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ches for advanced multi-block
anion exchange membranes†
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Despite our ability to post-functionalize poly(arylene ether sulfone) multi-block copolymers by rapid

chloromethylation, bromination, or acylation, with degrees of functionalization that exceeded 70% in

a few hours, materials formed during attempts to prepare fully post-functionalized multi-block

copolymers are poorly soluble due to undesired side reactions, such as crosslinking or di-bromination. In

particular, clustered reactive sites in multi-block copolymers increase the chance of self-reactions

between polymer backbones, resulting in the formation of by-products. On the other hand, the

authentic multi-block copolymer with good solubility and high molecular weight was successfully

synthesized using functionalized monomers. Despite its low ion-exchange capacity, the resulting multi-

block copolymer outperformed the commercial FAA-3-30 membrane in terms of anion conductivity,

even under low relative humidity conditions.
Introduction

Anion exchange membranes (AEMs) are composed of cationic
functional groups attached to polymer matrices. They selec-
tively transport anions while blocking neutral species and
cations. AEMs have been used in a variety of applications such
as water treatment (e.g., electrodialysis, and membrane capac-
itive deionization) and energy devices (e.g., redox ow batteries,
fuel cells, and reverse electrodialysis) due to their good perm-
selectivities.1–4 Among various applications, redox ow batteries
and fuel cells are representative, since these energy devices
provide promising solutions that overcome global climate
change issues and uctuations in the grid from renewable
energy sources.5–8 The main advantage of using an AEM in
a redox ow battery is the barrier properties of vanadium ions
that result in electrostatic repulsion. Similarly, the AEM
prevents leakage of the liquid electrolyte in a conventional
alkaline fuel cell and corrosion by the highly alkaline electro-
lyte, as examples.9,10 For these reasons, AEMs are key compo-
nents in energy devices. However, poor electrochemical
performance and the long-term durabilities of AEMs remain
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obstacles for commercialization.7,11,12 Therefore, the most
signicant challenge is the development of advanced AEMs that
exhibit high anion conductivities, and chemical and mechan-
ical stabilities.

To date, a variety of AEMs based on aromatic polymers, such
as poly(arylene ether sulfone)s, poly(arylene ether ketone)s,
polybenzimidazoles, polyphenylenes, and poly(phenylene
oxide)s, have been developed because of their good thermal and
mechanical stabilities, and ease of synthesis and functionali-
zation.13–20 However, these materials are random copolymers,
and the random architectures of their rigid aromatic groups
require high ion exchange capacities (IECs) to achieve useful
ion conductivities. In addition, anion (OH�) conductivity is
intrinsically lower than proton (H+) conductivity due higher
proton mobility.21 With this background in mind, multi-block
copolymers are candidates that should improve the electro-
chemical performance of AEMs because their well-dened
hydrophilic–hydrophobic phase-separated morphologies
enhance their conductivities in a similar manner to proton
exchange membranes (PEMs).22 Furthermore, highly dense
hydrophobic blocks support the mechanical properties of
AEMs, particularly when the membrane is partially hydrated or
swollen in water.23 However, multi-block copolymers with high
molecular weights are difficult to synthesize because of the need
for additional coupling reactions between hydrophilic and
hydrophobic oligomers that are known to have lower telechelic
end-group reactivities than monomers involved in random
copolymerization, due to their larger molecular sizes. For these
reasons, most AEM studies involve random copolymers.19,24,25

Recently, the chloromethylations and brominations of aromatic
random copolymers have been widely studied for the introduction
This journal is © The Royal Society of Chemistry 2019
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of cationic moieties following the quaternization (Menshutkin
reaction) of benzylic halides with tertiary amines.17,26 Although
chloromethylation requires toxic chemicals such as chlorinated
solvents and chloromethyl methyl ether (CMME), it is a very simple
and fast reaction. In a similar manner, radical bromination is also
easily performed by thermal initiation over short reaction times.17 In
addition, both chloromethylation and bromination are cost-
benecial because expensive metal catalysts and complicated puri-
cation steps are not required; these reactions are also selective and
are controlled by the electron densities of the aromatic rings.
Therefore, post-functionalization through chloromethylation or
bromination appears to be a good approach for incorporating
functional groups into multi-block copolymers, since the block-
copolymer architecture is retained following functionalization.

It is very important that chloromethylation and bromination
reaction conditions are optimized in order to obtain a concen-
tration of anion exchange functional groups that matches the
targeted chemical structure, while avoiding side reactions. In
particular, precise conditions are necessary in order to func-
tionalize a multi-block copolymer, since the phase-separation
advantages of the hydrophilic and hydrophobic blocks in
a multi-block copolymer are not always preserved when small
changes are made to its chemical structure. However, to the best
of our knowledge, no studies aimed at optimizing the func-
tionalization conditions for multi-block copolymers have been
reported.

