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A molecular dynamics simulation study of hydrated Nafion at water contents ranging from 5 to 20 wt % was
performed to examine the structure and dynamics of the hydrated polyelectrolyte system. The simulations
show that the system forms segregated hydrophobic regions consisting primarily of the polymer backbone
and hydrophilic regions with an inhomogeneous water distribution. We find that the water clustering strongly
depends on the water content. At low water content, only isolated small water clusters are formed. As the
water content increases, it becomes increasingly possible that a predominant majority of water molecules
form a single cluster, suggesting that the hydrophilic regions become connected. We characterize the atomic
structures formed within the system by various atomic pair correlation functions. The water structure factor
shows a peak aj values corresponding to an intercluster distance about 2.5 nm and greater. With increasing
water content, the distance moves to larger values, consistent with findings from scattering experiments. We
find that the degree of solvation of hydronium ions by water molecules is a strong function of water content.
At 5 wt %, a majority of the hydronium ions are hydrated by no more than two water molecules, prohibiting
structural diffusion. As water content increases, the hydronium ions continue to become increasingly hydrated,
resulting in structures capable of forming eigen ions, a necessary step in structural diffusion. Addressing the
experimentally observed fact that conductivity in these membranes abruptly drops near 5 wt %, we find that
both the local structure of the poorly hydrated hydronium ions and the disconnected nature of the global
morphology of the water nanonetwork at low water content should contribute to poor conductivity.

I. Introduction range organization of the pores remains an open question.
Spherical cluster formation is also assumed in the three-phase

Proton transport through polyelectrolyte exchange membranesqde| of Yeager and Ste€kyhich consists of the fluorocarbon,
is an important practical issue in fuel cell design. In recent years, o side-chain interface, and the water phases. Central among

there has been an increased interest ?n understanding th&ne models is the formation of water clustétsess clear is how
fundamental processes of proton transport in these membranes. the clusters connect and form a continuous network to ac-

Many prerimental studies, including neutron _scatteri_ng, X-ray complish the transfer of protons.
scattering, and other methods, have been carried out in attempts
to understand the transport processes from structural and
dynamical perspectivés2 In hydrated Nafion membranes, the

morphology of the membrane consists of segregated hydropho-, - ) )
bic (consisting of the backbone of the polymer) and hydrophilic its connectivity has not been attained. For example, Vishnyakov

(consisting of water and the charged side groups of the polymer) and Neimark® studied \(/)vater clustering for hydr_ated Nafion and
regions. However, despite the abundance of literature on thefound that at 12.5 wt % water and a cutoff distance of 4.5 A,

topic, there still does not exist a clear consensus on the the agueous subphase consisted of disconnected clusters of about

molecular-level morphology of hydrated Nafion and its depen- 100 molecules in size. On the basis of the observation, the
dence on such parameters as degree of hydration. The morphol@uthors suggested the water and ion transport is accomplished

ogy of the latter structure is closely related to the proton-transfer PY short-lived dynamic bridges instead of the channels between
process. clusters. In contrast, Urata et“@lstudied the morphology of

the hydrated Nafion membrane and found using the same cutoff
nfhat a continuous aqueous phase existed at 10 wt % hydration.
These authors, however, did not report the distribution of the

organizes into spherical clusters-e8—5 nm in diameter, which ~ ClUSter size. In this study, we investigate the hydrated Nafion
are connected by cylindrical channeld nm in diameter. In membrane mo_rphology with a quantitative cluster size distribu-
the three-dimensional model of Tovbin and Vasyaféi#?the tion as a function of water content.
sulfonate groups of the polymer organize into bilayers, which ~ For the bulk aqueous solution, there has been significant
form pores where the water clusters reside. However, the long-progress toward understanding the proton transport process
through both experiment and quantum mechanical computational
*To whom correspondence should be addressed. E-mail: scui@ Studies. It has been generally established that the Zundel ion
utk.edu. and Eigen ion complexes induced by proton sharing in aqueous
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In recent years, a number of molecular simulation studies of
hydrated polymer electrolyte membranes have been publisfes;
however, a clear picture regarding the cluster morphology and

