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Abstract We apply a newly parameterized central force
field to highlight the problem of proton transport in fuel cell
membranes and show that central force fields are potential
candidates to describe chemical reactions on a classical
level. After a short sketch of the parameterization of the
force field, we validate the obtained force field for several
properties of water. The experimental and simulated radial
distribution functions are reproduced very accurately as a
consequence of the applied parameterization procedure.
Further properties, geometry, coordination, diffusion coef-
ficient and density, are simulated adequately for our
purposes. Afterwards we use the new force field for the
molecular dynamics simulation of a swollen polyelectrolyte
membrane similar to the widespread Nafion 117. We
investigate the equilibrated structures, proton transfer,
lifetimes of hydronium ions, the diffusion coefficients,
and the conductivity in dependence of water content. In a
short movie we demonstrate the ability of the obtained
force field to describe the bond breaking/formation, and
conclude that this force field can be considered as a kind of
a reactive force field. The investigations of the lifetimes of
hydronium ions give us the information about the kinetics
of the proton transfer in a membrane with low water
content. We found the evidence for the second order
reaction. Finally, we demonstrate that the model is simple
enough to handle the large systems sufficient to calculate
the conductivity from molecular dynamics simulations.

The detailed analysis of the conductivity reveals the
importance of the collective moving of hydronium ions
in membrane, which might give an interesting encourage-
ment for further development of membranes. Figure: The
structure of water in one pore of the highly hydrated
Nafion membranes.
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Introduction

The polyelectrolyte membranes are aimed to separate the
anode and cathode gases and/or liquids, and to mediate
the electrochemical reactions occurring at the electrodes.
The transport of charged species in the membrane is required
to be fast and highly selective. For development of improved
or new proton conducting membranes it is extremely
important to understand the underlying elementary processes
in these membranes. A recent overview of the present state
on the conducting mechanism and the proton conductivity in
membranes can be found at Kreuer et al. [1].

The modeling of polyelectrolyte membranes (for example
Nafion), on different theoretical levels, has provided many
insights into membrane structure and function, included
morphology, structure and properties of absorbed water,
proton transport, role of a side chain, dissociation of the
SO3H-group and so on. For a successful modeling the
challenges are the importance of the Grotthuss mechanism
for the conductivity and the simulation of water itself.
Grotthuss mechanism of proton transfer is caused by the
formation and dissociation H-O covalent bonds; therefore it
can be straight forward simulated by quantum molecular
dynamics, which is restricted to a few particles. On the
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level of semiclassical molecular dynamics the proton
transfer has been studied very detailed in small water
clusters [2].

More extended systems including the membranes require
some simplification in the method to achieve lower CPU-
times. Such simplification has been achieved by the valence
bond theory. On this level the problem has been addressed
by various groups. The proton transport including the
Grotthuss mechanism of diffusion was investigated with the
empirical valence bond EVB [3, 4] or EVB2-type [5]
model. Such kind of simulations on representative Nafion
models have been carried out, for example, by Spohr [6]
and Petersen [7].

An alternative possibility to take into account Grotthuss
transport in classical MD can be given by reactive force
fields (RFF) developed recently by several groups [8, 9].
The parameters for the RFF have been obtained from
quantum mechanics. These force fields close the gap
between quantum mechanics and traditional force field
simulations and open new possibilities to treat in computer
simulations the large, complicate, and reactive systems.

The second problem is the correct simulation of the
water structure itself. A lot of classical and quantum
mechanical simulations fail to reproduce the experimental
radial distribution functions (RDF) [10] and X-ray scatter-
ing data [11]. However, the correct structure and, as a
consequence, the scattering data are the main target of
molecular modeling. Therefore some efforts have been
made to use structural data for the calibration of force fields
[12, 13].

