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ABSTRACT: Proton transfer and local structures in 3M (EW 825) and Nafion (EW 890)
membranes are investigated in this study by both standard nonreactive molecular dynamics and
the self-consistent iterative multistate empirical valence bond method, which is capable of
simulating multiple reactive protons and accounting for the Grotthuss mechanism of proton
transport. The Nafion and 3M systems have the same backbone, so we can isolate and compare
the effect of the different side chains by calculating the radial distribution functions (RDFs), self-
diffusion constants, and other properties for three hydration levels at S, 9, and 14 at 300 and 353
K. The conformations of the 3M and Nafion side chains are also compared. We found that even
though many results are similar for both F3C and SPC/Fw water models, certain trends such as
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the sulfonate clustering can depend on the water model selected. The relationship between the

different RDFs for the sulfonate, water, and hydronium is discussed. The self-diffusion constants of water for both membranes are
found to be close with respect to each water model selected, even though the experimental values for 3M at 300 K are higher.
The calculated self-diffusion constants of the excess protons are found to be higher for 3M than Nafion for hydration levels 9 and

14 at 300 K but statistically the same at 353 K.

1. INTRODUCTION

A fuel cell is an electrochemical cell that converts the chemical
energy of a fuel into electrical energy through a chemical
reaction with an oxidizing agent." Of all fuel cells, proton
exchange membrane fuel cells (PEMFCs) have received
particular attention for their environmental friendliness, fast
start-up at low temperatures (about 80 °C), and quick response
to power demands, making them an attractive option for cars
and portable devices.” The proton exchange membrane in a
PEMFC acts as an electrolyte, and its durability and
conductivity play important roles for the lifetime and
performance of the fuel cell. Most PEMFCs today use
perfluorosulfonic acid (PFSA) membranes. In the late 1960s,
DuPont discovered Nafion, which has since become the most
well-known PFSA membrane. Much has been learned about
many macroscopic properties of these PFSA membranes,
especially Nafion, over the years from experiments.3 Resolving
the molecular details of how these membranes operate is not
easy with current experimental techniques, but computer
simulations can directly probe the atomic length scales while
providing greater control of the conditions such as the
membrane backbone structures, hydration levels, and temper-
ature for comparison.

Understanding proton transport in proton exchange
membranes can lead to new designs with better durability
and conductivity. It is now known that proton transport
involves at least two key mechanisms, vehicular and hopping
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(Grotthuss) mechanisms.* The latter is caused by the
rearrangement of chemical bonds. Ab initio calculations
would be a natural choice to study proton transport because
electrons are explicitly taken into account, but the length and
time scales that can be studied are too short to capture the
relevant features of proton exchange membranes. Larger length
and time scales are accessible to classical molecular dynamics
simulations, but bonding arrangements are fixed in classical
nonreactive force fleld methods so they cannot describe the
Grotthuss mechanism. In order to get a more accurate
description of proton transport in classical molecular dynamics,
a force field has to account for the constantly changing bonding
topology for chemical reactions in which O—H chemical bonds
are formed and broken. One such method that has had
considerable success is the multistate empirical valence bond
(MS-EVB) theory.>® Simulating multiple excess protons with
the original MS-EVB models was a challenge because of its
O(N™) order of complexity, where N is the number of EVB
states and m is the number of excess protons. A more recent
extension to MS-EVB, called self-consistent iterative MS-EVB
or SCI-MS-EVB,” has made it possible to simulate multiple
protons with computational cost that scales linearly with the
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Figure 1. Structures of Nafion 890 (left) and 3M 825 (right). The number next to an atom is the partial charge used in the simulations.

number of excess protons. This method is crucial in the study
of acidic systems such as PFSA membranes.

Modifications to the pendant side chains can lead to
improved mechanical strength and conductivity performance.
Two such examples are Hyflon (some different names for it are
Dow, Aquivion, or SSC membrane) and 3M PFSA membranes,
both of which have a shorter side chain than Nafion.'®!"
Experiments have shown that Hyflon and the 3M membrane
with equivalent weight of about 900 or lower have better
conductivity than Nafion. Additionally, the 3M membrane was
shown to have a greater than 1S5-fold increase in durability
under accelerated fuel cell test conditions when compared with
similar commercial PEMs.'> There have been simulation
3715 to compare the structural and dynamical properties
between Nafion and Hyflon. Even though interesting results for
the 3M membrane have been obtained from DFT and DPD
calculations,"*™"® no comparison has yet been made between
Nafion and 3M using atomistic molecular dynamics simu-
lations. Comparing the structural properties and proton
transport of 3M with those of Nafion is the main focus of
this paper. The simulation details are given in section 2, results
and discussion in section 3, and finally the conclusions in
section 4.

2. SIMULATION DETAILS

Two PESA membranes, Nafion and 3M, were simulated. Their
structures in the simulations are shown in Figure 1.

