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ABSTRACT: A stable hydroxide-conducting membrane
based on benzimidazolium hydroxide and its analogous
anion-exchange polymer is reported for the first time. The
molecular and polymeric analogues possess unprecedented
hydroxide stability in neutral and KOH solutions as the
soluble benzimidazolium salt, made possible by steric
crowding around the benzimidazolium C2 position, which
is usually susceptible to nucleophilic attack by OH™. The
polymers were cast and insolubilized for the purpose of
forming membranes by blending with a poly-
(benzimidazole) followed by hydroxide-activated electro-
static interactions. The resulting membranes possess ionic
(OH") conductivities of up to 13.2 mS cm™" and represent
a new class of anion-exchange polymers and membranes.

Ikali anion-exchange membranes are predominantly based

on quaternary ammonium groups pendant to a polymer
backbone.'™” The stability of quaternary ammonium groups is
often poor in highly alkaline solutions, and thus, the
performance of these materials has been shown to degrade
rapidly over time.*” There is a need to discover and explore
positively charged polymers that offer the potential of
improving the alkaline stability.

Despite the wealth of literature on positively charged
benzimidazolium species (including an abundance of literature
on ionic liquids), poly(benzimidazolium) analogues remain
relatively unexplored. In recent publications, we'® and
Henkensmeier et al.'" reported that anion-exchange materials
can indeed be obtained by methylation of poly(benzimidazole)
(PBI) and the resulting iodide ion exchanged for a chosen
anion. However, our report, along with others in this area,' 12
found that the hydroxide form of this polymer is unstable. In
this report, we demonstrate that benzimidazolium hydroxide
salts can be stabilized by steric crowding around the labile
benzimidazolium C2 position and consequently use this
strategy to synthesize novel polymers with greatly enhanced
stability toward alkaline solutions. Moreover, a novel strategy
for preparing insoluble membranes of these water-soluble
polymers is reported.

The novel polymer reported herein, Mes-PBI (1), is a
sterically crowded PBI synthesized from a tetraamine and a
mesitylene-containing diacid. Dialkylation of the benzimidazole
units with iodomethane affords poly[2,2-(m-mesitylene)-5,5"
bis(N,N"-dimethylbenzimidazolium)] (Mes-PDMBI, 2-X7) in
the iodide form (2-I7). Subsequent ion exchange gives the
hydroxide form 2-OH~, an alkali anion-exchange polymer
(Figure 1).
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Figure 1. Poly[2,2"(m-mesitylene)-S,5"bis(N,N"-dimethylbenzimida-
zolium)] (Mes-PDMBI, 2-X~) and poly[2,2-(m-phenylene)-5,5"
bis(N,N'-dimethylbenzimidazolium)] (PDMBI, 3-X").

Stable benzimidazolium hydroxides are not known to exist.
On the basis of reported hydroxide decomposition mechanisms
of small-molecule benzimidazolium salts,'>™*® we envisioned
that crowding around the reactive C2 position by installation of
adjacent bulky groups would hinder nucleophilic attack by
OH", thus improving the stability of the hydroxide form.

To examine this, we compared benzimidazolium salts 4 and §
with a bulky mesityl group and a less-bulky phenyl group,
respectively, attached at the C2 position. Computer models of
these compounds (Figure 2a) predicted twisting of 4 that
would result in juxtapositioned methyl groups sitting directly
above and below the labile C2 position. In contrast, the phenyl-
substituted analogue $ was predicted to have the C2 carbon
exposed (Figure 2b).

Compounds 4 and § were synthesized as shown in Scheme 1
[see the Supporting Information (SI) for full details]. The
stabilities of these compounds were assessed spectroscopically
upon their dissolution in alkaline solutions. Compound 4 was
found to be stable in both 0.3 and 1.3 M aqueous KOH
solutions; no change in the slightest was detected after 72 h of
exposure. Compound 5, on the other hand, was distinctly
unstable, exhibiting half-lives of 1 h and <10 min in 0.3 and 1.3
M aqueous KOH, respectively (see the SI for details). The
decomposition product of 5 (see Scheme 1), as determined by
FTIR and 'H NMR spectroscopy (see the SI for details), is
consistent with OH™ attack at the C2 position of the
benzimidazolium ring, thus confirming the hypothesis that
shielding the C2 position should enhance the molecule’s

stability.
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Figure 2. Simulation showing steric crowding around the C2 position and the dihedral angle of the inter-ring C—C bond for (a) 4 and (b) S. The C2

carbon is highlighted with an orange border for clarity.

Scheme 1. Synthesis of 2-Aryl-1,3-dimethylbenzimidazolium
Compounds 4 and § and the Products (if Formed) upon
Exposure to KOH Solution

R
NH, o
+ R
NH;  HO
R
PPA R=CHa, H
180 °C
H R
I
N
/ R
N
R
R = CHs, H
MeOH, NaOH
CHsl, 110 °C
/ R
N
-
N
o\ R
4:R =CH,4
5R=H
KOHaq)

OH- \ R
R=H R = CH,

Satisfied with the stability of the hydroxide form of 4 in both
alkaline solutions and the solid state, we synthesized the
analogous polymer possessing a sterically crowded C2 position
using a mesitylene-containing diacid monomer, 2,4,6-trimethy-
lisophthalic acid (6), made in a four-step synthesis from
bis(dichloromethyl)mesitylene (see the SI for details).'”'®
Polymerization of 6 with 3,3-diaminobenzidine was carried out
using modified literature procedures to produce polymer 1."% 1
was subsequently methylated by deprotonation of the acidic
protons using LiH followed by reaction with excess CHj,l
(Scheme 2), resulting in polymer 2-I" having a degree of
methylation of >95%, as determined by 'H NMR spectroscopy
(see the SI for details).

