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HIGHLIGHTS

® Reverse mapping method was applied to simulate PFSA membranes with large scales.

® The origin of fracture in the PFSA membrane was discussed.

® Void formation and growth occurs in the hydrophobic/hydrophilic interface region.
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We combined two reverse mapping methods, a predetermined fragment database and fragment rotation, to
generate atomistic configurations from coarse-grained structures. The combined method together with mole-
cular dynamics simulations was applied to simulate perfluorosulfonic acid (PFSA) membranes with large length
scales and to explore the origin of fracture under a uniaxial tensile loading. Through the analysis of voids in the
deformed membrane, we found that void growth with tensile loading takes place at the boundary of the hy-
drophobic and hydrophilic regions, which may be the origin of the fracture in the PFSA membrane. This study

demonstrates an efficient reverse mapping method, which is useful for simulating proton exchange membranes

with realistic chain lengths.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs), also known as
polymer electrolyte membrane fuel cells (PEMFCs), have attracted great
interest owing to alternative energy applications and high carbon di-
oxide emission efficiencies relative to traditional petroleum-based fuels
in transportation, aerospace, stationary applications and portable sys-
tems [1-3]. The perfluorosulfonic acid (PFSA) polymers, such as Fle-
mion® and Nafion®, have been widely used in proton exchange mem-
branes for fuel cell applications [4]. The chemical structure of PFSA
polymer essentially consists of a hydrophobic polytetrafluoroethylene
(PTFE) backbone with hydrophilic pendent side chains terminated by a
sulfonic acid moiety (Fig. 1a), which causes nanoscale phase separation
between the hydrophobic and (hydrated) hydrophilic domains when
the membrane uptakes water. Hydrated PFSA membranes thus serve as
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a pivotal element in the PEMFCs as an electrolyte medium for proton
conduction, a physical medium for separating reactant gases, and as a
robust material able to withstand dimensional changes mainly caused
by repeated water swelling and deswelling [5-8].

The phase-segregated morphology of a hydrated PFSA membrane
affects the proton transportation and mechanical characteristics of the
membrane. The membrane morphology has thus been extensively stu-
died for achieving efficient proton transport and for designing new
materials applicable to PEMFCs [4,9-16]. Several morphological
models, such as the cluster-network model [9,10], fibrillar structure
model [11,12], parallel-cylinder model [13], and film-like model [14],
have been proposed to describe the behavior upon water swelling.
Recently, we have used all-atomistic (AA) molecular dynamics (MD)
simulations to explore the morphology of hydrated PFSA membranes
with molecular weight ~10* [15,16]. These studies found that the
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Fig. 1. (a) The chemical structure of PFSA polymer. EW 844 PFSA with x = 4,
y=1,m=1, and n = 2 was used in this simulation. (b) Schematic description
of coarse-grained sites.

water morphology changes from a channel-network structure to a tor-
tuous layer structure in the shorter side chain PFSA membranes with
increasing water content, while the morphology changed to a fat net-
work in the longer side chain PFSA membranes. Since the PFSA models
studied by AA-MD simulations differ from the commercially available
PFSA polymers especially with respect to the polymer chain length (or
molecular weight), larger size MD models are desired for direct quan-
titative comparison with experiments and for investigations of new
PEMFC materials. However, such large-scale AA-MD simulations re-
quire inordinate computational resources.

One strategy to reduce the computational cost is to use a coarse-
grained (CG) model. Many types of CG simulations, such as dissipative
particle dynamics [17-25], self-consistent mean field calculation
[26,27], and CG-MD [22,28-30], have been applied to investigate the
morphology and mechanical properties of PFSA membranes. The CG
models can qualitatively describe the properties observed in experi-
ments; however, they are sometimes not accurate enough for quanti-
tative investigation due to the eliminated degrees of freedom (e.g., lack
of explicit hydrogen bonding). To address the drawback of CG mod-
eling, a feasible approach is to convert an equilibrated CG system into
the corresponding AA model, following a procedure termed reverse
mapping or back-mapping. Thus, a combination of CG simulation with
low computational demand and AA-MD simulation at a higher resolu-
tion makes it possible to accurately examine the morphology and me-
chanical properties of PFSA membranes.

