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The structure of two hydrated proton exchange membranes for fuel cells (PEMFC), Nafion®

(Dupont) and Hyflon® (Solvay), is studied by all-atom molecular dynamics (MD) computer sim-
ulations. Since the characteristic times of these systems are long compared to the times for which
they can be simulated, several different, but equivalent, initial configurations with a large degree of
randomness are generated for different water contents and then equilibrated and simulated in par-
allel. A more constrained structure, analog to the newest model proposed in the literature based on
scattering experiments, is investigated in the same way. One might speculate that a limited degree
of entanglement of the polymer chains is a key feature of the structures showing the best agreement
with experiment. Nevertheless, the overall conclusion remains that the scattering experiments cannot
distinguish between the several, in our view equally plausible, structural models.

We thus find that the characteristic features of experimental scattering curves are, after equilibra-
tion, fairly well reproduced by all systems prepared with our method. We thus study in more detail
some structural details. We attempt to characterize the spatial and size distribution of the water rich
domains, which is where the proton diffusion mostly takes place, using several clustering algorithms.
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1. Introduction and Review

Molecular dynamics (MD) computer simulations,
which were pioneered in Europe in the 1970ies by
Schäfer and Klemm [1] for molten salts and by
Heinzinger and Vogel [2] for aqueous ionic solutions
(among others), have become an almost universal tool
for the investigation of condensed phases, be they
homogeneous or heterogeneous. We apply here this
method to particular challenging systems: Nafion and
Hyflon, two hydrated proton exchange membranes for
fuel cells (PEMFC) [3].

Compared to other electrical energy conversion de-
vices, the main advantage of fuel cells is the high
energy-to-mass ratio that can be achieved. All fuel
cells are based on the same principle: energy from
chemical reactions is converted into electrical en-
ergy, producing direct current electricity, which is

fed to an external circuit. For the so-called low- and
intermediate-temperature fuel cells (those favoured in
the automotive industry), proton-conducting materi-
als are used as the electrolyte. Nafion and Hyflon
ionomers have been considered to be the refer-
ence proton-conducting material with which most ex-
perimental and theoretical studies have been com-
pared.

These two ionomers are composed of a CF2-
backbone with pendant sulfonated side chains, which
are able to induce, in the presence of water or other hy-
drophilic solvents, an hydrophobic/hydrophilic phase
separation at the nanometer scale [4, 5]. It is within the
aqueous domains that ionic conductivity occurs. Com-
pared to Nafion, the Hyflon molecules have shorter
side chains. Experimentally, the major difference be-
tween Hyflon and Nafion is the higher glass-transition
temperature in Hyflon.
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When increasing the water content, the membrane
swells. The connectivity between the hydrophilic do-
mains increases until a single interconnected large do-
main appears, i. e., until the threshold to water per-
colation is reached [3, 4, 6 – 19]. In this case, the
membrane conductivity rapidly increases with increas-
ing water content. Protons dissociate from the SO−3 -
groups and are shuttled through the hydrogen bond
network, e. g. via the Grotthuss structural diffusion
mechanism, which continuously breaks and reforms
bonds between protons and water molecules (see,
e. g., [20 – 29]). Such a shuttling mechanism was first
suggested by Grotthuss in 1806 [30], subsequently
revisited many times, e. g., in 1995 [31], and fur-
ther elaborated on the basis of ab initio MD simula-
tions [32, 33].

Even though this picture is generally accepted, a de-
bate concerning the exact nanoscale morphology per-
sists, in particular since unambiguous experiments are
missing. The numerous scattering data collected over
the last years using a variety of scattering methods did
not provide an unambiguous answer. Morphological
models involving specific assumptions are needed for
their interpretation. Numerous such models have thus
been proposed, ranging from the historical hard-sphere
model of Gierke et al. [5] to, for instance, the more
recent ‘parallel cylindrical water nanochannel’ picture
by Schmidt-Rohr and Chen [34]. For many reasons,
none of these efforts has led to an entirely satisfactory
picture.

