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rylene piperidinium) anion
exchange membranes by monomer design†
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Energy conversion devices such as alkaline membrane fuel cells and water electrolyzers rely critically on

durable anion exchange membranes (AEMs) with high hydroxide conductivity. In this context,

poly(arylene piperidinium)s have emerged as one of the top candidate materials. Here, we report on the

preparation and properties of poly(arylene alkylene piperidinium)s (PAAPs) with significantly higher

alkaline stability than current state-of-the-art poly(arylene piperidinium)s derived from piperidones. A

new piperidine trifluoromethyl ketone monomer (TFPip) was designed, synthesized and employed in

superacid-mediated polyhydroxyalkylations with p- and m-terphenyl, biphenyl and fluorene, respectively.

The pendant piperidine rings of the resulting polymers were then quaternized and cycloquaternized to

form N,N-dimethylpiperidinium (DMP) and 6-azonia-spiro[5.5]undecane (ASU) cations, respectively.

Polymers based on p- and m-terphenyl were cast into mechanically strong AEMs which reached OH�

conductivities close to 80 and 180 mS cm�1 at 20 and 80 �C, respectively. The AEMs also displayed an

excellent resistance against OH� attack. For example, AEMs carrying DMP cations showed a mere 14%

ionic loss after storage in 5 M aq. NaOH at 90 �C during 20 days. In comparison, a corresponding

benchmark poly(arylene piperidinium) AEM lost three times as many DMP cations (42%) under the same

conditions. The results of the study demonstrate that the overall properties and alkaline stability of AEMs

can be considerably improved by rational monomer design.
Introduction

A broad world-wide implementation of fuel cell powered vehi-
cles and devices calls for the development of a more sustainable
and cost-effective alternative to the proton exchange membrane
fuel cell (PEMFC). The most viable option is the anion exchange
membrane fuel cell (AEMFC), which has the potential to operate
without the use of platinum-group metal catalysts and per-
uorinated membranes.1–4 In parallel, the anion exchange
membrane water electrolyzer (AEMWE) is developed to effi-
ciently produce green hydrogen under alkaline conditions in
a low-cost and sustainable way.5–7 Consequently, considerable
research efforts are currently devoted to the development of
durable and functional anion exchange membranes (AEMs) for
AEMFCs and AEMWEs.8–13 AEMs should possess high ion
conductivity at a limited ionic content to avoid excessive water
uptake and swelling that will compromise the mechanical
strength. The long-term structural integrity and properties of
the AEMs are however greatly challenged by the severe alkaline
operating conditions in these devices. Both the polymer
t of Chemistry, Lund University, P.O. Box
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backbone and the tethered cations are prone to degrade via
hydroxide attack, resulting in loss of mechanical integrity and
ion conductivity, respectively.14

To avoid backbone cleavage, polymers devoid of vulnerable
ether bonds have been employed in AEMs, including poly-
ethylenes,15,16 polystyrenes,17 polybenzimidazoles,18 poly-
phenylenes19 and poly(arylene alkylene)s.20–22 In addition, the
alkaline stability of various organic cations, including imida-
zolium,23 quaternary ammonium (QA)24–27 and organometallic
cations,28,29 have been studied as model compounds to identify
suitable candidates.30 In this context, different N-heterocyclic
QA cations have emerged as synthetically accessible and
generally highly alkali-stable ion-exchange groups. Especially
the N,N-dimethylpiperidinium (DMP) and 6-azonia-spiro[5.5]
undecane (ASU) cations have shown especially high alkaline
stability,24 which has prompted a large number of studies by
us31–33 and others.34–36

Poly(arylene piperidinium)s (PAPs) have piperidinium rings
directly attached to the backbone structure and constitute
a rather new class of polymers which has drawn increasing
attention as membrane materials, primarily because of their
stiff aromatic backbone, high alkaline stability, tunable struc-
ture, and relative ease of synthesis and processing (Scheme 1).
Commercially available 4-piperidone and N-methyl-4-
piperidone monomers and different arenes enable
This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Monomers and corresponding polymers prepared in two
steps by polyhydroxyalkylation and subsequent quaternization to
produce AEMs. Key: (a) previous work based on (i) poly(arylene
piperidinium)s [e.g., poly(p-terphenyl piperidinium)] and (ii) poly(-
arylene alkylene)s [e.g., poly(biphenyl alkylene)] prepared from
prepared from piperidone37 and 7-bromo-1,1,1-trifluoro-2-hepta-
none,53 respectively. (b) The present work is based on poly(arylene
alkylene piperidinium)s derived from the TFPip monomer. Ar ¼ arene.
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straightforward synthesis of high-molecular weight PAPs by
superacid-mediated polyhydroxyalkylations, followed by a suit-
able quaternization to introduce the desired piperidinium-type
cation. In general, AEMs based on PAPs with moderate ion
exchange capacities (IECs) show a well-controlled water uptake,
high hydroxide ion conductivity and chemical stability. For
example, an AEM based on poly(p-terphenyl dimethylpiper-
idinium) displayed no structural change aer storage in 2 M aq.
NaOH at 60 �C for 15 days.37 Subsequently, the ex-situ stability
of PAP-based AEMs has been veried to exceed 1500 h in 1 M aq.
NaOH at 80 �C.38,39 A number of different successful approaches
have been reported to further improve membrane durability
and performance, including the introduction of exible
spacers,40 arrangements with multiple cations,41,42 cross-
linking,43–45 branching46 and reinforcement.47 For example, we
recently reported on a series of cationically modied poly(-
biphenyl piperidine)s which retained >92% of the cations aer
storage in 2 M aq. NaOH at 90 �C for 30 days.48 This was ach-
ieved by leaving the piperidine groups in the backbone non-
quaternized and hence far less sensible to hydroxide attack
and degradation.