Herein, we report optimized reaction conditions for the post-
functionalization of poly(arylene ether sulfone)-based multi-
block copolymers through chloromethylation or bromination.
Multi-block copolymer precursors were designed such that the
hydrophilic blocks in the corresponding copolymers are exclu-
sively functionalizable to give the desired multi-block architec-
tures. The reaction conditions were controlled by changing the
amount of catalyst (or initiator), reagents (CMME or N-bromo-
succinimide), reaction times, and temperatures. In addition, in
order to promote chloromethylation and bromination, different
Lewis-acid catalysts and thermal initiators were explored,
respectively. A poly(arylene ether sulfone)-based random
copolymer was also post-functionalized in order to compare its
reactivity toward functionalization with those of the multi-block
copolymers. Changes in chemical structure and the degree of
functionalization before and aer reaction were examined by 1H
NMR spectroscopy. Although the reactions were complete
within a few hours, the multi-block copolymers were poorly
soluble when the degree of functionalization exceeded a specic
level, whereas fully functionalized random copolymers exhibi-
ted no solubility issues. These observations are ascribable to
side reactions that occur during functionalization. Conse-
quently, we also provide an alternative method for the synthesis
of multi-block copolymers bearing anion exchange groups that
involves a functionalized monomer.

Experimental
Materials

ZnCl2, SnCl4, CMME, benzoyl peroxide (BPO), azobisisobutyr-
onitrile (AIBN), N-bromosuccinimide (NBS), 1,1,2,2-
This journal is © The Royal Society of Chemistry 2019
tetrachloroethane (TCE), CDCl3, polysulfone (PSU) random
copolymer (average Mn � 22 000), bis(4-uorophenyl) sulfone
(DFDPS), 4,40-(hexauoroisopropylidene)diphenol (6F-BPA),
4,40-dihydroxybiphenyl (BP), methyl iodide, Cs2CO3, K2CO3,
CaCO3, deuterated chloroform (CDCl3) and N,N-dimethylsulf-
oxide (DMSO-d6), 1-methyl-2-pyrrolidinone (NMP), and N,N-
dimethylacetamide (DMAc) were purchased from Sigma-
Aldrich. Sodium chloride (NaCl), methanol and hydrochloric
acid were supplied by Samchun Chemicals and used as
received. Tetra(trimethylaminemethylene)-4,40-dihydrox-
ydiphenylether (TADHDPE) was synthesized following our
previous report.27 The FAA-3-30 membrane was purchased from
FUMATECH as a reference AEM, and prior to its use, the
counter ion was converted to chloride anion using aqueous 1 M
NaCl solution.

Synthesis of poly(arylene ether sulfone) multi-block
copolymers (PAESs)

As precursors for chloromethylation and bromination, PAESs
were synthesized by procedures provided in the ESI.†

Chloromethylation

The following is a general procedure for the chloromethylation
of a PAES. The PAES was dissolved in TCE (2.5% w/v) in a two-
neck ask under nitrogen. ZnCl2 or SnCl4 (1–2 molar equiv.
with respect to the biphenyl groups in the polymer) was added
as the Lewis-acid catalyst, followed by the addition of CMME
(20–80 molar equiv. with respect to the biphenyl groups in the
polymer). The reaction time and temperature were also
controlled in order to optimize the degree of chloromethylation
(DC, 100%means the presence of two benzyl chloride groups on
the biphenyl unit); they ranged from 2 to 24 h and from 35 to
50 �C, respectively. The reaction mixture was cooled and poured
into methanol to obtain the product, which was collected by
ltration, washed several times with methanol, and dried at
80 �C under vacuum. For comparison, PSU was chloromethy-
lated using a similar procedure.

Bromination

PAES was dissolved in TCE (7.5% w/v) in a two-neck ask, under
nitrogen. BPO or AIBN (0.02–0.10 equiv. with respect to the
active sites of the polymer) and NBS (0.5–2.0 equiv. with respect
to the active sites of the polymer) were added as initiator and
reagent, respectively. The reaction time and temperature were
adjusted within the 1–12 h and 65–85 �C ranges, respectively, in
order to maximize the degree of bromination (DB) and mini-
mize the degree of di-bromination (DBB). Aer cooling to room
temperature, the reaction mixture was poured into methanol to
terminate the reaction. The product was collected by ltration
and dried at 80 �C under vacuum.

Synthesis of the tetra-trimethylbenzylammonium
functionalized multi-block copolymer

The hydrophilic oligomer was prepared in the following way. A
round-bottom ask equipped with a condenser and nitrogen
RSC Adv., 2019, 9, 21106–21115 | 21107
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inlet/outlet valves was charged with DFDPS (1.32 mmol, 0.34 g)
and TADHDPE (1.16 mmol, 0.50 g). Aer dissolving the mono-
mers in 5 mL of DMAc at 100 �C, CaCO3 (11.61 mmol, 1.16 g)
was added to the solution to prevent ether–ether exchange
reactions, and CsCO3 (2.32 mmol, 0.83 g) was used as the
catalyst. The solution was precipitated into 1 M aqueous HCl.
The white powder was collected by ltration, washed with
methanol several times, and dried overnight under vacuum at
80 �C.

