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We have performed a detailed analysis of water clustering and percolation in hydrated Nafion configurations
generated by classical molecular dynamics simulations. Our results show that at low hydration levels H,O
molecules are isolated and a continuous hydrogen-bonded network forms as the hydration level is increased.
Our quantitative analysis has established a hydration level (1) between 5 and 6 HO/SO;~ as the percolation
threshold of Nafion. We have also examined the effect of such a network on proton transport by studying the
structural diffusion of protons using the quantum hopping molecular dynamics method. The mean residence
time of the proton on a water molecule decreases by 2 orders of magnitude when the A4 value is increased
from 5 to 15. The proton diffusion coefficient in Nafion at a A value of 15 is about 1.1 x 107> ¢m%s in
agreement with experiment. The results provide quantitative atomic-level evidence of water network percolation

in Nafion and its effect on proton conductivity.

I. Introduction

Proton transport is a process of fundamental scientific interest
and holds practical importance in a variety of research fields
ranging from the study of biological proton pumps' to materials
selection for polymer electrolyte membranes (PEMs) for fuel
cells.? The latter has garnered growing attention, because of the
promise of efficient conversion of chemical energy of fuel to
electrical energy for portable power and transportation applica-
tions. A key component of PEM fuel cells is a polymer
membrane of ~100 xm thickness that conducts protons between
the anode and cathode while separating the reactants (fuel and
air). No existing membrane exhibits the desired combination
of excellent proton conductivity, mechanical, and chemical
stability, durability upon prolonged operation at high temperature
and low humidity, and low cost needed for widespread adoption
of this technology. There is thus a need to facilitate rational
development of PEMs based on fundamental scientific under-
standing of membrane morphology, water distribution, and
proton transport.

Several polymers have been studied as promising candidates
for fuel cell membranes.? The most widely studied PEM for
fuel cells is Nafion developed by DuPont Inc. It is suited for
fuel cell operating temperatures below 85 °C, requires consider-
able hydration for good performance, and is considered a
benchmark against which other membranes are evaluated.
Chemically, Nafion is a random copolymer that consists of a
hydrophobic poly(tetrafluoroethylene) (PTFE) backbone at-
tached to a fully fluorinated pendant chain terminated with a
strongly hydrophilic sulfonic acid group.’> The sulfonic acid
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group is superacidic and evidence of its acidity is provided from
infrared spectroscopy*® and from the first-principles calculations
of Paddison.® The main role of the sulfonic acid moiety is to
enable conductivity of protons across the polymer membrane.
Since the transport of protons is governed by the morphology
and reactivity of membrane as well as the surrounding environ-
ment (e.g., water molecules), it is important to understand the
transport of protons in the confined water environment of
hydrated Nafion.

While it is widely understood® that the hydrated Nafion
membrane morphology consists of interconnected nanoscale
hydrophilic domains in a hydrophobic background, the exact
morphological details, such as domain shape and size, are topics
of intense debate and scientific discussion. Many models based
on spherical, rodlike, slab-type, and parallel cylindrical domains
have been proposed,®’ but the debate continues due to the
inability of experiments, such as X-ray and neutron scattering,
to unambiguously characterize the atomic-level details of
membrane morphology. Even less is known about the morphol-
ogy of novel membranes proposed in the literature. For the same
reason, the dynamics of water molecules and protons are
understood at the macroscale in terms of membrane conductivity
as a function of hydration level, but detailed atomistic
understanding that links the changes in distribution of water
molecules to proton hopping in water with increase in membrane
hydration is lacking. The hydration level is typically expressed
as the number of H,O molecules per SO;~ group and is
represented by A.

Proton transport’ (PT) can be described as a combination of
proton hopping (also known as Grotthuss!® or structural diffu-
sion) among solvent molecules (e.g., water) and vehicular
transport where protons diffuse in solution by forming a hydrated
ion (e.g., hydronium ions). Both mechanisms are known to
contribute to PT.!! In order to study these mechanisms and
understand how they contribute to the overall PT, it is necessary

10.1021/jp103398b  © 2010 American Chemical Society
Published on Web 09/22/2010



13682 J. Phys. Chem. B, Vol. 114, No. 43, 2010

to use computational methods that can accurately describe these
mechanisms. Molecular modeling and simulation has the
potential to complement experimental studies and improve our
atomic-level understanding of the dynamics of protons and water
molecules in the complex chemical environment of the mem-
brane. It should be noted that structural diffusion happens on
faster time scales (up to a few picoseconds) whereas, vehicular
diffusion occurs on slower time (nanoseconds) scales and
different computational methods are required to study these
mechanisms.

Modeling studies of PEM morphology and the transport of
protons and small molecules have been reviewed recently,!?
and a few representative examples of the modeling work are
listed below. Quantum chemical calculations,®!>!* ab initio
metadynamics,'* first-principles molecular dynamics,'>!¢ empiri-
cal valence bond models,'’~!? statistical mechanics,? classical
molecular dynamics,?' ** and mesoscale models®!*> have been
employed to understand proton transfer, proton transport, and
water networks in hydrated Nafion. Paddison® performed density
functional theory (DFT) calculations on small membrane
segments chosen to represent the pendant side chain of Nafion
and found that proton transfer happens when there are three or
more H,O molecules per acidic pendant. Paddison and Elliot!?
also performed a DFT study of the “short side chain” perfluo-
rosulfonic acid membrane and found that the number of water
molecules required for proton transfer also depends on the
number of separating PTFE units of the backbone. A recent ab
initio metadynamics'* study of hydrated pendants has also
provided insights into the initial steps during the proton transfer.

