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High alkaline stability is critical for polymeric anion exchange membranes (AEMs) and ionomers for use in
alkaline electrochemical energy conversion and storage devices such as fuel cells, electrolyzer cells and
advanced batteries. Here, we have prepared and studied ether-free polyfluorenes tethered with N,N-di-
methylpiperidinium (DMP) and 6-azonia-spiro[5.5]undecane (ASU) cations, respectively, attached through
heteroatom-free alkyl spacers. By employing alkyl—alkyl Suzuki cross-coupling, these alicyclic quaternary
ammonium cations are attached at the 4-position to impede ionic loss. Thus, all the p-hydrogens sensi-
tive to elimination reactions are placed in strain-free rings able to fully relax by the spacer flexibility.
Consequently, the AEM carrying DMP cations shows a very high alkaline and thermal stability, retaining
more than 91% of the cations after 2400 h immersion in 2 M NaOH at 90 °C. Compared with corres-
ponding AEM functionalized with N-alkyl-N-methylpiperidinium (AMP) cations [conventionally tethered
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via the 1(N)-position], the ionic loss by p-elimination is successfully reduced by up to 92%. The AEM func-
tionalized with DMP also reaches a high hydroxide conductivity of 124 mS cm™" at 80 °C. Consequently,
tethering piperidine-based cations via the 4-position instead of the 1(N)-position results in AEMs with

Open Access Article. Published on 19 October 2020. Downloaded on 3/2/2026 10:54:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/polymers

1. Introduction

Durable cationic polymers (ionomers) and anion exchange
membranes (AEMs) are critical materials for alkaline electro-
chemical energy technologies such as fuel cells, water electro-
lyzers, and advanced batteries."® These devices present a
promising alternative to acidic proton exchange membrane
applications which require platinum group metal electrocata-
lysts. Potentially, alkaline devices can operate with lower cost
catalysts (e.g., cobalt, silver, and nickel), benefit from faster
oxygen reduction and oxygen evolution reactions compared
with the acidic environment, and may exploit new electro-
chemical reactions.”® > However, the development has been
significantly hampered by a lack of AEMs that show high per-
formance in combination with sufficient alkaline stability.
Both the backbones and the cations of the polymers in AEMs
are susceptible to nucleophilic attack by hydroxide ions. This
leads to reduced mechanical strength and losses in ion-
exchange capacity (IEC) and conductivity, and hence to
irreversible losses in performance and lifetime of the devices.
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substantially improved thermal and alkaline stability, combined with high hydroxide conductivity.

Polymer backbone degradation in AEMs has primarily been
observed to occur via aryl ether bonds cleavage,"*™® motivat-
ing a recent change in research focus towards aryl-ether free
backbones'® such as polynorbornenes,>*>* poly(arylene alky-
lene)s*>* and polystyrenes.>**®* A more serious issue is the
alkaline stability of the tethered cationic groups. These are
generally ammonium cations that can degrade by a large
number of different mechanisms, including nucleophilic sub-
stitutions at a-carbons, elimination of p-hydrogens (Hofmann
elimination) and mechanisms unique to the specific structure
and configuration of the cation."?*** In a seminal work,
Marino and Kreuer reported on the stability of different model
ammonium cations under harsh alkaline conditions (6 M aq.
NaOH, 160 °C).*° The most simple ammonium cation, tetra-
methylammonium, was found to be very stable with a half-life
of ¢, = 62 h, but cannot be tethered to polymers. Tetherable
alkyltrimethyl- and tetraalkylammonium cations were much
less stable because of the possibility of Hofmann elimination
(e.g. hexyltrimethyl- and tetrapropylammonium with ¢;,, = 32
and 7.2 h, respectively).’® In contrast, the alicyclic piperidine-
based N,N-dimethylpiperidinium (DMP) and 6-azonia-spiro
[5.5]undecane (ASU) cations were found to possess an excep-
tional stability with ¢;, = 87 and 110 h, respectively. The
reason for their high stability is ascribed to the strain-free
rings and the geometric constraint of the rings on the elimin-
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ation and substitution transition states, which require unfavor-
able bond angles and lengths.*® These findings have motivated
quite extensive research on AEMSs functionalized with piper-
idine-based cations in recent years.***° However, when these
cations are directly incorporated in stiff aromatic polymer
backbones, the alkaline stability is significantly reduced in
relation to that of the model compounds.?”””® This has been
explained by a distortion of the alicyclic rings by the stiff back-
bones, which facilitates degradation by Hofmann
elimination.>”*® Hence, in order to benefit from the inherent
alkaline stability of the alicyclic cations, these cations must be
tethered to the polymer backbone via flexible spacer chains
that facilitate ring-relaxation and minimize ring-strain.

