This collaborative study explores hydration effects in Nafion
using simulations and spectroscopy, conducted by the labs of
Dimakis (UTRGV), Jang (Georgia Tech), Goddard Ill (Caltech),
and Smotkin (Northeastern).

Atomistic characterization of hydration-dependent fuel cell
ionomer nanostructure: validation by vibrational spectroscopy

We use ReaxFF molecular dynamics and vibrational
spectroscopy to study proton exchange in Nafion across

nine hydration levels (A). Simulations reveal that protonated
exchange sites persist at high A, challenging assumptions of
complete ionization. By modeling realistic sites, we capture
A-dependent distributions of protonation states and local water
content. These structures align with IR spectra and clarify
jonomer hydration response.
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The development of Nafion alternatives for fuel cells and electrolyzers requires a fundamental
understanding of hydration-dependent ion-exchange site acid/base chemistry. We present here reactive
force field (ReaxFF) molecular dynamics (MD) simulations of Nafion at varying molar water/ion-
exchange-site ratios (A), which we correlate to our experimental and density functional theory-based
vibrational spectra. ReaxFF describes the formation and breaking of covalent bonds, enabling simulations
of proton exchange between sulfonic acid/sulfonate groups and water/hydronium. Our MD simulations
determine the A-dependent equilibrium proportions of protonated and deprotonated sites. We find that
protonated sites persist across all A from 0 to 20, challenging the widely accepted notion that all sites
are ionized above a threshold A value (e.g., 3 or 4). Our simulations generate hundreds of realistic
exchange site environments, the characterization of which are based on 6 A radii sulfur-centered ‘inner-
spheres’. These inner- and outer-sphere regions elucidate an interplay of stereoelectronic factors that
influence protonation states, including the number of inner-sphere waters (A). Our simulations produce
broad A-dependent distributions of A values, representing non-uniform exchange site hydration.

Moreover, we demonstrate that these distributions are specific to both protonated and deprotonated
Received 16th May 2025

Accepted 3rd June 2025 sites, with significant overlap between the two distributions for all non-zero A. These distributions

underpin the IR spectra of hydrated membranes, with each exchange site contributing an IR spectrum
characteristic of its protonation state and A. We expect that these nanostructural characterizations of
Nafion exchange sites will contribute to the development of new ionomers.
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1 Introduction

Clean hydrogen technologies underpin long-term strategies
established by the Paris Agreement."* Efficacious use of clean
hydrogen relies on infrastructure spanning production, storage,
delivery, and consumption of the fuel which generates elec-
tricity and clean water as byproducts. The primary and terminal
stages are accomplished by electrolyzers and fuel cells, respec-
tively. Polymer electrolyte membrane (PEM) electrolyzers and

“Department of Chemistry and Chemical Biology, Northeastern University, Boston, MA
02115, USA. E-mail: e.smotkin@northeastern.edu

*Materials and Process Simulation Center, California Institute of Technology,
Pasadena, CA 91125, USA. E-mail: wag@caltech.edu

‘Department of Physics and Astronomy, University of Texas Rio Grande Valley,
Edinburg, TX 78539, USA. E-mail: nicholas.dimakis@utrgv.edu

School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta,
GA 30332, USA

‘Department of Chemical Engineering, Northeastern University, Boston, MA 02115,
USA

T Electronic  supplementary  information
https://doi.org/10.1039/d5ta03973h

I Co-first authors.

(ESI) available. See DOI:

This journal is © The Royal Society of Chemistry 2025

fuel cells are low-temperature (~80 °C) devices with over half
a century of development.*® PEMs are solid-state ionomer
membranes that also serve as separators of anode and cathode
reactant streams, enabling compact system integration for
rapid response to load demand changes.®®

Nafion is a benchmark perfluorinated sulfonic acid (PFSA)
ionomer with superior chemical-mechanical stability and high
protonic conductivity (Fig. 1).>** PFSAs feature polytetrafluoro-
ethylene (PTFE) backbones with randomly grafted per-
fluoroether sidechains, each terminated by a superacidic
sulfonic acid group (i.e., the proton exchange site). The PTFE
backbone provides structural integrity and resistance to ther-
mochemical degradation, while the exchange sites promote the
sorption**™® and retention of water required for proton trans-
port via diffusion (vehicular) and Grotthuss (hopping or shut-
tling) mechanisms."’">* The contrasting backbone and exchange
site polarities give rise to a dynamic multiphase morphology
driven by an interplay of electrostatic (hydration of ionic sites)
and mechanical (deformation of backbone) force minimiza-
tions.'>'*** Hydration dependent forces balance the distribu-
tion of  hydrophobic (semicrystalline),  hydrophilic
(interphasial), and water-rich domains.*'**** Despite decades

J. Mater. Chem. A, 2025, 13, 24495-24510 | 24495


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta03973h&domain=pdf&date_stamp=2025-07-29
http://orcid.org/0009-0000-9309-0567
http://orcid.org/0000-0003-4436-8010
http://orcid.org/0000-0003-2478-237X
http://orcid.org/0000-0002-1920-421X
http://orcid.org/0000-0003-0097-5716
http://orcid.org/0000-0002-9629-0414
https://doi.org/10.1039/d5ta03973h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta03973h
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013030

Open Access Article. Published on 03 June 2025. Downloaded on 3/15/2026 11:12:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

perfluorinated sulfonic Nafion(MD Cell)

acids (PFSAs)