Ab initio molecular dynamics (AIMD)'>!® studies have been
performed for durations of 6—20 ps at two different values of
A. Simulations over a much longer time scale (~1 ns) are needed
for reliable results on PT. Due to steep computational cost,
AIMD studies of large hydrated polymer systems with sampling
over long time (nanoseconds) scales are currently out of reach,
although steady improvements in computational power give
cause for optimism. The integration of ab initio and classical
MD methods is needed to study the transfer and transport of
protons. Spohr et al.!”!® have used a two-state empirical valence
bond (EVB) method to study proton mobility in a model PEM.
Petersen et al.'? studied proton solvation in hydrated Nafion by
a self-consistent iterative multistate EVB model. The authors
have compared contributions from structural and vehicular
diffusion of proton for two values of A and at a single
temperature (300 K). This study showed that the sulfonate ion
acts as a proton trap. According to a statistical mechanical
study,? the mobility of a proton is higher when it is much farther
from a sulfonate group.

Certainly, sampling at nanosecond time scales is required to
study the vehicular diffusion of protons in its hydrated form
(e.g., hydronium ions). Classical MD simulations have therefore
been extensively used to investigate the structural properties of
Nafion membrane as well as vehicular diffusion of the hydrated
proton and water molecules. Vishnyakov and Neimark®' used
classical MD simulations to analyze the local structure of the
solvent around the sulfonate group. Their results suggest that
there is no percolating water network, but instead isolated water
clusters are transiently connected by temporary water bridges.
The dynamics of water molecules has been investigated by Urata
et al.?2 They observed that sulfonic groups are the only sites of
the polymer to which water molecules are attracted. The use of
classical MD simulations was further explored by Jang et al.?®
to compute the structural properties of Nafion membrane and
dynamical properties of hydronium ions and water molecules
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though their work was confined to two temperatures and a single
value of . Blake et al.** observed percolation of the hydrophilic
phase as 4 increased in contrast to the findings of Vishnyakov
and Neimark.?!

Previously, we have used classical MD simulations
characterize the nanostructure of Nafion membranes and their
dynamical properties such as diffusion coefficients and residence
times of hydronium ions and water molecules from a dry state
to an extremely wet state of the membrane and at different
temperatures. Our previous work® 2’ on the Nafion membrane
has also shown that the vehicular transport of protons is strongly
dependent on A and fuel cell operating temperature. These
classical MD simulations have allowed us to characterize the
polymer membrane nanostructure and the dynamics of water
in these systems, all with reasonable agreement with experi-
ments. Recently, Knox and Voth® have used large-scale MD
simulations to compare different morphological models of
Nafion at two different values of A, and observed the occurrence
of water network percolation in all models. Cui et al.** have
used united atom force fields to study the aqueous phase
structure in hydrated Nafion and short side-chain (SSC) per-
fluorosulfonic acid membranes. In Nafion, these authors ob-
served a single large cluster of water molecules for A values of
8.6 and 11.8. They also found that the water cluster distribution
is less dispersed in Nafion compared to that in SSC membrane.
Wescott et al.>! used a coarse-grained mesoscale modeling with
interaction parameters generated by MD simulations to model
water percolation in hydrated Nafion. However, the model could
not resolve the atomistic details relevant to the percolation
process. Malek et al.’> performed coarse-grained simulations
of hydrated Nafion for four values of A, namely 2, 4, 9, and 15,
and determined water percolation to occur at a threshold 4 of
4.

In the present work, we have performed a detailed analysis
of water clustering and percolation in configurations of hydrated
Nafion generated by all-atom classical molecular dynamics for
A values of 1, 3, 5, 7, 9, 11, 13.5, and 20 to determine the
percolation threshold. Experimental studies®® show that the
maximum water sorption capacity of Nafion corresponds to a 4
value of about 16. Thus, the A values examined here represent
the complete range from dry to fully saturated Nafion. We have
chosen Nafion 117 (henceforth referred to as Nafion; 117 refers
to an equivalent weight of 1100 g with a membrane thickness
of 175 um) for the present study of structural transport. The
percolation analysis, based on the method of Brovchenko et al. >
is connected to proton mean residence times in hydrated Nafion
obtained using the quantum hopping (Q-HOP) MD method.*
QHOP-MD has been successfully used to study dynamic proton
equilibria in condensed phases,*~37 proton exclusion in aqua-
porin-1 water channels,?® the proton shuttle in green-fluorescent
protein,® and the role of water wires in proton uptake by
biological proton pumps.! A similar method has been previously
used by Jang and Goddard* to study proton hopping in PEMs.