The connected mathematical task of these efforts is well
known in science as an inverse problem and can be solved
by different recursive fitting procedures. Here we present an
effective force field obtained by recursive fitting to the
radial distribution functions of water at different temper-
atures and pressures. We show that the obtained model
reproduces correctly the geometrical properties of water and
some thermodynamical properties of interest, self-diffusion
coefficients and density. It demonstrates as well the general
possibility to obtain bond breaking/formation within a fully
classical approach. The new reactive force field is applied
finally to simulate a Nafion membrane at different
hydration levels. The results of the simulations are analyzed
for the kinetics of the protons, the diffusion coefficients,
and the conductivity.

Reactive force field of water

Method

To construct our reactive force field for water we choose
the central force model. The interesting feature of the

central force field for water [14–16] is its intrinsic property
to allow bond breaking/formation. We reparameterized the
central force field model. The parameterization was done
by recursive fitting to the radial distribution functions
obtained at different temperatures and pressures. We used
the data sets available from the ISIS Disordered Materials
Group Neutron Database (www.isis.rl.ac.uk/""disordered/
""database/""DBMain.htm) [12]. For the recursive fitting
we used an empirical potential structure refinement [17, 18].
This algorithm has been successfully applied to derive
intermolecular interaction potentials.

In the central force model water is considered as an
electrolyte. Hydrogen and oxygen atoms are the individual
entities that can eventually associate to form molecules. In
this model the potential energy Epot is written as the sum of
the pair interactions between the N atoms of a given
system:

Epot � E2 ¼
XN
m>n

emnr ð1Þ

For further simplifications to each atom n and m, an atom
type is assigned and the above formula can be rewritten:

emnr � etypeðmÞtypeðnÞrmn ¼ ( ijr ð2Þ
The pair potentials ɛijr are split into two parts to take the

electrostatic interaction into account: a short range ɛsr and a
long range, coulomb potential ɛcoulomb.

( ijr ¼ ( srijr þ ( coulombijr ¼ ( srijr þ
qiqj

4π(0rij
ð3Þ

Since the experimental RDF’s do not show recognizable
structural features after 7Å the cutoff rcutoff for deriving pair
potentials ɛsr was taken at 7Å. Beyond 7Å the potentials ɛijr
were continued by long range Coulomb term ɛ

coulomb.
For the atomic charges in the Coulomb term one can

find different values in the literature. We took the values
of −0.834 e for oxygen and +0.417 e for hydrogen atoms.
These values were used in a number of publications for
water [19], as well as for membrane simulations [3, 20] and
guarantee a correct dipole moment for water.

The short range term ɛ
sr of Eq. 3 has been determined by

the empirical potential structure refinement. The procedure
was modified to fit to our problem [21]. First of all the
potentials were fitted over the full range of distances and
therefor the potentials were not further divided into inter-
and intra-molecular parts. This is in correspondence to the
basic idea of central force fields. Secondly, the potentials
were optimized for three different data sets at different
temperature and pressure. This reduces the problem of
overfitting and requires a changed expression for the cost
function during the fitting procedure. Finally we added a
validation of the obtained potential with the test data set to
exclude an overfitting.
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For the optimizing procedure we selected three ex-
perimentally determined RDFs at different temperatures
and pressures: dense water (T=268 K and p=27 MPa),
the data set at standard condition (T=298 K and p=0.1
MPa), and a data set at high temperature (T=423 K and
p=10 MPa).

The simulated radial distribution functions gsim of water
were obtained from MD simulations with DL\_POLY2. The
initial configuration was generated by putting randomly
2000 hydrogen and 1000 oxygen atoms in a cube with 30 Ả
lengths. The equilibration of the system was performed in
the NPT ensemble with a time step of 0.2 fs over 200000
time steps. Then the production run was performed in the
NVT ensemble for 40 ps. From the stored trajectory the
radial distribution functions gsim were evaluated.

The cost function J included all three experiments. The
similarity for an experimental and a simulated radial
distribution function sRDF can be expressed by the mean
square deviation of the logarithmized values.

sRDF ¼ 1

rcutoff

Zrcutoff
0

ln gsim

ln gexp

� �2

dr ð4Þ

The similarity index for a data set sset at given
temperature and pressure was calculated as mean of the
three radial distribution functions gOO, gOH and gHH.

sset ¼ sRDFOO þ sRDFOH þ sRDFHH

3
ð5Þ

The total cost function J has been written as the
arithmetic mean between the individual similarities of the
different data sets.

