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Dynamics of H,O and Na' in Nafion Membranes
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We investigate the transport properties of a model of a hydrated Na-Nafion membrane using molecular dynamics
simulations. The system consists of several Nafion chains forming a pore with the water and ions inside. At
low water content, the hydrophilic domain is not continuous and diffusion is very slow. The diffusion coefficient
of both water and Naincreases with increasing hydration (more strongly so for)N&he simulations are

in qualitative agreement with experimental results for similar systems. The diffusion coefficient is an average
over the motion of ions or water molecules located in different environments. To better understand the role
of the environment, we calculate the distribution of the residence times of the ion (or water) at different
locations in the system. We discuss the transport mechanism in light of this information.

I. Introduction Il. Simulation Details

We model the Nafion membrane using molecular dynamics
with an AMBER FFO2EP force-fieR and the partial charge
scheme of Vishnyakov and NeimatkTo mimic the macro-
scopic membrane we place 12 Nafion strands (Nafion-1166)

Nafion is a polymer electrolyte membrane (PEM) made of a
polytetrafluoroethene (PTFE) polymer with perfluorovinylsul-
fonic acid side chains. The PTFE backbone is hydrophobic while
the acid group on the side chain is hydrophilic. When hydrated,

the polymer aggregates to form hydrophobic and hydrophilic
domains. Proton conduction, which is very high in this material,

takes place through the hydrophilic channels. This, combined

with Nafion’s excellent resistance to oxidation or reduction,
makes it one of the foremost proton conducting polymer
membranes for methanol or hydrogen fuel céits.

In a recent paper we examined the morphology of-Nafion
membranes using molecular dynamics simulatfovge found
that at 5 wt % hydration, the S8a groups aggregate with the
water to form very small droplets B A) with several S@"
groups in the first solvation shell of NaAs the amount of
water is increased, the membrane swells angN&Q@lissociates
into ions. The side-chains preferentially line up along the domain
wall with the SQ groups pointing into the hydrophilic phase.
This observation supports qualitatively models in which the
negative ions are located on the wall of the donfaifhe
swelling is accompanied by a transition to a percolating
hydrophilic network consisting of irregular, curvilinear water
channels (16-20 A in cross-section) permeating the membrane
in all directions. At the highest loading we have considered (19
wt % water), a water molecule exhibits a much broader
distribution of nearest neighbors than expected in liquid water;

sometimes we found that a water molecule can have as many
as eight water molecules next to it. These findings are consisten

with those of other Nafion simulatiorfs!*
In this article, we examine Naand water transport through
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within an orthorhombic cell with variable amounts of TIP4P
watef! and subject the contents to periodic boundary conditions.
Charge-charge interactions are modeled by using Ewald sums
for the infinite periodic array of orthorhombic cells. Bond
lengths are constrained using the SHAKE algoriffallowing
us to take femtosecond time steps even though vibrating H atoms
are present in the system. The water loadings we examine are
5, 7, and 19 wt % water; which correspond to 3.4, 7.3, and
14.5 waters per S£group; there are 72 SQyroups and the
number of water molecules is 244, 524, and 1044, respectively.
Other details regarding system preparation are given in our
previous paper.

To characterize the transport properties of the system we
calculate self-diffusion coefficients according to the Einstein
formula,
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t’I’he angular brackets denote an equilibrium ensemble average,

and the vectoR(t) gives the position of the center of mass
for the species of interest (Nar H,O). If D is evaluated by

the sodium salt of Nafion. We do not consider proton transport performing the average over all the molecules (or ions) in the
since this requires special potential energies, including quantumsystem, we obtain a global diffusion coefficient. This is what
effects’>1® Our main concern here is the manner in which would be measured in an experiment monitoring the ion or water
mobility is shaped by the morphology and by the degree of flux across the membrane. However, this system is highly
hydration of the membrane. inhomogeneous and a “global” average hides much of the
dynamics. Because of this, we also examine the local properties
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Figure 1. Mean-squared displacements of water in three Nafion-1166 rjq,re 2. Same as Figure 1 but for NaThe diffusion coefficients
membranes: one with a 19 wt % water content, ondit7 wt % based on data after 50 ps, are 2:08.0°2° m?s, 0.87x 1010 m2/s

water content, and one wiita 5 wt % water content. The diffusion 10 12
_ ' and 0.27x 10719 m?s for 19, 7, and 5 wt %wvater.

