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ABSTRACT: We report on poly(arylene-imidazoliums), which were synthesized by
microwave polycondensation of dialdehyde with bisbenzil and quantitatively
functionalized by alkylation. This cationic polyelectrolyte is sterically protected
around the C2-position and is stable in 10 M KOH,, at 100 °C (1, of >5000 h). ﬂ
Alkaline stability is rationalized through analyses of model compounds, single crystal -oH
X-ray diffraction, and density functional theory. The polyelectrolytes form tough,

methyl groups are positioned above
and below the adjacent C2-position of
the imidazolium, sterically protecting
the imidazolium, and results in a
non-planar backbone
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C ationic polyelectrolytes possess cationic groups either as a
pendent functionality or integral to the main chain.
Electroneutrality is achieved by the presence of an anion, which
is usually mobile when solvated. In recent years, the study of
cationic polymers possessing hydroxide counterions have
gained prominence.' > However, organic-based polymer
cations are prone to nucleophilic attack by hydroxide ions,
destroying the anion-exchange capacity and hydroxide ion
conductivity. Numerous cationic head groups have been
explored with a view to increasing the stability of cationic
polymers in highly basic media. For example, Yan et al
demonstrated that cobaltocenium-bearing polymers exhibit
exceptional stability.” Marino and Kreuer evaluated the stability
of organic ammonium cations and found that aliphatic
ammoniums were generally more stable than aromatic
ammonium cations.” Jannasch et al. reported a N-spirocyclic
quaternary ammonium jonene that is stable in 1 M KOD/D,0O
at 80 °C for 1800 h.® Coates et al. explored the phosphonium
cation, tetrakis(dialkylamino)phosphonium, which is stable in 1
M KOH at 80 °C up to 22 days.” Hickner and Tew et al.
presented metal-cation based anion exchange polymer mem-
brane that showed good alkaline stability and tolerance to
methanol.'” Despite these rapid advancements, cationic
polymers stable in highly caustic solutions at elevated
temperature (e.g, 10 M KOH, 100 °C) have proven to be
elusive.

In our laboratory, dialkylated poly(benzimidazolium)s,
designed so as to possess steric hindrance around the C2-
position of the benzimidazolium ring, have been shown to
exhibit much improved stability over their more “sterically-
open” analogs."' ™" Benzimidazolium-based polymers pro-
tected by bulky mesityl groups are stable for extended periods
in 1 M hydroxide solution at 80 °C but degrade much more
rapidly in highly caustic, hot conditions, for example, 60%
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making it soluble in organic
solvents while insoluble in
water

delocalized positive charge over
the nitrogens and C2-position

degradation was observed after 1 week immersion in 5 M
NaOH at 80 °C." It was proposed by Long and Pivovar that
the methyl-imidazolium cation is more stable than the
benzimidazolium cation with respect to C2-hydroxide attack,"®
which was later experimentally verified by Coates et al.'” In this
work, we couple our previous concept of creating steric
hindrance around the C2-position of the benzimidazolium'""?
with the inherently greater stability of the imidazolium
cation'®'” in order to prepare a sterically protected, N-
methylated imidazolium electrolytes (Figure 1) that exhibit
hydroxide stability in concentrated caustic solutions at 100 °C.
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HMT-PMPI

Figure 1. Polymer structure of poly(benzimidazolium) (HMT-PMBI)
and poly(arylene-imidazolium) (HMT-PMPI).
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Figure 2. Properties of sterically protected imidazoliums. (a) Percent imidazolium remaining (HIm, Melm, and PhIm) at a concentration of 0.02 M
in a 3 M NaOD solution containing 7:3 wt CD;0D/D,O (i.e., 70% wt CD;0OD) at 80 °C over time (as determined by 'H NMR spectroscopy). (b)

Half-lives (t,,,) of various ammoniums (calculated by Figures $6, S7 and S8), benzimidazoliums,'*

and imidazoliums dissolved (0.02 M) in 3 M

NaOD solution containing 7:3 wt CD;0D/D,0 at 80 °C. (c, d) Extent of degradation of MeIm in 3 M NaOD at 80 °C in varying CD;0D/D,0 wt
% concentrations (c) over time and (d) after 240 h. (e) The chemical structures of the various ammoniums, benzimidazoliums, and imidazoliums

discussed in this work.