Ak >r } H20, [Hzn+10n]"

m

Nafion Membranes

Identifier Thickness
NR211 1Tmil = 254um 1100g9/eq
NR212  2mil = 508um | X~66 | COC-A: sidechain |
y: proprietary | ) |
N115 5mil = 127 um m=1 i COC-B: backbone |
- ! tethered |
N117 7mil = 178 um n=2 S

Fig. 1 General perfluorinated sulfonic acid structure (top left) and
physical parameters of Nafion membranes (bottom left). Snapshot of
hydrated molecular dynamics Nafion cell (top right).

of investigation, a consensus on hydration-dependent size,
shape, and interconnectivity of domains remains
elusive.15,22,26,27

Exceptional detail of hydration-dependent exchange site
environments have been derived from analyses of IR and
confocal Raman spectra, correlated to density functional theory
(DFT) calculated normal modes and molecular dynamics (MD)
simulations (Fig. 2a and b).***** Eigenvector normal mode
animations®**” guide vibrational group mode assignments,
involving major contributions by multiple functional groups with
intimately (mechanically) coupled®*° internal coordinates.®***
For example, the PFSA fingerprint region hosts a set of group
modes primarily attributed to the mechanically coupled
exchange site and its nearest ether link (Table 1).3283537:40-46
These group modes are specific to either the proton associated
(i.e., o) or proton dissociated (i.e., B) exchange site states (Fig. 2c).
All sites are protonated (i.e., a-sites) in exhaustively dehydrated§
PFSAs (blue spectra) and contribute to high and low frequency a-
bands (i.e., ar and oy, respectively). Nearly all sites are depro-
tonated (i.e., B) in the fully hydrated state (red spectra) and
contribute to high and low frequency B-bands (i.e., Byr and P,
respectively). At partial hydration states (purple spectra), in
Situ, 22334750 ex situ, 333432 and  operando® hydration-
dependent spectra show the coexistence of o- and B-bands. A
video of the simultaneous evolution of a-bands and the disap-
pearance of B-bands during Nafion dehydration (corresponds to
Nafion column of Fig. 2b) is available (ESI Videot). Doubly
protonated exchange sites'** (i.e., -SO;H, ") are assumed not to
be statistically significant (Section 3.2.2) and are therefore not
considered in this work.

PFSA hydration is often specified by the overall water/SOz(H)
ratio, A.*® The exchange site-specific local water content, A,q

§ Total dehydration of ionomers requires a rigorous drying procedure as
described by Doan et al.”®

9 The symbol, A, is read as ‘lambda local’. The symbol replaces Agiee* and Ajocar,®
both introduced by Loupe et al.
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represents the number of water molecules within a designated
radial boundary (‘inner-sphere’) surrounding each exchange
site.*** Ab initio studies show that exchange site protonation
states are A-dependent.®?%30333547,3357°67 For example, DFT
geometry optimizations show that dissociation of an isolated
RSO;H molecule requires at least three waters of solvation (i.e.,
Agq = 3).47°360-636667 I contrast, classical MD (CMD) simulations
require a priori designation of protonation states, as their
empirical force fields do not accommodate dynamic proton
transfer reactions.** Accordingly, Nafion is typically modeled
with a minimum A value of 3,%*** with the assumption that all
exchange sites are B for A = 3.%7%%988 This approach implies
a uniform A distribution, contrary to an evolving number of
works suggesting non-uniform water content®***+7*#-* and our
recent CMD study| showing a wide A distribution for all
simulated non-zero A cells.? This approach also presupposes
that DFT-optimized A environments are sufficiently realistic
and applicable to MD-modeled exchange site environments.
This paper addresses the validity of this presumption.

Sengupta and Lyulin demonstrated the profound morpho-
logical impact of a priori designated protonation levels (i.e., o-
site/B-site ratios) in Nafion CMD simulations.” Their work
stimulated us to perform reactive force field (ReaxFF)-based MD
simulations, which explicitly accommodates modeling of
proton dissociation and association processes without
requiring a priori knowledge of protonation levels.”> ReaxFF
offers a unique balance between accuracy and computational
expense,” enabling simulations of systems with up to a million
atoms for much larger length and time scales than those
modeled with empirical valence bond>*****® and ab initio MD
simulations.>"*>%1%0

In Section 3.1, DFT-calculated normal modes of Nafion
repeat units are correlated to acquired spectra by visualization
of eigenvector animations. In Section 3.2, ReaxFF MD simula-
tions of Nafion cells with A values ranging from 0 to 20 are
presented. Each hydrated simulation produces equilibrium
proportions of o- and B-sites. In Section 3.2.3, stereoelectronic
factors that affect exchange site protonation states are dis-
cussed. To our knowledge, this is the first report of ReaxFF
modeling of proton exchange between ion-exchange sites and
water within an ionomer membrane.

The following premises underpin the approach adopted in
this work. Given that A, and Ag represent the number of inner-
sphere water molecules for protonated (o) and deprotonated (B)
sites, respectively:

¢ Premise I - for any overall ionomer water content A, there
are characteristic A, and Ag distributions. The total frequency
of each distribution (i.e., the sum of all A, and Ag number
frequencies) is A-dependent.

e Premise II - the fingerprint region of any membrane
spectrum can be interpreted as the convolution of either:

(a) The site-spectrum of every exchange site environment
(each characterized by some A, or Ag).

|| All exchange sites were a priori designated B and all A = Ay sites were assumed
to represent o-sites.