Conversion of 2-I" to 2-OH™ was achieved by soaking a film
of 2-I" in 0.5 M KOH(aq). During the conversion to the

Scheme 2. Synthesis of Mesitylene-Containing PBI 1 and
Subsequent Dimethylation and Hydroxide Exchange To
Form the Alkali Anion-Exchange Material 2-OH™
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hydroxide form, the polymer film dissolved, which facilitated
studies of the alkaline stability of 2-OH~ using 'H NMR
spectroscopy. In 2 M KOH(aq) at 60 °C over a period of 10
days, 2-OH™ showed no structural degradation within the
experimental error of <1% (see the SI for details).

The water solubility of polymer 2-OH™ is a potential
limitation in its application as a OH™ ion-exchange membrane.
To prevent dissolution, we developed a novel strategy that
utilizes the ability of PBIs to be converted into cationic and
anionic forms. Membranes were prepared from blends of
polymer 2 in the iodide form (2-I7) with lesser amounts of
neutral 1. Exposing the resulting blend membranes to basic
solution removed the weakly acidic N—H protons in 1,
rendering the ring negatively charged (Scheme 3) and
independently but simultaneously converting 2-I" to 2-OH".
Removal of excess KOH by washing rendered the film insoluble
by virtue of the ionic interaction between the negatively
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Scheme 3. Formation of Polymer—Polymer Ionic Interactions between Pairs of Positively Charged Benzimidazolium and
Negatively Charged Benzimidazolide Rings Expected in Blends of Mes-PDMBI (2-X~) and Mes-PBI (1) after Exposure to

Aqueous KOH Solutions
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charged benzimidazolide and positively charged benzimidazo-
lium rings.

The resulting blend membranes had good mechanical
properties, including tensile strength and strain at the break
point in the fully hydrated state of 13 MPa and 28%,
respectively. These values are comparable to those for other
membranes reported in the literature®* (experimental details
are available in the SI). Although PBIs have been used
extenswely in the cross-linking of proton-exchange mem-
branes,*"** they have not been used in this manner to cross-
link anion-exchange membranes.

The ion-exchange capacity (IEC) of the membranes was
controlled by varying the ratio of 2-I" to 1 in the original
membrane (Table 1), keeping in mind the subtractive effect of

Table 1. Properties of 1/2-OH™ Blend Membranes®

1:2- water uptake IEC Oon™
OH * (wt %) (mmol g™)° 29 (mS cm™)©

0:100 n/d 4.5 n/d n/d
25:75 162 + 10 2.0 45 9.6 + 0.1
30:70 119 + 6 1.5 32 10.1 + 0.1
34:66 82+ 3 1.0 22 132 + 0.1

“See the SI for experimental procedures. “Mass ratlo of 1to2-OH" in
the blend membrane. “lon-exchange capacity. 9H,0/OH" ratio.
“Anionic conductivity measured at 21 °C, hydrated. TNot applicable
due to membrane dissolution.

acidic polymer 1 on 2-OH™ after treatment with base and
removal of excess KOH (the parent polymer 2-OH™ had an
IEC of 4.5 mmol g™'). Blending with 25, 30, and 34% 1
decreased the IEC to 2.0, 1.5, and 1.0 mmol g_l, respectively.
The experimental values measured by back-titration matched
the theoretical values calculated. The hydroxide stability of
these blends was examined by monitoring the change in IEC
over time for membranes soaked in 2 M KOH(aq) at 60 °C.
The membranes were stable to within 5% of the original value
after 13 days (see the SI for details).

Preliminary measurements on nonoptimized membranes
determined the conductivity to be in the 9—13 mS cm™
range. This is in keeping with typical anion conductivities in
hydrated membranes found in the literature, such as guaternary
ammonium-substituted poly(aryl ether sulfone),” Nafion-
based anion- exchange membranes,”*** and ionic-liquid-derived
membranes,”**” but lower than those of the poly(phenylene)-
based polymers described by Hibbs et al.” It is noted that the
conductivity decreased with increasing IEC, which is common
for membranes with high ion content, where excessive swelling

and subsequent ion dilution lowers the conductivity.”®
Optimization of the blend ratios may offer even higher
conductivities in these membranes.

In conclusion, a new anion-exchange material with hydroxide
stability has been presented. The realization of the enhanced
stability of this ubiquitous class of molecule, which results from
reducing the access of OH™ to the reactive C2 positions in the
benzimidazole unit, creates new opportunities to prepare new
benzimidazoles with unique or specialized properties. In
addition, a novel and unique approach to ionic cross-linking
has been demonstrated for PBIs that provides new oppor-
tunities to create novel ionic polymer blends.
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