Another factor that has a significant effect on the alkaline
stability of cationic groups in AEMs is the position at which
they are attached to the polymer structure.>® Most studies on
AEMs functionalized with piperidinium cations have been
carried out on N-alkyl-N-methylpiperidinium (AMP) tethered
to the backbone in the 1(N)-position via an alkyl chain,
(Fig. 1).*>°>%% This functionalization is readily achieved in
Menshutkin reactions of bromoalkylated polymers with
N-methylpiperidine. Very recently, we have employed this
approach to tether AMP to an aryl-ether free polyfluorene
(PDPF) backbone.”® However, this molecular design opens up
for Hofmann elimination in the linear alkyl tether.
Alternatively, the tethering at the 3- or 4-position instead of
the 1(NV)-position places all the sensitive -hydrogens in strain-
free alicyclic rings, can be expected to significantly reduce
Hofmann elimination.

In the present work, we have developed and explored a
rational molecular design in which DMP and ASU cations,
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respectively, are tethered in the 4-positions of the respective
rings to PDPF backbones via heptyl spacer chains (Scheme 1).
Hence, we combine several beneficial molecular design fea-
tures, including the use of an ether-free backbone and the
attachment of piperidine-based cations on flexible spacers
which allow full relaxation of the ring strain. The impact of
this approach on the thermal and alkaline stability, as well as
water uptake and ion conductivity, of the resulting AEMs was
subsequently investigated.

2. Results and discussion

2.1. Polymer synthesis

Attaching piperidine-based cations in the 4-position is challen-
ging due to the lack of straightforward synthetic pathways and
commercially available building blocks. In the current work
this was achieved by attaching 4-methylenepiperidine to a
dibromoalkylated diphenylfluorene via Suzuki coupling to
produce monomer DPF-PiH (Scheme 1). After modification of
a published procedure,’ the synthesis was performed in three
steps; hydroboration of N-Boc-4-methylene-piperidine with
9-BBN, Suzuki coupling with 9,9-bis(6-bromohexyl)-2,7-diphe-
nyl-9H-fluorene (DPF-Br) and finally deprotection in aq. HCL
The key step here is the alkyl-alkyl Suzuki cross-coupling
which is a rarely reported reaction, most probably because of
the slow oxidative addition of alkyl halides to palladium and
facile p-hydride elimination.” In order to achieve an efficient
Suzuki cross-coupling with DPF-Br, a catalyst system consisting
of the bulky and electron-rich phosphine ligand PCyj, the cata-
lyst Pd(OAc), and the base K3;PO,-H,0 was employed. The suc-

b) c) A d)
N -
N D) AU G

Fig. 1 Cations tethered to polymers via alkyl spacers: (a) alkyltrimethylammonium (ATMA), (b) N-alkyl-N-methylpiperidinium (AMP), (c) 4-alkyl-
DMP, and (d) 4-alkyl-ASU. Red circles indicate p-hydrogens with a varied sensitivity towards elimination reactions.

Suzuki
coupling

DPF-PiH

Scheme 1 Synthetic pathway to PDPF-DMP and PDPF-ASU.

6954 | Polym. Chem., 2020, 11, 6953-6963

PDPF- ASU

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0py01291b

Open Access Article. Published on 19 October 2020. Downloaded on 3/2/2026 10:54:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

View Article Online

Paper

9 8 7 6 5

Fig. 2 'H NMR spectra of (a) DPF-PiH, (b) PDPF-PiH, (c) PDPF-DMP and (d) PDPF-ASU.

cessful synthesis of DPF-PiH was confirmed by "H NMR spec-
troscopy (Fig. 2a). As expected, the chemical shifts of the aro-
matic protons (h-m) and the methylene protons in the alkyl
spacers (e, f, g) remained unchanged. Concurrently, the
signals originating from the -CH,CH,Br and -CH,CH,Br
protons were replaced by those of the methylene and methine
protons of the piperidinium moieties (b, ¢, d). In addition, the
amine protons (a) generated two signals above 8 ppm. Notably,
the clear difference in chemical shifts between equatorial and
axial protons at N-; a- and p-positions (a, b, c¢) indicated
limited conformational change of the ring.

