This article was downloaded by: [Abroshan, Hadi]

On: 4 March 2011

Access details: Access Details: [subscription number 934351141]

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

N ~~= | Molecular Physics

. Publication details, including instructions for authors and subscription information:
mumu“ar Phusms http://www.informaworld.com/smpp/title~content=t713395160

Effect of water-methanol content on the structure of Nafion in the

sandwich model and solvent dynamics in nano-channels; a molecular
dynamics study

Hadi Abroshan?®; Hamed Akbarzadeh?; Farid Taherkhani®; Gholamabbas Parsafar®

2 Department of Chemistry, Sharif University of Technology, Tehran, Iran ® Department of Chemistry,

Razi University, Kermanshah, Iran ¢ Nanotechnology Research Center, Sharif University of
Technology, Tehran, Iran

Online publication date: 03 March 2011

To cite this Article Abroshan, Hadi , Akbarzadeh, Hamed , Taherkhani, Farid and Parsafar, Gholamabbas(2011) 'Effect of
water-methanol content on the structure of Nafion in the sandwich model and solvent dynamics in nano-channels; a
molecular dynamics study’, Molecular Physics, 109: 5, 709 — 724

To link to this Article: DOIL: 10.1080/00268976.2010.549846
URL: http://dx.doi.org/10.1080/00268976.2010.549846

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww informaworld.coniterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinary sources. The publisher shall not be |liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713395160
http://dx.doi.org/10.1080/00268976.2010.549846
http://www.informaworld.com/terms-and-conditions-of-access.pdf

18:54 4 March 2011

Hadi] At:

[ Abr oshan,

Downl oaded By:

Molecular Physics
Vol. 109, No. 5, 10 March 2011, 709-724

Taylor &Francis
Taylor & Francis Group

RESEARCH ARTICLE
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dynamics in nano-channels: a molecular dynamics study
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Continuing an ongoing study, molecular dynamics (MD) simulations were performed to investigate the effects of
methanol concentration on Nafion morphology, such as the size of solvent cluster, solvent location, and polymer
structure via the sandwich model. Our survey shows that high methanol concentrations resulted in increment of
solvent cluster size in Nafion membrane. The sulfonic acid clusters also befall much in order as subsequent layers
of such ionic clusters are formed. The number of neighbouring hydronium ions around a sulfur atom is
independent of methanol concentration, but the first shell of hydronium and water around sulfonic acid clusters
is broader. Although methanol would prefer to interact with water molecules rather than sulfonic acid groups,
gathering of methanol molecules via hydrophobic self-aggregation is preferred. Methanol is located closer to the
hydrophobic part of the polymer than water, while water is located closer to the hydrophilic part of the polymer.
It was found that methanol distributes specifically more than water in nano-channels. Investigation of solvent
dynamics in nano-channels shows that diffusion coefficients (D) of water, methanol, and hydronium decrease
with increasing methanol concentration and they may be ordered as follows: Dwuer > Dmethanol > DHydronium
(DWater ~ 1-672-0DMethanol and DMethanol ~2. 173-01)]—[ydronium)~

Keywords: proton exchange membrane; Nafion; Sandwich Model; nano-channels; molecular dynamics

simulation

1. Introduction

Ion-conducting polymer membranes are a focus of
materials science nowadays due to their potential
applications in environment-friendly energy sources,
i.e. fuel cells suitable for electronic equipments, med-
ical devices and electric vehicles [1-7]. A special group
of these materials are the proton exchange membranes
(PEM), which have promising applications in electro-
chemical devices [8,9]. Novel PEMs that possess good
chemical and mechanical stability, low gas permeabil-
ity, and high proton conductivity are needed, and the
route to successful implementation of these power
sources requires a systematic understanding of how
proton mobility is determined by the polymer structure
and chemistry, water, methanol, and water/methanol
contents, and choice of the pendant group.

