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ABSTRACT

Hydrocarbon proton exchange membranes (PEMs) are promising PFSA-free candidates for proton exchange membrane-based

electrochemical devices, but high conductivity is typically accompanied by excessive hydration and swelling. Here we introduce,

for the first time in a polymer electrolyte membrane, a sulfonic acid group bearing a difluoromethylene (—CF,—) substituent

directly adjacent to the acid site. Density functional theory calculations indicate that a-CF, substitution effectively lowers the pK,

of alkylsulfonic acid, suggesting enhanced proton dissociation under reduced hydration. Guided by this concept, we synthesized
the hydrocarbon membrane TPCF2SA and compared it with the alkylsulfonic acid analogue TPSA. TPCF2SA exhibits much lower
water uptake (20 vs. 51% at 80°C), lower hydration number (1 = 6.2 vs. 15), and lower swelling, while maintaining high proton

conductivity (87 vs. 79 mS cm™). Morphology analysis reveals a more distinct hydrated nanostructure for TPCF2SA at 80°C,
consistent with efficient proton-transport pathways at reduced water content. In water electrolyzers, TPCF2SA delivers 3.0 A cm—
at 1.79 V, strongly outperforming TPSA and approaching NR212. These results highlight acid-group design as a powerful strategy

for low-hydration, high-performance hydrocarbon PEMs.

1 | Introduction

Proton exchange membranes (PEMs) are fundamental to electro-
chemical technologies, including fuel cells, water electrolyzers,
and unitized reversible fuel cells, as they facilitate proton
transport while serving as gas barriers. The functionality of
a PEM depends on its proton conductive groups, specifically
strong Brensted acid sites that dissociate into mobile protons
and immobile anions tethered to the polymer backbone. The
efficiency of proton transport is fundamentally dictated by the
intrinsic acid strength (pK,), the density of acid sites, and the
microenvironment surrounding the acid sites [1]. These variables
define proton dissociation, coordination that forms a continuous

hydrogen-bond network, and the activation barriers governing
both Grotthuss and vehicle transport. Consequently, precise engi-
neering of proton-donor chemistry provides the primary strategy
for maximizing conductivity while balancing the competing
physical constraints of water uptake, swelling, and long-term
mechanical durability in the membrane.

The leading commercial PEMs are perfluorosulfonic acid (PFSA)
polymers such as Nafion, valued for their high conductivity,
dimensional stability, and chemical and mechanical robust-
ness [2, 3]. Their phase-separated morphology, arising from
highly acidic perfluorosulfonic acid side chains and a hydropho-
bic perfluorinated backbone, delivers high proton conductivity
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(>100 mS cm™) even at relatively low ion exchange capacity
(IEC, e.g., ~0.9 mequiv. g7t for NR212), enabling reliable and
durable operation in a wide range of devices. Although cost
initially motivated the search for alternatives, growing public
and regulatory attention to per- and polyfluoroalkyl substances
(PFAS) [4] are now providing a clear environmental drive for
developing hydrocarbon-based, low-fluorine membranes.

Many hydrocarbon membranes employ aromatic or alkyl sulfonic
acids as their proton-donating group, which can be introduced by
well-established chemistries: (a) post-sulfonation of the polymer
using reagents such as fuming sulfuric acid (oleum), chlorosul-
fonic acid, trimethylsilyl chlorosulfonate, or acetyl sulfate; [5-8]
(b) direct polymerization using sulfonated monomers; [9-11] and
(c) functionalization with thiol precursors followed by thiol oxi-
dation [12,13]. The most advanced sulfonated hydrocarbon mem-
branes have demonstrated conductivity and cell performance on
par with PFSA in electrochemical devices, [14-16] although sev-
eral recurring challenges still remain. Because organic sulfonic
acids are generally less acidic than the perfluoroalkylsulfonic
acid group in PFSA, hydrocarbon membranes typically require a
higher degree of sulfonation (i.e., higher IEC) to achieve compara-
ble proton dissociation and form a continuous hydrated conduc-
tion network [1]. Most high performing hydrocarbon PEMs with
>100 mS cm~! proton conductivity (at 80°C, >95% relative humid-
ity, RH) often have IEC of >2.5 mequiv. g! [17]. Increasing the
degree of sulfonation results in a trade-off between conductivity
gains and membrane robustness because increased water uptake
drives swelling and softening, increasing the risk of mechanical
failure of membranes. High water uptake and swelling also
facilitate radical access and attack, [18] accelerating chemical and
mechanical degradation. In addition, conductivity drops sharply
at low RH and elevated temperature as water content decreases
and the activation barrier for proton transport increases. This
performance profile does not align with modern fuel-cell targets,
which favor lower RH, higher temperature operation for faster
reaction kinetics and simplified water management [19]. In
water electrolyzers, where membranes operate under highly
hydrated conditions, excessive water uptake and dimensional
swelling can compromise mechanical integrity, increase gas
crossover, and reduce long-term durability under continuous
operation. Therefore, membrane design requires a careful balance
between maintaining high proton conductivity and limiting
excessive water uptake and swelling to ensure stable performance
across both low-humidity fuel cell and fully hydrated elec-
trolyzer operating conditions. Strategies such as reinforcement,
crosslinking, or other forms of mechanical enhancement are
therefore necessary for practical implementation of hydrocarbon
membranes [15, 20].

