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ARTICLE INFO ABSTRACT

Keywords:

In order to investigate the relationship towards the cationic structures and ion exchange membrane performance,
three kinds of twisted poly(terphenylene)-based anion exchange membranes (AEMs) with N-cyclic cations were
prepared via facile Friedel-Crafts type polycondensation and quaternization. The steric hindrance of the N-cyclic
cations is gradually increased from the small piperidinium to the sterically protected N-spirocyclic quaternary
ammonium (QA). The twisted poly(terphenylene)s backbone promotes the self-assembly of the polymer chain
and forms a microphase separated morphology, resulting in a highest conductivity of 68.7 mS cm™! (80 °C) for
the polymer tethered with piperidinium groups (m-TPNPiQA). The relative conductivity (conductivity/swelling
ratio) of m-TPNPiQA is even higher than that of the commercial Fumapem FAA-3-50 membrane. Increasing the
size of the QA is helpful to constrain water absorption and related swelling but has a negative effect on the
chemical stability. f-Hofmann elimination degradation is observed for all of the AEMs during a stability test by
1H NMR analysis. The m-TPNPiQA demonstrates less than 6% ionic exchange capacity loss after 240 h in 5 M
NaOH solution at 80 °C. The results demonstrated that the membrane performance is associated well with the
features of the cationic groups. A high performance AEM can be achieved by grafting appropriate cations onto

N-cyclic cations
Structure-property relationship
Twisted ether-bond free backbone
Anion exchange membrane

aryl ether-free backbone.

1. Introduction

Developing high-efficiency energy conversion processes, including
alkaline fuel cells and water electrolysis, are considered promising ap-
proaches to address challenges regarding sustainable energy and the
energy transition. Anion exchange membrane fuel cells (AEMFCs) have
earned increasing attention due to their advantages over proton ex-
change membrane fuel cells, including faster reaction kinetics and the
usage of non-previous metal (Ag, Co, etc.) catalysts [1,2]. As the critical
component of AEMFCs, the anion exchange membranes (AEMs) function
as a separator to separate anode and cathode while conducting hy-
droxide ions. The low hydroxide conductivity and poor chemical sta-
bility of the AEMs are the current major challenges for their application
in AEMFCs [3-5].

To address these issues, a variety of polymers, such as polysulfone
[6], poly (phenylene oxide)s [7], polybenzimidazole [8], poly (arylene
ether)s [9], poly(styrene)s [10], poly(olefin)s [11], etc. with tethered
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cationic groups have been developed as novel AEM materials for alka-
line fuel cell applications. Traditional quaternary ammonium (QA), e.g.,
benzyl trimethylammonium (BTMA), is the most common used cationic
groups due to its simplicity and low cost. However, the BTMA groups are
likely to degrade under alkaline condition at elevated temperature
because of the nucleophilicity and basicity of OH™ ions [12]. Many ef-
forts have been attempted to improve the stability problem of the cat-
ions: 1) modification of QA groups with strong electron donors or bulky
steric hindrance [9,13] and 2) development alternative cations such as
imidazolium [14,15], sulfonium [16], phosphonium [17] and
metal-based cations [18]. Recently, N-cyclic QA cations (piperidinium
and N-spirocyclic QA) have attracted more interest [10,13,19-21]. As
noted by Jannasch et al., N-spirocyclic QA functionalized poly-
electrolytes showed no degradation during 1800 h in 1 M KOD/D0 at
80 °C since the geometrical constraint of the ring structure increases the
transition state energy of the degradation reaction which results in
excellent stability under harsh alkaline conditions [21]. Besides, poly
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Scheme 1. Synthetic routes for the cationic polymers: m-TPNPiQA, m-
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(arylene piperidinium)-based AEMs showed only 5% ionic loss during
15 days in 2 M aq. NaOH at 90 °C [22]. However, it should be empha-
sized that the alkaline stability of the N-cyclic QA cations-based AEMs
could be different depending on the chemical structure of both the
cationic group and the polymer backbone. For example, when the
N-spirocyclic QA was attached to the poly (arylene ether sulfone)
backbone, the AEMs degraded heavily after 7 days in 1 M NaOH solution
at 60 °C [23]. That means despite the tremendous advance of N-cyclic
QA based AEMs regarding alkaline stability, the cyclic QA cations still
potentially degrade via Hofmann elimination under the attack of OH™
due to the existence of $-H in the cationic groups [24]. Thus, the sys-
tematical investigation of their relation between the chemical structure
of backbone and cationic groups and overall membrane performance is
urgently needed.

In order to meet the requirements for practical application, the low
conductivity problem of the current AEMs needs to be solved. AEMs with
side-chain, block structure and high-density cations were developed to
fabricate microphase separated morphologies which seems to be
essential for constructing “high-ways” for ion conduction [4,25-28].
The ionic conductivity of these AEMs could be higher than 100 mS cm L.
However, the preparation routes for these AEMs with tailored structures
were multistep and complex, limiting their applications in AEMFCs [5].
The aryl ether bond-containing backbones in these AEMs are sensitive to
scission reaction and may eventually result in mechanical damage of the
AEMs [4,29]. Thus, the use of ether-bond free backbones, such as
polystyrene [10], polybenzimidazole [8] and poly(aryl piperidinium)
[30] is investigated to further improve the performance of the AEMs.
Wang et al. reported a family of novel AEMs with rigid ether-bond free
aryl backbone incorporating N-cyclic QA cations [30]. No detectable
change in the chemical structure was observed in the 'H NMR spectra
after treating the membranes with 1 M KOH at 100 °C for 2000 h. The
backbone structure (biphenyl or para-terphenyl) limits the polymer
flexibility which seems to be critical for constructing microphase sepa-
rated structures and forming high-speed ionic channels in the mem-
branes [31]. In contrast, a twisted meta-terphenyl based backbone
enables the folding of polymer chain, forming a compact polymer
structure and promoting self-assembly of the ionic groups [31]. This
could guide the molecular design of polymer materials with improved
ionic conductivity and alkaline stability.

