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Abstract

Quaternized aryl ether-free polyaromatics are an important family of polymer electrolytes for
alkaline membrane fuel cells (AMFCs) due to their outstanding alkaline stability. In this review,
the state-of-the-art quaternized aryl ether-free polyaromatics are discussed with respect to their
synthesis and preparation. The mechanical and electrochemical properties and alkaline stability of
the polyaromatics that impact AMFC performance and durability are discussed in comparison with
aryl ether-containing polyaromatic and polyolefinic electrolytes. Their performance in membrane
electrode assemblies (MEAS) is discussed with emphasis on the area specific resistance and phenyl
group adsorption on hydrogen oxidation catalysts. AMFC performance of MEAs employing state-
of-the-art aryl ether-free polyaromatics is compared with those employing polyolefin and aryl
ether-containing polyaromatics. Finally, limitations and outlook of quaternized aryl ether-free

polyaromatics are briefly summarized.
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1. Introduction

Alkaline membrane fuel cells (AMFCs) are an attractive alternative to acidic proton exchange
membrane fuel cells (PEMFCs) because inexpensive non-platinum group metal (PGM) catalysts
can be used for the alkaline oxygen reduction reaction (ORR).! One of the major hurdles for
developing high-performing AMFCs has been the stability of hydroxide-conducting polymer
electrolytes under high pH fuel cell operating conditions.? Polymer electrolytes are utilized as
anion exchange membranes (AEMSs) and catalyst ionomeric binders in AMFCs; AMFCs generate
electricity from fuels via electrochemical reactions where an AEM conducts hydroxides from the
cathode to the anode while separating fuels and oxidant in the system and where ionomeric binders
provide hydroxide conducting pathways for the higher catalyst activity as well as mechanical
tenacity in the electrodes. Over the last decade, significant efforts have been made to improve the
alkaline stability of hydroxide-conducting polymer electrolytes for highly durable AMFCs.

Fig. 1 portrays the gradual increase in the number of research articles on the topic related
to the development of hydroxide-conducting polymer electrolytes used in AMFCs since 2007. The
most studied class of alkaline polymer electrolytes is quaternized polyaromatics, which take more
than 60% of the total number of research articles published in the last 5 years. Polyaromatics,
including both aryl ether-free and aryl ether-containing, were followed by olefinic-type polymer
electrolytes include polyethylene, polypropylene and polystyrene-based polymers synthesized
from functionalized alkene monomers, and “others” include perfluorinated, composite or alkali-
metal-doped polymer electrolytes. The outstanding number of publications dealing with
quaternized polyaromatics is primarily because it is relatively easy to tailor their structures
compared to other types of polymer electrolytes, indicating the importance of their position as

alkaline polymer electrolytes.
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Fig. 1 Number of research articles on polymer electrolyte membranes for AMFCs over the 10
years (as of May 8, 2018). The related articles were found with keywords “alkaline membranes”
and “fuel cells” from Web of Science™, Thomson Reuters, and then categorized based on their
polymer backbone structure.

In this review, we provide a comprehensive description of the synthesis, properties, and
performance of quarternized polyaromatics with aryl ether-free backbones, known for the most
stable electrolytes under high pH conditions. For this, we first provide a brief background and
significance of the polyaromatics for AMFC applications. Next, the most up-to-date list of
reactions to synthesize the aryl ether-free polyaromatics and their quaternization methods to form
the corresponding AEM are discussed with their advantages and disadvantages. In the following
section, the mechanical and electrochemical properties of the polyaromatics are discussed with
respect to their chemical structure. Moreover, the chemical stability of the polyaromatics under
high pH conditions is compared with aryl ether-containing polyaromatics and polyolefinic
electrolytes. Finally, the performance of quaternized aryl ether-free polyaromatics in MEAS is
discussed, emphasizing the area specific resistance (ASR) and phenyl group adsorption. The
AMEFC performance employing state-of-the-art aryl ether-free polyaromatics is compared with
those employing other polymer electrolytes. The limitations and future research challenges of
quaternized aryl ether-free polyaromatics for advanced AMFCs are briefly shared for future

direction.
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2. Background of Quaternized Aryl Ether-Free Polyaromatics

Quaternized polyaromatics as alkaline polymer electrolytes were first suggested in 1985 by
Zschocke and Quellmalz who demonstrated an excellent alkaline stability of non-quaternized
poly(aryl ether sulfone)s.® The initial synthetic efforts to prepare quaternized polyaromatics mostly
relied on the base-catalyzed nucleophilic aromatic substitution reaction using activated dihalide
and dihydroxyl monomers followed by post-polymerization modification to introduce cationic
groups. From this synthetic route, each repeating unit of polymers contains aryl ether (C-O)
linkages along the main chain of the polymer. Although such heteroatom linkages may allow
rotational freedom along the polymer backbones, which help to improve the solubility of resulting
polymers, Fujimoto et al. and Arges et al. proposed that such polymers have a high possibility of
undergoing backbone cleavage at C—O bonds via hydroxide attack (Fig. 2a).* > The following
studies from other research groups further elucidated that the polymer backbone cleavage at C—O
bonds takes place much faster when an electron-withdrawing cation is located in close proximity
to the backbone.®® The impact becomes more severe when the adjacent phenyl ring contains

electron-withdrawing substituents, for example, perfluoro group or sulfone linkage, which causes

the electron deficiency of the ring, thus increases vulnerability towards the backbone cleavage (Fig.

2b). Moreover, Miyanishi and Yamaguchi suggested that decomposition of cation groups is not
derived from the instability of the ionic group itself, but rather triggered by the cleavage of nearby
ether bonds.® Even when the backbone is not functionalized with ionic groups, the presence of
C—0 bonds in the main chain may cause hydroxyl radical initiated degradation of the membrane
in fuel cell operating conditions.® 1° Thus, aryl ether-containing polyaromatics are not suitable for
the long-term operation of AMFCs, and polymer main chain degradation needs to be resolved to

improve the overall durability of AMFCs.
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Fig. 2 (a) Aryl ether cleavage of quaternized aryl ether-containing polymer backbone and (b) the
comparison of the polymer backbone stability of various polyaromatics.* 7

One of the most promising approaches to resolve the chemical stability of polymeric
materials used in AMFCs is to prepare aryl ether-free polyaromatics. This approach allows the
polymer electrolytes to possess desirable characteristics of polyaromatic backbone such as high
glass transition temperature, high impact strength and toughness and good thermal, chemical and

mechanical stability and low water uptake compared to polyolefinic electrolytes >3

With the alkaline stable polyaromatic backbone structure, the alkaline stability of
functionalized cations on the polyaromatics is crucial to ensure the long-term stability.
Tetraalkylammonium ionic species are the most widely used cations for polymer electrolytes in
AMFCs, and the way they are tethered to the polymer backbone and the alkyl side chain structure
largely affect their stability in alkaline condition. In general, representative small cation molecules
are synthesized to compare their thermochemical stability in basic condition and investigate
potential degradation mechanism in order to elucidate the relationship between chemical structure
and alkaline stability.1*1® Pivovar et al. demonstrated earlier that benzyltrimethylammonium

(BTMA) cations have much better alkaline stability than phenyltrimethylammonium cations.!’ 18
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The BTMA group on polyaromatics is the most common cationic functional group due to their
widely practiced post-polymerization functionalization method despite their vulnerability towards
the nucleophilic hydroxide attack. Adding a different length of alkyl extender chains pendant to
the ammonium to induce phase separation was reported to increase cation stability.!® Lately, it is
generally accepted that the cation group placed on pendant electron-donating alkyl spacer chains
along the backbone improves microphase separation, ion conductivity and overall alkaline stability
of polymer electrolytes.?%-?2 A number of studies demonstrated that the optimum conductivity and
alkaline stability were achieved by having 5 or 6 carbon atoms in the flexible alkyl spacer unit
between cations and the backbone.?® ?* Using more hydrophilic spacers, for instance, ethylene
oxide instead of alkyl spacers, may improve the thermal stability and ion conductivity of polymer
electrolytes.?® Stabilized imidazolium and rotationally restricted piperidinium cations are also
suggested as alternative cation moieties with enhanced alkaline stability.!> 26 Various cation
structures have been successfully incorporated into aryl ether-free polyaromatics due to the

synthetic viability of facile chemical modification of aromatic rings.
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Fig. 3 Representative molecular structures of different quaternized polymers with aryl ether-
free backbones: (a) Diels-Alder poly(phenylene), (b) poly(perfluoroalkyl phenylene), (c)
poly(biphenyl alkylene), (d) poly(biphenylene piperidinium), (e) spiro-ionene and (f)
poly(mesityl-dimethyl benzimidazolium).
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3. Synthesis of Aryl Ether-Free Polyaromatics and Quaternization
Fig. 3 illustrates some examples of quaternized aryl ether-free polymers that we will address in
this section. Since there are not many aryl ether-free polyaromatic backbones commercially
available for post-functionalization, different synthetic methods to form such backbone have been
developed. The different synthetic methods, as well as the type of cationic groups and ion exchange
capacity (IEC), offer a structural diversity that determines the properties of the polymers, which
we will discuss in the next section.
3.1 Diels-Alder Polymerization

