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ses on water cluster structures in
polymer electrolyte membrane by using dissipative
particle dynamics simulations with fragment
molecular orbital based effective parameters†

Koji Okuwaki,a Yuji Mochizuki, *ab Hideo Doi,‡a Shutaro Kawada,a Taku Ozawac

and Kenji Yasuoka d

The mesoscopic structures of polymer electrolyte membrane (PEM) affect the performances of fuel cells.

Nafion® with the Teflon® backbone has been the most widely used of all PEMs, but sulfonated poly-

ether ether-ketone (SPEEK) having an aromatic backbone has drawn interest as an alternative to Nafion.

In the present study, a series of dissipative particle dynamics (DPD) simulations were performed to

compare Nafion and SPEEK. These PEM polymers were modeled by connected particles corresponding

to the hydrophobic backbone and the hydrophilic moiety of sulfonic acid group. The water particle

interacting with Nafion particles was prepared as well. The crucial interaction parameters among DPD

particles were evaluated by a series of calculations based on the fragment molecular orbital (FMO)

method in a non-empirical way (Okuwaki et al., J. Phys. Chem. B, 2018, 122, 338–347). Through the

DPD simulations, the water and hydrophilic particles aggregated, forming cluster networks surrounded

by the hydrophobic phase. The structural features of formed water clusters were investigated in detail.

Furthermore, the differences in percolation behaviors between Nafion and SPEEK revealed much better

connectivity among water clusters by Nafion. The present FMO-DPD simulation results were in good

agreement with available experimental data.
1. Introduction

Polymer electrolyte fuel cells (PEFC) – also called polymer
exchange membrane fuel cell (PEMFC) – are attractive candi-
dates for the use in vehicles because of no emission of carbon
dioxide (CO2). The key component of PEFC is the polymer
electrolyte membrane (PEM), and the most widely used PEM is
of peruorosulfonic acid (PFSA) type such as DuPont's Naon®.
In addition to its high proton conductivity, Naon has chem-
ical, thermal and mechanical stabilities.1 Naon polymer
consists of a polytetrauoroethylene backbone (or Teon®) and
a side chain terminated with a sulfonic acid group. The
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structures formed by hydrated Naon have been investigated by
various experimental methods such as X-ray scattering,2–6

neutron scattering,7–9 transmission electron microscopy
(TEM),10 atomic force microscopy (AFM),11 infrared spectros-
copy (IR),12 and so on. As a result, it has been known that the
hydrated Naon membrane provides nanophase-segregated
structures consisting of hydrophobic phase including main
chains and hydrophilic phase containing a sulfonic acid group
and water. Then, the formed water cluster-networks are related
with the crucial proton conductivity.2–16 Radical reaction anal-
ysis using electron spin resonance has also been conducted.17–19

To elucidate the hydrated structure of Naon, many molec-
ular calculations have been carried out to date. Voth et al.
analyzed the proton transport mechanism in Naon at atom-
istic level using the self-consistent multistate empirical valence
bond (SCMS-EVB) approach.20–22 Choe et al. simulated proton
transport using the rst principle molecular dynamics.23–25

Dupuis et al. performed a lot of molecular dynamics (MD)
simulations for proton hopping and hydration of Naon.26–28

Kawakami and Shigemoto also usedMD simulation to verify the
diffusion mechanism of proton.29 In addition, using density
functional theory (DFT) calculation, water cluster interacting
with sulfonic acid group,30 Naon/Pt interface,31 and degrada-
tion of Naon32 have been also reported.
This journal is © The Royal Society of Chemistry 2018
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Though Naon has excellent conductivity as mentioned
above, other types of PFSA which have different side chain
length from Naon have been studied.33–35 However, there is
still room for improvement on chemical durability, gas
permeability, high production cost, and so on. Alternatively, the
sulfonated poly ether-ether-ketone (SPEEK) having aromatic
hydrocarbon has attracted attention as a promising alternative
to Naon and related materials.36,37 SPEEK demonstrates high
thermal stability, mechanical properties and high cost effec-
tiveness, but the problems of chemical stability and poor
conductivity have been pointed out.38,39 Against such a situa-
tion, Miyake et al. recently developed a new PEM composed of
poly-phenylene with high chemical stability, and further
improvements of the hydrocarbon PEM have been desired.40

In order to accelerate researches to optimize such material
performances of PEM, theoretical studies based on molecular
simulations (that deal with large sizes and time scales) should
be useful. There are mainly two ways to perform the large-scale
simulations as follows.

The rst way is all-atom MD simulations using highly par-
allelized programs and huge computational resources. There
have been various excellent programs such as MODYLAS,41

GROMACS,42 NAMD,43 and LAMMPS.44 In fact, extensive MD
simulations for PEM have been reported as briefed below.
Okazaki et al. investigated the morphology of the PEM using
large-scale MD simulations.45 Knox and Voth also carried out
atomistic MD simulations to probe morphological models of
Naon.46 Komarov et al. performed MD simulations with cell
size of up to 36 nm including 4 million atoms.47

The second way is coarse-grained MD (CGMD) and related
methods such as self-consistent mean eld method (SC-MFT)
and dissipative particle dynamics (DPD).48–51 These methods
are very useful because large scale behaviors in molecular level
are obtainable at reasonable computational costs. Many coarse-
grained simulations have been performed for PEM. Voth et al.
reported a mesoscale study of the proton transport using
smoothed particle hydrodynamics (SPH).52,53 Wescott et al.54

and Galperin et al.55 used the polymer SC-MFT theory to
reproduce the phase structure. Eikerling et al. performed
a CGMD-based study of assembly of ionomer.56,57 DPD has been
frequently used for researches of PEM. Morohoshi et al. used
DPD to verify the structural dependences of physical properties
of PEM58,59 and investigated the gas permeation by combining
dynamicMonte Carlo (MC).60Neimark et al.modeled the proton
dissociation and conductivity.61–63 Ref. 64–66 utilized DPD as
well. Hereaer, we focus on DPD simulations.