The hydrophobic block was synthesized in a similar manner
to the hydrophilic oligomer. 6F-BPA (5.94 mmol, 2.00 g) and
DFDPS (6.34 mmol, 1.61 g) were dissolved in 8 mL of DMAc at
140 �C. K2CO3 (8.90 mmol, 1.23 g) was added as the catalyst.
Oligomerization was carried out at 140 �C for 4 h. Then, the
oligomer was end-capped with BP (5.70 mmol, 1.06 g). The
solution was precipitated into water, the product was collected
by ltration, washed several times with methanol, and dried
under vacuum at 80 �C.

Polymerization was carried out in the following manner. The
hydrophilic oligomer (0.03 mmol, 0.34 g) and the hydrophobic
oligomer (0.03 mmol, 0.18 g) were dissolved in NMP at 120 �C.
CaCO3 (3.40 mmol, 0.34 g) and K2CO3 (0.12 mmol, 0.02 g) were
added and the mixture was stirred at 120 �C for 24 h. The
polymer was collected by ltration following precipitation of the
solution into 1 M aqueous HCl, washed with methanol, and
dried under vacuum at 80 �C.

The polymer was dissolved in DMAc and was quaternized
with excess methyl iodide (100 equiv. with respect to tertiary
amine groups) at room temperature for 48 h. The nal
product (B-Q-1) was obtained aer washing with water and
drying under vacuum at 80 �C. The membrane was cast on
a glass plate with 30 mm thickness, and the counter ion was
converted to the chloride anion using aqueous 1 M NaCl
solution.
Scheme 1 Functionalization of a poly(arylene ether sulfone) multi-
block copolymer by (a) chloromethylation and (b) bromination.
Characterization
1H NMR spectra were acquired on an AVANCE III 600 NMR
spectrometer in CDCl3 or DMSO-d6, with chemical shis refer-
enced to tetramethylsilane. DC, DB, DBB, and IEC values were
calculated from integrated peaks in the 1H NMR spectra.

The molecular weights of oligomers and polymers were
monitored by gel-permeation chromatography (GPC) using
a Younglin YL 9112 isocratic pump, a YL 9120 UV-visible
detector (Younglin Instruments, Korea), and a KF-805L
column. DMAc containing 0.05 M LiBr was used as the eluent.
All samples were ltered through a 0.2 mm polytetrauoro-
ethylene (PTFE) syringe lter to remove insoluble components,
and polystyrene was used as the reference.

Water uptake was calculated on the basis of a weight ratio of
the absorbed water to the dry membrane. The dry membrane
weight was obtained aer drying at 120 �C under vacuum for
24 h, and the wet membrane weight was measured aer
immersing in deionized water at room temperature for 24 h.
Water vapor sorption experiment was conducted using TGA
Q5000SA (TA Instruments) at RH ranging from 30 to 70% at
70 �C.
21108 | RSC Adv., 2019, 9, 21106–21115
Chloride anion conductivity was measured by electro-
chemical impedance spectroscopy by using a membrane
conductivity cell (WonATech). The temperature and humidity
were controlled using a fuel cell test station (CNL).
Results and discussion
Chloromethylation

The precursor to the PAES multi-block copolymer was synthe-
sized from a ketone-containing hydrophobic oligomer and
a biphenyl-containing hydrophilic oligomer; these units were
characterized by 1H NMR spectroscopy and GPC (Scheme S1,
Fig. S1 and S2†). We prepared a series of chloromethylated
PAES-based polymers following the procedure shown in Scheme
1a; they are referred to as “B–C-x”, where B and C indicate
“block copolymer” and “chloromethylation”, respectively, while
x refers to the batch number. Chloromethyl groups were selec-
tively introduced onto the biphenyl units targeted as hydro-
philic blocks, since the electron-withdrawing groups (e.g.,
ketone and sulfone) in the hydrophobic blocks deactivate their
nucleophilicities. 1H NMR spectroscopy was used to identify
chemical structures following chloromethylation, and to
determine the DC. Fig. 1 shows representative 1H NMR spectra
of a PAES multi-block copolymer before and aer chlor-
omethylation. A signal appeared at 4.6 ppm in the spectrum of
chloromethylated PAES, which is ascribable to the formation of
chloromethyl groups. In addition, peaks corresponding to
protons 5 and 6 (see Fig. 1) were slightly shied following
chloromethylation, which is indicative of the selective intro-
duction of chloromethyl moieties onto the biphenyl units, as
described in Scheme 2a. However, unreacted biphenyl groups
still remain (e.g., proton 5 at 7.6 ppm and proton 8 at 7.8 ppm,
red arrows in Fig. 1). The DC was determined from the relative
(integrated) intensities of the chloromethyl (protons 10) peak
and those of protons in the main polymer chain (protons 1, 4,
and 8); the DC was found to be 80%.

A high degree of functionalization is essential to maintain
the chemical structure of the designed block copolymer because
a low degree of functionalization decreases the hydrophilicities
of the hydrophilic blocks resulting a low degree of phase
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 1H NMR spectra of a poly(arylene ether sulfone) multi-block
copolymer before and after chloromethylation.

