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ABSTRACT: Herein, we report the synthesis of proton-conducting sulfonated poly(ionic liquid)
block copolymers (S-PILBCPs) containing one block with sulfonic acid (sulfonated styrene: SS)
and the other with an IL moiety (vinylbenzylmethylimidazolium
bis(trifluoromethylsulfonyl)imide: VBMIm-TFSI) using reversible addition-fragmentation chain-
transfer (RAFT) polymerization and post-polymerization modifications (i.e., functionalization,
anion exchange reactions, and sulfonation). The S-PILBCPs uniquely conjoin the SS block with
mobile protons (H") and the PIL block with mobile anions (TFSI"), where multiple highly desired
properties, including high proton conductivity (from the SS block), and high IL-philicity and
oxygen solubility (from the PIL block) can exist compartmentally within a microphase separated
morphology (evidenced by differential scanning calorimetry (DSC) and small-angle X-ray
scattering (SAXS)). High ion conductivity of 79.7 mS/cm at a PIL block composition of 21.6
mol% was observed at 80 °C and 90% relative humidity (RH) (comparable to the benchmark
Nafion ionomer). This work successfully demonstrates the design of S-PILBCPs as a new material
platform and showcases its promise as an ionomer for proton exchange membrane fuel cells
(PEMEFCs) as they simultaneously and compartmentally combine proton conductivity and oxygen
solubility. These benefits have recently been leveraged to achieve substantial improvement in

oxygen reduction reaction (ORR) activity and subsequently fuel cell performance.



1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are promising alternative energy solutions that
have received significant attention for their potential to achieve high power densities and high
energy densities at low operating temperature with zero local greenhouse gas emission, specifically
in automotive applications.! However, the expensive cell components, primarily the required high
content of noble metal in the electrocatalysts (primarily platinum (Pt) and platinum-group-metals
(PGM)), remains a major obstacle to achieve cost-effective PEMFCs for light duty vehicles.?
Currently, the benchmark cathode PGM loading for a commercial PEMFC vehicle is ca. 0.4 mgp:
cm? (e.g., 0.365 mgp; cm™? for Toyota Mirai).> * The required high content of Pt catalyst is
primarily the result of sluggish oxygen reduction reaction (ORR) in the acidic environment at the

cathode. With the recent development of advanced alloy electrocatalysts®”’

and an improved
understanding in integration,® substantial progress has been achieved in minimizing the cathode Pt
loading.” However, significant loss in fuel cell performance has been observed at reduced cathode
Pt loadings (<0.1 mgpam cm™), attributed to increased charge and mass transport resistances. !
Figure 1a shows a schematic of the structure of porous catalyst layer at the-cathode wherein the
electrochemical reactions occur. As illustrated in the schematic, ORR only occurs at triple phase
boundaries between the ionomer (proton transport pathways), the carbon-supported catalyst
particles (electron conduction), and the porous network (Oz transport pathways).!! With decreasing
Pt loading and available Pt area, increased proton and O> fluxes are transported to limited catalyst
sites, resulting in local transport resistances with impeded O, transport and reduced ORR

activities.> 12 Local transport resistances are related to the ionomer film surrounding the catalyst

sites (illustrated by the spring-like structure in Figure 1b and Figure 1c), which is assumed to be a



sum of the two interfacial resistances between the gas/ionomer and ionomer/Pt site, and the bulk

resistance of the confined ionomer thin film.'?

(a) (b)
PEM Catalyst Layer GDL . 00 $ + %
+
®
.
.
+
@
.
.
.
+
@

Figure 1. (a) Schematic of the porous cathode catalyst layer structure between the PEM and the
gas diffusion layer (GDL) wherein the electrochemical reactions occur. Local transport to a Pt site
through (b) conventional ionomer (c) conventional ionomer/ionic liquid (d) S-PILBCP

ionomer/ionic liquid, where the transported species are represented as proton (@ *), water (O@)®),

oxygen (@@).

Recently, ionic liquids (ILs) have exhibited potential as effective electrocatalyst additives for

improving the ORR activity in half-cell electrochemical measurements.!3>* A study by Snyder et



al.'* first reported that ORR activity was enhanced by 2 to 3 times via the incorporation of
hydrophobic IL with high O» solubility into nanoporous PtNi electrocatalysts. Zhang et al. '> ¢
also demonstrated that the ORR performance and stability can be efficiently boosted by IL
modification and the catalytic activity is strongly correlated with the degree of IL filling, as well
as the alkyl chain length of the cations (i.e., imidazolium). Hypothesized mechanisms for the
increased ORR activity and stability include: (1) the high O solubility in IL results in higher
effective Oz concentration at the catalytic surface and further improves Pt utilization,'” ?° (2) the
hydrophobic ILs facilitate the expulsion of excess water to achieve more free active catalyst sites,?!
and (3) ILs serve as a reaction medium to prevent local ORR byproduct build-up and protect active
sites from being poisoned.?” 2> However, to date, the full kinetic advantage of the IL has yet to be
fully realized in full PEMFC tests in a membrane electrode assembly (MEA) due to the difficulty
in the conformal deposition of IL throughout the catalyst layer. Specifically, the benchmark
ionomer for PEMFC:s, i.e., Nafion, has a relatively low O2 solubility and low IL-philicity (i.e., low
affinity with free IL). Local transport resistances might be increased due to the possible interfacial
resistance between the IL thin layer and Nafion (illustrated in Figure 1c), leading to significant
mass transport losses.'® In addition, Nafion sulfonate adsorption on the surface of Pt catalyst has
been widely reported in literature.? >*?” The sulfonate adsorption could potentially poison the Pt
surface, resulting in ionomer adsorption and confinement on Pt surface (physical barriers to
oxygen transport). Recently, IL interlayers demonstrate the ability to mitigate the sulfonate
adsorption of Nafion on Pt by physical exclusion of the sulfonate from the catalyst surface or
electrostatic screening of the electrode surface or of the sulfonate groups by IL ions.?* Hence, it
will be of great interest to design novel ionomers with higher IL-philicity as an alternative of

Nafion to facilitate the incorporation of free IL in the catalyst layer. Desired ionomers are expected



to: (1) achieve ion transport properties on par with the benchmark Nafion ionomer for proton
conduction, (2) improve free IL retention and minimize any detrimental losses at the interface
between a free IL and ionomer, (3) minimize the interfacial O, transport resistance with improved
catalyst/ionomer interface, and (4) mitigate the sulfonate adsorption on Pt surface.