In this work, we focus on engineering the acid site to tune
Bronsted acidity of sulfonic acid, creating stronger and more
accessible proton conducting sites while limiting excessive
swelling in hydrocarbon PEMs. Our approach introduces a
previously unreported organic sulfonic acid motif within a
hydrocarbon polymer architecture: an alkylsulfonic acid group
bearing a difluoromethylene (—CF,—) substituent directly adja-
cent () to the acid site. While related OCF,SO;H-containing
hydrocarbon PEMs have been reported [21], the present a-CF,
alkyl sulfonic acid structure is distinct and, to our knowledge,
has not previously been incorporated into hydrocarbon PEMs.

This strategy does not rely on perfluoroalkyl chains, yet it
still delivers enhanced acidity relative to simple alkylsulfonic
acids. The a-CF, group acts as a localized electron-withdrawing
substituent that stabilizes the sulfonate conjugate base and lowers
the energy barrier for proton dissociation and transport. This
study demonstrates that targeted redesign of the acid function-
ality can enhance proton transport performance in hydrocar-
bon membranes while reducing reliance on high membrane
hydration.

2 | Results and Discussion

2.1 | pK, Value Calculation for Strong Sulfonic
Acids

Measuring experimental pK, values for very strong sulfonic acids
(pK, < -2) is inherently challenging [22]. In water, these acids
are often fully dissociated, and the definition of their pK, values
becomes sensitive to activity coefficients, ion pairing, and the
choice of reference state and measurement method [23], rather
than being accessible by straightforward titration. To enable a
comparable measure of strong acid compounds, we evaluated
acidity by calculating aqueous pK, values for organic sulfonic acid
compounds and their fluorinated counterparts under the same
computational model and solvation assumptions using density
functional theory (DFT) calculations. This approach has proven
reliable for assessing relative trends [24, 25], allowing comparison
of the Bronsted acidity of these sulfonic acids on a common
scale, even when absolute experimental pK, values are difficult
to obtain or unavailable in the literature.

Two pK, calculation schemes were employed: an empirical cycle
(Cycle A) [26] and a thermodynamic cycle (Cycle B) [27]. These
methods differ in their treatment of proton solvation: Cycle A
relies on the experimental absolute solvation free energy of the
proton, whereas Cycle B instead uses the hydronium-water pair
as a reference, thereby avoiding direct treatment of the proton
in solution. A detailed description of both schemes is provided
in the Supporting Information. For each scheme, both gas-phase
and solvated structures were optimized at two different levels of
theory: the hybrid B3LYP and the hybrid meta-GGA M06-2X, to
account for the electron exchange and correlation contribution
to systems’ Hamiltonian. The same basis set, 6-311++G(2d,2p),
was employed for all calculations. Solvation effects were treated
using an implicit continuum model (SMD) to represent the
aqueous environment. All computed pK, values, including results
from both thermodynamic cycles and both levels of theory,
are summarized in Table 1. We validated these approaches
using benchmark acids with reported experimental pK, values:
methanesulfonic acid (pK, = —1.92) and benzenesulfonic acid
(pK, = —2.8) [22]. Across the four computational methods,
predicted values for methanesulfonic acid ranged from —1.39 to
—3.15(with an absolute deviation |Al = 0.5-1.2 pK, units relative to
experiment), while benzenesulfonic acid was predicted between
—1.83 and —3.88 (IAl =~ 1.0 unit). The mean absolute deviation
from experiments is approximately 0.8-1.1 pK, units, which falls
within the typical accuracy range reported for DFT-based pK,
calculations employing implicit solvation models. Importantly,
all approaches reproduce the correct experimental ordering of
acidity, with benzenesulfonic acid predicted to be more acidic
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than methanesulfonic acid, indicating that the structural trends
are robust with respect to methodological choice.