The DPD method was proposed by Hoogerbrugge and
Koelman,66,67 and was extended to polymer systems by Groot
et al.48–51 However, the evaluation of a set of interaction
parameters (c) among particles have still been of difficult issue.
There have been a couple of major routes of c parameter
predictions. The rst route is based on the solubility parameter
(SP) values. The SP value method was devised by Hildebrand,68

and various empirical estimation models such as atomic group
contribution models69–72 were developed. Note that the SP
values could be obtained from molecular simulations for single
molecules as well.71 The second route is based on the evaluation
This journal is © The Royal Society of Chemistry 2018
of interactions between heterogeneous molecules, due to the
contact energy between segments72 and the difference in cohe-
sive energies of the aggregated model.73 This second route has
advantage to directly determine the interactions between the
contacting particles in a molecular level approach. Yamamoto
and Hyodo performed novel DPD simulation using the param-
eter obtained from a classical force eld (FF) molecular calcu-
lation and reproduced the network structure of the water
clusters generated by Naon.74 However, since the interaction
between Naon and water should involve both polarization and
charge transfer, simulation results with FF might could have
some limitations. For that reason, the parameters converted
from experimental values were used for many of the simulations
currently.

Certainly, simulations with non-empirical parameters are
desirable to develop new type materials for which experimental
data are hardly obtainable. In 2016, Sepehr et al. evaluated the
effective interaction parameters of DPD for Naon, based on ab
initio molecular orbital (MO) calculations.75 Although ab initio
evaluations of c parameters for DPD are desirable, its applica-
bility could be limited due to the enlarged computational costs
when the molecular sizes of segment pairs grows. Therefore, we
have developed a new approach76,77 to calculate such effective
parameters based on the fragment molecular orbital (FMO)
method.78–82 This procedure could be considered as an exten-
sion of Fan's method72 based on the Flory–Huggins theory.83,84

In this paper, we report a series of DPD-based investigations
on the morphology of hydrated Naon and SPEEK. The crucial
interaction parameters among DPD particles were evaluated
through our new protocol with FMO.76,77 Furthermore, the
network connectivity of water clusters was evaluated through
the percolation analysis of formed water clusters in
PEM,15,58,85–88 since such an effective index should relate with the
conductivity. Naon and SPEEK were compared. The rest of this
paper is congured as follows. In Section 2, the c parameter
evaluations andmodels used for DPD simulations are described
in detail. In Section 3 the simulated results are presented and
discussed.
2. Simulation details
2.1. c Parameter evaluation

In the Flory–Huggins lattice theory, the free energy change (DG)
for a binary system is expressed as83,84

DG

RT
¼ 41

x1

ln 41 þ
42

x2

ln 42 þ c4142; (1)

where 4i and xi are the volume fraction and the chain length (i¼
1, 2 for the two components), respectively. The rst and the
second terms on the right side of this equation describe the
entropy changes, and the third term provides the enthalpy
change. The c parameter is dened as

c ¼ ZDE12

RT
; (2)

where Z is the coordination number of the model lattice and the
contact energy DE12 is given by the following equation,
RSC Adv., 2018, 8, 34582–34595 | 34583

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra07428c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/3
/2

02
6 

4:
43

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
DE12 ¼ E12 � 1

2
ðE11 þ E22Þ: (3)

Eij in this equation is the average interaction energy between the
segments i and j in the two components, and DE12 corresponds
to the energy gain per segment due to the mixing. These rela-
tions imply a scale down of problem from mesoscale to nano-
scale. Fan et al. proposed the procedure to calculate Z and DE12,
based on MC simulations with classical FF set.72

Recently, we have developed a new procedure76,77 to estimate
the c parameter set through a series of FMO calculations,80,81

where the electronic effects of polarization and charge transfer
were incorporated in the energy evaluation and also the
molecular anisotropy was taken into account. Consequently, the
c parameter could be calculated using the following equation

c ¼ ðE12Z12S12 þ E21Z21S21Þ � ðE11Z11S11 þ E22Z22S22Þ
RT

; (4)

where Zij is the coordination number of segment j around
segment i, and Sij corresponds to the scaling factor associating
with anisotropy (refer to ref. 78 and 79 for details).

Fig. 1 shows the structure of Naon. According to Yama-
moto's previous study,74 the basic unit of Naon chain is
divided into three segments of the same size (A: –CF2–CF2–
CF2–CF2–, B: –O–CF2–C(CF3)FO–, and C: –CF2–CF2–SO3H). The
termini were capped with F for segments A and C and with CF3
for segment B. The structure of SPEEK was shown in Fig. 2. The
chain was divided into three segments A, B, and C similarly to
Naon. The termini were capped with CH3. Furthermore,
various conformations were considered for water molecules.
Fig. 1 Molecular structure and segment models of Nafion monomer.