Scheme 2 Potential mechanisms for (a) chloromethylation and (b)
crosslinking.
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separation between the hydrophobic and hydrophilic blocks.
With the aim of optimizing the reaction condition, chlor-
omethylation was carried out under a variety of reaction
conditions by altering the amounts of catalyst and CMME, as
well as the reaction time and temperature, the results of which
are summarized in Table 1. The reaction time was increased
from 2 to 24 h to investigate the effect of time on the DC. We
selected ZnCl2 and CMME as the Lewis-acid catalyst and
reagent, respectively. The reaction proceeded slowly to 12 h;
further reaction provided a DC of 40% aer 24 h at 35 �C.
Chloromethylation is known to be a very fast reaction that is
usually complete in a few hours. However, in our case, the
reaction with 1 equiv. of catalyst at 35 �C was insufficient for
effective chloromethylation; hence the amount of catalyst was
increased to 2 equiv. and the reaction was performed at 50 �C;
this reaction was faster than that at 35 �C and gave a relatively
high DC of 80% aer 12 h, as shown in Fig. 2a. Although the DC
was 93% aer 24 h, the product was partially insoluble owing to
crosslinking, as shown in Scheme 2b and Fig. 3; crosslinking
was also clearly evidenced by 1H NMR spectroscopy (Fig. S3†).
We also varied the amount of reagent from 20 to 80 equiv.
relative to the active sites (biphenyl units) on the polymer
backbone in order to obtain a DC of 100% and to suppress
crosslinking. We postulated that the higher concentration of
This journal is © The Royal Society of Chemistry 2019
CMME would increase the rate of desirable chloromethylation
during the initial stages of reaction; in other words, the
remaining biphenyl groups were expected to be consumed
quickly at the start of the reaction, which would decrease the
probability of the crosslinking reaction shown in Scheme 2. The
DC was much lower with 20 equiv. of CMME than with 40
equiv., whereas a DC of 73% was obtained with 80 equiv. of
CMME aer a 2 h reaction, as illustrated in Fig. 2b. Neverthe-
less, the reaction formed a gel with a few hours with 80 equiv. of
CMME, and was hard to control. The use of excess amounts of
catalyst and reagent are very harsh conditions that appear to
increase the rate of crosslinking as well as the desired chlor-
omethylation. On the basis of these results, we conclude that 2
equiv. of ZnCl2 and 40 equiv. of CMME at 50 �C for 12 h are
optimal for the chloromethylation of a PAES multi-block
copolymer.

It appears to be impossible to prepare a fully function-
alized PAES multi-block copolymer, with 100% DC, without
side reactions, irrespective of the reaction conditions. For
comparison, chloromethylation was also carried out using
a PSU random copolymer (R–C-1) following the procedure
used for the PAES multi-block copolymer. Fig. 4 shows 1H
NMR spectra of the PSU random copolymer before and aer
chloromethylation, which reveals full conversion. A DC of
100% (two chloromethyl groups on each biphenyl unit) was
observed even aer a short reaction time (2 h). In addition,
the product was very soluble in CDCl3 at room temperature,
and the NMR sample was easily ltered through a 0.2 mm
PTFE syringe lter. Consequently, the chloromethylation of
a multi-block copolymer appears to be accompanied by side
reactions (Friedel–Cras alkylation) at DCs over 80%,
whereas a random copolymer is almost fully converted
without any observable crosslinking. Similar attempts to
functionalize the multi-block copolymer through Friedel–
Cras acylation with 6-bromohexanoyl chloride gave
a material that was partially insoluble owing to crosslinking
aer functionalization; the ltered soluble component was
unreacted multi-block copolymer as evidenced by the lack of
any change in the 1H NMR spectrum. On the other hand, the
random copolymer was fully functionalized with bromoacyl
groups (see Scheme S2, Fig. S4 and S5†).

These observations may be the result of the proximity
between active sites in the multi-block architecture, while
the active sites are randomly distributed in the random
copolymer. When one of the active sites is functionalized, an
adjacent active site is sterically restricted and is available for
the further reaction. In this respect, functional groups in the
random copolymer are sparsely introduced at active sites
during the initial stages, with the remaining active sites
randomly participating in further functionalization. On the
other hand, each hydrophilic block in the multi-block
architecture is composed of a few or few tens of repeating
units. The active sites in these hydrophilic blocks are very
close to each other; consequently, these clustered active
sites have an increased chance of reacting among them-
selves rather than undergoing the desired chlor-
omethylation reaction. Consequently, self-reaction
RSC Adv., 2019, 9, 21106–21115 | 21109
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Table 1 Summary of the chloromethylation reaction conditions

Sample Catalysta (equiv.) Reagentb (equiv.) Temperature (�C) Time (h) DC (%)

B–C-1 1 40 35 2 10
B–C-2 1 40 35 6 12
B–C-3 1 40 35 12 14
B–C-4 1 40 35 24 40
B–C-5 2 40 50 2 31
B–C-6 2 40 50 6 55
B–C-7 2 40 50 12 80
B–C-8 2 40 50 24 93c

B–C-9 2 20 50 12 34
B–C-10 2 80 50 2 73
B–C-11 2 40 50 2 —d

B–C-12 2 40 50 6 —d

B–C-13 2 40 50 12 —d

B–C-14 2 40 50 24 —d

R–C-1 2 40 50 2 100

a Molar ratio of catalyst to active sites (B–C-1 to B–C-10 and R–C-1, catalyst ¼ ZnCl2; B–C-11 to B–C-14, catalyst ¼ SnCl4).
b Molar ratio of reagent to

active sites. c Partially insoluble. d Insoluble.