J ¼ sset268;27 þ sset298;0:1 þ sset423;10

3
ð6Þ

After training the obtained potentials were validated on
a test system IV (T=298 K and p=210 MPa), to be sure
that we exclude an overfitting in our procedure. The
overfitting is an inherent characteristic of solving inverse
problems with a huge number of parameters. In such a case
the data used for the fitting procedure, the training set, are
reproduced perfectly. However, the parameters become
arbitrary for any other data not included in the training
set. For this reason it is strongly recommended in recursive
fitting procedures to validate the obtained parameters for a
validation set. Therefore we checked our potentials for a
fourth set of radial distribution functions measured at
different conditions.

In Fig. 1 we show the resulting effective potentials
derived by the sketched fitting procedure. The potentials
coincide qualitatively with the CFM potentials derived in
former publications.

Radial distribution functions

The developed pair potential functions have been firstly
verified for the RDF’s. MD simulations have been
performed for four water systems (for details see the
Section Method). For all four systems the experimental
and simulated RDFs coincide very well (see Fig. 2). The
RMSD between the RDFs is below 0.03%: sset268;27 ¼ 0:025,
sset298;0:1 ¼ 0:025, sset423;10 ¼ 0:030 and sset298;210 ¼ 0:029. The
resulting similarity indices show good accuracy for the
training data sets, as well as for the test data (T=298 K and
p=210 MPa). From the presented results it follows that the
developed average RFF reflects the changing in RDFs of
water caused by variations of temperatures and pressures.
The good agreement of simulated and experimental RDF
obtained for the test data set proves that a possible
overfitting is avoided in our procedure.

Structural properties

Further the new force field has been tested on the
reproduction of the structure and dynamic properties of
water at standard condition. A first impression of the
equilibrated water structure one can get from Fig. 3. The
visualized structure of water satisfies the general expecta-
tion of chemists. Mostly all hydrogen and oxygen atoms
formed water molecules. A large part of the oxygen atom
has a pseudo-tetrahedral coordination, two covalently
bonded hydrogen atoms and two hydrogen bond bridges.
The geometry of hydrogen bridges is mainly linear.

To study the structure of simulated water in more detail
we split the RDF gOH into the individual contributions of
the five closest hydrogen atoms (Fig. 4).

The obtained distribution confirms the visual impression
of Fig. 3. The majority of oxygen atoms are covalently
bonded to two hydrogen atoms (red and black curves).
Moreover they are coordinated by hydrogen bridges to the
other two hydrogen atoms (green and blue curves). The
distribution of the nearest (first) group of hydrogen atoms
has an average distance of 0.90Å (black curve), the
distribution of the second group of hydrogen atoms has an
average distance of 1.00Å (red curve). The distributions of
the hydrogen bridges, represented by the third and fourth
groups of hydrogen, are more diffused than the covalent
bonds. The centers of the distributions are at a distance of
1.75Å (green) and 1.95Å (blue). A similar predominant
structure with a tetrahedral surrounding of water molecule
was found previously by fitting experimental X-ray
absorption spectra [11].

The third group of hydrogen atoms (green curve) gives
an additional small maximum around 1.10Å. This peak
shows the presence of a small number of oxygen atoms
covalently bonded to three hydrogen atoms (hydronium
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ions). Similar, the low intense peak of the second group of
hydrogen atoms (red curve) at 1.60Å reflects the presence
of hydroxyl ions. The major amount of these ions is
presented as a contact ionic pair (H3O

+)(OH−)and corre-
sponds to the fluctuations of a hydrogen atom between two

water molecules. This follows from the detailed analysis of
the radial distribution functions for H3O

+ and OH−.