In general, the process of reverse mapping consists of two stages: (1)
the generation of an AA structure from coarse-grained coordinates and
(2) the relaxation of the AA structure [31,32]. Typically, the published
methods for reverse mapping are aimed at either near-optimal AA re-
construction [33-35] or reasonable AA reconstruction requiring only a
short AA simulation to relax the structure [32,36-40]. For example,
idealized fragment configurations selected from a predetermined da-
tabase for reverse mapping CG beads has been applied to generate a
near-optimal reconstruction [35]; in the protein folding literature this
procedure is called the rotamer library approach [41]. Rotating the
fragments for optimal alignment with neighboring fragments has been
used to shorten the relaxation time [36,38].

In this study, we combined the above two reverse mapping methods
for generating AA initial structures from coarse-grained coordinates.
The combined method was adopted to explore the origin of the fracture
in large-scale PFSA membranes with realistic polymer chain length
under a uniaxial tensile loading. It should be noted that in the CG
model, the system response to applied stress is flawed because of the
eliminated degrees of freedom which limit the energy dissipation
pathways. In this sense we need to use an AA force field to study the
mechanical behavior under applied stress. Thus, after generating a
reasonable structure of the polymer membrane in an efficient manner
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with the CG model, a reliable reverse-mapping method is needed to
generate a well-prepared AA configuration.

This paper has been arranged into four Sections. In Section 2, the
details of the simulation methods including AA-MD, CG-MD and the
combined reverse mapping are described. Section 3 presents the si-
mulation results on validation of the reverse mapping method, and
discusses the origin of fracture in PFSA membranes under the uniaxial
deformation. Finally, we summarize the work with several concluding
remarks in Section 4.

2. Computational methods
2.1. Coarse-grained model and simulation

In this study, we examined four different chain lengths of PFSA
polymer (x =4,y =1, m= 1, n = 2, see Fig. 1a) with an equivalent
weight (EW) of 844. Specifically, the chain lengths consist of 10, 20, 60,
and 125 repeat units (termed as 10-, 20-, 60-, and 125-mer hereafter).
The 10-mer and 125-mer PFSA polymers were respectively used to
validate the combined reverse mapping method and to explore the
origin of fracture under the uniaxial tensile loading. The others were
used to confirm the equilibrated structure of the 125-mer membrane.
The sulfonic acid groups (-SO3H) in the pendant side chains were as-
sumed to be fully ionized to H* and SO5;~ at all hydration levels (),
where A denotes the number of water molecules per SO;~ (A = (HO,
H307%)/S057). The resulting protons were combined with water mo-
lecules to form hydronium ions (H30 ™).

The hybrid SDK/IBI model [30] was used for the CG-MD simulations
of the hydrated PFSA membranes. The CG model of PFSA polymer in-
cludes eight types of CG beads as shown in Fig. 1b. The compatible
SDK-CG water model [42], in which three water molecules are packed
into a single CG site (denoted as ‘W”), was adopted for the solvent. To
represent the hydronium ion, one hydronium ion together with two
water molecules is regarded as a single CG site (denoted as ‘H30’). The
details of the hybrid SDK/IBI model can be found in our previous study
[30].

In order to construct initial configurations for the CG-MD simula-
tions, we first built an AA PFSA polymer chain using Discovery Studio
2016 [43]. The AA configuration of the PFSA chain was then mapped to
a CG configuration by using the “CG-it” tool, which is a plugin of Visual
Molecular Dynamics (VMD) provided by MacDermaid [44]. After that,
PACKMOL [45] was used to generate initial CG configurations with low
density (< 0.1 g/cm®) by arranging CG PFSA chains together with the
required water and hydronium CG beads in a cubic box. The water
content is controlled at either A = 3 or 9. The composition of the si-
mulation systems are listed in Table S1. We note that the initial con-
figurations with low density are used to avoid artificial structures and
have been demonstrated to have no influence on the simulation results
[15].

