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Nafion polyelectrolyte is widely used in polymer electrolyte membrane fuel cells (PEMFC) due to its high
proton conductivity. The properties of hydrated Nafion are attributed to its nanophase-segregated structure in
which hydrophilic clusters are embedded in a hydrophobic matrix. However, there has been little
characterization of how the monomeric sequence of the Nafion chain affects the nanophase-segregation structure
and transport in hydrated Nafion. To study such properties, we carried out molecular dynamics (MD) simulations
of Nafion 117 using two extreme monomeric sequences: one very blocky and other very dispersed. Both
produce a nanophase-segregated structure with hydrophilic and hydrophobic domains. However, the blocky
Nafion leads to a characteristic dimension of phase-segregation that is ∼60% larger than for the dispersed
system. We find that the water-polymer interface is heterogeneous, consisting of hydrophilic patches (water
contacting sulfonate groups of Nafion) and hydrophobic patches (water contacting fluorocarbon group). The
distribution of the hydrophilic and the hydrophobic patches at the interface (i.e., the heterogeneity of interface)
is much more segregated for blocky Nafion. This leads to a water diffusion coefficient for the dispersed case
that is ∼25% smaller than for the blocky case (0.46 × 10-5 vs 0.59 × 10-5 cm2/s at 300 K). The experimental
value (0.50 × 10-5 cm2/s) is within the calculated range. On the other hand, we find that the vehicular diffusion
of hydronium is not affected significantly by the monomeric sequence. These results should be useful in
optimizing the properties of Nafion and as targets for developing other membranes to replace Nafion in
PEMFC and other applications.

1. Introduction
Nafion is a polyelectrolyte consisting of nonpolar tetrafluoroethylene (TFE) segments, N ) (CF2-CF2) and polar perfluorosulfonic vinyl ether (PSVE) segments, P ) (CF2-CF(OCF2-CF(CF3))-CF2-CF2-SO3H) (Figure 1) used in many
important applications.1 Particularly of interest to us are the
properties relevant to polymer electrolyte membrane fuel cells
(PEMFC) where its high proton conductivity and mechanical,
chemical, and thermal stabilities are crucial.2-6 There is a general
consensus supported by experiments7-22 and simulation23-25 that
these favorable characteristics of hydrated Nafion result from
its nanophase-segregated structure in which hydrophilic clusters
are embedded in hydrophobic matrix.
Various models have emerged to explain the properties of
hydrated Nafion membrane11-13,26-30 since Eisenberg7 suggested
the concept of cluster formation for ionomers, which was
extended by Mauritz and Hopfinger26 in an attempt to represent
the structural incorporation of water and ions by introducing
configurational dipole-dipole interactions.
One widely accepted empirical model for hydrated Nafion
is the cluster-network model proposed by Hsu and Gierke11,12
on the basis of small-angle X-ray scattering (SAXS) experiments. In this model, spherical hydrophilic clusters (∼4 nm
diameter) of water are surrounded by sulfonate groups connected
through cylindrical channels with ∼1 nm diameter. They
conjectured that the balance between elastic deformation energy
and hydrophilic surface interactions leads to these characteristic
dimensions.
* To whom correspondence should be addressed. wag@wag.caltech.edu.

Figure 1. Chemical structure of Nafion. Nafion 117 has an average
composition of x ) 6.5, y ) 1, and z ) 1. N indicates for the nonpolar
monomeric units while P indicates the polar monomeric units.