The membranes were inserted into their simulation box with
a random morphology by a Monte Carlo algorithm that was
developed by Knox and Voth'? (in that paper, their “rp” setup
was most similar to our setups here). The simulations were
performed using the MD package LAMMPS? with our own
module for SCI-MS-EVB calculations. We studied three
hydration levels (4) at S, 9, and 14 and two different
temperatures at 300 and 353 K. Each simulation box had
four polymer chains of either 3M or Nafion. In order to focus
on the differences in the side chains only, both 3M and Nafion
systems had the exact backbone as shown in Figure 1.
Additional C—F atoms were added to the ends of the backbone
so that the equivalent weight (EW) for 3M was as close to 825

g/mol as possible (the number came out to be about 822 g/
mol). With the same backbone as 3M, the EW for Nafion was
about 890 g/mol. From this point on, we call the EW 825 3M
membrane “3M 825” and the EW 890 Nafion “Nafion 890”.

When the hydration level is greater than 3, it has been
shown*'~** that all the sulfonic acid groups are deprotonated to
form sulfonates, so all the sulfonic acid groups were ionized in
our simulations, and there were 40 excess protons in each
simulation box.

The DREIDING force field®® was used to model the
membranes. Coulombic interactions were treated by standard
Ewald summations,26 with a cutoff distance 14 A and an Ewald
sum precision 107>, The partial charges for the CF backbone
and the 3M side chain were obtained from a Mulliken
population analysis®” on the optimized structures at the DFT
B3LYP 6-31%* level in Gaussian 09°® and are shown in Figure
1. The partial charges of the Nafion side chain and all the bond
force constants for both 3M and Nafion were taken from ref 29.
The force constants for angle bending followed those of ref 30.
The equilibrium bond lengths and angles used were from our
DFT B3LYP 6-31*%* calculations. For the Lennard-Jones
interactions, the parameters were taken from ref 29. The
Lorentz—Berthelot mixing rules and a cutoff distance 14 A were
used. The parameters for the dihedrals in the CF backbone
followed those of ref 29 which were adopted from ref 31. The
default DREIDING force field parameters were used to
describe the remaining dihedrals.

For MS-EVB calculations, the MS-EVB3 model® with the
self-consistent iterative algorithm® for multiple excess protons
was used. The MS-EVB3 model was developed to use with the
SPC/Fw water model.*”” To compare with other classical MD
simulation data in the literature, nonreactive simulations using
the F3C water model® were also performed.

For initial equilibration steps, the MS-EVB (reactive)
potential was not turned on. A 1 fs time step was used for all
simulations. The systems were first relaxed using constant NPT
dynamics at 400 K and 1 atm for 6 ns. The systems were then
cooled down to the desired temperature (300 or 353 K) at the
same pressure for another 6 ns with constant NPT dynamics.
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Figure 2. (a) Coordination numbers, obtained from integration of the RDFs, as a function of hydration levels for the SPC/Fw water with
nonreactive dynamics. The solid and dash lines are for 3M and Nafion, respectively. The temperature is 300 K. (b) For the F3C water (nonreactive)

model. (c) For SPC/Fw with reactive dynamics (SCI-MS-EVB).

The systems were further equilibrated with constant NVT
dynamics at the desired temperature for an additional 11 ns.
After equilibration, six configurations from the last 2.5 ns of
the NVT trajectory were chosen to become the initial states in
constant NVE simulations that followed. For classical
calculations, data was then collected from six 5-ns trajectories
in constant NVE dynamics. For MS-EVB calculations, the
structures were further equilibrated at constant NVT with the
reactive potential turned on for 200 ps, before data for each
system was collected from six 1-ns constant NVE trajectories.

3. RESULTS AND DISCUSSION

In this section, we look at different equilibrium and dynamical
properties for 3M and Nafion and compare their differences.
The local interactions, described by the RDFs, between two
sulfonate sulfurs (S—S), between sulfonate sulfur and water
oxygen (S—OW), and between sulfonate sulfur and hydronium
oxygen (S—OH) as well as the size of water clusters provide
information about the local environment felt by the protons.
The RDF between sulfonate and proton center of effect charge
(S—CEC) is last introduced because it can be seen as an
extension of the RDF S—OH. Since the main focus in this
paper is to study the differences coming from the side chains,
their distributions of conformations are also studied and
compared. Finally, dynamical quantities such as the mean-
squared displacements (MSDs) of water and proton CEC are
analyzed. From the MSDs, the water and excess proton self-

diffusion constants are then calculated and can be directly
compared with experimental data.

Density. The density values after equilibration range from
1.54 to 1.79 g/cm®. As hydration level (1) increases, the
membrane “swells” more and its density decreases. As expected,
the density decreases as temperatures increases. Using either
water model gives very similar densities. All the density values
are shown in the Supporting Information (Table S1).

Coordination Numbers of Sulfonate Sulfurs Away
from a Sulfonate Sulfur (S—S). By comparing the
coordination numbers obtained from the integrations of the
S—S radial distribution functions (RDFs), one can learn about
the sulfonate clustering. Figure 2 shows the coordination
numbers for both 3M and Nafion as a function of hydration
level at temperature 300 K. Three setups, SPC/Fw (non-
reactive), F3C (nonreactive), and SPC/Fw (reactive) water, are
studied. For completeness, their RDFs are given in the
Supporting Information (Figure S1). In all three cases,
increasing the hydration level increases the separation between
two sulfonate groups. Increasing the hydration level increases
the size of water domains for which the average end-to-end
distance between two side chains also becomes larger.

