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ABSTRACT:
water using a dissipative particle dynamics (DPD) simulation. A Nafion polymer is modeled by connecting coarse-

We studied the mesoscopic structure of the perfluorinated sulfonic acid membrane Nafion containing

grained particles, which correspond to the hydrophobic backbone of polytetrafluoroethylene and perfluorinated side
chains terminated by hydrophilic end particles of sulfonic acid groups. Water is also modeled by the same size particle as
adopted in the Nafion model, corresponding to a group of four H,O molecules. The Flory—Huggins y-parameters between
DPD particles are estimated from the mixing energy calculation using an atomistic simulation. In the DPD simulation,
water particles and hydrophilic particles of Nafion side chains spontaneously form aggregates and are embedded in the
hydrophobic phase of the Nafion backbone. This structure is a bicontinuous phase of Nafion and water regions and has
a continuous path in the cavity of water in any direction. Although this sponge-like structure is essentially identical
to the cluster-network model proposed from the experimental studies, the shape of the water clusters is not spherical
but irregular, and the water regions are indistinguishable structures of water clusters and their channels. The cluster
size and its dependence on the water content are in good agreement with experimental reports; therefore, the simulated
mesoscopic structure is confirmed to be a highly possible one.
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The well-known perfluorinated sulfonic acid mem-
branes Nafion are the most common membrane mate-
rials used in the polymer electrolyte fuel cell because
of their exceptional chemical, thermal and mechanical
stability in addition to their reasonable proton conduc-
tivity. A Nafion polymer consists of a polytetrafluoro-
ethylene backbone and perfluorinated pendant side
chains terminated by sulfonic acid groups. The general
molecular structure of Nafion polymer is!

—[(CFz—CFz)n—CF—CFz],—n
O-CF,-CF-O-CF,-CF,-SO3;H
CF;

where n is approximately 5-14, and m is 200—1000.
To investigate the structure and swelling behavior of
the hydrated Nafion membranes, numerous experimen-
tal efforts have been concentrated on neutron, wide and
small angle X-ray scattering, infrared (IR) and Raman
spectroscopy, and transmission electron microscopy
(TEM) techniques.!™3 It has been well established
that hydrated Nafion membranes have two phases on
a nanometer scale, a hydrophobic phase containing the
backbone and a hydrophilic phase containing sulfonic
acid groups and water. Several models for these struc-
tures such as the interconnected spherical water clusters
(the cluster-network model) have been proposed for the
interpretation of the scattering patterns.”’ However,

these models are still under discussion concerning the
size and shape of the water clusters. It is meaningful
to clarify the structure of the membranes for analyti-
cal study and to improve the mechanical and transport
properties of the materials.

In recent years, mesoscopic simulation techniques
such as a dynamic mean field theory'* !> and a dissipa-
tive particle dynamics (DPD)'®2! have been applied to
study the modeling morphology evolution in polymer
systems during phase separation. In these methods, the
polymer chain is commonly treated as a coarse-grained
bead-spring model. Each bead corresponds to a group
of several atoms. Mesoscopic simulation can treat a
wide range of length and time scales by many orders of
magnitude compared to the atomistic simulations such
as molecular dynamics. These mesoscopic simulation
methods have been successfully applied to some cases
of practical interest such as to the microphase separa-
tion of binary polymer mixtures and diblock copoly-
mer systems.!* 1920 Although most of the previous ap-
plications of the mesoscopic simulation are demonstra-
tions for polymer systems with model parameters, it
is applicable to a real system when a simulation pa-
rameter such as the Flory—Huggins y-parameter for a
coarse-grained model is determined for actual materi-
als.?>2? Several available methods for evaluating the y-
parameter for polymer—polymer, polymer—solvent, and
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solvent—solvent pairs in blend systems have already
been proposed using an atomistic simulation based on
the cohesive energy or the heat of mixing theory?*2°
According to the synthesis process of the Nafion mem-
brane in the case of a casting procedure,!>3° the struc-
ture of the hydrated Nafion membrane seems to be
spontaneously formed from solution in an alcohol and
water mixture, in a way similar to the microphase sep-
aration of polymer mixture systems. Therefore, it is
expected to predict the structure of the hydrated Nafion
membranes by a mesoscopic simulation when we use
appropriate y-parameters for the Nafion polymer and
water.

