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The molecular mechanisms that couple ion motion, water dynamics, and polymer relaxation remain elusive.
However, they are critical for applications such as fuel cells and electrolysers where ion and water transport
through anion-exchange membranes (AEMs) govern the performance. Here, multi-resolution neutron
spectroscopy measurements are combined with molecular simulations to directly resolve ion-specific
transport processes in a radiation-grafted polyethylene-based AEM. By capturing molecular motions over
picosecond-to-nanosecond timescales, we reveal dynamic coupling between polymer segmental motion
and nanoconfined water species, as well as strikingly distinct hydration structures around OH™ and Cl™ ions.

Received 25th February 2026, Water is shown to orchestrate ion mobility by forming ion-dependent hydrogen-bond networks that evolve
Accepted 16th June 2026 with composition, temperature, and humidity, ultimately dictating conductivity. These insights establish water
DOI: 10.1039/d6ee01258b not merely as a passive medium but as an active structural and transport agent. This molecular-level

understanding provides a framework for the rational design of next-generation AEMs with enhanced
rsc.li/ees efficiency, stability, and sustainability for electrochemical energy conversion.

Broader context

The transition to a carbon-neutral society depends critically on transformative advances in ion-conducting materials that underpin electrochemical energy
technologies such as fuel cells and electrolysers. Efficient ion transport within functional membranes is central to their performance, yet optimising these
systems requires a fundamental understanding of the structure-transport relationship that governs ionic mobility under operating conditions. While ion
transport in dilute aqueous solution is well understood, transport within soft, nanoconfined, hydrogen-bonded environments remain a major scientific
challenge. In these complex media, collective molecular dynamics, rather than single-particle diffusion alone, govern macroscopic charge transport. Here, by
integrating multi-resolution neutron spectroscopy with molecular simulations, we directly resolve how ion organisation couples to water networks and polymer
relaxations to control charge transport. We demonstrate that hydroxide and chloride ions induce fundamentally distinct hydration topologies and dynamic
correlation lengths within confined polymer environments. These differences redefine ionic conductivity under confinement as an emergent property of
collective ion-water-polymer dynamics, rather than an intrinsic property determined solely by individual ion diffusivity. Together, these insights establish a
mechanistic framework for the predictive, physics-based design of next-generation ion-conducting materials.
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Background and context

Ion size and charge density critically influence the local structure
and dynamics of water. In bulk solutions, small, highly charged
ions such as Li" strongly interact with surrounding water mole-
cules, forming tightly bound hydration shells that disrupt the
hydrogen-bond network.™ In contrast, larger ions with lower
charge densities, such as Cl~, interact more weakly, producing
diffuse hydration structures and less perturbation of water-water
hydrogen bonding."” These ion-specific effects modulate water
reorientation and diffusion dynamics, ultimately impacting ion
mobility and conductivity. In aqueous LiCl solutions, dynamic
crossovers and multiple relaxation modes are associated with
water motion, highlighting the influence of ionic character on
hydrogen-bond rearrangements.* Analogous mechanisms gov-
ern proton transfer in hydrogen-bonded networks where first-
principles simulations show that protons can propagate along
transient “water wires” spanning several hydrogen bonds, empha-
sising the critical role of water structure in charge transport.®
Coordinated H-bond rearrangements in the second hydration
shell favour fast H and OH~ charge transfer events, e.g. via the
so-called “structural diffusion” which is the dominant mecha-
nism in highly hydrated systems.®™

Ion-specific effects are also of paramount importance in
polymeric environments such as proton exchange membranes
(PEM) or anionic exchange membranes (AEM) where ion-
selective conducting properties'®'" are targeted for a wide range
of applications and devices.'*™*® The significant influence ions can
exert on water structure and dynamics is recognised to play a key
role in the overall efficiency of these systems,"”"""” but a detailed
microscopic description of ion-water-polymer interactions is
lacking."”'® It is critical to rationalise how the nature and size of
the ion can influence its ability to interact with the polymer matrix.
Small ions may disrupt polymer chain conformations and create
additional pathways for water and ion movement, but they may
also coordinate with polymer moieties, inducing local cross-links
that require activated chain dynamics to be overcome." Unlocking
the full potential of ionic membranes demands rigorous and
integrated consideration of these coupled factors, necessitating
dedicated studies that explicitly resolve ion-specific interactions,
polymer chemistry, and water-mediated transport mechanisms.

Several AEM candidates are being designed to enable stable
OH" transport in fuel cells and water electrolyser cells for green
hydrogen applications. A key challenge in these technologies is to
enable sufficient ion transport at low hydration, requiring tailor-
ing of properties via chemical design.?®*' Beyond conventional
candidates such as poly(aryl piperidinium})- and poly(phenylene
oxide)-based AEMs,” high-density polyethylene (HDPE)-based
AEMSs* are being actively studied for their robustness, high ion
conductivity, and facile water transport properties.?**> Water
management is not merely operational, it is performance-defi-
ning. Enhanced water transport suppresses excessive hydration
that can cause cathode flooding while simultaneously enabling
higher current densities. Because water interacts intimately with
both the polymer backbone and the mobile ions, membrane
performance is intrinsically governed by the interplay between
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hydration networks and polymer microstructure. In radiation-
grafted (RG) systems, parameters such as crystallite size, dis-
tribution, and spatial organisation directly influence transport
pathways and electrochemical behaviour.>***>® Understanding
and controlling this structure-hydration-transport coupling is
therefore essential for translating promising materials into high-
performance, durable electrochemical devices.

Despite its importance, the microscopic details of water-
mediated conduction mechanism in this system remain unknown.
Existing studies provide only partial insight, typically confined
to limited ion chemistries and narrow hydration regimes."”
Therefore, until a deeper understanding of how water-enabled
ion transport is achieved, membrane and device optimisation will
remain largely empirical.

To address this gap, we designed a study where we use Cl™
and OH forms of the HDPE-based RG_AEM (Fig. 1a) to
specifically tackle the ion-water-polymer coupling. HDPE pro-
vides an ideal platform: it is a well-characterised, mechanically
robust system with demonstrated relevance for fuel cells and
electrolysers, yet it exhibits pronounced ion-specific conductivity
differences, particularly under low-hydration conditions. This
combination of structural simplicity, technological relevance,
and strong ion-dependent transport makes it uniquely suited
for a multi-scale experimental-theoretical investigation.

Strikingly, comparison of the CI- and OH™ form reveals
remarkable anionic conductivities at unexpectedly low hydration
levels at 323 K (Fig. 1b and c). The OH™ form exhibits con-
ductivity 4.5-fold higher than in the CI” form at high hydration
(2 =n[H,O0)/[TMA"] = 13; TMA is trimethylammonium) and nearly
20-fold higher at low hydration regime (4 = 4). These differences
cannot simply be ascribed to the intrinsic diffusivities of ions at
infinite dilutions (5.27 vs. 2.03 x 10> em”s™*; for OH™ and CI
respectively’®*")
port of OH™ and Cl™ ions must occur in the hydrated membrane,
suggesting distinct underlying links between ion motions and
water dynamics.