Polymers with a high molecular weight backbone composed of wholly aromatic C—C bonds
have found many applications requiring high thermochemical and oxidative stability. The Diels-
Alder reaction, a concerted [4+2] cycloaddition between a conjugated diene and a dienophile into
a cyclohexene, became one of the most useful reactions in organic synthesis for a wide variety of
applications since the time it was first discovered.?” 2 Due to the possibility of forming entirely
aromatic backbone polymers,? poly(phenylene)s made by Diels-Alder polymerization (DAPP)
may be suitable for polymer electrolyte membranes. DAPP-based ion exchange membrane was
first utilized as proton exchange membranes upon post-sulfonation, which showed good proton
conductivity and thermochemical stability.®° It is one of the earliest examples of ion exchange
membranes made of fully aromatic polymers absent of heteroatoms. The polymer was then further
employed as AEMs upon quaternary ammonium (QA) group-functionalization on the DAPP

backbone.?% 31

The key monomers to synthesize the backbone of DAPP, bis(cyclopentadienone) and its
derivatives, are not commercially available, so they need to be synthesized via multiple-step

reactions (Scheme 1).32 3 Based on the substituents on 4,4’-dimethylbis(benzyl ketone), the
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backbone may have methyl groups for further functionalization.®* The other monomer for the
polymerization, 1,4-diethynylbenzene, is commercially available. Upon the thermally induced
reaction followed by the removal of carbon monoxide, DAPP with six pendant phenyl groups per
repeating unit in random para- and meta-configuration could be produced (Scheme 2).%° The
random configuration of phenyl groups improves solubility of the polymers in common organic
solvents leading easy preparation, characterization, and processing and prevents electron
conduction. The good solubility of DAPP is a great merit because poly(phenylene)s with linear

para-configuration usually exhibit poor solubility due to the structural stiffness.®*

R=H or CH

Scheme 1 Synthesis of the monomer, bis(cyclopentadienone), for the Diels-Alder reaction.

Scheme 2 The general polymer backbone synthesis of DAPP.

The quaternization processes of DAPP to form various structures of cations are depicted
in Scheme 3. BTMA-functionalized DAPP (ATMPP) was prepared on the methylated DAPP by a
radical bromination reaction followed by Sn2-type amination using TMA (Scheme 3a).3! The

degree of bromomethyl group was controlled by the amount of the brominating reagent. The
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bromomethylated DAPP was cast as a film using chloroform and treated with aqueous TMA
solution to afford the quaternized membrane. Only 55-75% of the bromomethyl group was

converted into the QA group due to less effective heterogeneous quaternization.
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Scheme 3 Quaternization of poly(phenylene)s: (a) synthesis of ATMPP via
bromination/amination and (b) synthesis of TMACG6PP via Friedel-Crafts
acylation/reduction/amination. NBS=N-bromosuccinimide, BPO=benzoyl peroxide, 1,1,2,2-
TCE=1,1,2,2-tetrachloroethane, TMA=trimethylamine and 1,2-DCE=1,2-dichloroethane.
Taking the cation stability into account, different cations besides BTMA were functionalized
on the DAPP backbone.?° Benzyl pentamethylguanidinium and benzyl N-methylimidazolium were
functionalized using the similar scheme to prepare ATMPP using pentamethylguanidine and N-

methylimidazole, respectively, instead of TMA (Scheme 3a). The quaternization reaction occurred

in solution-state, yielding the nearly quantitative conversion.
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The DAPP-based AEM with a trimethylammonium cation attached by an electron-donating
hexamethylene spacer, TMACG6PP, was synthesized by Friedel-Crafts acylation, followed by
reduction of the resulting ketone linker and quaternization using TMA, as described in Scheme
3b.%° The downside of this quaternization method is the requirement of stoichiometric amounts of
Lewis acid, AICIz, as the metal catalyst, which is not environmentally friendly. The cation
structures achieved by different quaternization routes were subjected for measurement of ion

conductivity and alkaline stability, which will be further discussed in Section 4.

Among the reactions forming phenylene-based polymers, Diels-Alder polymerization offers
several advantages including (i) metal-free condition to avoid potential contamination of metals of
the resulting materials, (ii) irreversibility for high molecular weight growth and (iii) good solubility
and thus good processability of the resulting polymer for sequential quaternization. Some
drawbacks may include that DAPPs require higher molecular weight compared to other
polyaromatics to obtain good mechanical properties due to its rigid and stiff nature of the polymer
backbone entirely composed of phenyl rings.* Also, the bulky backbone structure may lead to high
free volume between the polymer chains, which may increase the reactant gas permeability
compared to linear polymers.®® Furthermore, the synthetic limitation of incorporating cation
precursor moieties to its monomer for easy quaternization also requires multiple-step post-

polymerization functionalization for the AEM application of these materials.

3.2 Metal-catalyzed Coupling Reactions
Transition-metal-catalyzed cross-coupling reactions are another class of reactions that have been
utilized in polymer chemistry to build a polymer backbone composed of aromatic C—C bonds. The
polyaromatics made by the synthetic method commonly feature their n-conjugated backbone

structure as well as the good chemical and thermal stabilities and used widely for optical and

10
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electronic applications.®® The aryl-aryl bond formation via cross-coupling reactions usually occurs
between aryl halides and related electrophiles with the aid of organometallic catalysts, and the
most ubiquitously used transition-metal catalysts are palladium- or nickel-based complexes.®” The
prerequisites for a successful preparation of high molecular weight polymers using these reactions
are solubility of the monomers and the resulting polymer in the reaction medium, and the inertness

of the monomers with the metal catalysts.

The Suzuki coupling reaction employing aromatic boronic acids/boronate esters with
aromatic bromide compounds in the presence of a palladium-complex is widely used for fluorene-
based copolymers, which are extensively studied in the light-emitting diodes related fields.3® 4°
Fluorene-based AEMs without heteroatoms in the backbone structure was first introduced by Lee
et al. with hexyl spacer-tethered QA groups as the cation group (Scheme 4).* Two bromoalkyl
groups were incorporated at the 9-position of the boronate ester-containing fluorene monomer and
used for facile quaternization. Three different dibromo compounds were utilized to form different
alternating copolymer structures as shown in Fig. 4. The alkyl bromide-containing precursors were
synthesized by the palladium-catalyzed Suzuki coupling reaction. Trimethylhexyl quaternary
ammonium (TMHA) group was obtained via a Menshutkin reaction of TMA with the precursor

polymers in solution-state.

Toluene/H,0

Aliquat 336 TMA | 1t
CeH 100 °C THF/H,O | 2d
CeleNMe3Br 36h

Scheme 4 Synthesis of quaternized poly(fluorene-benzene) (PFB) via Suzuki coupling.

11
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Fig. 4 Polymer structure of poly(fluorene)-based AEMs: (a) PFB, (b) poly(fluorene-fluorene)
(PFF) and (c) poly(fluorene-benzene-fluorene-fluorene) (PFBFF).

Polymerization of aryl halides using nickel-catalyzed coupling is known for a versatile and
efficient method to synthesize a variety of high-performance phenylene polymers.*? 3 Miyatake
et al. reported aromatic membranes composed of perfluoroalkylene and quaternized
oligophenylene groups via the nickel-catalyzed coupling reaction (Scheme 5 and Fig. 5ab).* %°
The hydrophobic perfluoroalkylene monomer was synthesized via Ullmann coupling reaction
using Cu as a catalyst (Scheme 5). The resulting monomer contains aryl chloro-groups at both
ends, which were used for nickel-catalyzed polymerization with two different dichlorobenzene
monomers, m-dichlorobenzene, and p-dichlorobenzene. The *H NMR spectra showed that the
reactivity of m-phenylene is higher than p-phenylene. The perfluoroalkylene copolymers (PAF)
showed a high polydispersity index (PDI) of 5.7 possible due to the different reactivity of the aryl

halide monomers of different sizes.

|%| Cu F F
° DMSO ¢l cl
R
e e O
48 h

+ Ni(COD)2

o (0
,2'-bipy
Cl Cl BMAC ]

A
w ®
3h o

Scheme 5 Synthesis of the polymer backbone of PAF via the nickel-catalyzed coupling
reaction.
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The QA ionic group was obtained via chloromethylation followed by quaternization. Here
in the PAF system, only n and o blocks are subjective towards chloromethylation due to the
electron deficiency of aryl groups adjacent to the electron-withdrawing perfluoroalkyl group.**
Since chloromethylation lacks a precise control on the placement of the functionality, the
chloromethyl groups were placed randomly in m- and o-phenylene groups (the hydrophilic group),

and subsequently quaternized using TMA, dimethylbutylamine (DMBA), dimethylhexylamine, or

44,45

1,2-dimethylimidazole.

() (d)

R=CgH;,NMesOH

Fig. 5 The molecular structure of QPAF series polymers: (a) QPAF-TMA, (b) QPAF-DMBA,
(c) QPAF-3 and (d) QPAF-4.

Miyatake and co-workers investigated different backbone structure using alkylene-
containing monomers (Fig. 5¢)* and fluorene-containing monomer (Fig. 5d).*” The
polymerization was done using the same synthetic procedure using nickel-catalyzed coupling
described in Scheme 5. The fluorene-containing PAFs showed the high polydispersity index (10.2-
17.4), which indicate that Suzuki coupling would be more efficient to form fluorene-based

polyaromatics with a narrower polydispersity.