Specifically, two categories of ionomers that have attracted particular attention in
electrochemical energy applications are sulfonated block copolymers and poly(ionic liquid) block
copolymers (PILBCPs). Sulfonated block copolymers (containing sulfonic acid in one block) have
been intensively explored as proton conducting membranes and ionomers for PEMFCs.?** More
recently, PILBCPs (containing IL chemistry in one block) have been designed and applied as solid
polymer electrolytes for batteries and hydroxide conducting membranes and ionomers for alkaline
fuel cells.>>* Conjoining these two materials into one, i.e., sulfonated PIL block copolymers (S-
PILBCPs), where one block consists of IL chemistry and the other contains sulfonic acid, is of
significant interest to provide a new material platform with desired properties such as high proton
conductivity (from the sulfonated block) and IL-philicity (from the PIL). Proton could be
transported through the hydrophilic sulfonated domain and O> could diffuse through the
hydrophobic PIL/IL domain to react with the electrons at the triple phase boundary, resulting in
enhanced Pt utilization. Advantages such as high electrochemical stability, more favorable O»
diffusivity and solubility, moderate water uptake and water transport properties, enhanced
humidity tolerance, optimal interface with ILs, and a broad library of chemistries for the IL block
may also be achieved. To date, the synthesis of S-PILBCPs still remains an unexplored area of
research, where the only S-PILBCP was reported by Meek and Elabd,* consisting of a styrene-
based sulfonic acid block with mobile lithium (Li") cations and an acrylate-based PIL block with

mobile bis(trifluoromethylsulfonyl)imide (TFSI") anions (both are hydrophobic domains). This



study is the first report on the synthesis of a proton conducting (H") S-PILBCP with mobile protons
(hydrophilic domain) and TFSI" anions (hydrophobic domains), where recently this S-PILBCP has
demonstrated successful improved ORR and fuel cell performance.*’- 48

Herein, we report the synthesis of a proton-conducting S-PILBCP containing a styrene-based
sulfonic acid block with mobile protons (H") and a styrene-based PIL block with mobile TFST
anions via reversible addition-fragmentation chain transfer (RAFT) polymerization and post-
polymerization modifications. The thermal properties, morphology, ion conductivity, and water
transport of the S-PILBCPs were investigated at three different PIL compositions. Note that, the
morphology, ion conductivity, and water transport were studied with bulk films. Despite it is not
a very close mimic of ionomer binder layer in terms of thickness, this study investigated the

synthesis and transport properties of the S-PILBCPs, elucidating their potential as novel ionomers

for PEMFCs with enhanced ORR activity and fuel cell performance.

2. Experimental
2.1. Materials

2-cyanobutanyl-2-yl 3,5-dimethyl-1H-pyrazole-1-carbodithioate (chain transfer agent (CTA), >
95%) was used as received from Boron Molecular. 4-cyano-4-(phenylcarbonothioylthio)pentanoic

acid (CTA, > 95%), toluene (anhydrous, 99.8%), tetrahydrofuran (THF, anhydrous, = 99.9%),
methanol (ACS reagent, = 99.8%), 4-vinylbenzyl chloride (VBC, 90%), N, N-dimethylformamide
(DMF, ACS reagent, = 99.8%), N-methylimidazole (MIm, ReagentPlus®, 99%), acetone (ACS
reagent, = 99.5%), hexane (anhydrous, 95%), bis(trifluoromethane) sulfonimide lithium salt
(LiTFSI, 99.95% trace metals basis), acetic anhydride (ReagentPlus®, = 99%), sulfuric acid
(ACS reagent, 95.0-98.0%), dicholoromethane (DCM, ACS reagent, = 99.5%), chloroform-d
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(CDCl3, 99.96 atom % D, contains 0.03 % (v/v) TMS), acetonitrile-d3 (ACN-d3, = 99.8 atom%

D), and dimethyl sulfoxide-ds (DMSO-ds, 99.9 atom % D, contains 0.03% v/v TMS) were used as
received from Sigma-Aldrich. Bis(trifluoromethanesulfonyl)imide (HTFSI, > 99.0%) was used as
received from TCI chemicals. Styrene (ReagentPlus®, contains 4-tert-butylcatechol as stabilizer,
> 99%, Sigma-Aldrich) was purified by passing through inhibitor remover (for removing tert-
butylcatechol, Sigma-Aldrich) prior to polymerization. 2,2"-azobis(2-methylpropionitrile) (AIBN,
98%) and 1,1'-azobis(cyclohexanecarbonitrile) (VAZO-88, 98%, Sigma-Aldrich) were
recrystallized twice in methanol. Deionized (DI) water with resistivity ca. 16MQ cm was used as

appropriate. Acetyl sulfate was synthesized in accordance with literature procedures.*’

2.2. Synthesis of polystyrene (PS) macro-chain transfer agent (macro-CTA)

RAFT polymerization was utilized to synthesize PS macro-CTA (Scheme 1(1)). Reaction
procedure for synthesizing PS macro-CTA for poly(SS-H-b6-VBMIm-TFSI-35.5) is given as
follows: 250.63 g of styrene (2.41 mol) and 6.0855 g of CTA (0.0240 mol) were added into 250.06
g toluene in a 1 L three-neck round bottom flask equipped with a condenser. At room temperature,
the solution was purged with nitrogen for 1 h. The mixture was then heated to reach reflux and
reacted for 22 h under continuous nitrogen purge. The product was twice precipitated in methanol,
filtered, and then dried under vacuum at room temperature for 24 h. Yield: 120.48 g of solid
particles. 'H NMR (500 MHz, CDCls, 23 °C) & (ppm): 7.25-6.27 (m, CeHs), 2.15-1.70 (m,
CH,—CH), 1.70-1.15 (m, CH>—CH) (NMR, Figure 2(I)); SEC (THF, 40 °C): Mn = 5.36 kg mol !,
D = Mw/Mn = 1.17 (against PS standards) (SEC, Figure S1, Supporting Information). Poly(SS-H-
b-VBMIm-TFSI-21.6) was synthesized using 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid

as CTA. Poly(SS-H-b-VBMIm-TFSI-48.8) was synthesized using 2-cyanobutanyl-2-yl 3,5-



dimethyl-1H-pyrazole-1-carbodithioate as CTA. Detailed synthesis procedure of PS macro-CTAs
for poly(SS-H-b-VBMIm-TFSI-21.6) and poly(SS-H-b-VBMIm-TFSI-48.8) can be found in

Supporting Information.
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Scheme 1. Synthesis of proton-conducting S-PILBCPs. (1) styrene, CTA (2-cyanobutanyl-2-yl
3,5-dimethyl-1H-pyrazole-1-carbodithioate), toluene or THF, reflux, 22 h; (2) PS macro-CTA,
VBC, AIBN, THF, reflux, 5 h; (3) N-methylimidazole, DMF, 80 °C, 48 h; (4) LiTFSI, DMF, 50
°C, 48 h; (5) DCM, acetyl sulfate, reflux, 5 h. Poly(SS-H-b-VBMIm-TFSI-21.6) was synthesized

using 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid as CTA.
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Figure 2. 'H NMR spectra of poly(SS-H-6-VBMIm-TFSI-35.5) and related precursors: (I)
polystyrene (black) (II) poly(S-6-VBC) (orange) (III) poly(S-b-VBMIm-TFSI) (light blue) (IV)

poly(SS-H-b-VBMIm-TFSI) (dark blue).
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2.3. Synthesis of poly(S-b-VBC) diblock copolymer

The non-ionic diblock copolymer, poly(S-b-VBC), was prepared by RAFT polymerization
(Scheme 1(2)). An example of the reaction procedures is shown as follows: 50.05 g of PS macro-
CTA (9.3 mmol) and 142.73 g of VBC (0.94 mol) were added into 133.70 g THF in a 500 mL
three-neck round bottom flask equipped with a condenser. The mixture was stirred under
continuous nitrogen purge at room temperature for 1 h and then heated to reach reflux.
Subsequently, 0.1539 g of AIBN (0.94 mmol) was dissolved in 9.00 g of THF and purged for 5
min under nitrogen before injecting in the reactant mixture. After reacting for 5 h under reflux and
static nitrogen purge, the product was twice precipitated and extensively washed in methanol,
filtered, and then dried under vacuum at room temperature for 24 h. Yield: 79.0217 g of solid
particles. "H NMR (500 MHz, CDCls, 23 °C) & (ppm): 7.25-6.15 (m, CeHs and CeHs), 4.67—4.30
(m, C¢H4—CH>—Cl), 2.15-1.15 (m, CH>—CH, CH,-CH) (NMR, Figure 2(II)); My = 9.48 kg mol

(from '"H NMR analysis).