Cationic group characteristics such as size, stiffness, hydrophobicity
and electron effects will influence the interaction with the backbone. A
fundamental understanding regarding the role of N-cyclic cationic
groups on the overall membrane performance is important. According to
the literature, N-cyclic QAs provide exceptional alkaline stability [13].
To date, only a few studies explore the membrane performance of
N-cyclic QA linked to a polymer backbone [10,32,33]. Pham et al. re-
ported the poly(biphenyl piperidine)s AEMs with different N-spirocyclic
QA groups [20]. Wang et al. also prepared poly(biphenyl piperidine)
AEMs with spirocyclic cationic side chain [34]. However, how the
structure of N-cyclic cation affects the overall membrane performance is
still unclear.

Here, a series of meta-poly(terphenylene) based AEMs having N-
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cyclic QA cations with various steric hindrance were prepared via simple
polymerization and quaternization (Scheme 1). The steric hindrance of
the cations was gradually increased from simple piperidinium to steri-
cally protected N-spirocyclic QA. Poly(terphenylene) was chosen as the
polymer backbone due to its ether-bond free structure and self-assembly
ability. Twisted meta-terphenyl was selected since AEMs with a twisted
backbone (e.g. m-triphenyl unit) can form clear microphase separation
structures [31]. By the incorporation of the twisted poly (terphenylene)
backbone with various N-cyclic cations the influence of cations on the
properties of AEMs, including the micro-morphology, water uptake,
swelling ratio, ionic conductivity, alkaline stability, thermal stability,
etc., were systematically investigated. The results of this study could
provide guidance for the molecular design of cations to improve the
performance of the AEMs.

2. Experimental
2.1. Materials

m-terphenyl (99%, TCI), 4-piperidone monohydrate hydrochloride
(PMH, 98%, Sigma-Aldrich), trifluoromethanesulfonic acid (TFSA,
>98%, TCI), trifluoracetic acid (TFA, analytical standard, TCI), potas-
sium carbonate (K2CO3, 99%, Sigma-Aldrich), iodomethane (Mel, 99%,
Sigma-Aldrich), N,N-diisopropylethylamine (DIPEA, >99%, TCI), 1,4-
dibromobutane (99%, Sigma-Aldrich), a,a’-dibromo-o-xylene (97%,
Sigma-Aldrich), deuterated dimethyl sulfoxide (DMSO-dg, 99.96 atom %
D, Sigma-Aldrich), diethyl ether (reagent grade, Sigma-Aldrich), ethanol
(reagent grade, Sigma-Aldrich) and dimethyl sulfoxide (DMSO, ACS
reagent, Sigma-Aldrich) were all used as received. Dichloromethane
(DCM, reagent grade, Sigma-Aldrich) was dried by molecular sieve (0.4
nm) before use. Deionized (DI) water was used for membranes treatment
and measurements throughout this work. Fumapem FAA-3-50 mem-
brane with a thickness of 50 pm was purchased from Fumatech company
(Germany).

2.2. Friedel-crafts type polycondensation of the precursor poly(terphenyl)

The precursor poly(terphenyl) (m-TPN) was synthesized through
Friedel-Crafts type polycondensation. m-triphenyl (2.30 g, 1 eq.) and
PMH (1.49 g, 1.1 eq.) were dissolved in DCM (50 mL) in a 250 mL flask
under stirring and cooled to 0 °C using an ice bath. Then a small amount
of TFA (0.78 mL, 1 eq.) and TFSA (8.8 mL, 10 eq.) were added dropwise
into the reaction mixture. The reaction was carried out for about 12 h
until the viscosity of the solution dramatically increased. The final
highly viscous reaction mixture was poured into DI water, resulting in
the formation of large amounts of precipitates. Then the precipitates
were thoroughly washed with DI water and dried under vacuum at room
temperature for 24 h, yielding light-yellow powder (m-TPN) (2.66 g,
yield: 84%).

2.3. Quaternizations of m-TPN

m-TPNPiQA, m-TPNPyQA and m-TPNBeQA polymers were obtained
via the following steps: To a 100 mL one-neck round bottom flask was
added m-TPN (1.0 g, 1 eq.), K2CO3 (1.2 g, 3eq.), DMSO (40 mL) and Mel
(0.9 mL, 5eq.). The reaction vessel was covered by aluminum foil to
prevent light-induced degradation of Mel and stirred at room tempera-
ture for 24 h. The resulting solution was precipitated in diethyl ether and
washed repeatedly with diethyl ether and ethanol water to remove the
impurities. Finally, the resulting products were dried under vacuum
overnight to yield light-yellow m-TPNPiQA polymer.

m-TPNPyQA was prepared by cyclo-quaternization using DIPEA as
catalyst. The reaction solution in a 100 mL two-neck round bottom flask
was made up of m-TPN precursor (1.0 g, 1 eq.), 1,4-dibromopentane
(0.40 mL, 1.2 eq.), DIPEA (2.5 mL, 5 eq.) and DMSO (40 mL). The re-
action vessel was kept at 80 °C under vigorous stirring for 24 h. After
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cooling to room temperature, the resulting solution was precipitated in a
mixture of diethyl ether and ethanol solution. Finally, the precipitates
were washed and dried under vacuum yielding a red brown powder (m-
TPNPyQA).

m-TPNBeQA was synthesized as the same procedure as m-TPNPyQA.
Among this, 1,4-dibromopentane was replaced by a, o'-dibromo-o-
xylene (0.92 g, 1.2 eq.). The final polymer was obtained as a light brown
powder.