Although quite alkali-stable, PAP-based AEMs are still
susceptible to ionic loss via, e.g., ring-opening Hofmann elim-
ination and substitution in harsh alkaline environments. A high
ionic loss relative to model piperidinium cations has been
partly attributed to the conformational distortion of the piper-
idinium ring directly attached to the rigid PAP backbone.37

Furthermore, the ionic loss has been observed to accelerate
This journal is © The Royal Society of Chemistry 2022
when the possibilities for ring relaxation was further restricted
by the spirocyclic arrangement of the ASU cation.49 Hence, the
alkaline stability of these cations is highly dependent on
precisely how they are attached to the polymer backbone,9,50 and
in many cases on the rigidity of the backbone itself.17,51

Providing a high local mobility of the cations by tethering via
exible spacers has shown to increase their resistance against
hydroxide attack. In order to reduce ionic loss by b-elimination
at the spacer chain, it is advantageous to attach the piper-
idinium rings via the 4-position instead of the 1(N)-position. In
this way, all the b-hydrogens are placed in the better protected
ring structure, which produces substantially more stable
AEMs.52

With the aim to further enhance membrane properties and
stability beyond that of AEMs based on PAP, we have in the
present work designed and synthesized a new piperidine-
functional triuoromethylketone monomer, and then
prepared and studied a series of poly(arylene alkylene piper-
idinium)s (PAAPs) tethered with DMP and ASU cations (Scheme
1). The monomer was designed to place the cations pendent to
the polymer backbone in order to lessen the conformational
distortion of the rings by the stiff backbone and increase the
ring strain relaxation. The PAAPs were prepared in superacid-
mediated polycondensations with different arene monomers,
followed by quaternization reactions to produce the cations.
Solution-cast AEMs were characterized with regard to water
uptake, hydroxide conductivity, morphology, thermal and
alkaline stability. A special emphasis was placed on alkaline
stability and ion-loss mechanisms, and the results were
benchmarked against PAP reference AEMs.

Results and discussion
Monomer synthesis and characterization

Piperidone and various triuoromethyl ketones have been
widely employed in Friedel–Cras type polycondensations with
electron-rich aromatic compounds to prepare linear, high-
molecular-weight polymers functionalized with different
cationic groups (Scheme 1).20,37 In the present work, the
monomer 2,2,2-triuoro-1-(4-piperidine)ethanone (TFPip) was
designed to improve the alkaline stability of AEMs, and was
subsequently synthesized as a hydrochloride salt in two steps,
starting from commercially available 4-piperidinecarboxylic
acid (Fig. 1). In the rst step, the carboxylic moiety was con-
verted to a triuoroacetyl group by a reaction with triuoro-
acetic anhydride (TFAA), in the presence of pyridine, followed
by hydrolysis/decarboxylation in water. In parallel, the piperi-
dine N-H functionality underwent N-triuoroacetylation. The
majority of the piperidine groups remained in the protected
form aer the hydrolysis, and a mixture of the intermediate and
the nal TFPip product (salt-free) was detected in the crude
product (Fig. S1†). Still, this did not interfere with the subse-
quent synthesis and purication. In the second step, a complete
deprotection of the mixed intermediate product was carried out
in concentrated HCl at 100 �C overnight. Finally, the pure TFPip
hydrochloride salt was obtained aer recrystallization in
acetonitrile. The synthesis was based on 26 g 4-
J. Mater. Chem. A, 2022, 10, 16478–16489 | 16479
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Fig. 1 Synthetic route to monomer TFPip and 1H NMR spectrum of an isolated sample in the hydrochloride salt form, recorded in DMSO-d6.
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piperidinecarboxylic acid which was divided in two separate
reactions conducted in parallel before combining the batches in
the second step.