The CG simulations in this study were carried out using the
LAMMPS MD package [46]. The simulations were first conducted in the
microcanonical ensemble (NVE: constant number of atoms, volume and
energy) for 1 ns followed by an isothermal-isobaric ensemble (NPT:
constant number of atoms, pressure and temperature) MD run for
5nsat T = 300K and P = 1 atm. Then, a constant volume MD run of 1
ns was carried out, during which the temperature was increased to
800K and decreased to 300 K every 250 ps, followed by an NPT run of
5nsat T = 300K and P = 1 atom [15]. The process was repeated four
times to confirm that the density had attained a constant value. After
that, an equilibration CG-MD run in the NPT ensemble was carried out
for 500nsat T = 300K and P = 1 atm. When needed, a Nosé-Hoover
thermostat [47] and a Parrinello-Rahman barostat [48,49] with a re-
sponse time of 0.5 and 5 ps, respectively, were used to control the
temperature and pressure. The nonbonded interactions were truncated
at 1.5nm, while the Coulomb interaction was computed using the
particle-particle particle-mesh method [50]. A time step of 10 fs was
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Fig. 2. Schematic diagram of the reverse mapping method: (upper panel) assemble the fragment database and (lower panel) map and rotate one of the fragments in

the database.

used for the CG simulations. During the equilibration run, the radius of
gyration of the polymer was analyzed to confirm the system achieving
equilibrium as shown in Fig. S1 of Supporting Information. After the CG
membranes reached equilibrium, the densities were 1.91 and 1.79 g/
cm?® for A = 3 and 9, respectively, which are consistent with experi-
mental densities [51].

2.2. Reverse mapping and atomistic simulation

Once well-equilibrated CG membrane systems were obtained, the
reverse mapping method was applied to reconstruct the corresponding
AA models. In order to require only a short relaxation time after back-
mapping, we combined two reverse mapping approaches; the pre-
determined fragment database approach [35] and the fragment rotation
approach [36,38]. First, for the fragments corresponding to the CG bead
types of the PFSA polymer, we extracted a number of AA fragments
from an equilibrated structure of a small hydrated PFSA membrane
composed of 25 10-mer PFSA chains reported in our previous study.
The fragment configurations were extracted from the final snapshot and
stored in a database. The database thus contained 25-250 structures for
each CG bead type (Fig. 2). For back-mapping the CG W bead, we
prepared a single configuration composed of three water molecules
which were arranged in a sphere with diameter 4.3 A. A similar con-
figuration was prepared for the CG H30 bead.

Then we attempted to map the fragment configurations onto the
corresponding CG beads in the equilibrated CG membranes. The map-
ping procedure was applied sequentially from the head to the end of the
CG PFSA chain. As shown in Fig. 2, we randomly chose a fragment from
the database and put its center of mass at the corresponding CG bead
location. Subsequently, the fragment was rotated using an optimization
algorithm over the special orthogonal Lie group SO(3) [38] to satisfy
the criterion that the distance between connecting atoms of the
neighboring fragments is in the range of 0.9-2.1A. If the rotated
fragment could not satisfy the distant criterion, the fragment was re-
placed by another fragment from the database. Sometimes, a couple of
neighboring fragments were replaced simultaneously in order to satisfy

the distant criterion for all connecting atoms. For the CG beads of W
and H30, we directly put the centers of the predefined configurations
mentioned above at the corresponding CG coordinates without rotation.

After generating reasonable atomistic coordinates from the reverse
mapping procedure, AA energy minimization was conducted to elim-
inate overlapped atoms and repair the intramolecular connections at
the (AA) link between the neighboring fragments. This is necessary
because although the SO(3) optimization algorithm takes account of the
AA bond between atoms belonging to adjacent CG beads, it does not
consider the AA angle and dihedral potentials involving these bonded
atoms nor the van der Waals potential energy terms for the atoms be-
longing to adjacent CG beads. While it is possible to consider all of these
contributions in the SO(3) optimization algorithm, in practice the cal-
culations become overdetermined. For the energy minimization pro-
cedure, we first reduced the nonbonded interactions 200-fold so as to
avoid excessive forces and used a short steepest descent run. Next, the
second step of energy minimization was carried out using a 10-fold
reduction of the nonbonded forces. Finally, we restored the nonbonded
forces to their original strength and performed energy minimization to
obtain an optimal geometry from which to initiate AA-MD simulations.

Since the W and H30 CG-beads were directly replaced by three
molecules, an additional relaxation time was required to redistribute
and equilibrate the water molecules. For this purpose we conducted an
NVT-MD run of 0.1 ns for the system with unit cell length 12.3 nm and 1
ns for the larger systems. After that, an NPT-MD run of 20 ns was
carried out to relax the AA system.