Q-HOP MD?%* allows stochastic proton hopping among
flexible multiple protonation sites in the framework of conven-
tional MD, with proton hopping probabilities parametrized on
the basis of quantum mechanically derived proton transfer rates.
The diffusion coefficient of an excess proton in water at 300 K
was reported® as (9.3 & 1.4) x 1075 c¢cm?s in excellent
agreement with the experimental value of 9.3 x 107 cm?s.
More recently, Q-HOP MD method has been applied to study
the dynamic protonation equilibrium of acetic acid*® over a time
scale of 50 ns. The authors concluded that an advantage of using
the Q-HOP MD methodology is that PT pathways are automati-
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Figure 1. Chemical structure of a single chain of Nafion.

cally provided using Q-HOP MD simulations without imposing
any constraint on the PT pathway. Due to its general param-
etrization scheme, Q-HOP MD is, in principle, applicable to a
wide range of systems including protein and polymer systems.
We extend here the application of the Q-HOP MD method to
study PT in hydrated Nafion. The implementation and param-
etrization of the Q-HOP method used here has been presented
in detail previously.*>3¢#42 Hence, only the computational
details of the Q-HOP MD simulation are presented below,
followed by a discussion of results, and finally a summary of
our findings.

II. Computational Details

A. Water Network Percolation Analysis. We performed
classical MD simulations of hydrated Nafion using the DL_POLY
code,¥ DREIDING* force field for Nafion, and F3C* force
field for H,O molecules and H;O™ ions. We have presented the
details of our simulation previously.?®?’” The chemical structure
of a single chain of Nafion (10 SO;™ groups) is shown in Figure
1. Our simulation cell contained four chains of Nafion (40 SO;7)
with hydrophilic pendants spaced evenly by seven nonpolar
(—CF,—CF,—) monomers that form a hydrophobic backbone.
We have also performed simulations using 8 and 48 chains and
found the structure and dynamical properties to be similar to
that of the 4-chain system. In the present report, we will discuss
water percolation in the 4-chain system, because it corresponds
to the largest number of A values studied, namely 4 = 1, 3, 5,
7,9, 11, 13.5, and 20. We generated the four Nafion chains of
682 atoms each by linking the polar monomeric unit to the end
of the nonpolar monomeric unit, repeating the procedure nine
times and terminating the two ends of the chain with F. To
ensure charge neutrality, we added 40 H;O™ ions and solvated
the membrane by adding water molecules corresponding to a
given A. We did not impose any particular geometrical distribu-
tion of water molecules. The number of water molecules ranges
from O for A =1 to 760 for A =20.

We used energy minimization and annealing to equilibrate
the system as discussed previously.?® After equilibration, the
density of hydrated Nafion was comparable to experimental
values.** Subsequently, we performed MD simulations for 2 ns
in the constant NVT ensemble at 300 K with 1 fs time steps
and saved the configurations every 0.2 ps. The range of A values
was chosen to critically examine the evolution of membrane
morphology with increasing hydration. Experimental studies*
have shown an abrupt change in the dielectric constant of Nafion
between A = 6 and 4 = 9 coinciding with a significant increase
in the proton diffusion coefficient.® In order to obtain quantitative
information about the change in water network with increasing
A, we have performed detailed percolation analysis.

Our analysis considers H,O molecules and H;O™" ions to be
part of the same cluster if the oxygen atoms are separated by
less than 3.5 A. We calculated the cluster size distribution ng,
defined as the occurrence probability of clusters of size §
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TABLE 1: Range of Maximum Cluster Sizes from 2000
Nafion Configurations at Each Hydration Level

hydration range of max total no. of HO molecules
level (1) water cluster size and H;O" ions (V)

1.0 1 40

3.0 11to 34 120

5.0 47 to 199 200

7.0 114 to 280 280

9.0 289 to 360 360

11.0 420 to 440 440

13.5 531 to 540 540

20.0 787 to 800 800

(measured by the number of H,O molecules and H;O™ ions in
the cluster), as an average over 2000 configurations at an interval
of 1 ps. ng should decrease monotonically with increasing S
well below the percolation threshold, show a peak at high §
near the threshold, and show a sharp increase near the highest
possible S value well above the threshold in finite size systems.
However, this may not be a sensitive measure of the percolation
threshold.3*#7

The mean cluster size of all but the largest cluster in the
system, Spyean, Was calculated as

_ Z n SSZ
mean z nSS

where the sum is over all clusters excluding the largest. In a
finite-sized system, Siean 1S known to pass through a maximum
just below the percolation threshold.* In fact, Syew can be
fitted*® to

S ey

Sean = AL = 217" )

mean

to determine the percolation threshold 4,. Here A is a constant
and v is a characteristic exponent. Unlike previous simulation
studies of hydrated Nafion, the present simulations have
examined a large number of A values, which enables determi-
nation of 4, by fitting to eq 2.