2.4. Membranes preparation

AEMs were prepared by 5 wt% solutions casting of the functionalized
polymers in DMSO. The typical procedure for membrane preparation is
described as follows. 0.25 g of functionalized polymer (m-TPNPiQA, m-
TPNPyQA or m-TPNBeQA) was dissolved in DMSO (5 mL) to obtain a
homogeneous solution. The solution was filtrated through a Teflon sy-
ringe filter (Millex LS, 0.45 pm), and poured into a glass dish (50 x 50
mm), then placed in a ventilated casting oven at 85 °C for at least 24 h.
Afterward, the membranes were thoroughly washed with DI water and
stored before measurements. The membrane thickness was approxi-
mately 50 pm.

2.5. Characterization and measurements

1H NMR. The chemical structures of polymers were confirmed by a
Bruker ASCEND™ 400 spectrometer using DMSO-dg as the solvent and
tetramethyl silane (TMS) as an internal reference.

Gel permeation chromatography (GPC). The number and weight
average molecular weight values (M,, and M,,) of the m-TPN precursor
were evaluated using HPLC-grade DMF as an eluent at 35 °C in a size-
exclusion chromatography system (waters1525 & Agilent PL-GPC220)
equipped with three PLgel 3 pm MIXED-E columns and a refractive
index detector (Viscotek TDA). Standard polystyrene samples were used
for the calibration. Before measurement, a certain amount (3 mg) of dry
polymer was first dissolved in 3 mL of DMF solution and filtered through
a Teflon filter with the pore size 0.45 pm.

Thermal stability (TGA). The thermal decomposition behaviors of
the polymer precursor and functionalized polymer were studied by
thermogravimetric analysis using a TA Instruments (PerkinElmer TGA
4000). Prior to analysis, the samples were preheated to 120 °C in the
TGA machine to remove traces of absorbed water and any solvent res-
idues. All measurements were performed from 30 to 800 °C at a heating
rate of 10 °C min~! under a nitrogen atmosphere.

Differential scanning calorimetry (DSC). The glass transition
temperatures (Ty) of each polymer membranes were studied on a
STA449F3 thermogravimetric analyzer (NETZSCH, Germany) under the
protection of nitrogen with a heating rate of 10 °C min!.

Ion exchange capacity (IEC). The IECyyr values of the AEMs were
achieved from the NMR spectra of the polymers. The IEC, values were
determined by titration procedures in 805 Dosimat-Metrohm AG. The
Br™ or I" anion (Br /I") in the AEMs (around 0.1 g) were exchanged
with Cl™ anion by treating in a 2 M NaCl at room temperature for 48 h.
Then, the membrane samples were washed thoroughly with DI water
and immersed in DI water for 48 h to remove residual NaCl. The
resulting samples were stored in 2 M aq. NaNOg (80 mL) under stirring
at least 48 h for transfer counter-ions Cl~ into NO3 form. Subsequently,
the resulting solutions was titrated with a 0.1 M aq. AgNOg using a silver
electrode. Finally, the membrane samples were washed with DI water
and dried under vacuum for at least 48 h before measuring their dry
weights. The measurements were repeated 3 times to get the average
value of IEC, (meq g_l).

_ Vagno, X Cagno,

IECjy = ———— (€8]

My

The IECoy. of the AEMs in the OH™ form was calculated from the IEC
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IEC B IEC
1— W‘ 1 —0.01845 x IEC

IECoy- = 2)

The obtained IEC from 'H NMR spectroscopy was calculated by
comparing the integral area between protons from the benzene rings and
protons from the —CHy- groups.

Water uptake (WU) and swelling ratio (SR). Square AEMs in Br™/
I~ form (1 x 2 cm?) were cut. The AEMs in the Br /I~ form were
transformed into the hydroxide form (OH™) by immersing the mem-
branes in 1 M aq. NaOH solution for at least 48 h and subsequent
washing with DI water. Then the AEMs were equilibrated in DI water for
6 h at 20, 40, 60 and 80 °C, respectively. After removing residual water
from the surface of the membranes, the wet weight (my,, g) and the wet
length (Lye, cm) of the AEMs were measured immediately. Subse-
quently, the dry weight (mgry, g) and dry length (Lgry, cm) of membrane
samples were obtained after drying the membranes in a vacuum oven at
80 °C to constant mass. The measurements of WU and SR were repeated
at least three times to obtain average values. The WU (%) and SR (%) of
the membranes can be calculated by the following equation:

wuU — Mwer = Mdry % 100% 3)
Mgy
Luvet — Lar
SR =" 2 o 100% (4
‘dry

The hydration number (1), which is defined as the average number of
water molecules per cationic group, was calculated as:

_ WU(%) x 10

~ IECx 18 )

Static Contact Angle Measurement. The surface hydrophilicity of
membrane samples was measured using a contact angle analyzer (OCA
20, Data Physics Instruments GmbH, Germany). For the sessile drop
technique, the membranes were taped onto a flat glass slide, 2 pL of DI
water was dropped from a micro syringe with a stainless-steel needle
onto the membrane’s surface at room temperature. The contact angle
was determined as the angle between the solid surface and a tangent to
the curved surface of the drop within 5 s.

