
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 14 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713644482

Behaviour of water molecules in Nafion 117 for polymer electrolyte
membrane fuel cell by molecular dynamics simulation
Kyung Su Oha; Dong Hyun Kima; Seungho Parkb

a Department of Mechanical Engineering, Hongik University, Seoul, South Korea b Department of
Mechanical and System Design Engineering, Hongik University, Seoul, South Korea

To cite this Article Oh, Kyung Su , Kim, Dong Hyun and Park, Seungho(2008) 'Behaviour of water molecules in Nafion 117
for polymer electrolyte membrane fuel cell by molecular dynamics simulation', Molecular Simulation, 34: 10, 1237 —
1244
To link to this Article: DOI: 10.1080/08927020802191941
URL: http://dx.doi.org/10.1080/08927020802191941

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020802191941
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Behaviour of water molecules in Nafion 117 for polymer electrolyte membrane
fuel cell by molecular dynamics simulation
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aDepartment of Mechanical Engineering, Hongik University, Seoul, South Korea; bDepartment of Mechanical and System Design
Engineering, Hongik University, Seoul, South Korea

(Received 28 January 2008; final version received 9 May 2008 )

Proton exchange membranes play a critical role as electrolytes for proton transports in polymer electrolyte membrane fuel
cells. A membrane, such as Nafion 117, consists of a polytetrafluoroethylene backbone and side chains that terminate with
sulfonate groups (SO2

3 ). During operation of fuel cells, membranes become preferentially hydrated by absorbing water
needed for effective proton conduction. Water management and movement, therefore, are extremely important for the
efficient operation of the fuel cells. In this paper, we set up the molecular models for hydrated Nafion 117 and perform
molecular simulations for various temperatures and monomer numbers to analyse the motion of water and hydronium
molecules. Diffusion coefficients estimated from the mean-square displacements agree well with the experimental
estimation. The distribution and structure of water molecules in Nafion 117 are analysed using radial distribution functions
and Voronoi tessellation. The result shows that the distribution of water molecules in the Nafion membrane is quite close to
that of hexagonal ices but quite deviated from that of pure water molecules.
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1. Introduction

The polymer electrolyte membrane fuel cell (PEMFC) has

received increasing attention as a highly promising power

source for vehicles,mobile electronic equipments and other

applications. It is expected that the PEMFC will begin to

replace conventional power engines within next decades.

During the normal operation of fuel cells, water is

generated as a by-product in the cathode, because

hydrogen ions transported from the anode meet and react

with oxygen molecules in the cathode and this water

is supposed to be drained, as shown in Figure 1. The

membrane in a fuel cell, however, should contain a

sufficient quantity of water to maintain ion conductivity.

The water in the fuel cells, especially in the membrane

electrode assembly (MEA), is necessary to make effective

proton conduction and to maintain the conductivity of the

polymer membrane. If the MEA lacks water, the efficiency

of the fuel cells decreases, since the transport of sufficient

hydrogen ions from the anode to the cathode is not

attainable any more. Serious lack of water causes the

membrane to dry out and the membrane loses its

conducting property in the end. On the other hand, a

slightly larger amount of water could interrupt effective

transports of hydrogen ions within the MEA and if an

excessively large amount of water is retained in the

membrane, water channel developed between the anode

and the cathode results in a short circuit. The control of the

water contents in the MEA, therefore, is one of the most

important factors for the efficient operation of fuel cells.

A monomer of Nafionw (produced by DuPont,

Wilmington, DE, USA), widely used as a membrane

material in a PEMFC, consists of hydrophobic polytetra-

fluoroethylene (PTFE) backbone with side chains that

terminate with the hydrophilic SO2
3 groups and counter-

ions Mþ (Hþ, Liþ, Naþ, Kþ; [1–3]). It has been well

known that the Nafion shows excellent proton conductivity

only when soaked in water [4–6].