Nafion is a poly-tetrafluoroethylene polymer with
hydrophilic perfluorovinyl pendant side chains termi-
nated with sulfonic acid groups (Figure 1), used as a
proton-conducting membrane in methanol and
oxygen—hydrogen fuel cells. Nafion’s structure, charac-
terized by a microphase separation, has been widely
studied using small angle neutron scattering (SANS)

or small angle X-ray scattering (SAXS) [10—15]. Various
models have emerged to explain the properties of
hydrated Nafion membrane. For a review of different
models proposed for Nafion see Ref. 16. Central to each
different proposed model is the recognition that the
ionic groups aggregate in the perfluorinated polymer
matrix to form a network of clusters that allow for
significant swelling by polar solvents and efficient ionic
transport through these nanometre-scale domains.
These models, however, differ significantly in the
geometry and spatial distribution of the ionic clusters
[16]. Most studies show that the microstructure of
Nafion consists of three regions: hydrophobic fluoro-
carbon backbone, hydrophilic ionic clusters of sulfonic
acid groups, and interfacial regions. In many investiga-
tions, formation of inverted micelles in the Nafion
structure has been proposed. In such proposals, the
hydrophilic ionic clusters of sulfonic acid groups along
with water molecules present in the Nafion membrane
interact with each other. At the same time, hydrophobic
fluorocarbon backbones interact with each other as well
[11,17-26]. The sandwich-like model, which was pro-
posed by Haubold et al. is a model with discrete
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Figure 1. Chemical formula of Nafion with two parameters;
m and n.

sandwich-like structure elements for the nano-structure
of the cross-linked channel system within the membrane
[24]. This model consists of a shell region and an
embedded core region, the latter region being either
empty or flooded by water and methanol. They
proposed that the complex structure of the cross-
linked channels can be described by a composition of
these basic structure elements (see Figures 6 and 7 of
Ref. 24), and assumed that they are randomly distrib-
uted inside the volume of the membrane. In summary,
the scattering data indicates that this simple structural
model is able to describe the swelling behaviour of
Nafion on a nanometre scale [24]. Of the different
models proposed for Nafion, Ryu ez al. believe that
those of Gierke et al. and Haubold et al. most lucidly
model the relationship between Nafion structure and
the hydronium transport phenomenon [25]. Elfring
et al. suggested that since the transport through bulk
water presents an upper limit for protonic conductivity,
it is important to determine the permeation of the liquid
phase and its connectivity in order to quantify the
various modes of proton transport. The morphological
models mentioned before are wide ranging [26]. They
tended to favour the interpretation given by Kreuer [27],
which is reflected in the AFM imaging conducted by
McLean et al. [28]. They concluded that the morpho-
logical models which present more order, such as the
cluster network model or the ‘sandwich’ structured
model, are distillations of such an interpretation [26].
In the direct methanol fuel cell (DMFC) system, the
water path causes methanol transport through the
membrane to the cathode, known as methanol cross-
over. This phenomenon is one of the serious problems
for the practical application of the membranes to the
DMEFC technology because it is responsible for fuel
loss and cell potential reduction due to mixed potential
at the cathode. The problem is accelerated by higher
methanol concentration of solution. Computer simu-
lations of Nafion membrane in water/methanol solvent
by Chertovich et al. have shown that the conductivity
parameter in Nafion is strongly dependent on the
solvent composition and determined by the solvation
effects and the spatial distribution of polar sulfonate

groups in ion-conductive channels [29]. An under-
standing of the morphology of the membranes swelling
in methanol or in water/methanol mixture is thus a key
factor for DMFC development. Fundamental charac-
terizations of the structure of the membrane and its
relationship to proton and small molecular transport is
needed to gain a more thorough understanding of
performance, stability, and degradation, and to tailor
membranes that meet the demands of fuel cell appli-
cations [30-34].

Molecular dynamics (MD) simulation has been
proven to be the most helpful tool to complement
experimental studies. MD techniques are especially
appropriate for studying complex polymer systems,
since it can be used to expose nano-structure features
with or without assuming any priori specific structural
model [35-38]. There are some theoretical investiga-
tions of the membranes solvated in water, methanol,
and water/methanol mixtures as well as water-, meth-
anol-, and water/methanol mixtures-swollen mem-
branes [34,39-42]. In previous work [43] we presented
results of the dynamical behaviour of solvent and its
dependence on Nafion polymerization and structure,
considering the sandwich model. It has been shown
how distances among sulfonic acid groups can affect
structure of the sandwich model components and
arrangements as well as water and hydronium diffu-
sion coefficients. In the current study, we particularly
explore the effects of level of water—methanol content
on the structure of Nafion throughout the sandwich
model by means of classical molecular dynamics
simulations. As we especially focus our attention on
methanol concentration dependence of the membrane
morphology, we have carried out a series of MD
simulations for Nafion membranes swelling in solu-
tions with six different methanol concentrations.
Water, methanol, and hydronium dynamics in nano-
channels of the sandwich model are also analysed and
discussed as a function of methanol concentration.