To resolve these mechanisms, we present a multi-technique
characterisation combining chemical analysis, neutron scattering
and molecular simulations to understand how the presence of
OH™ and Cl alters the structure and dynamics of water mole-
cules within HDPE-based membranes, and how these alterations
impact overall membrane performance. A series of membranes
was prepared at different hydration levels (A = 2, 4, and 13;
supplementary information (SI) Text S1).

Multi-resolution Quasi-Elastic Neutron Scattering (QENS) was
performed to access motions in the ps-ns timescale (Fig. 1e). In
this range, fast molecular rotations of specific chemical groups,
ionic mobility and polymer relaxations can be isolated and
followed as a function of hydration and ionic composition. To
carefully examine the impact of ions on the water properties, the
HDPE-based RG_AEM samples were studied in various states: (i)
OH™ membrane hydrated in either H,O or D,O (designated OH "/
H,0 and OD /D,0, respectively); (ii) CI” membrane hydrated in
either H,O or D,O (designated Cl /H,O and Cl /D,O, respec-
tively); and (iii) “formally dry” samples studied under anhydrous
conditions (e.g., =2 in the OH~ form). Note that different solvent

. Therefore, a distinct mechanism for the trans-
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Fig. 1 (a) An outline of the radiation-grafted anion-exchange membranes
(RG-AEM) used in this study, made from high-density polyethylene (HDPE).
(b) and (c) lonic conductivity as a function of relative humidity and tem-
perature, respectively, for OH™ and Cl™ forms (represented by orange and
green symbols; respectively). The measurements were performed under
controlled temperature (e.g., 323 K; panel b) and humidity (1 = 2, 4, 13; black
triangle, circle and solid square symbols; respectively) conditions to evaluate
the effect of ion exchange and environmental parameters on membrane
transport performance. OH™ conductivity tests were carried out using
Dekel's method,?® which prevents the formation of HCO3™. (d) Chemically
and isotopically substituted AEM used to investigate different aspects of the
dynamics. In the label, the neutron-visible and -invisible species are
reported in black and in grey; respectively. (e) Timescales probed using
neutron spectroscopy at instruments with different energy resolution char-
acteristics. (f) Raman spectra collected on HDPE-TMA-RG_AEM in its Cl™
form (brown spectrum, where the sample had not been exposed to any high
pH or low hydration conditions) and on the samples after re-conversion
back to the Cl™ form after OH™ form handling (green spectrum). The spectra
were normalised to the intensity of the 1612 cm™! band (aromatic ring
guadrant mode in the grafted poly(VBC) chains). (g) lon-exchange capacities
(IEC) for CI™ form HDPE-TMA-RG_AEM samples after they had been treated
to different hydration states in the OH™ forms (grey and green bars;
dehydrated at 40 °C [A = 2] and room temperature [ = 4]; respectively)
compared to its pristine ClI™ [non-alkali-treated] form (brown bar).

deuteration (H,O and D,0; Fig. 1d) was used to take advantage of
the large difference in neutron scattering cross-section between H
and D isotopes, which enables isolation of the dynamics of
individual components in the complex ion-water-polymer sys-
tem. The D,O-hydrated samples define the baseline associated
with polymer dynamics under the various hydration conditions.
The systematic comparison of all these samples allowed the
separation of contributions from the polymer backbone, sol-
vent, and ions, thereby clarifying how ionic species influence
water properties in hydrated membranes. Additionally, total
scattering measurements and classical molecular dynamics
(MD) simulations were performed to characterise the H-bond
network in both the OH™ and CI™ forms. Altogether the results
allow us to develop a detailed understanding of the remarkable
anionic conductivity observed for both the OH ™ and Cl™ form
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of HDPE RG_AEMs at unexpectedly low hydration levels. They
also unravel the number and type of water molecules involved
in the ion-specific, hydration-dependent transfer mechanism.

Experimental procedures
Sample preparation

The benzyltrimethylamonium-type HDPE-based radiation-grafted
anion-exchange membranes were synthesised as previously reported
(with a pristine as-synthesised Cl~; IEC = 2.3 mmol g~ and a fully
hydrated thickness of 25-30 pum).** Activated polyethylene films
generated by electron-beam treatment act as radical initiators for
the grafting of vinyl monomers such as vinylbenzyl chloride (VBC),
producing polymer chains distributed throughout the membrane
bulk. Subsequent amination yields radiation-grafted AEMs bearing
covalently bound cationic sites (e.g:, quaternary ammonium, QA)
balanced by mobile anions such as OH™, ClI~ (or HCO; /CO;>")
depending on the target electrochemical application.”

Samples were tested in three ionic and isotopic forms:
(i) CI"/D,0O (to minimise the signal form water and ion, to best
study the polymer); (ii) CI"/H,O (to directly compare the QENS
and conductivity results); and (iii) in OH™ form (to enhance the
signal from OH). For scattering experiments, the OH™ form was
produced by immersing in 1 M NaOH at room temperature for
1 h under inert atmosphere, changing the solution three times to
ensure the complete ion exchange. Membranes were washed in
pure water to remove any excess of NaOH; water resistance
confirmed the effective removal. Experiments were carried out at
water contents ranging between high (4 = 13) to formally dry (1 = 2)
hydration levels, expressed as the number of water molecules per
functional group (4 = (My,o/Mwy,o)/(IECwqy)). Hydration levels
were obtained by removing the excess of water by drying the
membrane in a vacuum oven at room temperature.

QENS experiments

Four neutron spectrometers were used: (1) SHARP*® (run by LLB -
Léon Brillouin Laboratory - and located at ILL, France), to
investigate relaxation dynamics on a picosecond timescale; (2)
LET** & IRIS* (ISIS, UK), to study dynamics on the ten to hundred
picosecond timescale; and (4) IN16B* (ILL, France) to probe
nanosecond timescales. TOF experiments were performed using
an incident wavelength of 5.12 A (E..s = 70.0 peV; SHARP); this
configuration allows probing motions in the picosecond timescale
of 0.5 < 7 < 20 ps. Dynamics in the range 5 < 7 < 100 ps were
probed using either LET experiments which were performed using
an incident energy of either 1.8 or 3.2 meV (E.s = 27.5 and
58.7 peV, respectively), or IRIS experiments acquired using the
PG002 analyser crystal set-up (E.s = 17.5 peV). Motions in the
nanosecond timescale (0.1 < t < 3 ns) were performed on IN16B
using an incident wavelength of 6.271 A (Ees = 0.75 peV). The
combination of these instruments allows coverage of the extended
timescale range typically needed in hydrated membranes to
access fast molecular rotations (usually sub-ps), jump diffusive
motions (usually from ps to 100 ps) and slow ionic hopping events
or slow polymer relaxations (longer than 100 ps).
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Elastic fixed window scan (EFWS) data were recorded while
heating (SHARP and IN16B) or cooling (IRIS) the sample;
inelastic fixed window scan (IFWS) data were recorded either
by adjusting the Doppler speed on IN16B to achieve AE = 3 peV
energy offsets.>®> AEM samples were wrapped in aluminium foil
and then loaded into either flat (4 ecm x 5 c¢cm) or annular
aluminium cells sealed with indium.