Whether the separation between two sulfonate groups is
larger or shorter for Nafion than 3M depends on the hydration
level, the distance range, and, interestingly, the water model
selected. For nonreactive SPC/Fw water, the coordination
numbers are almost identical for hydration levels 9 and 14 until
r reaches 5.5 A. For r > 5.5 A, there is more clustering for 3M
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Figure 3. (a) RDF for 3M between sulfonate sulfur and hydronium oxygen with SPC/Fw water. (b) RDF for Nafion with SPC/Fw water. (c) RDF

for 3M with F3C water. (d) RDF for Nafion with F3C water.

Table 1. Coordination Numbers for SPC/Fw Water and Hydronium in the First Solvation Shell around a Sulfonate Sulfur

Which Is Defined To Be between 0 and 4.25 A

no. of hydronium oxygens in the range of 0—4.25 A from sulfonate sulfur,

SPC/Fw. no. of SPC/Fw water in the range of 0—4.25 A
A 3M 300 K 3M 353 K Nafion 300 K Nafion 353 K 3M 300 K 3M 353 K Nafion 300 K Nafion 353 K
S 0.70 0.78 1.24 1.32 4.10 3.90 349 341
9 0.28 0.36 0.66 0.81 S.13 4.95 491 4.59
14 0.20 0.24 0.47 0.54 5.39 5.30 5.31 5.07

than Nafion. For hydration level S, there tends to be more
clustering for 3M except at around 5.5 A where clustering is
about equal for both membranes. However, when the selected
water model is F3C, there is clearly more clustering in 3M than
Nafion for r < 6 A for all three hydration levels, but no clear
trends for levels S and 9 for r > 6 A. Even though it is hard to
confirm how the S—S§ distances differ in the two membranes
without experimental data, what is shown here is that the
interactions between the sulfonates and water play an
important role in sulfonate clustering. Such comparison for
sulfonate clustering was made for Hyflon and Nafion previously
by Karo et al,** Devanathan and Dupuis,'* and Lui et al.'* The
first two references in which the F3C water model was used
found there is more clustering in Hyflon, whereas Lui et al. who
used a flexible TIP3P water model found more clustering in
Nafion. The different water models selected might have
attributed to the discrepancy, similar to the differences that
were observed here between SPC/Fw and F3C for Nafion and
3M.

Figure 2c shows the MS-EVB data for reactive SPC/Fw
water. We found that reactive hydrated proton dynamics
generally have only a small impact on the RDFs and the

corresponding coordination numbers. For this reason, except
for quantities that are related to the hydrated proton center of
excess charge (defined later), RDFs from only nonreactive data
are shown.

RDF between Sulfonate Sulfur and Hydronium
Oxygen (S—OH). The nonreactive results are presented in
Figure 3. The hydronium cations were treated as classical
nonreactive particles (for related reactive results, please see the
S—CEC RDF later in this section).

SPC/Fw results are first discussed. For 3M, the RDFs at all
hydration levels show two distinct peaks, a sharp peak at about
3.8 A and a broad peak at about 5.6 A. The locations of the two
peaks are related to the first two hydration shells in which the
hydronium ions reside. As hydration is increased to higher
levels, the height of the sharp peak decreases significantly. If we
look at the coordination number in the first solvation shell
which is defined to be between 0 and 4.25 A (see the left side of
Table 1), it decreases from 0.70 to 0.28 and 0.20 from A = S to
9 and 14. This means the hydronium tends to be further away
from a sulfonate and interacts more strongly with water. As
temperature increases from 300 to 353 K, the coordination
numbers in the first solvation shell increase. This trend has to
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Figure 4. (a) RDF for 3M between sulfonate sulfur and SPC/Fw water oxygen. (b) RDF for Nafion with SPC/Fw water. (c) RDF for 3M with F3C

water. (d) RDF for Nafion with F3C water.

do with the number of water neighbors clustering around a
sulfonate as we will see next. When there is more water
competing for the attention of the sulfonate groups and
hydronium ions, there seems to be less attraction between the
sulfonate and the hydronium.

For Nafion, the same tall and broad peaks like those of 3M
are present, but the tall peak has a much higher height than that
of the 3M peak under the same conditions. This partially has to
do with the more negative partial charges used for the sulfonate
oxygens in Nafion, and this causes a higher hydronium density
in the first solvation shell for Nafion than 3M at all hydration
levels and temperatures.

For the F3C water model, many of the trends remain the
same, but the most notable difference is the width of the first
peak that is considerably larger than that of SPC/Fw. The
coordination number for the first peak is twice as large for F3C
(see the Supporting Information, Table S2) when compared to
SPC/Fw, implying there is a stronger attraction between the
sulfonate and the hydronium in the F3C than in the SPC/Fw
water model. The same RDFs for Nafion have been reported in
ref 34 and are consistent with our results.