Dynamical properties

We checked also the density and dynamic properties (self-
diffusion coefficients) of simulated reactive water model.
The results are summarized in Table 1. The density ρsim
derived by MD under NPT conditions shows in all cases
good agreement with the experimental data taken from [12]
and differs in the worst case by 8%, which indirectly
justifies the quality of the obtained water structure.

The approximative description of the self-diffusion
coefficients in water is a requirement for the qualitative
investigation of conductivity in Nafion membranes. The
diffusion coefficients in our model are underestimated from
30% to 40%, but the temperature dependence of the
diffusion coefficients is reproduced precisely. This accuracy
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Fig. 2 Comparison between experimental (green) and simulated
RDF’s. The three training sets (black) and the validation set (red)
match very well with the experimental RDF’s
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Fig. 3 Configuration of water after equilibration at standard condition
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is adequate for the considerations made in the following
chapters. The advantage of the model to allow bond-
breaking/formation outweighs the accurate reproduction of
diffusion coefficients of other models, e.g., [22, 23].
Compared to an extended list of simulated diffusion
coefficients for 42 different water models [24] the values
are reasonably reproduced. The values obtained by empir-
ical methods vary from 1.1*10−9 m2/s [25] to 4.3*10−9 m2/s
[26]. Ab initio methods reproduce the diffusion coefficient
better, but still spread between 1.2*10−9 m2/s [27] and
2.8*10−9 m2/s [28].

MD simulations of hydrated Nafion membranes

Model

To build a model of the hydrated Nafion membrane we
used a Nafion monomer CF3-(CF2)11-CF(CF3)-O-CF2-CF
(CF3)-O-CF2-CF2-SO�

3 with an equivalent weight of
1081 g/mol Nafion per sulfonate group. This coincides
with the best studied membranes Nafion 117. The intramo-
lecular interactions of Nafion and the intermolecular
interactions Nafion - water have been described by the
Dreiding force field [29]. For water we used our reactive
force field in order to allow Grotthuss proton transfer
within the framework of a classical MD simulation.

Two systemwith different levels of hydration, 1=6 and 1=
12, were considered (1 is the number of water molecules per
sulfonate group of Nafion). To construct the systems of
hydrated Nafion membrane with our reactive potential for
water, we filled a cubic box with 36 Nafion monomers and
added randomly the hydrogen and oxygen atoms accordingly
to the hydration level (Table 2). It means that the initial
systems contain free hydrogen and oxygen atoms and the ware
molecules are formed during equilibration of the system. The
selected procedure avoids any prejudgment in results.

The simulations of hydrated Nafion have been per-
formed with DL\_POLY2 at standard conditions. In the first
step the systems have been equilibrated in NPT ensembles
for 1.000.000 iterations with a time step of 0.2 fs. The
equilibrated structures were used to perform a molecular
dynamics simulation over 4.000.000 iterations in a NVT
ensemble. The obtained trajectories were evaluated to
determine the lifetime of hydronium ions and the Haven
ratio. Both properties give valuable information about the
mechanism of conductivity in the membrane.

Results of modeling for the hydrated Nafion membrane

Structure of the hydrated Nafion membranes

The equilibration of the Nafion membranes with the
different hydration levels results in basically different
morphologies. At low hydration level 1=6 (see Fig. 5)
one can recognize isolated domains of water (red-white
regions), surrounded by sulfonate groups (yellow-red)
embedded in a Nafion matrix (blue-gray). In the hydrated
Nafion membrane with high level of hydration 1=12 these
domains are well percolated (Fig. 6). This is in a good
agreement with the experimental results obtained by Gebel
[30] and Capehart [31], where it was shown that only
membranes with a hydration level 1>8 are fully penetrated
by the aqueous domain.

