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ABSTRACT: Elastomeric anion exchange membranes (AEMs) were prepared by acid-catalyzed Friedel-Crafts alkylation of the
polystyrene block of polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) using bromoalkylated tertiary alcohols and tri-
flic acid as a catalyst, followed by amination with trimethylamine. This simple one-step bromoalkylation allowed convenient control
of both the degree of functionalization and cation tether length by changing the molar ratio and the structure of the bromoalkylated
tertiary alcohol. The resulting quaternary ammonium-functionalized ionic triblock SEBS copolymers showed a microphase-separated
morphology on the 35 nm length scale. A series of AEMs with different ion exchange capacities and ion tether lengths were system-
atically investigated by comparing swelling and anion conductivity. Since the SEBS AEMs showed high swelling and low dimen-
sional stability in water due to the rubbery nature of SEBS, the hard segment PS units were crosslinked by 1,6-hexanediamine for
practical use. The crosslinking of SEBS AEMs reduced water uptake significanlty (e.g., 155% vs. 28%), and enhanced their
mechanical properties. Because the backbone of the SEBS AEMs are composed of all carbon-carbon bonds, they showed good alka-
line stability, preserving their IEC and OH" conductivity after testing in a 1 M NaOH solution at 80°C for 500 hours. Alkaline mem-
brane fuel cell performance was evaluated with the crosslinked SEBS AEM, and a peak power density of 520 mW/cm? was achieved
at 60°C under H»/O; conditions.

INTRODUCTION ether)s, the most common backbone structure of AEMs,”"'? con-
tain aryl ether linkages and the backbone is prone to undergo
chain scission in alkaline conditions through nucleophilic attack
by the hydroxide ion,"*""* significantly reducing the AEM dura-
bility. Therefore, it is desirable to design AEMs in which the
polymer backbone does not contain heteroatoms. Recently, a
number of reported AEMs made of all carbon-based backbones
support that this AEM design concept is appropriate for enhanc-
ing alkaline stability.!>!” Ton conductivity is dependent on a
number of factors including the density of ionic groups in the

Anion exchange membrane (AEM) fuel cells operating at high
pH can offer several benefits in comparison to proton exchange
membrane (PEM) fuel cells operating under acidic conditions:
(a) faster kinetics for the oxygen reduction reaction in alkaline
conditions; and (b) the possible use of nonprecious metal elec-
trocatalysts due to low rates of corrosion at high pH. Unfortu-
nately, these potential benefits have not been realized in long-
lifetime durable fuel cells because of the drawbacks of currently
available AEMs, which include poor chemical stability under
alkaline operating conditions, insufficient mechanical proper-
ties, low hydroxide ion conductivity, and the lack of convenient
synthetic methods for rapid synthesis of these materials.'

The durability of AEMs is strongly dependent on the chemical
stability of the polymer backbone. For example, poly(arylene



Scheme 1. Synthetic Route for QA-functionalized SEBS via Friedel-Crafts Bromoalkylation (n=3-5; R=(CH:)s; x=degree of

functionalization; y=degree of crosslinking)
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material and the distribution of the ionic groups in the mate-
rial’s phase-separated morphology. The former is typically rep-
resented by ion exchange capacity (IEC; in mequiv./g) and the
latter is related to polymer architecture which determines the
formation of percolating ionic domains for efficient ion
transport.”>?! Various ion exchange membranes with flexible
side chains were suggested for the formation of hydrophilic-hy-
drophobic phase-separated morphology in both PEMs and
AEMSs, which promotes ion conductivity under conditions of
minimal hydration.?*?

In designing polymer candidates for AEM applications, we en-
vision that polystyrene-b-poly(ethylene-co-butylene)-b-poly-
styrene (SEBS) may serve as a promising AEM backbone be-
cause: (a) it is composed of all carbon-carbon bonds affording
good polymer backbone stability against hydroxide attack, and
(b) the thermodynamic immiscibility of the two blocks in SEBS
is known to induce nanoscale phase-separated morphology
which will increase the ionic conductivity of the material. Since
SEBS is a commercially available thermoplastic elastomer, se-
lective functionalization of the polystyrene (PS) block can cre-
ate a new class of elastic ionic block copolymer AEMs with
tunable microstructures. However, there have been very few re-
ports of SEBS-based AEMs because chloromethylation, the
most frequently used method of aromatic ring functionalization
for AEM synthesis, does not facilitate incorporation of a high
degree of functional groups into the PS block in SEBS due to
gelation during synthesis.?’?