Beside the PAF copolymers, nickel-catalyzed polymerization was utilized to form different

polymer electrolyte structures and used as AEMs. The monomers used for the polymerization

13
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largely influence the alkaline stability of the resulting polymers. Holdcroft et al. synthesized a
dichloro m-terphenyl monomer with benzimidazole to form poly(phenylene) bearing 1-
methylbenzimidazolium (PPMB, Fig. 6a).*® The m-terphenyl backbone protects benzimidazolium
to have high alkaline stability, which will further discussed in Section 3.5. On the other hand,
although the backbone of the imidazolium-containing poly(phenylene) synthesized by the
coupling reaction does not contain alkaline labile C—O bonds on the backbone (Fig. 6b),* the final
polymer structure has alkene and benzophenone in the repeating unit, which may undergo side
reactions in high-temperature alkaline media.?’ These two examples may show the importance of

choosing monomers for polymerization to have alkaline stable polyaromatic materials.

Fig. 6 The molecular structure of poly(phenylene) with (a) 1-methylbenzimidazolium and (b)
imidazolium synthesized via nickel-catalyzed polymerization.

Palladium- and nickel-catalyzed cross-coupling reactions have been demonstrated as
highly effective and practical methods for the construction of aryl ether-free backbone
polyaromatics. Suzuki coupling reactions may allow facile incorporation of fluorene-moieties in
the polymer structure. The downside of the utilization of Suzuki coupling reactions is the
requirement of expensive palladium metal catalysts and boron-containing monomers, which would
economically limit the approach thus scaling-up synthesis of the materials. While nickel-catalyzed

polymerization is cost-effective due to less expensive nickel catalysts and aryl chloride monomers,

14
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it should be noted that a large quantity of nickel catalyst is required for polymerization (2.5
equivalent molar amount of aryl chloride monomers*). In addition, the polydispersity of the
polymers made by nickel-catalyzed polymerization may vary depending on the reactivity of the

aryl chloride monomer used.

3.3 Acid-catalyzed Friedel-Crafts Polyhydroxyalkylation
Strong Bregnsted or Lewis acid are known to enhance the reactivity of electrophiles via
superelectrophilic activation.® Superelectrophilic activation can play a significant role in Friedel-
Crafts condensation of ketones and aldehydes with arenes to construct C—C bonds. Zolotukhin et
al. first demonstrated the superacid-catalyzed polyhydroxyalkylation reaction for the preparation
of linear polyaromatics.>1® The general synthetic route involves trifluoromethanesulfonic acid
(also known as triflic acid, TFSA), one of the Brgnsted superacids, to catalyze the growth of
polymer chains by superelectrophilic activation of fluorinated carbonyl-containing ketone
compounds with aromatic hydrocarbons in dichloromethane at room temperature (Scheme 6). The
polymerization is highly regioselective for 4- and 4’-position of the terminal aryl rings of the
aromatic monomer, which can lead to high molecular weight of the linear polymer.>2 The reaction
time varies depending on the monomer reactivity;>* once the molecular weight of the polymer
increases, it starts to form a reactive gel-like precipitate causing phase separation from the initially
homogeneous solution.>* After completion of polymerization, the reaction mixture is poured into
methanol to quench the remaining acid and precipitate the polymer. Upon purification, the product
is obtained as fibrous polymers. Depending on the choice of carbonyl-containing electrophilic
monomers and phenyl monomers, this polymerization method can construct a wide variety of

polyaromatics with different structures for diverse applications.

15
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Scheme 6 General scheme of acid-catalyzed Friedel-Crafts polyhydroxyalkylation.

Lee et al. reported a series of long and flexible side-chain cations-tethered poly(phenyl
alkylene)s synthesized via acid-catalyzed polymerization.®® ¢ Polymerization of one phenyl
monomer (biphenyl (BPN1-m, Fig. 3c, where m indicates the mol% of the ionic repeating unit),*
p-terphenyl (p-TPN1) or m-terphenyl (m-TPN1)*®) and trifluoromethylalkyl ketone monomers (7-
bromo-1,1,1-trifluoroheptan-2-one and 1,1,1-trifluoroacetone) in different ratios generated
polyaromatic AEMs with variable IECs. In order to incorporate a cationic functional group to the
backbone of the polyaromatic, 7-bromo-1,1,1-trifluoroheptan-2-one was prepared according to a
procedure in the literature®’ to provide a bromopentyl side chain used for quaternization. The acidic
reaction condition for the polymer synthesis allowed having a potential leaving group, alkyl
bromide, which can be easily replaced with a tertiary amine to afford a QA group; this would not
be feasible in base-catalyzed polycondensation because of the nucleophilic nature of the
polymerization condition. The IEC of the resulting membranes was controlled using different
ratios of the trifluoromethylalkyl ketones. The alkyl bromide was subsequently converted into
trimethylpentyl ammonium (TMPA) bromide via a Menshutkin reaction. In spite of the backbone
structure constructed with rigid aromatic rings, the resulting ionic polymers exhibited good
solubility in polar organic solvents probably due to the presence of a tetrahedral sp3-carbon

between biphenyl rings of the polymer main chain. However, p-terphenyl-based polymer showed

16
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the lower solubility compared to m-terphenyl- and biphenyl-based polymers, most likely because

of the more rigid para-terphenyl moieties.

More recently, the reaction was employed by Jannasch et al. to synthesize poly(arylene
piperidinium) AEMs using commercially available N-methyl-4-piperidone as the ketone monomer
(Fig. 3d, Scheme 7).® The resulting polymer contains aromatic and piperidine rings, and the
following alkylation affords piperidinium-functionalized AEMs. Prior to the study, the authors
confirmed the thermochemical stability of the piperidinium model compound, 4,4-
diarylpiperidinium, which led them to prepare the corresponding AEMs using biphenyl (PBPip)
and p-terphenyl (PTPip) as the phenyl monomer. The use of an electron-withdrawing
trifluoromethyl group-absent ketone monomer caused the polymerization process to yield lower
molecular weight polymers, indicated by intrinsic viscosity measurement, compared to other
polyaromatics. The authors mentioned that the solubility of PTPip is slightly poorer than PBPip
because of the stiffer molecular structure of the former, which is the same as the previous finding.>®
Due to the reasonable water uptake after the membrane formation, PTPip were further studied after
quaternization using different alkyl bromides, butyl-, hexyl-, and octyl bromide, to form the AEMs
with different length of alkyl extender chain (PTPipQn, n=the number of carbon atoms of the
extender chain). Zhuang et al. also synthesized the p-terphenyl incorporated poly(arylene

piperidinium) (QAPPT) via the same procedure followed by methylation to yield a membrane.>®

o
CF3SO3HICF3CO,H
) o == (%)
+ _— >

N 0°C )

‘ X
N N
\ n=0to 7 v

Scheme 7 Synthesis of the backbone of poly(arylene piperidine) followed by alkylation to form
PBPipQn, PTPipQn, and QAPPT.
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The molecular weight of poly(arylene piperidinium) could grow higher by using 2,2,2-
trifluoroacetophenone as a co-monomer along with the piperidine ketone monomer (Fig. 7); the
My, of the poly(terphenylene piperidinium) was up to 70 kg/mol.®° The higher reactivity of the
electron-deficient ketone monomer is beneficial for the polymerization to form AEMs with higher

mechanical strength.

Fig. 7 The molecular structure of poly(terphenylene piperidinium).

The key advantages of using acid-catalyzed Friedel-Crafts polyhydroxyalkylation include
(i) simple one-step synthesis, (ii) metal-free condition and (iii) formation of polyaromatics with
the sp3-carbon containing flexible backbone structure. Thanks to the good solubility of the ionic
polymers made by the process, the polymers may find their use as ionomer binding materials for
fuel cell electrodes. In addition, since QA-precursors (alkyl bromide® °® and tertiary amine®®) are
acid-tolerant, they can be incorporated in the polymer structure at the polymerization stage, and
then quaternization can be achieved by a simple Menshutkin reaction with tertiary amine and
alkylation using alkyl bromide, respectively. Hence the degree and the location of the QA group
IS much more precisely controlled, and post-polymerization modification including
chloromethylation,®! radical bromination,®? lithiation,% and C—H borylation® is not required. One
thing to note is that in order to form high molecular weight polymers for the robust mechanical
stability of the membrane, a discrete choice of ketone monomers with electron-withdrawing
moieties would be necessary to allow successful superelectrophilc activation and growth of long

polymer chains to promote intermolecular chain entanglement for membrane mechanical strength.

18

Page 18 of 50



Page 19 of 50

Journal of Materials Chemistry A

3.4 Cyclo-polycondensation
lonene polymers are polymers with ammonium groups in the backbone, commonly synthesized
via a repetitive alkylation reaction of dihalides with diamines or polycondensation of bifunctional
haloamines.®® They have been used as materials for many applications including conductive
polymers, polyelectrolyte complexes in aqueous solutions, biomedical application, and so on.%
The synthesis of polymeric aromatic ionenes with spirane structure using
tetrabromomethylbenzene and secondary diamine was reported by Miillen et al.,®” demonstrating
the possibility of the formation of dication compounds and polymeric ionenes using the chemistry.
Besides the cation centering between 5- and 6-membered rings, the ionene polymer synthesized
by the cyclo-polycondensation reaction does not contain other heteroatom linkages or electron-

withdrawing groups in the backbone.