The successful synthesis and purication of TFPip was
conrmed by 1H NMR spectroscopy (Fig. 1). The a (c) and b (b)
protons of the piperidine ring were observed as split signals
located between 2.8–3.3 ppm and 1.6–1.9 ppm, respectively. The
methine proton (a) emerged at around 1.9 ppm and was partly
overlapped with one of the b (b) proton signals. A broad singlet
at 8.9 ppm was assigned to the protonated secondary piperidine
ring (d). The molar mass of TFPip was also conrmed by high-
resolution mass spectroscopy (Table S1†).
Synthesis and characterization of poly(arylene alkylene
piperidinium)s

Superacid-mediated polyhydroxyalkylations involving TFPip
and different electron-rich arene monomers were carried out as
shown in Scheme 2. The electron-withdrawing triuoromethyl
substituent gave the TFPip monomer sufficient electrophilicity
to react with common arenes in the superacid medium.54

During the polycondensations, the ketone moiety of TFPip is
protonated to generate a dication to react with the arene
monomer. In general, TFPip showed moderate reactivity, as
evidenced by the long polymerization periods required to reach
high molecular weights. Consequently, we used a high molar
Scheme 2 Synthesis and designations of the cationic polymers prepare

16480 | J. Mater. Chem. A, 2022, 10, 16478–16489
excess of TFPip (up to 40%) in order to accelerate the poly-
merization rate. The polycondensations were carried out in
dichloromethane (DCM) at 20 �C and the resulting polymers
containing p-terphenyl (pT), m-terphenyl (mT), biphenyl (B) and
9,9-dimethyl-9H-uorene (dF) units were denoted PpTPip,
PmTPip, PBPip and PdFPip, respectively. Their structures were
subsequently veried by 1H NMR spectroscopy (Fig. 2 and S2†)
aer addition of triuoroacetic acid (TFA) to the DMSO-d6-
solutions. The signals located between 1.5 and 3.9 ppm corre-
sponded to piperidine ring protons (a)–(c) and were found in all
the polymer spectra. Moreover, the signal of the protonated
secondary N+–H2 groups (d) appeared between 8.0 and 8.5 ppm
as distinctly split singlets. In polyhydroxyalkylations involving
piperidone, signals originating from vinylic groups formed in
elimination reactions are frequently observed at 6.2 and
4.0 ppm.37 These side reactions limit the molecular weight, and
thus the AEM properties. In the present case, no traces of
elimination products were detected in any of the poly-
condensation experiments, which shows that the TFPip mono-
mer is less sensitive to elimination than piperidone during
polyhydroxyalkylations. In the protonated form, the polymers
were readily soluble in common organic solvents, such as
dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP) and
acetone, but were non-soluble in DCM, chloroform and tetra-
hydrofuran (THF).
d via superacid-mediated polyhydroxyalkylations and quaternizations.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 1H NMR spectra of sample (a) PpTPip, (b) PmTPip, (c) PpTDMP, (d) PmTDMP, (e) PpTASU and (f) PmTASU, recorded in DMSO-d6 with
5 vol% TFA.
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PAAPs were prepared by quaternizations of the precursor
polymers (PpTPip, PmTPip, PBPip and PdFPip) using methyl
iodide and 1,5-dibromopentane, respectively, which resulted in
the formation of DMP and ASU cations, respectively. Because of
the limited solubility in solvents commonly used in size exclu-
sion chromatography (e.g., chloroform and THF), as well as
a lack of suitable reference samples, the molecular weight of the
polymers carrying the DMP cation was estimated by intrinsic
viscosity ([h]) measurements in 0.1 M LiBr in DMSO at 25 �C.
The results (Table 1) showed that high molecular weights were
achieved in polycondensations involving the terphenyls (pT and
mT), which was further supported by the good lm-forming
properties of these samples. However, it was not possible to
reliably measure the intrinsic viscosities of PBDMP and
PdFDMP, suggesting low molecular weights when the poly-
merizations involved biphenyl and dimethyluorene, respec-
tively. This may be attributed to the comparatively low reactivity
Table 1 Properties of the AEMs

AEM

IEC (mequiv. g�1)
WUb (%)
(20 �C)

WUb (%)
(80 �C)Theoreticala Titrated

PpTDMP 1.99 (2.27) 2.03 (2.32) 78 104
PpTASU 1.84 (2.08) 1.85 (2.09) 43 81
PmTDMP 1.99 (2.27) 2.02 (2.31) 144 446
PmTASU 1.84 (2.08) 1.83 (2.07) 105 341

a Calculated from the polymer structures in the Br� form (OH� form with
25 �C.

This journal is © The Royal Society of Chemistry 2022
of the latter arenes in the polycondensations. Although free-
standing membranes were cast from DMSO solutions of
PBDMP and PBASU, they were rather brittle in the dry state, and
extremely so when hydrated and thus difficult to handle. This
was most probably a consequence of the high IEC, the rather
high backbone exibility, combined with limited molecular
weights. Therefore, cationic polymers based on pT andmT were
excellent candidates for use as AEMs, whereas those based on
biphenyl and dimethyluorene may be suitable as high-IEC
ionomers in the electrode layers. Because of the high reac-
tivity of pT, we chose to further optimize this polycondensation.
The results showed values of [h] between 0.52 and 1.37 dL g�1

depending on the reaction conditions. Details of the different
polymerizations and the products are described and summa-
rized in the experimental section (Table 2). The PpTPip sample
reaching the highest intrinsic viscosity (Table 2, entry 4) was
used in the preparation of the AEMs further described below.
sb (mS cm�1)
(20 �C)

sb (mS cm�1)
(80 �C)

lb

(80 �C)
Td,95
(�C)

[h]c

(dL g�1)

