126 MHz, CDCl3) δ 136.9 (s, C3),
136.5 (s, C2), 46.5 and 42.0 (s, 2C, C1, C4), 45.4 (s, C7), 38.8 (s, C5),
36.3 (s, C8), 33.1 (s, C6), 26.3 (s, C10).

endo-NB-5-Bu-P(N(iPrMe)Me)3.
1H NMR (500 MHz, CDCl3) δ

6.11 (dd, JHH = 5.7, 3.0 Hz, 1H, H2), 5.88 (dd, JHH = 5.8, 2.9 Hz, 1H,
H3), 3.56−3.43 (m, 3H, H14), 2.94−2.85 (m, 2H, H11), 2.77−2.71
(m, 2H, H1, H4 these signals overlap with that of H12), 2.73 (d, JPH =
9.8 Hz, 3H, H12), 2.61 (d, JPH = 9.8 Hz, 9H, H13), 2.00−1.90 (m, 1H,
H5), 1.87−1.79 (m, 1H, H6exo), 1.63−1.49 (m, 2H, H10), 1.44−1.18
(m, 4H, H7, H9 overlapping with H15), 1.22 (d, JHH = 6.9 Hz, 18H,
H15) 1.18−0.99 (m, 2H, H8), 0.47 (ddd, JHH = 11.3, 4.4, 2.6 Hz, 1H,
H6endo). 13C{1H} NMR (126 MHz, CDCl3) δ 137.4 (s, C2), 132.3 (s,
C3), 49.8 (s, C7), 49.6 (d, JPC = 4.3 Hz, C11), 47.2 (d, JPC = 5.8 Hz,
C14), 45.5 and 42.7 (s, 2C, C1, C4), 38.8 (s, C5), 35.5 (d, JPC = 3.9 Hz,
C12), 34.6 (s, C8), 32.5 (s, C6), 28.6 (d, JPC = 3.6 Hz, C13), 28.3 (d,
JPC = 2.8 Hz, C10), 26.1 (s, C9), 20.0 (d, JPC = 3.4 Hz, C15).31P{1H}
NMR (202 MHz, CDCl3) δ 44.0, −144.4 (sep, JPF = 712 Hz). exo-
NB-5-Bu-P(N(iPrMe)Me)3.

1H NMR (500 MHz, CDCl3) δ 6.07
(dd, JHH = 5.7, 3.0 Hz, 1H, H3), 6.01 (dd, JHH = 5.7, 2.9 Hz, 1H, H2),
2.80−2.77 and 2.50−2.47 (br s, 2H, H1 and H4), 2.74 (d, JPH = 9.7
Hz, 3H, H12), 2.62 (d, JPH = 9.8 Hz, 9H, H13). 13C{1H} NMR (126
MHz, CDCl3) δ 136.9 (s, C3), 136.5 (s, C2), 46.5 and 42.0 (s, 2C, C1,
C4), 45.4 (s, C7), 38.8 (s, C5), 36.3 (s, C8), 33.2 (s, C6), 26.4 (s, C10).
General PNBAn-co-Phos Polymerization Procedure. Under

N2, NBAn (3.66, 3.30, or 2.75 mmol) and either NB-5-Bu-P(NMe2)3

or NB-5-Bu-P(N(iPrMe)Me)3 (1.84, 2.2, or 2.75 mmol) were
combined in a Schlenk flask with 218 mL of 1,2-dichloroethane.
Then, 8.0 mg (0.011 mmol) of G3 (dissolved in 1.6 mL of 1,2-
dichloroethane) was rapidly injected into the reaction solution.
Throughout the polymerization, no changes in viscosity were
observed. After 5 min, 1.0 mL (10.4 mmol) of ethyl vinyl ether was
rapidly injected into the mixture to quench the polymerization. The
mixture was concentrated (∼5 mL) and precipitated into 50 mL of
diethyl ether. The precipitated product was isolated and dried in
vacuo at 60 °C for 16 h (>80% yield). It should be noted that the
integrals for the aliphatic region (2.5−0.5 ppm) did not match
perfectly with the expected value. Example spectral data for
unsaturated 60:40 PNBAn-co-Me2[PF6]:

1H NMR (500 MHz,
TCE-d2) δ 7.65−6.45 (br m, 12H), 5.70−5.00 (br, 5H), 4.50−3.70
(br, 3H), 3.20−2.42 (br, 25H), 2.42−0.82 (br m, 20H). 31P{1H}
NMR (202 MHz, TCE-d2) δ 44.0, −143.5 (sep, JPF = 712 Hz).
Example spectral data for unsaturated 60:40 PNBAn-co-iPrMe[PF6]:
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1H NMR (500 MHz, TCE-d2) δ 7.60−6.50 (br, 12H), 5.75−5.00 (br,
5H), 4.50−3.70 (br m, 3H), 3.65−3.25 (br, 3H), 3.15−2.40 (br m,
16H), 2.39−0.82 (br m, 38H). 31P{1H} NMR (202 MHz, TCE-d2) δ

44.8, −143.7 (sep, JPF = 712 Hz).
General PNBAn-co-Phos Hydrogenation Procedure. The

unsaturated PNBAn-co-Phos[Cl] copolymer (2.6 mmol double
bonds), 2.46 g of p-toluene sulfonyl hydrazide (13.2 mmol), and
2.7 mL (14.5 mmol) of tripropylamine were combined in a round-
bottom flask with 15 mL of 1:1 chlorobenzene/butanol and heated to
110 °C for 5 h. Then, the reaction mixture was concentrated to ∼5
mL and precipitated into 50 mL of diethyl ether. The precipitate was
isolated and soaked in 25 mL of a saturated KPF6 methanol solution
at 40 °C (3 × 1 h). The product was then soaked in 25 mL of
methanol at 22 °C for 1 h and dried in vacuo at 60 °C for 16 h (>70%
yield). Percent incorporation was determined by comparison of N-
CH3 and N-CH2- signals (δ 3.13−2.34) which account for either 23H
or 14H in the DiMe and iPrMe derivatives to the benzyl protons of
the NBAn between 4.3 and 4.0 ppm. Example spectral data for
saturated 60:40 PNBAn-co-Me2[PF6]:

1H NMR (500 MHz, TCE-d2)
δ 7.50−6.88 (br m, 12H), 4.30−4.00 (br, 3H), 3.11−2.35 (br m,
23H), 2.31−0.61 (br m, 32H). 31P{1H} NMR (202 MHz, TCE-d2) δ

43.9, −143.5 (sep, JPF = 712 Hz). Example spectral data for saturated
60:40 PNBAn-co-iPrMe[PF6]:

1H NMR (500 MHz, TCE-d2) δ 7.46−

6.90 (br m, 12H), 4.30−4.00 (br, 3H), 3.55−3.20 (br, 3H), 3.05−

2.30 (br m, 14H), 2.3−0.6 (br m, 50H). 31P{1H} NMR (202 MHz,
TCE-d2) δ 44.9, −143.6 (sep, JPF = 712 Hz).
Anion Exchange of PNBAn-co-Phos [PF6] to PNBAn-co-

Phos[Cl] Using an Amberlite IRA-400 Cl− Exchange Resin.
First, 0.75 g of PNBAn-co-Phos[PF6] was dissolved in 40 mL of a 1:1
1,2-dichloroethane/methanol solution and combined with 7.5 g of ion
exchange resin for 17 h (this can be repeated as needed to ensure
complete conversion of the counterion to chloride). After filtration,
the solution was concentrated and precipitated in 50 mL of diethyl
ether. The precipitate was isolated and dried to afford a white solid
(>80% yield).
Anion Exchange of PNBAn-co-Phos[Cl] to PNBAn-co-Phos-

[NTf2]. First, 0.075 g of PNBAn-co-Phos[Cl] dissolved in 15 mL of
1,2-dichloroethane was washed with 1 M LiNTf2 solution (3 × 30
mL) and water (3 × 30 mL). The organic phase was dried with
sodium sulfate and then concentrated. The concentrate was
precipitated into 50 mL of diethyl ether. The polymer was isolated
and dried in vacuo at 60 °C for 4 h (0.052 g, 70% yield). The product
was analyzed by 19F{1H} to ensure conversion of the counterion to
NTf2

−. The 1H NMR data are essentially identical to the −PF6 form.
Example 19F{1H} spectral data for unsaturated 60:40 PNBAn-co-
Me2[NTf2]:

19F NMR (471 MHz) δ −79.2.
General Procedure for Degradation Using Phase-Transfer