Tovbin and Vasyatkin31,32 used spectroscopic data to suggest
a three-dimensional model of the amorphous part of the Nafion
membrane as consisting of an ensemble of pores formed by
closely packed polymer chains. In this empirical model, the walls
of the pores are postulated to consist of polymer bilayers, with
the sulfonate groups pointing inward toward the water channels.
To rationalize the observed transport phenomena, Yeager and
Steck13 proposed a “three-phase model” consisting of the
fluorocarbon phase (some of which would be microcrystalline),
an interfacial region rich in free volume that contains the pendant
chains, and the cluster region containing water and ionic groups.
The clusters in this model are assumed to be spherical.
It is generally understood that proton transport is strongly
coupled with the distribution and transport of water in the
hydrated Nafion membrane:
(i) Proton conductivity in PEMFCs is possible only in the
presence of water and thus a water-polymer structure with
percolation in three dimensions is essential.
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(ii) Water transport in Nafion membranes can occur through
two mechanisms for the percolated structure:
• diffusion caused by concentration gradient between cathode
and anode arising from the water generated at the cathode via
O2 reduction with protons;
• electro-osmotic drag of water by the protons from anode to
cathode when the fuel cell is under a bias potential. This
mechanism may result in the depletion of water at the anode,
which diminishes the proton conductivity by removing the media
for proton transfer.
Consequently water transport in hydrated Nafion membrane
of fuel cell has been studied intensively using experimental
techniques such as radiotracers,14,33-35 and pulsed field gradient
spin-echo 1H NMR.36-38 However, there have been few
attempts to understand the transport phenomena in PEMFC as
a function of the nanostructure of the membrane.18,39-42 This is
probably because of the lack of synthetic techniques to generate
Nafion with controlled blockiness and the lack of tools
appropriate to directly characterize the relationship between the
transport properties and nanostructure at the atomistic level.
We report here the results of molecular dynamics (MD)
simulations, which provide detailed information about how the
dynamical and structural properties are coupled with each other.
MD techniques are especially appropriate for PEMFC since we
can use these techniques to discover the nanostructure for the
hydrated Nafion without assuming a priori any specific model.
Thus, by equilibrating thoroughly the initial structures used in
the MD simulation, we may determine how the nanostructure
depends on such variables as water content, temperature, and
molecular architecture of the polymer. Many factors in the
molecular architecture can be explored, but we focus herein on
the monomeric sequence expressing how comonomers are
statistically arranged along a chain. Nafion is a copolymer
composed of polar and nonpolar monomeric units and is
currently synthesized through the free radical polymerization.43,44
As a result, the monomeric sequence is determined by the
monomer reactivity ratio.45 However, the specific monomeric
sequence in Nafion chains has not been clearly characterized
in experiments, and its effect on the nanostructure has not been
investigated. Some previous modeling studies25,46-50 have been
reported but not on the nanostructure.
Our study uses full atomistic MD simulations to predict the
nanostructure of hydrated Nafion 117 with a focus on investigating the effect of the monomeric sequence of polar (P) and
nonpolar (N) monomeric units in Nafion on the nanophasesegregated morphology and the water/hydronium transport. We
confine this study to the effect of monomer sequence on phase
segregation and transport in the amorphous phase of hydrated
Nafion. It has been suggested that Nafion membranes may have
a small crystalline component51 of 3-8 vol % in the unhydrolyzed polymer,52 and it is suggested that this decreases with
hydration.53 However, no role of crystallinity in the transport
properties in Nafion membranes has yet been demonstrated.
2. Simulation Details
All simulations were carried out using a fully atomistic model
of Nafion 117, water, and hydronium. To assess the effect of
monomeric sequence on the properties of interest, we prepared
Nafion 117 chains (equivalent weight 1150 with x ) 7, y ) 1,
z ) 1, and n ) 10 in Figure 1) with the two dramatically
different monomeric sequences shown in Figure 2:
(1) Dispersed: Here the (N7P)10 sequence has the PSVE unit
evenly spaced every 7 TFE units
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Figure 2. Two monomeric sequences of Nafion 117 studied here: (a)
DR ) 0.1 (more blocky) and (b) DR ) 1.1 (more dispersed).

(2) Blocky: Here the polymer structure is a diblock copolymer
with a N70P10 sequence in which all 10 PSVE units gather at
the end of a chain of 70 TFE units.
We can distinguish these two cases by the degree of
randomness (DR) defined as:

DR )

1
1
+
L
hA L
hB

(1)