The investigation of such morphologies via molec-
ular simulations remains challenging since it requires
very large systems and very long simulations. The
systems should be large enough to include several of
these hydrophilic domains. This is difficult and most
of the simulation studies in the literature (see e. g.
[10, 20, 21, 35 – 41]) focused on the proton transfer
process assuming more or less fixed structures for the
polymer at small and intermediate length scales (typi-
cally up to a few nanometers).

Several studies have attempted to characterize the
morphologies of hydrated Nafion membranes in vari-
ous other ways (see e. g. [42 – 46]). Wescott et al. [45],
for example, performed mesoscale simulations of hy-
drated Nafion using a self-consistent mean field theory
approach and a coarse-grained model, deriving the in-
teraction parameters from classical MD. In this study,
four systems (with different water contents) with an
initially homogeneous distribution of the components

were simulated at room temperature. The simulations
at lower water contents led to isolated, nearly spher-
ical domains. At higher water contents, the domains
had more elliptical or barbell shapes due to domain
merging. Also, percolation was observed at the high-
est water contents. A recent series of dissipative parti-
cle dynamics (DPD) simulations [47, 48] extended the
range of studies on polymer morphology to character-
istic lengths of almost 100 nm. The expected fluorocar-
bon crystallites were, however, not seen. Again, either
isolated water clusters or a continuous water domain
were observed, depending on the hydration level.

In 2010, the nanoscale morphology of six models
of Nafion was investigated by Knox and Voth [18] via
large-scale computer simulations: a few nanoseconds
with two million atoms in 30×30×30 nm3 boxes. Ex-
cept for their ‘random model’, all models were found
to exhibit scattering profiles in agreement with exper-
iment, in spite of their very different initial geome-
tries. The fact that their random structure did not re-
produce the experimental scattering data is most likely
due to a high initial degree of entanglement of the poly-
mer chains. Considering the very long time scales for
the processes involved in the polymer motions, these
authors stated that, given sufficient time, the random
model would also reproduce the scattering profile, ‘al-
though the time scale for such peak formation is not
computationally feasible’.

In this work, we propose a new random morpholog-
ical model of Nafion/Hyflon, similar to, but different
from, the one proposed by Knox and Voth [18]. We
have tried to generate the polymer chains with as few
external constraints as possible (i. e. except the ones
inherent in their molecular structures and the ones im-
posed by the required periodicity) and thus limit their
entanglement. Since this is our first communication on
these systems, the procedure to generate the initial con-
ditions for the simulations will be described in some
detail in the next section. In total, 13 systems have been
equilibrated and simulated over times in the range from
15 to 40 nanoseconds, see Table 1. We compare the
structures obtained with this model to ones obtained
with a ‘cylindrical’ model similar to the newest ex-
perimental model [34]. The total structure factors S(Q)
have been computed, and here we compare the X-ray
weighted S(Q) with experimentally obtained scattering
profiles available in the literature. The structure of the
aqueous domains is further characterized by means of
cluster analyses.
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Table 1. Simulated systems.

System Ionomer λ # atoms tsim [ns] name∗

1 Nafion 10 396000 41.5 NR-10-1
2 Nafion 10 396000 25.2 NR-10-2
3 Nafion 10 396000 23.5 NR-10-3
4 Nafion 10 396000 25.2 NR-10-4
5 Nafion 10 396000 23.3 NR-10-5
6 Nafion 10 396000 25.1 NR-10-6
7 Nafion 7.5 366000 15.0 NR-7.5-1
8 Nafion 7.5 366000 15.0 NR-7.5-2
9 Nafion 5 336000 15.0 NR-5-1

10 Nafion 5 336000 15.0 NR-5-2
11 Nafion 10 427680 15.6 NC-10-1
12 Hyflon 10 356000 23.9 HR-10-1
13 Hyflon 10 356000 22.5 HR-10-2

∗N = Nafion, H = Hyflon; R = ‘random’ initial geometry,
C = ‘cylindrical’ initial geometry. All systems except the ‘cylindri-
cal’ one (NC-10-1) have ‘random’ initial geometries; tsim is the total
simulation time of the run.