2.4. Synthesis of poly(S-b-VBMIm-TFSI) diblock copolymer

The ionic diblock  copolymer,  poly(S-b-VBMIm-TFSI) [VBMIm-TFSI

vinylbenzylmethylimidazolium bis(trifluoromethanesulfonyl)imide], was synthesized by the
quaternization of non-ionic polymer precursor poly(S-b-VBC), followed by anion exchange with
LiTFSI (shown in Scheme 1(3) and 1(4)). An example of the reaction procedures is shown as
follows: 20.0050 g of poly(S-6-VBC) (0.057 mol of VBC) was dissolved in 70 mL DMF in a 125
mL flask. 17.45 g (0.213 mol) of 1-methylimidazole (VBC/1-methylimidazole, 1/3.7 mol/mol)
was added dropwise to the mixture. The reaction was carried out at 80 °C for 48 h and terminated

by precipitation in hexane. Subsequently, the polymer was extensively washed in hexane and
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acetone and dried under vacuum at room temperature for at least 24 h. Yield: 26.2975 g solid
particles (105 %:; yield in excess of 100% due to residual acetone). Poly(S-6-VBMIm-Cl) was then
ion exchanged to TFSI™ form (Scheme 1(4)) by first dissolving 10.0052 g of poly(S-6-VBMIm-
CI) (0.024 mol of CI") in 20 mL of DMF. Solution of 10.78 g (0.038 mol) of LiTFSI in 10 mL of
DMF were added dropwise into the polymer solution (ClI/TFSI" = 1/1.6 mol/mol). The reaction
was carried out at 50 °C for 48 h and terminated by precipitating the reaction mixture in 440 mL
of water/methanol (1/1 v/v). The anion exchanged polymer, poly(S-6-VBMIm-TFSI), was washed
multiple times with DI water for 72 h, filtered, and dried under vacuum at room temperature for
24 h. Yield: 14.2754 g of solid polymer (90.4 %). '"H NMR (500 MHz, DMSO-dg, 23 °C) & (ppm):
9.27-8.93 (s, N—CH=N), 7.81-7.29 (s, N-CH=CH-N), 7.29—-6.02 (m, C¢H4 and CsHs), 5.43—4.87
(m, CéHs—CH>—N), 3.92-3.60 (s, N—CH3), 2.30—0.60 (m, CH>—CH, CH>—CH) (NMR, Figure
2(I1D)). Elemental analysis (EA) calculated: C, 53.04; H, 4.45; N, 6.29; Cl, 0.00; S, 9.59; F, 17.05.

Found: C, 51.80; H, 4.43; N, 6.65; Cl, 0.00; S, 10.08; F, 16.17.

2.5. Synthesis of poly(SS-H-b-VBMIm-TFSI) diblock copolymer

Poly(SS-H-6-VBMIm-TFSI) (H refers to proton or acid form of sulfonated styrene) was
synthesized by the sulfonation of poly(S-6-VBMIm-TFSI) in accordance with a literature
procedure® (Scheme 1(5)). Poly(S-b-VBMIm-TFSI) (2.0013 g) was dissolved in dry
dichloromethane (40 mL) to achieve a 5% (w/v) solution. The sulfonation reaction was started by
adding acetyl sulfate solution (1/1 mol acid/mol S; 0.9006 g acetic anhydride, 0.5376 g H>SO4 in
10 mL of dry dichloromethane) dropwise into the solution under reflux. The solution appeared
dark brown after reacting for 5 h. 5 mL of methanol was slowly added into the reaction mixture to

stop the reaction. The sulfonated polymer was then precipitated and washed with hexane, followed
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by drying under vacuum at room temperature for 24 h. 0.9952 g of the precipitate was then purified
by washing with 20 mL HTFSI aqueous solution for 24 h twice (2/1 mol HTFSI/mol SS; 1.27 g
HTFSI) followed by drying in a vacuum oven at room temperature for 12 h. Yield: 0.862 g of solid
particles. 'H NMR (500 MHz, ACN-ds, 23 °C) & (ppm): 8.82—8.21 (s, N-CH=N), 7.87-7.26 (s,
N-CH=CH-N), 7.26—6.09 (m, CsHs, C¢Hs), 5.45-4.79 (m, C¢Hs—CH>—N), 4.32-3.86 (s, H")
3.86—3.55 (s, N—CHs3), 2.50—0.70 (m, CH,—CH, CH>,—CH) (NMR, Figure 2(IV)). EA calculated
(based on 40% sulfonation): C, 48.80; H, 4.09; N, 5.78; S, 12.03; F, 15.69. EA Found: C, 47.76;

H, 4.25; N, 5.98; S, 11.17; F, 16.27.

2.6. Characterization

The molecular weight and molecular weight distribution of PS macro-CTA was determined by
size exclusion chromatography (SEC) with a Waters SEC system equipped with a THF Styragel
column (Styragel@HR S5E, effective separation of molecular weight range: 2 to 4000 kg mol™)
and a 2414 refractive index (RI) detector. SEC was calibrated using PS standards (Mw: 2.97 to 983
kg mol™!) and the experiments were conducted using THF as mobile phase (flow rate: 1.0 mL/min)
at 40 °C. Proton nuclear magnetic resonance spectroscopy ('H NMR; Varian 500 MHz
spectrometer, 23 °C) was conducted for chemical analysis with various deuterium solvents. 'H
NMR spectra of PS macro-CTA and poly(S-b-VBC) were performed referencing to CDCl3 at 7.27
ppm. 'H NMR spectra of poly(S-b-VBMIm-CI) and poly(S-b-VBMIm-TFSI) were performed
referencing to DMSO-ds at 2.50 ppm. 'H NMR spectra of the poly(SS-H-b-VBMIm-TFSI) were
performed referencing to ACN-ds at 1.94 ppm. EA was conducted by Atlantic Microlab, Inc.,

Norcross, GA.
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A Fourier transform infrared (FTIR) spectrometer (Nicolet 6700 Series; Thermo Electron
Corporation) equipped with a single reflection diamond attenuated total reflection (ATR)
accessory (Specac; Quest) was used to perform infrared spectroscopy. All infrared spectra were
collected using a liquid nitrogen-cooled mercury-cadmium-telluride (MCT) detector at 32 scans
per spectrum, a resolution of 4, and data spacing of 1.928 cm™!. The collected spectra were
corrected with a background subtraction of the spectrum of the bare ATR crystal.