On the basis of experimental findings, various mod@l&32
have been proposed to describe the proton transport mechanis
In the cluster-network model of Gierke and Hstiwater
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solutions significantly enhance the proton transport prdééss  on different molecules also interact via nonbonded interactions,
via the Grotthuss Mechanistd,also referred to as structural including the Lennard-Jones and the electrostatic (between
diffusion, proton shuttling, and proton hopping. These works charged sites) interactions.
indicate the critical importance of the local hydrogen bonding  The water is modeled using the TIP3P m&@et with a
between the hydronium ions and water molecules in facilitating flexible OH bond?® The model for hydronium ions, 40, is
the transport of protons in bulk aqueous systems. similar to that of Urata et & In particular, the partial charges

In Nafion membranes, proton hopping can still take place, for the oxygen and hydrogen atoms are taken from Urata et
but the bulk water mechanism is perturbed by a lack of a 342 The bond distance, bond angles, and the force constants
bulklike water structure. It is known that proton transport are the same as in the TIP3P model and are from refss53
strongly depends on water content, perhaps as a result of watefy, the calculation of nonbonded interactions, the Lennard-Jones
cluster formation and the increased probability of Zundel and yieraction is treated using a cutoff distance of 10 A. The
Eigen ion formatiort:? Itis thus clearly important to understand oo crostatic interaction is treated with a sitsite reaction field
the local structure of the hydronium ion hydration and the global |\ <ihod that has been proven to be accUiatin this method

strutctt_Jrle o:‘:wa:ﬁ_r clgster formatl_oré N tthe Nlafloln m(fmbfa_”e the Coulombic interaction between charged sites is calculated
materials. For this aim, we carried out molecuiar dynamics g 5 distance of 10 A, and the reaction field contribution is

ﬁ|rgu(|)at.|ons'(;)n sgﬁgemstgoql\sllstén% Of gag%zg.)llﬁgel: ((:ihgl;%s, treated with a uniform background counter charge. This method
ydronium lons, water. xamine | ! YOration ,as been demonstrated to be accurate for modeling aqueous

of the polymers and the hydronium ions and the formation of ;i "s1,tion<657 We have chosen to use a relatively short

water clusters. We discuss in this context the implication of Nafion polymer (3 monomers as compared to, for example,

the hydronium hydration on the possibility of the formation the : .
Zundel and Eigen ion complexes. By examination of the cluster 10 Monomers in _Urata_ et &f pecause the fluorl_nated backb_one
of Nafion makes it a stiff polymer. As a result, it has a relatively

distribution and the dependence on the degree of hydration, Welong relaxation time compared to a hydrocarbon of the same

hope to shed some light on the issue of cluster networks and o . X .
connectivity in polyelectrolyte membranes. backbone Ien_g;h, which increases dramatically with cham_length.
Because of finite computational resources, we cannot simulate

In short, while the hydrated Nafion system has been f laxation ti f | ith t
extensively studied, the contribution of this work is to provide or even one refaxation ime of a polymer with ten monomers.
Faced with this fact, one must make a choice between

a comprehensive analysis of the global morphology and the local fici i fal hai d liabl
structure and describe the consequences of these configurationg‘SLI |Iqentfsamt|]3 Ing Oh a o(r;ger ﬁ amn an (rjncl)reh reﬁl €
on both the vehicular and structural diffusion of hydronium ions. sampling of a shorter chain. Our choice to model the shorter

The various measures that are evaluated in this manuscriptch@in is based on the approach that the model necessarily
include configuration snapshots, pair correlation functions, @PProximates reality, but the method should be reliable and

structure factors, cluster histograms, hydronium ion hydration "€Producible. Regardless, we have thoroughly compared our
histograms, hydronium ion hydration lifetimes, and mean square results with published simulation work, such as that of Urata et

displacements. al.*2to determine the effect of chain length, before we decided
that 3 monomers was adequate.
Il. Molecular Models and Method In this study of hydrated Nafion, we included 64 polyelec-

trolyte molecules (192 monomers) and 19204, which are
required to neutralize the charges. We examined the properties
of the system for water contents of 5, 10, 15, and 20% of the
(CFy-CFy),-CECF Nafion polyelectrolyte, which correspond to theatio (defined
| as the number of water molecules to the number of SfPoups)
OCF,-CF-OCF,CF,-SO3 of 3.44, 5.42, 8.63, and 11.83, respectively. This resulted in
|CF 660, 1040, 1656, and 2272 water molecules, corresponding to
3 7932, 9072, 10920, and 12768 total interaction sites in the