34584 | RSC Adv., 2018, 8, 34582–34595
The water particle (W) is typically modeled by a water tetramer
with cyclic hydrogen bonding for DPD simulations due to the
segment size problem, as was done in ref. 74. However, such
a model might fail to interact with outer particles because of
its internal hydrogen bonding. Therefore, we employed three
kinds of dimers (with shapes of linear, cyclic, and bifurcated
types) and even a monomer as the candidates interacting with
sulfonic side chain (C). All the water structures employed in
the parameter evaluation are shown in Fig. 3.

The geometries of segments were optimized at the
dispersion-corrected B97D (ref. 89) DFT level with the 6-
31G(d0,p0) basis set90,91 by using the GAUSSIAN09 program.92

Note that the orbital exponents of polarization functions of 6-
31G(d0,p0) were optimized for the respective elements. The
generation of geometrical congurations (each number was
typically 2000) was performed with the J-OCTA program.93 A
number of FMO calculations for all the possible combinations
among segments were carried out at FMO-MP2/6-31G(d0) level,
where the ABINIT-MP program79 was used in parallel execu-
tions on several in-house servers with Intel's Xeon processors.
2.2. DPD simulation

DPD is a sort of so particle dynamics with conservative,
dissipative and random forces.66,67 The fundamental DPD
scheme was extended to polymer systems by Groot et al. by
introducing a bead-spring type particle model.48–50 The outline
of Groot's DPD model is described below. The time evolution of
the given system is simulated by solving the Newton equation of
motion
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Molecular structure and segment models of SPEEK monomer.
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dri

dt
¼ vi; (5)

and

mi

dvi

dt
¼ f i; (6)

where, ri, vi, and mi are the position, velocity, and mass of the
particle i, respectively. For convenience, the masses and diam-
eter of the particles are scaled relative to 1. The force fi contains
four parts as

f i ¼
X
jsi

�
FC
ij þ FD

ij þ FR
ij þ FS

ij

�
: (7)

The rst three forces of the right-hand-side are considered
within a certain cutoff radius rc. The conservative force FCij is
a so repulsion action as follows

FC
ij ¼

��aij
�
rc � rij

�
nij rij\rc

0 rij $ rc
(8)
Fig. 3 Various water structures used for parameter evaluations. (a) Tetram
Blue dots indicate hydrogen bonds between water molecules.

This journal is © The Royal Society of Chemistry 2018
where aij is the maximum repulsion force between particles i
and j, and related denitions are rij ¼ rj � ri, rij ¼ |rij|, and nij ¼
rij/|rij|. The repulsion parameters between different type parti-
cles correspond to the mutual solubility provided by the c

parameter set. When the reduced density r is assumed to be 3,
a linear relation with cij is usually set as48,49

aij ¼ aii + 3.27cij, (9)

In eqn (7), the dissipative force FDij represents the hydrody-
namic drags, and the random force FRij incorporates thermal
noises of the Gaussian statistics. The fourth force FSij is
a harmonic force calculated for particles directly connected
with spring bonds. The detailed functional forms of these
potentials are described in eqn (S1)–(S8) in the ESI,† and the
numerical values of associated parameters are compiled in
Tables S1 and S2.†

In the present study, the time evolution was calculated by the
modied Verlet algorithm48 with the empirical factor l ¼ 0.65
er. (b) Linear dimer. (c) Bifurcated dimer. (d) Cyclic dimer. (e) Monomer.

RSC Adv., 2018, 8, 34582–34595 | 34585
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Fig. 4 DPD particle models for Nafion polymer and SPEEK. Particle size is approximately 0.71 nm. Particles with Green, light green and yellow
colors indicate segments A, B and C, respectively, shown in Fig. 1 for Nafion and in Fig. 2 for SPEEK. Symbolic structure (b) corresponds to Nafion
117 (EW ¼ 1100),33 and structures (a) and (c) are defined as low and high EW models, respectively.

Table 1 Interaction energies (Eij), and scaling factors (Sij) of segment C
of Nafion shown in Fig. 1 and various water models (W) at 350 K

Tetramer

Dimer

MonomerBifurcated Cyclic Linear

Eij �10.18 �12.93 �10.88 �15.58 �10.33
S12 (C–W) 0.24 0.23 0.25 0.20 0.20
S21 (W–C) 0.45 0.27 0.44 0.30 0.52
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and time step Dt ¼ 0.05. The cubic cell system was dened as
a dimension of L ¼ 30 DPD length unit, corresponding to
23.5 nm in real unit (DPD particle diameter is 0.71 nm).51 Each
simulation involved about 81 000 beads, and the beads were
initially packed randomly at the standard mean density r ¼ 3.48

The cut-off radius rc was set to 1. A default value of 4 (ref. 51) was
used for the spring constant of FSij. The polymer models used are
shown in Fig. 4. Three types of symbolic structures which have
different equivalent weight (EW) were prepared for Naon. In
Fig. 4, the structure (b) corresponds to Naon 117 (EW ¼
1100).33 For SPEEK, one hydrophilic segment was placed for
every four particles. The time integration was performed for
10 000 steps corresponding to 500 DPD-time unit (t). The
simulations were carried out for water contents of 10–30 vol%
Table 2 Interaction energies (Eij), scaling factors (Sij), and coordination n
label W corresponds to linear shape of water dimer for C–W pair and te