Vanadium reference and empty can measurements were
performed for data normalisation. Scattering profiles were
acquired in T-range from 230 to 330 K, in different ionic (Cl™
vs. OH") and isotopic forms (H,O- and D,O-hydrated), as well
as hydration levels (1 = 2, 4, and 13).

Different contributions to the relaxation dynamics operating
at different timescales can be found in QENS data and are
treated with multi-Lorentzian components where their width
and intensity provide information on the dynamics (e.g., local
vs. diffusive motions). Initially, the theoretical S(Q,w) and
instrumental resolution (R(w)) are convoluted to evaluate the
experimental S(Q,w) datasets. This entails building a model
that includes all the different dynamics that can overlap.
Hence, the scattering data are analysed using a single analytical
correlation function, in which the weights assigned to the
various components are determined by the analysis window.
Protons moving faster than the spectroscopic window will, in
general, be integrated into an almost flat background (ie., a
Lorentzian function with a width such that it appears almost
flat in the investigated energy-transfer scale), while protons
moving slower than the spectroscopic window will be inte-
grated into the elastic component (instrument-dependent and
evaluated by the scattering profile acquired at 2 K).

Total scattering experiments

Data were collected using the NIMROD>**® instrument at the
ISIS Spallation Neutron and Muon Source (ISIS, UK). Weighed
samples in either CI” or OH™ form hydrated in H,O to the 2 =4
form were sealed inside a flat-geometry, null-scattering TiZr
alloy cell and measured on the order of 6 hours, for integrated
currents of 240 pA. After measurements, the samples were
removed from the cell, dried, and rehydrated to the same A =
4 form in D,0. The mass of membrane and hydration level were
therefore kept consistent between measurements, with only the
H,0/D,0 content differing between samples of the same Cl™~ or
OH" form.

A total scattering measurement on NIMROD measures the
total structure factor, which for a system of n different chemical
species is expressed by:

n n

F(Q) =Y cucpbuby[Sup(Q) — 1] )

a=1 =1

where b, is the bound coherent neutron scattering length of
species o with atom-fraction c,. S,4(Q) is the Faber-Ziman
partial structure factor for species «, f5.

By taking measurements for the same membrane in H,O
and D,O form, the difference between the measured total
structure factors removes all membrane-membrane partial
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structure factors, or any partial structure factors not including
the water protons/deuterons. As such:

AF(Q) =F(Q)p — F(Q)y =’ (bn* — bi?) [Sun (Q) — 1]

+ZZCHCx(dD*bH)bX[SXH(Q)71] ®)

where we denote the sum over X being all Syx(Q) partials where
X is any species other than the water proton (including membrane
protons). AF(Q) represents a water proton-centred partial structure
factor for the water molecules within the water-membrane system.
Prior to subtraction, data were treated in the Gudrun
package,’”*® using standardised routines for the removal of
sample-dependant incoherence and inelasticity corrections.

IEC measurements

The dry mass (mq; g) of each vacuum-dried (50 °C for 4 h)
HDPE-TMA-RG_AEM sample (either in as-synthesised pristine
Cl™ form and after being ion-exchanged back to the CI™ form
after OH™ form evaluation) was recorded using a METLER
TOLEDO analytical balance (Model MS204S, Switzerland). Each
vacuum-dried sample was then immersed in aqueous NaNO;
(20 em®, 2.4 mol dm 2, significant excess of NO;~ anions) and
stirred overnight to release the Cl™ ions from the AEM sample.
Aqueous HNO; (1 cm?, 2 mol dm ) was then added into the
NaNO; solutions (still containing the HDPE-RG_AEM sample)
and titrated with AgNO; (20.00 & 0.06 mmol dm ) using the
Metrohm 848 Titirino plus auto titrator equipped with Ag-Titrode.
The endpoint (EP; cm®) was taken as the steepest gradient on the
potential vs. volume curve. The IEC of each sample (mmol g~ ")
was calculated from the EP, the dry mass, and the standardised
AgNO; concentration received, using: IEC = (EP x 0.02M)/my. The
IEC of each sample was recorded as an average from individual
titrations on n = 3 repeat samples (reported errors are sample
standard deviations).

NaNO; solid, analytical grade standardised aqueous AgNO;
(20.00 + 0.06 mmol dm™?), and aqueous HNOj; (2.0 mol dm3)
were used as received from Fisher Scientific. Analytical grade
aqueous NaCl (1.0 mol dm™®) and KOH (1.0 mol dm?) were
used as received from Merck.

Conductivity studies

In-plane OH™ and Cl~ conductivity of HDPE-RG_AEM samples
(2.5 cm x1 cm) were determined using the method proposed by
Dekel to ensure removal of carbonates.* AC electrochemical
impedance spectroscopy (EIS) using a frequency response
analyser (Gamry, UK) with an oscillating voltage of 10 mV over
a frequency range of 1 MHz-1 Hz was employed in combination
with a BekkTech four-point probe conductivity cell. Four equally
spaced Pt electrodes, held in contact with the membrane. The
ion conductivity (o; S cm™") of the membrane was obtained
according to; ¢ = [/RWt, where [ = 0.425 cm is the fixed distance
between the two inner Pt electrodes; R is the membrane resis-
tance (Q) corresponding to the high frequency X-intercept of the
real axis in the Nyquist plot; W is the membrane width (cm) and ¢
is the membrane thickness (cm). Humidity and temperature in

This journal is © The Royal Society of Chemistry 2026
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the BekkTech cell were maintained by use of a Scribner Associ-
ates 850e test rig (Scribner, USA) with flowing N, (0.5 L min™")
gas at controlled temperature. The membrane was allowed to
equilibrate for at least 2 hours at each temperature and RH
condition prior to measurement.

Raman analysis

The Raman spectrum of each HDPE-RG_AEM sample (either in
as-synthesised pristine CI~ form and after being ion-exchanged
back to the CI™ form after OH™ form evaluation) was collected
at 10 random spots using an InVia Reflex Raman Microscope
(Renishaw, UK). Each spectrum was recorded using 785 nm
excitation (near IR line laser, 100% laser power, pin in), a 20x
objective lens (NA = 0.40) and 1 s exposure times per spectra.
The 10 spectra from each sample were baseline corrected,
normalised to the intensity of HDPE-derived 1295 cm ™~ band
and averaged using Spectragryph to produce a single spectrum
per sample.