To avoid gelation during chloromethylation, Bae and cowork-
ers have reported controlled functionalization of SEBS via C-H
borylation and Suzuki coupling reactions.>® A high degree of
functionalization (DF; up to 90% of the PS repeating unit) could
be achieved, and quaternary ammonium (QA) pendant struc-
tures and cation tether lengths could be tuned by choosing ap-
propriate amine-containing aryl halides for Suzuki coupling.
However, the use of expensive transition metal catalysts, such
as Ir and Pd, and the need for reactions in a glovebox can be a
major barrier to scale-up and broader application of this syn-
thetic method. Additionally, a SEBS-based AEM prepared by
Friedel-Crafts acylation using AICls catalyst, subsequent ke-
tone reduction, and nucleophilic quaternization reaction was re-
ported,’! similar to the approach taken by Hibbs for polyphe-
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nylene-based AEMs.> However, the requirement of extra re-
duction step of C=0 to CH, is not desirable in the context of
economical synthesis. Therefore, new methods to achieve sim-
ilar structures are highly desirable.

We report here a new synthetic method for QA functionaliza-
tion of aromatic polymers using bromoalkylated fertiary
alcohols (i.e. bromoalkylation), a type of acid-catalyzed
Friedel-Crafts reaction, followed by amination. In this method,
the alkyl tether length and DF in the PS block can be conven-
iently tuned by changing the chemical structure and molar ratio
of the bromoalkyl tertiary alcohol. After amination with trime-
thylamine, a number of alkyltrimethylammonium (TMA)-
functionalized SEBS AEMs were obtained. The overall syn-
thetic route is shown in Scheme 1.

RESULTS AND DISCUSSION

Preparation of SEBS AEMs. The aromatic rings of SEBS (M,
= 105,000 g/mol, and Mw/M, = 1.04) with 18 mol% (30 wt.%,
25 vol.%) PS block were functionalized via acid-catalyzed
Friedel-Crafts bromoalkylation. As the tertiary alcohol is pro-
tonated by a Brensted acid, it loses water as a byproduct and
forms a tertiary carbocation intermediate, which can readily re-
act with the m electrons of the aromatic rings to generate bro-
moalkylated SEBS (see Scheme 1; SEBS-C,-Br-x, where n in-
dicates the number of carbons in the tether chain and x indicates
the DF in mol%). Various organic acids including sulfuric acid,
methanesulfonic acid, trifluoroacetic acid, para-toluenesul-
fonic acid, and trifluoromethanesulfonic (triflic) acid were
screened, and we found that triflic acid is the most effective acid
catalyst for this reaction. Slightly more than 1 eq. of acid (1.1—
1.2 eq.) relative to the fert-alcohol reagent was required because
the reaction byproduct water is also readily protonated by triflic
acid, thus reducing its reactivity. Excessive addition of triflic
acid caused gelation of the polymer. Since the reaction is exo-
thermic, the reaction was conducted at 0°C.

The DF of the PS block was easily controlled by changing the
molar ratio of the tert-alcohol reagent to the aromatic ring of
the PS block. For example, a reaction with 0.5 eq. of the bro-
moalkylated tert-alcohol relative to the PS block resulted in 50
mol% DF while a reaction with 1.0 eq. of the alcohol reagent
resulted 80 mol% DF. A maximum of 95 mol% DF could be
achieved for the PS block of SEBS when 2.0 eq. of the fert-
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Figure 1. "H MNR spectra of (a) pristine SEBS and (b) bromoal-
kylated SEBS-Cs-Br-0.8.

alcohol was employed, however, the resulting QA membrane
after the amination step (i.e. SEBS-Cs-TMA-0.95) was dimen-
sionally unstable. SEBS is a thermoplastic elastomer comprised
of a soft poly(ethylene-co-butylene) (PEB) block and a hard PS
block. After incorporation of QA groups into the PS block, the
water molecules absorbed in the PS block act as a plasticizer to
soften the hard block, resulting in a membrane with swelling
and poor mechanical strength. Thus, some balance between IEC
and mechanical properties is required.

DFs were calculated by comparing proton integration values of
the '"H NMR spectra. In the 'H NMR spectrum of pristine SEBS
(Figure 1a), the integration ratio of Ar-Hs (peak ai3 at 6.3-7.2
ppm), butylene-CHs3 (peak ¢ at 0.7-0.9 ppm), and the other CH,
and CH (peak b at 1.0-2.0 ppm) indicates that the molar ratios
of styrene, ethylene, and butylene contents are 18, 51 and 31
mol%, respectively. After Friedel-Crafts reaction with bromo-
alkylated alcohols, new proton signals of -CH,Br at 3.2-3.3
ppm (peak d in Figure 1b) along with the -CH>CH:Br signal
(peak e in Figure 1b) appeared. DFs were calculated from the
integration ratio of the -CH,Br signal of the functionalized
SEBS (peak d) and the butylene-CHj signal of the pristine
SEBS (peak c).

The tether length between the cation head group and the poly-
mer backbone was controlled by modifying the alkyl chain
length (n of Scheme 1) in the structure of brominated tert-alco-
hol. We synthesized a series of bromoalkylated SEBSs with dif-
ferent tether lengths (n = 3-5) and different DFs (50 and 80 mol%
of PS block). Functionalization with a shorter tether length (n =

1 and 2) was unsuccessful likely due to instability of the carbo-
cation intermediate when the bromine is located too close to the
carbocation center.