Fig. 2 Degree of chloromethylation as a function of (a) reaction time
and (b) the molar ratio of reagent.

Fig. 3 Photographic images of the reaction solution after chlor-
omethylation (a) without and (b) with crosslinking.

Fig. 4 1H NMR spectra of poly(arylene ether sulfone) random copol-
ymer before and after chloromethylation.

21110 | RSC Adv., 2019, 9, 21106–21115
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(Friedel–Cras crosslinking) of the active sites in the block
copolymer occurs more frequently compared to those in
a random copolymer.
Bromination

Bromination followed by quaternization of the formed benzylic
bromides is also a method for the post-functionalization of
multi-block copolymers for AEM applications. For bromination
experiments, the multi-block-copolymer precursor was synthe-
sized from a ketone-containing hydrophobic oligomer and
a tetramethyl-substituted biphenyl-containing hydrophilic
oligomer, and was characterized by 1H NMR spectroscopy and
GPC (Scheme S3, Fig. S6 and S7†). The tetramethyl-substituted
This journal is © The Royal Society of Chemistry 2019
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Scheme 3 Potential mechanisms for (a) bromination, (b) di-bromi-
nation, and (c) crosslinking.
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biphenyl unit was chosen as it provides selective active sites for
radical bromination. The general synthetic procedure is shown
in Scheme 1b. BPO or AIBN was used as the radical initiator,
while NBS was used as the brominating reagent. Chemical
structures before and aer bromination were identied by 1H
NMR spectroscopy, as shown in Fig. 5. The peak corresponding
to the benzylic methyl groups (proton 6 at 2.1 ppm) disappeared
and a new peak at 4.3 ppm appeared following bromination.
Moreover, peaks corresponding to protons 30 and 5a (Fig. 5)
were slightly shied downeld. Based on this NMR evidence, we
conclude that the methyl groups were converted into bromo-
methyl groups. However, some small unexpected peaks
(protons 5b at 8.1 ppm and 6b at 6.7 ppm) were observed in the
1H NMR spectrum of the mono-brominated multi-block copol-
ymer (Fig. S8†) following bromination, which are assigned to
the protons of di-bromomethyl units. The degree of mono-
bromination (DB) was calculated by integrating the signals for
protons 6a and 4, while the degree of di-bromination (DDB) was
determined from the peaks for protons 6b and 4; DB and DDB
values of 72% and 15% were obtained, respectively. Radical
bromination can lead to over-bromination (di-bromination)
and can be also accompanied by several side reactions that
include crosslinking, as shown in Scheme 3.17 These byproducts
hinder further functionalization, such as quaternization for
AEM applications, and can lead to degradation and poor solu-
bility. Therefore, we conclude that the bromination reaction
needs to be carefully controlled in order to obtain a high DB and
diminished di-bromination and crosslinking.

Harsh reaction conditions (high concentrations of radicals
or high temperatures) and prolonged reaction times may cause
signicant side-reactions to occur, as discussed. Radical-
initiated bromination can be affected by the reaction time,
the thermal-initiation temperature, the ratios of the reagent and
initiator to the active sites; consequently, an exact under-
standing of the bromination process is required in order to
control the reaction. Hence, we varied four important factors
(reaction time and temperature, and the amounts of initiator
and NBS) in order to optimize the reaction and better
Fig. 5 1H NMR spectra of a poly(arylene ether sulfone) multi-block
copolymer before and after bromination.

This journal is © The Royal Society of Chemistry 2019
understand the radical-initiated bromination mechanism. A
series of brominated PAES-based polymers (B–B-x, where “B–B”
refers to brominated block copolymer, and x is the batch
number) were prepared to order to determine the optimized
bromination conditions, the results of which are summarized
in Table 2. BPO and NBS were selected as the thermal initiator
and brominating reagent, respectively. We rst studied the
effect of reaction time on DB and DDB at 65 �C with 0.05 equiv.
of BPO and 2.0 equiv. of NBS. Although a DB of 78% was
observed aer 12 h, a high DDB of 22% was also observed, and
almost no bromination occurred during the rst 4 h, as shown
in Fig. 6a. Moreover, the product was partially insoluble, which
is ascribable to crosslinking. We conclude that excess reagent
generates too many bromine radicals, and that long reaction
times result in crosslinking through termination or radical
bromination. In addition, the reaction temperature and the
amount of initiator were not appropriate for initiating this
reaction. For these reasons, the reaction temperature was varied
between 40 and 85 �C and 0.10 equiv. of BPO and 1.5 equiv. of
NBS were used, with the reaction time xed at 3 h; longer
reaction times increase the probability of undesirable side
reactions, such as di-bromination and crosslinking, because no
radical-terminating reagents are present in the reaction
mixture. Fig. 6b displays DB and DDB values as functions of
reaction temperature. A short reaction time (3 h) was sufficient
to ensure bromination at 65 �C, whereas 40 �C was insufficient
to thermally initiate the radical reaction with BPO, resulting in
no bromination. Nonetheless, the total conversion of methyl
groups into the corresponding bromomethyl and di-
bromomethyl groups was less than 80% at 65 �C. Clearly,
85 �C provides a better outcome than 65 �C, but the conditions
require further optimization to reduce the DDB. Fig. 6c and
d show the results of samples B–B-6 to B–B-10 with varying
amounts of initiator and reagent. When the amount of initiator
was reduced from 0.10 to 0.05 equiv., the DB was observed to
increase, while the DDB decreased. Milder conditions are better
than harsher ones, since fast initiation forms excess radicals
RSC Adv., 2019, 9, 21106–21115 | 21111
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Table 2 Summary of the bromination reaction conditions