Glass transition temperatures (Tgs) were measured by differential scanning calorimetry (DSC;
TA Instruments, Q200) under a N> environment (50 mL/min) over a temperature range of -140 °C
to 200 °C (heating/cooling rate: 10 °C/min). Ty was determined on the second heating cycle
thermogram using the mid-point method. Thermal degradation temperatures (Tqs) were measured
by thermal gravimetric analysis (TGA; TA Instruments, Q50) under nitrogen environment (60
mL/min) from 20 to 900 °C (heating rate: 10 °C/min). Tq was determined at 5 % weight loss of
the polymers after the initial loss of atmospheric moisture.

Small-angle X-ray scattering (SAXS) profiles were collected with a Rigaku SMAX-3000
instrument. Characteristic Cu X-rays with a wavelength (1) of 1.542 A was generated at 40 kV and
30 mA by a rotating copper anode (MicroMax-007HFM, Rigaku). The X-rays were focused,
monochromated, and collimated using a Confocal Max-Flux double-focusing optic and subsequent
pinhole collimation. The SAXS data were collected by a Gabriel-type 2D multi-wire detector at a
sample-to-detector distance of 1.5 m and calibrated with silver behenate. SAXS experiments were
performed with exposure times ranging from 900 to 3600s under vacuum at room temperature.
The raw data were corrected for transmission and background noise, then averaged azimuthally to
give intensity as a function of momentum transfer magnitude, I(q), where q = 4= (sin 6)/A and 26

is the scattering angle (q range: 0.07 nm™' - 3 nm™"). The intensities were reported in arbitrary units
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(a.u.). Data was analyzed by Igor Pro v8.04 (WaveMetrics, Inc) with procedures from Argonne
National Laboratory.’® ' The films for SAXS experiments were prepared by first dissolving
PILBCPs in solvents (acetone for poly(S-6-VBMIm-TFSI) and ACN for poly(SS-H-5-VBMIm-
TFSI), respectively) to produce a 20% w/w polymer solution. The solutions were subsequently
cast on Mylar substrates and kept in an enclosed environment at room temperature for 48 h with
three open 10 mL beakers of solvents, i.e., solvent-evaporation. Subsequently, the films were dried
under vacuum at room temperature for 24 h and annealed at 100 °C for 48 h. The Mylar substrates

were removed prior to SAXS measurements.

2.8. lon Conductivity
The 1onic conductivities of poly(SS-H-b-VBMIm-TFSI) were measured using electrochemical
impedance spectroscopy (EIS; Solartron, 1260 impedance analyzer, 1287 electrochemical
interface, Zplot software) with an AC amplitude of 10 mV over a frequency range of 0.1 — 10° Hz.
In-plane conductivity were measured by a four-electrode configuration (BekkTech LLC, BT-112).
Temperature- and humidity-dependent conductivities were measured under controlled temperature
and humidity in an environmental chamber (Espec, BTL-433 model). Samples were exposed to
the corresponding temperature and humidity for at least 2 h to achieve equilibrium conditions.
Conductivity was determined by the following equation:
0 = Lelectrodes! AR (1)
where Leiectrodes 18 the distance between two inner electrodes, and A4 is the cross-sectional area of
the polymer film (4 = WI; W is the film width and / is the film thickness), and R is the real

impedance obtained from the Nyquist plot (x-intercept of the semicircle regression over a high
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frequency range). Six conductivity measurements were performed at each equilibrium conditions
and an average value of these steady-state measurements is reported.

The films for conductivity experiments were prepared by first dissolving poly(SS-H-5-VBMIm-
TFSI) in ACN to make a 5% w/w polymer solution and cast onto glass substrates (ca. 30 mm
(length) x 7 mm (width) x 1 mm (thickness)). The films were cast in an enclosed ambient
environment for 24 h and then dried in vacuum oven at room temperature for 12 h prior to
conductivity measurements. The film thicknesses were averages of six repeated measurements by
a Mitutoyo digital micrometer (= 1 um accuracy). The thickness of the films for conductivity

measurements are ca. 30 - 50 pm.

2.9. Water Vapor Sorption

Water vapor sorption (S) was investigated with dynamic vapor sorption (DVS; TA Instruments,
Q5000) at controlled temperatures and humidity. To remove any residual water in the sample,
powder samples were preconditioned at 60 °C and 0% RH in the DVS until equilibrium was
established (i.e., < 0.05 wt% change for at least 30 min) for all conditions. Subsequently, the
relative humidity was systematically adjusted to 30%, 45%, 60%, 75%, and 90% RH at 60 °C, and
then maintained at 90% RH, while temperature was systematically changed to 50 °C, 40 °C, and
30 °C, equilibrating at each condition. The polymer water vapor equilibrium sorption (S) [wt%, g

H>O/g dry polymer] was determined by the following equation:

w-w,
Wy

s=220 %100 )

where Wy and W are dry and wet polymer weights measured before and after the DVS experiment,

respectively.
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Water vapor sorption kinetics was investigated with DVS at controlled water activities. Free-
standing films were first preconditioned at 0% RH and the corresponding temperature until
equilibrium was reached (i.e., < 0.05 wt% change for at least 30 min) at all temperatures. Activity
was then changed from 0.1 to 0.9 by systematically applying step changes of 0.1 and maintained
at the condition until sorption equilibrium was established. After reaching equilibrium, the activity
was increased by 0.1 almost instantaneously (reference and sample humidity reached the new
activity within 1 min). Measurements were performed for each sample at 30, 40, 50 and 60 °C,
respectively, and repeated for each sample at each temperature three times.

The water vapor solubility [g water /€ polymer] Was calculated by (W-Wo)/Wo, where W) is dry
polymer weight measured when equilibrium was reached after preconditioned at 0% RH and W 1s
wet polymer weight measured when sorption equilibrium was established after each water activity
change. Sorption kinetic data were represented as the normalized mass intake M(t)/Meq, which is
the ratio between the mass sorption at time t and at equilibrium (eq), and were regressed to the
analytical solution of the one-dimensional mass continuity equation for planar coordinates with

constant mass boundary conditions following the method reported in literature® 3:

M(t) _ m(t)-mo 1 i o 1 -
M_eq - mgq-mg 1 2 n=0 (2n+1)2 eXp[ szt] (3)
f=M,n=O,l,2,,__oo "

21

where mo and 1 are the initial polymer weight at t = 0 and the polymer film thickness, respectively.
D is the diffusion coefficient of water vapor in the polymer, which is the only adjustable parameter
in the regression.

The films for water vapor sorption kinetic experiments were prepared by first dissolving
poly(SS-H-b-VBMIm-TFSI) in ACN to produce a 10% w/w polymer solution. Polymer solutions

were cast onto Mylar substrates in an enclosed environment at room temperature for 48 h with
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three open 10 mL beakers of solvents. The films were then dried in a vacuum oven at room
temperature for 12 h. The Mylar substrates were removed prior to water sorption measurements.
The film thicknesses reported were averages of three repeated measurements by a Mitutoyo digital
micrometer with +£ 1 um accuracy. The thickness of the films for water vapor sorption kinetic

experiments were ca. 100 - 400 pum.

