i+l

NRC Publications Archive
Archives des publications du CNRC

Naphthalene-based poly(arylene ether ketone) anion exchange

membranes
Liu, Zhuang; Li, Xiaobai; Shen, Kunzhi; Feng, Pengju; Zhang, Yinan; Xu, Xu;
Hu, Wei; Jiang, Zhenhua; Liu, Baijun; Guiver, Michael D.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1039/c3ta10355b
Journal of Materials Chemistry A, 1, 21, pp. 6481-6488, 2013-04-04

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=937d344d-1f2e-4650-9a0d-493ad066f656

https://publications-cnrc.canada.ca/fra/voir/objet/?id=937d344d-1f2e-4650-9a0d-493ad066f656

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at

https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site

https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Journal of Materials Chemistry A

Journal of

RSCPublishing  materials Chemistry A

Naphthalene-based poly(arylene ether ketone) anion

exchange membranes

Journal: | Journal of Materials Chemistry A
Manuscript ID: | Draft
Article Type: | Paper
Date Submitted by the Author: | n/a

Complete List of Authors:

Liu, Zhuang; Jilin University,

Li, Xiaobai; Jilin University,

Shen, Kunzhi; Jilin University,

Feng, Pengju; Jilin University,

Xu, Xu; Jilin University,

Hu, Wei; Jilin University,

Jiang, Zhenhua; Jilin University,

Liu, Baijun; Jilin University, College of Chemistry

Guiver, Michael; Natl Res Council Canada, Inst Chem Proc Environm
Technol

ARONE’

ML




Page 1 ofjournal Name Journal of Materials Chemistry A Dynamic Article Links »

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX ARTICLE TYPE

Naphthalene-based poly(arylene ether ketone) anion exchange
membranes

Zhuang Liu?, Xiaobai Li*, Kunzhi Shen?, Pengju Feng *, Yinan Zhang *, Xu Xu *, Wei Hu *,
Zhenhua Jiang *, Baijun Liu ®*, Michael D. Guiver ™

o

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

Naphthalene-based poly(arylene ether ketone)s were obtained through a three-step process involving

polymerization of methylated polymers, followed by bromination and derivatization with a diquaternary-

ammonium group. The hydroxide conductivities of the anion exchange membranes were above 1072 S
1o cm ! at room temperature and the membrane with an IEC = 1.46 mequiv. g~ attained an ion conductivity
of 7.4 x 1072S cm™! at 100 oC, which is higher than many reported results. The membrane series had low
water uptake and excellent dimensional stability, even at the highest IEC values. In addition, the
membranes were insoluble in organic solvent and concentrated alkaline solution for many days, even
under heating, suggesting their excellent stability. These combined data suggest that the membranes have
potential for anion exchange membranes for fuel cells applications.

7

because of their low chemical and thermal stability, with the

Introduction degradation temperature of the quaternary-ammonia functional
group in polystyrene being about 40-60 °C.5!!

so  Recently, a number of new polymers functionalized with
quaternary ammonium groups, based on poly(phenylene),'
poly(styrene)s,'® '* poly(ether sulfone),'> ' poly(arylene ether)s*
and poly(ether ether ketone)s (PEEKs),?! were synthesized from
monomers or by polymer modifications. These materials have
shown some promising results for use in anion exchange
membranes fuel cells (AEMFCs).
Naphthalene has a fused bicyclic conjugated aromatic planar
structure, which has a higher reactivity and more reactive sites
compared with benzene. Naphthalene rings are increasingly being
« introduced into poly(aryl ether)s, because they are easier to
functionalize and often show improvements in properties, but
achieving high molecular weight is sometimes difficult.* 2
Naphthalene rings increase the hydrophobicity and stiffness of
the polymer chain, and also improve the dimensional stability and
mechanical property of films in water.””*® However, research
about quaternized poly(aryl ether ketone)s containing
naphthalene has not been reported.
The present work reports the synthesis and properties of
quaternized ammonium poly(aryl ether ketone) containing rigid
70 naphthalene structures in the main chain. In order to obtain a
structurally rigid AEM with a high ion exchange capacity (IEC)
for high hydroxide ion conductivity, a bisphenol monomer
containing naphthalene units substituted symmetrically with two
methyl groups was prepared according to the literature.”® From
this monomer, a series of PEEKs containing methyl groups was
synthesized by nucleophilic aromatic substitution
polycondensation; the methyl content was controlled by the
monomer feed ratio. The methyl sites of the resulting polymers