After the acid-catalyzed Friedel-Crafts reaction, we noticed the
molecular weights of the functionalized SEBS were signifi-
cantly increased while preserving a narrow polydispersity index
(Table S1 and Figure S1). To clarify what caused molecular
weight change, we conducted the same Friedel-Crafts bromoal-
kylation reaction using a monodisperse PS sample (M, = 81
kg/mol, M,/M, = 1.03). After the functionalization, the M, of
PS with 60 mol% DF slightly increased to 104 kg/mol due to
changes in hydrodynamic volume of the polymer while main-
taining My/M, = 1.04 (Figure 2). The results of the PS bromo-
alkylation suggest that the molecular weight change in SEBS

bromoalkylation originated from the PEB block, not from the
aromatic block. Note that SEBS is synthesized by hydrogena-
tion of polystyrene-b-polybutadiene-b-polystyrene (SBS).
Since it is difficult to completely hydrogenate every double
bond in SBS, a small amount of remaining double bonds might
be protonated under the acidic Friedel-Crafts reaction condi-
tions to form a carbocation in the PEB block,*® which may have
reacted with the aromatic rings of the PS chains and contributed

15 20 25 30
Retention Volume (mL)

Figure 2. SEC curves of (a) pristine polystyrene (M,=81 kg/mol,
PDI=1.03), (b) 60 mol% bromoalkylated PS (M,=104 kg/mol,
PDI=1.04), and (c) 70 mol% bromoalkylated polystyrene
(M,=109 kg/mol, PDI=1.06).



Table 1. Ion Exchange Capacity (IEC), water uptake, and ion conductivity of TMA-functionalized SEBS AEMs and cross-

linked SEBS AEMs
IEC(mequiv./g) In-plane Clo OH' ¢ (mS/cm)’
Samples HNMR® Timtionr U R ¥ SWE’Q,E“ ¢ (rz(s)/fén ) T3¢ ec s
SEBS-C;-TMA-0.5 1.12 1.09 110 (£5) 58 30 18 21 36 50
SEBS-C4-TMA-0.5 1.10 1.12 123 (£ 6) 66 26 19 22 37 55
SEBS-Cs-TMA-0.5 1.09 1.02 120 (£5) 65 23 18 20 35 =
SEBS-C;-TMA-0.8 1.62 1.55 150 (= 10) 53 31 30 47 72 93
SEBS-C4-TMA-0.8 1.58 1.51 155 (£ 10) 56 32 28 36 60 =
SEBS-Cs-TMA-0.8 1.55 1.45 155 (£ 10) 56 26 20 23 41 £
XL20-SEBS-Cs-TMA-0.8" 1.54 1.46 70 (£5) 25 15 17 30 42 62
XL60-SEBS-Cs-TMA-0.8" 1.52 1.47 46 (£3) 17 13 15 33 45 65
XL100-SEBS-C5-TMA-0.8" 1.50 1.46 28 (£2) 10 10 13 29 41 65

“NMR based IECs are expected values of OH- form of AEMs calculated from the concentrations of bromoalkyl group in '"H NMR
spectrum of SEBS-Cy-Br-x. ?Titrated IECs values of SEBS AEMs from Mobhr titration method (average of two experiments). “Water

uptake was measured at 1.t. in OH- Form (average of two measurements). “The hydration nu mber. ‘Swelling was measured at r.t.

in OH- form. /All OH- ¢ were measured in water under argon atomosphere. SOH- ¢ were not measurable due to mechanical instability of
the membrane at 80 °C. "Crosslinked membranes of SEBS-Cs-TMA-0.8; XLy-SEBS-Cs-TMA-0.8, where y indicates degree of cross-

linking calculated by the N:Br ratio of added crosslinking agent, N,N,N',N'-tetramethyl-1,6-hexanediamine, to —CH2Br group.

to the increase of molecular weight (see Figure S2 of the Sup-
porting Information for proposed mechanism of intermolecular
linking side reaction). Although the functionalization affected
molecular weights of SEBS, the bromoalkylated SEBSs are
readily soluble in organic solvents such as THF, chloroform and
toluene.

After amination of the bromoalkyl side chain of SEBS-C,-Br-x
with trimethylamine, the TMA-functionalized polymers were
not soluble in any solvent. Hence, we cast films of SEBS-C,-
Br-x from a 5 wt.% toluene solution on a glass plate (membrane
thickness: 40-50 pm), and subsequent amination was performed
by immersing the membranes in an aqueous trimethylamine so-
lution (Scheme 1a). Completion of the reaction was confirmed
by determining the IEC with titration and infrared spectroscopy
(Figures S3—S5 of Supporting Information). All SEBS-C,-
TMA-x membranes listed in Table 1 were flexible, elastomeric,
colorless and transparent.