The AA-MD simulations were performed using the Gromacs
package, version 5.04 [52,53]. The modified DREIDING force field by
Mabuchi and Tokumasu [54] was adopted for the PFSA polymer. The
F3C water model [55] and the classical hydronium model [56] was
applied for water molecules and hydronium ions, respectively. Len-
nard-Jones (LJ) pair interactions were used within a cutoff distance of
1.5nm without any truncation shift function, and long-range electro-
static interactions were calculated using the particle-mesh Ewald
method [57]. The temperature and pressure of the system were con-
trolled using a Nosé-Hoover thermostat [47] and an Parrinello-Rahman
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barostat [48,49], respectively. A time step of 1 fs was used to integrate
the equations of motion in the AA-MD simulations.

3. Results and discussion
3.1. Validation of reverse mapping

In this study, we conducted CG-MD simulations to efficiently equi-
librate the large PFSA membrane systems. The reverse mapping pro-
cedure was then applied to reconstruct the AA configurations and short
AA-MD simulations were performed to equilibrate the AA configura-
tions. Subsequently, the origin of the fracture in the large-scale PFSA
membrane models were explored. To validate this strategy, we applied
the procedure to the 10-mer PFSA membrane composed of 200 polymer
chains at A = 9. The microstructure was compared with that obtained
from a single AA-MD simulation without using CG-MD or reverse
mapping. The latter model was reported in our previous work [15],
where at least 100 ns was required for equilibration [15]. Here we
performed an additional 300 ns run to obtain reference data for the
comparison.

Since PFSA polymer has a rigid PTFE backbone, it is difficult to
obtain a relaxed (equilibrated) configuration of the PFSA membrane
within a reasonable AA-MD simulation time without an artificial an-
nealing process, in which cyclic heating and cooling simulations are
performed [15]. Contrarily, we did not need to perform the annealing
procedure for the AA-MD simulation of the AA model obtained by the
reverse mapping method. To confirm this, we first monitored the dis-
tribution of C-C-C-C dihedral angles in the reverse mapped membrane
at different AA-MD simulation times post-mapping. The result is shown
in Fig. 3. It is found that the backbone dihedral angle distribution
quickly achieved equilibrium after only 3 ns of relaxation; this is im-
possible for an ordinary AA-MD simulation equilibrated for 100 ns
without an artificial annealing process (Fig. S2). The reason may be
ascribed to the following facts: 1) the hybrid SDK/IBI model is a suf-
ficiently accurate CG model for the PFSA membrane [30]; 2) the se-
lected fragment in the reverse mapping procedure provides a suitable
configuration for each CG bead; 3) the rotated fragment allows a rea-
sonable polymer chain connection.

In addition to the polymer structure, the morphology of the phase
separation between the polymer and water regions should need a cer-
tain relaxation time, because water molecules were remapped from the
CG W and H30 beads without regard for hydrogen bonding. In parti-
cular, the water distribution could affect the PFSA side chain con-
formations. Hence, we monitored the time variation of the radial dis-
tribution function (RDF) of S-S (S: sulfur) and S-Oyw (Ow: water oxygen)
(Fig. 4). The S-Ow RDF quickly achieved convergence during an NVT-
MD run of 0.1 ns (Fig. 4b) due to the high mobility of water around the
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Fig. 3. Distribution of C-C-C-C dihedral angle for the reverse mapping PFSA
membrane calculated from various AA-MD simulation times post-mapping.
“energy_min” and “0 ns” denotes energy minimization and an NVT-MD run of
0.1 ns, respectively. “ref” denotes the AA membrane equilibrated for 300 ns
without using reverse mapping.
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terminal sulfonic groups. For the S-S RDF (Fig. 4a), the height of the
first peak gradually increases with increasing simulation time up to 5
ns. No significant further change in the RDF could be detected after 5 ns
(data not shown). This observation indicates that a 5 ns simulation run
is enough for equilibrating the reverse mapped PFSA membrane. These
results clearly demonstrate that the reverse mapping approach together
with CG-MD simulations can significantly accelerate the equilibration
of an atomistic model and consequently lower the required computa-
tional resources.

3.2. The origin of fracture in PFSA membranes

The reverse mapping procedure together with CG-MD was applied
to explore the origin of the fracture in large-scale PFSA membranes
with realistic polymer chain length up to 125-mer using AA-MD simu-
lations. The large-scale simulation system with long polymer chain
length usually requires a long computational time. In this study, an
NPT-MD run of 20 ns was performed to relax the AA system after the
reverse mapping. One may concern whether such short MD run is also
sufficient for relaxing the large-scale system with realistic chain length
or not. Therefore, an examination of equilibration for the large-scale
PFSA membrane is also required before the membrane deformation.
Since the independent effect of polymer chain length on the structure
and water dynamics of modeled PFSA system has been reported [58],
we compared the structural properties of 125-mer PFSA membrane
with those of shorter PFSA (i.e. 20- and 60-mer PFSA) membranes to
confirm the equilibration of the membranes. The details are shown in
Supporting Information.