When the Nafion is exposed to water, it swells and

undergoes micro-phase segregation. As schematically

illustrated in Figure 2, water molecules and positively

charged counter-ions are supposed to make aggregates or

clusters around negatively charged hydrophilic sulfonate

groups [7]. These hydrophilic clusters are embedded in

the hydrophobic phase of fluorocarbon backbone [1]. It is

thought that the clusters induce the conducting channels

in the membrane and then the protons begin to transport

through these channels [2,3,8,9]. The proton transport

mechanism in water can be regarded as a combination of

two coupled motions: the jumping of protons between

water molecules, called the Grötthuss mechanism [10],

and the diffusion of the entire water complexes through the

hydrogen bond network made by water clusters. These

clusters seem to exist with the extra protons bound to one

(H3O
þ) or two H5Oþ

2 water molecules formed by H2O and
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H3O
þ [10–15]. Eikerling et al. [16] showed that the proton

transfer in the hydrated Nafion involves the formation of a

Zundel ion (H5Oþ
2 ) and the reorganisation of the

neighbouring SO2
3 groups. Tanimura and Matsuoka [17]

showed that the proton transfer accompanied by a water

molecule (H2O) occurs via the formation of a hydronium

ion (H3O
þ). For analysing the behaviour of water

molecules in the Nafion membranes, therefore, the H3O
þ

molecules should be considered, implying that the H5Oþ
2

molecules made by the important interaction between H2O

and H3O
þ could be also considered automatically.

To understand the behaviour of water in the Nafion

membrane, several models have been developed by many

researchers: the cluster-networkmodel byHsu et al. [18], the

local-order model by Dreyfus et al. [19–22], the modified

core-shell model by Fujimura et al. [23,24], the sandwich-

like model by Haubold et al. [25], the rod-like model from

Rubatat et al. [26] and the lamellar model by Litt [27].

These simulation models include the ionic groups

aggregating in the Nafion membrane to form clusters for

allowing swelling and efficient ionic transports through

these clusters [28], although they are different in the

geometry and spatial distribution of the ionic clusters,

which have not been verified by experiments yet. Since the

overall structure of the hydrated membrane is quite

complicated, experimental evidences or microscopic

experimental observations are quite limited, except for

self-diffusion coefficient of water in Nafion.

Takamatsu et al. [29] applied the water sorption

method, and Tsushima et al. [30] andVishnyakov et al. [31]

utilised the nuclear magnetic resonance (NMR) spec-

troscopy to estimate the self-diffusion coefficient of water

in Nafion. These experimental diffusion coefficient values

range widely between 1 £ 1026 and 1 £ 1028 cm2/s, since

they are very sensitive to the operational conditions of the

membranes, a process used to hydrate the membranes and

the duration of the experiment.

Using the molecular dynamics simulation method,

Vishnyakov et al. [32] obtained the value of 1.3 £

1029 cm2/s as the self-diffusion coefficient of water in

Nafion. Their result was much smaller than the

experimental values, because of insufficient equilibrium

time and unreasonable torsion energy incorporated into the

simulation model.

In this paper, we set up the molecular models for

hydrated Nafion 117 and simulate the dynamics of H2O

and H3O
þ molecules in the Nafion for various tempera-

tures and monomer numbers. The movements of H2O and

H3O
þ molecules are calculated and the self-diffusion

coefficients of H2O and H3O
þ in Nafion 117 are estimated,

respectively using the mean-square displacements (MSD).

In addition, radial distribution function and Voronoi

tessellation are applied for analysing the distribution and

local structures of the entire water molecules in the

membrane.

2. Simulation models

Molecular models of Nafion 117 and simulation snap

shots in this study are shown in Figure 3. A Nafion

polymer molecule consists of a hydrophobic

PTFE: ZðCF2ZCF2ÞnZðCF2ZCFÞmZðCF2ZCF2ÞnZ and

Figure 1. Schematic diagram for water transport process in a
typical PEMFC.

Figure 2. Schematic view for the micro-transport structures in
Nafion [7].
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ZðCF2ZCFÞmZR with a sulfonic acid group: R ¼ OCF2-
ZCF(CF3)ZOZCF2ZCF2ZSO2

3 . The simulation domain

sizes vary from 8118.8 Å3 for 10 Nafion molecules of one

monomer in a cell to 40,519.4 Å3 for those of fivemonomers,

resulting that the density of the cell is 1.8 g/cm3. The

simulation conditions described in Table 1 are divided into

two groups: runs from nos. 1 to 5 for different number of

monomers composing one Nafion molecule and runs from

nos. 6 to 15 for different simulation temperatures. Each

simulation is conducted for 10 Nafion molecules and for

hydration degree l of 10. The hydration degree is defined as

the ratio of numbers of H2O and H3Oþ to numbers of the

sulfonate groups (SO2
3 ), ððnH2O þ nH3OþÞ=nSO2

3
), [3].