Segment 1

A B

Eij Sij Zij Eij Sij

Seg. 2 A �0.76 0.89 7.2 �0.87 0.91
B �0.87 0.90 7.0 �0.95 0.89
C �0.82 0.92 7.6 �0.91 0.90
W �1.32 0.83 13.7 �1.38 0.83

34586 | RSC Adv., 2018, 8, 34582–34595
with 2 vol% intervals. The trajectory data were saved every 100
steps (5 DPD-time unit) for subsequent analyses. All the DPD
simulations were performed with the COGNAC program93,94 on
in-house servers.
3. Results and discussion
3.1. Results of the parameter evaluation

Eij and Sij between various water models and hydrophilic
segment C are shown in Table 1. It is found that the Eij value
varies greatly depending on the water structures. The interac-
tion energy with the linear dimer is the strongest one, as ex-
pected from its open shape for external interactions. This linear
shape of water dimer was thus actually used in evaluating the
interaction energies with Naon, where the coordination
number in eqn (2) was still evaluated with the tetramer. The Eij,
Sij and Zij between each segment pair at 350 K of Naon are
shown in Table 2. The Eij values among the hydrophobic
segments (A–A, A–B, B–B) are approximately �1 kcal mol�1,
whereas the interaction energies between the hydrophilic
segments (C–C, C–W, W–W) are about �10 kcal mol�1. On the
other hand, the Sij values between hydrophobic segments are
about 0.9, and those between hydrophilic segments are less
umbers (Zij) for each segment of Nafion and water at 350 K. Note that
tramer for the others

C W

Zij Eij Sij Zij Eij Sij Zij

8.0 �0.82 0.83 8.1 �1.32 0.84 8.1
8.0 �0.91 0.84 8.2 �1.38 0.83 7.3
8.7 �4.26 0.46 8.6 �15.58 0.30 7.4

12.3 �15.58 0.20 14.2 �9.87 0.51 10.6

This journal is © The Royal Society of Chemistry 2018
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Table 3 Calculated c parameters and corresponding repulsion
parameters aij for each pair of hydrated Nafion

This work Previous work74

c aij c

A–B �0.17 24.44 0.02
A–C 7.51 49.54 3.11
B–C 7.36 49.05 1.37
A–W 25.37 107.91 5.79
B–W 27.86 116.05 4.90
C–W �4.1 11.60 �2.79

Table 5 Calculated c parameters and corresponding repulsion
parameters aij for each pair of hydrated SPEEK

Pair c aij

A–B �0.75 22.55
A–C 4.94 41.14
B–C 3.53 36.54
A–W 28.09 116.80
B–W 19.49 88.69
C–W �3.78 12.65
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than or equal to 0.5. These facts imply that hydrophobic
segments are isotropic but hydrophilic segments are aniso-
tropic. Table 3 shows the values of c obtained from the results
listed in Table 2 using eqn (4), where the values of Yamamoto
and Hyodo's preceding study74 are listed for comparison. The c
value using FMO is small for A–B (�0.17) and C–W (�4.1) pairs,
while it exceeds 20 for A–W and B–W pair. Although the
tendency of these parameters is consistent with the results of
ref. 74, the absolute values of our c related to water particles is
larger, suggesting the contributions of polarization and charge
transfer interactions incorporated by the FMO calculations.

The energy values with the water dimer of linear form were
used for parameter evaluation for SPEEK as well as Naon. Eij,
Sij and Zij between each segment pair at 350 K of SPEEK are
shown in Table 4. The interactions between hydrophobic
particles are about 1.5 times larger than that of Naon. The
dispersion interaction caused by thep electron of benzene rings
may be responsible for this enhancement. In addition, segment
C having sulfonic acid has a strong interaction with other main
chain segments, and also interacts with water particles greatly.
The value of c obtained from the above results is shown in Table
5. The c values among polymer segments (A–B, A–C, and B–C)
were �0.75, 4.94, and 3.53 respectively, suggesting high affinity
for each other. In addition, the c of C–W is �3.78, which indi-
cates strong interaction. Thus, the tendency of the parameters
predicted from the structure of SPEEK is reproduced. The nal
aij values of Naon and SPEEK for DPD are found in Table S2.†
3.2. Results of DPD simulation

Fig. 5 illustrates the time-dependent morphologies of the
20 vol% hydrated Naon with symbolic structure (b) of Fig. 4. It
Table 4 Interaction energies (Eij), scaling factors (Sij), and coordination n
label W corresponds to linear shape of water dimer for C–W pair and te

Segment 1

A B

Eij Sij Zij Eij Sij

Seg. 2 A �1.27 0.82 8.2 �1.27 0.89
B �1.27 0.85 7.1 �1.28 0.89
C �2.38 0.77 7.5 �2.28 0.78
W �0.98 0.84 17.6 �1.25 0.88

This journal is © The Royal Society of Chemistry 2018
is visible that small domains of water aggregation develop into
large water clusters surrounded by hydrophilic particle of
Naon. Fig. 6 shows the time-dependent water density distri-
bution (for more than 40% of water particles) of the same
simulation case. The complicated network structures of water
clusters are being formed from the initial uniform situation
with respect to the time evolution. This progress is consistent
with the visualized results of Fig. 5.