3. Results and Discussion

A series of sulfonated styrene-based PIL block copolymers (S-PILBCPs) were synthesized at
various compositions with two sequential ionic blocks, where one block consists of a partially
sulfonated polystyrene with tethered sulfonate anion (SO3") and mobile proton (H"), and another
block consists of a styrene-based PIL with tethered N-heterocyclic imidazolium cation (MIm™) and
mobile hydrophobic anion (TFSI") (Table 1). This series of S-PILBCPs were synthesized via a
five-step synthetic pathway: (1,2) sequential RAFT polymerization, (3) post-functionalization
reaction, (4) anion exchange reaction, and (5) sulfonation reaction (Scheme 1). The chemistry of
the S-PILBCPs and precursors was characterized using '"H NMR spectroscopy and the NMR
spectra for the non-sulfonated and sulfonated PILBCP at a specific composition are shown in
Figure 2. Different from our previous work*® (a sulfonated acrylated-based PIL block copolymer
with Li" counter cations instead of H" counter cations), sequential RAFT polymerization was
performed under reflux in this study to synthesize the non-ionic styrene-based diblock copolymer
(i.e., poly(S-6-VBC()) at a larger scale (ca. 80 g). PS was first synthesized as macro-CTAs with
molecular weights of 6.32 kg mol™, 5.36 kg mol™!, and 4.63 kg mol!, respectively (Figure SI,
Supporting Information). Poly(S-56-VBC) was then synthesized targeting approximately 80 repeat

units in total with different PIL block volume fractions. The VBC block molar composition in
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poly(S-b-VBC) (Table 1) was determined from the relative integration ratio of proton resonances

of the methylene group in VBC at 4.30—4.67 ppm (CH>—Cl, labeled (d)) to the sum of all aromatic

5d
d+2(a+b+c+a’+b’)

proton resonances at ortho (a and a’), meta (b and b”), and para positions (c) (i.e.,

)

(Figure 2(I1)). After the functionalization, the presence of the protons and methyl group of the
imidazolium rings was observed in NMR spectra of all PILBCPs, indicating the functionalization
reactions were successfully performed. The integration ratio of the imidazolium ring protons at

C4,5) (f, g) positions (7.29-7.81 ppm) to the aromatic protons (6.02—7.29 ppm) (i.e.,

5(f+9)
(f+g)+2(a+b+c+a’+b’)

) (Figure 2(I1I)) matched with the composition of VBC block in the neutral

polymers, indicating all PILBCPs were fully functionalized. Additionally, elemental analysis (EA)
was conducted to confirm the efficacy of the anion exchange reactions. A close match of the
experimental and theoretical compositions of the anion exchanged PILBCPs was observed with
negligibly small chloride content, indicating the polymers were successfully exchanged to TFSI
form. The molecular weights of the TFSI-conducting PILBCPs, poly(S-b-VBMIm-TFSI), can be
calculated from the molecular weight of PS, PIL block molar composition, and the chemical
structure of poly(S-6-VBMIm-TFSI) (Table 1). The sulfuric acid group was then introduced onto
the aromatic ring of PS block via sulfonation, following similar procedure in literature.*’ Note that,
a color change to brown was observed after the sulfonation reaction. The presence of the protons
on the imidazolium ring (Figure 2(IV)) were still observed at a similar chemical shift in S-
PILBCPs compared to the spectra prior to sulfonation (Figure 2(IIl)), indicating the retention of
PIL chemistry after sulfonation. Degree of sulfonation was estimated to be ca. 40 mol% by
comparing the EA results before and after sulfonation. The NMR spectra of PILBCPs with PIL
block molar composition of 21.6% and 48.8% are shown in Supporting Information (Figure S2

and S3, Supporting Information).
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Table 1. PIL block copolymers (non-sulfonated and sulfonated) composition and thermal

properties.

PILBCPs® mol %' vol%" ?n/[gl-l)c Ta(°C)!  Ta (C)F  Te (°C)F
POIYT(IS:'SZ’I'_;’EQSIM' 216 484 13.99 337 40 98
POI-‘/T(E'S”I‘_;’?gIm‘ 355 65.6 18.30 350 37 89
POIYT(}S:‘SZ’I'_ngﬂm' 488 768 23.80 345 37 84
VBI;/?IIE;(-STSI;SI-Z;I 6) ] ) ) 240 ] o
VBI;/(I)Ilr}:f-STSl;gI-g_S.S) ) ) i 2> % 7
VBI;/(I)Ilr};(-STSI;gI-Z_tg.S) ) ) ) 28 % >

“Numbers correspond to PIL block mol % determined from 'H NMR spectroscopy. *Volume
fractions calculated from density of polystyrene (1.04 g cm ) and PIL homopolymer (1.40 g cm >
for poly(VBMIm-TFSI), calculation can be found in Supporting Information). ‘Determined from
the molecular weight of PS (SEC), PIL block composition (‘"H NMR), and the chemical structure
of poly(S-b-VBMIm-TFSI). ‘Determined by 5% polymer weight loss after subtracting the initial
loss of atmospheric moisture. “Determined by DSC using mid-point method.

Infrared spectra (Figure 3a) and TGA thermograms (Figure 3b) further confirmed the chemistry
of the S-PILBCPs and their precursors. The characteristic infrared bands of the TFSI anion were
observed in the non-sulfonated PILBCPs after anion exchange prior to the sulfonation (i.e., SO
asymmetric stretching: 1348 cm™, 1329 cm™, SO, symmetric stretching: 1133 cm™; CF;
stretching: 1226, 1180 cm™'; S-N-S stretching bands: 1053 cm™'), which is closely matched with
previous literature.>® 5> After sulfonation, the characteristic infrared bands of TFSI anion remain

in the spectra and two additional peaks appeared at 1035, 1006 cm™ (indicated by the arrows in

Figure 3a), representing the symmetric stretching vibrations of the sulfonate group and the in-plane
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bending vibrations of the phenyl ring (in styrene) para-substituted with the sulfonate group,
respectively.*” 3¢ Figure 3b shows the TGA thermograms of the S-PILBCPs and non-sulfonated
PILBCPs with TFSI anion at a specific composition and Table 1 lists the thermal decomposition
temperatures (Tqs) of all polymers. The non-sulfonated PILBCPs are thermally stable with an onset
T4 of 337, 350, 345 °C for PIL block molar compositions of 21.6%, 35.5%, 48.8%, respectively.
After sulfonation, a decrease of the onset Tq was observed in S-PILBCPs with all three
compositions, further confirming the success of the sulfonation reactions. The weight loss up to
200 °C can be resulted from the release of water molecules from the S-PILBCPs due to the
increased hydrophilicity after sulfonation. The extended temperature range for water release could
be resulted from the strong interaction between the absorbed water molecules and the sulfonic acid
groups.’’ The weight loss between 250 and 340 °C can be attributed to the cleavage of the sulfonate
from the styrene rings, consistent with previous studies on sulfonated PS.%’ Infrared spectra and
TGA thermograms of the S-PILBCPs and non-sulfonated PILBCPs with PIL block molar
compositions of 21.6% and 48.8% are shown in Supporting Information (Figure S5 and S6,

Supporting Information).
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Figure 3. (a) ATR-FTIR spectra and (b) TGA thermograms of poly(SS-H-b-VBMIm-TFSI-35.5)
and related non-sulfonated PILBCP: poly(SS-H-b-VBMIm-TFSI-35.5) (dark blue) and poly(S-b-
VBMIm-TFSI-35.5) (light blue). Arrows represent the characteristic infrared bands of the

sulfonate group.