RDF between Sulfonate Sulfur and Water Oxygen (S—
OW). The results of SPC/Fw are first discussed (Figures 4a and
b). For 3M, there is a distinct peak at 4 A and a broad peak
from about 4.5 to 6.5 A. These two peaks represent the first two
hydration shells. Because most hydronium ions reside in these
two solvation shells, the locations of these two peaks roughly
determine the locations of the two peaks in the S—OH RDF.
We see from Table 1 that the coordination number of water
increases as the hydration level is increased. The effect of

increasing the temperature slightly decreases the coordination
number in the first solvation shell, which is likely due to the
increased mobility of water.

For Nafion, the general features of the RDF are similar to
those of 3M, even though the broad peak at hydration level 5 at
300 K is more distinct. The coordination numbers up to 4.25 A
are 3.5, 4.9, and 5.3 for 1 = 5, 9, and 14 at 300 K which are all
lower than those of 3M at the same temperature. This implies
that water is more spread out for Nafion, and this will be
discussed in more detail later in the section when we analyze
the closest distance from a water molecule to a sulfonate.

When we compare the coordination numbers of water and
hydronium ions (see Table 1) around a sulfonate sulfur, it is
interesting to see that they have opposite trends; the higher the
water coordination number around a sulfonate, the lower the
hydronium coordination number. This seems to hold true when
we compare the same membrane at the different temperatures
or different membranes at the same temperature. There seems
to be a competition between water and hydronium for the
sulfonates.

F3C water gives very similar results (Figures 4c and d). The
coordination numbers for F3C water and hydronium are in the
Supporting Information (Table S2). The observation that there
is an opposite trend for the two coordination numbers also
seems to hold within statistical errors.

Estimate of Relative Sizes of Water Clusters. The S—
OW RDF and Table 1 show that the coordination number of
water around a sulfonate in the first solvation shell is higher for
3M than Nafion. Since the number of water molecules is
constant at a given hydration level, the water clusters in Nafion
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Figure 6. (a) RDF for 3M between sulfonate sulfur and hydrated proton CEC. (b) Same RDF for Nafion.

tend to be bigger and more spread. One way to estimate the
size of a water cluster is to study the shortest distance from
each water to its closest sulfonate oxygen. Devanathan and
Dupuis'® estimated the radius of a water cluster using the upper
limit of these shortest distances. Here, we estimated the relative
sizes of water clusters by studying the cumulative probability
distribution of the shortest distance as shown in Figure 5. For
SPC/Fw water at 300 K, all the 3M curves increase faster than
the Nafion ones, and this means the water molecules can find
their closest sulfonate oxygen more easily in 3M on the average.
The curves reach almost a fraction of 1 at about 6, 7, and 7.5 A
for hydration levels S, 9, and 14; there is only a very small
population of water molecules left that are more than 8 A away

from their nearest sulfonate oxygen neighbor. At 353 K for
SPC/Fw water, all the curves are shifted slightly to the right for
the fact that the water clusters are more spread at a higher
temperature. At this higher temperature, there is no longer a
clear trend for hydration level S; the water in 3M is able to find
their closest sulfonate neighbors at shorter distances than in
Nafion, but the trend is reversed for r > 4.5 A.

For F3C water, the features are similar, except that there is
no clear trend for hydration level S at both temperatures, even
though Nafion seems to have larger water clusters than 3M for
levels 9 and 14.

RDF between Sulfonate Sulfur and the Hydrated
Proton Center of Excess Charge (S—CEC). The calculations
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of the RDF between S and the hydrated proton center of excess
charge (CEC) discussed here require the use of the SCI-MS-
EVB calculations. Because MS-EVB3 is parametrized using the
SPC/Fw water, all the data found in this subsection were
generated only with the SPC/Fw water model. The
introduction of the CEC is required because in an EVB
formulation, unlike a classical nonreactive force field, an excess
proton is not located at a single location but at multiple
locations with different probability values assigned. The
location of the excess charge can be more accurately described
as a weighted average of all possible MS-EVB states. The
definition of the position vector of a CEC is therefore given by®

N

_ 2.
Tcgc = Z G Tcoc

=1 (1)

where r'coc is the position vector of the center of charge of the
hydronium cation of the ith EVB state, ¢ is the probability
weight for the ith EVB state, and N is the number of EVB
states.

The results of the RDF between S and CEC are shown in
Figure 6. This RDF looks similar to the RDF between S and
hydronium oxygen (S—OH) (Figure 3), because they are very
much related to each other. The relationship is that a classical
hydronium can be approximated as the pivot hydronium that
has the largest EVB probability amplitude. Instead of putting all
the weight in a single hydronium at a definite location when we
count in the calculation of the RDF between S and OH, the
RDF between S and CEC is similar to counting multiple
possible locations of the hydronium ion weighted by their
corresponding probability. Therefore, the peaks in the RDF
between S and CEC are always broader than those in the RDF
between S and OH. The S—CEC RDFs for 3M have one peak
at about 4 A and a shoulder from 4.8 to 6.5 A, and they
originate from the same peaks in S—OH RDEF. But now,
because of the delocalized nature of excess charge by MS-EVB,
the RDF is less structured and the two peaks are broader. As
temperature increases, the height of the first peak increases for
the same reasons why the first peak of RDF S—OH increases.
As we shall see from the diffusion data that is presented later, a
higher temperature yields a faster diffusion constant for the
CEC. One might think a faster-moving CEC would have a

more delocalized RDF, but this is not the case as we can see in
the figure. It seems that there is not a clear relationship between
the height of the peak and the magnitude of the diffusion
constant.