The software used in the present simulation is

Amorphous Cell and Discover molecular modelling

system in Materials Studiow with the PCFF force field

(Amorphous Cell and Discover, Accelrys. Inc., San Diego,

CA, USA; [33–37]). The force field is not polarisable and

no charge transport can occur in the simulation. Thus, the

proton transport mechanisms cannot be included in the

simulation. The partial charges imposed to molecules in

the system are described in Figure 4 and these values of

intramolecular and intermolecular interaction parameters

have been widely applied elsewhere [38,39].

In simulations, the movements of molecules can be

estimated by the MSD, s2
i ðtÞ), which is a measure of the

average distance a molecule travels and defined as [40]:

s2
i ðtÞ

� �
¼ ðriðtÞ2 rið0ÞÞ

2
� �

; ð1Þ

where riðtÞ2 rið0Þ is the distance travelled by molecule i

over time interval t. The slope of the MSD is related to the

self-diffusion constant, D, given by Ref. [40]:

D ¼
1

6N
lim
t!1

d

dt

XN
i¼1

ðriðtÞ2 rið0ÞÞ
2

� �
; ð2Þ

where N is the number of diffusing molecules and the

summation on the right-hand side is for the MSD of all

diffusing particles. In addition, diffusion mechanisms of

molecules can be understood by the relation between MSD

and time, given as

ks2ðtÞl , Dta: ð3Þ

The exponents a, which is a slope of log–log plots of

MSD have different values depending on the types of the

transport mechanisms:a ¼ 0.5 for single-file motion, 0:5 ,

a , 1 for sub-diffusion (known as inhibited diffusion),

a ¼ 1 for the Fickian diffusion (normal-mode diffusion),

Table 1. Simulation conditions for Nafion with water molecules.

Number of molecules in simulation domain

Nafion

Run nos. Number of Nafions Number of monomers in one Nafion molecule H2O H3O
þ Temperature (K)

1 10 1 50 50
2 10 2 100 100 353
3 10 3 150 150
4 10 4 200 200
5 10 5 250 250
6 283
7 10 3 150 150 293
, ,
15 373

Figure 3. Molecular models for (a) one monomer and (b) five monomers in one Nafion molecule, and simulation snapshots for (c) run
no.1: 10 Nafion molecules of one monomer with 50 H2O and 50 H3O

þmolecules and (d) run no. 5: 10 Nafion molecules of five monomers
with 250 H2O and 250 H3O

þ, molecules.
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1 . a . 2 for super-diffusion (known as accelerated

diffusion), and finally a $ 2 for ballistic motion [41–45].

In this study, the distributions and structures of water

molecules in Nafion are also estimated using radial

distribution functions (RDF) and Voronoi tessellation

technique, respectively. The pair-wise correlation function

such as RDF is a measure of the probability of finding the

presence of a molecule from the reference one in the specific

region. This function can explain how molecules are

distributed in the systemorwhethermolecules form clusters,

channels, or other structures in the systems, defined as [46]:

rgðrÞ ¼
1

N

XN
i¼1

dðr 2 riÞ

* +
; ð4Þ

where r is the number density.

Voronoi tessellation analysis [47–49] provides a

natural definition of ‘solvation neighbours’ of a centre

water molecule. Two Voronoi polyhedra are defined to be

neighbours if they share a common face in the Voronoi

construction. The Voronoi tessellation analysis results in

the total surface area, A and total volume, V, of a certain

polyhedon, and thus its asphericity parameter, h, can be

estimated as:

h ¼
A3

36pV 2
: ð5Þ

By definition, h is equal to one for a sphere and equal to

1.33, 1.35, or 1.91 for body-centred cubic, face-centred

cubic and simple cubic structures, respectively [50–54].

It can be assumed that the structural phase for ice is

hexagonal, when h reaches 2.25 and beyond [50–52].

The value of h quantifies the deviation of the polyhedron

from a perfect sphere, and thus a larger h indicates a

structure far from a perfect sphere.

3. Results and discussion

Initially, the simulations were minimised using two

methods: steepest descents and conjugate gradients

methods, until the maximum derivative reached the

value of 1 £ 1027 kcal/(mol Å), [55]. The summation

methods were the atom based method for the minimisation

and the cell multiple method with 5 Å update width during

simulation [56]. The system temperature was controlled by

the Anderson method [57]. For every simulation in this

study, the equilibrium time and dynamic time for

calculating the properties were 100 ps under the NVT

ensemble condition. Especially, the total energy of the

whole system was used for a standard criterion of system

equilibration. If the fluctuation of total energy was less

than 1% during 1 ps (1000 steps) and temporal averages of

total energy did not change much less than 1%, we

assumed the system had been equilibrated. Simulations

with longer times were carried out for equilibration

and production processes, but no significant difference

was observed.