2. Method
2.1. Set of systems

Six types of Nafion membrane, differing in the water/
methanol ratio content, with respect to the sandwich
model were produced for simulations. In all systems
the value of parameters m and n (for definition of
m and n, see Figure 1) are taken to be 7 and 9,
respectively. The initial coordination of each system
was obtained as follows. One unit of Nafion (referred
to as an oligomer hereafter, shown in Figure 2(a)) was
built. It is made up of a side chain -O-CF,-C(F)(CF3)-
O-CF,CF,-SO; and a fluorocarbon backbone to
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Figure 2. Chemical structure of (a) ionized Nafion, (b) methanol molecule, and (c) hydronium ion.

which the side chain is attached. To produce a Nafion
single chain, 9 oligomers are attached to each other,
consecutively. This task was done by using Gaussview
software [44].

The Nafion’s single chain is surrounded by a
rectangular periodic box of TIP3P water molecules
[45] that extended to at least 10A from the boundary
atoms of Nafion (see Figure 5 of Ref. 43) using visual
molecular dynamics (VMD) graphics program [46].
Creating such a rectangular periodic water box leads to
the minimum distance of at least 20 A between Nafion
structure and another one situated in the vicinity box.
By using the VMD autoionize plugin, to neutralize the
system, sodium ions were added randomly to the
simulation box. The number of added sodium ions is
equal to the number of sulfonate groups. There are no
adding negative charged ions. The resulting structure
was then minimized through 10,000 steps. This was
followed by a simulated annealing procedure using an
NVT ensemble that involved four steps: (a) the final
structure is obtained from the minimization step which
was heated from 300 to 600 K over a period of 50 ps;
(b) the final configuration obtained in step (a) was used
as input for a subsequent MD simulation performed at
600K for a period of 100 ps; (c) the final configuration
obtained in step (b) was taken as the initial configu-
ration for a MD simulation with cooling from 600 to

300K over a period of 50ps; finally (d) a MD
simulation was performed at 300K for 100ps. The
single chain of Nafion was then extracted and consid-
ered as a template for building the model systems. The
chain was replicated using one of its symmetry planes
to produce two chains across each other. The last
structure was then replicated in one direction to
produce five double chains (see Figure 6 of Ref. 43).
The TIP3P water molecules that are extended to at
least 10 A from the Nafion atoms were added. To
neutralize the system, an appropriate number of
sodium ions (equal to number of sulfonate groups)
were added. The above mentioned minimization and
annealing procedures were repeated. In order to do the
final step for producing the model, the ending structure
of Nafion was extracted. An appropriate number of
hydronium ions (equal to number of sulfonate groups),
TIP3P water molecules, and methanol molecules are
added. The extent of membrane hydration is typically
denoted by A, which shows the number of water
molecules per sulfonic acid group. To determine the
number of solvent molecules of each system, we first
calculate the number of solvent molecules for a system
with 15 water molecules per sulfonic acid (A =15) in
the absence of methanol (weight percentage of meth-
anol in membrane is zero). The total number of solvent
molecules for other systems is set to be the same as that
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Table 1. Description of six systems. The weight percentage of Nafion, methanol molar fraction, numbers of water and
methanol molecules as well as hydronium ions added to each system are given. The density of each system at the end of

simulation is given.

Methanol molar Methanol solution,

System fraction wt%* No. H;0* No. H,O No. CH;0H Density (gem™)
1 0 0 90 1260 0 1.70
2 0.03 5 90 1221 39 1.61
3 0.06 10 90 1181 79 1.64
4 0.13 20 90 1094 166 1.64
5 0.29 40 90 892 368 1.62
6 0.49 60 90 644 616 1.58

Total weight of CH;OH

* 0 P —
wt% Methanol = e SR ,0 11

o X 100.

of the mentioned system. We then calculated the
number of water and methanol molecules with regard
to the above constraint to carry out MD simulation of
Nafion swollen in the solutions with 5, 10, 20, 40, and
60% (weight percentage) of methanol. The simulated
conditions for different systems are summarized in
Table 1. The initial size of the simulation box for all
systems is 43 A x 46 A x 193 A.

We aim to carry out simulations for systems with a
density close to experimental value. Experimental
density of the neutral form of Nafion (15 water
molecules per each sulfonic acid group) at 300K is
reported to be 1.75g/cm?® [47,48]; therefore, a minimi-
zation step was done and the annealing procedures
now in NPT ensemble were repeated three times. This
step was followed by a 4ns MD simulation using the
NPT ensemble. In all procedures, the ‘wrapall’ com-
mand was assigned to on. If a molecule crosses the
periodic boundary, leaving the cell, setting this com-
mand to on will translate its coordinates to the mirror
image of the opposite side of the cell. The trajectories
obtained from the last 2ns NPT ensemble were used
to compute the structural properties. In order to find
dynamic properties of water and methanol molecules
as well as hydronium ions, the simulation has been
continued for 2ns, using the NPT ensemble, but now
‘wrapall’ command was assigned to off.