coefficients are 9.10« 1071° m?/s, 4.30 x 1071 m?/s, and 1.76x x
10719 m%s, respectively (using only data from after the onset of
approximate linearityt > 50 ps). | |

We distinguish two processes that can contribute to the
residence time. Because our hydrophilic domain is a liquid and X
the potential binding the particle in a certain region may not be Figure 3. The rectangular two-dimensional box used in the simulations

deep, it is possible to have particles that crisscross the regionshown in Figure 4.
boundary, early and often. These contributerfgt) at short

)

For this we divide the space in micro-regions and determine
the probabilityz(t)dt that the speciea that was located in a
region j at time zero, leaves it at a time betweendt + dt.

times. To display this behavior, we collect the histogranpf ' '
(t) in bins of logarithmically increasing width, and plot it against 800
log(t). This “stretches” the time scale for short times and ]
compresses it for long times. 0
If the process by which a particle leaves a certain region is § 600 - -
governed by a first-order rate equation, the residence time E
distribution will have the form =
E 400 - -
7(t) = kexp(—kt) @ = ]
where k is the rate constant (the reciprocal of the mean residencefi; 200 |- -
time). We find that this is not the case in the system examined
here. i
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Ill. Results
III.l..GIobaI Dlﬁgﬂgn' .The mea;]n square d.|§p|afcem?nts of Figure 4. Mean sq_uared _displacement of a particle_ (top to bottom):

H0 (Figure 1), and Na(Figure 2) show a transition from faster  feaiy allowed to diffuse in 2D; allowed to diffuse in a rectangular

quasi-diffusive motion at short times to slower diffusion at gpace with reflecting boundaries; and in a rectangular space with side

longer times. This is expected in any system where motion is chains pointing inward (Figure 3).

hindered by traps. The curves in Figures 1 and 2 have become

almost linear at > 50 ps, although the system with 5 wt % model is an infinite plane. In the second, the lattice is enclosed

water continues to show trapping effects beydr 200 ps, in a long rectangle. In the third, we added to the rectangle

meaning that the reported diffusion coefficient is overestimated. vertical, impenetrable obstacles (see Figure 3) to mimic trapping
For the 7 and 19 wt % water systems, the diffusion coefficient by the side chains. Hopping is a random Poisson process, and

at longer times is approximately that of itst = 0 limit. This the rate (for hopping to any allowed site) is the same in all

is consistent with a transition from a three-dimensional diffusion
at short times, to effectively one-dimensional diffusion as the
diffuser starts to sample the nonuniformity of the hydrophilic

three simulations.
The mean-square-displacement curves for these systems are
shown in Figure 4. At short times the mean-square displace-

phase and finds that diffusion is only possible along the channel. ments in the three systems are the same. Very few random

To better understand this transition we experimented with walkers in the simulations have a chance to run into the borders
three simplified models to test the validity of this interpretation. or the vertical obstacles in the system; they diffuse as if these
Each contains one particle hopping on a 2D lattice. The first obstacles do not exist. At longer times, the walker feels the
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Figure 5. The diffusion coefficient for HO in Nafion as a function
of the number of water molecules per sulfonic group. The diamonds

Figure 6. Calculated self-diffusion coefficient of Naas a function
of the hydration of the Nafion membrane.

are the results of our calculations, based on several sets of data for

both Nafion-1144, and Nafion-944, from different starting configura-
tions. The circles are results of several NMR experiménts.

effect of the boundaries and the vertical obstacles and this slows
it down.

Figures 1 and 2 show that an increase in the hydration level
leads to an increase in the mobility of both@®and N&. Three
factors are likely to be responsible for this trend. First, at low
hydration levels (and hence higher ion concentrations), both Na
and KO are more strongly influenced by the $@hich binds
effectively to both species. Second, as the wt % of water
increases, the high dielectric constant of the water helps to screer
charge-charge and chargalipole interactions, making it easier
for the species to move. Third, as the water volume increases
there is enough water to solvate most™Nans and this favors
the dissociation of SéNa and the hydration of the Nidon in
the center of the channel. Once dissociated th& das are
more mobile.