For Nafion, there are also a peak near 4 A and a shoulder
from 4.8 to 6.5 A, but because of the scale of the vertical axis,
the shoulder is not very noticeable. If we compare the peak
heights in the Nafion RDFs with those of 3M, we can predict
that the peak in the Nafion S—OH RDF would be higher than
that of 3M, and this is indeed the case. Moreover, both S—CEC
and S—OH RDFs show smaller second peak/shoulder for
Nafion.

Conformations of the Side Chains. To study the
conformations of a side chain, we first define two metrics to
describe how much the side chain is extended and how bent it
is toward the backbone.

We call the carbon at the joint of the backbone and the side
chain “C1”. The quantity d is defined to be the distance from
C1 to the sulfur and is presented as the length of the green
arrow in Figure 7a. If d is larger, it means the chain is more
extended. The blue arrow in the figure is a vector whose
direction points from C1 to the ether oxygen. We define @ to be
the (unsigned) angle between the green and the blue arrows.
When 6 is 0° the chain can be thought of as totally straight.
The larger the angle, the more bent toward the backbone is the
side chain.

Figures 7b and c show the joint probability density
distributions of d and 6 as contour maps. Since the distributions
do not vary significantly between the different water models,
hydration levels, and temperatures studied, the data shown is
from SPC/Fw water, 300 K, and hydration level 9. The first
obvious difference is that the distribution for 3M is significantly
more localized than that of Nafion. This has to do with the
shorter 3M side chain being less flexible. Our DFT
optimizations (without water) show that the d values are
about 8 A for both 3M and Nafion at zero temperature, but we
see there are two favorable d distances at around 7 and 8 A for
3M that seem to be roughly equally probable at these nonzero
temperatures. At d = 8 A, the extended 3M side chain also has
smaller @ values. It has a wider range of angles when d is about
7 A. The smaller d and larger 6 values imply a bent
configuration is formed. For Nafion, the preferred d and 0
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are not as definite, but note the fact that the most probable d
and 6 for Nafion match those of 3M. However, for Nafion, the
probability weights in the other regions are not small and
cannot be neglected. The mean of d for 3M is 7.3 A with
standard deviation (¢) 0.57 A and that of Nafion is 7.1 A with &
=0.73 A. The mean of @ for 3M is 27.1° with 6 = 7.9°, and that
of Nafion is 35.8° with ¢ = 12.2°. Within one standard
deviation, there is no statistical difference between the average
length of the 3M side length and that of Nafion; even though
the mean 8 for Nafion is larger than that of 3M, one should also
keep in mind that the standard deviation is also considerably
larger. If we use the relationship between the free energy and
the probability, i.e, AF = —kzTIn(P,/P,), we see that the
energy barrier for the 3M side chain to move from the local
minimum at d = 7 A to the minimum at d = 8 A is considerably
higher than that of the Nafion side chain (approximately 4 kT
vs 2 kyT).

Mean-Squared Displacements and Diffusion Con-
stants. The self-diffusion constant of water is an important
quantity because it is one of the few observables that can be
directly compared between simulation and experiment.
Through pulsed-field gradient spin—echo NMR (PFGSE-
NMR) experiments, the self-diffusion constant of water in
PESA membranes can be estimated. On the other hand, in MD
simulations, the self-diffusion constant of a particle, like a water
molecule, can be estimated by studying its MSD which is
defined to be

N
MSD() = (3 In(t) — 5(0)P) o

where the angular brackets denote an ensemble average of
systems whose initial conditions are sampled from a canonical
(NVT) distribution and propagate in time with constant NVE
dynamics.

A sample MSD plot of SPC/Fw water as a function of time
and hydration level is shown in Figure 8. For large time
separations, the MSD of a diffusing particle scales linearly as t.
In log—log scale, the slope of a MSD curve approaches to 1
from below.

With MSD scaling linearly as t at long times, one can then
estimate the self-diffusion constant by the well-known Einstein
formula:

1000

100

MSD (A?)

10 5

1é-3 0.01 011 1
time (ns)

Figure 8. MSD plot of SPC/Fw water as a function of time for Nafion
890 at 1 =5, 9, and 14 at 353 K.

D = lim MSD(t)/6t

t— 00 (3)

In practice, the infinite time limit for the ratio cannot be
obtained but instead is replaced by a convergent ratio as shown
in Figure 9. The error bars for the data are statistical error
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Figure 9. MSD(t)/6t as a function of t. The plot helps determine the
earliest time at which the diffusion constant can be extracted. This
particular example comes from the MSD of SPC/Fw water in Nafion
890 at hydration level 14 at 353 K.

estimates calculated as the standard deviation of the results for
various runs divided by the square root of the number of runs.
The earliest data point for the MSD(t)/6t ratio that is
consistent with all the data points at longer time is chosen to be
our estimate for the self-diffusion constant. In the example in
Figure 9, the diffusion constant was calculated at ¢ = 3 ns.