where L
h X is the average number of monomers of type X (X)A
or B) that come together in a block. DR can range from 0.0 to
2.0. It is 0.0 for the homopolymer, 1.0 for the random
copolymer, and 2.0 for an alternating copolymer,
Thus, DR decreases as the blockiness of the chain increases.54
Thus
• DR ) 1.1 for our dispersed case in which the ionizable
monomeric unit is uniformly distributed along the chain. For
the fully extended chain, the distance between adjacent sulfonate
groups would be ∼22 Å.
• DR ) 0.1 for the blocky case. For the fully extended chain,
the distance between adjacent sulfonate groups would be ∼6
Å.
We realize that current synthetic techniques cannot achieve
either of these monomeric sequences for Nafion 117. Probably
current materials lead to DR somewhere between 0.1 and 1.1.
Our goal here is to determine how the monomeric sequence
affects the structural and dynamical characteristics of hydrated
Nafion system as a prototype for developing new polyelectrolyte
membranes. However, should we find that a particular sequence
lead to particularly desirable properties, we are confident that
synthetic chemists would find a way to achieve this structure.
We constructed the initial sample structures of hydrated
Nafion using the Amorphous Builder of Cerius2,55 which uses
Monte Carlo techniques to build an amorphous structure with
a three-dimensional periodic cell. However, as described below,
we follow this Monte Carlo build with an extensive series of
annealing simulations in which the volume and temperature are
varied systematically to achieve a fully equilibrated system at
the target temperature and pressure. We emphasize here that
we have not biased the predicted structure by imposing any
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particular geometry (cylinders, spheres, lamellae) for the
distribution of water in the system, nor have we imposed any
particular density or packing. Rather our strategy of temperature
and pressure MD annealing is designed to obtain an equilibrated
distribution of water in an equilibrated polymer system.
Each simulated system consists of four Nafion chains with
identical monomeric sequences corresponding to DR ) 0.1 or
1.1 and 560 water molecules and 40 hydronium molecules (total
number of atoms in the system is 4568). This corresponds to
15 water molecules per each sulfonate group (∼20 wt % water
content), which is the concentration expected when operating
the fuel cell in an atmosphere with ∼60% humidity.
All data in this paper were obtained from two independent
samples using different initial configurations to provide an idea
of the uncertainties. We assumed here that all sulfonate groups
are ionized, as expected from their pKa. This is in accordance
with the IR experimental observations.53,56
In addition to the simulation cell with 4568 atoms described
above, we prepared independent simulation cells that are 8 times
larger to determine how the finite size influences the nanostructure. However, the dynamic properties (e.g., diffusion)
reported here are based on the smaller system.
The annealing procedure for constructing the amorphous
structure is as follows. Since the experimental data indicates
that the density is ∼1.75 g/cm3 at 300 K for the H form of
Nafion 117 with the same water content (15 water molecules
per sulfonate group),57,58 we built the initial polymer structure
using a supercell appropriate for a density of 1.8 g/cm3. Here
we used Monte Carlo techniques to first grow the polymer and
then we added waters or hydronium ions into the larger voids.
Then we relaxed these initial structures by applying the
following annealing procedure. First, the structure was gradually
expanded by 50% of its initial volume over a period of 50 ps
while the temperature was simultaneously increased from 300
to 600 K. Next NVT MD simulations were performed at 600
K with the expanded volume for 50 ps. Next, the structure was
compressed back to the initial volume over 50 ps while cooling
the temperature down to the target temperature (T ) 300 K).
These steps were repeated five times. Then at the final target
density (1.8 g/cm3), we first carried out 100 ps of NVT MD
(fixed volume and Nose-Hoover thermostat59-62 at 300 K) which
was followed with 200 ps NPT MD at 1 atm to fully equilibrate
the density and structure at the target temperature (300 K). This
led to a final density of 1.67 g/cm3 for the blocky case and
1.60 g/cm3 for the dispersed case. The annealing simulations
were performed with LAMMPS (large-scale atomic/molecular
massively parallel simulator) code from Plimpton at Sandia
(modified to handle our force fields).63,64 The equations of
motion were integrated using the Verlet algorithm65 with a time
step of 1.0 fs, and the particle-particle particle-mesh (PPPM)
method66 was used for the electrostatic interactions.
After annealing the structures as described above, we
performed MD simulations with the LAMMPS code at two
temperatures, 300 and 353.15 K (the relevant temperatures for
fuel cell operation) under NPT conditions for 3 ns for the 4568
atom systems and 200 ps for the 36 544 atom systems.
To describe inter- and intramolecular interactions, we used
the DREIDING force field67 (previously used by other investigators to study hydrated Nafion system25,47,48,68) but with the
fluorocarbon parts described with a recently developed force
field69 and the water described using the F3C force field.70 We
used the standard combination rules of DREIDING in mixing
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Figure 3. Chemical structure and partial charges of (A) water, (B)
hydronium, and (C) ionized Nafion. The superscripts left and above
atoms denote the atom types used in Table 1.

these FF. The total potential energy is given as follows:

Etotal ) EvdW + EQ + Ebond + Eangle + Etorsion

(2)