In Figure 5 we compare our predictions for the self-diffusion
coefficient of water, with experimental values (using pulsed field
gradient NMR) reported in a recent review by Kreuer et al.
The simulation is in good agreement with the data; however,
both the experimental meth&dand the simulation are limited
to investigation of short time and length scales.

In Figure 6 we show the self-diffusion coefficient for Na
as a function of hydration. Nadiffusion is slower than that of
water, and its diffusion rate increases with hydration. Experi-
ments on related systefis?’ give D for Na" to be~1—2 10710
m?/sec, at moderate hydration levels, similar to the values seen
here. At 5 wt % hydration in Nafion-116Byate/Dna = 8, at
19 wt % wateDyate/Dna = 5, and at 95 wt % wateDyate/Dna
= 2.4. The ion mobility increases more rapidly with the degree
of hydration than the mobility of water. This is easy to
understand, since at low hydration levels the"Nans tend to
coordinate with the sulfonate groups. An analysis of the terms
contributing to the total energy shows that as the water content
increases the average NHafion electrostatic interaction
diminishes. This reflects the fact that, because of solvation, the
Na" move into the bulk of the hydrophilic phase. The large
dipole moment of water screens the interaction of these ions
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Figure 7. Diffusion in a very dilute Nafion salt solution (four
monomers with 21 600 water molecules). Shown are mean-square
displacements for all water molecules, and considering only those water
molecules within 4.5 a3 A of the Nafion.

with the SQ~ charges which tend to be located along the
domain walls.

111.2. Local Diffusion of H ,O. The diffusion coefficients
calculated above conceal a lot of information regarding micro-
scopic dynamics, since all water molecules, or"Nens, are
lumped to produce one number, D. One expects that the behavior
of a sodium ion located near a $@roup is rather different
from that of a fully solvated ion in the middle of the channel.
Different locations ought to lead to different behavior. To
investigate these differences we look at the diffusive behavior
of these species at different locations in the hydrophilic channel.
We do this by defining a region of interest and collecting
statistics for atoms or molecules that inhabit that region. Here
we look at the regions around sulfonate head groups, the regions
abutting the hydrophobic Teflon backbone, and those around
the Na ions.

In Figure 7 we show the mean-square displacement,@f H
diffusing in a 0.0002M Nafion salt solution. By collecting
statistics for only those water molecules that reside within a
given distance (3 or 4.5 A) from the F atoms of Nafion, and
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Figure 8. Mean-square displacements for different types of water in time (ps)

Nafion-1166 at S wt % hydration level. F-Ow and OSO-Ow refer to  Figyre 9. The residence time distributiongt), for water molecules
water molecules within 4.5 A of the F atoms of the backbone and the \ithin 4.5 A of the O atoms in a sulfonate group, and within 4.5 A of

O of a sulfonate group, whilell water is the average mean-square  the domain wall (i.e., fluorine), in the system with 5 wt % water. The
displacement of all waters in the simulation. normalization ensures an exit probability of 1. The distribution of a
Poisson process with a time constant of 20 ps is shown for comparison.
comparing their statistics with bulk water, we find that the water
molecules near the Teflon wall diffuse more slowly. A
comparison of the slopes of the mean-square displacement
curves, shows that water in the vicinity of the wall diffugés
as fast as bulk water.

In Figure 8 we show the mean-square displacement of water
molecules near the Teflon wall, water molecules neas &l
the average displacement for the water at all locations, for
Nafion-1166 at 5 wt % hydration. Water located in the
neighborhood of S©is less mobile than water molecules
abutting the hydrophobic Teflon backbone. This is consistent
with the observation that the average watdafion interaction
energy decreases with increasing hydration. The water near the
pore boundaries has a smaller diffusion coefficient than that
found when we average over all molecules in a channel.