DPF-PiH was subsequently employed in a Friedel-Crafts
type polyhydroxyalkylation reaction with 2,2,2-trifluoroaceto-
phenone (TFAp) to produce the precursor homopolymer
PDPF-PiH (Scheme 1). Trifluoromethanesulfonic (TFSA) was
used as a co-solvent together with dichloromethane to
generate the superacidic medium necessary for the

This journal is © The Royal Society of Chemistry 2020

polycondensation.””*>>® The use of the rather large DPF

monomer enables the preparation of well-defined and rigid
ether-free PDPF AEMs with the target IEC-range
(2.0-2.2 mequiv. g~ ") to reach high conductivity without exces-
sive water uptake, thus avoiding the complications of copoly-
merization. In comparison with for example a backbone based
on non-phenylated fluorene, the higher rigidity of the PDPF
backbone facilitates film-formation and the mechanical
strength of the AEM. Furthermore, DPF-Br is more reactive
than the corresponding non-phenylated fluorene monomer in
the Friedel-Crafts type polyhydroxyalkylations. In the present
case, the high polymerization rate was indicated by the rapid
increase in viscosity of the reaction mixture, despite the low
temperature (0 °C). After only 1 h, the viscosity became too
high for magnetic stirring and the reaction was stopped. The
resulting polymer formed transparent and flexible membranes
after casting from DMSO solution at 85 °C and the structure of
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the polymer was verified by "H NMR spectroscopy (Fig. 2b).
Moreover, PDPF-PiH displayed a high thermal stability and
decomposed only above Tqo95 = 403 °C (5% weight loss) as
determined by thermogravimetric analysis (TGA).

Following our previously reported procedures,”””*®°” the
DMP and ASU cations were introduced by quaternizing
PDPF-PiH using methyl iodide and 1,5-dibromopentane,
respectively, to produce the cationic polymers PDPF-DMP and
PDPF-ASU (Scheme 1). In order to avoid potential branching/
crosslinking reactions during the cyclo-quaternization in the
synthesis of PDPF-ASU, a solution of PDPF-PiH was added
drop-wise into a dilute solution of 1,5-dibromopentane. No
sign of gelation or particle formation was noted throughout
the reaction and the resulting PDPF-ASU had an excellent solu-
bility in DMSO. The formation of both PDPF-DMP and
PDPF-ASU from PDPF-PiH was confirmed by NMR spec-
troscopy. "H NMR spectra of these samples (Fig. 2c and d) did
not show any signal from protonated amine hydrogens (a),
hence confirming the complete conversion of the secondary
piperidine groups of DPF-PiH. The signals from the piperidi-
nium ring (b, ¢, d) were shifted downfield, while the signals
from the polymer backbone and spacer (e, f, g) remained the
same. The two methyl groups in the DMP cation (o) gave rise
to two singlets at ~3.04 and 2.93 ppm (Fig. 2c). For the ASU
cation, the signals originating from the methylene units of the
pendant piperidine ring (p, g, r) appeared at lower chemical
shift than the corresponding signals from the piperidine ring
attached to the spacer (b, ¢, d) (Fig. 2d). Due to the restricted
conformational change, the shifts of both the a- and p-protons
in the pendant rings (p, q) split into two distinct signals in the
same manner as the corresponding protons from the piper-
idine ring attached to the spacer (b, c).
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2.2. Membrane characterization

2.2.1 Membrane preparation, water uptake and conduc-
tivity. Flexible and transparent AEMs were cast from 5 wt%
solutions of PDPF-DMP and PDPF-ASU, respectively, in DMSO
at 85 °C (Fig. 3). The IEC determined by Mohr titration of
PDPF-DMP (Table 1) was close to the theoretical value, but
that of PDPF-ASU was lower than expected. This might be a
result of incomplete ion exchange caused by the low water
uptake and bulky ASU cations.

Sufficient water uptake is crucial for the formation of a per-
colating hydrated phase domain, thus directly affects the
hydroxide conductivity. After ion-exchange to the hydroxide
form, the water uptake of PDPF-ASU and PDPF-DMP at 20 °C
was 28 and 58 wt%, respectively (Fig. 4a, Table 1). At 80 °C the
values increased to 45 and 111 wt%, respectively (Fig. 4a,
Table 1). We have previously observed a significantly lower
water uptake of different poly(arylene alkylene)-based AEMs
functionalized with ASU cations compared with corresponding
membranes carrying DMP cations.”” In the present case, this
observation is probably a combined effect of the lower IEC and
the more bulky ASU cations. The swelling (SW) is another
important factor that affects the applicability of AEMs. The
swelling of both PDPF-ASU and PDPF-DMP in the hydroxide
form was seemingly isotropic in water. At room temperature,
the in- and through-plane swelling were 8 and 10%, respect-
ively, for PDPF-ASU. For PDPF-DMP, these values were 20 and
22%, respectively. At 80 °C, the in- and through-plane swelling
were the same for each AEM and reached 15 and 30% for
PDPF-ASU and PDPF-DMP, respectively (Table 1).