This useful chemistry was adopted to prepare high molecular weight, film-forming AEMs
by Jannasch et al. (Scheme 8). Two N-spirocyclic QA ionenes (spiro-ionene 1 and 2, x=0 and 3,
respectively) containing cations in the polymer backbone were prepared and characterized.®® The
tetrabromide monomer, 1,2,4,5-tetrakis(bromomethyl)benzene, was synthesized by radical
bromination of durene using an excess of NBS and azobisisobutyronitrile. The two dipiperidine
monomers, 4,4’-bipiperidine and 4,4’-trimethylenedipiperidine, were commercially available. The
spiro-polycondensation reaction is a two-step process, deprotonation and attack of a nitrogen in
piperidine on one of the bromoalkyl group and then intramolecular quaternization leading a 5-
membered ring formation and a QA cation. The chemical structure of the backbone incorporating
cations with spirane structure might be particularly beneficial for the use as AEMs due to the

reported high alkaline stability of 6-azonia-spiro[5.5]undecane at elevated temperature.r® The
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central QA cation fused in 6-membered rings exhibited high resistance against both nucleophilic

substitution and elimination likely because of the constrained geometry of the rings.

Br Br DIPEA
DMF/H,0
' e @NCQS@CHZ&
Scheme 8 Synthesis of N-spirocyclic QA ionene 1 and 2, x=0 and 3. DIPEA=N,N-
diisopropylethylamine.

Since the chemical structure of the polymer contains two cations per repeating unit without
having any pendant group, the density of ionic sites is higher than other ionic polymers, leading
the polymer water-soluble,%® which would not be practical for the direct use in the agqueous
membrane-based fuel cell system. The authors demonstrated the preparation of blend membranes
with commercially available poly(benzimidazole). The -NH- groups of poly(benzimidazole) are

partially deprotonated by the spiro-ionene, which may help to increase the interaction between two

polymeric materials for better mechanical strength and prevention of the spiro-ionene leaching.

The notable features of the preparation of AEMs using cyclo-polycondensation would be
that the reaction proceeds under mild conditions (60 °C) for the short period of time (1-2 hours) in
the presence of moisture (the co-solvent for the reaction is water). The main difference of the
polymeric ionenes from the previously introduced polymers made by the different synthetic routes
is that the former has ionic groups directly integral in the polymer main chain while the latter
contains ionic groups as the pendant group on the side chain. The nature of cyclo-polycondensation
directly leads to the formation of cationic groups and the polymer backbone, which is simple,
however, the resulting polymers own high IECs that reduce their mechanical stability and limit the

practical applicability without physical modification.
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3.5 Others
A small structural variation can help to improve the stability and physical properties of a known
material; poly(benzimidazole) can be one example. poly(benzimidazole) is a commercially
available synthetic fibrous material, featuring high molecular weight, high melting point, and
material toughness.%® Phosphoric acid-doped poly(benzimidazole) have been extensively utilized
for high-temperature PEMFCs.”® However, its quaternized analogue, poly(dimethyl
benzimidazolium), was not suitable for the use in AMFCs due to the chemical susceptibility on
the imidazolium C2 position towards nucleophilic attack by hydroxide ions, causing ring opening
and degradation of the polymer backbone (Fig. 8a).”" "2 The alkaline stability of the C2-
substitution of imidazolium salts was investigated by Yan et al., and their study suggested that the
steric hindrance effect of the substituents protects the imidazolium cation, in addition to the

hyperconjugative effect increasing electron density around the cations.”

@ / on
§.)
RIT OO

Fig. 8 The molecular structure of (a) poly(dimethyl benzimidazolium) and the potential
nucleophilic attack of hydroxide ions on the imidazolium C2 position, (b) poly[2,2'-(m-

mesitylene)-5,5'-bis(N,N’-dimethylbenzimidazolium)]), Mes-PDMBI, (c) HMT-PDMBI and
(d) HMT-PMPL.
Holdcroft et al. have reported the synthesis of the stabilized derivative of poly(dimethyl

benzimidazolium) by providing steric protection of the benzimidazolium C2 position using an
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adjacent bulky mesityl group.”* A mesitylene-containing diacid monomer, 2,4,6-
trimethylisophthalic acid, was synthesized via a four-step process and polymerized with 3,3-
diaminobenzidine in polyphosphoric acid (PPA) to form mesityl-protected poly(benzimidazole)
(Fig. 8b and Scheme 9).”* The PPA and hydrolyzed compounds need to be removed by washing
thoroughly with water after the reaction. The polymer was further deprotonated and then followed
by the methylation to afford the cationic-containing polymer. Since the polymerization process is
known to yield high molecular weight poly(benzimidazole) in the given condition (high
polymerization temperature in PPA), they are considered to be sufficiently high in molecular
weight to be used for AMFC applications.
HoN NH;

220°C
PPA \ 48 h

70°C
33h

LiH, CHl
DMSO

\ /
+N N+
I T

N N

/ \

Scheme 9 The polymer backbone synthesis of Mes-PDMBI.

Similar to the spiro-ionenes discussed in Section 3.4, Mes-PDMBI, where the ionic portion
is part of the polymer main chain with a relatively small repeating unit size, showed a high IEC
value and the water-solubility,”* which limits its use as an AEM or a catalyst ionomeric binder.
The polymer had to be insolubilized by blending with different ratio of poly(benzimidazole) in
DMSO, which lowers the IEC of the resulting materials. Such limitation was improved by using

2,2”,4,4” 6,6”-hexamethyl-p-terphenylene (HMT) instead of the mesitylene of Mes-PDMBI to

22

Page 22 of 50



Page 23 of 50

Journal of Materials Chemistry A

form HMT-PDMBI, and the increased hydrophobicity of the polymer backbone led the polymer

to be water-insoluble, which no longer requires the blending process (Fig. 8c).”

Holdcroft et al. further extended the system by developing poly(arylene-imidazolium),
HMT-PMPI (Fig. 8d).”® From the study using different sterically protected imidazolium small
molecules, the structure with ortho-methyl phenyl on the C2 position of imidazolium showed the
highest alkaline stability; therefore, the polymer analogue was synthesized using microwave-
assisted polycondensation of dialdehyde and bisbenzil. The new synthetic routes for aryl ether-
free polymer backbone inspired by the poly(benzimidazole) structure expanded the variety of the

promising chemically stable AEM materials.

Besides polymer blending blend approach, pore-filling membrane approach has been
attempted to improve the properties of ionic polymers. The idea of pore-filling of porous substrates
using cross-linkable monomers was practiced to effectively generate thermally and mechanically
stable polymer electrolytes for fuel cells.””””® Yamaguchi and co-workers demonstrated the
synthesis of the cross-linked aromatic backbone polymer with highly packed anion-exchange sites
using the pore-filling method.8® An aryl monomer with three tertiary amine groups was synthesized
and converted to three BTMA groups upon in situ cross-linking with dichloroxylene in the pores
of a polyethylene porous substrate. Such physical modification may enhance various material
properties of polymer electrolytes, including lower water uptake, less fuel cross-over, high

mechanical strength and high durability.

3.6 Summary of the Synthetic Methods for Aryl Ether-free Polyaromatics
Before wrapping up the section, we provide a summarized table to compare different synthetic
methods for aryl ether-free polyaromatics to help the readers’ understanding of the differences of

the processes (Table 1).
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Table 1. Summary of different synthetic methods for aryl ether-free polyaromatics.

Synthetic Examples QA Cationic group IEC Mw PDI Notes Ref.
method (Section) location (meq./g)  (kg/mol)
Diels-Alder Diels-Alder Side BTMA 0.93-240  121-172 2 o Metal-free polymerization 20,30,
polymerization  poly(phenylene)  chain Guanidinium ¢ Some monomers are not commercially available a
(3.1) Imidazolium o High free volume, may have fuel crossover issues
TMHA « QA precursor incorporation is limited
e Low IEC polymer does not have good solubility
Pd-catalyzed Poly(fluorene) Side TMHA 2.45-3.59 30-78 2.6 e Good solubility in polar aprotic solvents and methanol 4
coupling chain e Ideal for incorporation of fluorene-moieties
reaction e Requires expensive Pd catalysts and boron-containing
(3.2) monomers
Ni-catalyzed Poly(perfluoro Side BTMA, DMBA  0.49-1.74 28-90 57  Good solubility in polar aprotic solvents, methanol and 44-46
coupling alkylene chain Alkyl ammonium ethanol
reaction phenylene) Imidazolium o Less expensive nickel catalysts
(3.2) Poly(fluorene Side TMHA 0.74-2.14 73-276 14 e A large quantity of the catalysts is required 4
phenylene) chain e PDI varies
Poly(phenylene) Side benzimidazolium 2.56 129 NA %
chain
Acid-catalyzed Poly(phenyl Side TMPA 1.46-2.70  106-139 1.8 o Metal-free polymerization 95,56
Friedel-Crafts alkylene) chain e Facile incorporation of QA precursors
pOth?/a(j'[?gr):yalky Poly(arylene Side Diperidinium 198265 Low70 NA ° Excellentsolubility in low boiling point alcohol solvents —ssgo
piperidinium) chain (OH_ form) . .
(3-3) e Choice of monomers is important for molecular weight
growth
Cyclo- Spiro-ionone Main Spiro-cyclic QA 4.0-4.6 67-802 NA Mild reaction condition for the short period of time 68
polycondensatio chain e High IEC leads solubility in water
(3n4) e The physical modification process is required
Others Poly(dimethylbe ~ Main benzimidazolium 45 NA NA e High IEC leads solubility in water 4,75
(3.5) nzimidazolium) chain o The physical modification process is required
Poly(arylene Main imidazolium 2.61 67 1.4 e Soluble in water in high temperature 7
imidazolium) chain
Cross-linked Main BTMA 1.98 NA NA e Insitu crosslinking using cross-linkable monomers in 80
polymer chain the porous substrate

2 obtained from *H NMR spectra.
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Table 2 shows the summary of the material properties of quaternized aryl ether-free polyaromatics

discussed in the previous section. For comparison purposes, the material properties of other

families of alkaline polymer electrolytes, i.e. quaternized aryl ether-containing polyaromatics and

polyolefins, are also included.