Hydroxide conductivity. The in-plane OH™ conductivity of the
AEMs in the fully hydrated state was measured by electrochemical
impedance spectroscopy (EIS). The membrane samples in hydroxide
form were cut into a 1 x 2 cm rectangles and kept in degassed DI water
prior to any measurements to avoid carbonate formation. During the
measurements, the membranes were sandwiched in a home-made two-
electrode device and placed in a sealed cell. The resistance (R, Q) of the
membrane sample was recorded using an Autolab electrochemical
workstation at frequencies ranging from 1 to 10° Hz. The thickness of
membrane samples was measured by a spiral micrometer. The effective
area (cross-sectional area) of the membrane was recorded as A (cm?).
The hydroxide conductivity (5, mS cm ™) was tested with a temperature
range of 20-80 °C at 100% humidity. The measurements were repeated
at least three times to obtain an average value. The conductivity can be
calculated as follow:

L
where L (cm) is the distance between two electrodes.

Scanning electron microscope (SEM). A field emission SEM (JSM-
6010LA) was employed to observe the surface morphology of the
membranes. Before observation, the membranes were dried at 30 °C for
12 h and coated with an ultrathin platinum layer to improve the
electroconductivity.

Transmission electron microscopy (TEM). TEM images of AEMs
were obtained on a JEOL JEM-2100 transmission electron microscope
operating at the voltage of 200 kV. Prior to the TEM investigations, the
membrane samples were soaking in 0.5 M aq. Na,WOj3 solution for 48 h
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Fig. 1. 1H NMR spectra of the m-TPN (a) and quaternized polymers m-TPNPiQA (b), m-TPNPyQA (c) and m-TPNBeQA (d).

for ion exchanging, then washed with DI water and dried at 60 °C for 24
h. The dried membranes were embedded in a SPI-Pon™ 812 epoxy resin,
sectioned to 60 nm thickness using a microtome. Then the ultrathin film
was placed on carbon-coated copper grids. Fast Fourier transformation
(FFT) of the TEM images were done by ImageJ.

Small-angle X-ray scattering (SAXS). The fabricated AEMs were
analyzed using the SAXS spectrometer (SAXS SYSTEM, XENOCS,
France). Bragg’s law was used to calculate the d-spacing of the AEMs.

2z
q

d )

where the q is the location of the characteristic peak.

Alkaline stability. The alkaline stability was studied quantitatively
and qualitatively by monitoring the chemical structural degradation of
the AEMs in 1, 2, 5 M aq. NaOH solution at 80 °C by 'H NMR spec-
troscopy. The NaOH solution was exchanged with fresh solution every 2
days. After 240 h, the membrane samples were taken out and washed
extensively with DI water to remove any residual NaOH. Prior to the 'H
NMR measurements, the samples were dried for at least 24 h at 60 °C
under vacuum.

Calculation of molecular orbitals. The lowest unoccupied molec-
ular orbital (LUMO) energies of the cations was obtained by ground state
density functional theory (DFT) using the B3LYP method with 6-
311G++(d,p) basis set implemented in Gaussian software [34].

3. Results and discussion
3.1. Polymer synthesis and characterization

Friedel-Crafts type polycondensation was applied to synthesize
ether-free precursor polymer m-TPN. The chemical structure and purity
of this precursor was confirmed by 'H NMR spectroscopy, as seen in
Fig. 1a. The chemical shifts of the signals corresponding to the protons
from benzene ring were observed at 7-8 ppm (H4—Hg), while the peaks
belonged to piperidinium moiety were located at 2.6 ppm (Hs) and 3.2
ppm (Hy). The characteristic peak of the proton (H;) near the N atom is
located at 8.56 ppm. The integral area ratio of the peaks Hs.g and Hj is
determined to be 1:0.32 which is consistent with the theoretical value
(1:0.33) in the polymer structure, indicating that m-TPN was synthe-
sized successfully.

The corresponding functionated copolymers (m-TPNPiQA, m-
TPNPyQA and m-TPNBeQA) were obtained by either cyclo-quaternized
using «,o’-Dibromo-o-xylene and 1,4-dibromopentane or mono-
quaternized using Iodomethane, as presented in Scheme 1. It is
observed from Fig. 1b—d that the proton (-NH-) at 8.56 ppm totally
disappeared while the new signals appeared for m-TPNPiQA, m-
TPNPyQA and m-TPNBeQA. Besides the signals (H4-Hg) originating
from the benzene rings remained rather unchanged. For the m-TPNPiQA
(Fig. 1b), the signals around 2.9 ppm and 3.2 ppm are ascribed to the
proton from —-CH3; and —CHj-, respectively. For the m-TPNPyQA
(Fig. 1c), the four characteristic peaks ranged from 2.0 to 3.8 ppm are
attributed to —~CHy- group in the cations. For the m-TPNBeQA (Fig. 1d),
the new peaks (Hg, Hig) around 7.4 ppm are ascribed to the proton
resonance from benzene ring in the cationic groups. The integral area
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Fig. 2. TGA traces of the m-TPN, m-TPNPiQA, m-TPNPyQA and m-TPNBeQA
polymers at a heating rate of 10 °C min~' under nitrogen atmosphere.

ratio of the peaks is consistent with the theoretical values, indicating the
designed polymers have been successfully synthesized.