Other measures of percolation include the spanning prob-
ability P, and the percolation probability P,. We define P; as
the probability that the maximum cluster size in a given
configuration is greater than N/2, where N is the total number
of H,O molecules and H;O" ions in the simulation cell. The
value of N is given in Table 1 for the values of A studied. Py, is
defined as the probability that a H,O molecule or H;O" ion
will be in a cluster of size greater than N/2. The A value at
which P exceeds 0.95 can be taken as the upper bound of 1,.%7

B. Quantum Hopping Molecular Dynamics. Q-HOP MD
simulations of hydrated Nafion were performed using a modified
version of NWChem 4.7.4% A single unit of Nafion, as shown
in Figure 1, is made of a —O—CF,—C(F)(CF;)—0O—CF,CF,—
SO;™ pendant, and a perfluorinated backbone to which this
pendant is attached. The construction of Nafion membrane has
been described in detail in our earlier work.? In order to perform
Q-HOP MD simulations on hydrated Nafion, three model
systems were generated using the final configuration from the
annealing procedure as described in our previous work.? This
configuration consisted initially of a single Nafion chain with
10 SO;~ groups, 10 H;0% ions, and 156 SPC/E’! H,O
molecules. We removed all the H;O" ions from this configu-
ration to generate a template for creating configurations that
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Figure 2. H,O molecules (purple), H;O" ions (tan), pendant chains (S in yellow, O in red, C in blue and F in green), and backbone (shown as a
surface) at 4 = 3. The H,O molecules and H;O™ ions are bound by the SO;~ groups at low hydration.

vary in water content. Using the template, three configurations
were created such that each configuration consisted of a single
Nafion chain but differed in the number of H,O molecules (50,
100, and 150 H,O molecules, respectively). Each configuration
was replicated in space four times so that the replicated
configurations contained 200, 400, and 600 H,O molecules,
respectively. The replicated model systems correspond to 4
values of 5, 10, and 15, respectively. To ensure charge neutrality
in the 4-chain Nafion system with 40 SO;~ groups, 40 SPC/E>!
H,O molecules in each model were mutated to form 40 H;O"
ions.

The Q-HOP simulations of this work used exactly the same
implementation and parametrization as the Q-HOP method
described in the literature.’3” For details of the parametrization,
the reader is referred to the extensive online supplementary
materials of ref 36. Protons residing on 39 H;O" ions remained
fixed and were not allowed to hop during the entire Q-HOP
MD simulation. However, the proton residing on the remaining
H;0" ion was allowed to hop among the remaining H,O
molecules. The restriction of hopping of a single proton among
H,O0 molecules is the simplest extension of the vehicular
diffusion-only model. A similar restriction was also used in the
work of Petersen et al.'” This limitation can have an effect on
proton dynamics, especially at low hydration levels. By having
only one hopping proton, the influence of a proton hop on the
hopping of another proton, stepwise proton transfer, and
concerted proton transfer are ignored. Such processes can play
a significant role in proton transport under low hydration levels
and in confined environments.'”!'® Under the current Q-HOP
implementation in NWChem,*% the system temperature may
become unstable when simulating a system containing extremely
high concentrations of hoppable protons. In future work, we
will develop a more robust implementation of the Q-HOP
method to address this issue. Nevertheless, the simulations with
one hoppable proton shown here are not affected by such issues
so that the present simulations provide quantitative information

about proton transport in Nafion and relate it to water percolation
within the limits of available computational capabilities.

The configurations generated using the above procedures were
used as an input for Q-HOP MD simulations at 300 and 350 K.
Each configuration was equilibrated for 200 ps, and the final
structure obtained from the equilibration was used as an input
for a 2 ns Q-HOP MD simulation using the NPT ensemble.
Simulations of this length are not currently feasible with ab initio
molecular dynamics for this system. The interatomic forces
required for the Q-HOP MD simulation were computed using
the AMBER 99/GAFF force field.>>>* The leapfrog Verlet
algorithm>* was used as the integrator to solve the equations of
motion. The partial charges on the hydronium ions were —0.749
for oxygen atom and 0.583 for each hydrogen atom. The partial
charges and force field parameters for the Nafion membrane
have been discussed previously.”> The trajectories and proton
transfer information recorded during the course of the Q-HOP
MD simulation were used to compute dynamical properties like
residence times, rate constants, activation energies, mean square
displacement, and diffusion of protons and H;O™ ions.

III. Results and Discussion

The morphology of hydrated Nafion membrane and the
dynamics of H,O molecules and H;O" ions produced by
AMBER®>3 and SPC/E’' force fields using the NWChem**-°
code are comparable to the corresponding results obtained with
DREIDING* and F3C* force fields using the DL_POLY*
code. For instance, Figure 2 shows a “bridging” structure that
is obtained for A = 3 using DREIDING* and F3C.** H;O™ ions
are coordinated by multiple SO;~ groups and form bridges
between them. There is steric hindrance to the diffusion of H;O™"
ions. Thus, H,O molecules and H;O™ ions are bound to the end
of the Nafion pendant, which is not conducive to proton
transport. Such characteristic structures were also observed for
A = 3.5 using the AMBER>>? and SPC/E®! force fields. It is
important to point out that we did not impose the formation of
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Figure 3. Comparison of diffusion coefficients of (a) H;O" ions and
(b) H,O molecules obtained using two different sets of potentials.

complexes containing SO;~ and H;O™, for instance by starting
the simulation with such a configuration. The water molecules
and hydronium ions were allowed to migrate freely. In fact,
even at a low hydration level of A = 3, H,O molecules migrate
outside the first coordination shell of the SO;~ group from time
to time. Figure 3 compares the diffusion coefficients of H;O*
ions and H,O molecules using the DREIDING* and AMBER*
force fields for Nafion. There is general agreement in the data
except at the lowest A for H;O molecules and highest A for H;O"
ions. The general features of Nafion morphology and molecular
transport in Nafion membrane appear to be independent of the
models and codes used.