Table 2. Properties of different backbone AEMs.

Polvmer IEC Molecular Tensile Elongation Water Anion Backbone
baclzlbone Sample name (meq./g) weight strength to break uptake conductivity svnthesis ref
979 (M, kg/mol)  (MPa)? (%)° (WL%)" (mS/cm)b y
Aryl ether-free polyaromatics
28/32 19/47 S ] ] Diels-Alder 4 5
DAPP ATMPP 1.90 77/196 (50, 50) (50, 50) 159 (-¢, OH") 18 (rt, CI) polymerizati
TMAC6PP 1.74 126 (-5, OH) 17 (rt, CI) on (3.1) 2
QPAF-TMA 1.26 49 (802460) (83120) 45 (30,0H) 50 (30, OH) “
Ni-catalyzed  QPAF-DMBA 1.33 252 53 (30, OH) 87 (30, OH) N'(;gﬁ:i'i)r’éed 4
poly(phenylele) QPAF-4 1.47 276 (802360) (8(2)720) (30105_'_) 86 (80, OH") rez(icti(;ns 4
il il il 3.2
72 49 81 (22, OH" 13 (22, OH"
d 48
PPMB 2.56 129 @1,42) (21, 42) JHCO5) JHCO%)
BPN1-65 1.94 139 (503350) (5(1)020) 85(30,0H) 88(80,0H) 55
i 20 124 122 catalyzed 55
. BPN1-100 2.10 110 0,500 00050 gy oy (80, OHY) Friedel-
Acid-catalyzed 29 112 Crafts
polymer m-TPN1 2.18 126 (50, 50) 35(50,50) 70 (80, OH") (80.0H)  polyhydroxy 56
PTPipQ6 2.08 44 (20, OH) 48 (20, OH") alkylation 58
35 40 137 (3.3) 5
QAPPT 205 M9 (80, OH)
. Cyclo-
Blended spiro- 220 120 68
ionene S70P30 4.0° 80 (Mn)® (90, OH) (90, OH) p;)tliyg;o?;ir)\s
poly(dimethyl  Mes-PDMBI' 20 O|]'-|§/i|(§(53’3') oﬂ:fH(é%S_) g
benZImr:wdaZOhu HMT-PMBI 2.0 42 (22, 1422, Others(35) 78
: OH/HCO3) OH/HCOz) '
poly(arylene : r r 82 (25, 14 (25, 76
imidazolium)  {MT-PMPI 2.61 67 44.(-) 44) OH/HCOr) OH/HCOY)
Aryl ether-containing polyaromatics
Partially i 7 (80, . 138 (80, 61
fluorinated QPE-bl-9 2.0 319 60) 5(80,60) 70 (30, OH) OH)
po'ggﬁg’;‘*”e 6QA-4 2.23 60t  7(t,-) 59(rt, %) 21 (rt, OH) &1
PES-6-QA 1.48 73 9 (-9 58 (-°) 78 (30, OH) 63 (80, OH") 2
Poly(ether AI-PES-6 1.20 471 525(%5' 10 (25,50) 12 (80, OHY) 13%"' 8
sulfone)
PDApip4 2.02 (rt21-°) 22(1t, %) 45 (80, OHY) 1‘3;%0' 83
Poly(arylene 32 17 15
ether sulfone IMPESN-19-22 2.07 112 (tt. 60) (tt, 60) 23 (60, -°) (80, -9 84

nitrile)
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Poly(phenylene ~ 50PPOFC6NC 16 ) _ _ g5
oxide) 6 1.89 (1, ) 22 (rt, -9 97 (rt, OH) 42 (rt, OH)
Polyolefins
Poly(ethylene) AAEM-2 1.37 54 (Mn) 5 (%) 140 () 94 (rt, OH) 59 (50, OH") %
Poly(styrene) i g 3 (80, 180 (80, 117 (22, . 87
block copolymer C30D70-1.7 1.65 15 (M) 85) 85) oH) 98 (22, OHY)
Poly(propylene)  PP-TMA-20 1.56 148 1;0()”' 328 (i1, 30) 34 (20, OH) 17 (20, OHY) 12
] 6 (50, 330 (50, . 102 (80, o
SEBS SEBS-TMA 2.19 114 50) 50) 211 (rt, OH) OH)
P"R’é‘é::‘eitgy - pMP-TMA-A1 1.92 113 3(rt,30) 111(rt,30) 29 (20, OH) 43 (20, OH") 8
Radiation- RG-AEM (E- oyh oyh ; ; %0
grafted ETFE 5) 2.13 25 (- 205 (-°) 57 (t, OH) 68 (80, CI)

aThe values in brackets represent the temperature (°C) and the relative humidity (%) of the measurement condition. °The values in
brackets represent the temperature (°C) and the counter anion of the measurement condition. Not specified. “The value was
calculated from intrinsic viscosity. €The values are from spiro-ionene 2 before blending. 225% poly(benzimidazole) and 75% Mes-
PDMBI blend membrane. 9The value is from PA-b-XS before cross-linking. "Mechanical strength for relative comparison, not
absolute mechanical properties against ASTM standards.

4.1 Mechanical Properties
A mechanically robust and tough AEM is required for high AMFC operational performance and
long-term durability. A critical molecular weight must be reached to promote intermolecular chain
entanglement, which is required for good mechanical strength and membrane flexibility. Further
increase beyond the critical molecular weight keeps improving mechanical properties, but the
degree of mechanical property improvement is less and polymer processibility is lowered. In the
case of polyaromatics, relatively high molecular weight is required to form thin films (< 30 um);
quaternized polyaromatics having linear polymer backbone structure, such as BPN1, typically
require number-average molecular weight (Mn) of > 50 kg/mol to make flexible AEMSs. For those
with more bulky and rigid backbone structure, for instance, DAPP-type polymers, often require >
80 kg/mol of Mn.* The molecular weight of the polymers affects membrane mechanical properties;
both tensile strength and elongation at break of ATMPP increased from 28 to 32 MPa and from 19

to 47%, respectively, upon the molecular weight increase from 77 to 196 kg/mol (Table 2).

Due to the rigid nature of the backbone, quaternized polyaromatic AEMs usually show
higher tensile strength and lower ductility than polyolefinic AEMs. As summarized in Table 2,

most quaternized aryl ether-free polyaromatics with reasonably high molecular weight show the
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high tensile strength (20—72 MPa) and low elongation at break (28—49%), while typical polyolefin-
based AEMs tend to show lower tensile strength (3—17 MPa) and higher elongation at break (>
111%) (poly(ethylene),® poly(propylene),*? polystyrene-b-poly(ethylene-co-
butylene)-b-polystyrene (SEBS)®® and radiation-grafted poly(ethylene-co-tetrafluoroethylene)
(ETFE)®). The mechanical properties of quaternized aryl ether-free polyaromatics were even
better than those polyaromatics with heteroatoms and polar groups in the backbone (Table 2), due
to the more rigid phenyl-based backbone structure and the absence of polymer backbone

degradation during the hydroxide ion exchange process.

Incorporation of aliphatic units in the backbone helps to increase elongation at break of
polyaromatics, as demonstrated in mechanical properties of PAFs.** 4647 The polymer backbone
with the flexible perfluorinated aliphatic portion exhibited much-enhanced elongation properties
(> 200%); however, the gain in elongation properties is often at the cost of a loss of tensile strength
(< 24 MPa). When the perfluoroalkylene portion in the backbone decreased, the tensile strength
increased but the elongation at break decreased.** This trade-off needs be accounted for molecular

design for polymer electrolytes to obtain the optimum mechanical properties of the materials.

4.2 Water Uptake and Hydroxide Conductivity
Water uptake of ion exchange polymers is of fundamental significance because it is closely related
with ion conductivity, mechanical properties, and gas permeability. The increase in ion contents
in a membrane increases water uptake, which will facilitate ion mobility and enhance conductivity.
For AEM applications, a certain level of IEC is required (> 1.5 meq./g) to achieve a reasonable
level of hydroxide ion conductivity for AEM applications (QPAF-DMBA with 0.63 meq./g IEC
showed < 10 mS/cm hydroxide conductivity at 30 °C*). When water uptake is beyond a certain

level, the absorbed water will dilute the conductive species, resulting in lower conductivity
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(PTPipQ1 with 145 wt.% water uptake showed lower hydroxide conductivity than PTPipQ6 with
44 wt.% water uptake®®). Moreover, too much water uptake will lead to excessive swelling, which
sacrifices the mechanical and dimensional stability of the membranes. Therefore, it is necessary to
design a membrane material that can achieve high hydroxide ion conductivity while maintaining
a reasonable level of water uptake.

For ionomer applications, quarternized polyaromatics with higher IECs than AEM materials
are more favorable with Pt-based catalysts, which is counterintuitive. For acidic PEMFC system,
typically polyaromatic ionomers with slightly lower IECs than AEM materials exhibited better
performance because the cathode electrode bonded with ionomers having > 60 wt.% water uptake
is prone to flood.®! For AMFC system, the H: electrode flooding is not significant as much as in
the O electrode in PEMFC, although H> mass transport issue is still one of the biggest issues for
the AMFCs. In addition, attaching more cationic functional groups help to desorb undesirable
phenyl group adsorption on catalysts.®> When less hydrophobic catalysts such as palladium, nickel
at the anode or N-doped carbon at the cathode, it is necessary to use ionomers having lower water
uptake to prevent the electrode flooding.

