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alicyclic cation and backbone
structures on the performance of poly(terphenyl)-
based hydroxide exchange membranes†

Thanh Huong Pham, Joel S. Olsson and Patric Jannasch *

Hydroxide ion conducting poly(terphenyl alkylene)s functionalized with piperidine-based quaternary

ammonium cations were synthesized via superacid-catalyzed polyhydroxyalkylations. By employing

different synthetic strategies, we have systematically varied the structures of the cation and the backbone

polymer to study the effects on morphology, stability and hydroxide conductivity. Two monomers were

initially prepared by attaching 4-benzylpiperidine groups to trifluororacetophenone and m-terphenyl,

respectively, through Suzuki coupling reactions. Polymerizations followed by quaternizations were then

carried out to obtain poly(terphenyl alkylene)s with approximately the same ionic contents. These

contained either m- or p-terphenyl backbone units, and were tethered with monocyclic N,N-

dimethylpiperidinium (DMP) or spirocyclic 6-azonia-spiro[5,5]undecane-6-ium (ASU) cations placed on

either the stiff terphenyl or the more flexible alkylene units along the backbone. Polymer chain flexibility

and functionalization with DMP cations were found to promote ionic clustering and conductivity. Hence,

a membrane based on a m-terphenyl backbone tethered with DMP on pendant phenyl groups achieved

a hydroxide conductivity of 146 mS cm�1 at 80 �C. While the thermal stability was significantly higher for

ASU-functionalized HEMs, the alkaline stability was highest for the ones carrying DMP cations, which

showed less than 5% ionic loss after 720 h in 2 M NaOH at 90 �C. After 168 h at 120 �C, 1H NMR analysis

suggested that the DMP cation degraded by a combination of b-Hofmann elimination and methyl

substitution. Overall, the results of the study demonstrated that the structural features of the present

polymers provided high alkaline stability, most probably due to aryl ether-free backbones, and that all the

b-protons of the DMP and ASU cations were placed in 6-membered rings.
1. Introduction

Research to develop thermochemically stable and highly
conductive hydroxide exchange membranes (HEMs) is currently
very intense. These efforts are mostly motivated by the pros-
pects of the hydroxide exchange membrane fuel cell (HEMFC)
that offer an attractive alternative to the more conventional
proton exchange membrane fuel cell (PEMFC). By the transition
from acidic to alkaline conditions, the HEMFC enables the use
of electrocatalysts free from platinum group metals in the
electrodes.1–5 However, HEMs are normally composed of
organic polymers tethered with quaternary ammonium (QA)
cations, and the presence of high concentrations of the strongly
basic and nucleophilic hydroxide ion makes the development of
durable and high-performing HEMs very challenging.

Over the last decade, a large number of studies of HEMs
based on aromatic polymers such as polyethers, polysulfones,
t of Chemistry, Lund University, P.O. Box

ic.jannasch@chem.lu.se

tion (ESI) available. See DOI:
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polyketones, polyphenylenes, and styrenic copolymers, tethered
with QA cations, have been reported.4–16 Overall, the results
indicate that the presence of diaryl ether bridges in the polymer
backbone, as well as the introduction of QA cations in benzylic
sites, may destabilize the backbone and introduce chain
cleavage reactions.14–20 Hence, there is now a clear trend in the
eld to employ ether-free polymer backbones in the structural
design of HEMs.13,21–26 In addition, the hydroxide ion is liable to
react with QA cations which results in a loss of ion exchange
capacity (IEC) and ionic conductivity.5,27–30 Depending on the
structure of the cation, degradation may occur via, e.g., direct
nucleophilic substitution by attack on an a-carbon, Hofmann b-
elimination and different rearrangement reactions.27–29 In
seminal work, Kreuer and Marino identied piperidine-based
QA cations as extraordinarily alkali-stable aer investigating
a large number of different low-molecular weight model QA
cations under highly basic conditions. Accordingly, N,N-dime-
thylpiperidinium (DMP) and the piperidine-based spirocyclic
cation 6-azonia-spiro[5,5]undecane-6-ium (ASU) were found to
possess approximately 21 and 26 times longer half-lives,
respectively, than the conventional benzyltrimethyl QA cation in
6 M NaOH at 160 �C.29 The high resistance against substitution
J. Mater. Chem. A, 2019, 7, 15895–15906 | 15895
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Scheme 2 Synthesis of m-terphenyl 1 and 2,2,2-tri-
fluoroacetophenone 2 monomers containing the 4-benzylpiperidine
moiety in three steps: (i) hydroboration, (ii) Suzuki coupling, and (iii)
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and elimination reactions of the former cations has been
attributed to the low ring strain of the 6-membered ring and to
the constrained conformations imposed by the ring structure.
These features increase the transition state energy in both
substitution and elimination reactions.29 Recently, the results of
the ASU and DMP model compounds have inspired us25,26,31,32