) ] simulations. The densities and water contents were chosen based
The monomer unit of the molecule consists of a backbone on experimentally measured valUésFor the four levels of

of CFx groups and a side chain with two ether linkages ending ,y qration, the experimentally determined overall densities of

in a sulfonate group. In our simulations, the polyelectrolyte the system are 1.95, 1.87, 1.80, and 1.74 §/exh simulations

molecules are composed of three monomers. Thus, eachere’carried out at a temperature of 300 K, and the production
molecule has 3 side groups and 48 xC§roups along the runs were at least 2 ns in length

backbone. The backbone is terminated bys QFoups at the . ) . .
¥ QFoup We carried out constant NVT simulations for this system.

ends. . . . .
we used the united atom model The equations of motion were integrated using the r-RESPA

For computational efficiency, hod® with 2 i £201s for the | . d
for all CFx groups in the Nafion polyelectrolyte molecules. The method® wit a time step of 2. S or the large time step an
0.4 fs for the intramolecular motions. The temperature was

potential model for Nafion has been published in previous 2 i
studies by other autho?&37.435953 Consistent with the united maintained at a constant value using the Neldeover
atom model for the Cfgroups, we used the Lennard-Jones thermostag®©2

parameters developed for the Cgroups by Cui et a%51 The The initial configurations were created by placing molecular
backbone does not carry electric charge and interacts only viacenters of all the molecules in the system on cubic lattice points
Lennard-Jones and intramolecular interactions. The bond lengthswithin the simulation volume. All the atoms were initially given
bond angles, and partial charges for the side group are given inzero size by setting their corresponding Lennard-Jones param-
ref 37. The force constants for bond stretching and bond angleeters to zero. A molecular dynamics simulation was performed
bending are taken from Gejji et &.and Cornell et a?® The for 10 000 time steps in which the Lennard-Jones size param-
torsional potential is from ref 43. Intramolecular sites on the eters were gradually increased to their full values. In this way,
same molecule separated by more than three bonds, and sitemitial configurations with non-overlapping atoms were created

The chemical formula for a monomer of the Nafion poly-
electrolyte molecule 4§
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Figure 1. (a) Snapshot of the configuration at 5% water content at the end of the production run. GgayroGps; orange, sulfur; red, oxygen
atom of HO or SQ~; green, oxygen atom of 4@*; white, hydrogen. (b) The same as (a) but at 10% water content. (c) The same as (a) but at 15%
water content. (d) The same as (a) but at 20% water content.

efficiently. Equilibration using these initial configurations was Figure 1, we show the snapshots of typical configurations of
then carried out for at least 2 ns before any production runs the hydrated Nafion for water contents of 5, 10, 15, and 20%,

were begun. respectively. These snapshots generally confirm the hypothesis
) ) that the hydrated Nafion is segregated into hydrophobic and
lll. Results and Discussion hydrophilic regions. The hydrophobic regions are constituted

In this work, we examine the structure and dynamics of by the backbones of the Nafion polymer, and the hydrophilic
hydrated Nafion. The various measures that are evaluated infégions are constituted by water molecules and the hydronium
this manuscript include configuration snapshots, pair correlation ions, as well as the head group of the side chains. The figures
functions, structure factors, cluster histograms, hydronium ion clearly show that the sulfonate groups tend to be located at the
hydration histograms, hydronium ion hydration lifetimes, and interface between the clusters and the hydrophobic regions. The
mean square displacements. We begin the discussion withhydronium ions, as displayed in green, are essentially always
snapshots of equilibrated configurations. In partsdaof associated with water molecules. (See Table 1 for the average

TABLE 1: Hydration Number around Various Atomic Groups

hydration number for different water content

atomic types distance 5wt % 10 wt % 15wt % 20 wt %
sulfur—0O of H,O 0-5.0A 5.47 6.87 7.68 8.19
sulfur—O of HsO™" 0-4.8A 1.71 1.26 1.14 0.89
O of S -0 of H,0 0-4.0A 2.38 2.96 3.23 3.42
O of S~ —0 of H;O" 0-35A 0.55 0.39 0.36 0.27

O of HO"—0 of H,0 0-3.2A 2.25 2.76 2.97 3.15
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Figure 2. (a) The pair correlation function between the oxygen of the sulfonate group and the oxygen of water molecules. Solid line, 5%; dotted
line, 10%; dashed line, 15%; and dash-dotted line, 20% water content, respectively. (b) The pair correlation function for oxygen of the sulfonate
group and oxygen of hydronium. Line types are the same as in (a) for various water contents. (c) The pair correlation function for sulfur of
sulfonate group and oxygen of water. Line types are the same as in (a) for various water contents. (d) The pair correlation function for sulfur of
sulfonate group and oxygen of hydronium. Line types are the same as in (a) for various water contents.