Fig. 9 demonstrates the hydroxide conductivity as a function of the water uptake of different
backbone quaternized polymers. In a close IEC range around room temperature, quaternized
polyaromatics with rigid backbones, with or without C—-O bonds, tend to show lower water uptake
compared to polyolefinic AEMs, which indicates having polyaromatic backbone helps to sustain
a relatively lower level of water uptake. The PAF polymers with an aliphatic portion in the
backbone tend to show higher water uptake, behaving more like polyolefinic AEMs.*% 4" Having
some cation structures with lower hydration energy, such as piperidinium, helped the membranes

to have lower water uptake.®® Regardless of lower water uptake, hydroxide conductivity of
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quaternized aryl ether-free polyaromatics was competitive compared to other types of AEMs.
However, spiro-ionenes and poly(dimethyl benzimidazolium)-type of polymer electrolytes, which
contain ionic groups as part of their backbone, tend to show high water uptake and low ion
conductivity (Table 2: S7T0P30, Mes-PDMBI, HMT-PMBI and HMT-PMPI) because the cations

on the backbone provide more water absorption and have limited mobility for effective anion

transport.
80+ | ®  aryl ether-free
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5] A polyolefin
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Fig. 9 Water uptake (OH") and hydroxide conductivity of AEMs with 1.8-2.2 meq./g IEC
under room temperature, published since Jan. 2014. See Table S1 for the numerical values.

Most quaternized polymers show approximately twice higher hydroxide conductivity at
~80 °C compared to that at room temperature, exhibiting similar Arrhenius-type temperature
dependence of the ion conductivity, regardless of the backbone structure (m-TPN1: 54 (30 °C),
112 (80 °C) mS/cm; S70P30: 49 (20 °C), 120 (90 °C) mS/cm; PDApip4: 51 (rt), 120 (90 °C)
mS/cm; SEBS-TMA: 45 (30°C), 102 (80 °C) mS/cm).56 68.83,88

4.3 Alkaline stability
Alkaline stability of polymer electrolytes, including backbone and ion-conductive cationic groups,

is a critical requirement for practical applications of the AMFCs. Generally, the film form of the

29



Journal of Materials Chemistry A

polymer electrolytes is immersed in the aqueous alkaline solution in elevated temperature, and
after a certain period the ex situ stability is measured by IEC change, conductivity change, and/or
by NMR analysis for any structural difference, if it is still remaining soluble.® In the case of highly
soluble polymer electrolytes, they are often dissolved in an NMR solvent and their spectrum is
recorded during/after the measurement.®® 7476 The alkaline stability measurement condition is
subjective and varies from one study to the next (concentration: 1-10 M aqueous NaOH or KOH
solution;® temperature: rt—100 °C;%% " time: 168—2200 h®°), which makes the direct comparison

of different polymer electrolytes difficult.

Table 3 summarizes the alkaline stability of the recently reported AEMs categorized by the
polymer backbone structure. Since the polymer backbone of aryl ether-free polyaromatics is
chemically stable, the alkaline stability of cation group and the linkage between the cation group
and polymer backbone plays a significant role; TMACG6PP and QPAF-4 with cations tethered by
a long alkyl spacer showed higher stability than ATMPP?° and QPAF-TMA*" with BTMA groups.
While the presence of alkyl extender chains in alkyl QA cations increases the alkaline stability
(QPAF-DMBA with a butyl extender chain showed higher stability than QPAF-TMA®), the alkyl
extender chains from the piperidinium cation center destabilize the piperidinium ring and cause
faster degradation by ring-opening elimination (PTPipQ8 with an octyl extender chain showed
much faster degradation than dimethylpiperidinium-functionalized PTPipQ1°). Although
dimethylpiperidinium cations are known for the high alkaline stability due to the constrained
geometry of the rings, highly unfavorable towards hydroxide-initiated degradation,*® there is some
evidence of chemical degradation when they become part of polymer backbone chain, as shown

in 10 M alkaline stability test of QAPPT.%
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Table 3 Alkaline stability of different backbone AEMs.

- Test condition . % o or
Polymer backbone Cationic group Sample name Conc. (M) Temp. (°C) Duration (h) IEC loss ref
Aryl ether-free polyaromatics
DAPP BTMA ATMPP 4 80 1800 30 (o) 94
TMHA TMACGPP 4 80 2200 <5 (IEC)
Poly(fluorene) TMHA PFBFF 1 80 720 <5(IEC) 4
BTMA QPAF-TMA 1 80 1000 95 (o)
Ni-catalyzed DMBA QPAF-DMBA 1 80 500 <5 (o) 4
poly(phenylene) TMHA QPAF-4 1 80 1000 <5 (o) 47
Imidazolium PPMB 2 80 168 5 (IEC) 48
TMPA BPN1-100 1 95 1440 8 (IEC) 95
TMPA m-TPN1 1 95 1440 <5 (IEC)
Acid-catalyzed Piperidinium PTPipQ1 2 90 700 5 (IEC) 58
poly(phenylene) Piperidinium PTPipQ8 2 90 700 70 (IEC)
S 1 80 210 5 (IEC) 50
Piperidinium QAPPT 10 80 240 33 (IEC)
Spiro-ionene N-spl(rg(:ycllc Spiro-ionene 2 1 80 1896 <5 (IEC) 8
Poly(arylene Imidazolium  HMT-PMPI 10 100 168 <S(IEC) T
imidazolium)
Aryl ether-containing polyaromatics
Partially fluorinated 61
poly(arylene ether) BTMA QPE-bl-9 1 80 500 97 ()
Po'y(iry'e”e ether BTMA QPAEK-x 4 rt 168 17(c) %
etone)
Poly(arylene ether L o7
sulfone ketone) BTMA QPE-bl-11 1 60 1000 66 (IEC)
B-110-PSU- o
Poly(ether sulfone) BTMA NMes-OH 1 50 6 39 (IEC)
TMHA PES-6-QA 1 60 720 12 (o) 2
Poly(fluorene Imidazolium AEM 1 60 400 6(c) %
sulfone)
Poly(arylene ether Imidazolium  IMPESN-19-22 2 60 600 67() o
sulfone nitrile)
Multication T20NC6NC5N 1 80 500 10 (o) %
Poly(phenylene TMHA 50PPOC6NC6 1 80 1000 7 (o) 8
oxide) Piperidinium "+ 0" TSQPH 1 90 192 9@ 1
Polyolefins
Poly(ethylene) Imidazolium AAEM-2 1 80 720 <5 (o) 8
Poly(propylene) BTMA PP-TMA-20 5 80 700 14 (o) 2
polystyrene-b-poly(et BTMA SEBS-TMA 1 80 672 8 (o)
hylene-co- 88
butylene)-b-polystyre TMHA SEBS-TMHA 1 80 672 22 (o)
ne
Poly(4-methyl-1- Trimethylnonyl PMP-TMA-41 10 80 700 7 (6) 89
pentene) QA
Methylbenzyl )
Radiation-grafted pyrrolidinium CL-AEM ! 80 672 27 (IEC) 101
ETFE Methylbutyl C4-AEM 1 80 672 13 (IEC)
pyrrolidinium

Most aryl ether-containing polyaromatics were subjected to the stability test in lower

temperature (< 80 °C) and showed higher degrees of reduction in their IEC value and ion
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conductivity, typically within 1000 hours (Table 3). The state-of-the-art polyolefinic AEMs also
demonstrated some noticeable decrease in their properties after the treatment in high-temperature
alkaline condition. In many cases, the alkaline stability of polyolefinic AEMs is determined by
cationic group incorporated in the polymer backbone. Since the functionalization of alkaline stable
functional groups such as alkyl side chain ammonium groups to the polyolefinic backbone is
limited, the alkaline stability of polyolefinic AEMs is reported to be inferior to aryl ether-free
polyaromatic AEMs. Moreover, polymer backbone degradation of polyolefinic AEMs was
observed after 7 days of dilute NaOH treatment at 80 °C.1%2 The comparison showed the
remarkable thermochemical alkaline stability of quaternized aryl ether-free polyaromatics, which

makes them promising candidates particularly for high-performing AMFCs.

5. Performance of Aryl Ether-Free Polyaromatics Measured in MEA

The performance of AMFCs is largely dependent on not only the AEM and ionomer but also the
electrocatalyst, electrode morphology, gas diffusion layer and operating conditions. Therefore, it
is inadequate to assess AEM and ionomer performance by the performance of AMFCs. Therefore,
in this section, we discuss the AEM and ionomer performance in MEA configuration without

assessing their properties by overall AMFC performance.

5.1 AEM performance
The performance of AEMs is assessed by the high-frequency resistance (HFR) of the MEA. HFR
of asingle cell is composed of the electronic resistance, membrane-electrode interfacial resistance,
and ASR of the AEM.X* Because the interfacial resistance is proportional to the dimensional
change of the AEM from dry to wet conditions,'® low water uptake of AEMs is a prerequisite for
high-performing MEAs. Typically, polyaromatic AEMs with water uptake of less than 100% at
30 °C exhibit small interfacial resistance (< 0.01 Q cm?). Well-designed aryl ether-free
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polyaromatics with an IEC of 2.0 meq./g or higher exhibit less than 100 wt.% water uptake (see
Section 4.2).