2.2. Simulation parameters

All simulations are performed using NAMD package
[49], Langevin dynamic with a damping coefficient of
0.5ps~', and Nose-Hoover Langevin piston [50] with
a piston period of 200fs and a decay time of 100 fs
for keeping temperature (300 K) and pressure (1 atm)
constant, respectively. The AMBER 99/GAFF force
field [51,52] is used to compute the forces among
Nafion atoms. This force-field has already been used in

other MD simulations of Nafion [43,53]. Partial
charges for the Nafion membrane are computed
elsewhere [39]. The force field and partial charges for
methanol molecules are taken from Charmm General
Force Field/topology [54]. The force field parameters
and partial charges for hydronium ions are taken from
the Kusaka model [55]. The partial charges for the
polymer, water and methanol molecules, and hydro-
nium ion atoms are listed in Table 2. However, it
should be noted that all the formal charges presented
in Table 2. especially for hydronium ions could be
different from the real charges [56]. Such differences
could occur based on simulation condition and
particularly because of charge transfer. Since partial
charges have a very significant effect on molecular
interactions, it is expected to get results with some
variations from experimental values. Such variations
could be seen at different degrees of short range (local)
structure as well as solvent dynamics. The particle
mesh Ewald (PME) algorithm [57] was used to
calculate the long-range electrostatic interactions. The
van der Waals forces are treated using a cutoff of 12 A.
Equations of motion were integrated with a time step
of 1fs.

3. Result and discussion
3.1. Membrane morphology
3.1.1. Solvent clusters

A final snapshot of MD simulation for different
systems shows that the position of one sulfonate
group relative to two across sulfonate groups is similar,
shown in Figure 3. Movement of the neighbouring
Nafion’s single chains will result in a specific pattern
for sulfonate distribution. Solvents are able to move in
direction of the X-axis (see Figure 5 of Ref. 37 for
definition of axes) freely, but the unity of solvents is
completely broken in the direction of the Y-axis by
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Table 2. Partial charges of ionized Nafion, methanol, and
hydronium atoms. See Figure 2 for explanation of the labels
on atoms.

Partial atomic Partial atomic

Atom charge Atom charge®
S 1.4124 F10 —0.1913
Og —0.632 C5 0.3228
C9 0.3216 F8, F9 —0.1637
Fl16, F17 —0.3278 Cc4 0.3218
C8 0.3218 F7 —0.1641
Fl14, F15 —0.1662 Ok, 1 —0.2742
Ok, 2 —0.2604 C(skel)* 0.3846
C7 0.4947 F(skel)** —0.1923
Fl11, F12, F13 —0.1649 Oy —0.248

C6 0.4010 H, 0.4160
Cm —0.0400 Og —0.6500
Hy 0.0900 Hg 0.4200

*Carbon atoms of fluorocarbon backbone except for C4.
**Fluorine atoms of fluorocarbon backbone expect for F7.
aTotal charge of each Nafion’s side chain is —1.

Figure 3. Relative positions of three sulfonate groups: one
from a layer and the others from cross layer. Atoms are
coloured as follows; S (yellow), O (red), C (dark green), and
H (light green).

hydrophobic backbones, and strongly restricted in the
direction of the Z-axis by sulfonic acid clusters of the
up and down layers. As Table 1 shows, the density of
the system reduces with increasing methanol concen-
tration, which means that the membrane is swelled by
uptake of methanol molecules in the MD simulation.
This trend was produced in MD simulations reported
by others [28,29]. Lee et al. utilized a novel combina-
tion of small and wide-angle neutron scattering
methods to study local and long-range structure of

S(g)

T ;3 T T " T L 1

0.0 02 04 06 08 10 12
g (A

Figure 4. The structural factors estimated as the Fourier
transform of the radial distribution functions for solvent
oxygen.

water in Nafion 117 membranes [58]. To estimate the
size of the solvent cluster (diameter of local solvent
pools in the membrane), the structural factor ‘S(g)’ of
solvent oxygen atoms is calculated as the Fourier
transform of the partial radial distribution function
[RDF; g(r)] for oxygen atoms in both water and
methanol as follows (for details on the formula, the
method of obtaining solvent cluster size, and relation-
ship between the solvent cluster size and ionomers
cluster see Refs. 16, 58, 59, 60, and 61):