Chemistry. The phase-transfer stability study was carried out like in
prior reports.33,46 A phosphonium chloride salt (0.28 mmol) was
weighed directly in a 20 mL scintillation vial and dissolved in
chlorobenzene (7 mL, 0.04 M). Then, 7 g of a 50% w/w solution of
NaOHaq was added to the vial. After 1 min of stirring, an aliquot was
removed from the organic layer and diluted with 0.6 mL of CD2Cl2
for an initial NMR analysis (t = 0 h). The vial was then heated to 60
°C with a stir rate of at least 800 rpm. At periodic intervals, the
reaction mixture was cooled and a 50 μL aliquot was removed from
the organic layer, diluted with 0.6 mL of CD2Cl2, and analyzed using
NMR spectroscopy. Percent cation remaining was determined by
integration of all phosphorus signals present in the mixture and
calculation of a ratio (NMR spectra in Figures S24−S27).
General PNBAn-co-NB-5-BuBr Polymerization Procedure.

Under N2, NBAn (2.88 or 2.40 mmol) and NB-5-BuBr (1.92 or 2.40
mmol) were combined in a 500 mL Schlenk flask and dissolved in 190
mL of 1,2-dichloroethane. Then, 7.0 mg (0.0096 mmol) of G3
(dissolved in 1.4 mL of 1,2-dichloroethane) was rapidly injected into
the reaction solution. The reaction mixture was stirred for 5 min and
was then quenched by rapidly injecting 1.0 mL (10.4 mmol) of ethyl
vinyl ether followed by stirring for 30 min. The reaction was
concentrated to approximately 5 mL and precipitated into 50 mL of
methanol. The polymer was isolated and dried to afford a white solid

(>90% yield). Example spectral data for unsaturated 60:40 PNBAn-
co-NB-5-BuBr: 1H NMR (500 MHz, CDCl3) δ 7.50−6.55 (br, 12H),
5.65−5.05 (br, 5H), 4.40−3.95 (br, 3H), 3.65−3.25 (br, 2H), 3.10−

2.40 (br, 2H), 2.38−1.78 (br, 10H), 1.77−0.91 (br, 10H). Integration
for 1H NMR signals reported relative to the methylene bromide signal
(δ 3.65−3.25) being set to 2H.
General PNBAn-co-NB-5-BuBr Hydrogenation Procedure.

The unsaturated PNBAn-co-NB-5-C4H8Br copolymer (2.0 mmol
double bonds), 1.86 g of p-toluene sulfonyl hydrazide (10 mmol), and
10 mL of chlorobenzene were combined in a round-bottom flask and
heated to 110 °C for 5 h. The solution was concentrated to ∼5 mL
and precipitated into 50 mL of methanol. The polymer was isolated
and then rinsed with water (3 × 50 mL) and methanol (3 × 50 mL).
The product was then dried at 60 °C in vacuo to afford a white solid
(>70% yield). Example spectral data for saturated 60:40 PNBAn-co-
NB-5-BuBr: 1H NMR (500 MHz, CDCl3) δ 7.32−7.02 (br m, 12H),
4.23−4.03 (br, 3H), 3.50−3.33 (br, 2H), 2.19−1.68 (br, 10H), 1.67−

0.66 (br m, 22H). Integration for 1H NMR signals reported relative to
the methylene bromide signal (δ 3.50−3.33) being set to 2H.
General Procedure for Alkaline Stability in 10 and 5 M KOH.

Membrane strips (∼20 × 5 × 0.05 mm) were soaked in 1 M KOH in
a polypropylene bottle for 24 h. The KOH solution was decanted, and
the strips were washed with 25 mL portions of deionized water (3 ×

20 min). Membrane strips, now in the −OH form, were submerged in
25 mL of 5 M or 10 M KOH in a PTFE bottle and heated to 80 °C in
an oven. In the 10 M study, samples were removed every 48 h and
washed with deionized water (3 × 20 min) before drying in vacuo at
22 °C for 17 h. The material was then dissolved in TCE-d2 for NMR
analysis. In the 5 M study, the polymer sample was removed from the
alkaline solution after 240 h, washed, and treated with 0.1 M HCl
solution for 17 h to convert the counterion to Cl−. The material was
then washed with water (3 × 20 min) and dried before dissolution in
TCE-d2 for NMR analysis. For GPC, the polymer was dissolved in a
minimal amount of 1,2-dichloroethane and precipitated from
saturated methanol/KPF6 solution to convert the polymer to the
PF6

− form. The precipitate was then isolated, dried, and analyzed.
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