In this study, we perform a mesoscopic simulation
to study the structure of the hydrated Nafion mem-
brane using an originally coded DPD program. A
Nafion polymer molecule is modeled by connecting
soft spherical particles, which represent a group of sev-
eral atoms. Water is also modeled by the same size
particle as adopted in the Nafion polymer model, cor-
responding to a group of several HO molecules. The
Flory—Huggins y-parameters for the different types of
particles of Nafion and water models are calculated by
an atomistic simulation technique. The mixing ener-
gies are calculated for a chemical structure equivalent
to each component of DPD particles using molecular
simulations by a Monte Carlo approach for pure com-
ponents and their blends, and then the y-parameters are
estimated. By this procedure, we can perform meso-
scopic simulation based on actual material parameters.
Simulated structure and dependence on water content
of the hydrated Nafion membranes are compared to pre-
vious experiments in the literature for verification.

SIMULATION METHOD

DPD Simulation Method

The dissipative particle dynamics (DPD) is a rela-
tively new method proposed to study hydrodynamic be-
havior of complex fluids.!® 7 The method is based on
the dynamics of soft particles interacting by conserva-
tive, dissipative, and random forces. By introducing
a bead-spring type particle model, the method is ex-
tended to polymer systems.!* 2! Here we describe an
outline of the model and the evolution algorithm of the
DPD. Now, we consider that the particles are subject
to conservative, dissipative, and random forces, and
spring forces for connecting spheres. The time evo-
lution of the system is obtained by solving Newton’s
equation of motion,

dri
— = 1
7 =" (1)
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dvi
i— = fi 2
mi— Ji (2)

where r;, v;, and m; are the position, velocity, and mass
of the i-th particle, respectively. The force f; contains
three parts of the original DPD formula and an addi-
tional spring force for the polymer system. The inter-
action between two particles can be written as the sum
of these forces, where the suffixes C, D, R, and S rep-
resent the conservative, dissipative, random, and spring
forces, respectively.

_ D | R
fi= ) (FG+ Fi+ Fi + F}) (3)
J#i
The first three forces of the original DPD are considered
within a certain cutoff radius 7.. The conservative force
FS. is a soft repulsion acting along the line of centers

and is given by'®

< = { —ajj(re —rij)ny;  ri; <re @)

Y rij 2 Te
where ¢;; is a maximum repulsion force between parti-
cle i and j, rij=ri—r, r,-j=|rl~j|, and n;; = r,-j/lrij|. The
repulsion parameter between water particles (a;) is set
at 25 kpT for density p =3 to match the compressibility
of liquid water at room temperature, if one DPD par-
ticle corresponds to one water molecule. In this study,
as discussed later, the size of the water particle matches
the volume of four H,O molecules, so we set a;; at 104
for water particles. Other repulsion parameters between
particles of the same type are chosen to be the same
value as the water particles. The repulsion parameters
between particles of different types correspond to the
mutual solubility, expressed as the Flory—Huggins y-
parameter. In the case where the reduced density p is 3,
this relation is as follows.""

aij = ajj + 327)(1] (5)

This equation was derived by applying the condition
that density profiles of the binary immiscible system
should be described correctly. We determined these pa-
rameters from atomistic simulation for each pair of par-
ticles of the different type. The mixing energies are cal-
culated for a chemical structure equivalent to each com-
ponent of DPD particles using an atomistic simulation
by a Monte Carlo approach for pure components and
their mixtures, and then the y-parameters are estimated.
This procedure will be discussed below. The dissipative
force Fg is a hydrodynamic drag and is given by’

FP =

ij ‘{ ~yw?ry) (- vipmyj 1ij < re (6)

0 Fij 2 e

where 7 is a friction parameter, w”(7; 7) 1s the weight-
ing function, and v;; =v; — v;. The friction parameter is
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related to the viscosity of the system and acts in such a
manner as to slow the relative velocity of two particles
and to remove kinetic energy. The random force FS
corresponds to thermal noise and is governed by the
noise parameter o and a different weighting function
W (7)) as follows.!?