and others24,33–40 to chemically design, prepare and study
different HEMs tethered with piperidinium and spirocyclic QA
cations. For example, we have prepared N-spirocyclic QA ion-
enes (spiro-ionenes) by cyclo-polycondensations involving
dipiperidines.32 These materials showed excellent thermal and
alkaline stability, with only �10% ionic loss aer 336 h in 1 M
KOD in D2O at 120 �C. In parallel, we have also prepared pol-
y(arylene N,N-dimethylpiperidinium)s by Friedel–Cras type
polycondensation of N-methyl-4-piperidone and electron-rich
biphenyl or p-terphenyl monomers via superelectrophilic acti-
vation in triic acid, followed by quaternisation reactions with
iodomethane.25 HEMs based on these polymers showed no
structural degradation aer storage in 2 M NaOH at 60 �C
during 360 h, and a mere 5% ionic loss at 90 �C aer the same
period of time. Recent work by Yan et al. included fuel cell
testing and conrmed the high alkaline stability of the poly(-
arylene N,N-dimethylpiperidinium)s.24 In an extension of our
previous work on these materials, we have very recently cyclo-
quaternized poly(biphenyl piperidine)s using 1,5-dibromo-
pentane to form poly(biphenyl alkylene)s functionalized with
bicyclic ASU cations.26 Alkaline testing up to 120 �C revealed
that the ring of the ASU cation that was directly attached to the
polymer backbone degraded signicantly faster by Hofmann b-
elimination than the second pendant ring. We hypothesized
that the ring directly attached to the bulky and stiff polymer
backbone may have signicantly distorted bond angles and
restricted conformational relaxation within the ASU cation,
thus reducing the activation energy and activating Hofmann b-
elimination reactions.26,32 Consequently, while piperidine-
based QA cations possess high alkaline stability in general,
their specic resistance against degradation seems to be
sensitive to exactly how and where the cations are tethered to
the polymer backbone.

In the present work we have molecularly designed and
synthesized a family of poly(terphenyl alkylene)s to systemati-
cally study how the type and placement of the piperidine-based
cation, as well as the structure of the backbone polymer,
Scheme 1 Overview of the variations in the molecular design of the cat

15896 | J. Mater. Chem. A, 2019, 7, 15895–15906
inuence the stability and properties of the corresponding
HEMs (Scheme 1). Starting with poly(m-terphenyl alkylene)
having ASU cations attached to the m-terphenyl units (P1Pi), we
then switched the cation to DMP (P1Me), followed by a shi in
the position of the cation to the more exible pendant phenyl
ring (P2mMe), and then nally a change in backbone congu-
ration from m-terphenyl units to the stiffer p-terphenyl units
(P2pMe). All the polymers in the series had approximately the
same ionic content, which allowed a direct comparison of HEM
properties. The membranes were characterized and compared
with respect to morphology, water uptake, thermal and alkaline
stability, and hydroxide conductivity.

2. Results and discussion
2.1 Monomer synthesis and characterization

Friedel–Cras type polycondensation of arenes (such as
biphenyl, terphenyl and uorene) and suitable ketones via
hydroxyalkylation reactions in superacidic media is an attrac-
tive route to thermochemically and mechanically robust ether-
free polymers suitable for the preparation of alkali-stable
HEMs.24–26,41–45 In order to prepare the polymer structures
depicted in Scheme 1 by this method, we initially synthesized
two monomers: one m-terphenyl and one tri-
uoroacetophenone, each functionalized with a piperidine ring
(Scheme 2). The piperidine ring can subsequently be quater-
nized by dimethylation to form the monocyclic DMP cation, or
by cycloquaternization with 1,5-dibromopentane to form the
ionic polymers synthesized and investigated as HEMs.

deprotection.

This journal is © The Royal Society of Chemistry 2019
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spirocyclic ASU cation. Quite uniquely, all the b-hydrogens of
the DMP and ASU cations are positioned in 6-membered rings
which likely increases the resistance against Hofmann b-elim-
ination. Access to the two monomers with m-terphenyl and
triuoroacetophenone moieties, respectively, enabled us to
conveniently vary the type and position of the cation along the
polymer backbone. Moreover, both the rigidity and the ionic
content of the polymer can be controlled by a careful choice of
the co-monomer.

In general, the synthesis of monomers and polymers func-
tionalized with DMP and ASU cations is challenging because of
the need to attach the piperidine ring in the 4- (or possibly 3-)
position instead of the more straightforward 1(N)-position
which is accessible by Menshutkin reactions. The availability of
commercial building blocks containing the piperidine ring is
limited, thus restricting the possible synthetic strategies. Still,
inspired by the work of Vice and co-workers,46 we have in three
steps successfully synthesized one m-terphenyl (1) and one
2,2,2-triuoroacetophenone (2) monomer, both bearing 4-
benzyl-piperidine groups (Scheme 2). The synthesis was per-
formed by hydroboration of N-Boc-4-methylene-piperidine with
9-BBN, followed by Suzuki coupling with 50-bromo-m-terphenyl
and 40-bromo-2,2,2-triuoroacetophenone, respectively. Final
deprotection in aq. HCl yielded monomers 1 and 2, respectively,
in total isolated yields between 60 and 75% without any prior
optimization. The characteristics of the synthesis methods
provide good possibilities for scale up.

The structure and purity of the monomers were conrmed by
1H NMR spectroscopy by verication of signal positions and
ratios (Fig. 1). As expected, the chemical shi and splitting of
the signals corresponding to the protons of the 4-methyl-
enepiperidine moiety were similar in the 1H NMR spectra of the
two monomers. Both spectra showed distinct signals of the
Fig. 1 1H NMR spectra of (a) m-terphenyl monomer 1 and (b) 2,2,2-
trifluoroacetophenone monomer 2.

This journal is © The Royal Society of Chemistry 2019
protonated secondary piperidinium protons (a) at above
8.5 ppm. The a (b) and b (c) protons in the piperidinium rings
appeared as two pairs of signals at 2.8–3.3 and 1.3–1.8 ppm,
respectively, and signals from the benzyl (e) and methine
protons (d) emerged at 2.6–2.7 and 1.8–1.9 ppm, respectively.
The signals from the aromatic protons appeared as three
multiplets between 7.4 and 7.8 ppm in the spectrum of mono-
mer 1, but as two doublets at 7.2 and 7.5 ppm in that of
monomer 2. Notably, monomer 2 was found to exist entirely in
the hydrated geminal diol form instead of the ketone form. This
was indicated by the presence of the singlet at 7.48 ppm, cor-
responding to the two hydroxyl protons (m) of the gem-diol
(Fig. 1b). The formation of the gem-diol was promoted by the
strongly electron withdrawing triuoromethyl group that
destabilizes the carbonyl group.
2.2 Polycondensations