hydration number per hydronium ion). Visual inspection peak corresponds to the closest contact (the first hydration shell)
suggests that at low water content, 5% by weight, the water between the oxygen atoms. The second peak corresponds to
molecules are dispersed as clusters of a few water moleculeshe second hydration shell. For the first peak, its magnitude for
and the connectivity between the clusters is poor. As the water HsO" is more than twice that of water. This can be explained
content increases, the cluster size increases, as does they the strong electrostatic interaction between the positively
connectivity. We defer more detailed quantitative analysis of charged HO' and negatively charged sulfonate oxygen. There
the clusters to section III.6. is also a second peak between the oxygen of the sulfonate group

We next present various pair correlation functions (PCF) in and the oxygen of D™, corresponding to the oxygen atoms
the hydrated Nafion system. These pair correlation functions of the two groups being separated by a layer of water molecules.
are important for several reasons. They provide information on The existence of the second hydration peak between the sulfur
polymer configuration (SS correlations), on hydration of and the HO"™ suggests that the hydronium ions are not
the sulfonic acid group (SOn,0), on the water network  completely bound to the sulfonate groups at all times, even
(On,0—0n,0), and on the hydration of hydronium ions though they are oppositely charged. Solvent separation of the
(Ons0+—Ow,0). This last PCF is particularly interesting since hydronium and sulfonate ions have been previously suggested
proton motion via structural diffusion is closely tied to the from statistical mechanical models of proton transport in
hydration structure of the hydronium ion. Nafion®364 Solvent separation has also been observed in

We note that previously, Urata et @&lstudied the sulfur guantum mechanical calculations of hydrated NaffoSimilar
sulfur, sulfur-water, waterwater, and ether oxygerwater solvent separated ion pair second peak was observed in previous
correlation functions. In this study, we conducted a more MD work.**In ref 44, it is suggested that it is essential to have
extensive examination of the atomic pair correlation functions a reactive potential in order to describe solvent separation. In
in order to gain insight into the structure of hydrated Nafion this work, we do not have a reactive potential and we observe
membranes, and in particular, we examined the sulfenate solvent separation. We do not observe the “artificial peak”
hydronium and waterhydronium correlation functions. These attributed to nonreactive potentials cited in ref 44. The hydro-
additional PCFs shed some light on the structural characteristicsnium ion can dissociate from the sulfonate group and is
of Zundel and Eigen ions, which are essential for proton transfer. surrounded by water molecules.
Where possible, we have compared our PCFs with those of The correlation functions between the sulfur atom of the
Urata et al?in order to evaluate the effect of our shorter chains. sulfonate group and the oxygen atom of th&+and HO™ are

I11.1. Pair Correlation Functions of the Sulfonate Group related to those for the oxygen of the sulfonate group and are
with Water and Hydronium. Parts a and b of Figure 2show shown in parts ¢ and d of Figure 2. The first peaks occur at
the pair correlation functions for the oxygen atoms on the about4 A, and the sulfur atoms cannot be in direct contact with
sulfonate group and the oxygen op®and HO™, respectively. H,O and HO™ because of the oxygen atoms of the sulfonic
We see two peaks at the interatomic distances of 2.9 and 5.2 Aacid group. In Table 1, we list the average hydration number
for H,O and 2.7 and 5.0 A for D, respectively. The first around the sulfonate group. It shows that the average number
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) ) same as in Figure 2a for various water contents. (c) The pair correlation
Figure 5. The structure factoS(q) obtained from eq 1 for water  fnction for the hydrogen of water and the oxygen of hydronium. Line
oxygen-oxygen pair correlation function. types are the same as in Figure 2a for various water contents.
of HzO™ in the first hydration shell (contact ions) decreases
with water content, while the number of water molecules function, in that, for example, the-8Du,0 g(r) is normalized
increases with the water content. The increased water contenty the average water density, which changes with water content.
increases the average number of water molecules around &ne way to eliminate this bias is to integrate the pair correlation
sulfonate group and augments the solvation power of water andfunction up to a given distance, showing the number of
is thus more likely to pull the hydronium ion away from the molecules within that distance. The hydration shell gb+and
sulfonate anion site. The magnitude of the peaks in Figure 2 H3O" about the S atom is shown in Figure 3. Here we see that
varies from one water content value to the next. These as one increases the water content in the system, the number of
magnitudes in part reflect a bias inherent in the pair correlation H,O hydrating a sulfur atom steadily increases, while the number
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of H3O™ near the sulfur atom steadily decreases. Thus, the ions
become more separated by the solvent, as mof kydrates
both the S@ and the HO™ ions.