The changes in the structure of the aqueous phase in Nafion
with increasing hydration level can be understood by examining
the water network connectivity. Figure 4 shows the cluster size
distribution ng for A values of 3, 5, 7, and 9. For the purpose of
this analysis, isolated molecules/ions are also considered clusters
of size § = 1. ng is expected to obey a power law of the form

ng=CS" 3)

where C is a constant and 7 is 2.2 for three-dimensional
percolation. The power law corresponding to this exponent is
shown as a line in Figure 4. Since the curve tends to show a
peak at high values of S as we approach the percolation
threshold, only a limited range of values can be fitted to eq 3.
The broader the range, the closer one is to the threshold. For 4
= 3, we were able to fit the range from § = 3 to § = 31 with
T =2.9. For 1 = 5, we were able to fit the widest range in this
system from § = 2 to § = 199 with 7 = 1.6. The broad range
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Figure 4. Cluster size distribution ng for four hydration levels (1) in
Nafion. The line represents a power-law slope of —2.2 for three-
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Figure 5. Probability of finding a HO molecule or H;0" ion in a
cluster of a given size for various hydration levels (4) in Nafion.
Percolation occurs between A = 3 and 1 = 7.

of S values fitted shows that, of the values of 1 considered here,
5 is the closest to 4,.

The percolation threshold can also be studied by calculating
the probability, P., of finding H,O molecules and H;O™ ions in
a cluster of a certain size. Figure 5 is a plot of P, as a function
of A values from 3 to 20. We do not show the data for A = 1,
because all the data points are at (1.0,1.0). In other words, we
observed 40 different H;O" ions bound to individual SO5~
groups for every configuration. The representation of the system
using H;O" ions at 4 = 1 is an approximation, because the
proton is known to reside on the sulfonate group at such a low
hydration level.'*'* As in the case of ng, we see that P, decreases
monotonically for § > 10 in the case of A = 3, shows a peak at
a high value of S of 174 for A = 5, and shows a spike at the
highest possible S value for A from 7 to 20. From the trends in
P., we can conclude that 4, lies between A = 3 and A = 7. This
can be verified from the average number of clusters plotted as
a function of 1 in Figure 6. We observe an order of magnitude
decrease in the average number of clusters from 25.51 at A =
3to 3.73 at A = 7. It is worth noting that an isolated ion would
be considered a cluster in counting clusters, which is why the
number of clusters is 40 (equal to the number of H;O" ions) at
A = 1. Lu et al.* have reported an abrupt increase in the
dielectric constant of hydrated Nafion around 4 = 6. The present
simulations show that there is a drastic decrease in the number
of water clusters between 4 = 3 and 4 = 7, which provides an
explanation for the experimentally observed property changes*®
in terms of water network percolation.

The formation of a spanning water network for 4 > 5 can be
visualized in Figure 7, which presents perspective projections
of the membrane at various hydration levels. H,O molecules



13686 J. Phys. Chem. B, Vol. 114, No. 43, 2010

40 +
4
]
-
S 30
‘s A
)
2 20
£
]
c
S 10 |
g A
< 0 . ‘IA A A
0 5 10 15 20 25

Hydration level (1)

Figure 6. Average number of clusters in hydrated Nafion. Each isolated
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and H;O™" ions are shown (O in red, H in white) in ball and
stick representation, the SO;™ group is shown as a large yellow
bead, and the rest of the pendant and the backbone are shown
as a transparent surface. At a low hydration level corresponding
to A = 3, we observe isolated clusters. The spatial extent of the
clusters increases at A = 5, but the clusters do not percolate.
For A = 7, a large spanning cluster is seen. At the highest
hydration level shown (1 = 13.5), three-dimensional percolation
is evident. The representation of the membrane as a transparent
surface facilitates the visualization of water network connectivity
in the direction perpendicular to the viewing surface. As
discussed by Knox and Voth,® the SO;~ groups appear to play
an important role in percolation by penetrating the H,O clusters
and facilitating the aggregation of H,O molecules. The SO;~
end of the pendant is hydrophilic and extends away from the
rest of the membrane, which is hydrophobic, into the water
channels as seen in Figure 2. H,O molecules form dynamic
linkages between these hydrophilic domains. Our previous
simulations?’ have showed that the H,O molecules are highly
mobile. Thus, the percolating network is not a static entity, but
is made of diffusing H,O molecules that enable vehicular and
structural transport of protons.