Next, the structural changes due to the differences in EW of
Naon (corresponding to the symbolic structures of (a), (b) and
(c) in Fig. 4) are investigated. The results of 20 vol% case are
shown in Fig. 7. From this gure, one can see the behavior that
the size of water cluster (lower row) enlarges as the chain (or
length of segment A of Naon) elongates. Fig. 8 illustrates the
dependence of morphology on water contents of 10, 20 and
30 vol% for the Naon, and Fig. 9 does the corresponding
results for SPEEK. Comparison between Fig. 8 and 9 indicate
that the water clusters formed by Naon connect each other
more easily than those formed by SPEEK. Especially, the water
clusters look still rather segmented at 20 vol% for SPEEK,
although the mutual connections almost complete for Naon. A
probable reason for this difference is the fact that there are
more potential sites for hydrogen bond with water in SPEEK
than in Naon. In short, Naon could provide better connec-
tivity of water clusters than does SPEEK.86

3.3. Analysis of Naon cluster structure

Based on the qualitative discussion on the mesoscopic struc-
tures of water clusters in the previous section, comparative
discussion with available experimental data is made for Naon.
Fig. 10 illustrates the radial distribution functions (RDFs) of
water particles for Naon with symbolic structure (b) (Naon
117), where the three cases of water contents of 10, 20 and
umbers (Zij) for each segment of SPEEK and water at 350 K. Note that
tramer for the others

C W

Zij Eij Sij Zij Eij Sij Zij

11.0 �2.38 0.76 9.6 �0.98 0.88 9.2
9.2 �2.28 0.85 7.9 �1.25 0.87 8.3

11.0 �6.38 0.55 8.3 �8.13 0.76 8.2
24.5 �8.13 0.37 18.1 �9.89 0.50 10.6
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Fig. 5 Time-dependent (with symbol “t”) morphologies of the case of 20 vol% water content for Nafion with symbolic structure (b) shown in
Fig. 4. Hydrophobic, hydrophilic, and water particles are depicted with green, yellow and blue colors, respectively.
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30 vol% are plotted. The Fourier transformation of RDF could
provide the small-angle scattering pattern,74 as plotted in
Fig. 11. The peak derived from the water-network (or so-called
ionomer peak) is observed around q ¼ 0.2. When the water
content increments, this peak shis to lower angles and its
intensity increases. This tendency was in good agreement with
the experimental data of small angle neutron scattering (SANS)
(refer to Fig. 6 of ref. 8).

According to the precedent study74 by Yamamoto and Hyodo,
the diameter of water cluster was measured at the point where
g(r) became 1 aer the rst peak (see again Fig. 10). The sepa-
ration between the rst and second peaks was taken as the
cluster space. Fig. 12 plots the dependences of cluster diameter
and space on water contents of 10, 20 and 30 vol%. The
Fig. 6 Time-dependent water density distributions of the case of 20 vol
The regions in which more than 40% of water particles exist are displaye

34588 | RSC Adv., 2018, 8, 34582–34595
incremental trend is observed for both diameter and space
against the water content. For Naon 117 (symbolic structure
(b) in Fig. 4), as the water content increases for 10–30 vol%, the
cluster diameter changes to 3.3–5.3 nm and its spacing changes
to 4.4–6.3 nm. The corresponding experimental values of the
cluster diameter and distance are 4 nm and 5 nm, respec-
tively,2,16 being in good agreement with the present simulation
results. The elongation of chain length (or the decreasing of
EW) leads to the increase of both cluster size and space, and this
trend is consistent with the result reported by Morohoshi et al.60

3.4. Evaluation of diffusion coefficient

Diffusions of protons in themesoscopic water network has been
considered as a crucial indicator of performance for the PEM.95
% water content for Nafion with symbolic structure (b) shown in Fig. 4.
d with yellow color.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Structural changes due to the differences in EW of the case of 20 vol% water content for Nafion. Labels (a), (b) and (c) correspond to
symbolic structures shown in Fig. 5. Upper row shows morphologies, and lower rows does water density distributions.
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The diffusion coefficients (D) were thus evaluated from the DPD
results, based on the mean square displacement (MSD) of t ¼
150–450 by using the following relation

h(r(t) � r(0))2i ¼ 6Dt. (10)

Fig. 13 plots the dependences of diffusion coefficient on
water contents for Naon and SPEEK. For Naon, all three cases
show almost linear relation against the water content. Although
a linear relation is found for SPEEK as well, its slope is rather
small, reecting the difference in connectivity of water clusters
from Naon. In other words, Naon should provide better
connections for proton diffusions. The hydration level l, which
is the number of water molecules per sulfonate part, for water
contents of 10, 20 and 30 vol% are 2.5, 6 and 10, respectively, for
Fig. 8 Dependence of morphology on water contents for Nafion (t ¼ 5
30 vol% are depicted in upper row. Water density distributions are given

This journal is © The Royal Society of Chemistry 2018
Naon 117 (structure (b)). According to experiments of Zawod-
zinski et al.,95 the diffusion coefficients of that region are
roughly 0.8 � 10�6 to 4.5 � 10�6 cm2 s�1. The present DPD-
based results have a corresponding range of 0.6 � 10�6 to 3.2
� 10�6 cm2 s�1, providing reasonable agreement with the
experimental data.
3.5. Percolation analysis

So far, several differences due to the connectivity of water
clusters between Naon and SPEEK have been discussed. To
directly evaluate the connectivity value, the percolation analysis
was performed. The size of water cluster was dened as

R(i,j) # RC, (11)
00) with symbolic structure (b) in Fig. 4. Morphologies of 10, 20, and
drawn in lower row.