I11.2. H,0—H,O Pair Correlation Functions. Figure 4
shows the water oxygefroxygen correlation function. The first
peak occurs at 2.8 A, corresponding to the closest contact of
the two oxygen atoms. There is also a small second peak for
the 5% water content, occurring at an interatomic distance of

3.7 A. As the water content increases, the second peak become
a shoulder and almost completely disappears. Similar behavior
was also seen in the study of Urata et%lhe peak positions
are consistent with published bulk simulation predictions for

the TIP3P modet455
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Many experiments have been carried out to study the Figure 8. (a) The total sulfur-sulfur pair correlation function at various
characteristics of water clusters and cluster distribution. Using water contents. The line types are the same as in Figure 2a. (b) The

the calculated)(r) value for water, we estimated the structure

factor based on the expression

_ g AN ey psinar
@) =1+ [To0) — 1= Frdr

intramolecular component sulfur-sulfur pair correlation function. The
line types for various water contents are the same as in Figure 2a. (c)
The intermolecular component sulfasulfur pair correlation function.

The line types for various water contents are the same as in Figure 2a.

length of 26 A, and for higher water contents the peak continues

The results are shown in Figure 5 for the water content valuesto move to smallerq (corresponding to larger intercluster

studied. A peak in the structure factor represents a “characteristicdistances, in agreement with established experimental findings
length scale” in the system, in this case, the “intercluster by scattering experiments). Since our system is roughly 60 A
spacing” or the average distance between centers of clustersin each dimension, we are limited to modeling clusters up to
For 5 wt % water, we observe a peak in the structure factor for half that size (30 A) in this study and thus cannot say whether

5 wt % water at a value o corresponding to approximately

it is due to a complete phase segregation or a cluster of the

24 A. Our data suggests that, for increasing water content, thesame size.

peak shifts to loweq values. At 10 wt % water, for example,

It is important to understand that this characteristic length of

the peak occurs at @ value corresponding to a characteristic twenty-odd A does not translate into a model in which the
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Figure 9. (a) The same configuration as in Figure 1a without showing the polymer. The color code is the same as in Figure la. (b) The same as

in (a) but for 10% water content. (c) The same as in (a) but for 15% water content. (d) The dame as in (a) but for 20% water content.

aqueous subphase is composed of spheres of 24 or 26 A inthe two pair correlation functions are clearly different. In
diameter. Rather this length scale is composed of a characteristid=igure 6b, the two prominent peaks occur at distances of about
aqueous subphase size plus the spacing of hydrophobic phasé.6 and 2.9 A. In Figure 6c, the two peaks occur at 3.3 and
between them. Thus the actual water clusters can be much5.5 A. The peak heights are also dramatically different. The
smaller than this, as shown in parts a and b of Figure 1. pair correlation functions suggest that the water molecules
I11.3. H ,0—H3O" Pair Correlation Function. Parts a-c around a hydronium ion are oriented in such a way that the
of Figure 6show the pair correlation functions betweentf®@ H  oxygen atom is pointed toward the hydronium, while the
and HO™ at various water contents. In Figure 6a, we show the hydrogen atoms are pointed away from the hydronium. This
oxygen-oxygen correlation function between water and hy- rules out the configuration where the oxygen of the hydronium
dronium. The first peak occurs at about 2.6 A, and the secondforms a hydrogen bond with the hydrogen of the water
peak occurs at a distance of 5.0 A. There is also a slight peakmolecules, which would produce a peak at 1.6 A. This can be
at 7.6 A. The first peak height decreases with water content, understood from the electrostatics: since the hydronium ion is
suggesting a decreased binding of water molecules to thepositively charged, and the hydrogen of the water molecule
hydronium ion caused by increased solvation effect when more carries a positive partial charge, the hydrogen atoms of the water
water molecules are present. The solvent effect has beenmolecules are pushed away from the hydronium.
understood from potential of mean force the®i$¢Parts b and I1l.4. Hydration of the Hydronium lons. Since the hydro-
c of Figure 6 show the pair correlation function between oxygen nium ions are the counterions of the sulfonate group of the
and hydrogen of KD and HO™; Figure 6b for water oxygen  polymer, they tend to be near the sulfonate ions. At the same
and hydronium hydrogen and Figure 6c for water hydrogen and time, these ions can also be hydrated by highly polar water
hydronium oxygen. Although the atomic species are the same,molecules. The hydration numbers for some of the atoms in
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Figure 10. (a) Water cluster distribution for 5% water content averaged over 2 ns duration. Solid line, cutoff distance for molecules belonging in
the same cluster is 3.5 A; dashed line, cutoff distance is 4.5 A; dotted line, cutoff distance is 5.5 A. Inset: the average number of water molecules
in a particular cluster size. (b) The same as (a) but for 10% water content. (c) The same at (a) but for 15% water content. (d) The same as (a) but
for 20% water content.