Figure 4 shows the DSC thermograms of the S-PILBCPs and non-sulfonated PILBCPs at three
separate compositions and Table 1 lists the glass transition temperatures (Tgs) of all polymers. The
non-sulfonated PILBCPs, poly(S-b-VBMIm-TFSI), exhibit two distinct Tgs (Figure 4a), where the
lower Tg (ca. 37 °C) corresponds to the PIL block (i.e., poly(VBMIm-TFSI)) and the higher T,
(84 to 98 °C) corresponds to the PS block, suggesting microphase separation of the non-sulfonated
poly(S-6-VBMIm-TFSI) diblock copolymers. The DSC thermograms for poly(SS-H-6-VBMIm-
TFSI) are shown in Figure 4b. After sulfonation, two distinct Tgs can be found at higher PIL block
composition (i.e., poly(SS-H-b-VBMIm-TFSI-35.5) and poly(SS-H-b-VBMIm-TFSI-48.8)),

while only one T, is measurable for poly(SS-H-b-VBMIm-TFSI-21.6) with lower PIL block
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composition. The Tgs of the PIL block were observed at 36 °C, consistent with the non-sulfonated
PILBCPs prior to sulfonation in Figure 4a. The disappearance of the PIL block Ty in poly(SS-H-
b-VBMIm-TFSI-21.6) might be attributed to the increasing ion interaction after sulfonation and
the relatively low PIL block composition, where the glass transition of PIL block may not be
detected as a distinct Tg. The Tgs of the partially sulfonated PS block were found in all three
compositions (i.e., 113 °C, 107 °C, 94 °C for PIL molar compositions of 21.6%, 35.5%, 48.8%,
respectively) of the S-PILBCPs and increased approximately 15 °C compared to the Tgs of PS
block before sulfonation, as a result of the addition of the polar sulfonate group tethered to the
aromatic ring. These results suggest that microphase separation is maintained even after the

sulfonation at high PIL block composition.
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Figure 4. DSC thermograms of (a) non-sulfonated PILBCP (poly(S-b-VBMImTFSI)) and (b)
sulfonated PILBCP (S-PILBCPs; poly(SS-H-b6-VBMImTFSI)); PIL molar compositions: 21.6%

(red), 35.5% (blue), 48.8% (green).
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SAXS profiles of the S-PILBCPs and the corresponding non-sulfonated TFSI-conducting
PILBCPs with PIL block molar composition ranging from 21.6% to 48.8% (48.4 to 76.8 vol%)
are shown in Figure 5. Bragg peak locations were determined from regression of the profiles using
Igor Pro v8.04 (WaveMetrics, Inc) with procedures from Argonne National Laboratory.’® °! The
domain spacings (d*) were determined by d* = 2n/q* (q*: primary scattering peak position) and
are listed in Table 2. In Figure 5a, the non-sulfonated PILBCPs exhibit multiple scattering peaks
at all three PIL compositions, indicating the presence of strong periodic microphase separation
supporting the multiple Tgs observed in the DSC thermograms (Figure 4). Poly(S-b-VBMIm-
TFSI-21.6) (PIL block volume fraction of 48.4%) exhibited four scattering peaks at q*, ~V3q*,
2q*, and ~V12q* (q* = 0.36 nm’), suggesting an ordered hexagonal packed cylindrical
morphology. Note that, the second and fourth peak q values are slightly different from the ideal
Bragg peak location q value (i.e., second peak: 1.57q* (real) vs 1.73q* (ideal); fourth peak: 3.29q*
(real) vs 3.46g* (ideal)) due to the broadness of peak deconvoluted from overlapping shoulder and
increased noise at higher q positions. The average interdomain spacing was calculated to be 17.3
nm. Note that a different morphology was observed for poly(S-6-VBMImTFSI-21.6) compared to
a PILBCP polymer with similar chemistry and PIL block composition in literature,’® which may
be attributed to differences in the film processing procedure (e.g., solution casting procedure,
substrate, thermal annealing temperature and time). When the volume fraction of PIL block
increased to 65.6%, poly(S-b-VBMIm-TFSI-35.5) showed four distinct scattering peaks at q*,
2q*, V7q*, and V13q* (q* = 0.35 nm™"), suggesting a hexagonal packed cylindrical morphology
with higher long-range order as evidenced by sharper scattering peaks. The average interdomain
spacing was calculated to be 17.9 nm. When the PIL block volume fraction further increased to

76.8%, poly(S-b-VBMIm-TFSI-48.8) showed four scattering peaks at q*, 2q*, ~\7q* and ~V12q*
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(@* = 0.39 nm™") again corresponding to a hexagonal packed cylindrical morphology. The
morphology and scattering patterns of the non-sulfonated PILBCPs were in good agreement with
the literature.’® The average interdomain spacing was calculated to be 16.1 nm. With the increase

in PIL block composition, the interdomain spacing slightly decreased.
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Figure 5. SAXS profiles of (a) non-sulfonated PILBCP (poly(S-6-VBMImTEFSI)) and (b)

sulfonated PILBCP (S-PILBCPs; poly(SS-H-b6-VBMImTFSI)); PIL molar compositions: 21.6%

(red), 35.5% (blue), 48.8% (green).

Table 2. Sulfonated PIL block copolymers morphology and ion transport properties.
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interdomain c water diffusion

S-PILBCPs® spacing, d* . S4(wWt%) coefficient
(mS cm™) 5
(nm)° (cm?/s)
Poly(SS-H-b-VBMIm- B
TFSI-21.6) 122 422 21.4 2.15x 10
Poly(SS-H-b-VBMIm- -
TFSI-35.5) 13.7 0.8 8.2 5.03 x 10
Poly(SS-H-b-VBMIm- p
TFSI-48.8) 13.9 34 7.6 1.02 x 10

“Numbers correspond to PIL mol % determined from 'H NMR spectroscopy. °Calculated from the
primary scattering peak location (d* = 2r/q*) from SAXS profiles. “Measured by EIS at 60 °C and
90% RH. 9Calculated by water vapor sorption data from DVS at 60 °C and 90% RH. °Calculated
from the regression of water sorption kinetics data from DVS at 60 °C and 90% RH to Fick’s
second law.