79 178 25 452 1.37
70 157 22 389 —
78 169 107 428 0.25
67 147 92 394 —

in parentheses). b Measured in the OH� form. c Measured in DMSO at

J. Mater. Chem. A, 2022, 10, 16478–16489 | 16481
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Table 2 Polymerization conditions of PpTPip and the properties of the corresponding PpTDMP AEMs

Entry TFPip:pT TFSA:TFPip TFSA:DCM
Polymerization
time (h)

[h]a

(dL g�1)
WUb (%)
(20 �C)

WUb (%)
(80 �C)

sb (mS cm�1)
(20 �C)

sb (mS cm�1)
(80 �C)

1 1.2 10 2 288 0.52 102 174 75 167
2 1.3 18 2 168 0.83 93 128 67 155
3 1.4 13 2 144 0.78 88 121 68 156
4 1.4 18 2 576 1.37 78 104 79 178

a Measured in DMSO at 25 �C. b Measured in the OH� form.
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Membrane preparation and morphology

Transparent membranes with excellent robustness and exibility
were prepared from PpTDMP, PpTASU, PmTDMP and PmTASU
solutions in NMP at 80 �C. The AEMs were ion-exchanged to the
Br� form and subsequently stored in deionized water prior to
characterization. The ion exchange capacity (IEC) was determined
by Mohr titrations. As shown in Table 1, the results were in
excellent accordance with the theoretical values expected from
the polymer structures, which indicated the completeness of the
quaternizations. The morphology of the AEMs was studied by
small-angle X-ray scattering (SAXS) and the results are shown in
Fig. 3. As indicated by the arrows, ionomer peaks indicated by
scattering maxima were observed for PpTDMP and PpTASU.
Specically, the ionomer peak of PpTDMP were found at q ¼ 1.6
nm�1, which corresponded to a characteristic separation distance
(d) of 3.9 nm. PpTASU displayed a similar scattering prole with
the ionomer peak at q¼ 1.3 nm�1 and a corresponding d-spacing
of 4.8 nm. In addition, a second scattering maximum was
observed for these two AEMs at q¼ 5.6 nm�1. This corresponded
to d ¼ 1.1 nm, which approximately equals the length of a ter-
phenylene unit. In comparison, benchmark poly(p-terphenyl
piperidinium) (PTPipQ100) and poly(biphenyl piperidinium)
(PBPipQ100), both derived from piperidone (Scheme 1), displayed
single ionomer peaks at q ¼ 1.6 and 2.5 nm�1, respectively, and
showed no scattering maxima around q ¼ 5.6 nm�1. Further-
more, AEMs based on mT showed a distinctly different SAXS
prole than their pT counterparts. A broad ionomer peak
centered around q ¼ 3.1 nm�1 was detected for PmTDMP. This
can be explained by the higher exibility of the m-terphenylene
conformation which potentially facilitated ionic aggregation.
PBDMP and PBASU exhibited an ionomer peak around 2.3 and
Table 3 Ionic loss of the AEMs obtained by 1H NMR analysis after
storage in 5 M aq. NaOH at 90 �C for 20 days

AEM

Ionic loss (%)

Total By Hofmann elimination

PpTDMP 14 7
PpTASU 41 12 + 17 (outer + inner ring)
PmTDMP 18 10
PmTASU 39 14 + 21 (outer + inner ring)
PTPipQ83 52 42
PTPipQ100 42 35

16482 | J. Mater. Chem. A, 2022, 10, 16478–16489
2.2 nm�1, respectively, indicating their distinct phase-separated
morphology.
Thermal stability

The thermal stability of the precursor polymers and the AEM
samples were studied by thermogravimetrical analysis (TGA)
(Fig. 4) by recording the thermal decomposition temperature at
95% weight loss (Td,95) (Table 1). The precursor polymers PmTPip
and PpTPip both degraded in single steps at Td,95 ¼ 376 and
385 �C, respectively, attributed to their stiff and aromatic back-
bone structures. Aer the quaternizations, the AEMs surprisingly
reached an even higher thermal stability. The PmTDMP and
PpTDMP samples displayed signicantly higher Td,95 values at
428 and 452 �C, respectively, while PpTASU and PmTASU had
lower values, i.e., Td,95 ¼ 389 and 394 �C, respectively. As
frequently reported, QA functionalized AEMs normally decom-
pose at lower temperatures than the non-functionalized precur-
sors. For example, the Td,95 values of poly(arylene piperidinium)
s37,43 and poly(arylene alkylene)s20,55 have previously been reported
to be lower than their corresponding precursors polymers. In the
present study, the opposite trend can be attributed to the nature
of the precursor polymers, where the piperidine groups remained
protonated and carried TFSA� counter ions. We speculated that
the presence of the triate ions weakened the piperidine unit and
therefore impaired its thermal stability. The thermal stability of
samples based on the two different backbone congurations, i.e.,
Fig. 3 SAXS profiles of the PAAP AEMs. For comparison, scattering
data of PTPipQ100 and PBPipQ100 are also shown.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 TGA traces of the protonated precursor polymers in the TFSA� form and the AEMs in the Br� form recorded under N2 atmosphere at
a heating rate of 10 �C min�1: samples based on (a) pT and (b) mT, respectively.
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pT and mT, showed little difference. TGA traces of samples con-
taining biphenyl and dimethyluorene units indicated a similar
degradation behavior as those based on pT and mT (Fig. S3†).
Fig. 5 Water uptake of AEMs based on pT andmT (a), and of AEMs based
and in-plane (d) swelling ratios of AEMs based on pT andmT. Data werem
the OH� form.