Membrane Properties. Representative AEM properties in-
cluding IEC, water uptake (WU), in-plane swelling ratio and
ion conductivity of the TMA-functionalized SEBSs are summa-
rized in Table 1. The NMR IECs were calculated from the DF
of Friedel-Crafts bromoalkylation with the assumption that
every bromoalkyl side group in the precursor polymer was con-
verted to QA by amination. For 50% DF of the PS block, the
NMR IEC values are 1.12, 1.10, and 1.09 mequiv./g with dif-
ferent tether lengths of Cs, Cs, and Cs, respectively. Similarly,
80% DF of the PS block afforded NMR IECs of 1.62, 1.58, and
1.55 mequiv./g with tether lengths of Cs, C4, and Cs, respec-
tively. The titrated IEC values from SEBS-C,-TMA-x agree
well the NMR-based IECs confirming that the amination with
trimethylamine was quantitative.

As shown in entries 1-6 of Table 1, SEBS-C,-TMA-x mem-
branes showed relatively high WU and swelling ratio compared

to typical AEMs because of the rubbery nature of the SEBS
backbone. A high degree of QA incorporation into the PS block
induced plasticization of the hard domain and softened the
membranes further. WUs in the range of 110-123 wt.% were
observed for SEBS-based AEMs with 50% DF while 150-155
wt.% WU was observed for 80% DF polymers. Hydration num-
bers (L) of the SEBS AEMs were between 53—66. Ion conduc-
tivity of the SEBS AEMs was mainly dependent on the DF (and
the resulting IEC) and tether length. While 50% DF QA poly-
mers (SEBS-C,-TMA-0.5) showed similar ion conductivity re-
gardless of the tether length, 80% DF polymer samples (SEBS-
Cn-TMA-0.8) clearly showed a trend where SEBS AEM sam-
ples with a shorter tether length displayed higher conductivity.
For example, OH™ conductivities of SEBS-C,-TMA-0.8 were
72, 60, and 41 mS/cm at 60 °C in liquid water with the tether
lengths of Cs, Cs4, and Cs, respectively. These OH™ conductivity
values are about two times higher than the measured CI”~ con-
ductivities. Unfortunately, due to the soft mechanical properties
of SEBS-based AEMs, we were not able to measure reliable
OH™ conductivity at 80 °C for certain samples with the longer
tether lengths (footnote g in Table 1).

In tensile strength measurements at 50% relative humidity and
50 °C, all SEBS AEM samples did not reach the breaking point
until the instrument limit (350%-400% elongation).>* The ten-
sile stress of SEBS-Cs-TMA-0.8 at the point of 350% elonga-
tion was 3.9 MPa (Figure S6 of the Supporting Information).
Compared to AEMs made of rigid aromatic polymer backbones
with a comparable IEC (e.g. poly(arylene ether sulfone), 1.8
mequiv/g; 39 MPa ultimate tensile stress and 30% strain at
break),!* the SEBS AEMs showed a lower tensile strength and
a higher elongation. Due to high water uptake and the rubbery
nature of backbone, mechanical properties of these SEBS
AEMs are not sufficient for the practical application of AEM



fuel cells. Therefore, reinforcement by crosslinking was ex-
plored for the practical use the materials.

Crosslinked SEBS AEMs. Crosslinking is a convenient
method for reducing swelling of the membrane in water and im-
proving the physical properties of soft materials. There have
been many examples of crosslinked AEMs prepared by various
methods including thermal crosslinking,*® use of 1,6-hexanedi-
amine as crosslinker,**3® thiol-ene click chemistry,*-** and ole-
fin methathesis.* When chloromethylated SEBS was quater-
nized/crosslinked with N,N,N',N'-tetramethyl-1,6-hexanedia-
mine (TMHDA), the crosslinked membranes afforded en-
hanced mechanical properties.**> We adopted this concept for
crosslinking of the bromoalkylated SEBS; SEBS-Cs-Br-0.8 was
crosslinked with TMHDA during solvent casing of the mem-
brane followed by quaternization of residual bromine group by
trimethylamine (Scheme 1b). The degree of crosslinking was
controlled by adjusting the amount of TMHDA relative to —
CH;Br (XLy-SEBS-Cs-TMA-0.8, where y indicates degree of
crosslinking estimated by molar ratio of the added nitrogen of
TMHDA to —CH,Br).