The extent of degradation was quantified in caustic solutions,
and the degradation pathways were identified for three
imidazolium cations, which possessed ortho-hydrogen (HIm),
methyl (MeIm), and phenyl (PhIm) groups attached to the C2-
phenyl (chemical structures shown in Figure 2e). These model
compounds were synthesized through intermediate compounds
1-8 according to Figure S1. The percentage of each model
compound remaining in 3 M NaOD/CD,;0D/D,0 (7:3 wt
CD,0D/D,0) at 80 °C as a function of time is shown in
Figure 2a (see NMR spectroscopic analyses in Figures $2—4).
After 240 h at 80 °C, 88%, 98%, and 93% of HIm, MeIlm, and
Phlm, respectively, remained in solution. According to 'H
NMR spectroscopy and mass spectrometry (Figure SS), Melm
and PhIm cations decomposed via demethylation of the N-
methyl group. The degradation pathway of HIm was more
complex, with additional products observed due to ring-
opening. By fitting the rate of degradation to an exponential
function, signifying pseudo-first order degradation, the half-lives
(t;) of the compounds were calculated. For comparison,
various t-alkylammonium cations and benzimidazolium cati-
ons'* were also evaluated under the same conditions (Figure
2b). According to 'H NMR spectroscopic and mass
spectrometric analyses (Figure SS), Melm and PhIm cations
decompose via demethylation of the N-methyl group, with the
higher electron-donating ability of the Me groups (vs Ph)
imparting greater stability for Melm (vs PhIm). The
degradation pathway of HIm involves demethylation and,
substantially, ring opening. The latter may be suppressed by
steric crowding around the C2-position of the imdazolium.

1090

Hence Phlm is more stable than HIm (which primarily ring
opens) but much less stable than Melm (which primarily
demethylates).The most stable of these model compounds was
Melm which exhibited t,,, of >5000 h, much higher than the
benchmark t-alkylammonium TMA and BTMA cations (2069
and 180 h), and benzimidazolium cation MeB and PhB (436
and 3240 h). It was observed that the rate of degradation is
dependent on the weight fraction of CD;OD in D,O
(¥CD,0D), as shown in Figure 2c,d. Decreasing the amount
of deuterated methanol resulted in a decreased rate of
degradation for MeIm. We note here, that methanol is typically
used in “aqueous” degradation experiments as it is a solvent for
reagents and products, thus, enabling NMR spectroscopic
analysis to be carried out. However, it is misleading to use
methanol in aqueous degradation studies, as methanol may
change the degradation pathway. Melm was therefore heated in
aqueous solutions of 3, 5, 7, and 10 M NaOD at 80 and 100 °C
for 240 h. No degradation was observed by NMR spectroscopy
(<1% experimental error, Figures S9 and S10).

As Melm was found to exhibit the highest stability in highly
caustic solutions, a novel polymer, poly(arylene-imidazolium)
HMT-PMPI, was designed that incorporates the same o-methyl
architecture, as shown in Figure 3. The polymer backbone
poly(arylene-imidazole) HMT-PPI was prepared by micro-
wave-assisted polycondensation of dialdehyde 10 with
bisbenzil. Subsequent deprotonation and alkylation produced
the desired methyl-protected poly(arylene-imidazolium)
(HMT-PMPI) with 67 kg mol™" M, and 1.39 PDI, which
was cast from DMSO into tough, pliable, transparent yellow
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Figure 3. Synthesis of the poly(arylene-imidazolium) HMT-PMPL (a,
b) Compound 10 was prepared by bromination of mesitaldehyde to
produce 9 (a, 72%) followed by Suzuki-Miyaura coupling of 9 with
1,4-phenylenediboronic acid to yield 10 (b, 58%). (c, d) Microwave
polycondensation of monomer 10 with bisbenzil in the presence of
excess ammonium acetate yielded poly(arylene-imidazole) HMT-PPI
(¢, 98%), which was deprotonated and subsequently methylated to
produce poly(arylene-imidazolium) HMT-PMPI (d, 95%) in iodide
form. (e, f) Photographs of a circular-cast HMT-PMPI membrane and
a piece cut from the membrane, respectively.

films (Figure 2e,f) with 43.5 + 1.4 MPa tensile strength and
443 + 9.6% elongation at break. After conversion of the
membrane into its hydroxide form HMT-PMPI possessed an
ion exchange capacity (IEC) of 2.61 mequiv g . In its fully
hydrated state, it exhibited a mixed carbonate/bicarbonate ion
conductivity of 14 mS cm™" at 25 °C and 82 + S wt % water
uptake, the latter representing 18 H,O per ion pair, while in its
chloride form it exhibits 65— = 10 mS cm™. Both the mixed
carbonate/bicarbonate and chloride forms of the polyelec-
trolyte membranes were insoluble in water at 25 °C, but slowly
dissolved in pure water above 80 °C. The polymer may be
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rendered insoluble by reducing the IEC,"”>?° as we have

previously shown for HMT-PMBI. The polymer was insoluble
at 80 °C in basic solutions above pH 13. The stability of AEMs
to caustic solutions is typically measured by their immersion in
aqueous hydroxide solutions at elevated temperature for
extended periods. This procedure usually results in non-first-
order degradation rates due to the heterogeneity of the
experiment, wherein the degradation occurs rapidly at the
beginning of the experiment (within ~100 h). &ML= When
thin films (25 ym) of HMT-PMPI were immersed in 1, 2, S, 7,
and 10 M KOH, heated to 80, 90, and 100 °C for 7 days (168
h), no degradation of the polymer was observed by '"H NMR
spectroscopy, as shown in Figures 4, S11, and S12. To the
extent that the lifetimes can be calculated, HMT-PMPI exhibits
a half-life >5000 h in 10 M KOH, at 100 °C.