This journal is © The Royal Society of Chemistry 2022
Water uptake and swelling ratio

The presence of water is crucial for the function of an AEM. An
ideal uptake of water facilitates efficient ion transport in the
on PpTDMP samples with different [h] values (b), as well as through- (c)
easured between 20 and 80 �Con fully hydrated (immersed) samples in
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membrane, while an excessive water uptake leads to swelling
and loss of mechanical robustness and even to disintegration.
The water uptake and swelling behavior of the present AEMs in
the OH� form were gravimetrically determined (Fig. 5a–d and
Table 1). As expected, the water uptake of the AEMs increased
with temperature and IEC. The PBDMP and PBASU membranes
had a high water uptake because of their high IECs and back-
bone exibility. The fully hydrated samples were difficult to
handle and hence the water uptake and swelling were not
measured. When the m-terphenyl backbone was employed, the
water uptake was considerably more restricted. For example,
PmTASU showed a water uptake of 105 and 341% at 20 and
80 �C, respectively. At a higher IEC, the water uptake of
PmTDMP reached 144% and over 400% at 20 and 80 �C,
respectively. Notably, the AEM samples, although so,
remained intact with such high water contents. As expected,
when the stiffer p-terphenyl was employed, the water uptake of
the AEMs became even more constrained. PpTDMP showed
a water uptake between 78 and 104% between 20 and 80 �C.
With the bulkier ASU cation and slightly lower IEC, PpTASU
demonstrated a lower water uptake, i.e., 43–81% in the same
temperature range. These AEMs also displayed moderate in-
and through-plane swelling, around 20% even at 80 �C.

The restricted water uptake of the PpT AEMs may primarily
be explained by the higher rigidity of the p-terphenylene back-
bone compared with the m-terphenylene counterpart. However,
the higher molecular weight of the former, as indicated by the
[h] values, also limited the water uptake and swelling by
improving the viscoelastic properties. This relationship was
corroborated by data obtained with AEMs prepared from
PpTDMP samples with different [h] values, which showed that
the water uptake decreased from 174 to 104% at 80 �C as [h]
increased from 0.52 to 1.37 dL g�1 (Fig. 5b). The large depen-
dence on the molecular weight emphasized the necessity to
optimize the polymerization to obtain high-performance AEMs.
Scheme 3 Molecular structures of a representative PAAP, PpTDMP
prepared from TFPip (a), and two corresponding benchmark PAPs for
reference: PTPipQ100 (b) and PTPipQ83 (c), both derived from
Ion conductivity

High OH� conductivity is a key property for AEMs which is
dependent on several factors, including the IEC, water uptake,
Fig. 6 OH� conductivity of the AEMs in the fully hydrated (immersed) s

16484 | J. Mater. Chem. A, 2022, 10, 16478–16489
morphology and temperature. In the present study, the OH�

conductivity of PAAP AEMs in the fully hydrated (immersed)
state was measured by electrochemical impedance spectroscopy
(EIS) between 20 and 80 �C. As shown in Fig. 6a–c, the
conductivities of the PAAP AEMs increased with temperature
and water uptake as anticipated. Overall, high conductivities
were reached for all the AEMs (Table 1) and an Arrhenius
behavior was shown (Fig. 6a and b). The most conductive PAAP
AEM was PpTDMP, reaching a OH� conductivity of 79 and 178
mS cm�1 at 20 and 80 �C, respectively. Similarly, PmTDMP had
OH� conductivities of 78–169 mS cm�1 at the same IEC.
Furthermore, AEMs carrying the bulky ASU cations (PpTASU
and PmTASU) also displayed high conductivities, between 67
and 157 mS cm�1, despite the lower IEC. The relationship
between the OH� conductivity and the hydration number (l) of
the AEMs is given in Fig. 6c. When AEMs with different back-
bone structures were compared, it was obvious that PpT AEMs
were more effective ion conductors than the PmT AEMs, as seen
by the much steeper conductivity increase with l compared to
the latter AEMs. A dilution effect by which excessive water
uptake decreased the charge carrier concentration, resulting in
less efficient ion transport, was clearly observed for the PmT
AEMs.
tate as a function of (a) and (b) T�1 and (c) the hydration number (l).

piperidone (counter ions omitted).

This journal is © The Royal Society of Chemistry 2022
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The OH� conductivity of PpTDMP was compared with
benchmark PAP AEMs. Here, the homopolymer PTPipQ100 (ref.
56) was selected because it has the same terphenyl backbone
and piperidinium cation (Scheme 3) as PpTDMP. The copol-
ymer PTPipQ83 was included because of a similar IEC and water
uptake in comparison with PpTDMP. As shown in Fig. 6a,
PpTDMP reached higher conductivity values than the two
benchmarks based on PAP. This could be attributed to the
combination of the high molecular weight, reasonably high
IEC, and the cationic arrangement of PpTDMP, which led to
a more distinct phase separation of the AEM (Fig. 3). Moreover,
the conductivity of PTPipQ100 increased only slowly with
increasing water content (l), most probably due to the high IEC
and overall water uptake, leading to a dilution effect (Fig. 6c).