The monomers were employed in Friedel–Cras type poly-
condensations with a mixture of TFSA and DCM as the super-
acidic reaction medium. Three different poly(arylene alkylene)
precursors tethered with 4-methylene piperidine groups were
synthesized. Polymer P1 was prepared by polycondensation of
monomer 1 and 2,2,2-triuoroacetophenone, while polymers
P2m and P2p were produced in polycondensations of monomer
2 with m- and p-terphenyl, respectively (Scheme 3). Poly-
condensations by hydroxyalkylation reactions proceed in two
consecutive steps.42 In the rst step, the rst arene monomer is
added to the carbonyl monomer to form a hydroxyl-alkyl
intermediate. This intermediate then condenses with the
second incoming arene monomer in the second step. Since the
rst step is rate-determining, both the rate and the degree of
polymerization are greatly enhanced by adding a small excess of
the carbonyl monomer.42 This is in sharp contrast to the need
for a strict stoichiometric ratio to reach high degrees of poly-
merization in conventional polycondensations. In the present
work we consistently used a 10% molar excess of the carbonyl
monomer.

The molecular structure of the precursor polymers was
conrmed by 1H NMR spectroscopy. To facilitate the NMR
analysis, a small amount of TFA was added to adjust the pH of
the polymer solutions, thereby shiing the water signal from
3.33 to above 10 ppm. As can be seen in Fig. 2, the most obvious
Scheme 3 Synthetic pathway to precursor polymers with different
positions of secondary piperidinium cations and backbone configu-
rations (meta or para) by superacid-catalyzed Friedel–Crafts type
polycondensations.

J. Mater. Chem. A, 2019, 7, 15895–15906 | 15897
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Fig. 2 1H NMR spectra of the precursor polymers: (a) P1, (b) P2m and
(c) P2p recorded in DMSO-d6/TFA. TFA was added to shift the water
signals (originally at �3.3 ppm) to above 10 ppm, revealing sample
signals between 3.0 and 3.5 ppm.

Scheme 4 Quaternizations by dimethylation using methyl iodide
(upper) and by cyclo-quaternization using 1,5-dibromopentane
(lower) to form the DMP and ASU cations, respectively.

Fig. 3 1H NMR spectra of the quaternized polymers P1Pi (a), P1Me (b),
P2mMe (c) and P2pMe (d) recorded in DMSO-d6/TFA. TFA was added
to shift the water signals (originally at �3.3 ppm) to above 10 ppm,
revealing sample signals between 3.0 and 3.5 ppm.
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difference in relation to the monomer spectra in Fig. 1 was
observed in the aromatic region, while the signals b–e origi-
nating from the benzyl piperidinium moiety remained rather
unchanged. Upon addition of TFA, the signals from the piper-
idinium protons (a) were split in a similar way to the a-protons
(b). The molecular weight of the polymers was evaluated by
dilute solution viscosimetry. The intrinsic viscosities of P1, P2m
and P2p in 0.1 M LiBr in DMSO solution at 30 �C were measured
to be 0.62, 0.26, and 0.57 g dL�1, respectively, suggesting
a medium molecular weight. It is unclear to us why the
molecular weight of P2m was markedly lower compared with
those of the other polymers.

2.3 Quaternizations

The secondary piperidine rings of the three precursor polymers
P1, P2m and P2p were quaternized by dimethylation using
methyl iodide as the methylation agent and K2CO3 as the
catalyst to prepare polymers P1Me, P2mMe and P2pMe,
respectively, functionalized with the DMP cation. In addition,
precursor polymer P1 was functionalized with the ASU cation by
cyclo-quaternization of the piperidine rings using 1,5-dibro-
mopentane to prepare polymer P1Pi, following our previously
reported procedure (Scheme 4).26 The polymer concentration
was kept low (<2.5 wt%) throughout the cyclo-quaternization
reaction to promote intramolecular cyclization and depress
intermolecular crosslinking. Due to the lower reactivity of 1,5-
dibromopentane in comparison with methyl iodide, the cyclo-
quaternization was performed at 80 �C instead of 20 �C as in
the dimethylation reaction. Furthermore, Hünig's base (N,N-
diisopropylethylamine, DIPEA) was employed instead of K2CO3
15898 | J. Mater. Chem. A, 2019, 7, 15895–15906
as the base catalyst. DIPEA has higher solubility in the reaction
solution but was found to react with the highly reactive methyl
iodide,47 and could thus not be used in the dimethylation
reaction.

The success of the dimethylation and cyclo-quaternization
reactions was conrmed by 1H NMR analysis of the polymers
dissolved in DMSO-d6/TFA mixtures (Fig. 3). As expected, no
signicant changes in the aromatic region (7.0–8.0 ppm) were
observed aer the formation of the DMP and ASU cations.
However, the signals corresponding to the secondary piper-
idinium protons (a) at 8.2–8.5 ppm completely disappeared and
new signals originating from the methyl (u) and methylene (r, s
and t) protons of the newly formed cyclic QA cations emerged at
This journal is © The Royal Society of Chemistry 2019
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3.1–3.5 ppm. In the transition from secondary piperidinium
rings to quaternary ones, the chemical shis of the methylene
protons in the rings (b and c) also changed. As shown in Fig. 3,
the splitting of both these signals was signicantly reduced
aer the quaternization reactions. No signals corresponding to
the methylene protons in the secondary piperidinium rings
were observed and hence the quaternizations were considered
to be quantitative within the limits of the 1H NMR method.