2. System Setup

In order to avoid, as far as possible, any bias,
we have chosen to generate several mesoscopically
equivalent, but microscopically different (with differ-
ent atomic positions), initial conditions with as much
randomness as possible. We use two types of geomet-
rical constraints at the level of the simulation box: none

Table 2. Setup of the systems.

step number density time
NR and HR systems

1 build polymer chains in largei box below experimental –
2 relaxii polymer chains – 0.5 ns
3 add water for λ=10 below experimental –
4 relax the whole systemiii – –
5 run in N pT -simulations converging toward experimentiv 1 – 6 nsv

6 collect data in N pT -‘equilibrium’ stationary ± < 1% 13 – 40 ns
7 for λ < 10 remove water randomly from

last configuration and go back to 5

NC system

1 build polymer chains in boxvi ≈ experimental –
2 relax polymer chainsiii – –
3 add water ≈ experimental –
4 relax the whole systemiii – –
5 run in N pT -simulations stationary ± < 1% 1 ns
6 collect data in N pT -‘equilibrium’ stationary ± < 1% 14.6 ns

i 20×20×20 nm3 for Nafion, 30×30×30 nm3 for Hyflon;
ii standard energy minimization (steepest descent algorithm) and 0.5 ns of N pT (p = 1 bar, T = 300 K) simulation;
iii energy minimization only;
iv overall change in density: 20% for Nafion, 80% for Hyflon;
v 1 – 2 ns for Nafion, 6 ns for Hyflon;
vi outside of ‘empty cylinders’.

(systems called ‘random’) and some excluded volumes
(systems called ‘cylindrical’). We also investigate the
effect of changing the water content (λ = 5, 7.5, and
10, where λ is the number of water molecules per
sulfonate group) and the side chain length (Nafion/
Hyflon). We then simulate these systems, first reduc-
ing their sizes until the approximate equilibrium den-
sity is reached and then observe whether the result-
ing structures are compatible with the available exper-
imental information. Since this is found to be the case,
we study the so-generated structures.

2.1. ‘Random’ Model

The general setup procedure is summarized in Ta-
ble 2. The initial geometries of the polymer chains
were generated by random walk processes subject to
several constraints. The guiding principle was to grow
the polymer chains with as few constraints as possible
and thus limit their entanglement. We thus assumed a-
priori a larger available volume for the chains (see be-
low) than the one of the final simulation box, which
corresponds to the equilibrium density of the system
at the desired temperature. Each chain had a unique
random starting point and a unique random path. The
N desired chains were thus grown sequentially in the
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Fig. 1 (colour online). Polymer chains at the beginning of the simulations. Left and middle panels: two orthographic projec-
tions of an NR-10 system, right panel: the NC-10-1 system seen along the z-axis. The x, y, and z-axes are shown at the bottom
left. Only the C-atoms of the backbone are shown.

large volume. Starting the simulation from a very low
density (i. e. a too big box) would require excessively
long simulation times or extreme compression rates to
reach the proper density. Such a procedure could pos-
sibly also lead to semicrystalline morphologies, which
we did not intend to study in the present context.
A compromise must thus be found between the ease of
growing the chains and the duration of the subsequent
approach to equilibrium.

In contrast to the study by Knox and Voth [18], we
did not consider the randomness of the comonomeric
sequence: the side chains were periodically separated
by 15 CF2-groups. It corresponds to an equivalent
weight of about 1150 g ·mol−1. In the language of Jang
et al. [49] who studied the effect of the monomeric se-
quence on the structure of Nafion and which suggested
a certain influence on the nanophase segregation, our
model corresponds to what they call the ‘dispersed’ se-
quence.