Fuel cells are expected to play an important role as power devices
in the economy of the 21* century and for the foreseeable future,
because of features such as high energy density, high efficiency
and environmental friendliness. Among the various types of fuel
cells, polymer electrolyte membrane fuel cells (PEMFC) have
attracted considerable attention for a variety of power generation
applications, such as automotive transportation. The PEMFC is
an energy system that can convert hydrogen fuel (or CH;0OH) and
oxygen (or air) directly to electricity, with water as the primary
byproduct. '
However, the requirement for high cost precious metal (Pt)
electrodes has limited their commercialization to some extent.
There is renewed interest in alkaline fuel cells (AFCs), which are
also capable of producing high power densities at low
temperatures. AFCs can operate with a wide range of less
expensive non-noble metal catalysts, due to their facile oxygen
reduction electrokinetics in basic environments.®’ However, the
typical electrolytes used in AFC are concentrated alkaline
solutions such as KOH solution, which can be extensively
polluted by ambient CO,, resulting in much lower ionic
conductivity and leading to leakage of the electrolyte solution. An
effective solution for the carbonation issue is to utilize anion
exchange polymeric electrolyte membranes as a substitute for
alkaline solutions. A key feature of alkaline polymeric electrolyte
membrane fuel cells is a positively charged polymer membrane
with dissociated anions acting as the charge carrier for ionic
conductance. Most commercial anion exchange membranes
(AEMs) are polystyrenes containing quaternary ammonium
45 groups, which having been employed in water processing.
However, utilization of these AEMSs for fuel cells is unsuitable
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were brominated and then converted to quaternized ammonium
groups. The [EC values, ion conductivity and dimensional
stability were controlled by the monomer ratio in the copolymer
structure. The study was to elucidate the structure-property
relationships of these new types of PEEK for AEMs.

Experimental section
Chemicals and Materials

2,6-Dimethoxynaphthalene (Dalian Jinzhou Chemical Reagent),
4.,4-difluorobenzophenone  (Yanji ~ Chemical  Plant), 3-
methybenzoyl chloride 1,1,2,2-tetrachloroethane were
purchased from Aladdin Reagent. N-bromosuccinimide (NBS)
and benzoyl peroxide (BPO) were purchased from Sigma-Aldrich
Ltd. Zinc chloride, boron tribromide (BBr;) and hydroquinone
(HQ) were purchased from Beijing Chemical Reagent.
Anhydrous potassium carbonate (K,CO;, Beijing Chemical
Reagent) was ground into fine powder and dried at 120 °C for 24
h before use. Other chemical reagents and organic solvents were
purchased from Beijing Chemical Reagent and purified by
conventional methods.

of

and

Synthesis
(DMN-Me)

1,5-bis(3-methyl)-2,6-dimethoxynaphthalene

Following a procedure similar to that reported in ref. 29,
anhydrous zinc chloride (2.72 g, 0.02 mol) was added to a stirred
solution of 3-methybenzoyl chloride (46.38 g, 0.30 mol) and 2,6-
dimethoxynaphthalene (18.82 g, 0.10 mol) in 1,1,2,2-
tetrachloroethane (200 mL). The mixture was stirred 40 °C for 4 h
and at 80 °C for another 8 h. The resulting mixture was poured
into cold hydrochloric acid and stirred for 1 h. The lower organic
layer was collected and washed with water several times. Then,
the solid was precipitated with the addition of cyclohexane and
washed with acetone to afford 1,5-bis(3-methyl)-2,6-
dimethoxynaphthalene (yield: 85%; mp: 262 °C). FTIR (KBr,
em '): 1659 (C=0), 2830 (—-OCH;). 'H NMR (300 MHz, CDCls;
ppm): 7.715 (s, 2H, H,), 7.639 (d, J =2.4, 2H, H3;), 7.607 (d, J =
2.4,2H, H,), 7.421 (d, J = 7.5, 2H, Hg), 7.350 (m, 2H, Hs), 7.269
(d, J=2.4,2H, Hy), 3.768 (s, 6H, -OCH3), 2.383 (s, 6H, —CH3;).