Fig. 4 The frequencies of the five closest hydrogen atoms

Table 1 The physical-chemical characteristics of the simulated water
models

System T [K] P [MPa] [g/sm3] [g/sm3] Dexp

[10−9m2/s]
Dsim

[10−9m2/s]

I 268 27 1.01 1.09 0.98 0.61
II 298 0.1 1.00 1.06 2.28 1.42
IV 298 210 1.07 1.12 2.27 1.31
III 423 10 0.92 0.93 12.9 9.97

Table 2 Characteristics of simulated systems

System Particles Number Charge

1=6 Nafion monomer
oxygen atoms

36 −.417 (on
sulfonate group)

2988
atoms

hydrogen atoms 36×6=216 −.834

box
34×34

216×2+36=468 +.417

1=12 Nafion monomer
oxygen atoms

36 −.417 (on
sulfonate group)

3636
atoms

−.834

box
36×36

hydrogen atoms 36×12=432
432×2+36=900

+.417
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In Fig. 7 we show the structure of water of a pore for the
case of highly hydrated membrane 1=12. The Nafion
backbone is omitted on this picture and only the water
molecules and sulfonate groups of the polymer are plotted.
One can recognize a network of water molecules, which are
connected by pseudo-tetrahedrally coordinated hydrogen
bonds. In this polar phase the hydronium ions are
interspersed. We marked on this figure two hydronium
ions. The first one takes place in the vicinity of the
sulfonate groups of Nafion (white circle) and another is
forming an Eigen ion (red circle). The third type of
hydronium ions can be observed in Fig. 9b. There it forms
the transition state during the proton transfer (Zundel ion).

A more detailed analysis of the water structure in the
swollen membrane is given in Fig. 8. In this figure we
differentiate between the two types of oxygen atoms:
oxygen belonging to water molecule and oxygen making
part of a hydronium ion. The distribution of hydrogen
atoms around “water” oxygen (dashed lines) is very similar
to the experimental RDF’s for bulk water in Fig. 2.

However, the peaks have different height as a consequence
of the confinement inside the matrix of Nafion. The RDF’s
of the “hydronium” oxygen differs from the “water”
oxygen mainly by the peak around 2Å. This peak nearly
disappears indicating that the hydronium ions are not
coordinated by further hydrogen bonds as we discussed in
the chapter “Structural properties”. The picture is very
similar to the recent first principle studies of hydronium ion
in water [32].

Proton transfer

Firstly we investigated the question if the new force field
allows bond breaking/formation. This feature is the basic
requirement to describe the Grotthuss mechanism. The
importance of the Grotthuss mechanism for the conductiv-
ity in membranes is broadly accepted.

To trace a proton transfer we prepared a movie, where
we follow one hydronium ion inside the membrane. The
full film can be found in the Electronic Supplementary
Material to this article. In Fig. 9 we show three snapshots
from this movie. The atoms of the Nafion matrix are shown
in a big ball, water molecules inside the membrane in small
balls, and the particles of interest, hydronium ion and water
molecule, are marked by medium size balls. On the first
snapshot the hydronium ion and water molecule are

Fig. 5 Equilibrated structure of the Nafion membrane at low
hydration level
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Fig. 8 The coordination of water molecules and hydronium ions in
the Nafion membrane (1=12)

Fig. 7 The structure of water in one pore of the highly hydrated
Nafion membrane

Fig. 6 Equilibrated structure of the Nafion membrane at high
hydration level
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separated. On the middle snapshot these two species come
closer and form a transition complex (Zundel ion). The last
snapshot illustrates the situation after proton hopping.

Visually the process of proton transfer includes two
steps. In the first, slow step, two species, hydronium ion
and water molecule, move closer to get preferable orienta-

tion to build an intermediate complex (Zundel ion). In the
second step, quick one, the proton vibrates between the two
oxygen atoms of this complex. Finally, the Zundel ion
breaks and the excess hydrogen atom bonds randomly to
one of the two water molecules. In the illustrated case it
was transferred, but nearly with the same probability it can
turn back to the original water molecule. Afterwards the
newly formed hydronium ion continues the movement to
meet the next water molecule.