ASR of AEMs is determined by the hydroxide conductivity and the thickness of the AEMs.
The hydroxide conductivity of most aryl ether-free polyaromatics with IEC of ~2.0 meq./g ranged
60—120 mS/cm at 80 °C in water. Thin film forming capability of quaternized polyaromatics is
largely determined by the molecular weights of the polymers. The ASR of state-of-the-art aryl

ether-free polyaromatics is ~0.03 Q cm? at 80 °C,% which is the lowest level among AEMs.

Fig. 10 shows the change of the current density and ASR of an MEA employing a 40 um-
thick TMAC6PP during 300 h AMFC life test at 80 °C.2%" The cell current density and ASR
gradually decreased over time. However, after replenishing the cell with 0.5 M NaOH after 200 h
of AMFC operation, the ASR of the AEM was completely recovered to the original value (0.05 Q
cm?) although the cell current density was partly recovered. This suggests that the ASR increase
during the life test may be due to the carbonation or instability of Pt/C catalyst or cathode ionomer
degradation,'% yet not related to the AEM chemical degradation'®. FT-IR analysis of the AEM
before and after the life test showed no spectral change, confirming that the chemical structure of
the TMACG6PP AEM remained stable after the life test. Maurya et al. measured the HFR of an
MEA employing a 35 pm-thick m-TPN1 at a constant current of 0.3 A cm=21% The initial cell
HFR after the cell break-in (0.068 Q cm?) was not changed after 350 h operation of AMFC at
80 °C. Another MEAs with piperidinium functionalized poly(phenylene)s also exhibit stable
performance over the extended time at 80-95 °C, supporting that aryl ether-free aromatic AEMs
are stable under AMFC operating conditions.>®  Typically, aryl ether-free polyaromatics having

good ex situ alkaline stability, ca. < 5% IEC or conductivity loss after 500 h, 1 M NaOH treatment
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exhibited no trace of membrane degradation when the membranes were used in MEAs for a couple

hundred hours of AMFC operation.%
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Fig. 10 Long-term AMFC test of an MEA employing a 40 um-thick TMACGPP at the constant
voltage of 0.3 V. The life test was performed under H2/O», 147 kPa backpressure. AEM: 40 um-
thick TMACGPP; ionomer: TMACG6PP; catalyst: commercial Pt/C (0.2 mgei/cm?) for both anode
and cathode; the cell was replenished after 211 hour of life test. Replenishing process: immerse
MEAs in 0.5 M NaOH for 30 min followed by rinsed several times with warm water (60 °C).
No residual NaOH remained in the MEA, confirmed by the pH of the effluent water. The cell
was reassembled and continued to the life test.
5.2 lonomer performance
AMFC electrode performance may be influenced by the dispersionablity of the ionomers.
lonomers in liquid media generally form colloidal particles rather than fully solubilized polymer
chains.!'t 112 \While polyolefinic electrolytes are typically non-dispersionable in any liquid media,

most polyaromatic electrolytes with high IEC (> 1.5 meq./g) can be prepared as liquid dispersion

using aprotic polar or alcoholic solvents. Since quaternized polyaromatics with the hydroxide
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counterion have a stronger hydrogen bonding interactions (physical cross-linking) and thus lower
dispersionability, most liquid dispersions of quaternized polyaromatic ionomers for the AMFC
electrodes are prepared first with the polymer having halogen counterions (Cl-, Br-, etc.), then
converted to the hydroxide form after electrode processing. Complete removing of the adsorbed
halogen ion species from the electrocatalyst surface is critical because strongly adsorbed halogen
anions on catalyst surface may negatively influence on the AMFC performance and durability.
Dispersing agents are another factor that may impact the electrode performance.®® Generally,
aprotic dispersing agents such as DMSO and dimethylacetamide (DMAc) have good
dispersionability for quaternized polyaromatics. Alcoholic dispersing agents having the methyl to
hydroxyl group ratio of 1:1, e.g. methanol and ethylene glycol, are the best dispersing agents
among alcohols.**® Alcoholic dispersing agents or their mixture with water create more porosity

in the electrode, therefore, it can be used where reactant gas transport is limited.

One of the most significant factors that affect the AMFC performance of the MEAs
employing aryl ether-free polyaromatic ionomers is the phenyl group adsorption on hydrogen
oxidation reaction (HOR) catalyst surface. Even though most alkaline ionomers available today
have phenyl groups in the polymer backbone and/or side chain, it was shown that the side chain
cationic group substituted phenyl groups may have a less negative impact than non-cationic group
substituted phenyl groups due to the competitive adsorption between cationic and phenyl
groups.t** Fig. 11 compares the impact of phenyl group adsorption on AMFC performance of
MEAs with three aryl ether-free polyaromatics. The figure shows that AMFC performance of
MEAs employing poly(phenylene) ionomer improves when less phenyl group adsorbing Pt-Ru
catalyst at the anode was used instead of using Pt catalyst. The performance of Pt-Ru anode

catalyzed AMFC increases with less phenyl group-containing anode binder, i.e. quaternized
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poly(alkyl phenylene). The further performance improvement was achieved with poly(fluorene)
anode ionomer, which has non-phenyl group adsorbing characteristics due to the non-rotating
bulky fluorene structure. The strategy to make polyaromatics attaching rotationally restricted
polymer backbone seems to work well as another rotationally restricted piperidinium
functionalized terphenylene ionomer also showed good performance.>® When these non-phenyl
group-adsorbing quaternized polyaromatics are used as anode binders, the AMFC performance

difference between Pt and Pt-Ru anode catalysts becomes comparable.
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Fig. 11 (a) Comparison of H2/O2 AMFC performances of aryl ether-free polyaromatics using
different anode composition and (b) ionomer structures used for the comparison: 1. quaternized
poly(phenylene) (ATMPP) bonded Pt/C, 2. ATMPP-bonded Pt-Ru/C, 3. quaternized
poly(alkyl phenylene) bonded Pt-Ru/C and 4. quaternized poly(fluorene) bonded Pt-Ru/C. The
AMFC performance was measured at 80°C, 285 kPa backpressure under fully humidified
conditions. Quaternized poly(phenylene) membranes (thickness= 30-50 um) were used. Data
was redrawn from Refs. 106 and 114.
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5.3 AMFC performance
In this section, we compare the AMFC performance employing state-of-the-art polymer
electrolytes with different backbone structure in order to illustrate the distinctiveness of aryl ether-
free polymer electrolytes in MEAs. Fig. 12 shows the AMFC performance of MEAs with
polyolefin, aryl ether-containing, and aryl ether-free polyaromatic polymer electrolytes.>® 102 115-
118 The AMFCs employing polyolefin electrolytes exhibit the best performance among those, ca.
the peak power density reached 1.5 and 2.0 W/cm? (Fig. 12a). There are several notes regarding
to the good performance of polyolefin-based AMFCs: (i) the solid particulate dispersion of
radiation-grafted ETFE ionomer was used to fabricate the electrodes of the MEAs, which was the
only method due to the poor solubility of the ETFE ionomers, (ii) the performance was often
measured at 60 °C rather than 80 °C probably because of the alkaline instability of the polyolefin
electrolytes at 80 °C; the IEC loss of radiation grafted-LDPE and ETFE AEMs was negligible at
60 °C, ca. < 2 % after 1 M NaOH treatment for 7 days but notably increased at 80 °C, ca. 12%
under the same condition, %2 (iii) the performance was measured without backpressure and
sometimes under slightly lower humidification due to anode flooding, (iv) significant performance
improvement was made with high reactant gas flow, ca. 1 L/min.

The AMFCs employing aryl ether-containing polyaromatic electrolytes exhibit relatively
poor performance (Fig. 12b). The best AMFC performance employing an aryl ether-containing
polyaromatic electrolyte was obtained with quaternized poly(aryl ether sulfone) (PES) by Zhuang
etal. in 2015.1Y" The peak power density of the PES cell reached 1.0 W/cm? when Pt-Ru/C catalyst
was used at the anode. When Pt/C catalyst was used at the anode, the peak power density of the
cell significantly reduced by 40%, ca. 0.6 W/cm?. Also, note that Zhuang et al. used a relatively

high gas flow rate (0.4 L/min) for their 4 cm? cell. Later, Hickner et al. reported much lower cell
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performance using a PPO electrolyte in 2017. The peak power density of the cell was 0.36 W/cm?.
The low AMFC performance is partly attributed to the less-efficient Pt/C anode catalyst and low
gas flow rate (0.25 L/min). More recent AMFC performance reported by other groups was even
lower (the peak power density of ~0.2 W/cm?) with low gas flow rate (0.1 L/min).t1%-12

The AMFCs employing aryl ether-free polyaromatics exhibited better performance than
that with aryl ether-containing polyaromatics. The best MEAs employing aryl ether-free
polyaromatics was reported the peak power density of 1.5 W/cm? (Fig. 12c). One possible reason
for better AMFC performance employing aryl ether-free polyaromatics can be the restrained
rotation of phenyl groups in the ionomer backbone either by the fused five-member ring
(polyfluorene) or the bulky piperidinium group attached to the main chain (QAPPT), which
prevents phenyl group adsorption on the surface of HOR catalysts, as explained in Section 5.2. In
other words, free rotation of phenyl groups via the aryl ether linkage in the aryl ether-containing
polyaromatics can promote detrimental phenyl group adsorption. This is supported by the fact that
less-phenyl group adsorbing Pt-Ru anode catalysts significantly improved the AMFC performance
of the MEAs with aryl ether-containing polyaromatics yet only provided marginal impact to the
AMFC performance employing aryl ether-free polyaromatics.>®