After sulfonation, poly(SS-H-b-VBMIm-TFSI-21.6) exhibited a broad peak at q* = 0.51 nm'
(d* = 12.2 nm), indicating a weak microphase separation without long-range order attributed to
the low PIL block composition. For poly(SS-H-b-VBMIm-TFSI-35.5), three scattering peaks were
observed at q*, 2q*, and ~\7q* (q* = 0.46 nm™), suggesting a hexagonal packed cylindrical
morphology. The average interdomain spacing was calculated to be 13.7 nm. Poly(SS-H-b-
VBMIm-TFSI-48.8) exhibited a broad peak at g* = 0.45 nm™! (d* = 13.9 nm), indicating a weak
microphase separation without long-range order. With the increase in PIL block composition, the
interdomain spacing of S-PILBCPs slightly increased. Overall, the strength of microphase
separation decreased after sulfonation for all three compositions, which might be resulted from the
increased ion interaction between the tethered and mobile ions of the two blocks (i.e., complexing
between the tethered negatively charged sulfonic acid moieties, the mobile protons, the tethered
positively charged imidazolium moieties, and the mobile TFSI anions).

Figure 6a and 6b show the temperature-dependent ion conductivity and water equilibrium

sorption under 90% relative humidity (RH), respectively, of the S-PILBCPs with PIL molar

compositions ranging from 21.6% to 48.8%. Note that, the high conductivity for the S-PILBCPs

26



at 90% RH and increasing conductivity with decreasing PIL composition appear to be dominated
by the sulfonated block (i.e., proton conduction) due to the inherently hydrophobic PIL block and
low mobility of TFSI anion compared to protons. As temperature increases from 40 °C to 80 °C
under 90% RH, the conductivity (Figure 6a) increases following an Arrhenius behavior for all
three compositions, suggesting a water-assisted ion transport mechanism similar to Nafion as
reported in literature.”® The conductivity of poly(SS-H-b-VBMIm-TFSI-21.6) is comparable to
Nafion (e.g., 79.7 mS cm™ for poly(SS-H-b-VBMIm-TFSI-21.6) and 111.2 mS ¢cm! for Nafion at
80 °C, respectively). The activation energy of the S-PILBCPs were calculated to be 27.9, 25.8,
13.6 kJ mol™! for PIL molar compositions of 21.6%, 35.5% and 48.8%, respectively. Interestingly,
the conductivity reaches values of 79.7, 1.5, and 4.4 mS cm™ at 80 °C and 90% RH, following a
trend of 21.6 mol% > 48.8 mol% > 35.5 mol%. The conductivity of poly(SS-H-b-VBMIm-TFSI-
21.6) is significantly higher than poly(SS-H-b6-VBMIm-TFSI-35.5) and poly(SS-H-b-VBMIm-
TFSI-48.8), where the latter two achieve similar conductivity despite the difference in PIL block

composition.
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Figure 6. Temperature-dependent (a) ion conductivity and (b) water equilibrium sorption at 90%

RH and humidity-dependent (c¢) ion conductivity and (d) water equilibrium sorption at 60 °C for

S-PILBCPs and Nafion (black); PIL molar compositions: 21.6% (red), 35.5% (blue), and 48.8%

(green).

Water equilibrium sorption (Figure 6b) remains relatively constant for each polymer at 90% RH

in the temperature range of 30 °C - 60 °C. The water sorption of poly(SS-H-5-VBMIm-TFSI-21.6)
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(ca. 21 wt%) is approximately three-fold higher than poly(SS-H-b-VBMIm-TFSI-35.5) and
poly(SS-H-b-VBMIm-TFSI-48.8) (ca. 8% for both polymers) for all temperatures, following a
similar trend to the conductivity values, suggesting a water-assisted ion transport mechanism of
the S-PILBCPs. The higher amount of TFSI anions at higher PIL block composition increases the
hydrophobicity of the polymers, resulting in the significant water equilibrium sorption decrease
with increasing PIL block compositions. These results indicate that the hydrophobicity and the
conductivity of the S-PILBCP can be easily tuned by changing the block composition between
sulfonated PS and the PIL.

Figure 6¢ and 6d show the ion conductivity and water equilibrium sorption of the S-PILPTPs
under various relative humidity at 60 °C, respectively. Note that, the conductivity of poly(SS-H-
b-VBMIm-TFSI-35.5) at all humidity and the conductivity of poly(SS-H-b-VBMIm-TFSI-48.8)
at 45% RH was not measurable possibly due to the low water sorption and brittleness of the
polymer at 60 °C under low relative humidity. The ion conductivity (Figure 6¢) of poly(SS-H-b-
VBMIm-TFSI-21.6) increases by two orders of magnitude (0.4 —47.7 mS cm™) with the humidity
increase from 30% to 90% RH at 60 °C, and similar trend was observed for poly(SS-H-b6-VBMIm-
TFSI-48.8) from 60% to 90% RH. The water sorption (Figure 6d) increases ca. 5-fold with
increasing humidity from 30% to 90% RH for all three polymers. Poly(SS-H-b-VBMIm-TFSI-
21.6) achieved the highest water equilibrium sorption (4.3 —22.4 wt%) among the polymers, while
a similar water sorption increase was observed for poly(SS-H-6-VBMIm-TFSI-35.5) (1.6 — 8.2
wt%) and poly(SS-H-6-VBMIm-TFSI-48.8) (1.5 — 7.6 wt%). In addition, a similar trend of
conductivity versus water content was observed for both poly(SS-H-5-VBMIm-TFSI-21.6) and

poly(SS-H-b-VBMIm-TFSI-48.8) (Figure S7, Supporting Information). This further provides
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evidence of the conductivity—water relationship (i.e., conductivity increases with increasing water
sorption in the polymer) for the S-PILBCPs.

In addition to ion conductivity and water sorption, water diffusion in S-PILBCPs was
investigated via DVS experiments over a range of water activities (0 — 0.9) at various temperatures
(60, 50, 40, and 30 °C). Figure 7a illustrates one series of water sorption kinetic profiles for
poly(SS-H-b-VBMIm-TFSI-35.5) at 60 °C responding to the water vapor activity changes (step
changes of 0.1 over a range of 0 to 0.9). The water sorption kinetic data were regressed to the
solution of Fick’s second law with the appropriate boundary conditions (Equation 3). An example
of the regression for one step change for this experiment (water activity: 0 —0.1) is shown in Figure
7b, where the experimental data match well with the model, suggesting a Fickian diffusion
mechanism for water vapor in the S-PILBCPs. The calculated water vapor diffusivity was 6.26 X
10”7 cm?/s. All water sorption kinetic profiles at various temperatures in S-PILBCPs with different

PIL block compositions were analyzed using the same method.
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Figure 7. (a) Multiple water vapor sorption kinetic in response to multiple differential external
water vapor activity step changes. (b) Water sorption kinetics profile in response to an external
water vapor activity step change of 0 to 0.1. The solid black line represents a regression of the
experimental data to Equation 3 (Fick’s second law), where the diffusion coefficient, D, was the

only adjustable parameter. All data for poly(SS-H-6-VBMIm-TFSI-35.5) at 60 °C.