This simple synthesis method provides a good possibility for scale up.
The length of the polymer chains was carefully controlled by adjusting
the TFSA feed. A higher molecular weight of the synthesized polymer is
beneficial to improve the film-forming properties of the membranes. The
number average and weight average molecular weight of precursor m-
TPN (Fig. S1) were measured to be 26.6 kDa and 51.6 kDa, respectively.
The polydispersity was calculated to be 1.94. This means our polymer is
good enough for constructing membranes.

The TGA curves of the m-TPN, m-TPNPiQA, m-TPNPyQA and m-
TPNBeQA are present in Fig. 2. There are two main thermal de-
compositions steps with distinct weight loss stages for the precursor
polymer m-TPN. The first weight loss started around 380 °C and cor-
responds to the decomposition of the piperidine ring and the second
weight loss starting from 440 °C is attributed to the decomposition of the
rigid backbone. After functionalization, the initial thermal decomposi-
tion temperature (T) of the samples decreases depending on the specific

m-TPNPiQA -TPNP;
F TWENTE't%NERSlTY OF TWENTE. N UNIVERSIEE

T A

m-TPNPyQA
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cation tethered to the polymer. The Ty of the functionalized polymers
(m-TPNPyQA and m-TPNBeQA) with spiro-cations are lower than the
precursor but are still above 300 °C. It is also found that the
piperidinium-functionalized polymer (m-TPNPiQA) with smaller
cationic group starts to decompose already at 200 °C. This means the
thermal stability is strongly influenced by the chemical structure of the
cations. The cations with a spirocyclic structure have a significantly
higher T4 than that of AEM without.

The glass transition temperatures (Tg) of the m-TPNPiQA, m-
TPNPyQA and m-TPNBeQA polymers, as shown in Fig. S2, which were
determined to be 190, 267 and 290 °C, respectively. The high T, values
can be explained by the highly rigid benzene backbone structure. The
same backbone attached with different cationic groups (PiQA, PyQA and
BeQA) show different T, values which increase with the size of the ionic
group.

3.2. Morphology

Similar to FAA-3-50, the as-prepared AEMs are transparent, uniform
and smooth, as shown in Fig. 3. Besides, these AEMs can be bended,
indicating the membranes are flexible enough for electrochemistry ap-
plications. The surface morphology is similar for all these AEMs with
various cations in the SEM images, which indicates the homogeneous
and dense AEMs are prepared successfully.

In order to achieve high conductivity, a microphase separated
structure in the membranes is suggested [3,36]. It is likely that the
presence of the twisted backbone would allow the polymer chain to form
a compact structure and promote the self-assembly of the ionic groups
[31]. Besides, the size/type of the cations could also affect the
morphology of the membranes [37,38]. Herein, TEM and SAXS were
applied to investigate the morphology of the as-prepared AEMs. As
shows in Fig. 4a—c, the dark and bright areas refer to the hydrophilic
domains and hydrophobic domains, respectively. The degree of micro-
phase separation in m-TPNPiQA is more obvious in the TEM than for the
other two AEMs (and also supported by the SAXS pattern). It is found
that increasing the steric hindrance of cations go against to the degree of
microphase separation. The smaller cationic groups improve ion clus-
tering, leading to the formation of larger and more connected ion
pathway channels. The reason may be that the rigidity of the cation
increased with increasing steric hindrance which could be harmful to
the self-assembly of the polymer chain. The phase separation behavior of

FAA-3-5(

R

m-TPNBeQA FAA-3-50

Fig. 3. Digital photos and SEM images of the AEMs.
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Fig. 4. TEM, FFT images and SAXS patterns for m-TPNPiQA (a,a’,a’’), m-TPNPyQA (b,b’,b’’), m-TPNBeQA (c,c’,c’’) and FAA-3-50.

Table 1
The IEC, WU, SR, A and ¢ of the m-TPNPiQA, m-TPNPyQA and m-TPNBeQA AEMs.
Samples IEC WU SR A [
(meq g™") (%) (%) (mS em ™)
NMR® Titr"” 20°C
m-TPNPiQA 2.66 (2.80) 2.54 (2.66) 52.28 21.14 10.92 22.11
m-TPNPyQA 2.49 (2.61) 2.32 (2.42) 45.12 16.15 10.36 14.94
m-TPNBeQA 2.22 (2.32) 1.99 (2.07) 30.51 12.50 8.19 12.12
FAA-3-50 - 2.02°(2.10) 44.00 18.21 11.06 31.20
ITonic exchange capacity (IEC), water uptake (WU) and swelling ratio (SR).
Note.