Figure 4. Schematic view with partial charges of Nafion unit molecule, hydronium ion and water molecule.
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After the minimisation and equilibration processes,

simulation during first 100 ps resulted in the average

values of MSD of water and hydronium molecules with

respect to time, as shown in Figure 5. Here, each

simulation was performed for 10 Nafion molecules with

sufficient number of water molecules in the simulation

domain as described in Table 1. In other words, run no. 1

denotes the simulation run corresponding to 10 Nafion

molecules of one monomer and 100 water molecules (50

H2O and H3O
þ) in the domain. Even though the number

densities in the simulations of run nos. 1–5 are equal to

each other, the MSD decreases significantly.

Figure 6 compares the self-diffusion coefficients of

H2O and H3O
þ molecules and their average values,

estimated from the MSD of H2O and H3O
þ based on

Equation (2). The diffusion coefficients of H2O are slightly

larger than those of H3O
þ, since the molecular weight of

H3O
þ is larger than that of H2O and H3O

þ molecules

interact with the Nafion molecules. The H3O
þ molecules

have an entirely positive charge and the H2O molecules are

neutral. Positively charged H3O
þ molecules, therefore, can

interact with negatively charged sulfonate groups in Nafion

more effectively with the result that the movements of

H3O
þ molecules could be impeded slightly. This explains

one proton transport mechanism in Nafion membrane,

hopping of a proton between water molecules and sulfonate

groups. As expected from the MSD in Figure 5, the

diffusion coefficient decreases as the monomer number in

one Nafion molecules increases. However, it is not clear

why the self-diffusion coefficient of the case for three

monomers is larger than that for two monomers. Although

we simulated several times, similar behaviours were

observed. This might be due to fact that the structural

distribution of Nafion monomers in the simulation cell

affects the water transport, which has not been investigated

in this study. Furthermore, the exponents for Equation (3)

are 0.80 and 0.81 for the cases of two and three monomers,

respectively. This implies that the water transport for the

case of three monomers is inhibited slightly less than for

the case of two monomers.

At the temperature of 353 K, the self-diffusion

coefficient values are 2.14 £ 1027 cm2/s for one monomer

and 1 £ 1027 cm2/s for five monomers and they are in the

range of the experimental estimates of 1:8 £ 1026 cm2=s

–5 £ 1028 cm2=s, [31,32,58,59].

Equation (3) implies that the slope of log–log plots of

MSD could describe the diffusion mechanism in another

aspect. The slope of MSD of one in log scale means the

normal diffusion representing the general diffusion of fluid,

and slopes smaller than one indicate the inhibited diffusion

due to obstacles interferingwith fluidmovements. Here, we

have calculated the slope ofMSD in log scale for purewater

and the slope is around 0.98 indicating, that the pure water

transport is under the normal diffusion. On the contrary, the

slopes of water molecules in the Nafion range between 0.74

in five monomers and 0.82 in one monomer, as shown in

Figure 5. It seems that the water movement becomes

retarded by the interaction with Nafion molecules.

For increased temperatures, the MSD and self-

diffusion coefficient values increase accordingly, as

shown in Figures 7 and 8. The self-diffusion coefficient

values of water vary from 1.58 £ 1027 cm2/s at 333K to

1.74 £ 1027 cm2/s at 353K, which is the general operation

temperature range of the PEMFC.

After simulation runs, the structures of water

molecules in Nafion were investigated using the pair

correlation functions and Voronoi tessellation. This may

lead to an understanding of how the specific molecules in

the system are specifically distributed.

Figure 9 compares the pair correlation functions of

oxygen atoms in purewater andwatermolecules inNafion at

353K and shows that the local structures of the latter

molecules are completely different from those of the former
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ones. For purewater molecules at 353K, the peaks around 3,

5, 8 and 10 Å indicate that the pure water molecules are

spatially distributed along almost regular intervals and each

water molecule has a weak polarity caused by two hydrogen

molecules leaning to the partial site of oxygen molecule.

The net result is that the opposite site of oxygen molecule

is negatively charged [50]. On the other hand, water

molecules in Nafion reveal a totally different trend. The first

peak at 3 Å is similar to that of pure water induced by

clustering due to their dipole moments. The next peaks,

however, are different from those of pure water. The second

peak is located at nearly 6 Å and the noticeable peaks are not

detected after the second peak.