As the degree of crosslinking was increased, water uptake and
in-plane swelling were significantly reduced (entries 7-9 of Ta-
ble 1). The water uptake values were decreased from 155% to
70%, 46%, and 28% as degree of crosslinking increased from
0% to 20%, 60% and 100%, respectively. In-plane swelling ra-
tios were 26%, 15%, 13%, and 10% for SEBS-Cs-TMA-0.8
with 0%, 20%, 60% and 100% degree of crosslinking, respec-
tively. While we could not measure reliable OH™ conductivity
of SEBS-Cs-TMA-0.8 at 80°C (footnote g in entry 6 of Table
1), all crosslinked membranes of SEBS-Cs-TMA-0.8 showed
stable OH™ conductivity at that temperature, confirming that the
crosslinking process greatly enhanced the dimensional stability
of the SEBS AEM samples. Mechanical strength also improved
after crosslinking. The maximum tensile stress of XL100-

Table 2. Titrated IEC and OH" conductivity before and af-
ter alkaline stability test

Samples Titrated IEC OH' 6 (mS/cm)
(mequiv/g)* 60 °C?
Oh 500 h* 0Oh 500 h*
SEBS-C;-TMA-0.5 1.09 1.10 36 40
SEBS-C4-TMA-0.5 1.12 1.12 37 42
SEBS-Cs-TMA-0.5 1.02 1.04 35 38
SEBS-C3-TMA-0.8 1.55 1.50 72 70
SEBS-C4-TMA-0.8 1.51 1.52 60 58
SEBS-Cs-TMA-0.8 1.41 1.39 41 43
XL20-SEBS-Cs-TMA-0.8 1.46 1.45 42 43
XL60-SEBS-Cs-TMA-0.8 1.47 1.45 45 44
XL100-SEBS-Cs-TMA-0.8  1.46 1.48 41 40

“Titrated IEC values from the Mohr titration method (average
of two experiments). ?All OH- ¢ were measured in water under an
argon atmosphere (average of two experiments). “After alkaline
test in 1 M NaOH Solution at 80 °C for 500 hr.

SEBS-Cs-TMA-0.8 was 7.0 MPa while the corresponding un-
crosslinked membrane has tensile stress of 3.9 MPa (Figure S8
of the Supporting Information). Even after crosslinking, SEBS
membranes still preserved elasticity and did not break when
stretched up to 350%. Ion conductivity was not negatively af-
fected by crosslinking. Overall, the crosslinking of SEBS
AEMs produced dimensionally stable, elastic membrane mate-
rials without sacrificing hydroxide conductivity.

Alkaline Stability Test. Alkaline stability of the SEBS AEMs
was evaluated by immersing the membranes in 1 M NaOH so-
lution at 80 °C and measureing changes in titrated IEC, OH"
conductivity, elemental analysis, mechanical properties, and
morphology. As shown in Table 2, the titrated IEC and OH"
conductivity of all membranes were preserved after the 500-
hour test, indicating that they have excellent chemical stability
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Figure 3. (a) SAXS profiles for SEBS and SEBS-Cs-TMA-0.8
membrane and (b) TEM image of SEBS-Cs-TMA-0.8 mem-
brane.



under high pH conditions. If cation degradation by Hoffman
elimination had occurred during the alkaline stability test, we
would expect a decrease in the percentage of N (and associated
Cl) in elemental analysis as it loses trimethylamine as a byprod-
uct. However, the fact that we did not observe any significant
difference in elemental analysis data before and after the stabil-
ity test validates these samples’ good alkaline stability (Table
S3). Deterioration of mechanical properties during high pH
degradation testing at elevated temperatures can be a major bot-
tleneck for deploying these materials in practical electrochemi-
cal energy conversion devices. As shown in Figure S9-S13 of
the Supporting Information, TMA-functionalized SEBSs (both
uncrosslinked and crosslinked samples) showed no changes in
tensile strength and elongation at break after the alkaline stabil-
ity test, suggesting that these elastic membranes can endure
harsh alkaline conditions with no degradation in their mechan-
ical integrity. Additionally, there was no noticeable morpholog-
ical change after the alkaline stability test (Figure S14). The
SEBS-based AEMs were also stable under O, saturated alkaline
conditions. We conducted additional alkaline stability tests by
immersing the SEBS-Cs-TMA-0.8 sample in O, saturated 1M
NaOH solution at 80 °C, and no change was observed in titrated
IEC and OH™ conductivity after 100 hours (Table S4 of Sup-
porting Information).