The diffusion constants of water for both 3M and Nafion are
shown in Figure 10. Four sets of data, (1) experimental data,
(2) SPC/Fw nonreactive water, (3) SPC/Fw reactive water,”
and (4) F3C (nonreactive) water, are presented. At hydration
level S for 300 K, the diffusion constants predicted by all water
models agree well with experiment***” for Nafion 1100 EW. As
hydration level increases to S or 9 at 300 K, the diffusion
constant predicted by SPC/Fw reactive water is the closest to
the experimental diffusion constant, whereas SPC/Fw non-
reactive water slightly underestimates it and F3C water slightly
overestimates it. Typically, the order of increasing diffusion
constants is F3C > SPC/Fw reactive > SPC/Fw nonreactive,
except for the lowest hydration level at 5. For 3M, all water
models underestimate the water diffusion constants, but the
values predicted by the F3C and the SPC/Fw reactive water are
closer to the experimental values at 300 K.** Both water models
predict slower water diffusion for 3M at hydration level 5 but
faster diffusion than Nafion for levels 9 and 14. This trend
persists in the higher temperature at 353 K, and the water
diffusion constants are roughly twice as fast.

At 300 K, the experimental 3M water diffusion constants are
considerably faster than those of Nafion. Unlike the experi-
ments, the differences between the 3M and Nafion water
diffusion constants from the simulations are usually small under
the same conditions, and the calculated 3M values are
considerably smaller than the experimental values. This may
be evidence that the actual morphology of the experimental system
is quite different from the random morphology chosen for our 3M
simulations.

One may be able to gain insight for the conductivity of a
membrane by studying the motion of charged particles. In our
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Figure 10. (a) Self-diffusion constant of water, in units of 107 cm?/s, is plotted as a function of hydration level at 300 K. The lines are there to only
guide the eye. (b) For temperature 353 K. The experimental data at 300 K for 3M is from ref 38 and that of Nafion is from ref 36 (for A = 5, 8.5) and

ref 37 (for A = 14).
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Figure 11. (a) Self-diffusion constant of the hydrated proton CEC or classical hydronium, in units of 1077 cm?/s, plotted as a function of hydration

level at 300 K. (b) Same as (a), but for temperature 353 K. (c) Experimental data for Nafion

#4947 are shown along with the proton CEC diffusion

constants, at temperature 300 K. (d) Same as (c), for temperature 353 K. The experimental data comes from ref 36.

case, because the anionic side chains are attached to the
polymer, conductivity only comes from the motion of excess
protons. With SCI-MS-EVB calculations, we can study the
contributions to proton transport arising from the Grotthuss
mechanism as well as the vehicular mechanism in these PFSA
membranes. Direct determination of the diffusion constant of
an excess proton is difficult by experiment, and so the diffusion
constants are usually inferred from other measurements. Two
types of experiments have been used to estimate the excess
proton self-diffusion constant in a PFSA membrane: (1)
conductivity and (2) quasielastic neutron scattering
(QENS).*** The Nernst—Einstein equation can be used to

calculate the proton diffusion constant from conductivity, but
one problem with using the Nernst—Einstein equation is that
deviations happen when the electrolytic solution does not
behave ideally,*" and this ideality condition is not satisfied in
hydrated PFSA membranes. On the other hand, from QENS
measurements, Perrin et al.** estimated the proton diffusion
constant by using a theoretical model based on Gaussian
statistics and by assigning the slow protons to those of
hydronium, but their interpretation rules out Grotthuss
mechanism at all hydration levels, and that does not agree
with other studies.***>** The values estimated by the Nernst—
Einstein equation for Nafion tend to be 2—4 times larger than

dx.doi.org/10.1021/jp400693g | J. Phys. Chem. C XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry C

those of QENS. The discrepancy probably originates from the
different assumptions made in the calculations as well as the
processing, thermal history, and thickness of the mem-
branes.***