Synthesis  of

(DMN-OH)

1,5-bis(3-methyl)-2,6-dihydroxynaphthalene

Following a procedure similar to that reported in ref. 29, DMN-
Me (20 g) was dissolved in 600 mL dry CH,Cl,. The reaction
mixture was kept in an ice salt bath and BBr; dissolved in CH,Cl,
(282 mL) was added dropwise at 0 °C. The reaction mixture was
stirred at room temperature for 12 h, and then was poured into
500 mL ice-water to hydrolyze any excess BBr; and other
impurities. The organic layer was extracted by 500 mL water
three times. The solvent CH,Cl, was evaporated by rotary
evaporation. The 1,5-bis(3-methyl)-2,6-
dihydroxynaphthalene was obtained and dried at 60 °C in a
vacuum oven for 24 h (yield: 97%. mp: 297 °C). IR (KBr, cm D):
1633 (C=0), 3270 (-OH). '"H NMR (300 MHz, DMSO-dg; ppm):
9.828 (s, 2H, —OH), 7.628 (s, 2H, H,), 7.553 (d, J = 7.2, 2H, Hj;),
7.497 (d, J = 7.2, 2H, H,), 7.427 (m, 2H, Hs), 7.347 (d, J = 8.4,
2H, H,), 7.156 (d, J = 8.4, 2H, Hg), 2.383 (s, 6H, —CH3).

monomer,
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Copolymerization of naphthalene-based poly(arylene ether
ketone) copolymers containing methyl groups (NAPAEK-Me-
X)

A typical preparation procedure of naphthalene-based
poly(arylene ether ketone) copolymer based on DMN-OH,
NAPAEK-Me-90 (DMN-OH/HQ=9/1), is described as follows:
Into a 100 mL round-bottomed flask, 3.568g (9 mmol) of DMN-
OH, 0.110 g (1 mmol) of HQ, 2.182 g (10 mmol) of 4,4-
difluorobenzophenone, 1.518 g (11 mmol) of K,CO;, 18 mL of
tetramethylenesulfolane (TMS) and 10 mL of toluene were added.
First, the mixture was heated to 140 °C with mechanical stirring
under nitrogen atmosphere for 2 h to remove the produced water
by azeotropic distillation with toluene, and then the temperature
was raised up to 190-200 °C for 4-6 h. The high viscosity
mixture was coagulated into a large excess of deionized water
with stirring. The resulting fibrous copolymer was pulverized into
powder using a blender. The polymer powder (NAPAEK-Me-90)
was washed several times with boiling ethanol and water and
dried in a vacuum oven.

The other polymers, NAPAEK-Me-80 and NAPAEK-Me-100,
were synthesized using the similar procedures, but with different
monomer feed ratios.

Synthesis of bromomethylated naphthalene-based
poly(arylene ether ketone)s (NAPAEK-Br-X)

A typical procedure for preparing bromomethylated copolymer
NAPAEK-Br-90 was as follows. PEEK-Me-90 (2.0 g, the amount
of —CHj; was 6.596 mmol) was completely dissolved in 40 mL of
1,1,2,2-tetrachloroethane at room temperature with a 50 mL
three-necked flask, magnetic stirrer, nitrogen inlet and condenser.
The bromination agent NBS (1.291 g, 7.256 mmol) was added at
the same time as the initiator BPO (0.117 g, 0.363 mmol). The
reaction system was slowly heated to 85 °C for 7 h under nitrogen
atmosphere, and then cooled down to room temperature. The
mixture was coagulated in methanol with vigorous stirring. The
resulting fiber-like polymer was washed with acetone several
times and dried under vacuum for 24 h at 60 °C before used.