Morphological Characterization of SEBS AEMs. The mi-
crophase-separated morphology of SEBS AEMs was investi-
gated by small-angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM). Figure 3a shows the 1D intensity
profiles of the SAXS data for pristine SEBS and SEBS-Cs-
TMA-0.8 membranes (dry and hydrated forms) as a function of
the scattering vector (¢ = (4n/A)sin(6/2)), where 6 and 4 repre-
sent the scattering angle and wave-length of x-ray beam, re-
spectively. The SAXS scattering peaks with ¢/q * ratios of 1, V3,
\4, where ¢ * is the center of the primary peak, support the mor-
phology of hexagonally packed cylinders (HEX) with PS cylin-
ders in PEB matrix for the SEBS sample (25 vol.% PS). After
tethering the QA group to the PS block, the dry SEBS-Cs-TMA-
0.8 sample showed broad scattering peaks at q/q* = 1 and V4,
suggesting a morphological change from HEX to lamellar
structures (LAM) (Figure 3a). This change in microstructure is
likely caused by the volume fraction increase of the PS domain
in the overall composition: from 30 wt.% (25 vol.%) PS in pris-
tine SEBS to 55 wt.% (45 vol.%) PS in SEBS-Cs-TMA-0.8
(density: 0.86 g/cm? for PEB, 1.05 g/cm? for PS, and 1.30 g/cm®
for QA-functionalized PS*). The increase in PS domain vol-
ume fraction after the QA functionalization induced develop-
ment of 2D lamellar layers from 1D cylindrical domains,*
where the diameter of the PS cylinders and the thickness of QA-
tethered PS lamella are similar. Furthermore, the main q* peak
became broader after QA-tethering onto the SEBS. This broad-
ening is due to the intermolecular linking of the PEB chains
during the Friedel-Crafts reaction, which caused an increase in
M, and must have caused chain packing frustrations to hinder
the formation of a well-defined LAM morphology. This inter-
molecular linking and possible kinetic trapping during solution
casting may have caused the SEBS-Cs-TMA-0.8 sample to
yield a less ordered microstructure in SAXS and TEM meas-
urements (Figure 3b). The hydrated SEBS-Cs-TMA-0.8 sample
showed peaks in the SAXS profile at 1, V3, and V4, suggesting
formation of an inverted hexagonally packed cylindrical struc-
ture, where the hydrophobic PEB block formed cylindrical do-
mains in the matrix of hydrated QA-tethered PS. We believe
that hydration of the QA-tethered PS (e.g. WU of SEBS-Cs-
TMA-0.8 is 150 wt.%) domain increased the overall volume
fraction of hydrophilic domains, which caused formation of the
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Figure 4. AEM fuel cell performance of an MEA employing the
XL100-SEBS-Cs-TMA-0.8 membrane at 60 °C as a function of
backpressure. (Anode: PtRu/C (0.5 mgp/cm?), Cathode: Pt/C
(0.6 mgp/cm?), membrane thickness: 60 pm, under fully humid-
ified H2/O2 gases).

inverted hexagonally packed cylindrical morphology. The
microstructure of crosslinked SEBS AEMs was also investi-
gated by SAXS. As the degree of crosslinking increased, the
interdomain spacing of the AEMs decreased (Figure S15).

AEM Fuel Cell Performance. The performance of a cross-
linked SEBS AEM was evaluated in fuel cell testing. Figure 4
shows the polarization curves, power density and high-fre-
quency resistance (HFR) of an MEA using the XL100-SEBS-
C5-TMA-0.8 membrane at 60 °C as a function of backpressure.
The performance of the cell improved as the backpressure of
the reactant gases increased from 78 to 285 kPa, indicating that
the SEBS-based MEA did not have electrode flooding issues.
The HFR of the cell at low current density (ca. < 0.6 A cm™)
was ~0.15 Q cm?, in good agreement with the value calculated
from the hydroxide conductivity and thickness of the membrane
(41 mS cm’!, 60 um). This result indicates that the interfacial
resistance between the membrane and electrode was negligible
due to the low water uptake of the crosslinked membrane.*® At
higher current densities, HFR tended to increase quickly likely
due to the cathode dry-out from poor back-diffusion of water
from the anode to the cathode. Although there are a few reports
demonstrating peak power density of 1-2 W cm™ recently,*’*
the peak power density of 520 mW cm? for this SEBS-based
MEA is the highest level among those of other reported SEBS-
based MEAs.3%3!4 Further improved performance is expected
with more optimized membranes including thinner samples
with higher water transport.

CONCLUSIONS

A new synthetic method based on bromoalkylation was devel-
oped for the convenient preparation of alkyl-tethered QA aro-
matic polymer AEMs. This acid-catalyzed Friedel-Crafts reac-
tion with a bromoalkylated tertiary alcohol effectively func-
tionalized the PS block of SEBS (up to 95% DF) and enabled
elastic AEMs with various tether lengths and IECs. Subsequent



amination/crosslinking generated SEBS AEMs with good elas-
tic mechanical properties that are critical for practical use in
AEM fuel cells. AEM structures with a long tethered cation
head group and all-carbon backbone afforded good alkaline sta-
bility. The morphology measurements on these materials indi-
cated that the increase in volume fraction of the PS domain
upon functionalization affected the microstructure of SEBS,
changing the material’s morphology from a hexagonally packed
cylindrical structure to a less ordered lamellar structure in
agreement with coarse-grained simulations.** When AEM fuel
cell performance was evaluated with a crosslinked SEBS AEM
sample, a peak power density of 520 mW/cm? was achieved at
60 °C with Hy/O; reactant gases. This convenient polymer func-
tionalization approach will serve as a versatile synthetic method
to prepare stable aromatic AEMs with a wide range of chemical
structures.