As expected, the hydroxide conductivity of the AEMs in the
fully hydrated (immersed) state increased with the temperature

ME!

b) \NE

MEMBRANE

NE

NE

[ AMACRAP P AR,

Fig. 3 Photographic images showing folded AEMs cast from (a) PDPF-DMP and (b) PDPF-ASU.

Table 1 Properties of PDPF-DMP and PDPF ASU in comparison with some AEMs reported previously

IECg, [mequiv. g7']

c d

IECOH “ WuU* SWin—p]ane ¢ Swthroughfplane ¢ o Td,95
AEM Theoretical® Titrated” [mequiv. g7'] [wt%)] [%)] [%] 2 [mS em™] [°C]
PDPF-DMP 1.90 1.95 +0.03 2.15 111 30 30 29 124 273
PDPF-ASU 1.76 1.62 £ 0.05 1.98 45 15 15 12 76 332

“Calculated from the chemical structure of the polymers. ” Determined by Mohr’s titration. ° Measured at 80 °C in hydroxide form, under fully
hydrated conditions (immersed). “ Measured by TGA under N, at 10 °C min™".
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Fig. 4 (a) Water uptake of fully hydrated (immersed) AEMs in the hydroxide form as a function of temperature, (b) hydroxide conductivity of fully

hydrated AEMs as a function of 7! and (c) hydroxide conductivity of fully hydrated AEMs as a function of water uptake.

and water uptake (Fig. 4b and c, Table 1). At 20 and 80 °C,
PDPF-ASU showed a conductivity (¢) of 31 and 76 mS cm™,
respectively. PDPF-DMP reached a very high conductivity, 53
and 124 mS cm ™" under the same conditions. Hence, the con-
ductivity of PDPF-DMP was significantly higher than
PDPF-ASU at 80 °C. The conductivity results are in good agree-
ment with previous findings on AEMs with DMP and ASU
cations directly attached to the poly(arylene alkylene)s.’”
Beside the higher IEC and water uptake, the less bulky DMP
cations might also facilitate ion clustering during casting, thus
promoting phase separation and ion transport. The conduc-
tivity of PDPF-DMP was comparable or significantly higher
than with that of AEMs with similar or higher IEC
(Table 2),*°*®3>°% demonstrating the advantages of the
present molecular design on the hydroxide conductivity of
AEMs.

2.2.2 Thermal and chemical stability. The main focus of
the present work was to identify pathways towards improved
thermal and chemical stability of AEMs by rational design of
alicyclic cations tethered to ether-free polymers via alkyl

spacers. Thermogravimetrical measurements showed that
AEMs based on PDPF-DMP and PDPF-ASU decomposed at
Ta,0s = 273 and 332 °C, respectively, (Fig. 5). Most probably, the
higher rigidity of the ASU cation in comparison with the
monocyclic DMP was the reason for the significantly higher
decomposition temperature of the latter. By comparing with
our previous work, the attachment position of the piperidi-
nium rings had a significant effect on the thermal stability. By
attachment in the 4-instead of the 1(N)-position, the formation
of the more unstable AMP cation was avoided. Consequently,
the T4.05 value of PDPF-DMP (Fig. 6) was ~70 °C higher than
that of PDPF-Pip, the corresponding AEM functionalized with
AMP instead of DMP.>® In contrast, the effect of the alkyl
spacer length was seemingly less important as the T4 o5 values
are similar to corresponding poly(arylene alkylene)-based
AEMs with DMP and ASU cations attached directly to the
polymer backbone®””*® or via short alkyl spacers.””

In order to investigate the alkaline stability, the AEMs were
immersed in 2, 5, 7 and 10 M aq. NaOH solutions at 90 °C for
different periods of time, followed by "H NMR analysis of any

Table 2 Properties of PDPF-DMP and PDPF-ASU in comparison with previously reported AEMs

Structure

AEM IEC” [mequiv. g7']  WU? [wt%] o’ [mScem™] Backbone Cation  Spacer Attachment position  Ref.
PDPF-DMP 2.15 111 124 PDPF-based DMP Alkyl 4 Present
PDPF-ASU 1.98 45 76 PDPF-based ASU Alkyl 4 Present
PDPF-TMA  2.24 178 107 PDPF-based ATMA  Alkyl 1(N) 53
PFF' 2.45 26 48 Fluorene-based ATMA  Alkyl 1(N) 58
PBF2 2.19 160 86 Fluorene-based AMP Alkyl 1(N) 47
PBPipQ66Ap 2.24 141 118 Biphenyl-based DMP None 4 59
QPES 1.89 20-25 59.8 Polysulfone DMP None 4 48
PPO-DMP 1.98° — 71.8 Poly(phenylene oxide) DMP Triazolium 4 46

“Calculated from the chemical structure of the polymers in hydroxide form. ? Measured at 80 °C in hydroxide form under fully hydrated con-

ditions (immersed).  Determined by acid-base titration.