2.4 Membrane preparation and morphology

HEMs based on the quaternized polymers were prepared by
solvent casting from 5 wt% solutions in DMSO. The resulting
pale yellow membranes were transparent and exible (Fig. 4).
The HEMs based on P1Me, P2mMe and P2pMe, functionalized
with the monocyclic DMP cation, had similar high exibility. In
contrast, the HEM based on P1Pi, functionalized with the bulky
spirocyclic ASU cation, was less exible, which may reect
a higher polymer chain stiffness of this polymer. We have
previously found that HEMs functionalized with 5-azaspiro[4.5]
decan-5-ium cations (6- plus 5-membered ring arrangement)
were more exible than the corresponding HEM tethered with
the more bulky ASU cation (6- plus 6-membered ring arrange-
ment).26 The IEC of the HEMs was veried by Mohr titrations of
the HEMs in the bromide form. As shown in Table 1, the values
were in good agreement with the theoretical values based on the
chemical structure of the polymers as evaluated by 1H NMR
spectroscopy.

The morphology was studied by small angle X-ray scattering
(SAXS) measurements of the dry HEMs in the bromide form.
The SAXS proles of P1Me, P2mMe and P2pMe (Fig. 5) dis-
played rather weak and broad scattering peaks, probably
Fig. 4 Photographs of HEMs based on P2pMe (a and b) and P1Pi (c), ind

Table 1 Properties of the HEMs

HEM

IEC (mequiv. g�1)

WUb (wt%) lbTheoreticala Titrated

P1Pi 1.58(1.75) 1.57 54 17
P1Me 1.69(1.89) 1.71 99 29
P2mMe 1.69(1.89) 1.73 103 30
P2pMe 1.69(1.89) 1.82 73 21

a Calculated from the chemical structure of the polymers in the bromide fo
80 �C in the hydroxide form under fully hydrated conditions (immersed). c M
bromide form.

This journal is © The Royal Society of Chemistry 2019
because of the high rigidity of the polymer backbones and the
regularly separated cations. The scattering maxima at around q
¼ 2.5 nm�1 corresponded to a characteristic distance of d z
2.5 nm, which was in the same range as the calculated distance
between two adjacent cations in the polymer chain. In contrast,
no discernible ionomer peak was observed for P1Pi, most
probably because the bulkiness of the ASU cations prevented
effective assembly and clustering of these cations in the HEM.
This observation was consistent with our previous ndings
concerning the ionic clustering in HEMs based on poly(arylene
alkylene)s having N-alicyclic piperidinium cations directly
attached to the backbone.25,26 The SAXS prole of HEMs func-
tionalized with ASU cations showed no ionomer peaks26 while
the prole of HEMs functionalized with DMP cations showed
a weak ionomer peak at q ¼ 2.6 nm�1.25 Hence, in general, it
seems difficult for the ASU cations to phase-separate from the
backbone polymer to form ionic clusters in HEMs. The phase-
separation of both the ASU and DMP cations may be signi-
cantly improved if attached to the backbone via long exible
side chains.31

2.5 Water uptake and hydroxide conductivity

The water uptake and ionic conductivity (s) of fully hydrated
HEMs in the hydroxide form were determined between 20 and
80 �C by gravimetry and electrochemical impedance spectros-
copy, respectively (Fig. 6a and b). As expected, both the water
uptake and conductivity increased with temperature and IEC.
However, the measured data were profoundly inuenced by the
structural variations of the polymers (Scheme 1). Membrane
P1Pi with a low IEC and poorly clustered bulky spirocyclic ASU
cations connected to m-terphenyl units along the backbone
icating their color, transparency and flexibility.

sb (mS cm�1) Td,95
c (�C) qmax

d (nm�1) dmax (nm)

51 335 NA NA
107 282 2.5 2.5
146 269 2.5 2.5
103 275 2.5 2.5

rm (values for the hydroxide formwithin the parentheses). b Measured at
easured by TGA under N2 at 10 �Cmin�1. d Measured by SAXS in the dry

J. Mater. Chem. A, 2019, 7, 15895–15906 | 15899

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ta05531b


Fig. 5 SAXS profiles of dry HEMs in the bromide form. The data have
been shifted vertically for clarity.
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displayed the lowest water uptake and hydroxide conductivity of
the structures in the present study. At 20 and 80 �C, this
membrane reached 19 and 51 mS cm�1 at 34 and 54 wt% water
uptake, respectively (Table 1). In membrane P1Me, the m-ter-
phenyl based backbone structure was retained, but this
membrane instead had the DMP cation connected to the m-
terphenyl units. This resulted in a two-fold increase of both the
water uptake and the hydroxide conductivity in relation to P1Pi.
Consequently the l value, i. e., [H2O]/[QA], of P1Me increased to
29, almost 70% higher than that of P1Pi. At 20 and 80 �C,
membrane P1Me had hydroxide conductivities of 44 and 107
mS cm�1 at 63 and 99 wt% water uptake, respectively. Most
Fig. 6 Water uptake of fully hydrated HEMs in the hydroxide form as a fun
as a function of T�1 (b) and hydroxide conductivity of fully hydrated HEMs
80 �C.

15900 | J. Mater. Chem. A, 2019, 7, 15895–15906
probably, the smaller cation induced the more exible structure
of P1Me, thus allowing a higher water uptake and conductivity
in relation to P1Pi. Membrane P2mMe had the same backbone
structure as both P1Pi and P1Me, but instead had DMP cations
connected to the pendant phenyl groups along the polymer
backbone (Scheme 1). This arrangement had a signicant
positive effect on the conductivity, which at 80 �C increased by
186 and 36% compared to those of P1Pi and P1Me, respectively.
Concurrently, the water uptake and l value of P2mMe remained
at the same level as those of P1Me. Hence, at 20 and 80 �C
membrane P2mMe exhibited hydroxide conductivities of 66 and
146 mS cm�1 at 56 and 103 wt% water uptake, respectively. A
possible explanation why P2mMe was a signicantly more effi-
cient hydroxide ion conductor than P1Me is that the position on
the rather exible pendant phenyl group away from the rigid
backbone polymer provided higher local mobility. This typically
promotes ionic clustering and the formation of efficient ion
conducting water-lled channels in HEMs.9 In P2pMe, the type
and placement of the cation were the same as in P2mMe.
However, m-terphenyl units in the backbone polymer were
exchanged by more inexible p-terphenyl units (Scheme 1). This
signicantly increased the rigidity of the backbone polymer
and, as expected, the visco-elastic properties of P2pMe resulting
in a lower water uptake and conductivity than of P2mMe.
Membrane P2pMe had a similar hydroxide conductivity as
P1Me, but at a lower water uptake. Consequently, membrane
P2pMe exhibited 38 and 103 mS cm�1 at 50 and 73 wt% water
uptake at 20 and 80 �C, respectively.