Figures 11 a and b show the diffusion data for the hydrated
proton CEC and classical hydronium for both water models,
and Figures 11 ¢ and d compare the diffusion constant
estimates from QENS and conductivity experiments with the
CEC data. For SPC/Fw water, we studied proton diffusion as
classical hydronium (nonreactive, no MS-EVB) and as CEC
(reactive, with MS-EVB). For 300 K, the increasing order of
diffusion constant is CEC > F3C classical hydronium > SPC/
Fw classical hydronium for both membranes. The classical
hydronium models derived from both water models have
similar diffusion constants for both 3M and Nafion membranes
at 300 K at all hydration levels. The 3M hydrated proton CEC
has a faster diffusion constant at level 9 and 14 than Nafion but
is slightly slower at level 5. Nonetheless, all models predict
lower diffusion constants than both types of experiments. In
particular, the hydrated proton CEC is smaller than the QENS
by about a factor of 2 and is smaller than the Nernst—Einstein
numbers by about a factor of 4—S5; the underestimation of the
diffusion constant is consistent with what was observed for an
excess proton in a box of 216 SPC/Fw water molecules in the
original MS-EVB3 paper® where the calculated classical
diffusion constant of the CEC (with no quantum nuclear
effects) was smaller than the experimental value for proton by
about a factor of about 3. (We also note that in ref 46, the
reported diffusion constants for the hydrated proton CEC in
Nafion were too high because the MSD values were not
correctly divided by a factor of 6, although the activation energy
calculations reported in that paper were not affected by this
error. After the correction for the factor of 6, the diffusion
constants for the hydrated proton CEC reported in ref 46 are
consistent with those reported here.) For 353 K, the increasing
order of the diffusion constants predicted by different models
remains the same, but both classical hydronium models predict
a larger diffusion constant for 3M than Nafion at hydration
levels 9 and 14. On the other hand, no statistical differences in
the diffusion constants were found for the hydrated proton
CEC at hydration levels 9 and 14 at 353 K, even though the
CEC also diffuses faster than the classical hydronium ions.

The main difference between the hydrated proton CEC
results and those of classical SPC/Fw hydronium is the
involvement of the hopping (Grotthuss) mechanism. The
diffusion constant of CEC is 3—7 times faster than that of SPC/
Fw classical hydronium. It is therefore interesting to look more
into the hopping mechanism. One way to study this is to
decompose the total displacement of the CEC into a “discrete”
and a “continuous” component*®

repc(t) — repc(0) = Arcpe(t) = Ar(t) + Ary(t) (4)

(8rcpc()F) = (AR(OP) + (Ar(0)P)
+ 2(Ar(t)-Ary(t)) (s)

where Ar.(t) and Ary(t) are the “continuous” and “discrete”
components of the total displacement of the CEC, Arcgc(f).
How one might decompose the total CEC MSD is not
unique. Our way of doing the decomposition is, for each CEC,
we check in every disjoint 100-fs interval and see in that time
interval if the CEC has hopped, resulting in a change in the
identity of the most probable (“pivot”) hydronium. If the CEC

has hopped in the interval, the displacement that occurred in
this 100-fs interval is assigned only to the discrete component,
and the continuous component is not changed. Similarly, if the
CEC has not hopped in the interval, the displacement in this
100-fs interval is assigned only to the continuous component,
but not the discrete component. In particular, if the identity of
the pivot state changes with one hop but changes back to the
original identity in the time interval, the displacement is
assigned to the discrete component. A typical plot for such
decomposition is shown in Figure 12. Any decomposition that
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Figure 12. Sample plot for the total MSD decomposition into a

continuous MSD component and a discrete MSD component. The
data in this plot comes from 3M 825 at hydration level 14 and 300 K.

is similar to what is described here will show that the sum of the
continuous MSD and the discrete MSD is much larger than the
total MSD. In other words, the term (Ar.(t)-Ary(t)) in the
equation above is negative, and this means the discrete
displacement and the continuous displacement tend to move
in opposite directions and partially cancel each other. This
anticorrelation is not an artifact from our choice of
decomposition and does not happen in a system of bulk
water with an excess proton. It was first seen for Nafion in ref
48 and is now also confirmed for 3M here. The interference by
the discrete component with the continuous component
implies that the continuous MSD presented here cannot be
the same as the vehicular MSD calculated in nonreactive MD
simulations in which hopping is absent. However, by comparing
the diffusion constants of proton CEC and SPC/Fw classical
hydronium, we see that the overall effect of having both
hopping and vehicular mechanisms contributes positively to the
diffusion constant, even though the two mechanisms are
anticorrelated.

To further understand the continuous and the discrete
components, we have studied the MSD per one discrete or
continuous move in Figures 13 a and b. We see that the MSDs
are strictly increasing functions of the hydration level and
temperature. We also see that the MSD per discrete hop is
considerably more sensitive than the MSD per continuous
move due to a change in temperature or hydration level. In
particular, by increasing the temperature or the hydration level,
each hop in the interval tends to be a bigger jump. This can be
explained by the fact that the average separation between two
water molecules increases at a higher temperature and the size
of a water cluster increases at a higher hydration level as shown
in Figure 4 and Figure S.
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Figure 13. (a) MSD per discrete move in 100-fs interval. (b) MSD per continuous move in 100-fs interval.

4. CONCLUSIONS

The 3M membrane is the second PFSA membrane that has
been investigated using the SCI-MS-EVB model. The results
for different RDFs, water domain sizes, and diffusion constants
were compared for 3M (EW 825) and Nafion (EW 890). In
this work, both 3M and Nafion had the exact same backbone in
order to better isolate the differences due to the side chains.
Both SPC/Fw and F3C water models were selected; the former
was needed for MS-EVB calculations, and the latter was studied
to compare with the other simulations in the literature. One of
the main goals in this paper is to see whether 3M and Nafion
have significant differences in the structural or dynamical
quantities that might explain the difference in their con-
ductivity.