The other polymers, NAPAEK-Br-80 and NAPAEK-Br-100,
were bromomethylated using similar procedures.

Preparation of the anion exchange membranes

The brominated membranes were prepared by dissolving 0.8 g
NAPAEK-Br-X in dimethylacetamide (DMAc, 10 wt.%), casting
the solution on a glass plate and drying at 60 °C for 12 h, at 80°C
for 12 h, and finally in a vacuum oven at 100 °C. The membranes
were removed from the glass by immersion in water. In order to
obtain a quaternized ammonium membrane, the brominated
membranes were immersed into a 33% aqueous solution of
trimethylamine (TMA) for 48 h at room temperature. The
membranes were placed in 1 M KOH for 48 h, thoroughly
washed with deionized water, and then stored in deionized water
before use.

Measurements

'"H NMR experiments were carried out on a Bruker 510
spectrometer (300 MHz for 'H) using DMSO-dg and CDCl; as
solvent. The gel permeation chromatographic (GPC) analysis was
carried out with a Waters 410 instrument with tetrahydrofuran
(THF) as the eluent and polystyrene as the standard. Thermo
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gravimetric analysis (TGA) was employed to assess thermal
stability of membranes with a Netzch Sta 449c thermal analyzer
system. Before analysis, the films were dried and kept in the
TGA furnace at 120 °C in a nitrogen atmosphere for 15 min. The
samples were cooled to 100 °C and then reheated to 800 °C at 10
°C min"’, and the temperatures at 5% and 10% weight loss were
recorded for each sample.

The mechanical properties of dry membranes were measured at
room temperature on SHIMADIU AG-I 1KN at a strain rate of 2
mm min ", The size of samples was 18 mm x 4 mm. The samples
of NAPAEK-Me-X and NAPAEK-Br-X in a dry state were
obtained by placing them in a vacuum oven at 120 °C for 24 h.
The samples of NAPAEK-Q-X in a wet state were obtained by
immersing them in water for at least 24 h.

The ion-exchange capacity (IEC) values of copolymers
membranes were determined by a standard back-titration method.
Membrane samples were immersed in about 100 mL of HCI
solution (0.01 M) for at least one week for an ionic exchange
process (the OH™ ions in the membranes were consumed by H*
ions). The residual protons within the solutions were titrated with
standardized NaOH aqueous solution by using phenolphthalein as
an indicator. For each sample, at least three measurements were
carried out until the titration reached to a constant value. The IEC
value was calculated from the titration result via the following
formula:

IEC (mequiv. g ) = [0.001 — (Vxion X Myaon) 1/Wary

where Vy,on is the consumed volume of NaOH, My,ony is the
molarity of NaOH, and Wy, is the weight of dry membranes.

The water uptake and dimensional swelling were measured as
follows: the sample films (I cm % 5 cm) were dried at 100 °C for
24 h prior to the measurements. After measuring the lengths and
weights of dry membranes, the sample films were soaked in
deionized water at the desired temperature to reach equilibrium.
Before measuring the lengths and weights of hydrated
membranes, water was removed from the membrane surfaces by
blotting with a paper towel until a constant weight and length was
obtained. The water uptake was calculated by the following
equation:

Water uptake (%) = [(Wyer =Wary)/Wary] X 100%

where Wy, and W, are the weights of dried and wet samples,
respectively.
Dimensional swelling of the copolymer membranes
investigated by immersing the samples in deionized water at the
desired temperature to reach equilibrium. The change of film
length was calculated from

Dimensional swelling (%) = [(LyerLary)/Lary]<100 %

where Ly, and Ly, is the length of the dry and wet membranes,
respectively.