EXPERIMENTAL SECTION

Instrumentation. 'H NMR spectra were obtained with a Var-
ian Unity 500 MHz spectrometer, and chemical shifts were ref-
erenced to the residue solvent peaks; CDCl; (at 7.26 ppm).
Number- and weight-average molecular weights of polymers
were determined by a size exclusion chromatography (SEC) on
a Viscotek T60A instrument with differential refractive index
detector (Viscotek 302), using THF as eluent and polystyrene
as standard. Small angle x-ray scattering (SAXS) experiments
were conducted at 5-ID beamline at the Advanced Photon
Source (Argonne National Laboratory, IL, USA). The typical
operating conditions were set as follows: a wavelength of 1 =
0.7293 A!, a beam size of 0.5 x 1 mm?, a sample-to-detector
distance of 8.503 m.>® The SAXS profiles were recorded by a
Rayonix CCD area detector with dimensions of 170 x 170 mm?.
For transmission electron microscopy (TEM) characterization,
ultrathin (~60 nm) specimens of membrane were prepared at -
50 °C using a CRX-PTXL cryo-ultramicrotome (RMC) with a
diamond knife. The aromatic ring of styrene block in the mem-
brane was selectively stained with RuO4 at room temperature to
enhance the electron density contrast. TEM was operated using
JEM-2010 (JEOL) with an acceleration voltage of 200 kV to
observe the morphology. Stress-strain behavior was measured
by dynamic mechanical analyzer (TA Q800 DMA). The tem-
perature and humidity were controlled in a humidity chamber
(DMA-RH Accessory). The membrane sample (20 mm x 5 mm
% 0.05 mm) was used in all tests.

Materials. Polystyrene-b-poly(ethylene-co-butylene)-b-poly-
styrene [SEBS; M,, = 105 kg/mol, polydispersity index (PDI) =
1.04 measured from SEC using THF as eluent] was purchased
from Sigma Aldrich. The SEBS contains 30 wt% (or 18 mol%)
styrene units, and its composition was confirmed by NMR spec-
troscopy. All reagents and solvents were purchased from
Sigma-Aldrich, Alfa Aesar and Acros Organics, and were used
without further purification.

7-Bromo-2-methylheptan-2-ol. This procedure is based on a
modified literature report.>! Ethyl 6-bromohexanoate (25.0 g,
112 mmol) and anhydrous diethyl ether (90 mL) were added to
a 500 mL round bottom flask in inert condition. After cooling
in an ice bath, CH3MgBr solution (3 M in ether, 75 mL, 224
mmol) was added to the round bottom flask dropwise by a drop-
ping funnel. The ice bath was then removed and the reaction
mixture was stirred at room temperature for 4 h. The reaction
was slowly quenched with saturated NH4Cl aq. (60 mL) and
water (50 mL). The product was extracted with diethyl ether (2
x 50 mL), dried over MgSQOs, and concentrated on a rotary

evaporator. The pure product was isolated as a colorless liquid
(23.0 g, 98% yield).

6-Bromo-2-methylhexan-2-ol was synthesized using the same
procedure for 7-bromo-2-methylheptan-2-ol with methyl 5-bro-
movalerate (12 g, 61.5 mmol). The product was isolated as a
colorless liquid (11.5 g, 96% yield).

5-Bromo-2-methylpentan-2-ol was synthesized using the
same procedure for 7-bromo-2-methylheptan-2-ol with methyl
4-bromobutyrate (10 g, 51.3 mmol). The product was isolated
as a colorless liquid (7.59 g, 82% yield).

Preparation of SEBS-C.-Br-0.8. The following is a repre-
sentative procedure for acid catalyzed Friedel-Crafts bromoal-
kylation. To a 50 mL Schlenk flask was added SEBS (1.0 g,
2.79 mmol styrene units) and 7-bromo-2-methylheptan-2-ol
(0.58 g, 2.79 mmol, 1.0 eq. per styrene unit). The flask was
evacuated and purged with nitrogen. Anhydrous dichloro-
methane (20 mL) was added using a syringe and the solution
was stirred until SEBS is dissolved. After cooling the flask in
an ice bath, triflic acid (0.27 mL, 3.07 mmol, 1.1 eq.) was added
using a syringe. The reaction mixture was stirred at 0 °C for 1
h, after which the reaction was poured into methanol to precip-
itate the polymer. The white polymer was filtered, redissolved
in tetrahydrofuran, and precipitated in methanol. The polymer
product was isolated after vacuum drying at room temperature
(1.4 g, 98% yield). Based on '"H NMR analysis, 80% of styrene
units were functionalized.

Preparation of SEBS-Ci,-TMA-0.8 membrane. The follow-
ing is a representative procedure for amination. SEBS-Cs-Br-
0.8 (0.18 g) was dissolved in toluene (4 mL), filtered, and cast
onto a glass plate. The dry SEBS-Cs-Br-0.8 film (approxi-
mately 40 pm thick) was immersed in aqueous trimethylamine
(45 wt% in water) at 45 °C for 48 h. The film was rinsed with
water and ion exchanged to hydroxide form by immersing in
IM NaOH at room temperature for 48 h in an argon-filled
glovebox.