MO06-2X systematically predicts lower pK, values than B3LYP
across the series for both thermodynamic cycles, typically by ~1
pK, unit. This reflects the expected sensitivity of deprotonation
free energies to the choice of exchange-correlation functional,
although the relative ordering of acids is preserved with both
functionals. When comparing calculation schemes, the water-
assisted Cycle B generally predicts stronger acidity than Cycle A.
This systematic shift (~0.9-1.2 pK, unit) arises from differences in
proton reference states and associated standard-state corrections
[28] but does not alter qualitative trends across the series,
indicating that both approaches are suitable for comparative
analysis.

All calculated acids exhibited a significant decrease in pK, upon
fluorination. Alkylsulfonic acids showed a larger reduction in pK,
than arylsulfonic acids when fluorinated. Using the Cycle B/M06-
2X protocol, trifluoromethanesulfonic acid (2, pK, = —12.65) and
perfluorohexanesulfonic acid (4, pK, = —12.89), which are the
fluorinated counterparts of methanesulfonic acid (1, pK, = —3.15)
and hexanesulfonic acid (3, pK, = —2.81), respectively, showed
a substantial decrease in their pKa values of approximately
9-10 units. This trend is attributed to the strong inductive effect
of fluorinated alkyl chains, which withdraw electron density
through o bonds, stabilizing the conjugate base of sulfonic acids.
In the case of aromatic sulfonic acid, the effect of fluorination
on the ring was found to be weaker than that of fluorination
on the alkyl chain, with a decrease of about 4 pK, units (e.g.,
pentafluorobenzenesulfonic acid (6), pK, = —7.94 and benzene-
sulfonic acid (5), pK, = —3.88). The pentafluorophenyl group is
inductively electron-withdrawing, but its effect is intermediate
between that of a nearly neutral phenyl group and more strongly
electron withdrawing trifluoromethyl group. This weaker induc-
tive withdrawal relative to perfluoroalkyl substituents may result
from disrupted p-z interactions between fluorine lone pairs
and the aromatic 7 system, along with a minimal resonance
electron-withdrawing contribution [29]. To further probe the
influence of fluorine substitution and the competing roles of
inductive and resonance effects on aromatic systems, para-
substituted benzenesulfonic acids were examined (Table S1).
Para-fluorination as in 4-fluorobenzenesulfonic acid (9, pK, =
—3.37) was found slightly less acidic relative to benzenesulfonic
acid (5), whereas substitution with a trifluoromethyl group, as in
4-(trifluoromethyl)benzenesulfonic acid, resulted in significantly
stronger acidity (10, pK, = —5.06), reflecting the purely inductive
electron-withdrawing character of the CF; group without com-
pensating resonance effects. The pK, value of the small molecule
analogue of Nafion, perfluoro(2-ethoxyethane)sulfonic acid, was
calculated to be —12.80 (8), comparable to that of perfluoro-
hexanesulfonic acid (4, pK, = —12.89). The result suggests that
having a perfluoroether spacer attached to sulfonic acid does not
diminish the through-bond inductive effect of a perfluoroalkyl
chain.