The development of this percolation network can be further
analyzed in terms of the number of water molecules present in
the smallest and largest clusters. Figure 8 is a plot of the
probability of finding a H,O molecule or H;O" ion in the five
smallest possible clusters (S ranging from 1 to 5) and the five
largest possible clusters (S ranging from N — 4 to N) as a
function of hydration level. Lines have been drawn through the
data points to guide the eye. At A = 1 or 3, H,O is much more
likely to occur in the five smallest sizes than in the five largest
sizes. For A = 5, H,O is more likely to occur in the five smallest
than in the five largest clusters, but the combined probability
of occurrence in these 10 clusters is less than 0.1. Most of the
H,0 molecules are in intermediate sized clusters. As A increases
above 7, the largest size clusters become increasingly more
probable than the smallest. At 4 = 11, the combined probability
of finding a H,O molecule in 1 < § < 5 is less than 0.002,
while that of N — 4 < § < N is greater than 0.96. The crossover
between the two curves is at A = 5.5. On the basis of this
observation, we propose a new criterion for the detection of
the percolation transition, namely the crossover of the curves
corresponding to the probability of finding H,O in the five
smallest possible and five largest possible clusters. The choice
of five clusters is arbitrary. If the 10 largest and smallest clusters
are considered, the crossover is at A = 5.3. If the probability of
occurrence in the two smallest (S = 1 or 2) and two largest (S
= N — 1 or N) possible clusters are considered, the curves
crossover at A = 5.9. On the basis of this criterion, we can
conclude that percolation occurs between A = 5 and 4 = 6.
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In addition to the criteria discussed above, it is useful to study
the variation of the percolation probability (P,) and spanning
network probability (Ps) as a function of hydration level as
shown in Figure 9. Lines are drawn through the data points to
guide the eye. Both P, and P; are zero for A =1 and 4 = 3. P
reaches 0.99 at A =7 and is 1.0 at higher 4. P, lies between
0.99 and 1.0 for 4 = 9. By curve fitting, one can determine that
Py =0.95 is attained for A ~ 5.7. This value of 4, is consistent
with the preceding estimates. Another reliable measure of 4,
can be obtained by fitting the variation of Sy, with 4 to eq 2.
Figure 10 shows a plot of S, as a function of A from the
present simulation. For 4 < 4;, Spean increases with hydration
level, because larger clusters start to appear. Even after exclusion
of the largest cluster, the average cluster size increases. For 4
> Ap, Smean decreases with hydration level, because intermediate-
size clusters are increasingly absorbed into the largest cluster
and this large cluster is excluded from the calculation of Syean.
By fitting the entire range of A values to eq 2, we obtain A, =
5.93 and v = 1.42. Since we have more data points above 4,
than below, we also tried fitting only the points corresponding
to A = 7. This fit resulted in 4, = 5.90 and v = 1.81.

Table 1 lists the range of maximum cluster sizes observed in
2000 configurations for each value of 1 and sheds light on the
persistence of the percolation network. At A = 1, the H;O™" ions
are bound and only one cluster size (S = 1) is possible. At 1 =
3, the largest cluster size encountered during the simulations is
34. This is not a spanning cluster, because the system has 120
molecules. For A = 5 and A = 7, a persistent percolation network
does not form. The maximum cluster size can contain fewer
than half of all the molecules for some time during the
simulation, while spanning clusters do form at other times. This
is similar to the picture presented by Vishnyakov and Neimark?!
of transient bridges forming between large clusters. Our
simulations show that such behavior is encountered near the
percolation threshold. For 4 > 9, a spanning cluster is present
all the time. In this case, a connected water network permeates
through the Nafion membrane at all times. Such a network is
needed for effective proton conduction during fuel cell operation.

It is tempting to interpret the present results in terms of a
phase transition model that postulates a transition, from water
sorbed in the polymer matrix at low hydration levels to a phase-
separated system consisting of a large water cluster and the
polymer, as an energy barrier is surmounted. Oleinikova et al.*
have pointed out that the relationship between the percolation
threshold and the occurrence of any phase transition is poorly
understood. Gebel®® has argued, on the basis of continuous
evolution of small-angle X-ray and neutron scattering spectra
with increasing hydration level, that the percolation of the
aggregates of ionic groups and water molecules is not due to a
first-order transition. Our simulation also shows, as discussed
previously,?® that the separation into hydrophilic and hydro-
phobic regions is evident at all A values and is not brought about
by changes in hydration level.

A caveat about the present work and similar MD simulation
studies is that the relaxation time of the polymer is likely to be
longer than the 2 ns time scale of the present simulation as
indicated by Cui et al.* Brunello et al.”’ have stated that one
must bear in mind this limitation of insufficient sampling of
polymer chain conformations in simulations that run for only a
few tens of nanoseconds due to limited computational resources.
We must keep in mind that the proton dynamics and polymer
dynamics occur on completely different scales. In future, we
plan to systematically study the correlation of the chain end-
to-end vector in simulations that run for 100 ns and to coarse-
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Figure 7. Perspective projection of H,O molecules and H;O" ions in Nafion for hydration level of (a) 3, (b) 5, (¢) 7, (d) 9, (e) 11, and (f) 13.5.
SO;™ is shown as a large (yellow) bead. The backbone and pendant are shown as a transparent surface.

grain the force field to specifically study polymer conformations.
Nonetheless, the present results establish a mathematical basis
for the changes in electrical conductivity of Nafion membrane
with increasing hydration level.®

In an effort to relate proton transport that underlies conductiv-
ity to the evolution of the water network in Nafion, we have
used QHOP-MD and computed the dynamical properties of
protons and time correlation functions. Consider a population
operator, h(t), where i refers to any proton acceptor site (all

water molecules are proton acceptors). A population operator
hi(t) can be defined as follows:

h{(t) = 1 if the proton resides on acceptor site i at time t;

hi(t) = 0 otherwise.