The setup process (Tab. 2) is described in more de-
tail in the appendix; Figure 1 gives a visual impression
of the structure of the so obtained systems. One sees
domains with mostly extended polymer chains, where
the density of water molecules and ions is low (white
regions). Except for the cylindrical case, no particular
global structure is seen.

2.2. ‘Cylindrical’ Model

Inaddition to the ‘random’model,westudiedamodel
similar to the one proposed by Schmidt-Rohr and
Chen [34]. In contrast to the picture put forward by

these authors, i. e. the existence of domains where the
water density is strictly zero, we distributed the water
moleculesandcounterions insideandoutsidepredefined
cylindricalvolumeswitha lowdensityoutsideandahigh
density inside these volumes. In contrast to the random
model, we initiated the cylindrical system at a density
close to the experimental one: starting the simulation
fromalowdensitymighthavedestroyed the initial cylin-
drical structure during the ‘compression’.

We first placed 8 Nafion chains in a 6× 6× 6 nm3

box with the same growth algorithm as for the random
systems (see appendix), but with the additional con-
straint that the backbone of the polymer was not al-
lowed to approach closer than a value rcyl = 1.5 nm
(the radius of the cylinder along the z-direction)
to the center of this box. The polymer density of
this small system was then ≈ 1406 kg ·m−3. Accord-
ing to the model by Schmidt–Rohr and Chen [34],
the water channels had diameters of between 1.8
and 3.5 nm with an average of 2.4 nm. This small
system was then submitted to a standard energy
minimization and replicated in the x-, y-, and z-
directions in order to construct a large system, see
also Table 2.

The system was then filled with water (λ = 10),
leading to a total density of ≈ 1675 kg ·m−3. In av-
erage, ≈ 40% of the water molecules and ≈ 34% of
the K+-ions are found initially inside the channels,
which leads to a local density of the water molecules
and K+-ions of ≈ 423 kg ·m−3, while the density (of
water molecules and K+-ions) in the whole volume is
≈ 269 kg ·m−3. This system is also shown in Figure 1.



G. Marchand et al. ·Molecular Simulations of Hydrated Proton Exchange Membranes 105

3. Interaction Model

We used an all-atom representation for the potential
energy of the polymer and the solvent,

V tot = V inter +V intra, (1)

where V inter refers to the intermolecular terms between
polymer chains (also the so-called non-bonded term
within a polymer strand), between polymer and water,
and between water molecules (simple point charge
(SPC) model [50]). V intra refers to the other intramolec-
ular interactions of the polymer, the water molecules
being rigid.

V inter consists in the usual fashion of sums of
electrostatic Coulomb potential terms between partial
charges located at the atoms and of Lennard–Jones
terms between these sites. V intra is written in terms of
bond stretches (r− r0) and the deformations of planar
(θ) and dihedral (φ) angles:

V intra = ∑
bonds

(
kr

2
(r− r0)2

)
+ ∑

angles

(
kθ

2
(cosθ − cosθ0)

2
)

+ ∑
torsions

(
kφ

2
{1− cos [3(φ −π)]}

)
,

(2)

where the sums are taken over all internal coordinates
of a given type; kr stands for the various stretching
force constants, kθ are the bending force constants, and
kφ is the torsion force constant for any dihedral angle
between the three first and the three last bonded atoms.
r0 and θ0 denote equilibrium distances and angles, re-
spectively. All force field parameters were taken from
the literature [50 – 52] and can also be found in [53].

In many simulations studies of Nafion [18, 35, 36,
49, 54, 55], a modified version of the DREIDING
force field [49, 56, 57] was used together with the
flexible three-centered (F3C) water model and an ex-
plicit hydronium model [49, 58]. This combination
was found to reproduce the experimental density sat-
isfactorily [18]. As seen above this is also true for
the present force field, which also reproduces the
frequency range of the vibrational modes in Nafion
and Hyflon satisfactorily. A difference to other Nafion
force fields is that there are no partial electric charges
on the carbon (C), fluorine (F), and ether oxygen (Oe)
atoms. Only the sulfur (S) and the sulfur oxygens (Os)
carry such charges.