where Etotal, EvdW, EQ, Ebond, Eangle, and Etorsion are the total
energies and the van der Waals, electrostatic, bond stretching,
angle bending, and torsion components, respectively. The
specific force field atoms types on each atom are shown in
Figure 3 and listed in Table 1.
3. Results and Discussion
3.1. Nanophase-Segregated Structure. We observed waterpolymer segregation for both monomer sequences as shown in
Figure 4. The calculated densities (F) of the equilibrated systems
are
• At 300 K: F ) 1.67 ( 0.01 g/cm3 for DR ) 0.1 and 1.60
( 0.01 g/cm3 for DR ) 1.1
• At 353.15 K: F ) 1. 62 ( 0.02 g/cm3 for DR ) 0.1, and
1.55 ( 0.03 g/cm3 for DR ) 1.1
Thus, the dispersed system is predicted to have a density 4%
smaller than the blocky system. The simulations for the blocky
system leads to a density 5% smaller than the experimental value
(∼1.75 g/cm3 at 300 K) for the H form of Nafion 117 with the
same water content (15 water molecules per sulfonate group).57,58
A part of the explanation for our calculated density being smaller
than experiment could be because our simulations considered
purely amorphous systems, whereas the experimental systems
are thought to have ∼3-8% crystallinity.52,71-73
We find that all sulfonate groups are in the water phase, which
is consistent with the experimental observation of complete
dissociation of the sulfonate groups in hydrated Nafion.53,56 For
both sequences, we find that 20 wt % water content (λ ) 15
water per sulfonate), leads to a percolated nanophase structure
for the hydrophilic domain.
These two monomeric sequences (DR ) 0.1 vs DR ) 1.1)
lead to a noticeable difference in the nanophase-segregated
structure (see Figure 4). The sulfonate groups in the blocky
polymer aggregate themselves to form a cluster-like morphology
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TABLE 1: Force Field Used for the Hydrated Nafion
System

{( ) ( ) }
R0

EvdW(R) ) D0

12

R

-2

R0

6

R

, EQa ) 322.0637

Q iQ j

∑ R
i>j

ij

1
1
Ebond(R) ) Kb(R - R0)2, Eangle(θ) ) Kθ(θ - θ0)2
2
2
1
Etorsion(φ) )
Vn[1 - dn cos(nφ)]
n 2

∑

EvdW

1H(HF3C), 2H(HH3O)
1O(OF3C), 2O(OH3O)
1C(C_3T)b
2C(C_3)
1F(F_), 2F(F_3)b
3H(H•A)
3O(O_3), 4O(O_2),

Ebond

Eangle

Etorsion

S(S_3)
OF3C - HF3C
OH3O - HH3O
C_3T - C_3T
C_3 - C_3
C_3T - C_3
C_3 - O_3
C_3(T) - F_(3)
C_3 - S_3
S_3 - O_3
S_3 - O_2
O_3 - H_A
HF3C-OF3C-HF3C
HH3O-OH3O-HH3O
X - C_3(T)-X
C_3(T)-C_3(T)-C_3(T)
C_3(T)-C_3(T)-F_(3)
F_(3) - C_3(T) -F_(3)
X - S_3 -X
O2 - S_3 - O2
X - C_3(T) -C_3(T) - X
C_3T-C_3T -C_3T - C_3T
F_(3)-C_3T -C_3T - C_3T
F_(3)-C_3T-C_3T - F_(3)
X - C_3(T) - O_3 - X
X - C_3(T) - S_3 - X
X - S_3(T) - O_3 - X

R0c
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
R0
θ f
0

θ0
θ0
θ0
θ0
θ0
θ0
θ0
V3 (d3)h
V3 (d3)
V3 (d3)
V3 (d3)
V3 (d3)
V3 (d3)
V2 (d2)

0.9000
3.5532
3.8837
3.8983
3.3953
3.1950
3.4046
4.0300
1.0000
0.9820
1.4982
1.5300
1.5300
1.4200
1.3360
1.8000
1.6900
1.4800
0.9800
109.4700
113.4000
109.4710
122.5536
118.3191
121.5020
109.4710
115.5000
2.0000 (-1)
6.4342 (1)
8.2444 (1)
8.0848 (-1)
2.0000 (-1)
2.0000 (-1)
2.0000 (-1)

D0d
0.0100
D0
0.1848
D0
0.0844
D0
0.0951
D0
0.0496
D0
0.0001
D0
0.0957
D0
0.3440
Kbe 500.0000
Kb 1085.9565
Kb
429.3204
Kb
700.0000
Kb
700.0000
Kb
700.0000
Kb
605.2595
Kb
700.0000
Kb
700.0000
Kb
700.0000
Kb
700.0000
Kθg 120.0000
Kθ
79.0263
Kθ 100.0000
Kθ 106.2739
Kθ 100.3366
Kθ 108.2396
Kθ 350.0000
Kθ 350.0000

Figure 4. Nanophase-segregated structures of hydrated Nafion predicted from the simulations at 353.15 K. Nafion backbone atoms have
been deleted from the pictures; hence the white regions are the parts
occupied by the Nafion backbone. Bright gray spheres represent sulfur
atoms and dark gray spheres represent the oxygen atoms in hydronium
molecules: (a) DR ) 0.1 (blocky) and (b) DR ) 1.1 (dispersed).