Sample Initiatora (equiv.) Reagentb (equiv.) Temperature (�C) Time (h) DB (%) DDB (%)

B–B-1 0.05 2.0 65 1 0 0
B–B-2 0.05 2.0 65 4 2 0
B–B-3 0.05 2.0 65 12 78 22
B–B-4 0.10 1.5 40 3 0 0
B–B-5 0.10 1.5 65 3 71 6
B–B-6 0.10 1.5 85 3 62 27
B–B-7 0.05 1.5 85 3 72 15
B–B-8 0.02 1.5 85 3 13 0
B–B-9 0.05 1.0 85 3 62 3
B–B-10 0.05 0.5 85 3 30 0
B–B-11 0.05 1.5 85 3 76 12
B–B-12 0.10 1.5 85 3 74 17

a Molar ratio of initiator to active sites (B–B-1 to B–B-10, initiator¼ BPO; B–B-11 to B–B-12, initiator¼ AIBN). b Molar ratio of reagent to active sites.
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that promote a high DDB. However, 0.02 equiv. of initiator or
less than 1.0 equiv. of reagent did not provide high DBs.

We adjusted the amounts of initiator and reagent, the reac-
tion temperature, and the time, using BPO the initiator, in
attempts to obtain a DB of 100% without any side reactions. In
addition, AIBN was explored as the initiator to examine the
effect of the type of initiator on the bromination reaction.
Despite these efforts, similar DB and DDB values to those ob-
tained using BPO as initiator were observed, as shown in
Fig. S9.† Di-bromination was always observed when DB excee-
ded 60%, irrespective of the reaction conditions. We attribute
this to clustered bromination sites on the hydrophilic blocks, as
was observed during the chloromethylation experiments.
Consequently, we conclude that post-functionalization through
chloromethylation or bromination of a multi-block copolymer
is not a good approach to a fully functionalized polymer that
maintains a block-copolymer architecture.

A tetra-trimethylbenzylammonium-bearing multi-block
copolymer (B-Q-1)

An alternative way of preparing a fully functionalized multi-
block copolymer is shown in Scheme 4. Hygroscopic ionic
groups easily absorb water molecules that deactivate the
base catalyst during the condensation reaction. For this
reason, a diarylether unit bearing four dimethylamino
groups was selected because amino groups can be quarter-
nized through methylation in the absence of side reac-
tions.28 The since the amine-containing hydrophilic
oligomer was unstable above 140 �C, it was synthesized at
140 �C. Consequently, Cs2CO3 was used instead of K2CO3 as
the catalyst in order to enhance reactivity at the low
temperature; CaCO3 also inhibits ether–ether exchange
during oligomerization.14,27 The hydroxyl-group-terminated
hydrophobic oligomer was prepared in a two-step process
involving the oligomerization of DFDPS with 6F-BPA, fol-
lowed by end-capping with BP. The chemical structures of
the hydrophilic and hydrophobic oligomers were conrmed
by 1H NMR spectroscopy (Fig. S10†), which revealed peaks
corresponding to the end groups as well as protons in the
21112 | RSC Adv., 2019, 9, 21106–21115
main repeating units, verifying that the halide-terminated
hydrophilic oligomer and the hydroxyl-terminated hydro-
phobic oligomer had been successfully prepared.

The multi-block copolymer was synthesized by the
coupling of the hydrophilic and hydrophobic oligomers
using a similar method to that used for oligomerization. The
multi-block copolymer had a high molecular weight (98 kDa)
(Fig. S11†), indicating a lack of ether–ether exchange reac-
tions. In addition, the multi-block copolymer showed clear
1H NMR spectra before and aer quaternization (Fig. 7). The
sharp peaks the protons 3, 4, and 5 indicate a fully func-
tionalized chemical structure, whereas the 1H NMR spectra
of the chloromethylated multi-block copolymers always
showed a peak from unreacted material (proton 5 in Fig. 1)
and the brominated multi-block copolymers had peaks
corresponding to the undesired di-brominated moieties
(protons 5b and 6b in Fig. 5) indicating loss of block
copolymer architecture. Moreover, the signicant shi in
the peaks of protons 3, 4, and 5 indicated successful qua-
ternization. The calculated IEC value of B-Q-1 membrane,
1.6 meq g�1, was lower than that of commercial FAA-3-30
(1.9–2.1 meq g�1).