Lifetime of hydronium

Important information about the mechanism of proton
transfer in the membrane can be obtained by a detailed
analysis of the lifetime of hydronium ions. To calculate
lifetimes we introduced the hydronium specification func-
tion, h(H30

+). This function assigns to each oxygen atom 1,
if it has three bonds, and 0 to the all other oxygen atoms.
The initial number of hydronium ions should be 36
assuming full dissociation for all sulfonate groups. For the
low hydrated Nafion membrane the initial value of
hydronium ions is equal to 36, which exactly coincides
with the expected value. For the high hydrated system the
initial value of hydronium ions is equal to 42, which is
caused by a small additional auto-dissociation of water.

The normalized, time dependent autocorrelation of the
hydronium specification function h(H30

+) is plotted in
Fig. 10.

n H3O
þð Þ ¼ h 0

!� �
h t!
� �D E

ð7Þ

From these data one can derive the reaction order of the
hydronium decay, following the procedure described in
standard textbooks [33]. For this purpose the number of
hydronium ions is plotted in different scales versus the
time. For the first order, the presentation of the logarithm,
for the second order, the inverse, and for the third order, the
inverse in the square should correlate linear in time.
Figure 11 displays the result. The integrated rate law of
second order is perfectly fulfilled and the time is linear to
the inverse of the hydronium ions nH30þ tð Þ.

t / 1=nH3Oþ ð8Þ
This implies that two particles are participating in the time-
determining reaction. This result coincides with the
impression gained from the movie. Inside the membranes,
at least at low water content, the time determinant step for
the proton transfer is the diffusion of the hydronium ion and
one water molecule to form a precursor complex. In a
second step the proton transfer takes place. However, this
step is so quick, that it does not influence significantly the
kinetics of proton transfer in membrane. Recent first
principle molecular dynamic studies confirm the very quick

Fig. 9 Proton transfer inside a swollen Nafion membrane. (a) In the
beginning of our simulation we marked one hydronium ion (violet)
and one water molecule (blue). (b) After some ps a Zundel ion (red) is
formed. (c) Finally a proton transfer occurs and the new formed water
molecule (violet) and hydronium ion (blue) separates
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proton transfer and calculate the transition time as quick as
140 fs [32].

Another indication to a second order reaction for the
proton transfer is given by the dependence of hydroniums
lifetime from water content following from Fig. 10. The
lifetime of hydronium ions is shorter at higher content of
water, where the hydronium ion needs less time to meet
water molecule with preferable orientation for building the
precursor complex.

A similar case has been recently studied experimentally.
The relaxation of the bond stretching in HOD also depends
in the Nafion membranes on the water content [34]. The
slow step in this reaction might be the diffusion of the
excited water to meet a second water molecule. Then they

form a precursor complex to perform finally the quenching
of the excitation.

In both cases mentioned above the reactions becomes of
first order for pure water. At very high concentrations of
water the reactions obey a law of pseudo-first order [35].
The forming of the precursor complex becomes very fast
and the kinetics of proton transfer is determined by the
second step.

Diffusion, conductivity and Haven ratio

It is well known that the collective correlations between
protons/hydrogens increase strongly the proton conductiv-
ity in the membranes, as it is evidenced by the deviation
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from the Nernst-Einstein equation. The conductivity σ has
to be related with the diffusion coefficient DHþ by
proportional factor nHþqHþ

kBT
in accordance to the modified

Nernst-Einstein equation.

s ¼ 1

HR

nHþqHþ

kBT
DHþ ð9Þ

In this formula nHþ is the formal number of protons in
the system (in our case 36) and qHþ is a formal charge of
+1e. The Haven ratio HR is a collective correlation factor.
For completely independent charge carriers the Haven
ration becomes one (HR = 1) and the traditional Nernst-
Einstein equation is recovered. For high concentrated salt
solutions the value of HR is above one. It expresses the
tendency of ions with opposite charges to migrate together
diminishing the total conductivity. For ion conducting
polymers, when only the cations are allowed to move and
the anions are fixed, simple models [36] predict a Haven
ratio below one (HR < 1).

To calculate the correlation factor (i.e., value of Haven
ratio HR) for the case of the hydrated Nafion membranes,
the self-diffusion coefficients DHþ and the conductivity σ
are needed.