The AMFC performance of MEAs employing aryl ether-free polyaromatics is lower than
that of MEAs employing state-of-the-art polyolefin polymers. One potential reason for this is
relatively thick AEM used for the polyaromatics cells; the thickness of polyaromatic AEMs used
for AMFC performance evaluation is 30-50 um, which is notably thicker than that of polyolefin
AEMs (25 um). Gottesfeld et al. indicated that a thinner AEM is beneficial to not only reducing
cell resistance but also improving water management (preventing cathode dry out) and enhancing

interfacial compatibility between AEM and electrodes.! Another possible reason is the absence of
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phenyl ring in the polyolefin backbone. Although the aryl ether-free polyaromatic ionomers were
designed to minimize the phenyl group adsorption, detrimental phenyl group adsorption may occur
in a certain degree. There are two main differences in operating conditions between polyolefin-
and aryl ether-free polyaromatic-based MEAs in order to achieve their best performance: (i) the
performance of aryl ether-free polyaromatic-based AMFCs was typically measured at 80 °C and
sometimes at 95 °C% to maximize catalyst efficiency as aryl ether-free polyaromatics are stable at
the high operating temperatures, (ii) the performance of aryl ether-free polyaromatic-based
AMFCs was measured with backpressure. This is because polyaromatic MEAs is less prone to
flooding thus the performance keeps increasing with backpressure. The less severe flooding issue
with AMFC MEAs employing polyaromatic ionomers is illustrated in Fig. S1 in which the
performance of acidic and alkaline fuel cells employing aryl ether-free polyaromatics is compared.
The performance of acidic PEMFC substantially decreased when humidification of water-
generating cathode increased from 0 to 100%, indicating that the PEMFC cathode was flooded at
100% RH. In stark contrast, the performance of AMFC increased when humidification of water-
generating anode increased from 0 to 100%, indicating that the AMFC anode was not flooded at
100% RH. Although AMFC anode flooding has been observed when polyaromatic ionomers
having high water uptake or non-Pt electrode is used, this result shows that the anode flooding for
quaternized aryl ether-free polyaromatic ionomer is a less significant issue with Pt-based catalysts.
The reason for better water management of the electrodes with the radiation-grafted polyolefinic
ionomer is unclear at this moment; it might be coming from high water uptake of the ionomer,
non-uniform structure of the electrode driven by the particulate ionomer, or more water generated

at the anode somehow helping to improve the performance of the polyolefinic ionomer.
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Fig. 12 (a) Comparison of Ho/O2 AMFC performances employing (a) polyolefins, (b) aryl ether-
containing polyaromatics and (c) aryl ether-free polyaromatics. LDPE cell: radiation-grafted
LDPE AEM (25 um dry thickness), radiation grafted particulate ETFE ionomer, Pt-Ru/C (50
wt.% Pt and 25 wt.% Ru) anode (0.4 mge: cm2), Pt/C cathode (0.4 mge: cm?); the performance
was measured at 80 °C with 1.0 L/min flow for both electrodes (100% RH) without
backpressure. ETFE cell: radiation-grafted ETFE AEM (25 um dry thickness), radiation grafted
particulate ETFE ionomer, Pt-Ru/C anode (50 wt.% Pt and 25 wt.% Ru) anode (0.4 mget cm2),
Pt/C cathode (0.4 mge: cm2); the performance was measured at 60 °C with 1.0 L/min flow for
both electrodes (anode/cathode dew points = 45 °C/46 °C). PPO cell: PPO membrane (60 um
dry thickness) and ionomer, Pt/C anode and cathode (0.4 mge: cm™); the performance was
measured at 60 °C with 0.25 L/min flow for both electrodes with 0.1 MPa backpressure. PES
cell: PES membrane (50 um dry thickness) and ionomer, Pt-Ru/C anode (Ru atomic ratio: 0.2)
anode (0.4 Mgmetal cm?), Pt/C cathode (0.4 mge: cm2); the performance was measured 0.4 L/min
flow cathode and anode (100% RH) at 60 °C with 0.1 MPa backpressure. QAPPT cell: QAPPT
membrane (30 um dry thickness) and ionomer, Pt/C anode and cathode (0.4 mge: cm™2), cell
performance was measured 0.12 L/min flow cathode and anode at 80 °C with 0.1 MPa
backpressure. BPN cell: BPN membrane (35 um thickness), FLN ionomer, Pt-Ru/C anode (0.5
mgetcm 2 and 0.25 mgr, cm2), Pt/C cathode (0.6 mge: cm™2); the performance was measured at
80 °C with 2.0 L/min flow for anode and 1.0 L/min for cathode (100% RH) with 0.29 MPa
backpressure. Data was redrawn from Refs. 59, 114-118.

It was also noted that high anode flow rate is beneficial to the performance of AMFC

employing the aryl ether-free polyaromatics as well as polyolefin-based AMFCs. This suggests
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that limited hydrogen gas access is still a performance-limiting factor. While low H> permeable
polyaromatic ionomers may be one contributing factor to this issue as increasing the free volume
of ionomer improves AMFC performance,*?? the limited hydrogen gas access may also be related
with cation-hydroxide-water co-adsorption,*?>12¢ which occurs across the polymer electrolytes
having methylammonium functional group. It has been observed that HOR on Pt is substantially
inhibited by time-dependent and potential driven cation-hydroxide-water co-adsorption under
alkaline conditions. Impedance analysis suggests that the inhibited HOR is largely due to the
hydrogen permeability barrier through the accumulated co-adsorbed layer. In order to mitigate the
co-adsorption, it might be useful to attach bulky cationic functional groups instead of
methylammonium cations into the polymer structure as those bulky cationic groups have much

less cation adsorption energy.?’

6. Summary and Future Outlook

Quaternized aryl ether-free polyaromatics have a great potential for the use of AEMs and ionomers
for AMFC applications because of their excellent chemical stability under high pH conditions.
Currently, several synthetic processes are available to prepare quaternized aryl ether-free
polyaromatics. Diels-Alder polymerization does not require metal catalysts and produces polymers
made of wholly rigid phenyl backbone but lacks the ability to incorporate simply quaternizable
moieties. Metal-catalyzed coupling reactions are able to produce various poly(phenylene)
structures, and the choice of aryl monomers is critical since they may largely affect the properties
of the resulting polymer electrolytes. Acid-catalyzed polyhydroxyalkylation produces polymers
with QA precursors with high solubility in many polar solvents, but the choice of a monomer is
important to grow high molecular weight polymers. Spiro-ionenes and poly(benzimidazolium)-

types of polymer electrolytes synthesized by cyclo-polycondensation and others have high ion
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contents in their backbone, which might require physical modification for the practical use.
Because of the rigid aromatic groups in the polymer backbone, quaternized aryl ether-free AEMs
require the high molecular weight to provide enough toughness as an AEM separator.
Alternatively, the reinforcement embedded in the polyaromatic AEMs can provide necessary
toughness for thin film AEMs. Good dispersionability of quaternized aryl ether-free polyaromatics
in liquid media adds the value for the processing of ionomers. Diverse synthetic routes further
enable to tailor their chemical structures to minimize undesirable interactions with electrocatalysts
at the HOR potentials.

The AMFC performance of MEAs employing well-designed aryl ether-free polyaromatic
electrolytes exhibits up to ~1.5 W cm under H2/O2 conditions at 80 °C. The AMFC performance
reported with aryl ether-free polyaromatics is significantly better than that with aryl ether-
containing polyaromatics but less than that with a state-of-the-art polyolefin. Implementing more
robust and thinner AEMs may further improve the AMFC performance. The durability of the
MEAs is yet demonstrated for a couple hundred hours, and further extended AMFC durability for
thousands of hours needs to be demonstrated for practically viable applications, although the
performance degradation occurs in the AMFC may also be associated with other AMFC
components. Studies regarding ionomer degradation under low relative humidity AMFC
environments® and possible oxidation due to the high potentials of AMFC cathode may need
further to be investigated. Implementing low-PGM and non-PGM catalysts is also challenging.
The aryl ether-free polyaromatic bonded low-PGM anode catalysts (~0.025 mget cm) have been
demonstrated,*® but further lower loading with stable performance may be the next step.
Implementing highly active non-PGM HOR and nitrogen-doped carbon-based non-PGM ORR

catalysts is a tough nut to crack. In both cases, low reactant permeability through the electrodes
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may be resolved. In addition, AEM and ionomer degradation with high peroxide generating non-
PGM catalysts may further need to be investigated. Another technical barrier of AMFCs
employing quaternized polyaromatic electrolytes is high cell resistance under low RH conditions.
The performance of AMFC employing quaternized polyaromatic membranes shows high humidity
dependence due to the increased cell resistance (Fig. S2), suggesting that the utilization of AEMs
at high temperature (> 100 °C) with low humidity operating condition might be limited.

Focused programs with clear targets have been developed for AMFC devices and systems.
A key component in meeting the goals is AEMs and ionomers. Further advancement of polymer
electrolytes used as AEMs and ionomers will be useful not only for the provision of alkaline stable
materials of high-performing AMFCs but also for the provision of the adaptation platform for other
AEM-based electrochemical devices such as AEM water electrolysis,® high temperature
PEMFCs,*?® 129 direct liquid fuel cells,** redox flow batteries,*3! and electrodialysis.'*?
Quarternized aryl ether-free polyaromatics electrolytes exhibit desirable properties, including ion
conductivity, mechanical toughness, thermal stability, processability, and lastly and most

importantly, alkaline stability, which make them stand out as a promising candidate for the purpose.
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