a
Qi and Qj are atomic charge of atom i and j, respectively. Except
for water all atomic charges were calculated from QM Mulliken
populations at the level of 6-31G**/B3LYP. The atomic charge for
water molecules are from the F3C model in ref 70. b The original van
der Waals parameters were refitted to the Lennard-Jones 12-6 potential.
function. c Å for R0. d kcal/mol for D0. e kcal/mol/Å2 for Kb f Degree
for θ0 g kcal/mol/degree2 for Kθ h kcal/mol for Vn.

of the hydrophilic phase with water as suggested by Hsu and
Gierke.11,12 However, the hydrophilic phase does not have the
spherical shape they suggested. In contrast, we find that the
dispersed sequence leads to a somewhat uniform distribution
of sulfonate group throughout the system and does not exhibit
phase segregation to the extent observed for the blocky case.
Another structural difference is found in the pair correlation
functions for sulfur-sulfur pairs, gS-S(r) (shown in Figure 5
for 353.15 K). This pair correlation function indicates the
probability of finding two S atoms at a distance r, averaged
over the equilibrium trajectory as in eq 3

gA-B(r) )

( )( )
nB
2

4πr dr

/

NB
V

(3)

where nB is the number of particle B located at the distance r
in a shell of thickness dr from particle A, NB is the number of
B particles in the system, and V is the total volume of the system.
Although the S-S distances for the extended polymer chains
would be quite different (∼ 22 for dispersed and ∼ 6 Å for

Figure 5. Sulfur-sulfur pair correlation function, gS-S(r) for hydrated
Nafion 117 with 20 wt % of water (λ ) 15) at 353.15 K for the blocky
sequence (DR ) 0.1) and the dispersed sequence (DR ) 1.1) of the
polar/nonpolar monomers.

blocky), Figure 5 shows clearly that the S-S distance for the
dispersed system of 6.8 Å is comparable with the 6.0 Å S-S
distance for the blocky system. Thus, the equilibrated Nafion
chains fold to render comparable S-S distances independent
of sequence. Even so, the blocky case still has more S-S closer
neighbors than the dispersed case.
Figure 5 also displays the intrachain contribution to gS-S(r)
along individual chains. This shows that for the blocky structure
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where the angular bracket denotes a thermal statistical average,
ξi represents a local density contrast, (φjA - φjB), and q and rij
are the scattering vector and the vector between the sites i and
j, respectively. Previous simulations using periodic boundary
conditions have also investigate the phase-segregated structure
in copolymer systems74-79 and polymer blend systems80-90 by
calculating the structure factor.
Analysis of SAXS experiments uses the electron density
contrast and SANS experiments use deuterium density contrast.
For our analysis we assigned an artificial density contrast as
follows. The local density variable φjA is equal to 1 if the site j
is occupied by a hydrophilic entity such as water or hydronium
and equal to 0 otherwise, and φjB is equal to 1 if the site is
occupied by hydrophobic entities such as Nafion and equal to
0 otherwise.
The quantity S(q) is spherically averaged as follows:

S(q) )

Figure 6. Sulfur-oxygen (water) pair correlation function, gS-O(water)(r)
for hydrated Nafion 117 with 20 wt % of water (λ ) 15) for two
sequences of polar/nonpolar monomers: DR ) 0.1 (blocky) and DR
) 1.1 (dispersed). (a) 300 and (b) 353.15 K.

the dominant contribution at short distances to gS-S(r) comes
from sulfonates in the same chain while for the dispersed system,
the interchain contributions are significant.
Figure 6 shows the pair correlation functions of sulfur with
the water oxygens, gS-O(water)(r). This indicates that the first
water solvation shell of the sulfonate group has larger intensity
and closer distances for the dispersed case than for the blocky
case. This is reflected in the water coordination number for
sulfonate group calculated from the first solvation shell:
• At 300 K, the water coordination number is 5.66 for the
DR ) 1.1 and 5.36 for the DR ) 0.1,
• At 353.15 K, the water coordination number is 5.59 for the
DR ) 1.1 and 5.35 for the DR ) 0.1.
This means that the sulfonate groups in the dispersed case
are more solvated by water than in the blocky case and that the
water molecules in the first shell are bound to the sulfonate
groups more strongly for the dispersed than for blocky case.
To evaluate quantitatively the extent of phase segregation in
the system, we calculated the structure factor, S(q) as obtained
in small angle scattering experiments (SAXS and SANS). using
the following equation:

S(q) ) 〈

∑r ∑r exp(iq‚rij)(ξiξj - 〈ξ〉2)〉/L3
i

j

(4)