4. Molecular Dynamics Simulations

The simulations were performed in the N pT -
ensemble at 1 bar and 300 K with the GROMACS [59]
program package. The Berendsen thermostat [60] and
barostat [60] were used with a coupling time constant
of 1 ps for both the thermostat and the barostat to keep
the temperature and pressure constant. Orthorhombic
periodic boundary conditions (PBC) were applied; the
integration time step was 2.0 fs. For the long-range
interactions, we employed the particle mesh Ewald
method [61, 62] with a mesh spacing of 1.2 Å. The
short-range interactions were truncated beyond a cut-
off distance rc = 10 Å using the shifted-force method.
The trajectory was recorded for further analysis every
5000 steps (i. e. every 10 ps).

Altogether 13 systems, different either by their
water contents, their initial geometries, or their side
chain lengths were simulated, see Table 1. The 6 first
Nafion systems had equivalent (random) initial geome-
tries and water contents (λ = 10), they differed only
in the initial positions of the atoms. The nomenclature
(last column of Tab. 1) to identify our systems is de-
scribed in the table caption.

Except for the system NC-10-1 (see Tab. 1), each
system was composed of 200 polymer chains (each
containing 20 side chains): there were thus 4000 SO3-
groups and as many K+-ions. Depending on the water
content, there were between 20000 (λ = 5) and 40000
water molecules (λ = 10) in the system. NC-10-1, on
the other hand, contained 216 polymer chains, hence
4320 (216*20) SO−3 -groups, 4320 K+, and 43200
H2O.

5. The Structure of Hydrated Nafion and Hyflon

5.1. Scattering Function S(Q)

One way to compare the simulated structure with
experimental data is to calculate the so-called total
structure factor S(Q), which is obtained e. g. from
X-ray or neutron scattering, from the simulations. For
Nafion and Hyflon systems, a peak in S(Q) is usu-
ally observed in both cases at Q ≈ 0.1− 0.15 Å−1 [4,
63 – 66], depending on the water content. It is called
the ionomer peak and this periodicity of the contrast
is usually interpreted as resulting from a mean sepa-
ration distance between aqueous clusters of 2π/Q ≈
4− 6 nm. This peak shifts to lower Q-values (longer
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Fig. 2. Left: log–log representation of the small-angle X-ray scattering curve [64]; right: simulations using the ‘random’
model: after equilibration (full line); during equilibration (i. e. at a slightly lower density) for comparison (dashed line). The
straight lines in the right frame are various power law fits to the curve after equilibration in the region 0.2 Å−1 < Q < 0.5 Å−1.

distances) as the water content increases. Also, there is
a broad, lower Q (≈ 0.03 Å−1) region (‘matrix knee’)
that has been assigned to semicrystalline polymer re-
gions and a smooth ‘Porod region’ at higher Q (≈
0.3 Å−1), where the intensity is expected to decay
obeying a q−4 power law [4, 64]. Treating the ‘matrix
knee’ region via atomistic computer simulation would
require much larger simulation boxes than the ones in
this study, which is currently not an option.

Figure 2 shows a typical experimental scattering
profile of a Nafion membrane soaked in water obtained
from small angle X-ray scattering (SAXS) and ultra
SAXS (USAXS) measurements [64], together with the
computed (X-ray weighted) S(Q)-profiles of NR-10-
1 before and after step 6 in Table 2. We considered

Fig. 3. X-ray weighted S(Q), computed from the last configurations for all systems. Left panel: the various NR-10 runs (thin
lines, see Tab. 1) and their average (fat line); right panel: the averages over equivalent systems from Table 1.

here only the region Q > 0.08 Å−1. At the end, the
computed scattering profile of this ‘random’ system
was consistent with the experimental one, while it was
not so for the starting configurations (during step 5).
This system (and the others as well) was thus correctly
evolving toward a structure compatible with experi-
ment: both the ionomer peak around 0.1 Å−1 and, as
the fits show, the q−4 power law decay, were evident.
A more detailed analysis shows that S(Q) becomes sta-
tionary for t & 5 ns for all systems. The same conclu-
sions can be drawn from the neutron-weighted curves,
which are not shown here.