Figure 8a shows the average diffusion coefficients from the water sorption kinetic experiments
for poly(SS-H-b6-VBMIm-TFSI-35.5) versus water vapor activity at 60, 50, 40, and 30 °C. The
diffusion coefficients increase slightly with increasing temperature at the same water activity (i.e.,
1.55 x 107 cm?/s at 30 °C to 5.03 x 107 cm?/s at 60 °C under a water activity change from 0.8 to
0.9). The average diffusivities at 60, 50, 40, and 30 °C were 7.34 x 10 cm?/s, 4.45 x 107" cm?/s,
2.92 x 107 cm?/s, and 1.81 x 10”7 cm?/s, respectively. The increase of diffusivity from 30 °C to 60
°C could be attributed to a thermal hopping mechanism. At all temperatures, the diffusion
coefficients exhibited a fluctuation over the range of water activities, with values ranging from 10
®to 107 cm?/s, similar in trend to water diffusion in other polymers in literature.’-%3 The values
slightly increase with the increase of water vapor activity and reaches a maximum at the water
activity of ca. 0.6-0.7, then decrease with the increasing water activity from 0.7 to 0.9 (i.e., a
parabolic shape). This parabolic behavior and weak dependency of diffusivity on water activity
could be attributed to the increasing ionic clustering and the plasticization of the polymers. The
increase in diffusion coefficients from water activity of 0 to 0.7 may be attributed to the increasing

t.63

free volume with increasing water content.”” After the maximum, the diffusivity decreases at

higher water vapor activity (0.7-0.9), possibly due to the self-association of water and the
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increasing sizes of the water clusters (i.e., the diffusant) with increasing activity, which can slow
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Figure 8. Water vapor (a) diffusion coefficients, (b) solubility, and (c) permeability in poly(SS-
H-b-VBMIm-TFSI-35.5) as a function of water activity at 60 °C (blue), 50 °C (purple), 40 °C

(pink), and 30 °C (orange).

Figure 8b shows the water vapor solubility (water vapor mass intake, gwater/€polymer) 0f poly(SS-
H-b-VBMIm-TFSI-35.5) versus water activity at multiple temperatures. Similar water vapor
solubility was observed at the same water activity for all temperatures and the solubility increases
with increasing humidity from ca. 0.006 (water activity of 0.1) to ca. 0.08 gwater/€polymer (Water
activity of 0.9). The water vapor permeability was readily calculated by the product of diffusion
coefficients and solubility (permeability = diffusivity % solubility). Figure 8c shows the water
vapor permeability versus water activity at multiple temperatures. The permeability increases with
increasing temperature following a similar trend as the diffusivity at different temperatures (i.e.,
solubility remains constant over the temperature range under a specific water activity). At all
temperatures, the permeability increases with the increase of water activity and reaches maximum
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values at higher water activity values (ca. 0.8) compared to that of the diffusion coefficients (ca.
0.6 — 0.7), which is due to the continuous increase of water vapor solubility over the water activity
range. Similar trend in water transport properties was observed in both poly(SS-H-b-VBMIm-
TFSI-21.6) and poly(SS-H-b6-VBMIm-TFSI-48.8) (Figure S8 and S9, Supporting Information).
Figure 9 shows the water vapor diffusivity (Figure 9a) and permeability (Figure 9b) versus water
activity for S-PILBCPs containing different PIL block compositions. A trend similar to Figure 8a
is observed in Figure 9a for S-PILBCPs at all PIL compositions; diffusivity for the water activity
step change of 0.8 — 0.9 at 60 °C for all three polymers are shown in Table 2. Interestingly,
increasing water diffusion coefficient was observed as PIL block composition increases at all water
activity (i.e., poly(SS-H-b-VBMIm-TFSI-48.8) > poly(SS-H-b-VBMIm-TFSI-35.5) > poly(SS-H-
b-VBMIm-TFSI-21.6)), most likely due to the fractional free volume increase from the increasing
composition of PIL block with large cation and anion sizes. A similar trend has been observed in
a study of water vapor diffusion in polymer blends of hydrophobic and hydrophilic polymers,
where the diffusion coefficient decreases with the addition of hydrophilic polymers that resulting
in lower fractional free volume of the blends.®® In Figure 9b, the permeability trend is similar to
the diffusivity trend (i.e., permeability increases with increasing PIL block composition). Similar
trends for diffusivity and permeability between PIL block compositions were observed at all

temperatures (Figure S10, Supporting Information).
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Figure 9. (a) Water vapor diffusion coefficients and (b) water vapor permeability as a function of
water activity at 60 °C for S-PILBCPs: poly(SS-H-b-VBMIm-TFSI-21.6) (red), poly(SS-H-b-

VBMIm-TFSI-35.5) (blue), and poly(SS-H-b-VBMIm-TFSI-48.8) (green).

In addition, the O> transport resistance, ORR activity, and fuel cell performance of MEAs
containing S-PILBCPs (from this study) as ionomers were investigated and compared to a MEA
containing Nafion as ionomers.*”*8 Rotating disk electrode (RDE) half-cell results showed that S-
PILBCP thin films with moderate to low thicknesses obtained similar O> permeability and O
transport resistance compared to Nafion.*” In MEA analysis, S-PILBCP only MEA showed higher
non-Fickian O transport resistance compared to Nafion-only MEA with similar loading,
especially at low RH, due to lower normalized electrochemical active surface area attributed to the
limited water uptake and the loss of well-connected proton pathways.*® Despite the higher oxygen
transport resistance, RDE half-cell results showed an 80% improvement in the ORR activity for
S-PILBCP incorporated catalyst layers compared to Nafion ones, and sulfonate adsorption was

significantly reduced for the S-PILBCP thin films in comparison to Nafion.*” The MEA with S-
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PILBCPs showed approximately double the catalyst mass and specific activity compared to those
observed for the MEA with Nafion, indicating the impact of S-PILBCPs on the ORR activity
improvement.*® A substantial enhancement in fuel cell performance was also achieved for the
MEA containing Nafion/S-PILBCP mixed ionomers compared to the Nafion only MEA. These
promising results suggest that the S-PILBCP not only achieves ex-situ ion and water transport
properties (e.g., conductivity, water equilibrium sorption) on par with the benchmark Nafion
ionomer, but also allows for the modification of the ionomer/catalyst interface, leading to catalytic

enhancement and improvement in the overall performance of PEMFCs.

4. Conclusion

In summary, a series of proton-conducting S-PILBCPs containing sulfonic acid moieties in the
sulfonated styrene block and IL moieties (VBMIm-TFSI) in the PIL block were successfully
synthesized and investigated as a function of block composition. The chemistry of the S-PILBCPs
was confirmed by 'H NMR spectroscopy, ATR-FTIR spectroscopy, and TGA. Hexagonal packed
cylindrical morphology was observed for the non-sulfonated PILBCPs, while a weakly microphase
separated morphology was observed after sulfonation, i.e., loss in periodicity. High conductivity
(79.7 mS cm™! at 80 °C and 90% RH, comparable to Nafion) with a moderate water content (22
wt% at 60 °C and 90% RH) was achieved at low PIL block composition. Ion conductivity and
water content decreased with increasing PIL block composition and water vapor diffusivity and
permeability increased with increasing water content and increasing temperature. This work
provides valuable insights into the synthesis and transport properties of S-PILBCPs as ionomers
for PEMFCs, which ultimately has led to substantial improvement in ORR activity and

subsequently fuel cell performance.
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