S(q)/∑1
∑
|q|
|q|

(5)

with q ) (2π/L)n, where n ) 1, 2, 3, ... denotes that, for a
given n, a spherical shell is taken as n - 1/2 e qL/2π e n +
1/2. The structure factor profiles in Figure 7 were obtained as
a function of scattering vector, q. We found that these structure
profiles were almost completely established during the annealing
procedure and did not change significantly during the subsequent
equilibrium MD simulations (3 ns for the small system and 200
ps for the big system). This is because the glassy structures of
the membranes are not able to undergo a significant reorganization within the time scale of our simulations. We see that for
low q, the intensity of S(q) for the blocky Nafion (DR ) 0.1)
is stronger than the DR ) 1.1 independent of the system, which
means that the blocky Nafion has a better developed phasesegregated structure. A similar observation based on SAXS was
reported by the Kreuer and Maier, who found that the more
phase-segregated Nafion has stronger intensity at low q than
the less phase-segregated sulfonated poly (ether ether ketone)
(PEEK).18,91
Experimental SAXS and SANS,12,15,20 studies of Nafion 117
reported that the typical ionomer peak is at q ) ∼0.13 Å-1 as
shown by the dashed line in Figure 7. This corresponds to a
characteristic segregation distance of ∼ 50 Å. For the small
system, the differences observed in the profile (Figure 7a) in
the range of q < 0.15 are caused by repetitive self-images of
the morphology through imposition of periodic boundary
conditions. That is, the finite-size of the small system unit cell
dimensions (∼40 Å) restricts the structural development beyond
the size of the simulation cell. In contrast, the big system (cell
dimensions ∼80 Å) leads to a phase-segregated structure for
the blocky case that has a peak at q ) 0.13 Å-1 leading to a
characteristic segregation distance ∼50 Å. This is comparable
to the experiment which finds the same characteristic distance
for 18.5% water.11 In contrast for the large unit cell, the
dispersed sequence leads to a more dispersed profile with q ∼
0.20 Å-1 corresponding to a characteristic segregation distance
of ∼30 Å, which is smaller than the experimental value. These
results suggest that the blockiness of Nafion in the experimental
system is intermediate between these two cases but closer to
the blocky case.
Starkweather71 studied Nafion with minimal water content
and found that the crystallite size is ∼44 Å, suggesting that 34
carbon atoms line up along the c axis. This would imply that
the monomeric sequence corresponds to (N14P2)n statistically,
giving DR)0.57, which is intermediate between our two cases.

3154 J. Phys. Chem. B, Vol. 108, No. 10, 2004

Jang et al.

Figure 8. Schematic representation of the heterogeneity of the interface
between hydrophilic water phase and hydrophobic Nafion phase caused
by the different monomeric sequences.

Figure 9. Definition of the hydrophilic sphere and interface.

Figure 7. Structure factor profile for hydrated Nafion with 20 wt %
of water content (λ ) 15) simulated at 353.15 K. The dashed lines
indicate the location of the typical ionomer peak of Nafion 117 observed
in experiments at q ) 0.13 Å-1.

3.2. Heterogeneity of the Water-Nafion Interface. In this
paper, we use the terminology “heterogeneity of interface” to
expresses how differently the sulfonate groups are arranged at
the interface due to the difference in monomeric sequence.
Previous theoretical studies have mentioned that the distribution
of sulfonate groups in the nanophase-segregated or nanopore
structure in hydrated Nafion membrane could affect the transport
phenomena, but the only explicit model has been to assume a
uniform distribution of fixed sulfonate groups in cylindrical
geometry.40-42,46,92 In contrast, we predicted the distribution of
sulfonate groups by using a combination of Monte Carlo
building and the MD annealing and equilibration without any
assumptions about the distribution.
Our initial conjecture was that the changes in blockiness in
monomeric sequence might lead to a different extent of
segregation at the interface in addition to a modified phasesegregation for the whole system (Figure 8). To investigate this,
we analyzed the interface by the following procedure.
First, we defined the interface between hydrophilic water
phase and hydrophobic polymer phase as the Connolly van der
Waals surface of the water phase.