Preparation of XL20-SEBS-Ciy-TMA-0.8 membrane. The
following is a representative procedure for XLy-SEBS-C,-
TMA-0.8. SEBS-Cs-Br-0.8 (0.30 g, 0.462 mmol of Br) and
N,N,N',N'-tetramethyl-1,6-hexanediamine (8.0 mg, 0.0462
mmol) were dissolved in THF (6 mL) and stirred at room tem-
perature for 2 h. The mixture was filtered and cast onto a glass
plate. Once it is dried, the crosslinked membrane was immersed
in aqueous trimethylamine (45 wt% in water) at 45°C for 48 h.
The film was rinsed with water and ion exchanged to hydroxide
form by immersing in 1M NaOH at room temperature for 48 h
in an argon-filled glovebox.

Ion Exchange Capacity (IEC). IECs of membranes in bromide
anion form were determined by Mohr titration. About 0.15 g of
membrane was dried at 50 °C in vacuum for 24 h and weighed.
The membrane in bromide form was immersed in 20 mL of a
0.5 M NaNO;j solution for 48 h. The NaNOj; solution was ti-
trated with a 0.1 M AgNOs using K,CrOy4 as a colorimetric in-
dicator. IEC was calculated from dry mass of the membrane and
the amount AgNOj; consumed in titration.

Water Uptake, Hydration Number, and Swelling Degree. In
an argon-filled glovebox, fully hydrated AEMs (in hydroxide
form) were taken out of water, blotted quickly with a KimWipe
to remove surface liquid, and weighed immediately. The mem-
branes were then dried at 50 °C under vacuum for 24 h and
weighed again. Water uptake (%) was calculated from:

Water uptake (%) = [(Wiwet — Wary) X100] / Wiry

where Wyt and Wary are the weight of the water-swollen and the
corresponding dry membranes, respectively. The hydration



number (L), which represents the average number of water mol-
ecules per quaternary ammonium group, was calculated as:

A= [(Wyet = Wary) | Wary] % [1000 / Mi,0lEC]
where Mo is the molecular mass of water (18 g/mol).

The in-plane swelling was characterized by the linear expansion
ratio, which was calculated by the ratio of difference between
the wet and dry dimensions to the dry dimensions:

Swelling degree (%) = [(Xwet — Xary) 1007 / Xy

Ion Conductivity Measurement. lon conductivities (¢ in
mS/cm) of each membrane (approximate size: 3 cm X 0.5 cm)
were measured using a four-point probe method with BT-512
membrane conductivity test system (BekkTech LLC). Meas-
urements were carried out under fully hydrated conditions at 30,
60, and 80 °C while the cell was fully immersed in deionized
water. The cell was degassed first and blanketed with a flow of
argon gas during entire measurement. At a given temperature,
each membrane sample was equilibrated at least 90 min before
recording measurements. lonic conductivity was calculated ac-
cording to:

L
RXWXT

where L is the distance between the two inner platinum wires
(0.425 cm), R is the resistance of the membrane in Q, and W
and T are the width and thickness of the membrane in centime-
ters, respectively.

Alkaline Stability Test. The alkaline stability of the SEBS
AEMs were measured by immersing the membranes (5 cm x
2.5 cm) in 1M NaOH agq. solution at 80°C for 500 h. After 500
h, membranes were washed by immersion in distilled water 3
times for 2 days, and the counter anion was exchanged to CI™ to
measure the [EC by Mohr titration. Alkaline stability was con-
firmed by comparing hydroxide ion conductivity and titrated
IECs (Table 2), FT-IR (Figures S3-S5), elemental analysis (Ta-
ble S3), and mechanical properties (Figures S9-S13) of aged
and unaged samples.

AEM Fuel Cell Performance. The anode and cathode of the
MEA were fabricated from PtRu/C (1:1 Pt:Ru, 75% metal on
high surface area carbon, HISPEC 12100 catalyst, Johnson
Matthey) and Pt/C (60% Pt on high surface area carbon,
HISPEC 9100 catalyst, Johnson Matthey), respectively. The
catalyst ink was formulated from catalyst powder, poly(fluo-
rene) ionomer (FLN) and 80:20 isopropanol/water solution.
The detailed synthesis of the FLN ionomer is reported else-
where.* The catalyst inks were then brush painted on the gas
diffusion layer (GDL, BC-29, SGL Carbon) at 60 °C under con-
stant vacuum to form electrodes. The Pt loading and ionomer to
catalyst ratio were 0.5 mg/cm?, 52% and 0.6 mg/cm?, 40% for
anode and cathode, respectively. The MEA was fabricated by
sandwiching the membrane between the anode and cathode gas
diffusion layers. The MEA was placed into fuel cell hardware
(5 cm? active area) and 40 psi of torque was applied to compress
the MEA. The polarization curves were obtained after a break-
in at 60 °C overnight with flow rates for H, and O, of 2000 and
1000 sccm, respectively.

6 (mS/cm) =
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