The hydroxide conductivity was measured by a four-electrode ac
impedance method from 0.1 Hz to 100 kHz, 10 mV ac
perturbation and 0.0 V dc rest voltage using a Princeton Applied
Research Model 273A Potentiostat (Model 5210 frequency
response detector, EG&GPARC, Princeton, NJ). The samples
were soaked in deionized water for at least 24 h prior to the test.
Hydroxide conductivity measurements of fully hydrated
NAPAEK-Q-X membranes in the alkali form were carried out
with a cell immersed in water, and measured in the longitudinal
direction. The hydroxide conductivity was calculated by the

was

following equation:
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Where L is the distance between the electrodes, R is the
membrane resistance and A is the cross-sectional area of the
membrane.

The methanol diffusion coefficient was measured by using a cell
made up of two half-cells separated by the membrane, which was
fixed between two rubber rings. Aqueous methanol (10 M) was
placed on one side (A) of the diffusion cell, and deionized water
was placed on the other side (B). The liquids in both
compartments were stirred magnetically continuously. The
methanol concentrations in B cell were periodically surveyed by
using a SHIMADZU GC-14C gas chromatograph. The methanol
permeability coefficient was calculated using the following
equation:

CB(f) =A X DK X CA(t - to)/(VBx L)

where DK is the methanol diffusion coefficient (cm? s™'), Cy(?) is
concentration of methanol in cell B (mol L"), C, is concentration
of methanol in cell A (mol L™). A, L and Vj are the effective area,
membrane thickness and the volume of the diffusion reservoirs,
respectively.

The alkaline stability of NAPAEK-Q-X membranes
measured by immersing the samples in NaOH solution (4.0 M) at
room temperature and 80 °C for a certain time. The shape of the
test sample was observed after being shaken.

was

Results and discussion

Synthesis and characterization of the monomer and
copolymers
CHj X CHs
( L
OCHs T
= o St o o3
Q»+ & r& 0k hico—F ﬁﬂ_ BBr; Ho@*’l
& 2 =/ CHCI,CHCI, kA% ~—0CH; CH,Cl Sy~ OH
OCH; 1 2y
|y L]
HaC™ " HC™

Scheme 1 Synthesis of the monomer DMN-OH.

Since naphthalene-containing units incorporated into polymers
provide some beneficial properties for ion exchange membranes,
the incorporation of them into aromatic polymers is attractive.
However, synthesis of the naphthalene-based monomers with
high purity and high reactivity is vital.> As shown in Scheme 1,
the symmetrical DMN-OH was successfully
synthesized in high purity and high yield via a two-step reaction
route. DMN-OMe was prepared by an anhydrous zinc chloride-
catalyzed Friedel-Crafts acylation of 2,6-dimethoxynaphthalene
with 3-methybenzoyl chloride at 80 °C. Then, the unpurified
DMN-OMe intermediate was demethylated to DMN-OH using
BBr; solution. The crude product was obtained quite pure and the
yield without further purification was nearly 100%. The
molecular structures of DMN-OMe and DMN-OH were
confirmed by 'H NMR spectra in CDCl; and DMSO-dg,
respectively. As shown in Fig. 1, the singlets at 3.77 ppm and
2.38 ppm corresponded to protons —OCHj; —CH;,
respectively. When —OCHj; groups were transformed to —OH
groups, the singlet at 3.77 ppm disappeared completely in DNM-
OH, while an additional strong signal at 9.82 ppm was observed,

monomer

and

This journal is © The Royal Society of Chemistry [year]
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corresponding to —OH protons. The 'H NMR spectra also results can be presented.
supported the dibenzoylation reaction occurring regioselectively . OCHJ -OCH3
at 1,5-positions on the naphthalene ring. we_ 3% :{; '-: y 00013
CHs )T \’QL/}
@ T e \
0
o -CH3
HO + ral <
" OO ”HOO_OM ) FF i . DMSO|
g ‘r_—_{‘ — H20 »
o HG ¢ 3§ _y—\ ff
et b2
4"\\ T '<\ /
y O )
HsC KaCO; 5 2 Tyg
™S
CHs
-
I T IIRI 1
@ 10 9 4 2
o OO+ opm
o~ AR AT o1
& Fig. 1 "H NMR spectra of DMN-OMe and DMN-OH.
NAPAEK-Me-X 30
HiC
NBS
BPO