This journal is © The Royal Society of Chemistry 2025
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Fig.2 Operando and ex situ vibrational spectra. (a) Potential dependent Raman spectra of 25 wt% Nafion cathode catalyst (Fe-N,/C + Pt under
O,), adapted with permission from Kendrick et al.3* 2016 under Creative Commons Attribution 4.0 License. (b) Hydration-state dependent PFSA
membrane transmission spectra, adapted with permission from Loupe et al.® Copyright 2020 American Chemical Society. (c) a- and B-site

Newman projections.

(b) Two subspectra:'** an o-subspectrum (convolution of all
A, site-spectra) and a B-subspectrum (convolution of all Ag site-
spectra).

e Premise III - the IR spectrum of an ionomer membrane is
characteristic of its overall water content A.

The Fig. 2b spectra exemplify the premises: Any dry
membrane spectrum (blue) has no B-subspectrum component;
any fully hydrated membrane spectrum (red) has a negligible o-
subspectrum component; any partially hydrated spectrum
(purple) is a convolution of an a-subspectrum and B-
subspectrum.

2 Methods

2.1 DFT calculations

Unrestricted hybrid DFT (PBE0-D3/LACV3P**++) was used for
all quantum mechanics (QM) calculations including geometry
optimization and IR vibrational normal mode analysis (i.e.,
frequency analysis). Calculations were performed in Jaguar (v.
12.1, ©Schrédinger, LLC, New York, NY, 2024) and executed on
a high-performance computing cluster (Discovery cluster,
Holyoke, MA) accessed through Northeastern University. The
D3 semi-empirical correction'® was paired with the PBEO

Table1 Vibrational group mode assignments for Nafion 212 transmission FTIR bands and corresponding DFT-calculated normal modes (X3LYP/
6-311G**++), adapted with permission from Loupe et al.® copyright 2020 American Chemical Society. Eigenvector animations for each normal

mode are available®“

Frequency (cm ™)

FTIR DFT Label Group mode assignment (dominant contributors in bold)
1414 1405 Oy v,(SO;H) + v,((COC-A)

1058 1059 Byr V,(COC-A) +v(5057)

969 983 BLr V(SO;) + v,(COC-A)

910 786 o

v(SO,H) + v(COC-A)

“ v symmetric stretching; v,s: asymmetric stretching; HF: high-frequency; LF: low-frequency.

This journal is © The Royal Society of Chemistry 2025
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hybrid functional*®™* to account for long-range van der Waals
attraction interactions. Polarization (i.e., “**7)"** and diffuse
(i.e., “++”)'7 functions were added to the triple-{ Gaussian-type
basis set LACV3P.**

Three Nafion ‘component models’ (perfluorinated dimethyl
ether, triflic acid, and triflate) and three Nafion monomer models
(1-mer-sbb, 1-mer-CHs, and 1-mer-CF;) were the model
compounds'™ considered (Fig. S1-1; ESI{). The component
models represent minimal ionomer fragments, making them
useful for elucidating individual functional group contributions
to ionomer vibrational normal modes (ESI-S17).® All models were
optimized without an external dielectric medium or implicit
solvent.**** QM calculations were performed on incrementally
hydrated 1-mer-CF; as previously reported for triflic acid.®***

2.2 MD simulations

2.2.1 System setup and equilibration. Nafion membranes
were modeled using 32 10-mer chains (i.e., 320 total exchange
sites per simulation cell) at nine hydration levels: A = 0, 1, 2, 3,
5, 7, 10, 15, 20 (Fig. 3). Each monomer has 14 -CF,- units fol-
lowed by a single sidechain and an additional CF, unit. Olig-
omer backbones are capped with fluorine atoms. All exchange
sites are protonated (and remain so) during the non-reactive
equilibration stage. The above results in 692 atoms per olig-
omer and 22144 Nafion atoms per cell. The total number of
atoms per cell varies from 22144 (A = 0) to 41344 (A = 20). Initial
cell structures were generated using Packmol.**®

All cells were first relaxed by steepest-descent energy mini-
mization, followed by a 10 ps NVT'"'* simulation at 10 K to
generate initial velocities. All cell densities were then set to an
initial 1.8 g em™® (N117 at A = 15 is ~1.75 g cm *)*® before
undergoing the following 1.6 ns annealing procedure: 1a)
heating from 10 K to 400 K over 150 ps; 1b) 100 ps equilibration
at 400 K; 2a) cooling to 300 K over 50 ps; 2b) 100 ps equilibra-
tion; 2¢) heating to 400 K over 50 ps; 2d) 100 ps equilibration;
2e) three repetitions of steps 2a-2d; 3a) cooling to 300 K over 50
ps; 3b) 100 ps equilibration. The cells were then equilibrated for
another 10 ns at 300 K.

The universal force field"*® was employed for the non-reactive
simulations using LAMMPS."'"*** The equations of motion were
integrated using the Verlet algorithm'® (1.0 fs time step).
Electrostatic interactions were calculated with the particle-
particle particle-mesh method."**

2.2.2 ReaxFF MD simulations. ReaxFF, developed by God-
dard and co-workers, describes bond formation and breaking in
terms of a bond energy and bond order versus distance relation,
which allows bond order changes within MD simulations.””
ReaxFF partitions the total system energy (Egystem) into bonded
and nonbonded terms (eqn (1)).