RSC Adv., 2018, 8, 34582–34595 | 34589
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Fig. 9 Dependence of morphology on water contents for SPEEK (t¼ 500). Morphologies of 10, 20, and 30 vol% are depicted in upper row.Water
density distributions are given drawn in lower row.
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where R(i,j) is the distance between particle i and j, and RC is
a criterion for contact. If eqn (11) is true, these two particles (i
and j) belong to the same cluster. The cluster connectivity M is
thus calculated as follows

M ¼
PN
i¼1

gðiÞ
N

; (12)

where N is the total number of particles in the system, and g(i)
is the cluster size to which particle i belongs. The RC was set to
1.1 DPD unit length, corresponding to the spacing of the rst
coordination area obtained from the RDF of DPD (see Fig. 10).
For the percolation analysis, a series of additional DPD
Fig. 10 Radial distribution functions of water particles for Nafion (t ¼
500). Solid, dashed and dotted lines plot the results of 10, 20, and
30 vol% water contents, respectively.

34590 | RSC Adv., 2018, 8, 34582–34595
simulations were carried out for the water content range of 10–
30 vol% with 2 vol% intervals. Fig. 14 presents the results of
connectivity for Naon and SPEEK, where the transient
structures of every 100 steps of t ¼ 300–500 were used in the
evaluations. It is found that the connectivity rapidly grows over
0.8 at about 20 vol% for Naon with the symbolic structures of
(a) and (b) and that there is a delay in grow for the symbolic
structure (c). Finally, the connectivity value reach almost one
(as full connection) as expected. These critical behaviors
qualitatively accord with an experimental threshold of
10 vol%. In addition, for a given value of l (or hydration level),
the connectivity became slightly higher with an increase in
EW. This tendency was in good agreement with Fontanella's
experimental observation.88 On the other hand, the critical
grow of connectivity occurs at about 30 vol% for SPEEK, and
this tendency agrees with the experimental result by Wu et al.86

Since the connection structure of water clusters should be
Fig. 11 Calculated small-angle scattering patterns for Nafion (t¼ 500).
Symbols of triangle, circle and square represent the results of 10, 20
and 30 vol% water contents, respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 Dependences of cluster diameter and space on water contents of 10, 20 and 30 vol% for Nafion. Symbols of triangle, circle and square
represent the results of symbolic structures (a), (b) and (c) in Fig. 4.

Fig. 13 Dependences of diffusion coefficient on water contents for
Nafion and SPEEK. Symbols of triangle, circle, and square represent the
results of symbolic structures (a), (b), and (c) of Nafion in Fig. 4,
respectively. Symbol of diamond corresponds to SPEEK.

Fig. 14 Water connectivity plots for Nafion and SPEEK with respect to
water contents using the transient structure of every 100 steps.
Symbols of triangle, circle, and square represent the results of
symbolic structures (a), (b), and (c) of Nafion in Fig. 4, respectively.
Symbol of diamond corresponds to SPEEK.

This journal is © The Royal Society of Chemistry 2018
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different between Naon and SPEEK, an alternative scheme
was tried for the percolation analysis where the structures
were averaged in every 100 steps and the RC value was loosed to
0.8 DPD unit (the rst peak position of the RDF). The corre-
sponding results are plotted in Fig. 15. For Naon, the plots of
connectivity shi toward lower water content, and a degen-
eracy of (a) and (b) is resolved. The correspondence to the
experimental results88 is improved by a certain extent. The
results for SPEEK are lower shied, but the nal connectivity is
still about 0.9 (see also Fig. S1† of time-dependent connectivity
when necessary). Both relative positioning of hydrophilic/
hydrophobic beads and length of polymer chains should
affect the connectivity, as seen in the situation that the results
of Naon (c) model having long chain are rather close to those
of SPEEK model in Fig. 15. In summary, the percolation
analysis has shed on light on the difference in mesoscale
connection structures of water clusters formed by Naon and
SPEEK.86 Certainly, Naon is better as the PEM material than
SPEEK.
Fig. 15 Water connectivity plots for Nafion and SPEEK with respect to
water contents using the average structure of every 100 steps.
Symbols of triangle, circle, and square represent the results of
symbolic structures (a), (b), and (c) of Nafion in Fig. 4, respectively.
Symbol of diamond corresponds to SPEEK.
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4. Conclusion

In the present study, we investigated the mesoscopic structures
of Naon and SPEEK by using DPD simulations. A crucial set of
effective interaction (c) parameters has been determined with
a series of non-empirical FMO calculations for all the possible
particle–particle interactions.76 The results of DPD simulations
were analyzed in several ways, illuminating the differences in
mesoscopic structures of water clusters between Naon and
SPEEK. The simulation data were compared with available
experimental data, and reasonable agreement have been ob-
tained, indicating the reliability of non-empirical FMO-DPD
scheme. Our analysis showed that the connectivity of water
clusters formed by Naon is better that by SPEEK. This differ-
ence could be considered as a reason why Naon has been the
rst choice of PEM materials industrially. Our simulation
results have been in accord with other studies.45,74,86,88 We would
believe that the present FMO-DPD simulation scheme has
a wide-range applicability to various mesoscopic systems.
Several demonstrative applications such as lipid-water
system96–98 have been reported. Deng et al. have made a DPD
study of sulfonic gemini surfactants.99 Our present approach
may be applicable to such novel materials. Very recently, Ino-
kuchi et al. published an interesting paper in which DPD results
of surfactants were analyzed and predicted by machine learning
(ML) techniques.100 The combination of DPD and ML should be
suggestive for our future works. Finally, we would note that the
sequenced protocols to evaluate a set of c parameters through
the FMO calculations has been packaged as a workow system
(FCEWS, FMO-based Chi-parameter Evaluation System).77
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and K. Schulten, Scalable molecular dynamics with
NAMD, J. Comput. Chem., 2005, 26, 1781–1802.