The B-Q-1 multi-block copolymer had good solubility in
DMAc and the polymer solution penetrated easily through
a 0.45 mm syringe lter, supporting the absence of cross-
linking. It is well-known that hydroxide anion has the
highest ion conductivity among various anions such as
chloride, bromide, and so on. However, it is easily poisoned
by carbon dioxide leading to the formation of carbonate
species which results in decreased ion conductivity.29 Due to
these reasons, the B-Q-1 and the commercial FAA-3-30
membranes were treated with aqueous 1 M NaCl solution
to diminish the effect of counterion of the cationic func-
tional groups. Although B-Q-1 and FAA-3-30 membranes
showed similar chloride anion conductivity at high RH
conditions (>70% RH), the ion conductivity of B-Q-1 was less
dependent on RH (Fig. 8). Moreover, the water uptake of B-
Q-1 (13%) was lower than that of FAA-3-30 (15%) at room
temperature. Similarly, the B-Q-1 membrane showed lower
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The degrees of bromination (solid lines) and di-bromination
(broken lines) as functions of (a) reaction time, (b) reaction tempera-
ture, (c) the molar ratio of initiator, and (d) the molar ratio of reagent.

Scheme 4 Synthesis of the tetra-(trimethylbenzylammonium)-func-
tionalized multi-block copolymer.

Fig. 7 1H NMR spectrum of the B-Q-1 before and after quaternization.

Fig. 8 Chloride anion conductivity of B-Q-1 and FAA-3-30
membranes at 70 �C.
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water vapor sorption than the FAA-3-30 membrane at low RH
(#70%), as shown in Fig. 9. The relatively higher conduc-
tivity of B-Q-1 even at the lower level of water uptake might
be one of the indicators for the successful synthesis of the
block copolymer architecture with densely concentrated
ammonium groups.

The alkaline membrane fuel cells developed until now are
suitable for operation at a fully hydrated condition due to
their low ion conductivity and poor chemical stability at low
humidity or dry conditions.9,29,30 However, further develop-
ment is necessary to operate it under ambient conditions for
broader and real-world applications. In this respect, our
This journal is © The Royal Society of Chemistry 2019
synthetic approach for preparation of authentic multi-block
copolymers with high ion conductivity under low RH
conditions is a very attractive method for developing
RSC Adv., 2019, 9, 21106–21115 | 21113
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Fig. 9 Water vapor sorption of B-Q-1 and FAA-3-30 membranes at
70 �C.
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advanced AEMs. We are currently expanding this synthetic
technique to various chemical structures to prepare multi-
block AEMs of improved performance.
Conclusions

Poly(arylene ether sulfone) multi-block copolymers, as precur-
sors for post-functionalization by chloromethylation or bromi-
nation, were successfully synthesized by nucleophilic aromatic
substitution. Chloromethyl or bromomethyl functional groups
were selectively introduced into the hydrophilic blocks since
electron-withdrawing groups (e.g., sulfone and ketone) deacti-
vate the hydrophobic blocks toward electrophilic aromatic
substitution, while benzylic methyl substituents were the only
active sites available for radical bromination. Reaction condi-
tions were optimized by varying the amounts of catalyst and
reagent, as well as the reaction times and temperatures;
however, undesired side reactions were always observed during
chloromethylation and bromination. Maximum values of DC
and DB were around 80 and 70%, respectively, and insoluble
components were obtained when the degrees of functionaliza-
tion were above these values, indicative of the formation of
crosslinked by-products. In particular, di-bromination was also
observed during the bromination process, which results in
degradation and interferes with further quaternization reac-
tions. Although the multi-block copolymers failed to be fully
functionalized, random copolymers were fully converted
without any side reactions. We ascribe this observation to
clustered active sites in the multi-block copolymers that
increase the chances of reactions among themselves rather than
with the desired reagents. We conclude that the introduction of
functional groups into monomers prior to multi-block poly-
merization is the most effective method for the synthesis of
multi-block copolymers for AEM applications. The resulting
multi-block copolymer, synthesized from functionalized
monomer, showed superior anion conductivity than the
commercial membrane even under low RH conditions, show-
casing the potential of the current study in setting the course for
development of advanced AEMs based on multi-block
copolymers.
21114 | RSC Adv., 2019, 9, 21106–21115
Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the Technology Development
Program to Solve Climate Change of the National Research
Foundation (NRF), funded by the Ministry of Science and ICT
(NRF-2018M1A2A2063163) and the framework of the Research
and Development Program of the Korea Institute of Energy
Research (KIER) (B9-2461-08).