Fig. 6c shows the relationship between the water uptake and
conductivity measured between 20 and 80 �C. Comparing the
isomeric polymer structures of P1Me, P2mMe and P2pMe, it is
clear that the latter two had a higher ratio between their
conductivity and water uptake than P1Me. This evidently
showed their higher efficiency as hydroxide ion conductors and
clearly demonstrated the advantage of placing the DMP cation
ction of temperature (a), hydroxide conductivity of fully hydrated HEMs
as a function of water uptake (c) for the datameasured between 20 and

This journal is © The Royal Society of Chemistry 2019
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on the exible pendant phenyl group instead of the stiff ter-
phenyl unit in the backbone polymer. Moreover, the data in
Fig. 6c also indicate that the conductivity of P1Pi suffered
because of the lower IEC value and water uptake of this
membrane in relation to the other HEMs in the study.

The hydroxide conductivity of the HEMs of the present study
compares quite favorably with previously reported data. For
example, Bae et al. recently reported a conductivity of 112
mS cm�1 at 80 �C for an HEM based on a poly(m-terphenyl
alkylene) having trimethyl QA cations attached via exible
pentyl spacers.48 This membrane had an IEC of 2.13mequiv. g�1

and a water uptake of 70 wt%. Notably, the former value was
higher than those of the present HEMs. In addition, we have
previously reported a hydroxide conductivity of 118 mS cm�1 for
an HEM based on a poly(arylene N,N-dimethylpiperidinium)
with an IEC of 2.26 mequiv. g�1 and a water uptake of
141 wt%.49
2.6 Thermal stability

The thermal stability of the precursor polymers in the proton-
ated form with triate counterions and the HEMs in the
bromide form was investigated using thermogravimetric anal-
ysis (TGA) under a N2 atmosphere (Fig. 7). As expected, the
precursor polymers had remarkably high thermal decomposi-
tion temperatures, all within a narrow temperature range. The
thermal decomposition of P1, P2m and P2p occurred at Td,95 ¼
413, 408 and 415 �C, respectively. Aer quaternization, the
thermal stability decreased sharply due to the presence of the
QA cations. Membrane P1Pi with the rigid ASU cation decom-
posed at Td,95 ¼ 335 �C, while the three HEMs functionalized
with the more exible DMP cation had Td,95 values between 269
and 282 �C. The thermal stability of the latter HEMs was similar
to that of corresponding polymers with cyclic QAs directly
attached to the polymer backbone. For example, we have
Fig. 7 TGA profiles of the protonated precursor polymers (triflate
form) and the HEMs (bromide form). The red dotted linemarks the 95%
weight retention limit.

This journal is © The Royal Society of Chemistry 2019
previously found poly(p-terphenyl-N,N-dimethylpiperidinium)
to decompose at Td,95 ¼ 264 �C.25 In general, the increase in the
polymer backbone rigidity by changing the position of the
cation segments from the phenyl to the terphenyl units, or by
replacing m-terphenyl units with p-terphenyl ones, had a posi-
tive effect on the thermal stability. Consequently, a comparison
of the isomeric polymer structures of the present study showed
that both P2pMe and P1Me had higher Td,95 values (275 and
282 �C, respectively) than P2mMe (269 �C).
2.7 Alkaline stability

The thermochemical stability of the HEMs under the operating
conditions of the electrochemical device is a crucial property
that directly affects their performance and lifetime. The highly
reactive hydroxide ions may readily attack and degrade QA
cations by a number of different pathways. In the present case,
the most plausible degradation pathways for the DMP and ASU
cations are ring-opening Hofmann elimination, nucleophilic
ring-opening substitution and nucleophilic substitution at
a methyl group (Fig. S1†). All these reactions lead to the loss of
the cationic charge by the formation of tertiary amines attached
to the polymers.

1H NMR spectroscopy is a powerful tool to detect membrane
degradation products and study degradation mechanisms. The
HEM samples of the present study were rst stored during
specic periods of time in 2 M aq. NaOH at 90 and 120 �C,
respectively, and then exchanged to the bromide form, dried,
dissolved in DMSO-d6 and nally analyzed by 1H NMR spec-
troscopy. By comparing 1H NMR spectra of the polymers before
and aer storage in alkaline solution, we have studied both the
degradation degree and mechanisms of the polymer backbone
and QA cations (Fig. 8). TFA was added to the polymer solu-
tions in DMSO-d6 to shi the residual water signal from 3.33 to
above 10 ppm during the analysis, revealing the signals origi-
nally overlapped by the water signal. Furthermore, all tertiary
amine groups resulting from cationic loss were protonated by
the highly acidic TFA and gave rise to signals above 9 ppm that
were well separated from the original signals of the polymers.
In addition, cationic loss via Hofmann elimination results in
alkene products with distinct alkene and alkenyl signals at
�4.9 and 5.6 ppm, respectively (Fig. S2 and S3†). Meanwhile,
the excellent alkaline stability of the ether-free poly(-
terphenylene alkylene) backbone was conrmed since no
apparent change in the 1H NMR signals in the aromatic region
(7.0–8.0 ppm) were observed, and the HEMs retained their
shape, transparency and exibility aer the alkaline stability
test. Both the total cationic loss and the loss caused specically
by b-elimination were conveniently determined by comparing
the intensity of the tertiary amine protons and the alkene/
alkenyl signals, respectively, with the aromatic signals of the
polymer backbone.