This journal is © The Royal Society of Chemistry 2020
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changes in molecular structure. These alkali concentrations
correspond to 4 ([H,O]/[OH™]) values of approximately 10.6, 7.4
and 5.0, respectively. All AEM samples remained transparent
and were seemingly unaffected after the alkaline stability
study. In addition, there was no detectable change in the aro-
matic region of the NMR spectra, confirming the high stability
of the ether-free polymer backbone. In contrast, signs of cat-
ionic degradation was indicated by the appearance of new
small signals outside the aromatic region (Fig. 6 and 7a). The
alicyclic DMP and ASU cations degrade mainly via nucleophilic
substitution and Hofmann elimination.>® Both degradation
pathways lead to formation of tertiary amines, which were pro-
tonated upon addition of TFA and gave rise to NMR signals
above 8 ppm (Fig. 6 and 7a). By comparing the intensity of
these signals with that of the stable aromatic signals, the total
ionic loss was estimated. Concurrently, degradation via
Hofmann elimination resulted in the formation of alkene
groups, which were readily detected by the appearance of dis-
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Fig. 6 'H-NMR spectra of (a) PDPF-ASU and (b) PDPF-DMP before and after immersion in 2 M ag. NaOH solutions at 90 °C. 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 (no data available for PDPF-ASU after

2400 h because of insolubility).
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Fig. 7 Alkaline stability of AEMs immersed in 5, 7 and 10 M ag. NaOH solutions during 168 h: (a) *H NMR spectra of PDPF-DMP before and after
immersion (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) and
(b) the ionic loss of PDPF-Pip, PDPF-TMA and PDPF-DMP via Hofmann elimination and substitution reactions, respectively.

tinct vinyl signals between 4.5 and 5.5 ppm. Integration of
these signals gave the quantitative ionic loss caused by
Hofmann elimination exclusively.

PDPF-ASU showed traces of degradation already after 720 h
immersion in 2 M aq. NaOH (Fig. 6a), and the solubility of
PDPF-ASU was found to decrease after further alkaline treat-
ment. The solubility decreased both with the treatment time
and the alkali concentration which prevented further studies
of the alkaline stability of this AEM. The decrease in solubility
was most probably due to crosslinking via the degradation pro-
ducts, e.g., through amino alcoholates formed in the ring-
opening substitution of ASU. The alcoholates may then react
with ASU rings via nucleophilic attack, resulting in ether-con-
taining crosslinks.

PDPF-DMP had a higher alkaline stability compared to
PDPF-ASU. After 720 h immersion of PDPF-DMP in aq. NaOH
solution at 90 °C, no detectable change was observed in the 'H
NMR spectra, suggesting excellent alkaline stability (Fig. 6b).
In contrast to PDPF-ASU, PDPF-DMP remained completely
soluble in DMSO after the alkaline treatment, suggesting
different degradation mechanisms for the two cations. After
2400 h immersion in 2 M aq. NaOH, the total ionic loss of
PDPF-DMP remained very low at 8.4%, of which a mere 2.0%
was attributed to p-elimination (Fig. 6b, Table 3).

This journal is © The Royal Society of Chemistry 2020

Table 3 lonic loss after alkaline treatment of PDPF-DMP at 90 °C, as
evaluated from *H NMR data

Ionic loss [%]

Hofmann Nucleophilic
Treatment elimination substitution Total
2 M NaOH, 2400 h 2.0 6.4 8.4
5 M NaOH, 168 h 1.2 1.7 2.9
7 M NaOH, 168 h 3.5 3.2 6.7
10 M NaOH, 168 h 33 15 48