{ (T(UR(Vl‘j) {ijAt_l/zn,-j rij <re

F =
0 Fij 2 Te

ij

(7

The randomness is contained in the element {;, which
is arandomly fluctuating variable with Gaussian statics.
i) =0 @)
(&G = b j1 + 6ud ) 6(t =) (9)
They are uncorrelated for different pairs of particles and

time. There is a relation between the two weighting
functions and two parameters.

wP(r) = [ ()] (10)
02 =2vkgT (11)

In our simulation, we choose weighting functions as
follows,!”

(rc_ri_j)z rij <7c

wD(f”ij) = [wR(’”zj)]2 = { 0

1/2

Tij = e (12)
The appearance of A"/~ in eq 7 is due to ensuring
the consistent diffusion of particles independent of the
stepsize of the integration as discussed by Groot and
Warren.!®-2% The spring force Ffl for a polymer is con-
sidered to be harmonic springs for the equilibrium bond
distance ry,'°

Fisj = —C(}”s - rij) ni_,- (13)

where C is a spring constant.

In this study, we choose the interaction range 7., the
temperature kg7 and the particle mass m as the units
of length, energy and mass, respectively. The noise
parameter o is set at 3.0 (the friction parameter y is
4.5). We set the bond distance at ,=0.86 for the av-
erage distance of the nearest neighbor at a particle den-
sity p=3 and the spring constant at C=100 to obtain
a very stiff chain for stretching. The simulated time is
expressed in the unit of time r.(m/kgT )0-5, which cor-
responds to some tens of picoseconds?® Time evolu-
tion of the system is calculated by a modified version
of the velocity-Verlet algorithm!® at the empirical vari-
able factor 4=0.65 with time steps of Ar=0.05. Our
original DPD program has been coded and is used for
following simulations.

DPD Model for Nafion
For reviewing the molecular structure of a Nafion
polymer, an atomistic model of the monomer unit was
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Figure 1. Molecular structure of a Nafion monomer. Several
atoms are labeled to indicate their partial atomic charges in Table I.

Table I. Partial atomic charges of nafion

Atom Charge (amu) Atom Charge (amu)
C(backbone) 0.552 F(C3) —-0.265
F(backbone) -0.273 02 -0.512
Co 0.455 C4 0.774
F(C0) -0.273 F(C4) —-0.283
O1 —-0.551 C5 0.371
Cl 0.845 F(C5) -0.267
F(CI) —-0.256 S 1.079
C2 0.446 03,04, 05 —-0.625
F(C2) -0.265 H 1.000
C3 0.812

Nafion A
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Figure 2. DPD particle model for a Nafion polymer and water.
Particle size is approximately 0.61 nm.

built using the Cerius® software package from Accel-
rys Inc. Because most of the experimental studies
of the hydrated Nafion membrane were performed for
Nafion 1200, we choose n=7 in the chemical struc-
ture of Nafion. Figure 1 shows a Nafion monomer
structure. Several atoms are labeled to indicate partial
atomic charges in Table I, discussed later. In the DPD
method, a polymer is modeled by connecting spherical
soft particles, which correspond to groups of several
atoms. Referring to the atomistic model in Figure 1,
the DPD model for the Nafion polymer is designed as
shown in Figure 2. Particles A, B, and C approximately
correspond to —CF,CF,CF,CF,—, —OCF,C(CF3)FO-,
and —CF,CF,SO3sH, respectively. We find the volume
of particle A is 0.12nm?, the volume of particle B is
0.11 nm?, and the volume of particle C is 0.11 nm*. We
can estimate that all particles have the same diameter of
approximately 0.61 nm for spheres. In the actual syn-
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thesis process, an alcohol and water mixture is used for
the solvent. However, for simplicity, only water is con-
sidered in this simulation. A water particle is modeled
as the same size as the component of the Nafion poly-
mer model. Because the volume of a H,O molecule is
0.03 nm?, the water particle W is to represent the same
volume of 0.12 nm> and four water molecules. Consid-
ering the simulated particle density p 72 = 3, a cube of -
contains three particles and therefore corresponds to a
volume of 0.36 nm®. Thus, the physical size of the unit
of length 7. must be 0.36!/3nm=0.71 nm in the same
treatment by Groot and Rabone >