Figure 3 shows the variations between S(Q) of the
various NR-10 runs and between the averages obtained
for different systems. A peak akin to the ionomer peak
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appears in all cases. Note that the diverging values
at the lowest Q are due to the fluctuating volumes in
the N pT -simulations. The feature around 0.1 Å−1 is
shifted to lower Q-values when increasing the water
content, as in the experiments [4, 5, 63, 64]. Further-
more, all the curves decay smoothly to zero at large Q-
values, as described above for the Porod region. Hence,
all our systems can be considered as possible confor-
mations of real Nafion.

The ionomer peak for the cylinder configuration
NC-10-1 is found at a slightly lower Q-value than for
the other systems. The average spacing between the
aqueous domains is thus larger here. On the other hand,
the position of this peak for the Hyflon systems (HR-
10-1, HR-10-2) is in the same Q-range as that of the
other Nafion systems, no significant difference can be
detected.

5.2. Cluster Analysis

We have investigated the aggregation and the
size distribution of the aqueous domains using stan-
dard [67] and modified [53] cluster analyses. The spa-
tial distribution of a given kind of particle was dis-
cretized into clusters according to a distance criterion.
We considered here only the water oxygen (Ow) atoms
and the K+-ions. We chose as the criterion for con-
sidering two particles as being members of the same
cluster the distance at which the radial pair distribu-
tion function gOw−Ow(r) curve has its first minimum,
i. e. 3.5 Å (see [53]). This value was also used by De-
vanathan et al. [17] to determine the water percolation
threshold.

We found again no significant differences in the
cluster-size distributions between the NR-10 systems,
thus confirming their equivalence. The NR and HR
systems are also very similar in this respect, see Fig-
ure 4; we thus show only the curve for the systems
labeled 1 in Table 1. About 40 aqueous clusters of dif-
ferent sizes were found: among these clusters, one con-
tains almost all (≈ 99%) atoms (peaks on the right
of Fig. 4). This is at variance with the work of Cui
et al. [68, 69] who observed a less dispersed water dis-
tribution in Nafion as compared to Hyflon.

The cylindrical system showed a significantly larger
number of clusters, about 100, with a different distri-
bution of the small ones, see Figure 5. However, almost
all (more than 98%) atoms were in one dominant clus-
ter. The figure shows that clusters containing 10 to 20
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water molecules seem to be more stable in the cylin-
drical system. We also note that for both morphologies
we observed the beginning of the aggregation of the
largest cluster from the very beginning of the equili-
bration procedure, i. e. within about 0.1 ns.

The effect of changing the distance criterion was
also examined: d = 3.0 and 5.0 Å, below and above the
reference value. With d = 3.0 Å, the number of clus-
ters increased from roughly 40 to roughly 2700 – 2800,
and the population of the largest cluster consequently
decreased to roughly 75 – 80%. With d = 5.0 Å, the
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number of clusters decayed to roughly 5 and the largest
cluster became even more dominant. Since we do not
expect a polymer chain to be present between aqueous
clusters separated by about (5.0 – 3.5) Å = 1.5 Å, we
conclude that the small clusters must be located at the
periphery of the dominant one.

Decreasing the water content λ leads to smaller
largest clusters and to an increased number of clusters.
Typically, roughly 65 and 140 clusters were found for
the NR-7.5 and NR-5 systems, respectively, with the
dominant cluster containing ≈ 98% and 94% of the
water molecules and ions. Water percolation is thus
probable in all systems hydrated at λ & 5; the thresh-
old must thus occur below this value, i. e. below the
λ = 5 – 6 range predicted by Devanathan et al. [17].
Malek et al. [70], on the other hand, predicted a value
of λ = 4.