Esystem = Ebonded + Enonbonded (1)

Bonded terms include bond, over-coordination penalty
(over), under-coordination stability (under), lone-pair (Ip),

** LACV3P is identical to 6-311G for atoms lighter than K.

24498 | J Mater. Chem. A, 2025, 13, 24495-24510
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Model Nafion Oligomer for ReaxFF MD

oligomer = 10-mer 1144 g/eq
A

A 32 10-mers per cell
FHCFz—CFQ%TF—CFQ%F

r

320 SO4(H) groups

ReaxFF O—CF2—(|)F—O——CF2—CF2—SO3H
H,O

—SOH —— —s0; + H' CFs

Number of Atoms MD Cell Dimensions
A Nafiont water! total I (&) nm3 p (g/ml)
0 22144 O 22144 64.1 260 2.31
1 960 23104 65.5 280 2.20
2 1920 24064 66.9 300 2.10
3 2880 25024 68.1 320 2.01
5 “ 7 4800 26944 70.6 350 1.86
7 “ " 6720 28864 73.0 390 1.75
0 “ " 9600 31744 76.2 440 1.60
15 “ " 14400 36544 80.2 520 1.46
20 “ 7 19200 41344 82.9 570 1.41

T Initial number of atoms before initiation of ReaxFF simulation.

Fig. 3 Nafion oligomer for molecular dynamics simulations (top) and
table of specified number of atoms, cell dimensions, and densities
(bottom).

valence angle (val), and torsion (tor) energies. Nonbonded terms
include Coulombic (Coul), van der Waals (vdW), and hydrogen
bond (HB) energies (eqn (2)).

Esyslem = (Ebond + Eover + Eunder + Elp + Eval + Etor)
+ (ECoul + EVdW + EHB) (2)

ReaxFF determines bonded interactions among all atoms in
the system using the bond order (BO) concept, where BOs are
expressed as a continuous function of interatomic distance.
Contributions from o, 7t, and 7wt bonds are calculated as follows:

BO; = BO + BOT + BOI™
Vi/' Pbo2 Vij Pbos
= €XP |Pvol | = + €Xp|Pbo3 | =
g e
Fi Dot
+ exp {pboS (,,njn ) } (3)
0

where BO§, BOj;, and BOj™ are the partial contributions of o, T,
and 7 bonds, respectively, between atoms i and j (r is the
distance between i and j). The o, 7, and 7 bond radii are
re, 1o, and 15", respectively. The pp,, terms are empirical
parameters fitted against reference QM results (or sometimes
Experimental data). The nonbonded terms (i.e., Coul, vdW, and
HB) are calculated between every pair of atoms regardless of
their connectivity. The QEq charge equilibration method'** was
used for electrostatic interactions. A more comprehensive
review of ReaxFF is described elsewhere.”

If all charges are allowed to respond to the forces and electric
fields, the proper dielectric constant is 1. Accordingly, our DFT
calculations of model compounds employ a dielectric constant

This journal is © The Royal Society of Chemistry 2025
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of 1 (Section 2.1). Typical force fields use fixed point charges and
hence, should have a non-unit dielectric constant, but the
correct value is generally unknown. UFF and ReaxFF allow
charges to fluctuate according to the QEq charge equilibration
model. Thus, the proper dielectric constant is 1, just as for QM.
Applying macroscopic dielectric constants to atomistically
modeled environments is not justified.

In this study, ReaxFF was trained to capture the correct
qualitative trends in reactivity and proton dynamics in hydrated
polymeric systems, based on QM data for triflic acid in the
presence of one to five explicit water molecules. ReaxFF-
minimized structures show that proton transfer occurs when
three or more water molecules are present, in good agreement
with QM results (Fig. S2-1; ESIt).*72360-63,6667

ReaxFF MD (RMD) simulations were conducted on all clas-
sically equilibrated cells (Section 2.2.1) to simulate proton
exchange between Nafion and water. The cells were relaxed by
steepest-descent energy minimization, followed by a 10 ps NVT
simulation at 10 K. The cells were then heated to 300 K over 50
ps. ReaxFF simulations were conducted for 2 ns under NPTV
conditions (300 K and 1 atm), during which the cell densities
were monitored (Fig. S2-2; ESIT).

RMD simulations were performed using LAMMPS (0.5 fs
time step). RMD structure files corresponding to snapshots at 2
ns are available (ESI PDB filest). Molecular surfaces were
generated in Maestro (version 13.3, ©Schrédinger, LLC, New
York, NY, 2023). Closed Connolly surfaces with a 1.4 A probe
radius were applied to various atom groupings.

3 Results and discussion

3.1 DFT calculated Nafion monomer vibrational normal
modes

We have reported extensive frequency analyses (at the X3LYP/6-
311G**++ level) of dry (i.e., A = 0) RSO3(H) models (e.g., 1-mer-
CHj;; Fig. 4a).#*° 1% These include group mode assignments
(Table 1) correlated to hydration-dependent PFSA vibrational
bands (Fig. 2a and b). Assignments are based on the visualiza-
tion of eigenvector normal mode animations (ESI Vid-
eost).5303037:40 Excellent agreement was found between X3LYP 1-
mer-CH; frequencies and corresponding IR+ band frequencies
(Fig. 4b). The calculated frequencies are within ~1% of experi-
mental values, except for oyg, which is 14% lower than the
observed 910 cm™" band. Frequency errors are often attributed
to scaling factors (varies with functional and basis set) and the
choice of chemical repeat unit.?®*>"

Yamaguchi and Ohira evaluated several hybrid functional and
basis set combinations for PFSA sidechain models, finding that
PBE0/6-311G(d) offers the best balance of accuracy and compu-
tational time.*” Thus, we performed frequency analyses with the
PBEO-D3 hybrid functional,®"* which accounts for long-range
interactions,’ and the same basis set as previously
reported®**1335 (Section 2.1). The 1-mer-CH; oy value improves
by ~6% and the By value improves slightly with PBE0-D3 (Fig. 4b).