As expected, the rate of degradation increased with the con-
centration of alkali. Consequently, PDPF-DMP showed signs of
degradation after 168 h immersion in 5, 7 and 10 M aq. NaOH
solutions at 90 °C (Fig. 7a). Notably, the relative rates of the
different degradation pathways varied with the alkaline con-
centration. With increasing NaOH concentration, the rate of
Hofmann elimination accelerated much faster than nucleophi-
lic substitution (Fig. 7b, Table 3). At 10 M, Hofmann elimin-
ation became the dominating degradation pathway instead of
nucleophilic substitution that dominated at 2 M. Moreover,
while PDPF-DMP remained quite stable in 5 M and 7 M aq.
NaOH (<10% ionic loss), an increase of alkaline concentration
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from 7 to 10 M resulted in a sharp increase in the total ionic
loss, probably due to increased reactivity of the OH™ at this
very low A-value (Fig. 7b, Table 3).%°

The positive effect on the alkaline stability by attaching via
the 4-position is apparent when comparing the alkaline stabi-
lity of PDPF-DMP with corresponding AEMs functionalized
with AMP (designated PDPF-Pip) and ATMA (designated
PDPF-TMA, cations attached at 1(N)-position, Fig. 1).>* The
alkaline stability of the two latter AEMs have previously been
investigated under conditions similar to those used in the
present study (Fig. 7b). After 168 h immersion in 5 M agq.
NaOH, the total ionic loss in PDPF-DMP was merely 2.9%
(Table 3), nearly 5-fold less than the ionic loss in PDPF-Pip.>®
While the loss via nucleophilic substitution was similar for
both cations, the Hofmann elimination of the former was
reduced by 92%. Furthermore, PDPF-DMP also showed higher
alkaline stability than the corresponding AEM functionalized
with the benchmark ATMA cation (PDPF-TMA).>® While both
polymers showed a similar total ionic loss in 10 M aq. NaOH,
PDPF-DMP had ~3 times less ionic loss than the latter in 5
and 7 M aq. NaOH solutions (Fig. 7b).

3. Conclusions

We have successfully employed alkyl-alkyl Suzuki cross-coup-
ling to attach piperidine-based DMP and ASU cations at the
4-position to ether-free polyfluorenes via alkyl spacers. This
approach allowed a molecular design in which all the sensitive
B-hydrogens were placed in strain-free alicyclic rings able to
fully relax by the flexibility of the spacers. Compared with
AEMs conventionally tethered with AMP cations via the 1(N)-
position, corresponding AEMs with DMP cations attached via
the 4-position showed significantly improved thermal and
alkaline stability, while retaining high hydroxide conductivity.
After immersion in concentrated (5 M) alkali at 90 °C, the total
ionic loss was 80% lower for DMP compared with AMP. While
the loss by substitution was approximately the same for both
cations, the loss by p-elimination was an order of magnitude
lower for DMP compared to AMP. Concurrently, the total ionic
loss of DMP was 67% lower than of ATMA. However, in highly
concentrated alkali (10 M), the ionic loss of DMP was in the
same range as that of ATMA. The findings of the study demon-
strate that AEMs with high hydroxide conductivity and sub-
stantially improved thermal and alkaline stability are obtained
by employing a molecular design where piperidine-based
cations are tethered to ether-free aromatic polymers via the
4-position instead of the 1(N)-position.

4. Experimental

1-N-Boc-4-methylene-piperidine (96%, Fluorochem), 9-borabi-
cyclo[3.3.1]Jnonane (9BBN, 0.5 M in THF, Sigma-Aldrich), pot-
assium phosphate (K;PO,, >99%, Sigma-Aldrich tetrakis(tri-
phenylphosphine)palladium(0) (99%, Sigma-Aldrich), tricyclo-
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hexylphosphine (PCy3, reagent grade, Sigma-Aldrich), HCI
(37% in water, VWR), 2,2,2-trifluoroacetophenone (TFAp, 99%,
Sigma-Aldrich), 1,1,1-trifluoroacetic acid (TFA, 99%, Acros),
triflic acid (TFSA, 99%, Acros), 1,5-dibromopentane (97%,
Aldrich), N,N-diisopropylethylamine (DIPEA, >99%, Sigma-
Aldrich), methyliodide (99%, Sigma-Aldrich), K,CO; (99%,
Sigma-Aldrich), toluene (reagent grade, VWR), isopropanol
(IPA, reagent grade, VWR), diethyl ether (Et,O, 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 (EtOH, 99.5%, Solveco),
NaOH (99% pellets, VWR), KOH (99% pellets, VWR), CDCl;
(99.8 atom% D, Sigma-Aldrich) and DMSO-d, (99.5 atom% D,
Sigma-Aldrich) were all used as received. Dichloromethane
was dried using an MBraun dry solvent dispenser system
MB-SPS  800. 2,7-Diphenyl-9,9-bis(6-bromohexyl)-fluorene
(DPF-Br) was synthesized following a previously published
procedure.*