NAPAEK-Br-X
< PH TMA ag.
= KOH aqg.
o — [0}
o~ AR Ok
NAPAEK-Q-X

5 Scheme 2 The polymerization of poly(aryl ether ketone)s bearing
pendant quaternary ammonium groups (NAPAEK-Q-X).

Generally, it is difficult to obtain high-molecular-weight PAEKs
containing rigid and bulky naphthyl units because of limited
reactivity and possible side reactions of naphthene-containing

10 monomers. In this study, a three-step reaction was adopted to
synthesize the quaternized poly(aryl ether ketone)s as anion
exchange membrane materials. The starting polymers (NAPAEK-
Me-X), were readily synthesized with molecular weights of
~31000-40000 g mol " using nucleophilic aromatic

15 polycondensation of DMN-OH monomer, despite its bulky and
rigid structure (Scheme 2). Bromination of the soluble starting
polymers occurred readily using NBS and BPO, converting the
—CH; groups to —CH,Br groups. The conversion of NAPAEK-
Me-80 and NAPAEK-Br-80 was monitored by 'H NMR

20 spectroscopy, which confirmed the formation of
bromomethylated polymer from the precursor starting polymer. A
new singlet at 4.46 ppm corresponded to the —CH,Br proton and
a sharp decrease in the —CHj singlet at 2.35 ppm was observed.
The final step was amination of the brominated polymers was

25 conducted in the membrane form. The aminated polymers had
poor solubility in organic solvents, and consequently, no NMR

2 AN . -
o 4 . \ /o2
12
11
CDCl3
2 6 10
R>=CH3 11 9
/L
7
ppm

Fig. 2 'H NMR spectra of NAPAEK-Me-80 and NAPAEK-Br-80.
Thermal stability and mechanical properties

Elevated temperatures enhance the reaction kinetics and reduce
the thermodynamic voltage losses of AEMFCs. Therefore, it is
important to prepare membrane materials having good thermal
stability, capable of operating at elevated temperatures. As
expected, the starting polymers exhibited the best thermal
stability, as investigated by TGA, and the results are listed in
40 Table 1. The 5% and 10% weight loss temperatures of NAPAEK-
Me polymers were in the range of 458—460 °C and 480—482 °C,
respectively. Significant changes in the TGA curves were
observed for the polymers containing bromomethyl and
quarternary ammonium groups. The TGA curves of NAPAEK-
45 Me-100, NAPAEK-Br-100 and NAPAEK-Q-100 are compared
in Fig. 3. All the polymers had similar major weight loss profiles
for temperatures above 440 °C, which indicated degradation of
the main-chain. NAPAEK-Me-100 had a single stage weight loss
at around 440 °C, while NAPAEK-Br-100 and NAPAEK-Q-100
so exhibited two stage weight losses; the first stages at around 200
°C corresponded to degradation of the bromomethyl and
quaternary ammonium groups.

3
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Table 1 Molecular weight, mechanical properties and thermal stability of polymers

Polymer M, PDI° Tensile modulus Tensile Maximum Tas Tai0 Char yield
(g mol™) (GPa) strength elongation (°C)* °c)y* (%)°
(MPa) (%)

NAPAEK-Me-80 39700 2.22 347 83.08 16.51 460 480 63
NAPAEK-Me-90 36900 2.64 2.03 84.93 10.91 458 481 67
NAPAEK-Me-100 31400 2.66 1.50 82.57 10.64 459 482 67
NAPAEK-Br-80 44400 2.56 2.52 103.9 10.30 305 341 47