In order to explain the differences in stability between the
chemical structures studied, density-functional theory (DFT)
was used to determine the free energy of states along two
degradation pathways: demethylation and ring-opening (Figure
5a) according to protocols reported by Long and Pivovar.'®
The computed free energies for degradation via demethylation
(AG¥sy,) of HIm (27.1 keal mol™), MeIm (26.9 kcal mol™),
and PhIm (27.3 kcal mol™") are very similar (see Figure S13 for
structures), which indicates that the o-methyl steric protecting
groups have no effect on the rate of demethylation. In contrast,
the free energy of the first transition state for ring-opening
degradation (AG¥, see Figure S14 for structure), which
involves the addition of OH™ at the C2-postion to form ISc,,
increases from 14.6 kcal mol™ (HIm) to 27.7 kcal mol™
(MelIm), and to 30.2 kcal mol™ (PhIm). The mechanism of
degradation is dependent on the difference in free energy of
activation between TSy, and TSc,. For example, TS, for HIm
is 12.5 kcal mol™ lower than AG¥gy,, suggesting that
degradation via ring-opening is the degradation pathway.
Conversely, AG*c, of MeIm and PhIm are both larger than
AGFe,, suggesting demethylation to be the main degradation
mechanism. The change in degradation mechanism is a result
of sterically protecting the C2-position and agrees well with the
experimental data. Additionally, the calculated structures of
Melm and PhIm reveal larger dihedral angles between the
imidazolium plane and the C2-attached phenyl than that
observed for HIm (Figure S15); the dihedral angle increased
from 59° for HIm to 79° for Melm to 69° for Phlm. The
dihedral angles appear related to the molecular stability.
Despite HIm demonstrating the lowest stability of three
model compounds tested in this work, HIm showed high
stability relative to other 2-phenylimidazoliums reported in the
literature (t,/, 1370 h in 3 M NaOD at 80 °C). Beyer et al.
found that 1,3-dimethyl-2-phenylimidazolium (possessing a
dihedral angle of 57°) exhibited a ¢/, of 107 h under milder
alkaline conditions of 1 M NaOH at 80 °C.”* Yan et al. found
that 3-ethyl-1-methyl-2-phenylimidazolium degraded by 26%
after 168 h in 2 M KOH,, at 80 °C.*° As such, the
improvement in stability is proposed to be attributed to the
4,5-diphenyl substituents of HIm. Note that the DFT study was
performed in water as the solvent; it does not include the
effects of methanol and methoxide, which may be one of the
reasons that the DFT results slightly deviate from the
experimental ex situ degradation tests. Additionally, the single
crystal XRD structure of Melm, in its iodide form (Figure Sb),
revealed that one of the solid-state dihedral angles was 90°,
rendering the methyl groups that flank the C2-position as
effective C2-protecting groups. HMT-PMPI possesses the same
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Figure 4. Alkaline stability of HMT-PMPL 'H NMR spectra of dissolved HMT-PMPI in chloride form in DMSO-dj after immersion of membranes
in varying concentrations of KOH,, at 100 °C for 168 h; no chemical degradation of HMT-PMPI occurred under these conditions.
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to the C2-position (HIm, Melm, and Phlm, respectively, as reagents), along either the demethylation pathway or ring-opening pathway. Water was
used as the solvent and was optimized at 298.15 K. (b) Single crystal XRD of Melm in iodide form with cocrystallized H,O (hydrogens not shown)

possessing thermal ellipsoids shown at a 50% probability level.

sterically hindering groups that are proximal to the C2-position
and the mesitylene group, which is expected to possess the 90°
angle with respect to the imidazolium group and which explains
the stability of this anion exchange polymer in aggressively
caustic conditions.

Published work by Dekel et al.”’ demonstrated that the
hydration level of OH™ has a critical effect on the stability of
the cationic group, suggesting that currently employed
aqueous-based alkali ex situ methods used to measure alkaline
stability of cationic groups may underestimate the stability of
cations in the specific case of fuel cell applications, but this
assertion does not apply to other applications, for example,
alkaline membrane electrolyzers, metal-air batteries, or electro-
dialysis, in which exposure of the cationic membrane to caustic
liquids is maintained. A preliminary study of the incorporation
of HMT-PMPI into fuel cells as membrane and ionomer in the
catalyst layer was undertaken. An alkaline exchange membrane
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fuel cell (AEMFC) with 0.5/0.5 mg Pt-cm™ and membrane
thickness of 20 um operated at 80 °C attained a peak power
density of 818 mW cm™ at a current density of 1.8 A-cm™
under zero backpressure (Figure S16). Conditions at the
anode/cathode 0.5/0.25 slpm H,/0, and 70%/100% RH. This
is among the highest power densities achieved in AEMFCs
under zero backpressure.”® Moreover, the in situ hydroxide
conductivity estimated from the high frequency resistance was
280 + 80 mS-cm”'. The performance of the AEMFC
diminished over a period of 10 h total operation, because of
excessive swelling of the membrane and its partial dissolution at
these temperatures, consistent with the observation that fully
methylated HMT-PMPI slowly dissolved water above 80 °C.
Future work is being directed toward the engineering of HMT-
PMPI with lower degrees of methylation so as to reduce
swelling at elevated temperatures.
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