+1 Transmission FTIR of Nafion 212 (NR212; see Fig. 1 for membrane
specifications).

This journal is © The Royal Society of Chemistry 2025
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All other listed modes increase in error. The insensitivity of the
Nafion side chain (NSC)}} band to state-of-hydration®**** (band is
fixed at 983 cm ™) is better captured with PBE0-D3. Yet, the X3LYP
NSC values are much closer to the observed band. Thus, for 1-mer-
CH;, neither functional clearly outperforms the other, deeming
both suitable for frequency analysis.

Historically, the 1-mer-CH; model was used to avoid
“computational interference” with the sidechain -CF;
group.>*>**% Replacing methyl groups with —~CF; groups (1-mer-
CF;; Fig. 4a), however, has a negligible effect on the PBE0-D3
frequencies (Fig. 4b). Notably, the NSC group modes (domi-
nated by sidechain -CF; and COC-B motions) are unaffected by
the backbone capping groups, as their large separation from the
COC-B group prevents significant coupling of their motions.

The exceptional accuracy of the X3LYP-calculated dry 1-mer-
CH; Byr frequency (1059 cm ™ Fig. 4b) is fortuitous given that
B-sites are formed and stabilized in the presence of water.*”** In
comparison, the PBE0-D3 Py frequency for all monomer
models are 26 cm™ " less than the observed 1058 cm™" band.
Hydration of the 1-mer-CF; B-site greatly reduces the PBE0-D3
Bur frequency error ((Table S1-21): By increases to 1049 em™"
at Ag(i.e., A =3); Byris 1052 = 1.5cm ' between A =3 and A =
15. As A increases, the local permittivity around the (-site
should approach that of hydrated membrane -sites,"®''®
allowing for a more realistic Byr group mode calculation.

DFT-calculated exchange site environments are typically
derived from a limited landscape of energy-minimized struc-
tures,” lacking both the structural complexity and site-to-site
variation inherent in real ionomer repeat units.'”* Thousands
of realistic exchange site environments are accessed with
a lower level of theory like MD, as discussed below (Section 3.2).

QM-calculated IR spectra of all model compounds (ESI-S17)
and normal mode animations for component models and 1-
mer-CF; are available (ESI Videost).

3.2 Nafion ReaxFF MD simulations

RMD simulations of nine Nafion cells were performed at A values
ranging from 0 to 20. Trajectories of protonation levels versus
time established a standard simulation duration of 2 ns (Fig. S2-
3; ESIt). In this section, ‘water’ includes all water molecules
whether they are neutral or are part of a protonated hydration
complex (i.e., hydronium, Zundel, Eigen, etc.),**”* unless other-
wise specified. A standard sulfur-centered radial cutoff distance
(b) of 6 A§§ defines an ‘inner-sphere’ and ‘outer-sphere’ boundary
in this work. The integer number of inner-sphere waters is A.
Each DFT and RMD-generated exchange site environment will be
referred to by its protonation state (i.e., o or ) and a numerical
subscript representing the site's A value (e.g., Bi4 denotes an
ionized exchange site with 14 inner-sphere waters).

3.2.1 Inner-sphere and outer-sphere waters. For real and
theoretical ionomer samples, W, is the total number of waters

(eqn (4)):

1% NSC group modes are dominated by 3,(CF;) (see ESI Videost).
§§ The arbitrarily chosen 6 A cutoff boundary contains all 1-mer-CF; hydration
waters (Fig. S1-6; ESIT).
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Fig. 4 Theoretical and experimental Nafion vibrational group mode analyses: (a) model monomer structures; (b) effect of functional and
backbone capping groups on calculated frequencies (columns 1-3). Animations for all listed 1-mer-CFz normal modes (column 3) are available
(ESIT). X3LYP-based frequencies (column 3), FTIR band frequencies (column 4), and NR212 spectra are adapted with permission from Loupe

et al.® Copyright 2020 American Chemical Society.

mdry _

Wit = AN,
tot AEW

ANs (4)

where N, is Avogadro's number, mq,y is the dry mass, and Ng is
the total number of sulfur atoms. For both the RMD simula-
tions and our previous all-classical simulations, Ng is 320.® Every
exchange site has an integer A value representing inner-sphere
water oxygens. Waters contributing to multiple A (i.e., multiple
sulfur-spheres) are “bridge”®* waters. Waters that contribute to
single sulfur-spheres are “non-bridge” waters. The sum of all
inner-sphere waters (Wyg) and all outer-sphere waters (Wog) is
Wiot (€qn (5)).

Wior = Wis + Wos (5)

Fig. 5a shows histograms of A number frequencies (f})
versus A for the nine simulated cells, where f, values range from
0 to Ns. Thus, the range of f, values can formally be defined by
the set, {fo € Ny|fa = Ng}. The histogram color coding is dis-
cussed later (Section 3.2.2). The sum of the fy by A products is
the MD cell's histogram number, ny;s (eqn (6)).

p
Mhist = ;}f aA (6)

The upper limit p is the maximum A value recorded for a A
distribution, which depends on b and A (e.g., p is 19 for A = 20;
Fig. 5a). The domain of A is formally, {A € Ny|A = p}. If there
are no bridge waters, npisc equals Wis. The presence of bridge
waters breaks the equality and thus contributes towards a net
overcount (Aoyer) of Wis (eqn (7).