In this study, the number of repeating units in the
Nafion polymer model has been chosen to be 5, and the
number of backbone segment is 20. This is less than
the actual Nafion polymer molecule; therefore, there is
a concern for reproducibility of the polymeric property
of the adopted DPD model. In the DPD simulation of
block copolymer systems, phase diagram could be re-
produced using a model polymer 10 segments?’ It is
expected to reproduce the polymeric property in our
simulation. In a preliminary simulation, however, we
confirmed that the same mesoscopic structure as de-
scribed in following sections could be obtained even if
the number of repeating units is chosen to be 2. Consid-
ering that the formation of the same mesoscopic struc-
ture is obtained at numbers of the repeating units of
both 2 and 5, this Nafion polymer model has a suffi-
ciently large number of repeating units to produce an
equilibrium mesoscopic structure for this system.

Interaction Parameter

Interaction parameters for the conservative force
between DPD particles are necessary for simulation.
These parameters are related to the Flory—Huggins y-
parameters as are indicated in eq 5. Several different
computational methods are available for the estimation
of y-parameters between polymer—polymer, polymer—
solvent, or solvent—solvent pairs. In the present study,
we estimated the y-parameters from the mixing energy
calculation using a Monte Carlo approach?® The mix-
ing energies are obtained by averaging a large num-
ber of configurations generated by the Monte Carlo ap-
proach for each pair of components. The y-parameters
are estimated to be

_ AE12
X —Z( RT ) (14)

where z is the coordination number, i.e., the number of
possible interaction partners. AEj; is the heat of mix-
ing associated with pairwise interaction between com-
ponents 1 and 2, which is defined as

1
AE12=E12—§(E11+E22) (15)
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Table II. Calculated y-parameters and corresponding
repulsion parameters of DPD simulation for each pair of specific

compositions®
Pair X a;j (kgT)
A-B 0.022 104.1
A-C 3.11 114.2
A-W 5.79 122.9
B-C 1.37 108.5
B-W 4.90 120.0
C-W -2.79 94.9

2Compositions correspond to A: —CF,CF,CF,CF,—,
B: —OCFQC(CFg)FO—, C: —CFzCFzSOgH, and W: Hzo

where Ej; is the energy of a particular ij pair.

To ensure a high quality estimation of the mixing en-
ergy, we begin with a determination of partial atomic
charges of the Nafion monomer and water using ab
initio molecular orbital calculation with Gaussian98
software’! at the B3LYP/6-31G(d)**>3* level of the-
ory (Becke’s three-parameter exchange functional with
nonlocal correlation provided by the LYP expression).
Calculated partial charges of Nafion are listed in Ta-
ble I. The labels of the atoms are indicated in Fig-
ure 1. For partial charges of the water molecule, 0.424
is assigned for a hydrogen atom (H) and —0.848 is as-
signed for an oxygen atom (O). Atomistic simulations
are then performed using Cerius® for the estimation
of the mixing energies by the Monte Carlo approach.
Corresponding to DPD particles, the components used
in this calculation are (A) —CF,CF,CF,CF,—, (B)
—OCF,C(CF3)FO-, (C) —CF,CF,S03H, and (W) H,O
after these structures are optimized by molecular me-
chanics.