Simulation studies

Simulations were conducted on four different ionic solutions, as
shown in Table S2. In each system, the interactions between the
ions and water were modelled using the CHARMM36 forcefield.*
The initial systems and the files required for the simulations were
generated using CHARMM-GUL***" A similar simulation protocol
was used for each system. First, an energy minimisation of the
system was performed using the steepest descent algorithm. Then
a simulation using the NVT ensemble with the Nose-Hoover
thermostat to keep the temperature around 300 K was performed
with a 1 fs timestep and was run for 125 ps. Next, a simulation
using the NPT ensemble with the same thermostat and an
isotropic Parrinello-Rahman barostat to maintain a temperature
of 300 K and a pressure of 1 bar. This simulation used a 1 fs
timestep and ran for 500 ps. Finally, a production simulation was
conducted using the NPT ensemble with the same thermostat and
barostat. This simulation was run for 200 ns with a 2 fs timestep.
In all these simulations, a cut-off of 1.2 nm was used for the LJ
interactions and for the explicit calculations of the short-range
electrostatics. For the long-range electrostatics, the PME algo-
rithm was used. All the analysis of the simulations was done
using in-house Python scripts that took advantage of the MDAna-
lysis Python package.***?

Results and discussion
Membrane Stability

Sample preparation is described in Methods. Raman spectro-
scopy and IEC (Fig. 1f and g) measurements were performed
across the investigated compositions and hydration levels (1),
to verify that all samples remained structurally and chemically
consistent under the conditions employed for the subsequent
neutron experiments (Text S1 and S2). The lack of change in the
relative ratios between the 1612 cm™ "' band and the trimethy-
lammonium band at 755 cm™ " indicates no degradation of the
quaternary ammonium groups on handling the RG_AEM in the
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OH™ form. Complementary TGA study supports the membrane
stability (Fig. S1).

Identification of mobile species

Multi-resolution QENS data were acquired on 4 different spectro-
meters (Text S4). EFWS and IFWS (Text S5) performed at a chosen
energy transfer is a fast measurement modality suited to follow
the dynamics in the sample as a function of temperature. Changes
in the slope of EFWS/IFWS intensity profiles as a function of
temperature mark the onset of distinct dynamical processes, as
previously presented.** The sequential activation of molecular
motions in HDPE-membranes was tracked over the 2-300 K
temperature range and, through Debye-Waller analysis of the
signal, the mean-square atomic displacements (m.s.d.) was
extracted. Fig. 2 presents representative EFWS and m.s.d. data
for the OH™ form at low hydration (4 = 4, in H,0), along with
equivalent measurements for highly hydrated membranes (4 = 13)
in both OH™ and CI” forms. As temperature varies, dynamic
modes may shift in and out of the instrumental observation
window: slower motions appear as elastic scattering within the
energy resolution (E.s), while faster ones contribute to a feature-
less quasi-elastic background. These combined datasets therefore
delineate multiple timescale regimes corresponding to tempera-
ture ranges dominated by particular scattering contributions
within the combined QENS datasets.

Below 220 K (grey shaded area), the scattering profile
obtained on the IRIS and SHARP spectrometers, which probe
timescales shorter than 300 ps (Fig. 2a-d), is characterised by a
regular loss in elastic intensity accompanied by an m.s.d.
increase up to ~200 K, with an average slope d(u*)/dT =
5.0 & 1.1 x 10~* A> K. The reduction in intensity is associated
with an increase in proton mobility, and in this specific case, to
the rotation of -CH; present in the polymer chains, well known
to activate at around 100 K.**> Upon increasing the temperature
(200 < T < 300 K) we observe a rapid change in slope,
associated with a significant increase in m.s.d.

The shape and slope of this elastic intensity drop depend on
both the hydration level (Fig. 2a) and the nature of the anion
(Fig. 2b), showing more mobility at 4 = 13 than 4 = 4, as
expected (m.s.d. 0.54 against 0.43 A” at 287 K). Regarding anion
sensitivity, there is a significant temperature shift (~25 K) in
the CI™ form, as well as a less pronounced loss of elastic
intensity at 300 K, indicating a reduced proton mobility with
respect to OH™ form, at this timescale (m.s.d. is 0.85 against
0.54 A at 287 K). High-resolution data taken on IN16B provide
additional insights. Assignment of the various regions in the
E/IFWS to different processes (regions 1 to 4 in Fig. 2e) is
performed thanks to the extra sensitivity to slow motions with
respect to IRIS/SHARP. The rapid change in slope observed
while increasing the temperature in the region 200 < T <
300 K is now more pronounced, showing the detection of
additional dynamics (at 300 K, m.s.d. values are enhanced up
to 1.8 A%, Fig. 2f). The corresponding inelastic intensity data
(Fig. 2g) reaches an energy-dependent maximum at ~250-
260 K as the probed dynamics enter the backscattering window
at ~200 K and then vanish at higher T as the motional
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Fig. 2 (a)-(f) Q-averaged EFWS and apparent mean square displacement

((uz)apparent — left and right panels; respectively) profiles were recorded for
HDPE-TMA RG_AEM (IEC = 2.3 mmol g~} for OH™ and Cl~ form (green and
brown curves; respectively). The m.s.d. slope extrapolated from data at low-T
is shown as a black line. Data are recorded at 4 = 4 (panels a—b) and 13 (panels
a—d) using E,es = 17.5 and 70.0 peV (IRIS and SHARP neutron spectrometer;
respectively). High-resolution data (IN16B; E.s = 0.75 peV) are presented in
panel e—f for OH™ form at 4 = 4. The plots are used to highlight four dynamic
ranges of interest: (1) —CHs polymer dynamics (light grey); (2) side-chain
polymer dynamics (dark grey); (3) water dynamics (cyan) and (4) facilitated ion
hopping (purple). (g) IFWS for OH™ form at A = 4and at 0.4 < Q < 1.7 At
(IN16B). Data were collected following the evolution of the inelastic intensity
at a defined energy transfer (AE = 3 peV; see Fig. S4).

timescales become faster than the observational window. The
signal (i.e., relaxation time, 1) is correlation length (Q) indepen-
dent (Text S5), indicating a spatially localised process, attributed
to polymer chain dynamics. Above 250 K (region 3 in Fig. 2e), the
elastic intensity rapidly drops, an effect already visible in the low-
resolution data. This is assigned to the onset of roto-translational
water dynamics activated within hydrated AEM samples. A further
moderate, but regular, decrease in intensity above T ~270 K is
also recognised. The latter is very pronounced for the A =4 OH /
H,O sample, suggesting the activation of a further dynamic
process occurring on a much slower timescale. The corresponding
IFWS signal is found to be Q-invariant (Fig. S4), indicating
localised dynamics (Fig. 2g and Fig. S4 and Text S5).