4.1. Monomer and polymer synthesis

4.1.1 4,4'-((2,7-Diphenyl-9H-fluorene-9,9-diyl) bis(heptane-
7,1-diyl))dipiperidine (DPF-PiH). The synthesis of DPF-PiH was
done under argon atmosphere. 1-N-Boc-4-methylene-piper-
idine (2.23 g, 11.3 mmol, 2.4 eq.) was added in a 50 ml one-
neck round flask, then degassed and cooled to 0 °C using an
ice bath. Solution of 0.5 M 9BBN in THF (22.6 ml, 11.3 mmol,
2.4 eq.) was added and the reaction mixture was stirred for 2 h
before the ice bath was removed. The reaction mixture was
stirred at RT for additional 2 h, then degassed and added into
a degassed mixture of DPF-Br (3.04 g, 4.72 mmol, 1 eq.), K3PO,
(2.40 g, 11.3 mmol, 2.4 eq.), Pd(OAc), (0.169 g, 0.755 mmol,
0.16 eq.), THF (12 ml) and DI water (0.2 ml) in a 100 ml two-
neck round flask equipped with condenser and argon inlet.
The mixture was stirred at 60 °C for 3 days. After cooled to RT,
the reaction mixture was quickly passed through a silica plug.
The plug was rinsed thoroughly with diethyl ether and the
combined filtrate was evaporated until dryness under reduced
pressure. The crude product was then purified further by dry
column vacuum chromatography,”® using gradient
EtOAc : heptane mixtures (0: 100 to 30:70) as eluent to yield a
viscous oil. The oil was then stirred with concentrated aq. HCI
(7 ml) in a 25 ml round flask overnight. The mixture was evap-
orated until dryness under reduced pressure and the residue
was stirred vigorously in acetone at 0 °C, then filtrated to yield
DPF-PiH as a white powder.

4.1.2 Precursor polymer PDPF-PiH. TFSA (2.7 ml, 30 mmol,
11 eq.) was added dropwise to a mixture of DPF-PiH (2.075 g,
2.76 mmol, 1 eq.), TFAp (0.426 ml, 3.036 mmol, 1.1 eq.) and
anhydrous DCM (2.7 ml) in a 25 ml round flask at 0 °C under
N, atmosphere and the mixture was stirred with a magnetic
stirrer. After 1 h, the highly viscous mixture was poured into
cold DI water. The polymer precipitation was crushed using a
mortar and pestle and washed repeatedly with DI water. The
obtained polymer (PDPF-PiH) was subsequently dried under
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vacuum at RT, then dissolved in DMSO to give ~10 wt% solu-
tion. This solution was cast at 80 °C, giving a transparent
membrane of PDPF-PiH. The membrane was then washed with
IPA and water, and dried under vacuum at RT.

4.1.3 Membrane polymer PDPF-DMP. Polymer PDPF-PiH
(0.7 g, 0.615 mmol, 1 eq.), K,CO;3 (0.51 g, 3.69 mmol, 6 eq.),
NMP (3.5 ml), DMSO (3.5 ml) and Mel (0.31 ml, 4.9 mmol, 8
eq.) was added in a 25 ml one-neck round bottom flask. The
bottle was then covered in aluminium foil to prevent degra-
dation of Mel and the mixture was stirred at RT for 48 h. The
product was then precipitated in ~0.1 M aq. NaBr solution,
washed repeatedly in NaBr solution and water and dried under
vacuum to give PDPF-PiH as a light yellow powder.

4.1.4 Membrane polymer PDPF-ASU. A solution of polymer
PDPF-PiH (0.6 g, 0.528 mmol, 1 eq.) in DMSO (12 ml) was
added dropwise into a 50 ml round bottom flask containing
1,5-dibromopentane (0.158 ml, 1.16 mmol, 2.2 eq.), DIPEA
(0.92 ml, 5.3 mmol, 10 eq.) and NMP (12 ml) at 80 °C. The
reaction mixture was stirred at 80 °C for 72 h. The product was
then precipitated in a mixture of diethyl ether and IPA, washed
repeatedly with diethyl ether and water and dried under
vacuum to give PDPF-ASU as an orange powder.

4.1.5 Membrane preparation. The AEMs were cast from 5%
polymer solutions in DMSO at 85 °C. Approximately 0.15 g
polymer was dissolved in DMSO to obtain 3 g solution. This
solution was filtrated through a syringe-driven filter unit (& =
25 mm, Fluoropore membrane, 5 pm) into a Petri dish (@& =
50 mm) which was then placed in a ventilated casting oven at
80 °C for at least 24 h. Afterward, the resulting AEM was
immersed in 1 M aq. NaBr solution for at least 7 days to
exchange all the counter ions to bromide, then washed
thoroughly with DI water and stored in DI water.