As can be seen in Fig. 8, the HEMs functionalized with the
DMP cation (P1Me, P2mMe and P2pMe) were signicantly more
stable than P1Pi carrying the spirocyclic ASU cation aer
storage in alkaline solution at 90 �C. Aer 720 h storage, the
total ionic loss of P1Pi reached approximately 10%. Meanwhile,
J. Mater. Chem. A, 2019, 7, 15895–15906 | 15901
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Fig. 8 1H NMR spectra of P1Pi (a), P1Me (b), P2mMe (c) and P2pMe (d) recorded in DMSO-d6/TFA before and after immersion in 2 M aq. NaOH at
90 �C for different periods of time. TFA was added to shift the water signals (originally at �3.3 ppm) to above 10 ppm, revealing sample signals
between 3.0 and 3.5 ppm.
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the total ionic loss of the other three HEMs under the same
conditions was less than 5%. When the storage time was
extended to 2900 h, P1Pi recorded a total ionic loss of 27%,
mainly via Hofmann elimination in both rings. In comparison,
the membrane with the monocyclic arrangement, P1Me, also
followed an alternative degradation pathway, most probably
nucleophilic substitution at an a-methyl group. Aer 2900 h
storage in alkaline solution at 90 �C, the ionic loss of P1Me via
Hofmann was 7%, while the total ionic loss was 13%. These
ndings agreed well with the results from our previous study,
where the total ionic loss of a poly(arylene alkylene)-based HEM
functionalized with DMP cations was found to be less than 10%
aer 720 h storage in 2 M aq. NaOH solution at 90 �C.25 Under
the same conditions, the degree of degradation exceeded 20%
for HEMs based on poly(arylene alkylene)s functionalized with
ASU cations.26

The ionic loss of the HEMs carrying DMP cations, i.e.,
membranes P1Me, P2mMe and P2pMe, was low and difficult to
quantify aer storage at 90 �C. In order to enable a comparison
of the alkaline stability of these HEMs, the storage temperature
15902 | J. Mater. Chem. A, 2019, 7, 15895–15906
was raised to 120 �C. The 1H NMR spectra of the polymers aer
168 h storage in 2 M aq. NaOH at this temperature are displayed
in Fig. 9. Under these harsher conditions, the cationic losses via
Hofmann elimination for P1Me, P2mMe and P2pMe aer 168 h
increased to 16, 13 and 18%, respectively. At the same time, the
total cationic losses were 33, 27 and 35%, respectively. These
results hinted that the position of the cation on the more ex-
ible pendant group as well as the increase in backbone exi-
bility had a positive effect on alkaline stability as P2mMe
degraded notably less than both P1Me and P2pMe. However,
since the arrangement with the DMP cation on the phenyl group
still gives quite a rigid structure, the differences were small. The
increased alkaline stability of P2mMe compared with that of
P2pMe may also be partly caused by the higher water uptake
and l values of the former HEM.50 Hence, a higher exibility of
the polymer backbone and the pendant cations may facilitate
strain relaxation of the alicyclic cationic rings, as well as a high l

value which will decrease the concentration of the harmful
hydroxide ions.
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 1H NMR spectra of P1Me (a), P2mMe (b), and P2pMe (c)
recorded in DMSO-d6/TFA before and after immersion in 2 M aq.
NaOH at 120 �C during 168 h. TFA was added to shift the water signals
(originally at �3.3 ppm) to above 10 ppm, revealing sample signals
between 3.0 and 3.5 ppm.
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3. Conclusions

A series of poly(terphenylene alkylene)s tethered with monocyclic
DMP and spirocyclic ASU cations, respectively, were successfully
prepared by superacid-mediated polycondensations of terphenyl
and triuoroketone monomers. The synthesis of the piperidine-
functionalized m-terphenyl and triuoroketone monomers
allowed a systematic variation of the type and position of the
cation and the rigidity of the backbone polymer to study the
inuence on HEM properties. Although all HEMs showed high
alkaline stability, those functionalized with DMP cations showed
the most attractive combination of high thermal and alkaline
stability, high hydroxide conductivity and restricted water uptake.
In particular, the placement of the DMP cation on the pendant
phenyl group of the ketone monomer residues instead of on the
more rigid backbone terphenyl units resulted in an improvement
of both alkaline stability and hydroxide conductivity. Functional-
ization with the bulky ASU cation gave very high thermal stability,
but poor ionic clustering and low conductivity. In addition, the
ASU cation showed a lower alkaline stability than the DMP cation
when compared on the same backbone and position. This might
be explained by a larger degree of bond angle distortion of the
former cation when attached to the rigid polymer backbone,
which may facilitate degradation. The present study provides
important structure–property relationships for the development
of alkali-stable HEMs based on diaryl ether-free aromatic poly-
mers carrying N-alicyclic cations having all b-hydrogens placed in
6-membered rings.