The calculated acidity follows a clear hierarchy, with highly
fluorinated and perfluorinated sulfonic acids exhibiting the
strongest acidity, followed by a-fluorinated alkyl systems, sub-
stituted aromatic sulfonic acids, and finally non-fluorinated
alkyl sulfonic acids. This trend highlights the dominant role of

Advanced Functional Materials, 2026

30f9

85U9017 SUOLLILLIOD SISO 3|gedt|dde sy Aq pausenob e sapiie YO 38N J0 3|1 1oy Areiqi aUI|UO 48] 1A UO (SUORIPUOD-PUR-SLULBH /WO AB 1M Afe.q 1 pU1 UO//SANY) SUO IPUOD PUe SWLB L 84} 89S *[9202/TT/0T] uo Ariqiauluo AB|IM ‘LizrLL WiPe/z00T OT/I0p/L0d Ao | imAtelq 1puluo"paoueApe//sdiy Wouy papeoumod ‘69 ‘9202 ‘820E9TIT



0=8=0

O

F3C
n
0O D QD O
O (i) O (if) O (i)

F F

F F

=s= =S=0
Z N

Br Br

TPCF2SA

0 i
2SN OH
o |

O:§=O

O, S
Y o

FIGURE 1 | The synthesis of hydrocarbon polymers with different acidity. (a) TPCF2SA: (i) 2-PySO,CF,H, LiHMDS, THF/HMPA, —98°C.
(ii) CF3COCHj3;, CF3SO3H/CF;COOH, CH,Cl,, 0°C. (iii) EtSNa, DMF/THEF, rt.; 5% H,0,, rt. (b) TPSA: (i) CF;COCH;, CF3SO3H/CF;COOH, CH,Cl,,
5°C. (ii) CH;COSK, DMAc, 60°C. (iii) H,0,, CH;COOH, H,0/(CH;),CHOH, 60°C.

inductive electron-withdrawing effects and their proximity to the
sulfonic acid group. Although its effect is weaker than that of
a perfluoroalkyl chain, fluorinating only the a-carbon adjacent
to the sulfonic acid distinctly increases acidity. The calculated
pK, value of a,a-difluoro-1-hexanesulfonic acid (7) was pK, =
—8.44, compared with hexanesulfonic acid (3, pK, = —2.81),
corresponding to a decrease of more than 5 pK, units. This result
indicates that introducing a single CF, group at the a-carbon
effectively provides a strong localized inductive effect, stabiliz-
ing the sulfonate conjugate base and yielding a significantly
stronger acid compared to the corresponding non-fluorinated
alkylsulfonic acid.

2.2 | Different Acidity Polymer Synthesis

We designed and synthesized two sulfonated hydrocarbon aro-
matic polymers with an identical backbone and membrane
architecture, differing only in the proton donating strength of
their side-chain sulfonic acid functionalities: one containing o,a-
difluoro-1-hexanesulfonic acid groups and the other containing
hexanesulfonic acid groups. We chose m-terphenyl as the aro-
matic backbone for its high molecular weight growth and strong
chemical stability [30, 31], along with its favorable morphology
and broad tunability through modular functionalization [32, 33].
This controlled design of proton exchange membranes allows
a direct, comparative analysis of acidity-driven properties and
performance differences. The synthetic route to these polymers
is shown in Figure 1.

We introduced an alkyl a,a-difluorosulfonic acid moiety via
nucleophilic difluoro(sulfonate)methylation to prepare the poly-
mer, TPCF2SA (Figure 1a). In this method, reaction of the pentyl
iodide-functionalized m-terphenyl via nucleophilic substitution
with 2-((difluoromethyl)sulfonyl)pyridine yielded the pyridine-
protected sulfonate precursor. The successful incorporation of

difluorosulfonylpyridine was confirmed by 'H and F Nuclear
magnetic resonance (NMR) spectroscopy (Figure S1) [34]. This
reaction proceeded only with the alkyl iodide, and the corre-
sponding alkyl bromo-functionalized m-terphenyl did not give
the desired products, indicating insufficient reactivity of the
alkyl bromide in this sensitive substitution. The monomer was
sequentially polymerized with a stoichiometric amount of triflu-
oroacetone by acid-catalysed polyhydroalkylation [30], yielding a
high molecular weight polymer, TPCF2Py, within 1h (M, 202.1 kg
mol ™, dispersity 3.3). The 2-pyridyl group remained intact (8.80,
8.10, 7.96, and partial 7.61-7.56 ppm, Figure 2a), effectively pro-
tecting the difluorosulfone functionality during polymerization.
Finally, cleavage of the pyridyl group with sodium ethanethiolate,
a mild basic nucleophile [34], generated difluoroalkylsulfonate
and afforded the highly acidic hydrocarbon polymer TPCF2SA.
Quantitative conversion was confirmed by 'H NMR, where
the pyridine peaks disappeared, and by YF NMR, where the
difluoromethylene peak was shifted from —102.1 to —106.7 ppm
(Figure 2b). Comparison of Fourier Transform Infrared (FTIR)
spectra further confirmed the structure of the sulfonated polymer
(Figure S2a). The SO, asymmetric stretch of the sulfonylpyridyl
group at 1345 cm™ shifted into the SO, asymmetric stretching
region at 1213 cm~! with the appearance of a broad O—H stretch
at 3470 cm™.