Alkaline stability

One critical factor that hampers the development of durable
AEMFCs is the lack of sufficient long-time chemical stability of
currently available AEMs under alkaline environment. The
rational design of monomer TFPip was expected to provide
polymers with a cationic arrangement which enhances the
Fig. 7 1H NMR spectra of (a)–(c) PpTDMP and (d)–(f) PpTASU before and

This journal is © The Royal Society of Chemistry 2022
resistance against OH� attack, especially in relation to PAP
AEMs based on piperidone (Scheme 1). In order to investigate
this, the two benchmark AEMs based on PAPs prepared from
piperidone, PTPipQ83 and PTPipQ100, were included in the
alkaline stability study (Scheme 3). The copolymer PTPipQ83
had a similar water uptake as PpTDMP, which presumably gave
a comparable effect of the hydration level on the stability.57

Here, the alkaline stability and degradation were investigated by
1H NMR spectroscopy in order to probe the active degradation
mechanisms and assess the ex situ lifetime of the AEMs.
Samples were rst immersed in alkaline media, initially 2 M aq.
NaOH at 90 �C during 20–100 days. Subsequently, the AEM
samples were also studied aer storage in 5 M aq. NaOH at the
same temperature for 10 and 20 days. All the samples retained
their mechanical integrity and robustness aer these severe
testing conditions. 1H NMR spectra of the AEM polymers before
and aer storage in alkali were recorded aer dissolution in
DMSO-d6 with addition of TFA (Fig. 7, 8 and S4–S10†).

The degradation mechanisms of the DMP and ASU cations
have already been widely studied and reported.37,48,49 Typically,
in a severe alkaline environment, both cations undergo
after storage in 5 M aq. NaOH at 90 �C for 10 and 20 days, respectively.

J. Mater. Chem. A, 2022, 10, 16478–16489 | 16485
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Fig. 8 1H NMR spectra of (a) and (b) PpTDMP and the benchmark AEMs (c) and (d) PTPipQ100 and (e) and (f) PTPipQ83 before and after storage in
5 M aq. NaOH at 90 �C for 20 days.
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Hofmann elimination at b-hydrogens, or ring-opening nucleo-
philic substitution at a-carbons. Methyl substitution occurs
exclusively for the DMP cations. Several studies on QA model
compounds (salts) have revealed the high alkaline stability of
DMP and ASU because of the constraints imposed by the ring
structure.58–60 For instance, Hofmann elimination is depressed
for the DMP cation due to the high energy transition state,
which instead cause degradation via methyl substitution to
dominate. This may in turn be circumvented by replacing the
methyl groups with a second 6-membered ring to form a spiro
cation, i.e., the ASU cation. This cation successfully demon-
strated a longer half-life (110 h for ASU versus 87.3 h for DMP at
160 �C in 6 M aq. NaOH).24 However, the reverse situation has
oen been observed when these N-alicyclic cations are incor-
porated into various polymer structures, such as PAPs.50,52

Hofmann elimination is dominant in most cases,37 which has
been attributed to a distortion of the ring conformation
imposed by the rigid arylene backbone. In fact, ionic loss
through elimination has been found to increase with the
rigidity of the backbones.51 In AEMs the ASU cation has been
found to be more prone to degrade compared with the DMP
cation, which is in contrast to the results on the corresponding
model compounds.

In the present study, structural changes of the AEM samples
were detected by 1H NMR spectroscopy aer storage in 2 M aq.
NaOH at 90 �C for 20 days, even though the new signals from the
degradation products were very small, and the ionic loss was only
quantiable aer 60 day's storage (Fig. S5–S8, d–g†). Conse-
quently, the AEMs were treated under harsher conditions to
accelerate the ionic loss, and 1HNMR spectra were recorded aer
immersion in 5 M aq. NaOH at 90 �C for 10 and 20 days. Fig. 7
shows the spectra of PpTDMP and PpTASU before and aer the
aforementioned treatment, and the spectra of the other AEM
samples are provided in Fig. S7–S10.† As shown in Fig. 7c, the
signals at 5.1 (c1) and 5.4 (b1) ppm were ascribed to the vinyl
groups of the Hofmann elimination products, along with the
tertiary proton signal at 9.48 ppm (d1). As expected, the three
signals had intensity ratios of 2 : 1 : 1. Traces of methyl and ring-
16486 | J. Mater. Chem. A, 2022, 10, 16478–16489
opening substitution were also detected, as indicated by two
small additional signals (d2 and d3) from protonated tertiary
piperidine between 9.0 and 9.5 ppm. When it comes to PpTASU,
another set of vinylic signals was detected (Fig. 7f), suggesting
Hofmann elimination in both ASU rings (inner and outer). In
addition, the alkaline stability of PpTDMP was compared with
the benchmark PAP AEMs, as shown in Fig. 8. Aer alkaline
storage, the PAP reference materials showed distinct signals
from vinylic protons between 4.8 and 6.8 ppm, originating from
Hofmann elimination.37 Lastly, the 1H NMR spectra of PmTDMP
and PmTASU, presented in Fig. S7 and S8,† showed that AEMs
based on PmT degraded in a similar manner as the PpT-based
AEMs, despite the different backbone congurations.