To further understand the local structures of water

molecules in Nafion, the Voronoi tessellation analysis is

applied. Figures 10 and 11 compare the distributions of

surface area and volume of Voronoi polyhedron for pure

water, water in Nafion, ice, silicon and argon molecules.

As expected, the distributions of water molecules in

Nafion completely deviate from those of pure water and

are rather very close to those of ice at 273K in which the

dominant structure is hexagonal.

Table 2 shows the estimates of asphericities in this

study for different phases of water molecules from

Voronoi tessellations. The asphericity of pure water

molecules at 300K is 1.62, which agrees well with the

results of other researches (1.61 by Shih et al. [50], 1.7 by

Ruocco et al. [51] and 1.59 by Jedlovszky [52]).

The present study obtains 2.49 for the asphericity

0 10 20 30 40 50
0

50

100

150

200

293 K
313 K
333 K
353 K
373 K

M
E

A
N

 S
Q

U
A

R
E

 D
IS

P
L

A
C

E
M

E
N

T
 [

Å
2 ]

TIME [ps]

Figure 7. MSD of water molecules in Nafion with respect to
simulation times at various temperatures.

280 300 320 340 360 380
0.0

0.5

1.0

1.5

2.0

D
IF

F
U

S
IO

N
 C

O
E

F
F

IC
IE

N
T

 [
10

–7
cm

2
/s

]

TEMPERATURE [K]

Figure 8. Self-diffusion coefficients of water molecules in
Nafion estimated from the MSD at various temperatures.

0 2 4 6 8 10
0

1

2

3

4

5

6

BULK WATER

g
(r

)

r [Å]

WATER IN NAFION
RUN NO.

1
2
3
4
5

Figure 9. Pair correlation functions of oxygen–oxygen within
water molecules at 300K under various conditions.

0 50 100 150 200
0.00

0.05

0.10

0.15

0.20

0.25

WATER IN NAFION
AT 353 K

ARGON

SILICON

ICE AT 273 K

D
IS

T
R

IB
U

T
IO

N

AREA [Å2]

BULK WATER
300 K
353 K

Figure 10. Surface area distributions of Voronoi polyhedra for
bulk water, water in Nafion, ice, silicon and argon.

0 20 40 60 80 100
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

WATER IN NAFION
AT 353 K

ARGON

SILICON

ICE AT 273 K

D
IS

T
R

IB
U

T
IO

N

VOLUME [Å3]

BULK WATER
300 K
353 K

Figure 11. Volume distributions of Voronoi polyhedra for bulk
water, water in Nafion, ice, silicon and argon.

K.S. Oh et al.1242

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
2
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



of water molecules in Nafion, which is considerably close

to that of the hexagonal ice structure [46–48]. The present

finding indicates that the phase of water in Nafion at 353K

is close to hexagonal ice at 273K, implying that water

molecules form a kind of ice-like crystalline structure in

the Nafion membrane.

4. Conclusions

We have devised molecular models for fully hydrated

Nafion membranes for understanding the transports and

structures of water molecules in the membranes. The

behaviour of molecular models composed of H2O, H3O
þ

and Nafion unit molecules are simulated for various

monomers and for various temperatures.

Diffusion coefficients are calculated from the MSD of

water molecules. The mean diffusion coefficient of water

molecules in Nafion is estimated at 1.83 £ 1027 cm2/s at

353K. This value agrees well with the experimental

observations. The diffusion coefficient values are almost

proportional to the temperature in the temperature range

between 283 and 373K, which is the typical operational

range of the PEMFC.

Simple estimation using the relation betweenMSD and

time indicates that the diffusion exponents for water

molecules in Nafion molecules are much smaller than one

and shows that the diffusion is significantly inhibited,

comp to that for pure water.

Voronoi tessellation analysis shows that the distri-

bution of water molecules in the Nafion membrane is quite

different from that of pure water molecules, but is quite

close to the distribution in hexagonal ice.

Acknowledgements

The authors gratefully acknowledge the financial support from
the Micro Thermal System Research Center sponsored by the
Korean Science and Engineering Foundation.

References

[1] A. Vishnyakov and A.V. Neimark, Molecular simulation study of
Nafion membrane solvation in water and methanol, J. Phys. Chem.
B 104(18) (2000), p. 4471.

[2] M. Eikerling, Y. Kharkats, A.A. Kornyshev, and Y.M. Volfkovich,
Phenomenological theory of electro-osmotic effect and water
management in polymer electrolyte proton-conducting membranes,
J. Electrochem. Soc. 145(8) (1998), p. 2684.