WIS = Nhist — Nover (7)

Bridge-waters within j inner-spheres are overcounted j — 1
time(s), where is 2 or larger. The domain of;j is formally,{j € N|;
= 2}. The number of bridge waters occupying j spheres is f;. The
sum of f; by j — 1 products is 7gver (€qn (8)).

24500 | J Mater. Chem. A, 2025, 13, 24495-24510

Hover = ZJ[](/ - 1) (8)

The upper limit g is the maximum number of inner-spheres
that a water resides in, which, similar to p, depends on b and A
(g is either 4 and 5 across the nine A systems, Table S2-1; ESIt). A
more descriptive Wig definition is now obtained by substitution
of eqn (6) and (8) into eqn (7) (eqn (9)).

Wis =AM > A6~ 1) o)

A full expression for Wy, is established by substitution of
eqn (9) into eqn (5) (eqn (10)).

Wi = ZfAA - Zﬁ(/ — 1)+ Wos (10)
pe =

The water-count discrepancy (d) represents the amount by
which 75 is an overcount (3 > 0) or undercount (3 < 0) of Wy,
relative to Wy, (eqn (11)).

(11)

Alternatively, d may be recast in terms of 74y, and Wog (total
number of over- and under-counts, respectively) by substitution
of eqn (5) and (7) into eqn (11) (eqn (12)).

Nover — W

3= S % 100% (12)

tot

Eqn (4)-(12) are summarized as a two-dimensional concep-
tual illustration (Fig. S2-4; ESIt).

Fig. 5b shows & versus A for the simulations of the eight
hydrated systems. There are two linear segments with slopes of

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Inner- and outer-sphere water content versus . (a) Overlapping histograms of f, versus A, for nine A values. Blue and red histograms

correspond to protonated and deprotonated exchange sites, respectively. (b) Water-count discrepancy, 8, versus A. Structural examples
contributing to d are inset: (top) pronated bridge-water overcounted twice (i.e., j = 3): and (bottom) non-bridge inner-sphere waters (light blue)

and undercounted outer-sphere waters (green).

—0.08 (between A =1 and A = 7) and —0.02 (between A = 7 and A
= 20) that intersect at A,. The steeper segment results from
a reduction of overlapping sulfur-spheres (i.e., gy decreases),
concurrent with the emergence of a water-rich phase (i.e., Wog
increases). For very low A, waters are predominantly inner-
sphere® and bridge exchange sites. Fig. 6 depicts bridge waters
as light blue spheroids bridging yellow trefoils (exchange sites).
Protonated bridge waters, or “hydronium-mediated bridges”,
have been reported in CMD simulations of Nafion, Aquivion,
and a perfluorinated phosphoric acid by Jang and
coworkers.®*** The A = 0 and A = 2 cell cross-sectional surfaces
both show a greater extent of clustered exchange sites than that
of A = 20, consistent with reports of stronger S-S pairwise
correlations with decreasing A.%%717678838487 At ) = 5, while ngyer
is counterbalanced by W, there remain bridge waters that
impact the slope up until the intersection at A = 7. The shal-
lower slope is attributed almost exclusively to the progressive
increase of outer sphere waters (i.e., Wog increases while 7gye; is
negligible). Outer-sphere waters (green) are either bulk-like (i.e.,
clustered) or isolated (Fig. 6). The hydration-dependent growth
of a three-phase nanomorphology is illustrated in Fig. S2-5
(ESTH).

3.2.2 A, and Ag distributions. The X = 0 cell (i.e., Wi, = 0)
has 320 locally dry exchange sites (i.e., f, = 320), corresponding to
the single A = 0 bar in Fig. 5a. All sites remained protonated
throughout the simulation period (Fig. S2-3; ESIf), consistent

This journal is © The Royal Society of Chemistry 2025

with no autoprotolysis products (i.e., -SO;H," and -SO;7).1>%%5 A
solvent autoprotolysis constant (K,p), depends on the solvent
equivalent weight, density, and dielectric constant (k)."*”
Although K, for Nafion is not reported, it is likely negligible
because of its low « (k = 4 for A = 1),"*¢ high equivalent weight,
and low anhydrous ionic conductivity."**"° Even for sulfuric acid,
which has a high « (k = 100; K, = 2.4 x 10 * at 25 °C)2*** and
low equivalent weight, only three H;O," ions are expected at
equilibrium in a X = 0 cell volume (ESI-S3t). In a transmission
FTIR study of ‘dry’ Nafion, Buzzoni et al. attributed a weak
intensity 1060 cm™' band (Byr) to -SO;~ groups formed via
autoprotolysis.** This is unlikely given the above discussion of
sulfuric acid. In an ATR-FTIR study of ‘dry’ Nafion by Negro et al.,
the 1060 cm ™" band is attributed to ~SO;~ groups persisting due
to residual membrane water.”” Whatever the acquisition tech-
nique, complete absence of the 1060 cm™* band requires main-
tenance of a completely dry atmosphere during measurement.*
Loupe et al. describes in detail the challenges of obtaining
completely dry PFSA spectra in an ATR configuration.®

All non-zero A cells result in a-site and B-site A distributions,
visualized as blue and red histograms, respectively (Fig. 5a).
Each histogram is represented as a numerical set, with each
element corresponding to a single bar. For example, each blue
histogram is represented by the set H, (eqn (13)).

H, = {fa, € NJA € Ny} (13)

J. Mater. Chem. A, 2025, 13, 24495-24510 | 24501
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Each H, element corresponds to a blue bar, representing
non-zero frequencies of a-sites with specific A values (fy ). The
number of fy elements (i.e., number of blue bars) is the
cardinality of H,, |H,| (Table 2). The sum of fy over all A
represents the total number of a-sites in the cell (Ns ; eqn (14)).