The alkylsulfonic acid-containing counterpart polymer, TPSA,
was synthesized to be compared with TPCF2SA (Figure 1b). The
bromohexyl-substituted terphenyl monomer and trifluoroace-
tone were polymerized via acid-catalysed polyhydroalkylation
[30]. The molecular weight of the polymer was M, 412.9 kg
mol~! with dispersity of 3.5, higher than those of TPCF2Py, which
may indicate more efficient molecular weight growth when using
less bulky monomer. The alkyl bromo group then reacted with
potassium thioacetate [35], resulting in a quantitative conversion
into the precursor of sulfonic acid, confirmed by replacement
of the CH,Br peak at 3.36 ppm with thioacetate peaks at
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FIGURE 2 | NMR spectra of the highly acidic sulfonated polymer, TPCF2SA. (a) 'H NMR of the precursor polymer TPCF2Py in CDCl; (inset: its
19F NMR spectrum). (b) 'H NMR of TPCF2SA after pyridyl deprotection in DMSO-d, (inset: its °F NMR spectrum).

TABLE 2 | Membrane properties.

Thickness Water Swelling Hf o
IEC (mequiv. (dry/wet, uptake degree (25/80°C, mS
Membrane g™hH? um) (25/80°C, %)® (25/80°C, %)® 1(25/80°C) cm™)°
TPCF2SA 1.8 60/65 8.8/20 7.8/14 2.7/6.2 40/87
TPSA 1.9 65/80 19/51 11/25 5.6/15 36/79
NR212 0.95 50/56 36/38 14/21 20/21 77/145

2The experimental IEC values determined by acid-base titration.

®The measurement was performed on membranes (H* form) after 24 h immersion in water.

“Measured in liquid water.

2.83 and 2.26 ppm in '"H NMR spectra (Figure S3). The polymer
was cast as a thin film and treated with hydrogen peroxide
and acetic acid to convert thioacetate to sulfonic acid, forming
an alkylsulfonic acid-functionalized proton exchange membrane.
The chemical structure was verified by 'H NMR spectra, which
showed disappearance of the thioacetate peaks and appearance
of CH,SO;H at 2.53 ppm in DMSO-d, (Figure S4b), and by
FTIR which showed disappearance of the thioacetate C=0
stretch at 1688 cm™ along with the appearance of SO; bands
at 1142 and 1037 cm™ and a broad O—H stretch at 3385 cm™
(Figure S2b).

2.3 | Characterization of Polymer Properties

The two sulfonated polymers, TPCF2SA and TPSA, were solvent
cast into thin film membranes with thicknesses in the range
of 60-65 um. Both polymers exhibit good solubility in polar
aprotic solvents and alcohols, while remaining insoluble in water
(Table S2). Their physicochemical and transport properties were

systematically evaluated and benchmarked against a commercial
NR212 membrane, with results summarized in Table 2.

Both membranes showed good agreement between titrated IEC
and the theoretical IEC calculated from NMR. TPSA exhibited
a titrated IEC of 1.90 mequiv. g™! vs. a theoretical value of 2.05
mequiv. g~!, while TPCF2SA showed 1.78 mequiv. g~! vs. 1.90
mequiv. g—1. The slightly lower IEC of TPCF2SA is consistent with
incorporation of the CF, group. These results indicate that the
sulfonic acid contents are broadly consistent with the targeted
polymer compositions. The small differences between theoretical
and experimental IEC values, approximately 6%-7%, are likely
due to inherent titration limitations, including incomplete ion
exchange during sample preparation and endpoint uncertainty.