[3] M. Eikerling, A.A. Kornyshev, and U. Stimming, Electrophysical
properties of polymer electrolyte membranes: A random network
model, J. Phys. Chem. B 101(50) (1997), p. 10807.

[4] M. Cappadonia, J.W. Erning, S.M.S. Niaki, and U. Stimming,
Conductance of Nafion 117 membranes as a function of temperature
and water content, Solid State Ionics 77 (1995), p. 65.

[5] P. Commer, A.G. Cherstvy, E. Spohr, and A.A. Kornyshev,
The effect of water content on proton transport in polymer
electrolyte membranes, Fuel Cells 2 (2002), p. 3.

[6] M. Tsuda, N.B. Arboleda, Jr., and H. Kasai, Initial driving force for
proton transfer in Nafion, Chem. Phys. 324 (2006), p. 393.

[7] K.D. Kreuer, On the development of proton conducting polymer
membranes for hydrogen and methanol fuel cells, J. Membr. Sci. 185
(2001), p. 32.

[8] J. Ennari, PhD diss., University of Helsinki, 2000.
[9] P.W. Atkins, Physical Chemistry, 6th ed., Chapter 24.8, Oxford

University Press, Oxford, UK, 1998.
[10] N. Agmon, The Grötthuss mechanism, Chem. Phys. Lett. 244

(1995), p. 457.
[11] K.D. Kreuer, On the complexity of proton conduction phenomena,

Solid State Ionics 136–137 (2000), p. 149.
[12] C. Chaudhuri, Y.S. Wang, J.C. Jiang, Y.T. Lee, H.C. Chang, and

G. Niedner-Schatteburg, Infrared spectra and isomeric structures of
hydroxide ion–water clusters OH2(H2O)1–5: A comparison with
H3O

þ(H2O)1–5, Mol. Phys. 99 (2001), p. 1161.
[13] J.C. Jiang, Y.S. Wang, S.H. Lin, Y.T. Lee, G. Niedner-Schatteburg,

and H.C. Chang, Infrared spectra of Hþ(H2O)5–8 clusters: Evidence
for symmetric proton hydration, J. Am. Chem. Soc. 122 (2000),
p. 1398.

[14] J.M. Hermida-Ramon and G. Karlström, Study of the hydronium ion
in water. A combined quantum chemical and statistical mechanical
treatment, J. Mol. Struct. Theochem 712 (2004), p. 167.

[15] V.A. Ermoshin, A.L. Sobolewski, and W. Domcke, Development of
an effective single-electron model of the electronic structure of
hydronium and hydronium–water clusters, Chem. Phys. Lett. 356
(2002), p. 556.

[16] M. Eikerling, S.J. Paddison, L.R. Pratt, and T.A. Zawodzinski, Jr.,
Defect structure for proton transport in a triflic acid monohydrate
solid, Chem. Phys. Lett. 368 (2003), p. 108.

[17] S. Tanimura and T. Matsuoka, Proton transfer in Nafion membrane
by quantum chemistry calculation, J. Polym. Sci. Part B: Polym.
Phys. B42 (2004), p. 1905.

[18] W.Y. Hsu and T.D. Gierke, Ion transport and clustering in Nafion
perfluorinated membranes, J. Membr. Sci. 13 (1983), p. 307.

[19] B. Dreyfus, G. Gebel, P. Aldebert, M. Pineri, M. Escoubes, and
M. Thomas,Distribution of the ‘micelles’ in hydrated perfluorinated
ionomer membranes from SANS experiments, J. Phys. 51 (1990),
p. 1341.

[20] G. Gebel and J. Lambard, Small-angle scattering study of water-
swollen perfluorinated ionomer membranes, J. Macromol. 30
(1997), p. 7914.

[21] G. Gebel and R.B. Moore, Small-angle scattering study of short
pendant chain perfuorosulfonated ionomer membranes, Macromol-
ecules 33 (2000), p. 4850.

[22] A.L. Rollet, G. Gebel, J.P. Simonin, and P. Turq, A SANS
determination of the influence of external conditions on the
nanostructure of nafion membrane, J. Polym. Sci. Part B: Polym.
Phys. 39 (2001), p. 548.

[23] M. Fujimura, T. Hashimoto, and H. Kawai, Small-angle X-ray
scattering study of perfluorinated ionomer membranes. 1. Origin of
two scattering maxima, Macromolecules 14 (1981), p. 1309.

Table 2. Asphericities for different phases of water molecules estimated from Voronoi tessellations.
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