4. Experimental
4.1 Materials

1-N-Boc-4-Methylene-piperidine (96%, Fluorochem), 9-bor-
abicyclo[3.3.1]nonane (9BBN, 0.5 M in THF, Sigma-Aldrich),
This journal is © The Royal Society of Chemistry 2019
tetrakis(triphenylphosphine)palladium(0) (99%, Sigma-
Aldrich), 50-bromo-m-terphenyl (98%, Fluorochem), 40-bromo-
2,2,2-triuoroacetophenone (97%, Fluorochem), HCl (37%,
VWR), m-terphenyl (99%, Alfa Aesar), p-terphenyl (99.5%,
Sigma-Aldrich), 2,2,2-triuoroacetophenone (TFAp, 99%,
Sigma-Aldrich), 1,1,1-triuoroacetone (TFAc, 99%, Sigma-
Aldrich), 1,1,1-triuoroacetic acid (TFA, 99%, Acros), triic
acid (TFSA, 99%, Acros), 1,5-dibromopentane (97%, Sigma-
Aldrich), N,N-diisopropylethylamine (DIPEA, $99%, Sigma-
Aldrich), methyliodide (99%, Sigma Aldrich), K2CO3 (99%,
Sigma-Aldrich), toluene (reagent grade, VWR), isopropanol (IPA,
reagent grade, VWR), diethyl ether (Et2O, reagent grade, VWR),
N-methyl-2-pyrrolidone (NMP, reagent grade, Acros), dimethyl
sulfoxide (DMSO, reagent grade, VWR), ethyl acetate (EtOAc,
reagent grade, VWR), heptane (reagent grade, VWR), NaBr (99%,
Sigma-Aldrich), ethanol (99.5%, Solveco), NaOH (99% pellets,
VWR), KOH (99% pellets, VWR), CDCl3 (99.8 atom% D, Sigma-
Aldrich) and DMSO-d6 (99.5 atom% D, Sigma-Aldrich) were all
used as received. Dichloromethane was dried using an MBraun
dry solvent dispenser system MB-SPS 800.
4.2 Polymer synthesis

Monomer synthesis. Monomers 1 and 2 were synthesized in
three steps as shown in Scheme 2. All steps except the depro-
tection using HCl were performed under a N2 atmosphere. Here
follows a typical procedure for synthesis of monomer 2. 1-N-Boc-
4-Methylene-piperidine (5.08 g, 25.8 mmol, 1 eq.) was added in
a 100 ml one-neck round ask, and then degassed and cooled to
0 �C using an ice bath. A solution of 9BBN 0.5 M in THF
(51.5 ml, 25.8 mmol, 1 eq.) was added and the white reaction
mixture was stirred during 2 h before the ice bath was removed.
The reactionmixture was stirred at RT for an additional 2 h, and
then degassed and added dropwise to a degassed mixture of 40-
bromo-2,2,2-triuoroacetophenone (6.52 g, 25.8 mmol, 1 eq.),
KOH (2.60 g, 46.4 mmol, 1.8 eq.), Pd(PPh3)4 (0.431 g,
0.373 mmol, 0.0145 eq.), toluene (25 ml) and deionized (DI)
water (45 ml) in a 250 ml two-neck round ask equipped with
a condenser and N2 inlet. The mixture was stirred at 60 �C
overnight and then extracted with EtOAc. The combined
organic phase was washed with brine, then dried with MgSO4

and evaporated under reduced pressure until dry. The crude
product was puried further by dry column vacuum chroma-
tography,51 using an EtOAc : heptane mixture (0 : 100 to 50 : 50)
as the eluent. The still impure product was added to a 100 ml
round ask containing HCl (conc., 25 ml) and DI water (25 ml)
and then heated to 80 �C overnight. The solution was then
cooled to 0 �C and ltered. The precipitate was recrystallized in
water, yielding monomer 2 (in the hydrated form) as a white
powder (5.0 g, total isolated yield 63%).

Polymerization. The three precursor polymers P1, P2m and
P2p were synthesized by polycondensation of either monomer 1
with 2,2,2-triuoroacetophenone or of monomer 2 with m- or p-
terphenyl, respectively, under a N2 atmosphere, using triic acid
as the catalyst (Scheme 3). Here follows the description of the
synthesis of polymer P1 as an example. To a 25 ml two-neck
round ask equipped with mechanical stirrer and N2 inlet
J. Mater. Chem. A, 2019, 7, 15895–15906 | 15903
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monomer 1 in chloride form (1.00 g, 2.75 mmol, 1 eq.), 2,2,2-
triuoroacetophenone (0.424 ml, 3.02 mmol, 1.1 eq.) and anhy-
drous DCM (2.4 ml) were added. The mixture was cooled to 0 �C
using an ice bath, followed by the dropwise addition of TFSA
(2.4 ml, 27 mmol, 10 eq.). The mixture was stirred at 0 �C during
24 h. The highly viscous reaction mixture was then diluted with
DMSO and precipitated in IPA. The precipitate was washed twice
with diethyl ether, and then dried under vacuum, yielding poly-
mer P1 (1.65 g, 94% isolated yield) as white powder.

Quaternization. The cationic polymers P1Me, P2mMe and
P2pMe were prepared by quaternization of the respective
precursor polymers, using MeI in NMP and K2CO3 as the catalyst.
The synthesis of P1Me is described here as an example. Polymer
P1 (0.6 g, 0.95 mmol, 1 eq.), K2CO3 (0.39 g, 2.8 mmol, 3 eq.), NMP
(10 ml) and MeI (0.29 ml, 4.7 mmol, 5 eq.) were added in a 50 ml
one-neck round bottom ask. The bottle was covered in
aluminium foil to prevent light-induced degradation of MeI and
le stirring at room temperature for 48 h. The product was then
precipitated in IPA, washed repeatedly with IPA and water, and
nally dried under vacuum to give P1Me as a light yellow powder.

Polymer P1Pi was prepared by cyclo-quaternization of polymer
P1 with 1,5-dibromopentane, using DIPEA as the catalyst. A
solution of polymer P1 (0.6 g, 0.95 mmol, 1 eq.) in NMP (10 ml)
was added dropwise into a 50 ml round bottom ask containing
1,5-dibromopentane (0.14 ml, 1.0 mmol, 1.1 eq.), DIPEA (0.82 ml,
4.7 mmol, 5 eq.) and NMP (14 ml) at 80 �C. Next, the reaction
mixture was stirred at 80 �C during 24 h. The product was then
precipitated in IPA, washed repeatedly with IPA and water and
dried under vacuum to give P1Pi as a red brown powder.