Since a very large and dominant cluster was ob-
served in all cases, we have applied a modified clus-
tering routine to attempt to discretize this cluster into
denser subclusters, possibly interconnected by bridges.
Atoms with a ‘low’ coordination number (down to
three or two) are iteratively removed from the anal-
ysis until dense subclusters emerge, see [53] for de-
tails. The largest cluster is subdivided by this proce-
dure into subclusters for all systems, yet the degree of
subdivision varies strongly with λ , see Figure 6. There
are roughly 20, 40, and 110 subclusters for both the
NR-10 and HR-10, the NR-7.5, and the NR-5 systems.
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Among these subclusters, the largest one contains, re-
spectively, about 80%, 65%, and 20% of the total pop-
ulation. Identical values are thus again observed for the
NR-10 and HR-10 systems.

6. Dynamics

The self-diffusion of the water molecules and
cations in Nafion/Hyflon systems in equilibrium is of
particular interest with respect to the process of charge
transport. The values obtained here from the mean
square displacements for the water molecules are in
reasonable agreement with the ones obtained experi-
mentally, e. g., in [71, 72]). They are roughly ten times
lower than those obtained for liquid water at room tem-
perature. In contrast to Karo et al. [54], we do no see
any significant difference between Nafion and Hyflon
systems. A detailed discussion of this as well as of the
diffusivity of the other particles is, however, beyond
the scope of this first communication.

7. Conclusions and Outlook

This work aims to study the structure of Nafion/
Hyflon/water systems at the molecular level and at the
nanometer scale. The tool is molecular dynamics (MD)
computer simulations. The main difficulties encoun-
tered are rooted in the very different time scales in-
volved in the dynamics of the systems. Here we have
attempted to overcome these difficulties by a particu-
lar choice of initial conditions, which lead to largely
unbiased extended polymer chain configurations.

We have obtained several different, but equally plau-
sible configurations for hydrated Nafion/Hyflon/water
systems, with different water contents, which lead to
scattering functions in equally good agreement with
the experimental ones. Such an agreement was also
found in most of the large-scale systems studied by
Knox and Voth [18]. Since we have attempted to limit
the entanglement of the polymer chains when generat-
ing the systems, and since the least entangled systems
by Knox and Voth also seem to be the ones closest to
experiment, one might speculate that this is one key
feature leading to the observed features in the scatter-
ing experiments, as expressed in the so-called ionomer
peak. In contrast to some earlier work [54, 69], we do
not observe significant differences between Nafion and
Hyflon.
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Fig. 7 (colour online). Random growth process of the CF2-
backbones and the side chains of Nafion. Left panel: exam-
ple of a growing chain; right panel: example of a completed
chain. The C-, F-, O-, and S-atoms are shown in green, white,
red, and yellow, respectively.

Since both the ‘cylindrical’ model and the ‘random’
model proposed here as well as most of Voth’s model
systems reproduce the experimental scattering data sat-
isfactorily, we must conclude that the scattering data
alone are not sufficient to elucidate the structure of sys-
tems as complex as proton exchange membranes in wa-
ter, hence the ongoing debate over their morphology.

The agreement in the scattering functions gives con-
fidence that a more detailed analysis of the so-obtained
configurations is warranted. The aggregation and the
size distribution of the aqueous domains was thus inves-
tigated using clustering algorithms. All systems (Nafion
at various λ -values (λ ≥ 5) and morphologies, Hyflon)
exhibit a dominant aqueous cluster containing the ma-
jority of the water molecules and ions. The size of the
largest cluster depends, as it should be, on λ , but not
much on the side chain length and the morphology,
which is, however, reflected in the distribution of the
many smaller clusters. The inhomogeneity of the den-
sity in the main cluster, expressed by the number of
dense subclusters into which it can be divided, increases
by a factor of about 5 when λ goes from 10 to 5.