The AEM in the in hydroxide form was prepared from
bromide form by ion-exchange in 1 M aq. NaOH solution at
RT for at least 120 h. After that the membrane was washed
thoroughly with degassed deionized water and stored (if
necessary) in degassed deionized water under nitrogen for less
than 72 h before the measurement.

4.2. Characterization

4.2.1 NMR spectroscopy. The molecular structure of the
polymers was confirmed by 'H NMR spectra recorded at
400 MHz, using a Bruker DRX 400 spectrometer. The solvent
used was a mixture of DMSO-ds and TFA.

4.2.2 Intrinsic viscosity. The intrinsic viscosity of the pre-
cursor polymers PDPF-PiH was measured at 30 °C using an
Ubbelohde viscometer. The sample was 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 a stock solution
with concentration 0.992 g dL™". The solution was later diluted
with the blank solution to obtain three solutions with concen-
tration 0.873, 0.704 and 0.532 g dL™". The resulting solutions
were used immediately after preparation. The flow times
through the capillary of the blank solution (fpank) and of the
polymer solutions (fsampie) Were taken as the average of four
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measurements. The inherent (ii,,) and reduced (ieq) visco-
sities at four different concentrations were calculated as:**

t
In < sample)
Iblank

Minh = T (1)
tsample o
4

Myed = % . (2)

The intrinsic viscosity ([57]) was calculated to be 0.19 dL g™*
by taking the average of the intersections of the linear
regressions of #in, and 7,eq With the y-axis.

4.2.3 Thermal decomposition. The thermal decomposition
of the AEMs PDPF-DMP and PDPF-ASU in the bromide form
and of precursor polymer PDPF-PiH in the protonated state
with triflate counter ions was studied by thermogravimetric
analysis (TGA) using a TGA Q500 (TA Instruments) during
heating from 50 to 600 °C at 10 °C min™"' under N, atmo-
sphere. 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 (Tq,o5).

4.2.4 Ton exchange capacity. The IEC of the AEMs in the
bromide (IECg,) form was determined by titration. The mem-
branes were first 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. NaNO; solution at 40-50 °C
for 7 days. The solutions were titrated with an aq. AgNO; solu-
tion (approx. 0.01 M), using an aq. K,CrO, solution (0.1 M) as
the indicator. The IEC of the AEMs in the hydroxide form
(IECon) was calculated from the IECg; as

IECg;
1—0.0629 x IECg; |

IECoy = (3)

4.2.5 Water uptake and swelling ratio. The dry weight,
length and thickness of the membranes (Mayy,pr, lary, tary) in
bromide form was measured after 48 h drying at 50 °C under
vacuum. By assuming that all Br~ was exchanged to OH™, the
dry weight of the AEMs in the hydroxide form (mq,) was calcu-
lated from Mgy, g, as:

Mdry = Mdry,pr X (1 — 0.0629 X IECgg). (4)

Afterward, the AEMs were ion-exchanged to hydroxide form.
The weight, length and thickness of the hydrated membranes
(Mwets Iwet, twet) Were obtained after equilibration in DI water at
20, 40, 60 and 80 °C. Their water uptake was calculated as:

_ Myyet — Mdry

WU x 100 (%). (5)

Mdry
The membrane swelling, ie., the increase in length and
thickness of the membranes, was calculated in similar way to
the water uptake. Hence, the in-plane swelling was the average
increase in length of the four edges of the quadrangular mem-
branes, and the through-plane swelling was the average
increase in thickness at the four corners.
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4.2.6 Hydroxide conductivity. The hydroxide ion conduc-
tivity of the hydrated AEMs was measured by electrochemical
impedance spectroscopy using a two-probe set-up and a
Novocontrol high-resolution dielectric analyzer V 1.01S.
During the measurements, these membranes were kept
hydrated in a closed cell filled with deionised degassed water.
The voltage amplitude was kept at 50 mV while varying the fre-
quency from 107 to 10° Hz in the temperature range of 20 to
80 °C.

4.2.7 Alkaline stability. The alkaline stability of all AEMs in
2M,5M,7M and 10 M aq. NaOH at 90 °C was evaluated after
immersion in respective solutions for different periods of
time. After the immersion, these membranes were exchanged
to the bromide form by immersion in aq. 1 M NaBr solution
overnight. The membranes were then dried and dissolved in
mixtures of DMSO-d, and TFA, and analyzed by '"H NMR
spectroscopy.
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