The interactions between sulfur—sulfur (S—S), sulfur—water
oxygen (S—OW), sulfur—hydronium oxygen (S—OH), and
sulfur—proton center of excess charge (S—CEC) are highly
correlated, and this shows in the corresponding RDFs or the
coordination numbers. For instance, the locations of the peaks
in the S—OH RDF are roughly same as those of the S—OW
RDF because the location and size of the solvation shells of
water determine roughly the locations of the hydronium ions.
The locations and the shapes of the peaks for S—CEC can be
explained from those of S—OH because the hydrated proton
CEC is a generalization of considering multiple possible
locations of a hydronium ion, so the peaks for the S—CEC RDF
are roughly at the same locations as those of the S—OH RDF,
but they are broader because of the delocalized nature of the
excess proton charged defects in the MS-EVB picture. The
average S—S distance can be studied from the coordination
number of distinct sulfur neighbors from a sulfonate sulfur.
Many of the results are similar for the two water models. We
found that whether the average S—S distance is larger or not for
3M or Nafion is sensitive to which water model is selected,
even though the differences are small. Generally, whether the
dynamics is reactive or not does not significantly change the
RDFs that do not involve the hydrated proton CEC. When the
coordination number of water around a sulfonate in the first
solvation shell is higher, the coordination number of hydro-
nium ions around a sulfonate in the first solvation shell is lower
when compared to different membranes at the same temper-
ature or to the same membrane at different temperatures, vice
versa. There seems to be a competition between water and
hydronium to occupy the space close to a sulfonate. From
studying the distance from each water to its closest sulfonate
neighbor, we found that the sizes of water clusters tend to be

larger in Nafion at the higher hydration levels. Because water is
more spread and there is less water in the first solvation shell
around a sulfonate in Nafion, the number of hydronium ions
around a sulfonate is higher.

In general, the F3C water was found to diffuse faster than
both the SPC/Fw nonreactive and reactive water in the
membranes under the same conditions. SPC/Fw reactive water
diffuses faster than the nonreactive water. Simulations showed
there is almost no difference in the self-diffusion constants of
water for 3M and Nafion at hydration levels 9 and 14, even
though experiments showed that water in 3M diffuses faster.
This may be evidence that the “random” morphology chosen in our
simulations for 3M may not be a correct representation for the
actual morphology.

We found that the self-diffusion constant of the hydrated
proton CEC is in general faster than the classical hydronium
ions from both water models and the F3C classical hydronium
comes in a close second. One might suspect a faster moving
proton would make S—CEC RDF less structured, but it does
not seem to be case because the RDF becomes more structured
and yet the excess charge diffuses faster at the higher
temperature. The hydrated proton CECs diffuse 3—7 times
faster than the classical SPC/Fw hydronium ions because of the
additional hopping mechanism. It was previously confirmed
that there is anticorrelation between the hopping and vehicular
mechanisms in Nafion, and we also confirmed this is the case
for 3M in this paper.

The conformations of the 3M and the Nafion side chains
were compared by studying the joint probability density
distribution of d and @ which describe how extended and how
bent the side chain is. The conformations for 3M are
considerably simpler because of its shorter side chain. There
are only two probable regions; one of them shows the 3M side
chain is almost fully extended and straight, whereas the other
region shows the side chain forms a hook. The distribution for
Nafion is more delocalized because of its longer side chain.
Even though the most probable distances and angles are similar
to those of 3M, the other Nafion conformations have enough
probability weights that they should not be neglected.

One of the most important questions to ask is why the
conductivity of 3M can be as much as twice higher than that of
Nafion (at 80 °C).'>*¢ Previously, classical nonreactive
simulations that tried to compare Hyflon with Nafion did not
find any significant differences in dynamical properties."* There
was speculation'? that the answer would become clearer when
both hopping and vehicular mechanisms are included. We did
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not study Hyflon, but the side chain of 3M is very similar to
that of Hyflon. Fixing all other conditions except for the side
chains, we found in our SCI-MS-EVB simulations that the
biggest difference in the self-diffusion constants of the hydrated
proton CEC for 3M is only 56% percent larger than that of
Nafion at hydration level 14 at 300 K; for other hydration levels
and temperature, the differences are much smaller. Therefore,
we did not find evidence that the difference in the excess
proton self-diffusion constants (or lack of), after taking both
vehicular and hopping mechanisms into account, can explain
the difference in conductivity, at least for 3M 825 and Nafion
890. We did not impose any specific morphology for the initial
configurations of the membranes, and our simulation boxes
were too small to account for any crystallinity. It has been
suggested in a recent study by Di Noto et al* that the
morphology of the crystalline hydrophobic domains is crucial
for the long-range proton migration in the 3M membrane.
Moreover, another recent study by Feng, Savage, and Voth>®
has shown evidence that different Nafion morphology such as
lamella, cylinder, or cluster can result in very different self-
diffusion constants of the hydrated proton CEC. These all
reinforce the idea that a more complete picture of the actual
morphology of these PFSA membranes, especially as a function
of equivalent weight and hydration level, is likely required to
understand the differences in their proton conductivity as well
as to obtain better overall agreement between the calculated
values of the excess proton diffusion and the experimental
measurements.
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