The calculated y-parameters are listed in Table II
corresponding to the conservative parameters for DPD.
The diagonal terms of the conservative parameters are
set at 104. Hydrophobic backbone particles (A) and
side chain particles (B) are expected to be strongly
immiscible with water particles (W). However the hy-
drophilic end particles of the side chain (C) are misci-
ble with water particles (W) due to electrostatic inter-
action. Considering these repulsion parameters, we can
speculate a microphase separation in a water-containing
Nafion membrane. The interaction parameter based on
the atomistic simulations depends on the adopted force
field and evaluation methods. However, even if the
magnitude of the interaction parameters listed in Ta-
ble II slightly varies, a structure similar to the hydrated
Nafion membrane as described in following sections
could be obtained. This system is characterized by the
nature of miscibility between water and the hydrophilic
end particles of side chain and immiscibility between
water and Nafion backbone particles.

Polym. J., Vol. 35, No. 6, 2003
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Nafion

water

Figure 3. Initial condition of the 20vol% hydrated Nafion
membrane system. Nafion polymer particles are indicated by lines
and water particles are drawn by spheres.

Simulation Condition

For the initial condition of DPD simulation, Nafion
polymer particles and water particles are randomly dis-
persed into a unit cell of side length 40, which is
scaled by the unit of length 7, and corresponds to about
28.4nm. Figure 3 shows an initial system for the
20vol% water content. It contains 192000 DPD par-
ticles at density p=3. In this figure, the Nafion poly-
mer skeletons are illustrated by flexible rods and water
particles are drawn by spheres. Periodic boundary con-
ditions are considered in all directions. According to
the synthesis process of the Nafion membrane in the
case of the casting procedure, this initial condition is
reasonable with respect to a solution in an alcohol and
water mixture at the initial stage of the experimental
process. From this initial condition, the time evolution
of DPD particles is calculated up to the equilibration,
which is about #=1000, for water contents of 10, 20,
and 30 vol%.

RESULTS AND DISCUSSION

In Figure 4, the time dependent morphologies of
a 20vol% hydrated Nafion membrane are depicted.
Nafion polymer particles are illustrated by lines and
water particles are drawn by spheres in the same man-
ner as in Figure 3. At the initial stage up to t=10, a
small domain of water aggregation emerges. This do-
main developed into a large water cluster surrounded
by hydrophilic end particles of the side chain of the
Nafion polymer particles. The system reaches an equi-
librium state around #=1000. Water particles and hy-
drophilic particles of the Nafion side chain form aggre-
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Figure 4. Time dependent morphologies of the 20vol% hy-
drated Nafion membrane system. Nafion polymer particles are in-
dicated by lines and water particles are drawn by spheres.

gates or clusters and are embedded in the hydrophobic
phase of the Nafion backbone. We confirmed that the
simulated structure is in equilibrium by checking the
time evolution of the cluster size. The calculated ra-
dial distribution of water particles for the structure at
t=1000 is shown in Figure 5. Sharp peaks at »=0.86
and »=1.77 originate from the first and second near-
est water particles in a water cluster. As r increases,
these first large peaks decrease and the breaking point
g(r)=1 is defined to be the end of the water cluster.
A second peak is observed at »=6.80, which is based
on the first nearest water cluster. A weak third peak is
recognized at »=12.45, correlating to the second near-
est water cluster. Fourier transformation of the radial
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Figure 5. Radial distribution of water particles g() for the
20 vol% hydrated Nafion membrane system at #=1000.
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Figure 6. Time evolution of the cluster size scaled by the unit
of length r, for the hydrated Nafion membrane system.

distribution data is related to the experimental observ-
able pattern at small-angle X-ray scattering (discussed
later). Figure 6 shows the cluster size as a function of
time on a log scale. After small domains of water ag-
gregation emerge at the initial stage, the cluster grows
rapidly. Although the cluster growth slows down at
the late stage, it is found to be in equilibrium around
t=500 for 10 vol%, t=1000 for 20 vol%, and =5000
for 30 vol%. The scaling exponents of the structure
growth are estimated as 0.07-0.16. These values are
small relative to the known domain growth of binary
immiscible polymer systems. This is caused by the
nature that the present system has a finite size of the
structure similar to block copolymers, and is not fault
of the simulation method. DPD simulations are suc-
cessfully applied to investigate the domain growth of
phase-separated immiscible polymers system*
Corresponding small-angle X-ray scattering patterns
are shown in Figure 7, which are obtained by Fourier
transformation of the radial distribution data (e.g., Fig-
ure 5 for 20vol%). The shoulder peaks and their
shift similar to the experimental work®’ are recognized
around 0.1-0.2 nm™!, though other peaks due to DPD

particle size are observed at 1 nm™!.
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Figure 7. Calculated small-angle X-ray scattering patterns of
equilibrium structure of the hydrated Nafion membrane. These data
are obtained by Fourier transformation of the radial distribution
data (e.g., Figure 5 for 20 vol%).