After obtaining an equilibrated membrane, a uniaxial tensile
loading along the z-axis was applied with a constant strain rate of 0.1
ns~! to explore the origin of the fracture for hydrated PFSA mem-
branes. Fig. 5 shows the snapshot of the 125-mer PFSA membrane
composed of 400 PFSA chains at A = 3 at strain = 1.0. One can clearly
find that the fracture takes place in the red marked region. Since the
fracture of a polymer is related to void formation and coalescence
during tensile loading, we further analyzed the void distribution over
the polymer membranes to understand the origin of the fracture. To do
so, the simulation systems were divided into small cubic cells with a
length of 0.56 nm. Then, the small cells were classified as hydrophobic,
hydrophilic, and void cells by counting the atoms in each cell; namely,
the cell is categorized as a void cell if it is vacant, otherwise it is judged
as hydrophobic or hydrophilic by the ratio of the number of hydro-
phobic backbone atom to the number of hydrophilic side chain atoms
and water. Fig. 6 shows snapshots of voids in the 125-mer PFSA
membrane with A = 3 during the uniaxial tensile loading. No obvious
voids are found before the tensile loading. However, some voids are
formed and increase in size during the deformation. The regions of
significant void growth should be the origin of the fracture in the
membrane as shown in Fig. 5.

To unravel the occurrence of fracture in the hydrophobic or hy-
drophilic regions of the membrane, we analyzed the probability of the
occurrence of void cells adjacent to each type of cell in the membrane
as shown in Fig. 7. The number of contacts can vary from n = 0 (no
contacts) to n = 6 (completely surrounded by that cell type). Before
tensile loading at strain = 0, we do observe several void cells in the
membrane, although they are not seen in Fig. 6 due to their small
number, and from Fig. 7 they are located in the hydrophobic membrane
regions. During the deformation, the void cell distributions adjacent to
the hydrophobic and hydrophilic cells shift left and right, respectively.
This indicates the increasing presence of voids in the hydrophilic/hy-
drophobic interface region. These results clearly demonstrate that sig-
nificant void growth occurs at the boundary of the hydrophobic and
hydrophilic regions, which may be the origin of fracture in the PFSA
membrane.
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Fig. 4. Radial distribution function of (a) sulfur-sulfur (S-S) and (b) sulfur and water oxygen (S-Ow) for the reverse mapping PFSA membrane calculated from various
AA-MD simulation times post-mapping. “energy_min” and “0 ns” denotes energy minimization and an NVT-MD run of 0.1 ns, respectively. “ref” denotes the

membrane equilibrated for 300 ns without applying reverse mapping.

Fig. 5. Snapshots of the 125-mer PFSA membrane composed of 400 PFSA chains at A = 3 at strain = 1.0.
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Fig. 6. Snapshots of voids in the 125-mer PFSA membrane composed of 400 PFSA chains at . = 3 during the uniaxial tensile loading. The strains are (a) 0, (b) 0.6,
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4. Conclusions

In this work we combined two reverse mapping methods, the pre-
determined fragment database approach (known in the protein folding
literature as the rotamer library approach) and a rotational optimiza-
tion algorithm to align the fragments to satisfy the polymer backbone
topology, for generating atomistic configurations from coarse-grained
structures. The combined method successfully generated a reasonable
atomistic reconstruction which only requires a short relaxation time to
equilibrate; we found that 5 ns of equilibration was sufficient even
though the polymer backbone is very stiff. We applied this combined
reverse mapping method together with coarse grained MD simulation to
simulate hydrated PFSA membranes with large unit cell sizes and to
explore the origin of fracture under a uniaxial tensile loading. Through
the analysis of voids in the deformed membrane, we found that the void
growth takes place on the boundary of hydrophobic and hydrophilic
region, which may be the origin of the fracture. This study demon-
strates an efficient reverse mapping method for simulating hydrated
PFSA polymer membranes with realistic polymer chain lengths and
large length scales, providing insight into the fracture mechanism of the
proton exchange membrane.
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