the polymer and the hydronium are listed in Table 1. It is seen monotonic decrease of the lifetime of the complex with
that the hydration number increases with the water content. Thisincreased hydration can be interpreted through the decreased
simply reflects the fact that there are more water molecules binding energy of the water molecules to the hydronium. The
available as the water content increases. By comparison of thehydration time is roughly in the range of picoseconds, which is
sulfonate group and the hydronium, the hydration peak of the sufficiently long for proton transfer to occur between the
hydronium is much higher. One reason is that the hydronium, hydronium and a hydration water molecule. Experiments suggest
being a free molecule, is accessible by water molecules in all that the lifetime of Zundel and Eigen ions is less than about
directions, whereas part of the surrounding volume of sulfur is 0.1 ps®” We do not see the strong dependence of the dynamics
exclusive to water molecules due to intramolecular connectivity. of hydronium hydration on water content as we did for the
The other is due to the tighter binding of water molecules at structure of the hydronium hydration in Figure 7a.

the shorter distance to the hydronium, which is reflected in the  1Il.5 Sulfur —Sulfur Correlation Function. The sulfur
narrower distribution of the hydroniurrwater oxygen distribu- sulfur correlation functions are displayed in partscaof
tion (Figure 6a). Figures 8. Figure 8a shows the total correlation functions, and

In Figure 7a, we show the probability of finding a fixed parts b and of Figure 8 show the intramolecular and intermo-
number of water molecules around a hydronium ion with a radial lecular components of the correlation function. As shown, the
distance less than 3.2 A, which includes most of the first peak correlation function displays a peak at approximately 4.0 A.
in the pair correlation function. Several features are notable from From parts b and c of Figure 8, it is seen that the peak is largely
this histogram. This figure clearly shows that there is a shift in due to the intramolecular sulfesulfur correlation. At low water
the hydration distribution to higher values as the water content content, the sulfursulfur intermolecular correlation function
is increased. The probability of finding as8&" with only 1 or shows that the sulfur atoms have a tendency to stay closer
2 waters within this radius strictly decreases with increasing together, probably due to the higher population of smaller water
water content. This histogram has relevance to the process ofclusters, as discussed below.
structural diffusion, which relies on the presence of an Eigen  The non-monotonic trend of the intramolecular component
ion, requiring at least 3 waters within a 3.2 A radius. In other of the S-S pair correlation function is the sole qualitative
words, all of the HO™ with 2 or fewer waters around them are  discrepancy between this work and the previous work of
incapable of structural diffusion. In the case of 5% water, 56% Urata et al*? We attribute this difference to the fact that our
of the hydronium ions have 2 or fewer waters around them. chains contained 3 monomers, while those of Urata ét al.
This structure can explain in part the low proton conductivity contained 10 monomers. In our case, we have far fewer
experimentally observed near 5% water. We also see that,intramolecular interactions, resulting in a larger degree of
regardless of the global morphology of the water nanonetwork, statistical uncertainty in this specific property. In these simula-
the pair correlation function can provide direct information tions, we found no other property significantly affected by chain
relevant to the process of structural diffusion. length.