Figure 8. Equilibrium structure of the 20vol% hydrated
Nafion membrane system at = 1000. Illustrated in the same fashion
as Figure 4 (top) and an isosurface representation of water particle
regions including sulfonic acid groups at density p=1.5 (bottom).

Figure 8 shows the morphology at #=1000 by the
same illustration in Figure 4 (top) and a surface of wa-
ter particle regions including sulfonic acid groups (bot-
tom), that is isosurface representation of particles C
and W (level p=1.5). The isosurface image is par-
tially cut so that an inside structure is clearly under-
stood. Water particles and hydrophilic particles of the
Nafion side chain form aggregates or clusters and are
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Figure 9. Equilibrium structure of 10vol% hydrated Nafion
membrane system at =1000. Illustrated in the same fashion as
Figure 4 (top) and an isosurface representation of water particle re-
gions including sulfonic acid groups at density p=1.5 (bottom).

embedded in the hydrophobic phase of the Nafion back-
bone. Figures 9 and 10 show the equilibrium structure
at 1=1000 in the case of 10 vol% and at #=5000 in the
case of 30 vol% water contents, respectively. Sponge-
like structures are similarly observed at these water
contents.

Sponge-like or porous structures have been expected
because of some experimental knowledge such as
small-angle X-ray scattering studies. From a visual in-
spection of the simulated structure by rotating it in a
graphics display, it is obvious that the shape of a wa-
ter cluster is never spherical as proposed in the cluster-
network model!>> but is an irregular shape. The re-
gions of water particles are indistinguishable structures
of water clusters and their connected channels. There
are continuous paths in the water regions from any side
of the cell to any other side of the cell. In a similar way
for the Nafion backbone structure, this continuous path
is also recognized. Therefore, it is percolating struc-
ture for components of both the Nafion backbone and
water, similarly to a bicontinuous phase separation of
the block copolymer systems. With careful inspection,
however, we can notice that the characteristic shape
of water regions, which consists of clusters and their
connected channels, is somewhat unlike to the struc-
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Figure 10. Equilibrium structure of 30 vol% hydrated Nafion
membrane system at =5000. Illustrated in the same fashion as
Figure 4 (top) and an isosurface representation of water particle
regions including sulfonic acid groups at density p=1.5 (bottom).

ture of block copolymer systems. There are several
ways to verify a bicontinuous phase such as measure-
ment of the Gaussian curvatures of the interface of the
phase-separated bicontinuous structure>> In this study,
we confirmed the continuity of water regions by flow
simulation using a lattice Boltzmann method3® Com-
plicated flow paths were observed in the water regions
of hydrated Nafion membranes.

By comparing Figures 810, it is clear that the cluster
size of water is enlarged with the increase in water con-
tent. In previous experimental reports, though there are
several proposed sizes of the hydrophilic aggregates,
the average cluster size is estimated to be about 4 nm,
and its spacing is about 5 nm for hydrated Nafion mem-
brane systems.":* To clarify the reliability of our sim-
ulation results, the size and spacing of the water clus-
ters are examined from the equilibrium structures. The
calculated data for cluster size and spacing are plotted
as a function of water content in Figures 11 and 12,
based on the radial distribution of water particles for the
equilibrium structure at each water content. The corre-
sponding actual scales are also indicated in the figures,
estimated from the unit of length 7. =0.71 nm. As the
water content increases for 10—30 vol%, the cluster size
changes to 3.2-5.3 nm and its spacing changes to 3.6—
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Figure 11. Dependence of the cluster size on the water content
of the hydrated Nafion membrane. Cluster size is scaled by the unit
of length 7, and an actual scale is also indicated in the figure.
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Figure 12. Dependence of the cluster spacing on the water
content of the hydrated Nafion membrane. Cluster spacing is scaled
by the unit of length 7. and an actual scale is also indicated in the
figure.