The thermal stability of the membranes was analyzed by thermo-
gravimetric analysis (TGA) under nitrogen atmosphere (Figure
S4). The thermogram showed that TPSA began to decompose
at Tyos = 248°C, corresponding to the onset of desulfonation
[36]. In contrast, TPCF2SA membrane did not reach T,4s until
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346°C, indicating that the difluorosulfonic acid group is thermally
more stable than the alkylsulfonic acid group. In both cases,
the membranes exhibited thermal stability far above the normal
operating temperatures of most electrochemical devices.

Water uptake and dimensional swelling in liquid water were
measured at 25°C and 80°C, revealing temperature-dependent
differences in hydration behavior between the two hydrocar-
bon membranes under PEMWE-relevant conditions. TPCF2SA
absorbed 8.8% and 20% of its dry weight at 25°C and 80°C,
respectively, whereas TPSA exhibited markedly higher water
uptake of 19% and 51% under the same condition. The same trend
was observed in the swelling degree based on diagonal length
change after immersion in liquid water. TPCF2SA exhibited
swelling of 7.8% and 14% at 25°C and 80°C, respectively, while
TPSA swelled by 11% and 25% under the same conditions. The
lower water uptake and smaller dimensional change of TPCF2SA
are favorable as they can help mitigate membrane deformation
under hot, fully hydrated conditions. By contrast, the larger
swelling of TPSA could be less desirable for device operation,
although its dimensional change is still moderate compared with
that of many reported hydrocarbon membranes [37].

These differences in water uptake are reflected in the hydra-
tion number, A, which provides a more direct measure of the
amount of water associated with each acid site. TPCF2SA exhibits
notably low 4 values of 2.7 and 6.2 at 25 and 80°C, respectively,
whereas TPSA showed higher A values of 5.6 and 15 under the
same conditions. NR212 displayed higher A values of 20 and
21, consistent with the well-known ability of PFSA membranes
to retain substantial amounts of water within phase-separated
ionic domains. Despite its comparatively low hydration number,
TPCF2SA maintained high proton conductivity, reaching 40 and
87 mS cm™! at 25°C and 80°C, respectively, compared with 36
and 79 mS cm™ for TPSA. This is significant because many
reported hydrocarbon PEMs achieve high conductivity only at
higher hydration levels. For example, Pemion has been reported
to exhibit water uptake of 225% and 1 ~ 40 at 80°C, while
even after crosslinking it remains at 120% and 1 ~ 24 [20].
Likewise, sulfonated partially fluorinated poly(arylene ether)s
with IEC near 3 mequiv. g7! require 74%-143% water uptake
at 80°C to reach conductivities above 0.17 S cm™ [37]. Thus,
TPCF2SA is notable not for its absolute conductivity alone,
but for maintaining comparatively high proton conductivity at
exceptionally low hydration and low swelling. In this regard,
TPCF2SA demonstrates a unique combination of low water
uptake and high conductivity that distinguish it from previously
reported hydrocarbon PEMs.

Small angle x-ray scattering (SAXS) results suggest that the
higher acidity of TPCF2SA helps it build a more effective proton-
transport morphology, consistent with the conductivity and
hydration trends described above. SAXS measurements in liquid
water reveal clear differences in the nanostructure of the two
hydrocarbon membranes that emerge at elevated temperature
(Figure 3). At 25°C, both TPSA and TPCF2SA show relatively
broad, diffuse scattering profiles without a sharply defined fea-
ture, indicating limited long-range structural correlation in the
hydrated state. TPSA exhibits moderately higher overall scatter-
ing intensity than TPCF2SA, particularly at lower q, suggesting
stronger large-scale scattering contrast or concentration fluctu-

0.1 T
TPSA 25C
— —=TPCF2SA 25C
TPSA 80C
— —— TPCF2SA 80C
= N
S N
2 0014 ™
[72] -~
c
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£
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0.01 0.1

q (A"

FIGURE 3 | Integrated SAXS profiles of the membranes in water
at 25°C and 80°C. The TPCF2SA membrane shows a strong phase-
separation at higher temperatures with a sharp, low-q peak corresponding
to 32+2 nm of domain spacing.