NAPAEK-Br-90 43300 2.24 1.84 90.63 9.59 304 338 47

NAPAEK-Br-100 41300 2.82 2.12 79.48 10.31 292 332 48
NAPAEK-Q-80 - -- 2.63 61.92 8.12 311 416 65

NAPAEK-Q-90 - -- 2.72 52.45 7.33 318 432 64

NAPAEK-Q-100 - -- 2.01 44.43 6.39 316 427 59

* Number-average molecular weight obtained by GPC. ® The polydispersity index. © Temperature at 5% weight loss. ¢ Temperature at 10% weight loss. ©

Residual weight (%) at 800 °C in nitrogen.

o

The mechanical properties of the polymer membranes are
summarized in Table 1. The samples of NAPAEK-Me-X and
NAPAEK-Br-X were measured under a dry state. The AEMs
were used in wet conditions, so the NAPAEK-Q-X membranes
were immersed in water for 24 h before test. All the NAPAEK-Q-
10 X membranes exhibited good tensile properties, with tensile
strengths in the range of 44.43—61.92 MPa, elongation at break of
6.39-8.12%, and Young’s moduli of 2.01-2.72 GPa. They
showed good toughness and strength, which could fulfill the
requirements of mechanical properties in AEMFCs.

— NAPAEK-Me-100
100 —— NAPAEK-Br-100
] — NAPAEK-Q-100
90
§ 80
S 704
g
60 -
50
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 3 The TGA curves of NAPAEK-Me-100, NAPAEK-Br-100 and NAPAEK-
Q-100.

IEC, water uptake and dimensional swelling

Water uptake and dimensional swelling of AEMs are closely
20 related to JIEC, proton conductivity, dimensional stability, which
are particularly important properties for fuel cell applications. In
this study, both theoretical JEC values that were deduced from
the '"H NMR of PAEK-Br-X and the IEC values that were
determined using the standard back-titration technique are given
»s in Table 2. In order to make a wider comparison with other
reported work, we also list a series of data of mono-
functionalized quaternized non-naphthalene-based PEEK AEMs
(PEEK-Q-X).?! NAPAEK-Q-X membranes could have obviously
higher /EC values than those of PEEK-Q-X, because of their
30 higher content of quaternary ammonium groups. This would
result in higher ionic conductivity, which is useful providing the
dimensional swelling and water uptake are controlled.

It is well-known that excessive water uptake leads to
unacceptable dimensional change or loss of dimensional shape of
35 the membrane, which increases the likelihood of mechanical
weakness and dimensional mismatch when incorporated into a
membrane electrode assembly.***> In the present work, a very
significant result is that water uptake and swelling ratio are well
controlled through molecular design. The water uptake and
4 dimensional swelling (Figs. 4 and 5) of the series NAPAEK-Q-80
to NAPAEK-Q-100 increased only slowly with increasing
temperature, even at 100 °C, without an obvious upward trend.
Despite of their high IEC values, NAPAEK-Q-X membranes
exhibited excellent dimensional stability in comparison with
PEEK-Q-X For example, NAPAEK-Q-X
dimensional swelling values were lower than 26%, even at 100
°C. This attractive characteristic can be explained by the
structural design. There is a good delineation between the
hydrophilic ion-conducting phase and the hydrophobic
so naphthalene-containing main chain, because quaternization
occurs in the side chain. The hydrophobic structures are confined
to the main chain, allowing easier formation of a hydrophobic
phase. The rigid and planar structure of the hydrophobic naphthyl
segments favors self-association and reduce the flexibility of the
ss main chain, which can help to maintain the dimensional stability
of the polymers at elevated temperature.”®

4 membranes.
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Fig. 4 The water uptake of the membranes.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5



Journal of Materials Chemistry A

Table 2 The IEC, water uptake, dimensional swelling , hydroxide conductivity and methanol permeability of membranes.