44 S. Plimpton, Fast Parallel Algorithms for Short-Range
Molecular Dynamics, J. Comput. Phys., 1995, 117, 1–19.

45 A.-T. Kuo, W. Shinoda and S. Okazaki, Molecular Dynamics
Study of the Morphology of Hydrated Peruorosulfonic
Acid Polymer Membranes, J. Phys. Chem. C, 2016, 120,
25832–25842.

46 C. K. Knox and G. A. Voth, Probing Selected Morphological
Models of Hydrated Naon Using Large-Scale Molecular
Dynamics Simulations, J. Phys. Chem. B, 2010, 114, 3205–
3218.

47 P. V. Komarov, P. G. Khalatur and A. R. Khokhlov, Large-
scale atomistic and quantum-mechanical simulations of
a Naon membrane: Morphology, proton solvation and
charge transport, Beilstein J. Nanotechnol., 2013, 4, 567–587.

48 R. D. Groot and P. B. Warren, Dissipative particle dynamics:
Bridging the gap between atomistic and mesoscopic
simulation, J. Chem. Phys., 1997, 107, 4423–4435.

49 R. D. Groot and T. J. Madden, Dynamic simulation of
diblock copolymer microphase separation, J. Chem. Phys.,
1998, 108, 8713–8724.
RSC Adv., 2018, 8, 34582–34595 | 34593

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra07428c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/3
/2

02
6 

4:
43

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
50 C. M. Wijmans, B. Smit and R. D. Groot, Phase behavior of
monomeric mixtures and polymer solutions with so
interaction potentials, J. Chem. Phys., 2001, 114, 7644–7654.

51 R. D. Groot and K. L. Rabone, Mesoscopic Simulation of
Cell Membrane Damage, Morphology Change and
Rupture by Nonionic Surfactants, Biophys. J., 2001, 81,
725–736.

52 S. Liu, J. Savage and G. A. Voth, Mesoscale study of proton
transport in proton exchange membranes: Role of
morphology, J. Phys. Chem. C, 2015, 119, 1753–1762.

53 R. Jorn and G. A. Voth, Mesoscale simulation of proton
transport in proton exchange membranes, J. Phys. Chem.
C, 2012, 116, 10476–10489.

54 J. T. Wescott, Y. Qi, L. Subramanian and T. Weston
Capehart, Mesoscale simulation of morphology in
hydrated peruorosulfonic acid membranes, J. Chem.
Phys., 2006, 124, 134702.

55 D. Y. Galperin and A. R. Khokhlov, Mesoscopic morphology
of proton-conducting polyelectrolyte membranes of
naon?? type: A self-consistent mean eld simulation,
Macromol. Theory Simulations, 2006, 15, 137–146.

56 K. Malek, M. Eikerling, Q. Wang, Z. Liu, S. Otsuka,
K. Akizuki and M. Abe, Nanophase segregation and water
dynamics in hydrated Naon: Molecular modeling and
experimental validation, J. Chem. Phys., 2008, 129, 204702.

57 M. Ghelichi, K. Malek and M. H. Eikerling, Ionomer Self-
Assembly in Dilute Solution Studied by Coarse-Grained
Molecular Dynamics, Macromolecules, 2016, 49, 1479–1489.

58 G. Dorenbos and K. Morohoshi, Percolation thresholds in
hydrated amphiphilic polymer membranes, J. Mater.
Chem., 2011, 21, 13503.

59 G. Dorenbos and K. Morohoshi, Pore morphologies and
diffusion within hydrated polyelectrolyte membranes:
Homogeneous vs. heterogeneous and random side chain
attachment, J. Chem. Phys., 2013, 138, 064902.

60 G. Dorenbos and K. Morohoshi, Modeling gas permeation
through membranes by kinetic Monte Carlo: Applications
to H 2, O 2, and N 2 in hydrated Naon®, J. Chem. Phys.,
2011, 134, 044133.

61 M.-T. Lee, A. Vishnyakov and A. V. Neimark, Coarse-grained
model of water diffusion and proton conductivity in
hydrated polyelectrolyte membrane, J. Chem. Phys., 2016,
144, 014902.

62 M.-T. Lee, A. Vishnyakov and A. V. Neimark, Modeling
Proton Dissociation and Transfer Using Dissipative
Particle Dynamics Simulation, J. Chem. Theory Comput.,
2015, 11, 4395–4403.

63 A. Vishnyakov and A. V. Neimark, Self-Assembly in Naon
Membranes upon Hydration: Water Mobility and
Adsorption Isotherms, J. Phys. Chem. B, 2014, 118, 11353–
11364.