S(q) = 4 / [e() — I]Si%q”r dr

Figure 4 presents the structural factor profile for
each system. For the 0% solution, an apparent peak
around q=0.181&_1 (r=27r/q~351&), which repre-
sents the solvent cluster, is observed. It should be noted
that when the water content of Nafion is high, the
structure of water in the clusters is predominantly that
of bulk water. However, this situation may change at
lower water contents where the water structure is likely
to be more strongly influenced by water—sulfonic acid
group interactions [16,58]. The peak obtained here
matches to the typical diffraction peak observed
experimentally by SANS and SAXS for perfluorinated
ionomers [11,12,15,62-69]. Except for the solution with
20% methanol, for which there is a peak around
q:O.lOA*l (r:2n/q~63A), there is no steadfast
peak to be considered for calculation of the solvent
cluster. The distribution is broaden with increasing
methanol concentration. It is known that a higher
concentration of methanol makes the boundary
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between the aggregations of polymer matrixes and
solvents ambiguous. In fact, based on the curves
trends, our results show that considering a water—
methanol mixture, the solvent cluster size in Nafion
through the sandwich model increases when methanol
concentration is enhanced. The electron spin resonance
(ESR) and celectron nuclear double resonance
(ENDOR) measurements predict the size of the solvent
cluster in the membrane swelled in methanol and
methanol solution should be less than 20 A [69,70]. It is
worth noting that the mentioned observed cluster size
is smaller than the experimental value for water-uptake
membranes, which does not support our results.
Our simulation results are not in agreement with
the experimental observations even with regard to
the proposal that the cluster should shrink with the
addition of methanol. Therefore, the sandwich
model, including our simplified approximations, is
not able to predict experimental results for the
relationship between cluster size and methanol
concentration.

3.1.2. Solvent coordination

The radial distribution functions (RDF) for different
selected atoms of different Nafion systems were calcu-
lated to quantify interactions among the sulfonate
groups, water, methanol molecules, and hydronium
ions. Since the amount of water and methanol in
different systems are different, for any RDF in which
water and/or methanol molecules are involved, only
the peak width and position will be used for the
structural analysis, but height of the peaks cannot
provide any additional information.

The RDF of sulfur—sulfur for different systems is
shown in Figure 5(a). Since the number of sulfur atoms
in all systems is the same, we can consider the peak
heights to gain more structural information. The
height of the main peak for the 0, 5, 10, 20, and 40%
solutions is roughly the same, but for the 60% solution
it is reduced. The position of the main peak for the 5,
10, 20, 40, and 60% solutions is roughly the same, with
a shift to the left relative to the 0% solution. This result
shows that sulfonic acid groups are able to come closer
to each other when there is some methanol present.
The result also shows that above 5% solution, the
methanol concentration is not responsible for the
closeness of sulfonic acid groups. On the other hand,
a second peak appears when methanol is present
(Figure 5(a)). Note that the height of the second peak
is very noticeably increased going from the 0 to the 5%
solution, but increases only gradually for subsequent
increased solutions. The results show that increasing
methanol concentration may result in the formation of

sulfonic acid clusters (Figure 5(a)). This means that the
subsequent layers are formed by increasing methanol
concentration. For the 5, 10, 20 and 40% solutions,
formation of the second layer is due to decreasing
disordered sulfur atoms beyond the second peak. But
for the 60% solution, formation of the second layer is
due to decrease of the first peak, which means that the
number of sulfur atoms in the first shell reduces.