We define a correlation function C(7), such that C(r) =
(hi(0)lh(1)), where () denotes a statistical average over all i sites
and over all configurations separated by time ¢. Figure 11a—c
represents the time correlation function [C(#)] corresponding to
the decay of the proton population operator, which also
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Figure 10. Mean cluster size (excluding the largest cluster) in Nafion
as a function of hydration level.

represents the lifetime of a proton on any given site. A
comparison of the decay of proton lifetimes in Figure 1la—c
shows that the decay is faster at higher hydration (1 = 15) as
compared to that at lower hydration (4 = 5) at 300 and 350 K.
For a given temperature, the decay times show that the proton
hops faster with increasing hydration. Further, at each level of
membrane hydration, the decay of the proton is faster at 350 K
than at 300 K. These results indicate that the structural diffusion
of protons increases with hydration and temperature.

We quantified this result by computing the mean residence
time (MRT) of the proton from the time correlation function
C(t). The MRT is obtained by representing the time correlation
function C(¢) as a single-exponential function exp(—#/fyr), where
twmr represents the MRT of the proton on a water molecule. The
natural logarithm of C(f) for various levels of membrane
hydration and temperature is displayed in Figure 11d—f. The
slope of a linear fit to this logarithmic function gives the MRT
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Figure 12. Proton mean residence time on a H;O molecule in Nafion
as a function of hydration level at temperatures of 300 and 350 K.

of the proton. It should be noted that log(C(¢)) is nonlinear for
short time scales (below 2 ps). This may be due to the
fluctuations arising from the inherent definition of the population
operator h(t). Hence, the linear fit was extracted over the time
period beyond the initial 2 ps.

Figure 12 shows the calculated MRTs of proton at 300 K
(diamonds) and 350 K (triangles). The MRT decreases by 2
orders of magnitude when A is increased from 5 to 10 at 300
K. The corresponding decrease at 350 K is by an order of
magnitude. The value of MRT at 300 K for A = 5 is very high.
The C(¢) in Figure 11a does not decay to zero in the time of the
simulation and statistical convergence of this quantity is poor
for £ > 40 ps at 300 K as compared to that at 350 K. This is
because the proton remains attached to an acceptor water
molecule for a very long time at 300 K, which was not the case
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at 350 K. A similar observation was also reported by Petersen
et al.'"” who suggested the “caging effect” of classical hydro-
niums at lower hydration level as a possible explanation. This
caging effect can be visualized in Figure 2. The decrease in
proton MRT with increasing hydration is due to the formation
of a three-dimensional percolating water network along which
proton transport can occur. Recently, tightly connected water
wires have been shown to facilitate proton transport towards
the entrances of proton pumping proteins.

The rate constants (k) for proton hop between H,O molecules
were determined from the MRT of the proton according to the
relationship k = 1/z. The computed rate constants at 300 K are
0.004, 0.152, and 0.345 ps~! for A = 5, 10, and 15, respectively.
The corresponding rate constants at 350 K are 0.039, 0.263,
and 0.556 ps~!, respectively. The experimental NMR rate
constant™® for proton transfer in bulk water at 300 K is 0.63
ps~L. Since the rate constants are inversely related to MRTs,
the rate constants increase with increasing hydration and
temperature. For illustration purposes, apparent activation
energies were computed using the Arrhenius equation, k =
exp(—Ex/RT), where E, corresponds to the activation energy
of the process of proton transfer from a H;O™ ion to a H,0
molecule. The activation energy computed for proton transfer
at A = 5 is ~9.5 kcal/mol. This high value of E, is due to the
small rate constant at 300 K, but may also be subject to limited
sampling. However, the activation energies computed at 1 =
10 and A = 15 are 2.3 and 2.0 kcal/mol respectively, and hence
only show an energy difference of ~0.3 kcal/mol. These values
are in good agreement with the activation energy for proton
transfer in bulk water estimated to be 2—3 kcal/mol.!* Since
we have computed rate constants only for two temperatures,
the calculated activation energies provide only a rough estimate.
Nevertheless, they provide us a good benchmark for a more
rigorous and detailed study on the kinetics of proton transport.
Better sampling is required to compute accurate activation
energies at low hydration and temperature.