This additional process is assigned to ion hopping dynamics
facilitated by water molecules bridging two OH™~ groups (region
4 in Fig. 2e), similarly to what was observed in other anionic
membranes.** It is only clearly detectable using high-resolution
spectrometers, where polymer motions and roto-translational
water dynamics remain active but become too fast to be
observed. It is noted that a related localised hopping process
also occurs when the OH™ counter-ions are replaced by CI .
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Ion-specific hopping mechanism

To gain a more quantitative understanding of the dynamical
processes taking place in each of the temperature regions and
by the different species, we analyse the multi-resolution QENS
spectra. QENS broadening develops around the base of the
elastic line due to scattering from relaxational or diffusional
motions and must therefore be analysed using physics-
informed models that describe atomic displacements. To verify
the number and nature of the relaxation modes, and to assess
the effects of exchanging OH™ for Cl™, the raw QENS data for
the three hydration states were compared (Fig. 3).

In the nominally “dry state”, where only two water mole-
cules remain trapped within the polymer matrix, the CI~ form
membrane shows no discernible solvent dynamics: the spectra
for CI"/H,0 and Cl7/D,0 are identical (Fig. 3a and b), indicating
that the signal arises solely from polymer motions. In contrast,
the OH™ form membrane exhibits a ~20% reduction in elastic
intensity relative to the CI~ sample (Fig. 3c), together with an
additional quasi-elastic contribution (Fig. 3d). These observa-
tions reveal the presence of slow proton dynamics on the order
of several hundred picoseconds, even at very low hydration
levels. In fully hydrated membranes (Fig. 3e-h), the transition
from CI” to OH™ form results in a 15-20% decrease in elastic
intensity, confirming enhanced mobility in the OH™ sample and
demonstrating that the nature of the counter-ion strongly influ-
ences proton mobility at the molecular level, even under swollen
conditions. The magnitude of this loss varies across spectro-
meters (15 vs. 20% on SHARP - timescale: ~0.5-20 ps - and
IRIS - timescale: ~5-100 ps; respectively), suggesting that
multiple relaxation mechanisms with distinct timescales are
affected by anion substitution.

Further insight is obtained from the intermediate hydration
condition (4 = 4; Fig. 3i-p). Comparison of the OH  and Cl™
forms in H,O reveals a distinct difference in elastic intensity,
becoming substantially more pronounced at longer timescales
(~50% vs. ~20% for t > 100 ps and t < 100 ps, respectively).
As shown in the magnified quasi-elastic wings (Fig. 3j and 1),
the OH™ form spectra are both more intense and broader,
indicating faster proton dynamics. This demonstrates that,
under identical hydration, the OH /H,0,-, sample contains
more mobile protons that move more rapidly than in the C1™
form, with particularly strong effects at long timescales, where
facilitated proton hopping dominates.

Overall, these results indicate that proton dynamics are
markedly enhanced in the OH™ form membrane. Isotopic
substitution leads to a ~60% decrease in elastic intensity from
D,0 to H,O (Fig. 30), confirming that the observed quasi-elastic
broadening (Fig. 3p) arises from proton-bearing species (OH ™~
and/or H,0). Therefore, the enhanced motions likely originate
from both ions and directly coordinated water molecules (slow
protons at long timescales, Fig. 3i and j), as well as from outer-
shell water species (faster protons, Fig. 3k and 1). Notably, the
Cl™ form membrane begins to exhibit solvent dynamics at 4 =4,
evidenced by the increased quasi-elastic intensity and line
broadening relative to the Cl"/H,0,-, sample (Fig. 3m and n),
particularly when comparing H,O and D,O samples.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a)-(p) QENS profiles, summed over all Q-values, for RG_AEM membranes hydrated with H,O or D,O. Scattering data were collected at 4 = 2, 4,

and 13, 300 K, and using E,es = 70.0, 17.5, and 0.75 peV (SHARP, IRIS, and IN16B instruments, respectively). The profiles are presented to emphasise
differences in the elastic line (top panels) and normalised to unity to highlight the variation in spectral broadening (bottom panels). (q) Comparison

between theoretical and experimental Cl™/OH™

ratios. The theoretical ratio is calculated based on the incoherent scattering cross-section, while the

experimental ratio is obtained from the integrated intensity ratio of the narrow quasi-elastic to elastic components. These results account for differing
extents of water-mediated ion bridging (0, 0.25, or 0.5 water molecules per ion).

Beyond revealing multiple types of proton motions that
depend on both hydration level and ion identity, the data also
demonstrate that the nature of the counter-ion modulates the
surrounding water dynamics. If the underlying mechanisms were
identical, the signal intensities would be expected to scale with the
incoherent neutron cross sections of the constituent atoms.
However, comparison of the OH /H,O and Cl /H,O systems
(Fig. 3i and j) shows a markedly different behaviour. The only
compositional difference between the two systems is the addi-
tional proton from hydroxide, which alone cannot account for the
observed ~50% decrease in total elastic intensity.

To further quantify this effect, we estimated the ratio of quasi-
elastic to elastic intensity (Ri¢narrow/mtelastic) by fitting the spectra
with a single narrow Lorentzian in addition to the elastic con-
tribution (Text S6 and Fig. S5). The resulting ratio between the Cl~
and OH samples (eg yR= RClin narrow/ Int elastic / ROH;m narrow/Int elastic) was
found to be 0.301 at A = 4. To further understand the meaning of
this quantity, we calculate R using the ratio of corresponding
neutron incoherent cross sections (¢ in barns), under three
assumptions (Fig. 3q):

(i) No water molecule participates in proton transfer.

Then, R is calculated as ¢ /oo

(ii) One water molecule every two ions mediates transfer

(1:0.5).

Then, R is calculated as o¢1-/m,0(1:0.5/00H/H,0(1:0.5)-

(iii) Different degrees of water mediation for each ion type

(1:0.5 & 1:0.25 for OH™ and CI; respectively).

Then, R is calculated as 6¢i-/m,0(1:0.5/F0n-/H,0(1:0.5)-

The corresponding cross-section ratios were 0.064, 0.532,
and 0.282, respectively. Therefore, the third scenario best
reproduces the experimental data, indicating that OH™

This journal is © The Royal Society of Chemistry 2026

transport is largely water-mediated, with roughly one water
molecule facilitating the interaction of every two OH™ ions. In
contrast, in the ClI- form, each water molecule mediates the
coordination of approximately four Cl™ ions.

This analysis suggests that, under equivalent low-hydration
conditions, the water network in the OH™ form membrane is
more disrupted and dynamically active, with a larger number of
water molecules participating in proton motion. This structural
flexibility aligns with the macroscopic conductivity measure-
ments, which reveal a ~20-fold enhancement in proton trans-
port efficiency for the OH™ form compared with the CI™ form at
A = 4 (Fig. 1b).