2 Determined from 'H NMR spectroscopy.
b Determined by titration method.

¢ Reported by Fumatech company. IEC in parentheses correspond to the values in the OH™ form.

commercial membrane FAA-3-50 was different from the as-prepared
AEMs due to the difference in chemical materials, where the contrast

of bright domain and dark domain is less regular. This phenomenon is M m-TP NPiQA
further visible from their corresponding FFT images (Fig. 4a’-c’) which n m-TPNPyQA
were directly transferred from the TEM images. The obvious scatter 30 B m-TPNBeQA
rings represent the periodic distance (d) of ionic segregation behavior M FAA-3-50

inside the membrane. It becomes more obvious with decreasing steric

hindrance of the cations. The long period of the m-TPNPiQA was ‘Eﬁ
approximately 1.53 nm and a weaker wider ring was also observed with % 20
d of 1.31 nm. A somewhat similar FFT was also shown in m-TPNPyQA @
with corresponding d observed at 1.01 nm and 0.82 nm. The Y
m-TPNBeQA and FAA-3-50 only show a diffuse scatter ring. E’;
Consistent results were further obtained from SAXS analysis, as S

shown in Fig. 4a’’-c’’. The difference in cationic groups slightly affects
the membrane self-assembly behavior. The resulting SAXS profiles
confirm the microphase separated structure formed in the membranes.
For m-TPNPiQA, m-TPNPyQA, and TPNBeQA, a clear peak and a weaker
peak are visible while FAA-3-50 displays a more diffuse broad peak. The
main corresponding peak values fall into the range for g of 3.40-3.50
nm~! (d-spacing = 1.80-1.85 nm), which is somewhat larger than the
d from the FFT results. The intensity of the characteristic peak decreased —
slightly with increasing the steric hindrance of the cationic groups. =

These results indicate that the as-prepared AEMs with a proper Fig. 5. Temperature dependence of WU and SR of the fully hydrated AEMs in
arrangement of twisted ether-free polymer backbone and N-cyclic ion the OH™ form.

moieties form ion-conductive polyelectrolyte membrane with a

T
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Fig. 6. Temperature dependence of hydroxide conductivities of the AEMs and their Arrhenius plots.

microphase separated structure.

As shown in Table 1, the IECypg values of the AEMs were calculated
from the corresponding NMR spectra via comparing the integration area
of the signals of H; to Hs—Hg. It is found that the IECyyg values are in
good agreement with the IEC, values in the Cl~ form obtained by
titration. As seen, the IECyyr of m-TPNPiQA, m-TPNPyQA and m-
TPNBeQA were 2.66, 2.49 and 2.22 meq g’l, respectively, while their
corresponding titration values were 2.54, 2.32 and 1.99 meq g},
respectively. The IECoy. was calculated based on the IEC in Cl™ form,
where the values were a bit higher due to a smaller molecular weight of
OH™ than Cl™. The IEC decreased with increasing size of cationic group.

The presence of water is essential for ion transportation in the
membranes. However, an excess of water will result in a poor mechan-
ical stability of the AEMs and dilution of ion concentration. Table 1 and
Fig. 5 shows the WU and SR of the AEMs. The WU of the membranes
slightly increases with increasing temperature because the mobility of
the polymer chains increases at elevated temperature enhancing water
absorption. The m-TPNPiQA with the highest IECoy. (2.66 meq g™ 1)
exhibits the highest WU of 52.3% and 65.1% at 20 °C and 80 °C,
respectively, while m-TPNBeQA has the lowest WU (30.5-35.2% at
20-80 °C) due to its lower IEC and rigid structure. It should be noted that
the WU of the as-prepared AEMs doesn’t change a lot at elevated tem-
peratures while the FAA-3-50 membrane increased twofold from 44.0%
to 88.0%. This may be ascribed to the hydrophobic rigid backbone of the
AEMs. Fig. 5 also shows the swelling ratio of the AEMs. In spite of a
higher SR at 20 °C, the m-TPNBeQA membrane have a lower SR (25.7%)
than that of FAA-3-50 (33.0%) at elevated temperature (80 °C). This
indicates our membranes possess excellent reduced swelling character-
istics. Moreover, we found that the size of the cationic group affects the

a e m-TPNPiQA
80 % W-TPNPYQA +
o~ A m-TPNBeQA
"o ® FAA350 o
5}
2 60 .
2
Q i
= 40 *
=
=] &
(5] L]
= A . f
S20f 4 f
A %
IA 1 1 1
8 12 16 20 24

Hydration number ()

WU and SR of the AEMs. The m-TPNPiQA membrane with the smaller
cation shows a higher WU and SR than that of the m-TPNPyQA and m-
TPNBeQA membranes with the bulky spirocyclic QA groups. This is also
in line with the surface wettability of the membranes which is further
measured by the water contact angle measurement. As shown in Fig. S3.
The m-TPNPiQA membrane shows the lowest contact angle at 74°
because of its small steric hindrance and reduced rigidity, while the m-
TPNPyQA (79.8°) and m-TPNBeQA (84.3°) membranes have higher
contact angles.

3.3. Conductivity

The ionic conductivity of an AEM is an important parameter
regarding the output power of energy conversion devices. Fig. 6a shows
the hydroxide ion conductivity of the AEMs as a function of temperature.
The conductivity increased with increasing temperature as expected. For
the as-prepared AEMs, the conductivity of m-TPNPiQA membrane can
reach up to 22.1-68.7 mS cm ™" at 20-80 °C caused by the smaller charge
groups that result in slightly higher water uptake. The m-TPNPyQA and
m-TPNBeQA membranes with a larger steric effect exhibit conductivities
of 14.9-39.7 mS cm™! and 12.1-26.7 mS ecm ™}, respectively. The dif-
ference in morphology also supports their ion conductivity, as m-
TPNPyQA and m-TPNBeQA display reduced microphase separation. The
m-TPNPiQA membrane has the most obvious microphase separated
morphology which can form the efficient pathway for ion conduction.
The conductivity of the m-TPNPiQA membrane is very close to that of
the commercialized FAA-3-50 membrane (31.2-80.4 mS cm™ !, 20-80
°C), confirming their potential for practical applications. However, the
conductivity of m-TPNPiQA is lower than that of reported poly

b L ]
OH N
A‘;
S 25F FAA-3-50 b
(=] -
o0
=
o
v
Z
Z oH'N -
G 20F Y ) ot
g | G I/ *
S U ¢ )R
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IEC value (meq g™)

Fig. 7. (a) Ionic conductivity of the AEMs as a function of hydration number and (b) the conductivity/SR versus IEC.
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Fig. 8. Alkaline stability test results of the m-TPNPiQA and the proposed degradation mechanism.