For all systems, the hydronium ions serve as
bridges between the sulfonate groups. The RDF of
sulfur atom and oxygen atom of hydronium ions for
the different solutions is presented in Figure 5(b). The
first peak of the RDF for all systems appears around
3.90 A as reported by others [43,53], but farther than
that reported for gs.pi(r) [29]. Such an increase in
distance is logical owing to the larger size of the
hydronium ion as well as its components. However,
characteristic of all the systems studied here and Ref.
29, is the high degree of short-range (local) structure
that is evident in the Li*—S, and H;O"-S correlation
functions. Such a feature is linked to the formation of
ionic bonds between the sulfonate groups and Li™, as
well as H;O™. The number of neighbouring hydronium
ions around a sulfur atom is computed directly using
VMD software which provides accurate coordination
numbers (Table 3). The cutoff of integration is 4.60 A.
This approximated cutoff corresponds to the first
minimum of the RDF. As Table 3 shows, increasing
methanol concentration does not change the number
of neighbouring hydronium ions around a sulfur atom
and such a coordination number is independent of
methanol concentration. This result is not in agreement
with that observed with Li* instead of hydronium as
counterion. Chertovich et al. have shown that Li™ ions
get closer to the sulfonate acid groups in the presence
of methanol, compared with pure water [29]. Our result
indicates that although increasing methanol concen-
tration will result in closer sulfonic acids to each other
to some extent, when sulfonate groups are too close to
each other, insertion of new hydronium ions is not easy
because of the vdW repulsions. On the other hand, it is
interesting to note that the second peak in Figure 5(b)
is shifted to the right and narrower with increasing
methanol concentration. Such an increase in the
second peak was also reported for a system containing
Li" instead of H;0™, which was interpreted as being
due to the formation of a stronger second coordination
shell [29]. Our result is predictable on the basis of
sulfur—sulfur RDF. Such anRDF shows that increas-
ing methanol concentration leads to formation of the
second layer of sulfonic acid groups in better therefore,
since hydronium ions serve as bridges between sulfo-
nate groups, formation of second layer of hydronium
ions around sulfonic acid groups should be better
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Figure 5. Radial distribution function for (a) S-S, (b) S-Oy, (¢) S-O, (d) O,—Oy, (e) O—O,, and (f) O,—Og for the five systems,
obtained from simulations. O, is the oxygen atom of water molecule. For the other subscripts, see Figure 2.

ordered as well. The RDF of sulfur-sulfur shows
that by enhancement of methanol content, the first
peak is made wider; therefore, the main peak of the
hydronium—sulfur RDF is expected to be wider, as is
the case.

The water oxygen atom and sulfur atom RDF for
different systems are presented in Figure 5(c). This
figure shows that augmentation of methanol concen-
tration affects the first shell of water molecules around
sulfonic acid groups, making it broader. Such an affect
makes sense based on the sulfur—sulfur RDF, as for the
hydronium ion shell around sulfonic acid groups (see
above discussion). It is worth noting the right shift of
the second peak. This shift is due to the insertion of
methanol molecules instead of water molecules around
sulfonic acid groups. More methanol molecules will
result in more insertions around sulfonic acid groups,

which means pushing the second layer of water
molecules further from the sulfonic acid groups. The
number of water molecules around a sulfur atom
presented in Table 3 shows a decreasing trend with
increasing methanol concentration. This behaviour
should be discussed from the following viewpoints:
(a) decreasing water molecules in the whole system; (b)
interaction energy of sulfonic acid groups with water
and methanol molecules; (¢) molecular size and elec-
trostatic properties; and (d) interactions with other
parts of Nafion. Intermolecular interaction energies of
water and methanol molecules with sulfonic acid group
are almost the same. Values of the interaction energies
are —10.52 and —10.38 kcal/mol for the most stable
configuration of CF;0CF,CF,SO5 +H,0 and CF;0
CF,CF,SO5; +CH;0H at the MP2/aug-cc-pVDZ//
B3LYP/6-314G* level [71-77] of molecular orbital
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Table 3. The calculated number of neighbouring molecules obtained via the RDFs. Note that the left atom is the central and
the right one is the surrounding species of the central atom. For all computations, the number of neighbouring molecules is
obtained by integrating the area under the main peak of the corresponding RDF.

(a)

Methanol solution, wt% S-H->O S-H,0™" S—-HOCH; H;0"-H,0 H;O"-HOCH;* HOCHrCH3OHb
0 7.22 1.55 — 3.83 - -
5 6.78 1.53 0.13 3.65 0.08 0.38

10 6.80 1.55 0.18 3.49 0.12 0.69

20 6.67 1.53 0.39 3.60 0.22 1.63

40 6.14 1.47 1.04 3.52 0.65 3.45

60 5.47 1.51 1.59 2.97 1.23 5.65

(b)

CH;OH- H,O-H->O CH;OH- Backbone— Backbone-H,O
HOCH;® H,0! CH;OH*®

0 — 3.92 — — 0.82

5 0.07 3.88 2.86 0.15 0.65

10 0.11 3.81 3.07 0.31 0.61

20 0.27 3.60 2.86 0.63 0.41

40 0.61 3.11 2.32 1.17 0.23

60 1.00 2.28 1.66 1.51 0.12

“Number of neighbouring methanol molecule around hydronium ion via the methanol OH head.
"Number of neighbouring methanol molecule around a given methanol via CH; head.