We have also examined the mean square displacement (MSD)
and diffusion coefficients of the proton at A = 15. The MSD of
the proton could not be fitted to a straight line at A = 5 and 10,
indicating that our simulations were not sufficiently long to
observe steady-state diffusion at low hydration levels given the
long proton residence times. Therefore, diffusion coefficients
could not be reliably estimated at low hydration levels when
the level of solvation around a proton is small. A previous study
by Jang and Goddard* that used a similar approach to Q-HOP
MD had also reported proton diffusion in Nafion only for 4
=15. Their value is about 0.7 x 107> cm?/s. We estimated the
diffusion coefficient of the proton for A = 15 to be 1.1 x 107°
cm?/s at both 300 and 350 K. The qualitative features of MSD
at 300 and 350 K were found to be similar, which suggests that
proton transfer and transport mechanisms remained unchanged
within this temperature range. Our estimate is in general
agreement with the simulations of Jang and Goddard*’ and the
experimental conductivity measurements of Zawodinski et al.®
that yielded a proton diffusion coefficient of ~1.3 x 107> cm?¥
s. For comparison, the diffusion coefficient of an excess proton
in bulk water calculated by Q-HOP MD is 9.3 x 107 cm%/s
and the experimental value is also 9.3 x 107 cm?¥s.%

By performing a detailed percolation analysis of Nafion for
a large number of A values and relating the changes in water
network to proton transport, the present study has provided
quantitative information about the evolution of water clusters
in Nafion membrane with increasing hydration level. These
results shed light on experimental observations that indicate
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abrupt changes in the dielectric constant,* conductivity,® and
water uptake®® of Nafion around 1 = 6. Lu et al.*® performed
dielectric relaxation spectroscopy of Nafion 117 and interpreted
their results in terms of loosely bound water for 4 = 9. They
proposed that water molecules may reside in the hydrophilic
paths connecting the hydrated ionic clusters. The present
simulations reveal such a picture at high hydration levels and
point to the important role of the SO;~ group in facilitating the
connection between water clusters. At the same time, our results
show that near the percolation threshold the water in Nafion
segregates into bound water clusters that are transiently con-
nected by free and loosely bound water molecules. Our previous
work?® has quantified the relative proportions of bound, loosely
bound, and free water molecules and showed that the fraction
of free water increases with increasing A.

Laporta et al.* examined the structure of water in Nafion
membranes using Fourier transform infrared spectroscopy (FT-
IR). They suggested that the first H,O molecules (A < 2)
dissociate the SO;~ groups forming H;O™ ions, the next H,O
molecules solvate these ions forming water clusters of five or
six molecules, and that higher hydration levels lead to the growth
and aggregation of clusters and the formation of a continuous
water phase. The percolation threshold calculated in the current
simulation (A = 5 to 6) agrees excellently with the value
estimated from the experiments of Laporta et al.* Our previous
results®® have showed that the average distance from a S atom
within which another S atom can be found increases from 5.3
to 6.5 A, the average number of H;O" ions within the first
hydration shell of the SO;~ group decreases from about 2.5 to
about 1.1, and the average H,O molecule moves out of the first
hydration shell of the SO3;~ group as A increases from 1 to 7.
When viewed in light of the above results, the present
percolation and proton-hopping analysis sheds light on the
dynamical processes underlying the formation of the water
network in the complex chemical environment of a fuel cell
membrane. This study has presented a rigorous protocol for
comparing water uptake and conductivity of different mem-
branes, and to make predictions about proposed membranes.

IV. Conclusions

We have used percolation analysis following classical mo-
lecular dynamics simulations to examine water clustering,
connectivity of clusters, and persistence of spanning clusters
as a function of hydration level in Nafion membrane. We have
also used quantum hopping (Q-HOP) molecular dynamics
method to compute the mean residence times (MRTs), rate
constants, and activation energies for proton transfer. At low
hydration levels (A < 5), clusters of water molecules and
hydronium ions are isolated from each other and proton
residence time on a water molecule is about 220 ps at 300 K.
The average number of clusters decreases from more than 25
for A = 3 to fewer than 4 for A = 7. Multiple SO;~ groups
confine the H;O" ion. Vehicular proton transport is hindered
by steric hindrance and long-range structural transport is not
possible due to the lack of connectivity of H,O molecules.

Water network percolation occurs between A = 5 and A = 6
in agreement with estimates based on infrared spectroscopy
experiments. This threshold was determined on the basis of
multiple criteria. In fact, we have proposed a new criterion for
detecting percolation based on the relative probabilities of
finding water molecules in the smallest and largest clusters. Near
the percolation threshold, clusters are linked from time to time
by mobile H,O molecules, so that transient spanning clusters
form and disappear. At high hydration levels (1 > 9), a persistent
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spanning cluster permeates the membrane and creates water
channels along which the proton can hop. At high A, the proton
residence time on a H,O molecule drops by 2 orders of
magnitude from the value at low 4 to a few picoseconds. Our
Q-HOP simulations show faster proton transfer with increasing
hydration and temperature. At higher hydration, the faster proton
transfer is due to ease of solvation of the proton, whereas at
higher temperatures, protons are more mobile because thermal
effects generate a larger number of favorable proton transfer
geometries. At high A, the rate constants approach that of proton
transfer in bulk water. The proton diffusion coefficient for A =
15 at 300 K is about 1.1 x 107> cm%s in good agreement with
experiment. The understanding of water percolation and dynam-
ics of proton transfer generated by this work could help in the
design of future polymer membrane materials that have lower
uptake of water and yet offer faster proton transfer and transport.
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