Figure 7b shows the lifetime of the hydrated hydronium I11.6. Water Cluster Distribution. For a clear visualization
complexes with none to greater than three water molecules. Theof the clusters and their connectivity, we show in partslaf
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Figure 11. (a) Mean square displacement of water molecules in
hydrated Nafion for water contents between 5 and 20 w t%. (b) Mean
square displacement of hydronium ions in hydrated Nafion for water
content between 5 and 20 wt %.

Figure 9 the snapshots of Figure 1 without the polymers.
Interactive structures are available on the Welwhere the

Cui et al.

TABLE 3: Diffusion Coefficients for Water and Hydronium

water D hydronium (HO*) D
water Content (1076 cré/s) (10-%cn¥/s)
5wt % 1.387 0.297
10 wt % 3.755 0.636
15 wt % 7.365 1.473
20 wt % 9.405 2.523

size. The inset shows the total number of molecules (including
both water and hydronium) corresponding to the particular

cluster size. We include the inset because the histogram itself
shows large peaks at small cluster sizes. This is misleading in
terms of the distribution of molecules among clusters, since

small clusters contain very few molecules. The insets show the
distribution on a molecular basis.

At 15 and 20% water content, we see from the insets in parts
c and d of Figure 10 that, regardless of cutoff distance in the
cluster definition, the vast majority of the molecules exist in a
single sample-spanning cluster. The few remaining molecules
are in small isolated clusters of less than 20 molecules. At 10%
water content, the same is true only for the 4.5 and 5.5 A cutoffs.
For the small cutoff, most of the molecules are now in small
clusters of 20 or less. At 5 wt % water content, a single large
cluster only for the 5.5-A cutoff. For the two smaller cutoffs,
we see numerous small clusters.

The trend is clear. If we focus on the 4.5-A cutoff we see a
single large cluster for 10, 15, and 20% water content. However,
at 5 wt % we do not. This morphology can explain in part the
experimentally observed drop in proton conductivity near
5 wt % water.

By combining the information in Figures 9 and 10, we come
to the following description of the morphology of the water
nanonetwork in this hydrated Nafion membrane. At low water
content, 5 wt %, there are many small isolated water clusters
in the membrane. At higher water contents, there is generally a
single large water cluster. Smaller clusters dynamically detach
and coalesce with the larger cluster. By the definition of cluster
used in this study, the fact that the water (and hydronium)

ability to rotate the structure enables the eye to appreciate moreessentially form a single cluster reflects the connectivity of water
fully the nature of the structure. In all cases, the water network channel networks in the system. There is, however, a significant
is composed of many narrow, interconnecting nanochannels.amount of inhomogeneity in terms of water density distribution.
For 5% water content, these figures show that the water In connection with experiment, the high-density regions would
molecules are dispersed and that there are many voids. At highcontribute more to the scattering. The average distance between
water content, there are fewer voids and the water moleculesthe high-density regions corresponds to the experimentally
in the clusters appear to be more densely packed. To characteriz@bserved peak in the structure factor.

the clusters quantitatively, we calculated the cluster size

distribution using cutoff distances of 3.5, 4.5, and 5.5 A. Two

We should also point out that our results for the cluster
distribution are qualitatively different than those of Vishnyakov

water molecules (including the hydronium ions) are deemed to and Neimarké® They found small clusters at 12.5 wt % using

belong to the same cluster if their intermolecular distance is

the 4.5 A cutoff. One explanation for the difference may be

determined to be smaller than the cutoff distance. These arethat they used potassium as the cation, rather than a hydronium

displayed in parts-ad of Figure 10. The 3.5-A distance roughly
includes all water molecules in the first hydration shell, and

the 4.5 A distance also includes the second hydration shell. In

ion. The stronger electrostatic interaction of the potassium ion
may have served to localize the water around them.
[Il.7. Diffusion. We calculated the diffusion coefficient of

the figures, we plotted the number of clusters vs the cluster water and the hydronium ions based on the Einstein relation.

TABLE 2: Number of Water Molecules in Small and Large Clusters

cluster size

<100 >100 <200 >200

Rc(A) Rc(A) Rc(A) Rc(A)
water content 35 4.5 55 35 4.5 55 35 4.5 5.5 35 4.5 55
5wt % 732 331 74 120 521 778 832 439 107 20 413 745
10 wt % 261 45 4 971 1187 1228 372 51 4 860 1181 1228
15 wt % 28 8 2 1820 1840 1846 28 8 2 1820 1840 1846
20 wt % 25 5 0 2439 2459 2464 25 5 0 2439 2459 2464
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