The required self-diffusion coefficients DHþ can be
estimated relatively easily from MD simulations. The
diffusion coefficient DHþ is accessible by the Einstein
relation:

D ¼ lim
t!1

1

6t
Ri t!
� �

� Ri 0
!� �h i2� �

¼ lim
t!1

1

6t
msd ð10Þ

In Fig. 12 the mean square displacement (msd) of the
hydrogen and oxygen atoms are plotted. For comparison,
the msd for pure water are added to this graph (black). One
can see that for short calculation times the self-diffusion

coefficients for both hydration levels of Nafion are similar
to the self-diffusion of pure water. In the low hydrated
membrane the confinement of the water by the surrounding
Nafion matrix becomes recognizable after 50 ps (green
curve) and the curve lowers the slope. For the high
hydrated membrane the diffusion is influenced by the
confinement after 100 ps (red curve). The last fact reflects
the morphologic difference in membranes with different
level of hydration. The absolute values for the diffusion
coefficients are obtained from the slope of the plotted
curves. For the low hydrated membrane the simulated
diffusion coefficient of 3.2*10−6 cm2/s is slightly below the
experiment, 3.7*10−6 cm2/s [37]. For the high hydrated
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membrane the diffusion coefficient of 10.5*10−6 cm2/s is
above the experimental value of 5.2*10−6 cm2/s. The reason
might be the difference in the tortuosity of the simulated and
the real membrane, e.g., some pores in the real membrane
have dead ends.

Equation 9 needs in addition the conductivity σ to
determine the Haven ratio HR. The conductivity can be
calculated by the Einstein equation from trajectories:

s ¼ F6

RT6t

X
i

zi Ri tð Þ � Ri 0ð Þ½ �
( )2* +

ð11Þ

Unfortunately, for the low hydrated membrane the correct
estimation of conductivity was not possible by reasons of
scarce statistics: the error for the derived conductivity has
the same magnitude as the value of conductivity itself. For
the high hydrated membrane the simulated conductivity
overshoots the experimental value, 0.14 S/cm versus 0.05
S/cm [1].

This result is analogous to the results obtained for
self−diffusion coefficients. The guessed reason is the lower
tortuosity of the simulated system compared with the real
membrane. The effect of tortuosity can be assumed for
diffusion and conductivity to be very similar. A pore with
dead end neither contributes to diffusion nor to the
conductivity. Therefore, the ratio of both values should
not be affected by the error of the incorrect tortuosity.

For the simulated Nafion membrane with λ=12 we
obtained for the Haven ratio 0.33, which is in satisfactory
agreement with experimental value of 0.46 given in [1].
According to these results we can estimate the contribution
of the diffusion mechanism to total conductivity of
membrane as one third. The other two third are caused by
a collective movement of hydrogen atoms and protons.

In Fig. 13 we give the total conductivity σ and the
diffusion coefficient σD multiplied with the proportional
factors. It clearly follows from this figure that the total
conductivity is significantly higher than the diffusion based
conductivity.

Following the discussion above a future improving of
membranes can be the control of the collective moving of
protons and hydrogen atoms in the system: with the
increasing of the collective moving, the Haven ratio
decreases significantly and causes the increasing of con-
ductivity in accordance with Nernst-Einstein Eq. 9. In other
systems, dried NaOH, the conductivity exceeds the proton
diffusion by four magnitudes [38].

Conclusions

The new reactive force field reproduces the experimental
radial distribution functions of water very accurately as a

consequence of the recursive fitting. Within our reactive
water model the main structural features of bulk water as
well as water inside Nafion membrane can be fulfilled. The
reactive force field allows bond-breaking/formation on a
classical level and is simple enough to simulate such
complicated systems as polyelectrolyte Nafion membranes.
It is found that the proton transfer in low hydrated
membranes is a second order reaction, which is mainly
determined by the formation of a precursor complex. In a
second, quick reaction the proton transfer occurs. The
conductivity of membrane is strongly determined by a
collective movement of protons and hydrogen’s, which
increases the conductivity far beyond a simple diffusion
mechanism.
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