Fast and slow protons, static and proton-transfer mediating
water

The EFWS, m.s.d., and IFWS results described above, together
with the qualitative inspection of the raw QENS data as a
function of the specific ion and water content, revealed multi-
ple relaxation processes associated with the polymer matrix,
ions, and water molecules. The corresponding timescales and
relaxation strengths vary with the anionic form, temperature,
and hydration level.

To extract quantitative parameters such as population fractions,
jump distances, relaxation times, and diffusion coefficients, a fully
cross-correlated analysis of multiple QENS datasets from different
spectrometers was required. This involved a global fitting proce-
dure incorporating physically meaningful models to describe the
underlying dynamics. Specifically, the QENS spectra were analysed
in the energy domain between 230-330 K and at hydration
numbers A =2, 4 and 13 by fitting Lorentzian components, guided
by previous studies on similar anionic/protonic systems.***%*’
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To best disentangle contributions, the intermediate scatter-
ing function (I(Q,t); Text S7) was modelled after reconstructing
the entire investigated timescale, accounting for both polymer
relaxation and hydrating medium dynamics, each weighted by
their relative fraction (i.e., ®p and &y - polymer and water
fraction; respectively). The facilitated-hopping was further
decoupled from the water dynamics by evaluating the relative
populations involved in each motion (i.e., Nyw-siow and Nyy.gast —

slow and fast protons; respectively) as previously described:***®
I(Q!t) = Amp[(pplp(o7t) + (DW(NSIOWIW-SIOW(Q)t)
+ Nfastlwffast(oit))]R(t) (3)

where R(t) is the normalised inverse Laplace-Fourier transform
of the resolution function, and Amp is an arbitrary amplitude
function. I, and I, represent the intermediate scattering func-
tion associated with polymer and water dynamics, respectively,
and were modelled as exponential functions. Because water
dynamics in the investigated system are complex, Ly.f.se (Q,f)
captures both localised and long-range motions. These reflect
confined dynamics at low hydration levels and Fickian diffu-
sion emerging at high hydration, consistent with observations
in other OH ™~ and H" conducting membranes.***® Details of the
analysis and all fitted data are provided in the SI (Fig. S6-S9).
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A schematic illustration of the various motions and their
corresponding parameters is shown in Fig. 4a, along with
representative QENS data and the individual components used
to reproduce the dynamical structure factor S(Q,w) (Fig. 4b).
Fig. 4c summarises the evolution of the dynamic parameters as
a function of hydration for the OH™ and Cl~ forms.

Polymer relaxations. We first describe the fast (~2-10 ps),
Q-independent polymer backbone and side-chain dynamics
observed in samples lacking mobile protons within the ionic
phase. These dynamics were evaluated using D,O-hydrated
samples measured across the full set of spectrometers
employed in this study and were subsequently fixed as con-
straints in the following analyses. Localised motions emerge
above 230 K, with an activation energy (Eapolymer) Of approxi-
mately 10 k] mol ' and show a decrease in relaxation time
(Tpolymer_tast; Fig. 4c, top panel, filled black star, and Fig. S10a).
This process is consistent with the y-relaxation previously
reported in dielectric measurements of HDPE.* The fast
polymer dynamics appear to be coupled to a slower relaxa-
tion process (Tpolymer mia) With a lower activation energy
(~4 kJ mol "), which becomes discernible only at intermediate
energy resolutions (17.5 < E..s < 58.7 peV; Fig. 4c, top panel,
filled grey star, and Fig. S10b).
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(a) Schematic illustration of the distinct dynamical components contributing to the QENS signal. Polymer segmental motions (tpciymer: POlymer

relaxation time) coexist with ion-hopping dynamics (H*gow. Tsiow. & 20: number of slow protons, relaxation time associated with ion hopping, and
hopping distance, respectively) and water dynamics comprising confined (H*tst & Tconfines: NUMber of fast protons and confined water lifetime,
respectively) and mobile components, characterised by local (Do) and long-range (D) diffusion coefficients. (b) Representative S(Q,w) spectra for OH™
and Cl~ exchanged membranes at a hydration level of 1 = 4, measured on the IN16B spectrometer (E,.s = 0.75 peV). Experimental data (black symbols)
are fitted using contributions from polymer (grey), water (blue), and ion-hopping (purple) components. The resolution function is shown as a black line,
and the overall fit is shown in red. (c) Evolution of dynamic parameters as a function of hydration level and ion form (Cl™, OH ™). Panels display the polymer
relaxation time (tgoymer) and corresponding activation energies (E,), confined water lifetime (tconfined). l0cal (Do) and long-range (Dy) diffusion
coefficients, number of H* per functional group, ion-hopping relaxation time (thopping). and hopping distance (2¢). OH~ form membranes exhibit
enhanced water mobility and stronger coupling between polymer and water dynamics compared with Cl™ form.
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Both the fast and intermediate polymer relaxations are
accompanied by an additional, extremely slow component
(~560 ps; Fig. 4c, open star; Fig. S10e), as evidenced by the
subtle line broadening observed on the high-resolution spectro-
meter for the C1"/D,O (A = 2; Fig. S9b,i) and the OD/D,0 (1 = 4;
Fig. S9e and 1) contrasts. In these ionic/isotopic configurations,
no ion-related dynamics are expected, since CI~ and OD™
contribute negligibly to the incoherent neutron signal owing
to their small cross sections (5.3 vs. 2.05 barns for CI” and OD";
respectively). Likewise, water dynamics are not expected to
contribute under the low-hydration D,O conditions. The addi-
tional slow component (orange-shaded region in Fig. S9) can
thus be attributed exclusively to polymer motion, as the poly-
mer backbone remains hydrogenated. It is worth noting that, to
capture these dynamic contributions accurately, the analysis
was first performed considering only one narrow and one broad
component. The model was subsequently refined to include
three distinct dynamic processes (Fig. S9): (i) slow polymer
motion (grey-shaded area), (ii) facilitated ion hopping (mauve-
shaded area), and (iii) fast polymer motion coupled with
localised water dynamics (light-blue-shaded area).

Number of fast and slow protons. All datasets were consis-
tently fitted using eqn (3), allowing a clear distinction between
slow protons involved in localised hopping and fast protons
associated with water diffusion in confined or bulk-like envir-
onments. A clear difference is evident between the two ionic
forms. At 4 = 4, the number of slow protons decreases from two
in the OH™ form to one in the ClI” form. This value remains
constant for the OH™ form across the investigated hydration
levels (1 = 2 and 4), consistent with the presence of a stronger
hydrogen-bond network and the enhanced proton mobility
characteristic of hydroxide-based systems.