P
Ns, = ;f Ay (14)

Similarly, each red histogram is represented as the set, Hg
(eqn (15)).

Hp = {fs, € N|A € Ny} (15)

Each Hg element corresponds to a red bar, representing non-
zero frequencies of B-sites with specific A values (fy). The
number of f, elements is the cardinality of Hg, |Hg| (Table 2).
The sum of fAﬂ over all A is the total number of B-sites for the
cell (Ns,, eqn (16)).

p

N, = > fa, (16)
A=0
The sum of N5 and N, is Ns (eqn (17) and (18)).
r
Ns = NSE + ]vsﬁ = Z (fAu +-fAI3) (17)
A=0

The sum of corresponding fy, and fa, values is fi, which
represents the number of exchange sites with a given A, inde-
pendent of protonation state. The rightmost expression of eqn
(17) is then simplified to represent the sum of every Fig. 5a
histogram bar, independent of its color (eqn (18)).

24502 | J Mater. Chem. A, 2025, 13, 24495-24510

(18)

Fig. 7 shows Ng_versus \. According to eqn (14), the value of
each bar is the sum of all blue histogram bars from Fig. 5a, for
the corresponding A. Thus, the exponential decay of Ng_versus A
represents the diminishing significance of blue histograms with
A, and a sharp decrease in the proportion of a-sites with
increasing water content. The persistence of a-sites across all A
contradicts the widely adopted notion that all exchange sites are
ionized for A = 3.°*7%8% Our finding concurs with Sengupta
and Lyulin's report of a-sites at high A.”

All eight hydrated cells result in overlapping histograms
across variable A intervals (Fig. 5a). For 1, both H, and Hg span
A values from 0 to 5 (i.e., |H,| = |Hg| = 6). With increasing 2,
both histograms shift towards higher A, signifying a growing
number of inner-sphere waters for every exchange site. Conse-
quently, the proportion of locally dry sites (i.e., fo/Ns) diminishes
from 100% to 2% between A = 0 and A = 3. For A = 5 and
beyond, all exchange sites are hydrated by at least one water. It
is noteworthy that the absence of A = 0 sites starting at A = 5,
coincides with the equality of over- and undercounted waters
(i.e., d = 0 at A = 5, Fig. 5b).

Table 2 shows that [Hg| generally increases with A, reflecting
a growing variety of B-site A values with hydration. This is
consistent with a 3-mer Aquivion model, which shows an
increasing preference for non-uniform hydration as A
increases.* In contrast, |H,| remains roughly the same across
all non-zero A. The number of A values over which H, and Hg
overlap also show little variation with A (Fig. 5a). The tails of the
o histograms, on the high A side, never overlap with the
B histograms beyond A = 1, indicating that sites with the largest
A values in any cell are always ionized.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Cardinality of H,, Hg, and the union of both sets versus A for the nine simulated Nafion cells

A 0 1 2

5 7 10 15 20

Hel| 1 6 6
[Hg|| 0 6 9

8 7 7 7 6
11 10 12 12 13

[H UHg|| 1 12 15

For any non-zero A, the proportion of a-sites with a given A
generally decreases with increasing A (i.e., fa /fa; Fig. 8). In the &
= 3 cell, for example, f, [fa decreases from 61% to 4% as A
increases from 1 to 6. In every hydrated cell, f, /fs is generally
less than 15% if A is at least 6. The negative correlation between
Jalfa and A is consistent with reports of an increased ionization
propensity for CF;SO;H (i.e., triflic acid) and CF;CF,SOz;H as A
increases.*”*

3.2.3 ReaxFF MD exchange site environments. Our RMD
simulations model the spatial and temporal heterogeneity of
320 exchange sites per A (Section 3.2.1 and 3.2.2), where each
site is embedded in a realistic environment with up to ~40 000
surrounding atoms. The coexistence of o- and B-sites with
identical A values in all hydrated simulation cells (Fig. 8)
suggests that additional variables beyond A influence proton-
ation states. The interplay of three stereoelectronic variables is
identified through visualization of inner- and outer-sphere
environments (Fig. 9): (i) the local number density of polar
and non-polar fragments, (ii) the spatial arrangement of water,
polymer fragments, and ions, and (iii) long-range electrostatic
effects.

The ionization propensity (i.e., acidity) of exchange sites is
primarily influenced by the identity and number density of
inner-sphere atoms (variable i). Exchange site acidity is ex-
pected to increase with A (water molecules are highly polar) and
decrease with the number density of non-polar fragments
within the inner-sphere (e.g., CF, and COC groups). We chose to
enumerate the latter parameter by the number of non-SO;(H)
Nafion atoms (N,p). Consider, the sixteen 1-mer-CF; monomer
models geometry-optimized with DFT, each with a unique A
ranging from 0 to 15 (Fig. S1-6; ESI-S17). Since the monomer Ny,
values vary minimally (Fig. S1-7b; ESIt), their acidities primarily
depend on A, leading to the establishment of a A dissociation
threshold (Aq = 3): the exchange site is a. for A <3 and p for A =3

320
240

Ne
«—100% SO4H = —%*100%

" @
69% o o

43%

25%

-SO;H frequency ,Ng,
>
o
1

80
12%
9% 7%
3% 3%
0|||||||I;||||;I||1|Fl|||||
0 5 10 15 20
A

Fig. 7 —SOszH counts versus A after 2 ns of ReaxFF.
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Fig. 8 Proportion of protonated (i.e., &) exchange sites versus A for all
A >0 cells.