ations. Upon heating to 80°C, both membranes show increased
low-q scattering, in agreement with enhanced structural het-
erogeneity under more highly hydrated conditions. A more
pronounced change was observed for TPCF2SA at 80°C, where a
distinct low-q scattering maximum corresponding to an apparent
length scale of approximately 30 nm in the hydrated morphology.
In contrast, TPSA at 80°C remains comparatively broad with no
similarly distinct scattering maximum. These results suggest that
TPCF2SA maintains a more distinguishable hydrated morphol-
ogy under elevated-temperature aqueous conditions, likely due to
its lower water uptake and reduced dimensional swelling relative
to TPSA. This preserved hydrated morphological correlation may
contribute to the favorable proton transport behavior of TPCF2SA
under PEMWE-relevant conditions. When considered together
with its lower A and higher conductivity, this behavior is con-
sistent and particularly significant because TPCF2SA achieves
a phase-separated nanoscale morphology without the higher
hydration observed for TPSA. This more favorable morphological
organization likely arises in part from the stronger acidity of
the CF,-substituted sulfonic acid group, which promotes ionic
segregation and local domain formation. The resulting ionic
domain structure, together with enhanced proton dissociation,
contributes to more efficient proton transport and the higher
conductivity of TPCF2SA at lower water content.

2.4 | Water Electrolyzer Performance

For electrochemical characterization, membrane electrode
assemblies (MEAs) were fabricated using catalyst coated
membranes (CCMs) with an active area of 5 cm?. IrO, was
used as the anode catalyst (0.4 mg cm™2), Pt/C was used as
the cathode catalyst (0.1 mg cm~2), and Nafion D2020 served
as the ionomer in both the catalyst layers. Single cell PEM
water electrolyzer testing was performed at 80°C with water
supplied only to the anode at a flow rate of 15 mL min~!. For a
straightforward initial comparison of membrane performance,
all CCM preparation procedures and testing parameters were
kept identical and followed the Nafion-optimized protocol. Note
that the membrane thickness varies slightly across samples
(Table 2), but the values fall within a comparable range (dry

6 of 9

Advanced Functional Materials, 2026

85U9017 SUOLLILLIOD SISO 3|gedt|dde sy Aq pausenob e sapiie YO 38N J0 3|1 1oy Areiqi aUI|UO 48] 1A UO (SUORIPUOD-PUR-SLULBH /WO AB 1M Afe.q 1 pU1 UO//SANY) SUO IPUOD PUe SWLB L 84} 89S *[9202/TT/0T] uo Ariqiauluo AB|IM ‘LizrLL WiPe/z00T OT/I0p/L0d Ao | imAtelq 1puluo"paoueApe//sdiy Wouy papeoumod ‘69 ‘9202 ‘820E9TIT



2.1 —e— NR212 (56 pym) .
—e— TPCF2SA (65 um)
2.0 TPSA (80 um)

— . . .

£100 - .

o

% 80 - AP 1

= Tse—o—0—o—0—0—0—0—0—0—0

x 601 .

L|_ a _a - - o - P - o - & - o P

T 40- -
0 1 2 3 4

Current density (A cm™)

FIGURE 4 | Water electrolyzer performance comparison of
TPCF2SA, TPSA, and NR212 as a baseline membrane. Anode: 0.40 mg;,
cm™2, cathode: 0.10 mgp; cm~2. Tonomer: D2020. Temperature at 80°C,
anode/cathode pressure = 1 atm, water flow rate = 15 mL min~'.

thickness 50-65 pm, wet thickness 56-80 um due to different
water uptake and swelling of membranes).

Polarization curves (Figure 4) shows clear performance differ-
ences between the two hydrocarbon membranes (TPCF2SA and
TPSA) with NR212 included as a benchmark. In the low-current
region at 0.2 A cm™2, the TPSA- and TPCF2SA-based MEAs
operated at 1.42 and 1.43 V, respectively, both comparable to
NR212 (1.43 V), indicating that these hydrocarbon membranes
support similarly favorable electrode kinetics. The TPCF2SA
MEA showed strong high-current performance, delivering 3.0 A
cm~2 at 1.79 V, approaching the performance of NR212, which
achieved 3.0 A cm™ at 1.74 V. In contrast, TPSA required
1.88 V to reach 3.0 A cm~2 and delivered only 2.50 A cm™2 at
1.80 V. Overall, these results demonstrate that the hydrocarbon
membrane with higher acidity, TPCF2SA supports significantly
improved PEMWE performance relative to TPSA at elevated cur-
rent densities while operating at comparatively low cell voltages.
Notably, TPCF2SA performs comparably to NR212 despite its
greater wet thickness (65 um vs. 56 um of NR212).