Characterization. The molecular structure of the polymers
was conrmed from 1HNMR spectra recorded at 400MHz using
a Bruker DRX 400 spectrometer. The solvents used were either
DMSO-d6 or a mixture of DMSO-d6 and TFA.

The intrinsic viscosity of the precursor polymers P1, P2m and
P2p was measured at 30 �C using an Ubbelohde viscometer.
Samples were dried at 50 �C under vacuum for at least 48 h,
weighed, and dissolved in 0.1 M LiBr in DMSO solution (blank
solution) to obtain stock solutions with a concentration between
0.83 and 1.29 g dL�1. These solutions were later diluted with the
blank solution to reduce their concentrations. The resulting
solutions were used immediately aer preparation. The ow
times of the blank solution through the capillary (tblank) and of the
polymer solutions (tsample) were taken as the average of four
measurements. The inherent (hinh) and reduced (hred) viscosities
at four different concentrations were calculated as:

hinh ¼
ln

�
tsample

tblank

�

C
(1)

hred ¼
tsample

tblank
� 1

C
(2)

The intrinsic viscosity ([h]) was calculated as the average of
the intersections of the linear regressions of hinh and hred with
the y-axis.
15904 | J. Mater. Chem. A, 2019, 7, 15895–15906
4.3 Membrane preparation and characterization

Membrane preparation. HEMs were cast from 5 wt% poly-
mer solutions in DMSO at 80 �C. Approximately 0.15 g poly-
mer was dissolved in DMSO to obtain a 3 g solution. This
solution was ltered through a syringe-driven lter unit (ø ¼
25 mm, Fluoropore membrane, 5 mm) onto a Petri dish (ø ¼
50 mm) which was then placed in a ventilated casting oven at
80 �C for at least 24 h. Subsequently, the resulting HEM was
immersed in 1 M aq. NaBr solution for at least 7 days to
obtain the bromide form, and then washed thoroughly
with DI water before storage in DI water. Membranes of the
polymers functionalized with monocyclic piperidinium
P1Me, P2mMe and P2pMe were exible and almost colorless
while the P1Pi membranes were darker in colour and less
exible.

HEMs in the hydroxide form were prepared by ion-exchange
in 1 M aq. NaOH solution during at least 96 h. Next, the
membrane was washed thoroughly with degassed DI water and
stored in degassed DI water under nitrogen during 48–72 h
before the measurement.

Small angle X-ray scattering. Phase separation by ionic
clustering was studied by small angle X-ray scattering (SAXS)
measurements of the dry HEMs in the bromide form.
Membrane samples were dried under vacuum prior to the
measurements. Data were collected in the q-range 0.14–7.5
nm�1 using a SAXSLAB SAXS instrument (JJ X-ray Systems Aps,
Denmark) equipped with a Pilatus detector.

Ion exchange capacity. The IEC of the HEMs in the bromide
(IECBr) form was determined by titration. The membranes were
rst dried at 50 �C under vacuum during 48 h and weighed to
obtain their dry weights. The dry membranes were then
immersed in 25 ml 0.2 M aq. NaNO3 solution at 40–50 �C for 7
days. Next the solutions were titrated with an aq. AgNO3 solu-
tion (approx. 0.01 M), using an aq. K2CrO4 solution (0.1 M) as
the indicator. The IEC of the HEMs in the hydroxide form
(IECOH) was calculated from the IECBr as

IECOH ¼ IECBr

1� 0:0629� IECBr

(3)

Thermal stability. The thermal decomposition of the HEMs
in the bromide form and of precursor polymers in the proton-
ated state with triate counter ions was studied by thermogra-
vimetric analysis (TGA) using a TGA Q500 (TA Instruments)
during heating from 50 to 600 �C at 10 �C min�1 under a N2

atmosphere. In order to remove water residues, the samples
were kept isothermally at 120 �C for 20 min prior to the analysis.
The thermal decomposition temperature was reported at 5%
weight loss (Td,95).

Water uptake. The dry weight of the membranes (mdry,Br) in
the bromide form wasmeasured aer 48 h drying at 50 �C under
vacuum. By assuming that all Br� was exchanged to OH�, the
dry weight of the HEMs in the hydroxide form (mdry) was
calculated from mdry,Br as

mdry ¼ mdry,Br � (1 � 0.0629 � IECBr) (4)
This journal is © The Royal Society of Chemistry 2019
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Subsequently, the HEMs were ion-exchanged to the
hydroxide form. The weights of the hydrated membranes (mwet)
were obtained aer equilibration in DI water at 20, 40, 60 and
80 �C. Finally their water uptake was calculated as:

WU ¼ mwet �mdry

mdry

� 100 ð%Þ (5)

Hydroxide conductivity. The hydroxide ion conductivity of
the hydrated HEMs was measured by electrochemical imped-
ance spectroscopy using a two-probe set-up and a Novocontrol
high-resolution dielectric analyzer V 1.01S. During the
measurements, the membranes were kept hydrated in a closed
cell lled with DI degassed water. The voltage amplitude was
maintained at 50 mV while varying the frequency from 107 to
100 Hz in the temperature range of 20 to 80 �C.

Alkaline stability. The alkaline stability of all HEMs at 90 and
120 �C was evaluated aer immersion in 2 M aq. NaOH solution
for different periods of time. Aer the immersion, the
membranes were exchanged to the bromide form and dissolved
in mixtures of DMSO-d6 and TFA before analysis by 1H NMR
spectroscopy.
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