(terphenylene)-based AEMs with alkyl quaternary ammonium since the
cationic groups of m-TPNPiQA is close to the backbone which could
restrict the local mobility of the ionic groups [31]. The transport acti-
vation energies (E,) for all AEMs are ranged from 11.2 to 15.4 kJ mol !
(Fig. 6b), and these results are comparable to reported AEMs [8,39-41].

Basically, the membrane with high IEC and WU improves the ion
transportation, but an excess of WU and consequently SR dilutes the ion
concentration and result in a poor conductivity. One of the major
challenges is to develop AEMs with high ionic conductivity combined
with a low SR, thus a relatively low hydration number A. Fig. 7a shows
the relation between the ion conductivity and hydration number for
each membrane. The as-prepared AEMs exhibits a lower hydroxide
conductivity for a given temperature ((20, 40, 60 and 80 °C), combined
with lower A values than those of commercial FAA-3-50. Besides, we
introduce the conductivity against SR (6/SR) to evaluate the perfor-
mance of the AEMs, as shown in Fig. 7b. An important finding of this
work is that the m-TPNPiQA membrane has a higher 6/SR than that of
FAA-3-50 membrane. The twisted rigid backbone of the as-prepared
AEMs resists swelling and provides a better balance of WU and
conductivity.

3.4. Alkaline stability

Long-term stability of the AEMs in alkaline environment concerns a
challenge for the development of membrane materials for energy con-
version devices. Under alkaline condition, the cationic groups and
backbones are vulnerable to the hydroxide ions at elevated temperature,
leading to the degradation of the AEMs. Herein, the N-cyclic QA cations
can potentially degrade via Hofmann elimination and/or direct nucle-
ophilic substitution reaction under these high pH condition. In order to
investigate the chemical stability of the as-prepared AEMs with various

with different concentration (1, 2 and 5 M) at 80 °C for 240 h.

The m-TPNPiQA showed signs of slight degradation confirmed by the
appearance of new signals (H;’-Hy4’, Hy") and a decline in the intensity of
—CH3 groups (H;) close to the N atom, as shown in Fig. 8. By comparing
the integral areas of H; to Hs—Hg, it is found that the degradation be-
comes more severe with increasing concentration of NaOH solution. The
ratio of integral area for the new peaks at 6.5, 5.2 and 4.8 ppm are equal
to 1:1:1. This is also in accordance with the formation of alkenyl protons
(CH,—CH- group), indicating the ring-opening fp-elimination reaction
occurred during this stability test. The new peaks around 2.1 ppm and
7.3 ppm correspond to the degradation product. The proposed degra-
dation pathway of m-TPNPyQA is presented in Fig. 8. The AEMs
degradation causes cationic loss leading to decreased IEC. As reported in
Table 2, the IECyyr of m-TPNPiQA decreased to 97.4%, 97.0% and
94.0% of the initial values after treating with 1 M, 2 M and 5 M NaOH
solution, respectively, indicating the AEMs with piperidinium groups
and ether-bond free backbone are quite stable under alkaline condition.
For comparison, the conductivity of conventional quaternized PPO-
based AEM with ether-bond degraded by appr. 60% and was broken
into small pieces after treatment in 1 M NaOH at 80 °C for 80 h [42].
Besides, the chemical stability of m-TPNPiQA is similar to the reported
AEMs with an ether-bond free backbone and alkyl quaternary ammo-
nium. As reported, the IEC of a PBPA" membrane decreased to 99.6%
after an alkaline test in 1 M NaOH solution at 80 °C for 30 days [43].

The m-TPNPyQA showed signs of degradation as confirmed by the
appearance of new signals (marked by red circle) and a decline in in-
tensity of the —-CHjy- groups close to the N atom, as shown in Fig. 9. These
new peaks were barely detected after exposure to the 1 M NaOH solu-
tion, but are apparent in the 2 M and 5 M NaOH solution. The ratio of
integral area for those new peaks (Hy’ and H3’) at 6.5, 5.2 and 4.8 ppm
are equal to 1:1:1. This is in accordance with the formation of alkenyl

L . . . rotons (CHy;—CH- grou consistent with the ring-openin
cationic groups, the membrane materials were treated in NaOH solution P (CHz group), g-op g
Table 2
The IECypmr of the AEMs before and after immersing in 1, 2 and 5 M NaOH solution at 80 °C for 240 h.
Samples Original IEC (meq g™1) 1M (meqg™}) 2 M (meq g }) 5 M (meq g~ })
m-TPNPiQA 2.66 2.59 2.58 2.50
m-TPNPyQA 2.49 2.28 2.10 2.03
m-TPNBeQA 2.22 1.59 1.54 1.24
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Fig. 10. 'H NMR spectra of the m-TPNBeQA before and after alkaline stability test and the proposed degradation mechanism.