The observed polarization trends at high current density closely
follow the high-frequency resistance (HFR) (Figure 4). TPSA
exhibits the highest HFR, consistent with lower ionic conduction
of alkylsulfonic acid and higher thickness (80 um), both of which
contribute to increased ohmic losses and higher operating volt-
ages, especially at high current densities. NR212 shows the lowest
HFR, reflecting its high proton conductivity and low thickness
(56 um). Despite its greater wet thickness than NR212 and its
correspondingly higher HFR, TPCF2SA still achieves comparable
overall voltage performance. This result indicates that the MEA
based on TPCF2SA maintains strong electrolyzer performance

despite a substantially larger ohmic penalty, highlighting the
promise of this membrane chemistry beyond what would be
expected from thickness or ex situ conductivity. Consistent with
this interpretation, HFR-free polarization curves (Figure S5)
shows the advantage of TPCF2SA, indicating its high perfor-
mance is due to reduced non-ohmic contributions, while TPSA
also shows improved performance in the kinetic-dominated
regime.

The electrochemical impedance spectroscopy plots collected at
1.45 V further support these observations (Figure S6). The high-
frequency intercepts follow the same order as the HFR values,
with NR212 showing the lowest ohmic resistance, followed
by TPCF2SA and TPSA. Differences in the impedance spectra
further suggest variations in kinetic and/or interfacial contri-
butions, with TPCF2SA appearing to show lower polarization
resistance than TPSA and NR212, and NR212 showing the highest
overall polarization resistance consistent with the observed HFR-
free polarization curves (Figure S5). These results imply that,
despite its lower ohmic resistance, NR212 may experience larger
charge-transfer and/or interfacial transport losses at 1.45 V,
although additional analysis would be needed in future studies
to independently distinguish these contributions.

3 | Conclusion

In this work, we show that engineering the intrinsic acidity
of sulfonic acid groups through a-CF, substitution provides a
viable strategy to decouple proton conductivity from water uptake
in hydrocarbon PEMs. The resulting membrane maintains high
proton conductivity (87 mS cm™ at 80°C) at a relatively low
hydration number (1 ~ 6), significantly lower than typically
observed for hydrocarbon and PFSA-based systems, while also
exhibiting reduced water uptake and improved dimensional
stability. These results indicate that increasing acid strength
enables efficient proton dissociation and transport under limited
hydration, reducing reliance on bulk water to sustain conduc-
tivity. These experimental observations are corroborated by DFT
calculations, which show that a-CF, substitution effectively low-
ers the pK, relative to corresponding alkylsulfonic acid analogue.
Comparative analysis with the alkylsulfonic acid-containing PEM
highlights that this improvement is not driven by IEC, but rather
by enhanced proton transport efficiency per acid site and per
water molecule. The ability to achieve high conductivity at low
hydration suggests a shift toward acid-controlled transport, where
enhanced intrinsic acidity supports efficient proton transport
at lower hydration without requiring extensive water-mediated
connectivity. This behavior contrasts with conventional hydrocar-
bon membranes, which typically require high hydration to form
continuous proton-conducting pathways.

At the device level, the a-CF,-functionalized membrane deliv-
ers competitive PEM water electrolyzer performance relative
to NR212, despite lower water uptake and comparable mem-
brane thickness, demonstrating that improved intrinsic transport
properties can offset conventional limitations associated with
hydrocarbon systems. However, long-term PEMWE durability
testing remains an important direction for future work. These
findings establish acidity engineering as an effective molecu-
lar design strategy for overcoming the long-standing tradeoff
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between proton conductivity and water uptake in hydrocarbon
PEMs, enabling high electrolyzer performance without relying on
excessive membrane hydration.
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