This work has shown the power and limitations of
molecular simulations of complex systems. A wealth
of data related to local and some global properties
could nevertheless be obtained. However, phenomena
with characteristic times longer that the ones attain-
able in these simulations remain mostly elusive. With
some ingeniousness, these shortcomings can be allevi-
ated, as demonstrated here and elsewhere. While pro-
ton transport within the aqueous domains of polymer
electrolyte membranes is presently understood reason-
ably well, much more theoretical work is desirable
to elucidate those static and dynamical aspects of the
polymer morphology which contribute to the perfor-
mance (or lack of performance) of proton exchange
membrane fuel cells.
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Appendix

Growing the Polymer Chains

A sequence of backbone C-atoms is generated start-
ing from random x,y,z-coordinates inside the volume.
Using polar coordinates and a fixed C–C bond length
(r = 1.54 Å), plus conditions avoiding overlaps (dis-
tance between two non-bonded C-atoms > 4.1 Å), the
next C-atom is generated. The limiting values for the
backbone C–C–C angles are chosen so that a reason-
able growth rate is achieved, while i) keeping a rea-
sonable persistence length and ii) allowing turns with
a sufficient probability. At the end, each polymer chain
will contain 20 side chains, periodically separated by
15 CF2 groups. It has a maximum length of about
19 nm. However, in order to preserve the periodicity
(needed for the simulations) in our systems, the linear
extension of the polymers must not exceed the linear
dimension of the available volume. The chains are thus
prevented from growing outside the periodic unit.

Two F-atoms are fixed on each C-atom, with fixed
bond lengths and reasonable F–C–C angles. Every 15
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such CF2-groups, we add a pendant side chain. Over-
laps involving the side chains are also prevented via
a distance criterion. The growth process is illustrated
in Figure 7 with a completed and a growing Nafion
chain. The effect of adding rigid boundaries on the
growth process can be seen: whenever a chain ap-
proaches one of the face of the simulation box, it pro-
ceeds in a u-turn.

Growing the polymer chains at low densities is not
a problem, as the probability for the currently grow-
ing chain to overlap with other chains or with itself
is low. If it by chance nevertheless happens, there is
enough free space in the box to find an alternative ran-
dom growth path without overlaps. However, the more
chains have already been grown, the more likely it will
be that the growth process will get stuck. In this case,
we shorten the chain by removing monomeric previ-
ous sequences (i. e. we remove backbone atoms up to
the last side chain). A new growth path, starting from
this point, is then attempted. This way of proceeding
was found to be adequate to generate random polymer
structures without overlaps and at densities below, but
close enough to the experimental one. Furthermore, we
can easily generate as many different initial structures
with identical properties as we wish.

200 polymer chains were thus placed in this way in
20× 20× 20 nm3 cubes, leading to a polymer density

of about 950 kg ·m−3, which is about half the experi-
mental density of dry Nafion. For the Hyflon, a larger
30×30×30 nm3 cube was used as a test, even though,
with the shorter side chains, the problem of entangle-
ment should be less severe. As mentioned above, under
identical conditions (p = 1 bar, T = 300 K), a longer
equilibration phase had to be accepted in this case. The
200 chains were first submitted to a standard energy
minimization to remove the ‘defects’ induced by the
geometrical construction.

Before adding the water and ions, the polymer was
simulated for 0.5 ns in the N pT -ensemble, at room
temperature and pressure. The remaining empty vol-
ume was then filled with water molecules (for λ = 10)
and as many K+-ions as there were SO−3 -groups in the
box. This led, before equilibration of the hydrated sys-
tems, to a density of about 1430 kg ·m−3. This is lower
than the experimental density (≈ 1700 kg ·m−3 [73]).
The type of cation, here K+ as the SO−3 -counterion
is not expected to be of particular importance for
the study of the nanoscale morphology [4, 5, 65].
To generate the systems with a lower water con-
tent (λ = 7.5, 5, see Tab. 1), the appropriate num-
ber of water molecules was removed, randomly, from
the last configurations of simulations of systems hy-
drated at λ = 10, see Table 2, and the systems
re-equilibrated.
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