6.0 nm. These simulated scales of size and spacing are
of reasonable magnitude with respect to the value of the
experimental reports, and the dependence on water con-
tent is in good agreement with the previously reported
experiments (cluster size of 3—5 nm).!

From the above discussions, the simulated meso-
scopic structure of the hydrated Nafion membranes is
confirmed to be one of the reliable structures for ac-
tual materials. The simulated structures are essentially
identical to the cluster-network model proposed from
experimental studies; however, it is clarified that the
structure is sponge-like or a bicontinuous microphase
of the Nafion backbone and water, and the water re-
gions are indistinguishable structures of water clusters
and their channels. In previous analytical studies, the
mechanical and transport properties of membranes have
been discussed based on a model structure such as the
cluster-network model, or by treating as averaged ho-
mogeneous substances. For example, the proton con-
ductivity of the membrane is calculated based on the
connectivity of clusters or percolation-type phenom-
ena.’ Considering that the size and shape distributions
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of water clusters depend on the percolation threshold,
more realistic properties can be predicted by introduc-
ing the mesoscopic structure obtained by this simula-
tion. The simulated structure is also helpful in under-
standing the mechanism of proton transport inside the
membrane.

In this study, we performed a modeling of DPD parti-
cles for a Nafion polymer and water and estimated their
interaction parameters in cooperation with an atom-
istic simulation. This hierarchy procedure is one of the
ways to bridge the gaps between different scale simu-
lation methods. Although only a mesoscopic structure
is simulated and discussed in this study, this method
may have the possibility of being extended to the pre-
diction of proton conductivity in a mesoscopic mem-
brane model because DPD can directly treat the hydro-
dynamics, when we can model the behavior of the pro-
ton surrounded by water at a mesoscopic level for DPD
simulation. Because DPD is a relatively new simula-
tion method, some efforts need to be made to bridge
the gap between atomistic and mesoscopic simulation,
such as the determination of several parameters used in
DPD simulation. Application of the mesoscopic sim-
ulation to actual materials will be investigated in the
future work.

CONCLUSIONS

We have applied a mesoscopic simulation method,
dissipative particle dynamics (DPD), to study the struc-
ture of hydrated Nafion membranes. In the DPD
method, the dynamics among soft particles, which rep-
resent groups of several atoms, is simulated. Nafion
polymer molecules are constructed by connecting soft
DPD particles based on molecular structure. A water
particle is also modeled as the same size particle as
the Nafion polymer model. This means that the water
particle represents a group of several H,O molecules.
The repulsion parameter between DPD particles is re-
lated to the Flory—Huggins interaction parameter. They
are estimated by an atomistic simulation calculating the
mixing energies for pure components of DPD parti-
cles and their mixtures. The mixtures of Nafion poly-
mer particles and water particles spontaneously form a
sponge-like or porous structure. Water particles and hy-
drophilic particles of the Nafion side chain form aggre-
gates or clusters and are embedded in the hydrophobic
phase of the Nafion backbone. The bicontinuous struc-
ture of the Nafion backbone and water is recognized.
It is an essentially identical but more realistic struc-
ture than some proposed models based on experimen-
tal studies. The size and spacing of water clusters are
determined by calculating the radial distribution of wa-
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ter particles for equilibrium structures of the hydrated
Nafion membranes for 10-30 vol% water content. The
cluster size of the simulation model changes by 3.2 to
5.3 nm and its spacing changes by 3.6 to 6.0 nm. These
magnitudes of water clusters and their dependence on
the water content are in agreement with experimental
reports. The simulated mesoscopic structure is con-
firmed to be highly possible for hydrated Nafion mem-
branes.
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