This also shows that the water molecules in the middle of
the channel are mainly responsible for the total water diffusion.
By increasing the amount of water, we increase the number of
bulk-like water molecules that contribute to diffusion in Nafion. ! .
This is the main reason why water mobility increases with the ' 10 100 i 1000
level of hydration of the membrane. time (ps)

To verify this interpretation, in Figure 9 we show the
residence time distribution for water molecules near the domain
wall, and compare it to the distribution for the water molecules
located near an S{Ogroup (still in the system with 5 wt %  here. First, as the amount of water in the membrane is increased,
water). An exponential distribution is also shown for comparison charge-charge interactions are screened more effectively,
(with logarithmic time bins, see Sec. Il). These histograms show making it easier for the Naions to escape from a given $O
that the departure of a water molecule from one of these two group. Second, as the membrane swells, due to increased
regions is not described by a simple rate law. The most likely hydration, each Naion has fewer S@groups in its immediate
time for water to leave a certain region is 13 ps for water near vicinity. The average number of 3Qroups in the first solvation
the domain wall and 30 ps for water near a sulfonate group. shell of Na  goes from 2.5 at 5 wt % to 0.5 at 19 wt %. But
This is consistent with the water-sulfonate group interaction even at 19 wt %, 25% of all Naions are bound to two or
being more attractive. These results may be compared with themore SQ groups, thus making temporary cross-links between

Figure 10. Same as Figure 9, for Naions within 4.5 A of the O
atoms in a sulfonate group, at 19 and 7 wt % hydration.

departure of water from the first solvation shell of Nia bulk different side-chains.
water, which is a Poisson process with a time scale-t The multi-modal distributions are most likely due to the
ps?8 appearance of cross-linking, where Nimns that have more

I11.3. Local Diffusion of Na™ In Figure 10 we plot the than one S@group in the first solvation shell. Those Nans
residence time distribution for the Ndons near a sulfonate  with two or more SQ groups in their immediate vicinity will
group. Here, we see a dramatic decrease in the most-likelyhave a much harder time escaping into the bulk of the channel,
residence time with increasing hydration, going from 170 ps at and so they will exhibit longer residence times. At 5 wt % cross-
7 wt % to 22 ps at 19 wt %. Two related factors are important linking is so prevalent that only a fraction of the Nsns leave
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within the simulation time, thus making the assessment of the positive ions. A low hydration level in any region of the
residence time inaccurate. For this reason, we do not show themembrane will lower ion mobility; thus water management is
5 wt % data in Figure 10. The dramatic decrease in the residencean important factor in controlling the performance of the
time of the N& as a function of hydration explains why Na  membrane.

diffusion is much more sensitive to the level of hydration in Our results largely agree with experimental measurements
the membrane than is the diffusion of water. in related systems. The;® and N4 diffusion coefficients are
Notice also, that although the residence times for Near slower in the Nafion channels than in bulk water by about a
S0O;, at 7 wt % and 19 wt % water, differ by a factor of nearly  factor of 10. This is due in part to the large concentration of
10 (Figure 10), the diffusion coefficients differ by only about a jons and the confinement caused by small channel size. Since
factor of 3 (Figure 2). This indicates that the diffusion is nota the system is inhomogeneous, diffusion is a superposition of
Poisson process consisting of hops from one; $®up 10 contributions from different local environments. Separation of
another (if that were the case then the two numbers would {hese shows that the mobility is mainly due to those ions and
match), but rather there must be a significant unbound fraction yaters (if any) that areot trapped by either the hydrophobic
of Na* which contributes most to the mobility. The shape of walls, or by temporarily forming Sg)a groups. As the amount
the residence time curves also differs qualitatively from that of water is reduced, the Nadiffusion slows down more than

expected for a Poisson process (shown in Figure 9). does HO diffusion because of the additional tendency of Na
This apparently results from a variety of local environments 4 pa trapped by S©groups.

of the Na' ions. If a N& ion has only a few water molecules
nearby, it is less likely that a solvent-separated ion pair will
form, and the SENa pair remains trapped for a longer time.
The rate-limiting step for breaking up this pair will be the arrival
of enough waters, which is a diffusion-limited process and
probably does not obey a simple rate law. A distribution closer
to an exponential would have been obtained if altS®pairs
had identical environments; but the $@oup itself offers more (1) Kreuer, K. D.J. Membrane Sci2001 285 29.

than one binding site to the Ndon, apart from the number of gg ’:/llgﬁltittl‘z,GK.t st&gé?é’MRéngthﬁ "R/':t%rboieiggofsggi 129.
waters present, which produces some intrinsic spread in the  (4) Kreuer, K. D.; Paddison, S. J.; Spohr, E.; SchusterCkem. Re.

Na—O residence times. 2004 104, 4637.
(5) Blake, N. P.; Petersen, M. K.; Voth, G. A.; Metiu, 3.Phys. Chem.
B 2005 109, 24244.
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