Second, we introduced a hydrophilic sphere centered on each
sulfur atom with a radius of R (Figure 9a,b). The space inside
this sphere is assumed to be influenced by the existence of the
sulfonate group.
Third, the overlapped cross section of this hydrophilic sphere
with the interface is counted as part of the hydrophilic patch
(Figure 9a,b). The rest of the interface is considered as the
hydrophobic interface in which the water molecules contact the
hydrophobic polymer phase. We consider these hydrophilic
patches to be connected if they are within water diameter
distance.
Figure 9a,b presents two cases differing by the relative
distance between sulfonate groups. Figure 9a displays a closer
distance than Figure 9b. As a result, the former has more overlap
between the hydrophilic interfaces, thereby forming a single
large hydrophilic patch whereas the latter has two small patches.
As a result, the total area of the hydrophilic patch is smaller
for the former than for the latter. Figure 9c shows a schematic
example of the interface in which three hydrophilic patches are
separated from each other. Here, to identify individual patches,
we selected (arbitrarily) 2 Å as the distance between patch
boundaries.
By applying these concepts, we decomposed the interface
between the water phase and the Nafion phase into hydrophilic
and hydrophobic patches as shown in Figure 10. Although it
would seem that the hydrophilic patches would be well defined
near by each sulfonate group, the quantitative difference between
the DR ) 1.1 and the DR ) 0.1 is not sufficiently different to
be clear in this visual comparison. To quantify the difference,
we calculated the fraction of the hydrophilic patch area with
respect to the whole interfacial area as a function of radius of
hydrophilic sphere as in Figure 11. For a small radius (<4 Å),
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Figure 10. Decomposition of the interface into the hydrophilic and
the hydrophobic portions.

Figure 12. Size distribution of the hydrophilic patch for the small
system simulated at 353.15 K.

Figure 11. Fraction of the hydrophilic patch as a function of the radius
for the hydrophilic sphere.

the fraction of hydrophilic area is nearly the same (∼32%) for
both monomeric sequences because the hydrophilic spheres
overlap little, whereas for large values of the radius R (>10
Å), the entire interface is engulfed by the hydrophilic spheres
so that the area fractions for both cases become similar again.
In the intermediate range (4 Å < R < 10 Å), the difference in
the spatial distribution of the hydrophilic spheres between the
blocky (DR ) 0.1) and the dispersed (DR ) 1.1) cases becomes
evident: the dispersed case produces a more dispersed distribution of the sulfonate groups on the interface and the fraction
increases faster with the radius compared with the segregated
interface in the blocky case. However, even for R ) 4 Å where
the fractions of hydrophilic patch are almost the same for the
DR ) 0.1 and the DR ) 1.1, the size distributions of hydrophilic
patchs are remarkably different as shown in Figure 12. There
we see that the blocky case has a larger population of large
patches than the dispersed case. This indicates that the hydrophilic patches at the interface are more segregated in the blocky
case than in the dispersed case.
Summarizing, all of the above analyses indicate that the
blocky (DR ) 0.1) case has a more segregated interface between
the water and polymer phase than does the dispersed case (DR
) 1.1).
3.3. Transport of Water and Hydronium. It is reasonable
to expect that the transport properties of water and hydronium
depend on the heterogeneous nanophase-segregated structures,
which in turn are coupled with the monomeric sequence. As
mentioned in previous sections, experimental studies18,39,91 on
the transport in nanostructures with varying extents of phase
segregation observe that the diffusion of water and protons is
enhanced in Nafion over sulfonated PEEK because of the wider

Figure 13. Mean square displacement as a function of time of water
and hydronium in the hydrated Nafion system simulated at 353.15 K.

water channels in Nafion. Figure 13 shows the mean square
displacement (MSD) of water and hydronium calculated from
the 3 ns trajectories. As expected, there is greater water molecule
diffusion in the more segregated structure. This is quite
consistent with experimental results.18,39,91
In contrast, we find that the diffusion of hydronium molecules
is rather insensitive to the monomer sequence. This would seem
to disagree with the experimental observation reporting that
proton diffusion is also enhanced in relatively larger-scale phasesegregated structures.18,39,91 However, our current classical MD
simulations describe only the Vehicular motion of hydronium.
That is, our calculations distinguish H3O+ from H2O so that
proton diffusion is the same as hydronium diffusion and does
not include the contributions from protons hopping from one
H2O to another. We expect that the difference in proton diffusion
measured experimentally is mainly due to differences in proton
hopping (which might be strongly affected by the interface
distribution of sulfonates).
Using 〈(r(t) - r(0))2〉 ) 6Dt with the linear part of MSD in
Figure 13, we calculate the diffusion coefficients for water and
hydronium listed in Table 2. The calculated diffusion coefficients of water at 300.00 K are (0.591 ( 0.035) × 10-5 cm2/s
for DR ) 0.1 and (0.458 ( 0.043) × 10-5 cm2/s for DR ) 1.1
and, at 353.15 K, are (1.618 ( 0.050) × 10-5 cm2/s for DR )
0.1 and (1.431 ( 0.065) × 10-5 cm2/s for DR ) 1.1.
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TABLE 2: Diffusion Coefficients and Estimated Activation Energy for Water and Hydronium Predicted from the MD
Simulations
hydronium (H3O+)

water
D (× 10-5 cm2/s)
DR ) 0.1
DR ) 1.1

D (× 10-5 cm2/s)