‘Number of neighbouring methanol molecule around a given methanol via OH head

YNumber of neighbouring water molecule around a given methanol via OH head.

“Number of neighbouring methanol molecule around the hydrophobic backbone via CH; head.

calculations [41,76]. Therefore, it is reasonable to see
a decreasing trend in the number of water molecules
around sulfonic acid groups due to water content
reduction. On the other hand, the number of methanol
molecules has an increasing trend as expected, but it is
interesting to note that for all systems, the number of
neighbouring water molecules is more than the number
of methanol molecules. Such an observation is even
true for the 60% solution in which the total number of
water and methanol molecules is roughly the same. In
such a system, the number of water molecules sur-
rounding a sulfonic acid group is approximately 3.4
times more than the number of methanol molecules.
To justify the above behaviour, the factor of molecular
size along with its interactions with other parts of
Nafion should also be taken into account. The water
molecule is smaller and more polar than methanol,
which allows the continuous formation of water
clusters, but the methanol molecule is bigger and has
polar and also nonpolar parts. Having a bigger size
does not favour aggregation as much as smaller
molecules in a constant volume. On the other hand,
although association of methanol molecules with
sulfonic acids is more energetically favourable than
with the other sites in the chain, such as CF5 and ether
oxygen [41,76], having a hydrophobic part (methyl)

gives a stronger force to be further from the sulfonic
acid group (a hydrophilic group) and approach the
hydrophobic backbone of Nafion. Table 3 indicates
that methanol molecules prefer to aggregate around
sulfonic acid groups rather than self-aggregation via
hydrogen bonding (polar aggregation). However,
methanol molecules prefer seclf-aggregation via the
hydrophobic part (methyl) rather than association with
the sulfonic groups and self-aggregation via hydrogen
bonding. This table also shows that polar aggregation
of methanol with water molecules is more probable
than the polar self-aggregation as it was reported for
the bulk solution of water-methanol mixture [77-79].
Such a conclusion may indicate that more control is
needed for water managing during sending out of
water from membrane in fuel cell condition work.
Results for the number of neighbouring methanol
molecules near the hydrophobic backbone of Nafion
show that hydrophobic self-aggregation of methanol is
more probable than gathering near Nafion’s hydro-
phobic backbone. Table 3 shows that like methanol,
water molecules prefer to interact with other water
molecules; however, comparison of the two interac-
tions shows that this preference in water molecules is
much stronger than that of methanol molecules. For
instance, in the 60% solution, the ratio of hydrophobic
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self-aggregation of methanol molecule gathering near
the hydrophobic backbone is 3.74 (5.65/1.51), while in
the case of water it is 19 (2.28/0.12). Our results are in
good agreement with those given by Saito e al. [80].
Their results show that the methanol permeability
increased with decrease in the equivalent weight (EW)
of some membranes. They suggested that methanol
molecules penetrate into the hydrophilic regions to
form ionic cluster regions together with water mole-
cules and sulfonic acid groups, in a similar way to the
membranes in the fully hydrated state, and diffuse
through the expanded spaces [80]. However, compar-
ing our results with theirs shows that formation of
ionic cluster regions of methanol with water molecules
is more significant than formation of such ionic
clusters of methanol with sulfonic acid groups. On
the other hand, hydrophobic self-aggregation of meth-
anol molecules via CH3 group is important, as well.
We have estimated number of water and methanol
(considering either OH or CHj; heads) molecules
surrounding different specified pending group of a
chain (Figure 6). It should be noted that solvent
molecules (methanol and water) are highly populated
in the vicinity of sulfonic acid groups, and the number
of neighbouring solvent molecules decreases towards
the main chain. There are some differences between
water and methanol distributions along the
pending group of a chain. In the case of water
molecules, Figure 6(a) shows that increasing methanol
concentration will result in a declining number of
neighbouring water molecules around each part of the
pending group. It is interesting to note that the slopes
of such a figure from OE2 to S atoms are the same for
all systems, which means methanol addition does not
effect the increasing amount of neighbouring waters
molecules around the pending atoms. However, this
figure shows that methanol addition has a different
effect on the increasing amount of neighbouring waters
around OE1 to C19, which could be concluded from
different slopes in the various systems. Figure 6(b)
shows the number of methanol molecules from the OH
head surrounding different atoms of the pending
groups. This figure indicates that in comparison with
water, methanol from OH head does have a much
lower percentage of surrounding molecules around the
pending groups. On the other hand, in contrast to the
case of the slope of each part of the figure being
different, it may be concluded that methanol addition
has different effect on the increasing amount of
neighbouring methanol from OH head for the pending
atoms. Figure 6(c) shows number of methanol
molecules from the CHj; head, surrounding different
atoms of the pending group. This figure indicates that
at low levels of methanol concentration, methanol