The ionic loss of the AEMs was calculated by comparing the
integral of the (protonated) amine signals around 9 ppm, orig-
inating from the degradation of piperidinium, with the inten-
sity of all the aromatic signals (7–8 ppm), which remained
unaffected by the alkaline treatment. The results are summa-
rized in Table 3 and revealed that PpTDMP was the most stable
AEM in the present study, with a mere 14% ionic loss, aer
storage in 5 M NaOH at 90 �C for 20 days. Under the same
conditions, the reference samples PTPipQ83 and PTPipQ100
showed an ionic loss of 52 and 42%, respectively, which was
signicantly higher than that of PpTDMP. Moreover, in
PpTDMP half of the degradation occurred via Hofmann elimi-
nation, accounting for 7% ionic loss. In comparison, Hofmann
elimination was the primary pathway in the benchmark AEM,
corresponding to 42% ionic loss for PTPipQ83 (out of a total
52% ionic loss). The most possible reason for the superior
alkaline stability of the present AEMs lies in the more favorable
cationic arrangement. First of all, the piperidinium rings are
attached in the 4-position. This greatly enhances the alkaline
stability of the cation,52 in comparison to corresponding
piperidinium rings tethered at the 1(N)-position.55 Furthermore,
the ring strain imposed by the rigid polymer chain are alleviated
in, e.g., PpTDMP, as opposed to the benchmark PTPipQ100
where the cations are directly incorporated in the backbone. In
PpTDMP, the piperidinium rings are separated from the
This journal is © The Royal Society of Chemistry 2022
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backbone, which signicantly facilitates the ring relaxation to
impede ionic loss. This was supported by the reduced ionic loss
viaHofmann elimination, in comparison to the PAP benchmark
materials. Electron-withdrawing substituents located in the
vicinity of cations usually decrease their alkaline stability.59

However, in the present case the quite strongly electron-
withdrawing triuoromethyl group seemed to be distant
enough from the piperidinium ring in the polymer structure not
to deteriorate its alkaline stability.
Experimental
Materials

The following chemicals were purchased from Sigma-Aldrich: p-
terphenyl (99%), 1,1,1-triuoroacetic acid (TFA, 99%), N,N-dii-
sopropylethylamine (DIPEA, $99%), NaNO3 (99%), AgNO3

(99%), 1,5-dibromopentane (97%), chloroform-d (99.8 at% D),
dimethyl sulfoxide (DMSO, reagent grade), DMSO-d6 (99.96 at%
D), K2CO3 (99%), N-methyl-2-pyrrolidone (NMP, reagent grade),
triic acid (TFSA, 99%), pyridine ($99%, reagent grade), tri-
uoroacetic anhydride (TFAA,$99%), methyl iodide (MeI, 98%,
stabilized), isonipecotic acid (97%), ethyl acetate (EtOAc,
$99.5%). Diethyl ether (Et2O, reagent grade), isopropanol (IPA,
reagent grade), NaOH (99%, pellets), toluene (99.5%, reagent
grade), Na2CO3 (99%) and NaBr (99%) were obtained from
VWR. Biphenyl (Acros, 99%), HCl (ThermoFischer, 37%), m-
terphenyl (Alfa Aesar), acetonitrile (HPLC grade, Fisher scien-
tic), 9,9-dimethyl-9H-uorene (Ambeed) and all the chemicals
listed above were used as received. Dichloromethane (DCM)
used in the polymerizations was collected from MBraun dry
solvent dispenser system MB-SPS 800.
Polymer synthesis

Synthesis of monomer TFPip. The ketone monomer 2,2,2-
triuoro-1-(4-piperidine)ethanone (TFPip) in the hydrochloric
salt form was synthesized in two steps as presented in Fig. 1.
Isonipecotic acid (13 g, 100 mmol, 1 equiv.) was dissolved in
toluene (40 mL) in a 250 mL three-neck round bottom ask, and
TFAA (78 mL, 561 mmol, 5.58 equiv.) was slowly added while
stirring. The reaction mixture was cooled to 0 �C using an ice
bath. Next, pyridine (65 mL, 807 mmol, 8.02 equiv.) was added
dropwise. Aer the addition was completed, the temperature
was increased to 50 �C, and the reaction was allowed to proceed
for 48 h under nitrogen atmosphere. The reaction solution was
then cooled to 0 �C, and deionized water (143 mL) was added
dropwise before raising the temperature to 45 �C for 2 h. Aer
the solution separated into layers, it was extracted with ethyl
acetate (EtOAc, 4 � 125 mL). The organic phase was washed
with deionized water (200 mL), saturated Na2CO3 (200 mL), and
a saturated NaCl (200 mL) solution, before drying with Na2SO4.
Following removal of the solvent using a rotary evaporator, the
pure product was separated by dry column vacuum chroma-
tography (DCVC) using EtOAc : heptane (0 : 100 to 55 : 45) as
eluent. The still impure product was added to a 100 mL round
bottom ask lled with concentrated HCl (50 mL) and deion-
ized water (150 mL) and heated to 100 �C and le stirring
This journal is © The Royal Society of Chemistry 2022
overnight. The solution was cooled to room temperature, and
the solvent was evaporated to obtain a dark solid, which was
recrystallized from acetonitrile to gain the nal product as
a light tan crystal. This gave 25.2 g product at a total isolated
yield of 58%.