300.00 K

353.15 K

Ea (kJ/mol)

300.00 K

353.15 K

Ea (kJ/mol)

0.591 ( 0.035
0.458 ( 0.043

1.618 ( 0.050
1.431 ( 0.065

16.68
18.87

0.158 ( 0.008
0.115 ( 0.010

0.294 ( 0.044
0.290 ( 0.062

10.32
10.32

These values can be compared the experimental values93 (for
a similar water content of 14 water molecules per sulfonate
group) 0.5 × 10-5 cm2/s at 298.15 K and 1.25 × 10-5 cm2/s
353.15 K.
Based on the temperature dependence, we calculate an
activation energy of 16.68 kJ/mol for the DR ) 0.1 case and
18.87 kJ/mol the DR ) 1.1 case,
This is comparable with the experimental values (11.6∼20.08
kJ/mol),4,93 We consider that the consistent agreement with
experiment supports the validity of our simulations as a model
for real Nafion.
These dynamical simulations confirm the results from analyzing the equilibrium structures that water molecules in the more
phase-segregated structure of the blocky system diffuse more
rapidly than in the less segregated dispersed. This is consistent
with experimental observations.18,39,91 As shown in Table 2, the
calculated vehicular diffusion coefficients of hydronium molecules at 300 K are (0.158 ( 0.008) × 10-5 cm2/s for DR )
0.1 and (0.115 ( 0.010) × 10-5 cm2/s for DR)1.1 and, at
353.15 K, are (0.294 ( 0.044) × 10-5 cm2/s for DR ) 0.1 and
(0.290 ( 0.062) × 10-5 cm2/s for DR ) 1.1.
These values are also comparable with the experimental
values (0.7 × 10-5 at 303.15 K and 1.0 × 10-5 cm2/s at 353.15
K).94,95 Our observation that the vehicular contribution to proton
conductivity is not sensitive to the difference in nanophase
segregation with 20 wt % water content, suggests that there
may be a compensation of the effect of a more segregated
structure (favorable for transport in the hydrophilic phase) and
the heterogeneous distribution of ionic groups in the interface
(that may decrease ionic mobility through an increase in the
ionic condensation).
4. Conclusions
Using atomistic MD simulations, we investigated the effect
of monomeric sequence of Nafion chain on the nanophasesegregation and transport in hydrated Nafion systems with 20
wt % of water content (15 water molecules per sulfonate group)
at 300 and 353.15 K.
For both monomeric sequences (the blocky DR ) 0.1 case
and the dispersed DR ) 1.1 case) simulating Nafion, we find
clearly segregated structures with well-defined water and
polymer phases. However, the pair correlation function for
sulfur-sulfur pairs and for sulfur-oxygen (water) pairs indicate
that the sulfonate groups in the dispersed case are slightly more
dispersed and slightly more solvated by water than in the blocky
case.
The calculated structure factor shows that the monomer
sequence of the polyelectrolyte has a noticeable effect on the
extent of phase-segregation: the blocky sequence has better
phase segregation than the dispersed case. The characteristic
dimension of the simulated hydrophilic clusters is ∼50 Å for
the blocky case (DR ) 0.1) and ∼20-30 Å for the dispersed
case (DR ) 1.1) in good agreement with the 40-50 Å from
small-angle scattering experimental observations. This comparison suggests that real Nafion is intermediate but closer to
the blocky case.

The interface between the water and polymer phases was
analyzed to determine how sulfonate groups are arranged at the
interface. We found that the interface has a heterogeneous
structure, consisting of hydrophobic and hydrophilic patches.
The segregation of the ionic groups in the linear polymer chain
(blocky) produces a better segregation of these hydrophobic and
hydrophilic patches in the water-polymer interface. The degree
of segregation and size of the patches is larger in the blocky
sequence than the dispersed one.
Water transport in these systems is shown to depend on these
structural differences caused by the monomeric sequence: the
water molecules with the blocky sequence leading to larger
diffusion than for the dispersed sequence, because the blocky
case leads to larger clusters and channels than the latter. This
result is consistent with the experimental studies on the
difference between Nafion and sulfonated PEEK. In contrast,
we do not find a significant difference in hydronium vehicular
diffusion. Thus, we conclude that the proton hopping mechanism
(not vehicular contributions) must be responsible for the
experimentally observed differences in proton diffusion.
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