64 P. V. Komarov, I. N. Veselov, P. P. Chu, P. G. Khalatur and
A. R. Khokhlov, Atomistic and mesoscale simulation of
polymer electrolyte membranes based on sulfonated
poly(ether ether ketone), Chem. Phys. Lett., 2010, 487, 291–
296.
34594 | RSC Adv., 2018, 8, 34582–34595
65 D. Wu, S. J. Paddison and J. A. Elliott, A comparative study
of the hydrated morphologies of peruorosulfonic acid fuel
cell membranes with mesoscopic simulations, Energy
Environ. Sci., 2008, 1, 284.

66 P. J. Hoogerbrugge and J. M. V. A. Koelman, Simulating
Microscopic Hydrodynamic Phenomena with Dissipative
Particle Dynamics, Europhys. Lett., 1992, 19, 155–160.

67 J. M. V. A. Koelman and P. J. Hoogerbrugge, Dynamic
Simulations of Hard-Sphere Suspensions Under Steady
Shear, EPL, 1993, 21, 363.

68 H. A. Benesi and J. H. Hildebrand, A Spectrophotometric
Investigation of the Interaction of Iodine with Aromatic
Hydrocarbons, J. Am. Chem. Soc., 1949, 71, 2703–2707.

69 D. W. Van Krevelen and K. Te. Nijenhuis, Properties of
polymers: their correlation with chemical structure; their
numerical estimation and prediction from additive group
contributions, Amsterdam, Elsevier, 4th edn, 1976.

70 M. M. Coleman, C. J. Serman, D. E. Bhagwagar and
P. C. Painter, A practical guide to polymer miscibility,
Polymer., 1990, 31, 1187–1203.

71 B. Prathab, V. Subramanian and T. M. Aminabhavi,
Molecular dynamics simulations to investigate polymer–
polymer and polymer–metal oxide interactions, Polymer,
2007, 48, 409–416.

72 C. F. Fan, B. D. Olafson, M. Blanco and S. L. Hsu,
Application of molecular simulation to derive phase
diagrams of binary mixtures, Macromolecules, 1992, 25,
3667–3676.

73 S. S. Jawalkar, S. G. Adoor, M. Sairam, M. N. Nadagouda and
T. M. Aminabhavi, Molecular Modeling on the Binary Blend
Compatibility of Poly(vinyl alcohol) and Poly(methyl
methacrylate): An Atomistic Simulation and
Thermodynamic Approach, J. Phys. Chem. B, 2005, 109,
15611–15620.

74 S. Yamamoto and S. Hyodo, A Computer Simulation Study
of the Mesoscopic Structure of the Polyelectrolyte
Membrane Naon, Polym. J., 2003, 35, 519–527.

75 F. Sepehr and S. J. Paddison, Dissipative Particle Dynamics
interaction parameters from ab initio calculations, Chem.
Phys. Lett., 2016, 645, 20–26.

76 K. Okuwaki, Y. Mochizuki, H. Doi and T. Ozawa, Fragment
Molecular Orbital Based Parametrization Procedure for
Mesoscopic Structure Prediction of Polymeric Materials, J.
Phys. Chem. B, 2018, 122, 338–347.

77 K. Okuwaki, H. Doi and Y. Mochizuki, An automated
framework to evaluate effective interactionparameters for
dissipative particle dynamics simulations basedon the
fragment molecular orbital (FMO) method, J. Comput.
Chem. Japan, 2018, 17, 102–109.

78 D. G. Fedorov, T. Nagata and K. Kitaura, Exploring
chemistry with the fragment molecular orbital method,
Phys. Chem. Chem. Phys., 2012, 14, 7562.

79 S. Tanaka, Y. Mochizuki, Y. Komeiji, Y. Okiyama and
K. Fukuzawa, Electron-correlated fragment-molecular-
orbital calculations for biomolecular and nano systems,
Phys. Chem. Chem. Phys., 2014, 16, 10310–10344.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra07428c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/3
/2

02
6 

4:
43

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
80 M. S. Gordon, D. G. Fedorov, S. R. Pruitt and
L. V. Slipchenko, Fragmentation Methods: A Route to
Accurate Calculations on Large Systems, Chem. Rev., 2012,
112, 632–672.

81 D. G. Fedorov and K. Kitaura, The Fragment Molecular Orbial
Method: Practical Applications to Large Molecular Systems,
CRC Press, Boca Raton, 2009.

82 K. Kitaura, E. Ikeo, T. Asada, T. Nakano and M. Uebayasi,
Fragment molecular orbital method: an approximate
computational method for large molecules, Chem. Phys.
Lett., 1999, 313, 701–706.

83 D. R. Paul, Polymer Blends, Academic Press, New York, 1978.
84 P. J. Flory, Principles of Polymer Chemistry, Comell University

Press, NY, 1953.
85 B. R. Matos, E. I. Santiago, J. F. Q. Rey, C. H. Scuracchio,

G. L. Mantovani, L. A. Hirano and F. C. Fonseca, dc
Proton conductivity at low-frequency in Naon
conductivity spectrum probed by time-resolved SAXS
measurements and impedance spectroscopy, J. Polym. Sci.
Part B Polym. Phys., 2015, 53, 822–828.

86 X. Wu, X. Wang, G. He and J. Benziger, Differences in water
sorption and proton conductivity between Naon and
SPEEK, J. Polym. Sci. Part B Polym. Phys., 2011, 49, 1437–
1445.
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