Synthesis of precursor polymers PpTPip, PmTPip, PBPip and
PdFPip. Polymerizations were performed according to the
example that follows. In a 50 mL round bottom ask, p-ter-
phenyl (3.0 g, 13.0 mmol, 1 equiv.) and TFPip (3.4 g, 15.6 mmol,
1.2 equiv.) were added with DCM (7 mL). The mixture was
cooled to 0 �C with an ice bath before dropwise adding TFSA (14
mL, 158.2 mmol, 12.2 equiv.). When the highly viscous reaction
mixture impeded the stirring aer ca. 12 days, the reaction was
quenched by rst diluting the mixture with NMP and then
precipitating the product into iced water. The white ber-like
precipitate was ltered and washed several times with deion-
ized water, and nally dried under vacuum at room temperature
for 24 h.

Quaternization. The cationic polymers PpTDMP, PmTDMP,
PBDMP, and PdFDMP were prepared through quaternization
reactions using methyl iodide (MeI) as methylation agent and
K2CO3 as base in NMP or DMSO. The synthesis of PpTDMP is
described here as an example. PpTPip (0.6 g, 1.1 mmol, 1
equiv.), K2CO3 (0.455 g, 3.3 mmol, 3 equiv.), and MeI (0.34 mL,
5.5 mmol, 5 equiv.) were mixed with 10 mL NMP in a 25 mL
round bottom ask and stirred at room temperature for 48 h.
During the reaction process, the ask was covered with foil to
prevent light-induced degradation of MeI. The product carrying
DMP cations was precipitated in an IPA/diethyl ether mixture
and repeatedly washed with IPA and water, before ltered off
and dried under vacuum to yield PpTDMP as a light yellow
powder.

The precursor polymers were also functionalized with
pendant N-spirocyclic cations via cyclo-quaternization using
1,5-dibromopentane in the presence of DIPEA as the base. Here,
the preparation of PpTASU will serve as an example. A solution
of PpTPip (0.6 g, 1.1 mmol, 1 equiv.) in NMP (10 mL) was heated
to 80 �C. Meanwhile, a solution of 1,5-dibromopentane (0.164
mL, 1.2 mmol, 1.1 equiv.) and DIPEA (1.04 mL, 5.52 mmol, 5
equiv.) in NMP (14 mL) was vigorously stirred in a 50 mL round
bottom ask at 80 �C. Subsequently, the polymer solution was
added slowly dropwise to the reagent ask. The reaction solu-
tion was stirred at 80 �C for 48 h. Next, the homogeneous dark-
red solution was cooled to room temperature and the product
was precipitated in a diethyl ether/IPA mixture, further washed
with fresh diethyl ether, 1 M aq. NaBr and then with deionized
water. Finally, the product was dried under vacuum at room
temperature to give an orange product.

Description of membrane preparation and characterization
methods can be found as ESI.†

Conclusions

A series of PAAPs were prepared and studied with the aim to
further enhance the alkaline stability of N-alicyclic QA cations
attached to rigid polymer backbones. To that end, the TFPip
monomer was rst designed with a reactive triuoromethyl
J. Mater. Chem. A, 2022, 10, 16478–16489 | 16487
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ketone group and a piperidine functionality, and then synthe-
sized using a straightforward procedure. PAAPs based on TFPip
were successfully prepared in superacid-mediated poly-
condensations and subsequent quaternizations to obtain DMP
and ASU cations, respectively. Polymers based on biphenyl and
dimethyluorene took up too much water, and may instead be
suitable ionomers for catalyst layers. In contrast, the corre-
sponding p- and m-terphenyl polymers formed AEMs with
excellent mechanical robustness and high OH� conductivity.
Optimization of the polymerization conditions was important
in order to reach high molecular weights, which resulted in
suppressed water uptake and swelling of the corresponding
AEMs without compromising their high OH� conductivity.
Moreover, beneting from the cationic arrangement, poly(-
terphenyl alkylene piperidinium)s showed signicantly
enhanced the alkaline stability compared to corresponding
benchmark poly(terphenyl piperidinium)s prepared from
piperidone where the cyclic cations are directly connected to the
rigid polymer backbone. Incorporating the cations into the
polymer structure in such a way that the backbone and the
cyclic cation do not share any atoms, as in the present case,
most probably signicantly facilitated the ring relaxation which
impeded ionic loss. This work provides valuable insights into
the molecular design of high performance alkali-stable AEMs.
Future work will focus on evaluations of the new PAAPmaterials
in AEMFC and AEMWE.
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