Water dynamics. Above A = 4, features associated with water
dynamics in the H,0-hydrated samples emerge in the scatter-
ing profiles. The analysis reveals a Q-independent behaviour
consistent with localised motions (tconfinea ~12 ps and E,
~3 kJ mol™" for the OH™ form; Fig. 4c, light blue panel).
Comparison of the relaxation times shows that confined water
in the ClI” form relaxes more slowly than in the OH /H,O
system (~15 vs. 12 ps; Fig. 4c and Fig. S10e). By 4 = 13, the
water dynamics become Q-dependent, indicative of translation-
ally mobile H,O (Fig. S12).

At temperatures above 300 K, the OH /H,O system exhibits a
regular increase in diffusivity of approximately 30%, observed for
both localised and long-range diffusion coefficients (Do, and Dy,).
Interestingly, at 280 K, despite a similar ~30% increase in Dy, the
localised dynamics remain essentially unchanged and compar-
able to those of bulk water (Fig. S12).

Facilitated hopping. Differences between the two ionic
forms were qualitatively observed under several conditions
and dynamic regimes (Fig. 3) and were subsequently confirmed
by the global fitting analysis. To further substantiate these
observations, the incoherent cross section and the peak inte-
gral (narrow over elastic component) were evaluated for both
ionic forms (Fig. 3q). The resulting ratio reveals that distinct
species contribute to the dynamics: in the OH™ form, hopping

This journal is © The Royal Society of Chemistry 2026
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is facilitated by one water molecule bridging two ions, whereas
in the CI” form, one water molecule appears to bridge four
ions. This interpretation is consistent with the qualitative
analysis and aligns with behaviour previously observed in
commercial samples (Fig. S13*%).

Importantly, a pronounced difference in the elastic line
between the two ionic forms, detected even at comparable dry
mass and water uptake, cannot be solely attributed to
dehydration-induced crystallinity changes observed by Raman
spectroscopy (Fig. 1d). The discrepancy persists across all hydra-
tion levels and instrumental resolutions (Fig. 3), and is particularly
evident at 4 = 4 under high-resolution conditions, where the OH "/
H,O intensity is nearly halved (Fig. 3i). Together, these findings
reinforce the notion that the two counter-ions engage in distinct
hydration structures and local environments, directly influencing
their respective dynamic signatures. Notably, in the CI” form, slow
localised dynamics (i.e., hopping) become apparent only above /. =
4 (Fig. 4 and Fig. S9), whereas in the OH™ form, such facilitated
hopping is already detected at the lowest hydration level (4 = 2;
Fig. S9). The number of dynamically coupled water molecules also
differs between the two systems, approximately one water mole-
cule per two ions in the OH™ form and one per four ions in the
Cl™ form, as corroborated by the ratios (i.e., (N fast)/™w_slow))
obtained from fitting.

This mechanistic divergence leads to enhanced facilitated
hopping in the OH™ form, which appears nearly halved in the
Cl™ form (thopping ~200 vs. ~350 ps for OH™ and CI; respec-
tively — Fig. 4c and Fig. S10e). The latter is accompanied by a
shorter hopping distance (2¢ = 2.2 vs. 1.8 A for OH™ and CI~,
respectively; Fig. 4c) and a smaller slow-population fraction
(2 vs. 1 for OH™ and Cl™; respectively — Fig. 4c). Interestingly,
the hopping distance in the Cl~ form at / = 4 (1.8 A) matches
that of the OH™ form at A = 2, suggesting a more rigid, less
hydrated structure in the Cl~ form, resembling the ‘“formally
dry” state. These distinctions are also evident in the time
domain (Fig. S14), where the Cl"/H,O profile exhibits a more
pronounced reduction in intensity, particularly at short times,
compared with OH /H,O0. It is worth noting, however, that the
kink around 10 ps may be an artefact, as the 1(Q,t) for CI /H,O
was reconstructed from only two instrumental resolutions
(broad and high) rather than three, as used for OH /H,O.

At higher hydration (1 = 13), both ionic forms display an
apparent slowing of localised dynamics relative to bulk water,
though with distinct activation energies (~14 vs. ~8 kJ mol "
for OH™ and CI7; respectively - Fig. S12). This difference
in slope essentially vanishes for the long-range dynamics
(~7 kJ mol™%; Fig. $12). The latter agrees with conductivity-
derived values at 100% RH only for the OH™ sample (6.1 + 0.1
vs. 15.5 & 2.0 kJ] mol~* for OH™ and Cl~, respectively). The
higher activation energy of the Cl- sample inferred from
conductivity measurements is, however, consistent with the
steeper slope observed for water dynamics in the FWS (Fig. 2c).

Collectively, these results demonstrate that the distinct
dynamic fingerprints of the two ionic forms stem from funda-
mental differences in ion-water interactions and hydration
structure. The contrasting ability of OH™ and Cl™ to participate
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in hydrogen bonding directly modulates local water dynamics
and hopping mechanisms, thereby explaining their divergent
ionic conductivities and overall membrane performance.

Characterisation of the H-bond network and link to conduction
mechanism

To further examine this hypothesis, total scattering experiments were
performed using the NIMROD diffractometer at ISIS. Scattering
profiles were collected for the CI© and OH  forms of the
membrane hydrated in either D,O or H,O (Fig. 5a and b and
Fig. S15). The data were processed by subtracting the respective
profiles in D,0 and H,O (ie.,, D,O - H,0), to remove the
membrane contribution, thereby isolating correlations involving
water-water and water-membrane interactions.

This subtraction procedure worked effectively for the OH
form, yielding a liquid water-like scattering profile (Fig. 5b, left
panel), indicating that the water structure remains consistent
regardless of the isotopic solvent. In contrast, for the CI~ form
the direct subtraction fails in the Q-range corresponding to
intermolecular distancing, suggesting differences between the
two isotopic systems. A residual signal around 3 A~ (Fig. 5a)
indicates that the D,O-hydrated sample appears more structured.
This effect does not arise from experimental artefacts, as it
persisted across multiple measurements and independent sample
batches. The observed intensity difference may instead reflect

View Article Online
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incomplete isotopic exchange, leaving some unexchanged D,O
molecules after contrast variation.

The distinct scattering behaviour of the two ionic forms
likely originates from differences in how water organises
around the ions and within the polymer matrix, leading to
variations in the degree of order in both water-water and
water-membrane correlations.

As discussed earlier, the presence of ions can significantly
modulate the structure and dynamics of water molecules. Smal-
ler ions with higher charge densities (e.g., Li') strongly coordi-
nate with surrounding water molecules, forming more ordered
and rigid hydration shells and disrupting the hydrogen-bonding
network within them."” Conversely, larger ions with lower
charge densities (e.g:, Cl7) interact more weakly, resulting in
diffuse, less constrained hydration structures."” Such ion-
specific effects propagate beyond the first hydration shell to
reshape the extended hydrogen-bond network. Hydroxide, cap-
able of both donating and accepting hydrogen bonds, promotes
a highly labile and dynamically reorganising water structure,*
whereas chloride stabilises a comparatively more ordered hydra-
tion environment, an effect amplified in D,O.