References

1 L. Zeng, T. S. Zhao, L. Wei, H. R. Jiang and M. C. Wu, Appl.
Energy, 2019, 233–234, 622–643.

2 T. Luo, S. Abdu and M. Wessling, J. Membr. Sci., 2018, 555,
429–454.

3 J. Ran, L. Wu, Y. He, Z. Yang, Y. Wang, C. Jiang, L. Ge,
E. Bakangura and T. Xu, J. Membr. Sci., 2017, 522, 267–291.

4 A. Hassanvand, K. Wei, S. Talebi, G. Chen and S. Kentish,
Membranes, 2017, 7, 54.

5 R. Borup, J. Meyers, B. Pivovar, Y. S. Kim, R. Mukundan,
N. Garland, D. Myers, M. Wilson, F. Garzon, D. Wood,
P. Zelenay, K. More, K. Stroh, T. Zawodzinski, J. Boncella,
J. E. McGrath, M. Inaba, K. Miyatake, M. Hori, K. Ota,
Z. Ogumi, S. Miyata, A. Nishikata, Z. Siroma, Y. Uchimoto,
K. Yasuda, K.-i. Kimijima and N. Iwashita, Chem. Rev.,
2007, 107, 3904–3951.

6 M. A. Hickner, H. Ghassemi, Y. S. Kim, B. R. Einsla and
J. E. McGrath, Chem. Rev., 2004, 104, 4587–4612.

7 S. Gottesfeld, D. R. Dekel, M. Page, C. Bae, Y. Yan, P. Zelenay
and Y. S. Kim, J. Power Sources, 2018, 375, 170–184.

8 A. Serov, I. V. Zenyuk, C. G. Arges and M. Chatenet, J. Power
Sources, 2018, 375, 149–157.

9 D. R. Dekel, J. Power Sources, 2018, 375, 158–169.
10 A. D. Mohanty, C. Y. Ryu, Y. S. Kim and C. Bae,

Macromolecules, 2015, 48, 7085–7095.
11 K.-D. Kreuer and P. Jannasch, J. Power Sources, 2018, 375,

361–366.
12 D. R. Dekel, S. Willdorf, U. Ash, M. Amar, S. Pusara, S. Dhara,

S. Srebnik and C. E. Diesendruck, J. Power Sources, 2018, 375,
351–360.

13 W.-H. Lee, E. J. Park, J. Han, D. W. Shin, Y. S. Kim and C. Bae,
ACS Macro Lett., 2017, 6, 566–570.

14 E. Kim, S. Lee, S. Woo, S.-H. Park, S.-D. Yim, D. Shin and
B. Bae, J. Power Sources, 2017, 359, 568–576.

15 R. Akiyama, N. Yokota, E. Nishino, K. Asazawa and
K. Miyatake, Macromolecules, 2016, 49, 4480–4489.

16 N. Yokota, M. Shimada, H. Ono, R. Akiyama, E. Nishino,
K. Asazawa, J. Miyake, M. Watanabe and K. Miyatake,
Macromolecules, 2014, 47, 8238–8246.

17 J. Yan, L. Zhu, B. L. Chaloux and M. A. Hickner, Polym.
Chem., 2017, 8, 2442–2449.

18 X. Luo, A. Wright, T. Weissbach and S. Holdcro, J. Power
Sources, 2018, 375, 442–451.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03888d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 1
2:

04
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
19 L. Zhu, X. Yu and M. A. Hickner, J. Power Sources, 2018, 375,
433–441.

20 X. Li, Y. Yu, Q. Liu and Y. Meng, ACS Appl. Mater. Interfaces,
2012, 4, 3627–3635.

21 P. Atkins and J. d. Paula, Physical Chemistry, OUP, Oxford,
7th edn, 2002.

22 D. W. Shin, M. D. Guiver and Y. M. Lee, Chem. Rev., 2017,
117, 4759–4805.

23 X. Dong, B. Xue, H. Qian, J. Zheng, S. Li and S. Zhang, J.
Power Sources, 2017, 342, 605–615.

24 J. Hou, Y. Liu, Q. Ge, Z. Yang, L. Wu and T. Xu, J. Power
Sources, 2018, 375, 404–411.
This journal is © The Royal Society of Chemistry 2019
25 A. Amel, L. Zhu, M. Hickner and Y. Ein-Eli, J. Electrochem.
Soc., 2014, 161, F615–F621.

26 A. D. Mohanty, S. E. Tignor, J. A. Krause, Y.-K. Choe and
C. Bae, Macromolecules, 2016, 49, 3361–3372.

27 J. Choi, Y.-J. Byun, S. Y. Lee, J. H. Jang, D. Henkensmeier,
S. J. Yoo, S.-A. Hong, H.-J. Kim, Y.-E. Sung and J.-S. Park,
Int. J. Hydrogen Energy, 2014, 39, 21223–21230.

28 R. Akiyama, N. Yokota, K. Otsuji and K. Miyatake,
Macromolecules, 2018, 51, 3394–3404.

29 C. G. Arges and L. Zhang, ACS Appl. Energy Mater., 2018, 1,
2991–3012.

30 K. F. L. Hagesteijn, S. Jiang and B. P. Ladewig, J. Mater. Sci.,
2018, 53, 11131–11150.
RSC Adv., 2019, 9, 21106–21115 | 21115

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03888d

	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...

	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...

	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...
	Synthetic approaches for advanced multi-block anion exchange membranesElectronic supplementary information (ESI) available: Additional synthetic...