Polymer IEC Methanol Conductivity Water uptake Dimensional swelling
(mequiv. g Permeability (Scm™) (%) (%)
(10" cm?s™)

T E’ 20°C 20 °C 80°C 20 °C 80°C 20°C 80°C

NAPAEK-Q-80 1.61 1.32 0.2303 0.012 0.040 11.4 12.9 2.1 33
NAPAEK-Q-90 1.70 1.40 0.4024 0.016 0.043 15.0 18.0 2.6 44
NAPAEK-Q-100 1.79 1.46 0.8378 0.023 0.049 243 26.3 45 54
PEEK-Q-80 ¢ -- 0.80 0.3180 0.007 0.022 6.4 13.9 2.5 6.5
PEEK-Q-100 ° - 0.90 1.4270 0.011 0.031 11.9 30.1 5.0 9.0

* The IEC values were deduced from the '"H NMR of NAPAEK-Br-X. ° The IEC values were determined using a standard back-titration technique. °

Values taken from Ref. 21.
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Fig. 5 Dimensional swelling of the membranes.
Hydroxide conductivity and methanol permeability
The hydroxide ion conductivity of the NAPAEK-Q-X

=]

membranes in alkali form was measured on samples immersed in
water and plotted as a function of temperature in Fig. 6. The
conductivities of the AEMs increased with in tandem with IEC
and temperature, which was similar to the trend of water uptake.
All the samples showed room temperature hydroxide
conductivities higher than 102 S c¢cm'. The NAPAEK-Q-100

@

membrane had the highest conductivity of 0.074 S cm™" at 100 °C.

Similar to proton exchange membranes, NAPAEK-Q-X AEMs

with pendant quaternary ammonium groups can provide better

hydrophilic/hydrophobic phase separation compared with
20 polymers with functionalization directly on the main chain, which
would enhance the conductivity of the ionomers. Table 2,
compares two side-chain-type AEMs with the NAPAEK-Q-X
membranes; the former has a similar structure, but without
naphthalene The ion conductivities of NAPAEK-Q-X are higher
than those of PEEK-Q-X membranes, due to the higher IEC
values.
Membranes utilized for direct methanol fuel cell (DMFC) must
both possess high ion conductivity and be effective barriers to
limit methanol crossover. It has been reported that methanol is

2!

G

30 transported by diffusion across the membrane and by electro-
osmotic drag. The methanol permeability values for 10 M
methanol of NAPAEK-Q-X membranes at room temperature
were in the range of 0.2303x107 to 0.8378x107" cm® s™!, which
shows the membranes have low methanol permeability (Table 2).

35 In order to evaluate the combined performance of hydroxide
conductivity and methanol permeability, the selectivity
(calculated from the ratio of hydroxide conductivity and methanol
permeability) was used and shown in Fig. 7. Clearly, NAPAEK-
Q-X membranes exhibited much higher selectivity than PEEK-Q-

40 80 and PEEK-Q-100.

0.08
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v —a— NAPAEK-Q-100
PEEK-Q-100 (Ref. 21)
g 0.06 4 PEEK-Q-80 (Ref. 21)
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0.00 T T

20 40 60 80 100
Temperature (°C)

Fig. 6 The hydroxide conductivity of membranes.
Alkaline stability

Alkaline stability is also an important factor for AEM because the
4 membrane must withstand strong alkali in AEMFCs. The alkaline
stability of membranes was determined by immersing the
membranes in 4 M NaOH solution at room temperature for 30
days and at 80 °C for 7 days. The samples showed no visible
change in shape after being shaken lightly and maintain their
so flexibility and toughness. Combined with other properties, these
AEMs exhibit promising characteristics for fuel cell applications.
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Grapical Abstract

Naphthalene-based poly(arylene ether ketone) anion exchange

membranes

Zhuang Liu, Xiaobai Li, Kunzhi Shen, Pengju Feng, Yinan Zhang,

Xu Xu, Wei Hu, Zhenhua Jiang, Baijun Liu, Michael D. Guiver

Naphthalene-based poly(arylene ether ketone) membranes bearing symmetric
bifunctional pendant quaternary ammonium groups were prepared for fuel cell

applications.
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