(Fig. S1-6; ESIf). In contrast, the RMD-modeled inner-spheres
exhibit larger and more diverse N,, values that vary indepen-
dently of A, precluding the establishment of a A4 (Fig. 9). The
RMD inner-sphere structural diversity is facilitated by the
abundant presence of polymer fragments from neighboring
monomers, with minimal disruption to native*® backbone
dihedral angles.'”37758124

The spatial arrangement of water, polymer atoms, and ions
(variable ii) is also expected to influence exchange site proton-
ation states. Consider the two arbitrarily selected o5 and s sites
from the A = 5 cell (Fig. 9). The a5 site proton is partially
stabilized by its nearest ether linkage, rather than by a water
molecule. Moreover, the as site is directly hydrated by only
a single water, while the four remaining waters contribute to the
stabilization of a neighboring B-site and two other protons. In
contrast, the B; site has a much smaller Ny, lacks excess charge
carriers, and is directly hydrated by two waters. The A = 2 cell
hosts a nearly equal number of a, and B, sites (Fig. 8). Despite
the selected B, site (Fig. 9) having a large Ny, two nearby
exchange sites contribute to stabilizing the dissociated proton
(the proton serves as a hydronium-mediated bridge®** between
three exchange sites). Similarly, Paddison and Elliot report that
the number of waters required to cause exchange site ionization
is less than three when exchange sites are nearby one

J. Mater. Chem. A, 2025, 13, 24495-24510 | 24503
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another.””*® The inclusion of a high dielectric constant
continuum solvation model has also been shown to decrease
the number of waters required for ionization.** Meanwhile, the
selected a, site proton lacks any direct interaction with water,
causing it to remain associated. These observations from arbi-
trarily selected exchange sites highlight how the highly variable
spatial arrangement of inner-sphere species influence proton
association and dissociation.

Finally, the exertion of long-range electrostatic forces (vari-
able iii) on RMD sites should not be excluded as a variable that
influences protonation states. While these forces may be indi-
vidually insignificant compared to shorter-range Coulombic
interactions, the MD cells contain significantly more atoms
contributing to them than the 1-mer-CF; complexes. The overall
water content (i.e., A) is expected to impact the long-range forces
exerted on any exchange site.

4 Conclusion

This is the first report on ReaxFF modeling of proton exchange
between water molecules and ion-exchange sites within an MD
framework. MD simulations were performed on the per-
fluorinated sulfonic acid (PFSA) ionomer Nafion at A values
ranging from 0 to 20. Over each 2 ns simulation, proton
exchange between initially protonated exchange sites (sulfonic
acid groups) and water molecules resulted in A-dependent
equilibrium proportions of protonated sites (e, ie., sulfonic
acid) and deprotonated sites (B, i.e., sulfonate ion). An expo-
nential decrease in the proportion of a-sites was observed with
increasing A. Notably, we found that o-sites persist across all A
cells, challenging the notion that all exchange sites are ionized
above a fixed A threshold.®*7°7%8%-%8 Exchange sites are hydrated
non-uniformly, as demonstrated by A-dependent distributions
of A values, representing the number of waters within sulfur-

24504 | J Mater. Chem. A, 2025, 13, 24495-24510

centered ‘inner-spheres’ with 6 A radii.>***7%%1 For lower A
cells, the majority of waters reside either within a single
exchange site inner-sphere (‘non-bridge’ waters) or multiple
inner-spheres (‘bridge’ waters). As A increases, the proportion of
bridge waters decreases, due to the separation of sulfonate
groups,®»717¢78838487 concurrent with the evolution of a water-
rich phase composed of outer-sphere waters.

Distributions of o- and B-site A values (A, and A distribu-
tions, respectively) with significant overlap were observed.
Examination of inner-spheres revealed the complex interplay of
three stereoelectronic variables affecting protonation state: (i)
the local number density of polar and non-polar fragments, (ii)
the spatial arrangement of water, polymer fragments, and ions,
and (iii) long-range electrostatic effects. We assert that each
exchange site environment yields a characteristic IR spectrum
(premise II),* and that our A, and Ag distributions form the
basis for any observed IR spectrum (premises I, III).

Taken together, our study focuses on the intrinsic behavior
of proton-exchanged Nafion, particularly the interactions
between -SO3;H groups and water molecules. By modeling
simplified H"/H;0" environments, we systematically explored
hydration-dependent proton transfer dynamics, hydrogen-bond
structures, and the microstructural organization driven by the
acidic side chains. We acknowledge that in real PEM environ-
ments, contaminants such as alkali metal cations can influence
the acid-base equilibrium and local hydration structure
through ionic screening or competitive interactions. While this
study aims to isolate and understand the fundamental inter-
actions between -SOz;H groups and water molecules, we re-
ported on the hydration-dependent spectroscopy of metal ion-
exchanged Nafion (K*, Na*, Li*, Ca®>", Cd**, Ni**, and AI**).2>33
Future work can correlate our spectroscopic findings with
ReaxFF simulations of metal ion-exchanged Nafion to better
understand the impact of external cations.

This journal is © The Royal Society of Chemistry 2025
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Intense efforts are focused on the development of environ-
mentally friendly polymer electrolytes that offer high proton
conductivity, low gas permeability, and improved water-
retention at elevated temperatures. Our methodology is not
only applicable to any ionomer, but also to any molecular
system undergoing solvation-dependent chemical changes.
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