B-elimination. Except for the p-elimination, the AEMs can also degrade
by the nucleophilic substitution reaction. New signals were also
observed at 1.4 and 1.6 ppm, which may be attributed to the degrada-
tion product of the cations via nucleophilic substitution reaction. By
comparing the integral area of the protons from the —CHp- group to the
protons from the benzene rings, the degradation degree can be quanti-
fied. The IECymr of m-TPNPyQA (Table 2) decreased to 91.6%, 84.3%
and 81.5% of the initial values after treating with 1 M, 2 M and 5 M
NaOH solution, respectively. Combined with the results of Pham et al.
[20], the proposed degradation pathways of m-TPNPyQA are presented
in Fig. 9. The reduced alkaline stability of the AEMs with N-spirocyclic
QA cations is most probably attributed to the distortion of the piper-
idinium ring conformation by the rigid poly(terphenylene) backbone.

Attaching the piperidine rings directly to the rigid backbone may
significantly distort the bond angles and constrain conformational
relaxation for the N-spirocyclic QA cations, thus decreasing the activa-
tion energy and promoting the degradation reactions [20]. As a result,
the m-TPNPyQA membranes were more susceptible to p-elimination
compared to m-TPNPiQA.

For the m-TPNBeQA, the degradation signals were also observed in
the 'H NMR spectra (Fig. 10). The OH™ ion may attack the a-C atom
resulting in the degradation of cations. Here, the new signals from the
alkenyl protons (CH;—CH- group) were also observed (Hy’ and Hs’),
indicating the ring-opening p-elimination reaction occurred during sta-
bility test. As noted by Lin et al. and Chu et al. [9,44], the proposed
degradation mechanism is present in Fig. 10. The nucleophilic
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Fig. 11. Molecular structures and LUMO iso-surfaces of model molecules.

substitution reaction happened in m-TPNBeQA, where new peaks (H;",
H;’’, Hs”, Hy”, Hg’, H1¢’, Hi1) are ascribed to the degradation products
of the cation. By comparing the integral area of -N(CHy)- with benzene
rings (H4—Hg) in the backbone, the IECyyr of m-TPNBeQA (Table 2)
decreased to 71.2%, 69.4% and 55.8% of the initial values after treating
with 1 M, 2 M and 5 M NaOH solution, respectively.

No apparent change in the 'H NMR signals was observed for the
backbones of the as-prepared AEMs, and the membrane materials
retained appearance and flexibility after stability test, confirming the
excellent alkaline stability of the ether-free backbone. However, it seems
that the bulky benzene ring cannot protect the N-spirocyclic quaternary
ammonium group from degradation. The order of chemical stability in
concentrated NaOH was m-TPNPiQA > m-TPNPyQA > m-TPNBeQA. m-
TPNBeQA with the largest cation undergoes significant degradation,
while m-TPNPiQA with the smallest cation has the best alkali resistance
among the membranes. The results show that more durable AEMs can be
achieved by tuning the cation structure.

In general, a lower LUMO energy allows the OH™ to attack the
cationic groups more easily and results in a poorer chemical stability of
the cations [35,45]. The LUMO energies of the model cations PiQA,
PyQA, and BeQA were calculated to be —0.13334, —0.10981 and
—0.11348 eV, respectively, as shown in Fig. 11. The LUMO energy of
PyQA is higher than that of BeQA, suggesting that PyQA exhibits better
alkaline stability compared to BeQA. This phenomenon is consistent
with the above results that the corresponding m-TPNBeQA degrades
more severely than m-TPNPyQA. Although the LUMO energy of PiQA is
lower than other two cations, our NMR results demonstrated that the
corresponding m-TPNPiQA AEM is actually more stable than other two
AEMs. The practical stability of the cations tethered to backbone is also
affected by the backbone structure and morphology of the AEMs. Since
the corresponding AEMs have the same backbone, the reason for the
difference between the AEMs can be explained by the difference in
morphology. The stronger hydrophilic/hydrophobic phase separated
structure may favor the alkaline stability of m-TPNPiQA since the OH™
can be well-solvated in the hydrophilic environment and leads to a
slower chemical reaction between cationic groups and OH™ [46,47].

-0.10981 eV
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Similar phenomenon can be found in the literature [48]. The reduced
alkaline stability of the AEMs with spirocyclic cations may be partly
caused by the lower water uptake and A values since this will increase
the concentration of the harmful hydroxide ions [32,49].

4. Conclusions

In summary, a series of poly(terphenylene)-based AEMs with various
N-cyclic cations were systematically prepared to understand the role of
N-cyclic cationic groups on the membrane overall performance. Incor-
poration of twisted ether-bond free backbone and N-cyclic cations re-
sults in a relative high conductivity and robust alkaline stability. The m-
TPNPiQA exhibited the highest conductivity due to the obvious micro-
phase separation structure formed inside the membrane. However,
increasing the steric hindrance of cation constrains the water absorption
and reduces dimensional swelling at the expense of reduced ion con-
ductivity. Compared to the commercial FAA-3-50 membrane, the as-
prepared AEMs have relatively high ionic conductivity. Furthermore,
the ether-free poly(terphenylene) chain enables a stable backbone under
alkaline condition, while the N-cyclic cations of the AEMs are found to
degrade via p-Hofmann elimination and/or nucleophilic substitution
reaction. The degradation of the cations become more severe by
increasing the size of cations since the distortion of the piperidinium
ring conformation by the rigid poly(terphenylene) backbone could
decrease the stability of cations. The presented material properties and
characteristics confirm their potential for relevant applications in
alkaline fuel cell and electrolysis processes.
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