In highly concentrated chloride solutions, water molecules
form a percolating network in which chloride ions are directly
integrated.”® Unlike dilute systems, where water primarily
forms H-bonds with itself, in concentrated solutions, chloride
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n of H,O molecules per Hb
path connecting two cations

Facilitated ion hopping - Proton hopping
& Water dynamics

(a) and (b) Comparison between scattering profiles (acquired on NIMROD, ISIS) measured at 2 = 4 and 300 K. Data are presented after subtraction

(i.e., D,O-profile—H,O-profile); in the inset is highlighted the area at low-Q to show the extra signal at around 3 A~ (panel a). Data are also presented against the
water signal (black line; panel b). (c)-(e) Simulations were performed at 300 K on ionic solutions, as detailed in Table S2. The results for TMA/OH™ and TMA/CL™
are represented by the olive and orange lines, respectively. These simulations consider various interactions, as illustrated in the plot. Panel ¢ shows the radial
distribution function, g(r); panel d reports the probability of forming hydrogen bonds (Hbs) within the water network, while panel e reports distribution of the
number of water molecules within chain (formed by water molecules hydrogen bonded between two cations). (f) and (g) Schematic illustration of the facilitated
hopping mechanism mediated by a molecule bridging two OH™ ions or four Cl™ ions for 2 = 2, and 4 (panels f and g; respectively).
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ions participate actively in the network. This leads to a mixed
water-anion hydrogen-bonding structure, where the strong
Cl"/H,O interactions distort the native water network and
enhance local structuring.

At this stage, the experimental observations are further
supported by Molecular Dynamics (MD) simulations performed
for both ionic forms (Cl~ and OH ™) at a hydration level of 1 =4
(Table S2 and Fig. 5c-e and Fig. S16). The simulations reveal
distinct mechanisms of water organisation between the two
ionic forms under high salt concentration conditions. Specifi-
cally, the CI”™ form exhibits a higher average number of hydro-
gen bonds per water molecule (with other water molecules)
compared to the OH™ form (Fig. 5e).

In the OH™ form, hydroxide ions interact with the TMA cations
through a combination of hydrogen bonding and electrostatic
interactions, whereas Cl™ ions engage only via electrostatic forces.
As a result, OH™ ions draw additional water molecules into the
first TMA hydration shell. Moreover, OH™ anions perturb the
hydrogen bonding network by forming bridging hydrogen bonds
between neighbouring water molecules, thereby displacing those
that would otherwise reside in the primary hydration shell of
another water molecule (Fig. 5e).

We further quantified the number of water molecules forming
continuous H-bonded chains between two cations. As shown in
Fig. 5e, the most probable chain length shifts from 2/3 water
molecules in the CI™ form to 4/5 in the OH™ form. This observa-
tion reinforces that OH™ disrupts both cation hydration and the
overall water Hb network, consistent with trends observed in the
radial distribution functions (Fig. 5¢). By competing with water for
cation coordination, OH™ reduces the number of direct cation—
cation connectivity pathways, which facilitates charge conduction
through alternative, more flexible routes. Concurrently, by forming
its own hydrogen bonds with water, OH™ further distorts the
network, leading to longer and less direct conduction paths. In
contrast, Cl™ exerts a weaker perturbation since it does not form
hydrogen bonds.

This behaviour is independent of the cation type (e.g., TMA
vs. MEPY; methylpyridinium); (Fig. S16), although a somewhat
stronger OH /anion interaction is observed in the MEPY case.
Overall, the MD simulations support the existence of a more
disordered and dynamically flexible water-ion environment in the
OH™ form. The resulting disruption and reorganisation of the
water hydrogen-bond network facilitate proton motion within the
hydration shells, enabling efficient long-range ion transfer remi-
niscent of “proton wires” in the water gossamer structure.” In
contrast, the CI~ form exhibits a more conventional hopping
mechanism involving only a fraction of the available water mole-
cules, leaving a large portion effectively immobile (“static water”)
and therefore unavailable to mediate fast charge diffusion across
the membrane.

These conclusions are consistent with the conductivity differ-
ences observed between the two ionic forms, which exceed 80%
across the entire RH-range and become particularly pronounced
under low-hydration conditions (e.g., ~90% difference at 65%
RH, 72 vs. 3.5 mS cm ™' for OH™ and CI~; respectively). Although
a direct comparison at high hydration levels is not
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straightforward, since differences in water uptake dominate
the transport behaviour, the disparity observed at 65% RH
(4 = 4) cannot be solely attributed to the intrinsic diffusivity
differences of the two ions in infinite dilution (~60% — 5.27 vs.
2.03 x 107° m? s7' for OH™ and Cl~; respectively®>*"). This
substantial deviation suggests that a markedly different number
of water molecules actively participate in the conduction process
for each ion. In this context, the neutron scattering data,
supported by molecular simulations, clearly demonstrate dis-
tinct water organisation and hydrogen-bonding environments in
the two ionic forms, as schematically illustrated in Fig. 5f and g.

Conclusions

Our results reveal distinct ion-specific mechanisms governing
water structuring and transport in OH- and Cl-exchanged AEMs.
Building on our earlier work, demonstrating that a single water
molecule is essential for facilitating OH ™ transport, we now show
that OH™ and CI™ ions reorganise the hydrogen-bond network
differently, thereby modulating water dynamics and ion mobility.
Hydroxide ions disrupt and dynamically restructure the surround-
ing water environment, enabling efficient proton transfer through
flexible hydrogen-bond pathways, whereas chloride ions sustain a
more ordered and static hydration structure that restricts trans-
port. While the phenomena were extensively probed on HDPE-
RG_AEM membranes, this was also found on commercial sam-
ples of different chemistries (Fig. S13).

These contrasting behaviours persist across all hydration levels
but become most pronounced under low-hydration conditions,
where slow vehicular diffusion dominates and water diffusivity
decreases markedly at elevated temperatures and over extended
transport lengths. Crucially, the coexistence of “transport-active”
and “structurally bound” (static) water populations, whose balance
depends on both ion type and hydration, renders the local hydration
number (number of water molecules per ionic group) an unreliable
performance descriptor. Accounting for the fraction of static water
associated with each ion offers a more accurate explanation of their
distinct conductivities than classical diffusion models based on
infinite dilution, particularly where Grotthuss-type structural diffu-
sion is suppressed and charge transfer proceeds mainly via vehi-
cular motion.

By bridging molecular-scale dynamics with macroscopic
conductivity, these findings provide a mechanistic framework
for optimising AEM-based fuel cells and related electrochemi-
cal devices. A deeper understanding of how ions interact with
membrane materials, through hydration shells, hydrogen
bonding, and water structuring, can inform the rational design
of next-generation membranes combining high ionic conduc-
tivity, efficient water management, and long-term mechanical
and chemical stability for durable, energy-efficient operation.
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