s

§ 10 4
g —— 0%
2 81 s 5%
'g —— 10%
5 61
e
‘a' 4 —*— 40%
5 —— 60%
g 2
£
=]
Z 0 : - . . ,
OE1 C17 Ci18 C19 OE2 C20 C21 S
(b)
S 2,
©
]
g 16+
5’§ 1.2
k<] J
:I "
3o
; g 0.8 -
5 =
5 04
e}
£
=2 0 4 T T T 1
OE1 C17 Ci18 C19 OE2 C20 C21 S
(c)
6.
5

from CH3 head
w

0 T T T T T T T 1

OE1 C17 C18 C19 OE2 C20 C21 S

Number of surrounding methanol

Figure 6. Number of (a) water and (b and c¢) methanol
molecules surrounding each specified atom of the pending
group of the chain. In the case of methanol molecules, two
heads [(b) OH and (c) CHj] are investigated. Cut-off for such
calculations are 4.85 A for water and 4.70 A and 6.20 A for
methanol OH and CH; head, respectively. Such cut-offs
correspond to first minimum of S-O (water), S—O (methanol)
and C-C of methanol molecules in the RDFs.

(from CHj3 head) distribution is the same for each atom
of the pending groups. However, increasing of meth-
anol will lead to more uneven distribution.
Distribution of water and methanol molecules in
nano-channels requires further analysis. We shall use
the same classification for solvent molecules as used by
others [34,43]. We classify solvent molecules into three
categories: bonded solvent (BS), weakly bonded sol-
vent (WS), and free solvent (FS). Solvent molecules
which their oxygen atom lays within 4.85A from the
sulfur atom of sulfonate group are considered to be
BS. Those molecules whose S-O distance from a
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sulfonate group is between 4.85 and 7.00A are
considered as WS, and finally, FS molecules are
those that the distance is larger than 7.00 A. The
results are summarized in Figure 7.

As Figure 7a shows, when the solvent is pure water,
an approximately equal number of water molecules
belongs to both BS and FS types. However, this figure
indicates that the most water molecules should be
classified as WS. On the other hand, a small amount of
methanol molecules (in the 5% solution) will result in a
distinguishable affect on the water distribution. Since
as previously mentioned, methanol molecules are able
to interact with sulfonic acid groups efficiently; there-
fore, to do so, a number of water molecules adjacent to
sulfonic groups (BS and WS) should leave their
positions and enter to the FS region; Figure 7(a)
supports this idea. There will be enough space for

(a) 0.5 4
X 0.3
——BS
—a—WS
—a—FS
0.1 T T : : .
0.5 0.6 0.7 0.8 0.9 1
Water molar fraction
(b) 0.5
X 0.3
v : \
0.1 T T T T T
0 0.1 0.2 0.3 0.4 0.5
Methanol molar fraction
(c) 0.5
X 03 1/. % <
0.1 T T : : :
0.5 0.6 0.7 0.8 0.9 1

Water molar fraction

Figure 7. Fraction of (a) water, (b) methanol, and (c)
water + methanol molecules (X) as the BS, WS, and FS
types.

methanol molecules to approach sulfonic acid groups.
This figure indicates that such solvent replacement up
to 20% solution will lead to water molecules being
mostly of FS category, then WS category, with the
least in category BS. However, at the levels of 40 and
60% solutions, the positions of WS and BS are
switched, which means BS is more probable than
WS. This behaviour can be discussed based on the
dielectric effect of the solvent. Since methanol dielectric
is less than that of water, more methanol molecules in
the system result in a system with less dielectric
constant. In a system with less dielectric constant,
ions and polar molecules will be closer to each other,
therefore, since water molecules are much more polar
than methanol molecules, they will stay closer to
sulfonic acid groups.

Distribution of methanol molecules is presented in
Figure 7(b). As this figure shows, at any level of
methanol concentration, the BS type has the least
weight, which is in accordance with the results given in
the previous section on hydrophobic self- and with-
water-aggregation, compared with gathering near sul-
fonic acid groups (Table 3). In the cases of WS and FS,
two replacements in relative positions are observed as a
function of methanol concentration. In the 5% solu-
tion more water molecules are free than those which
are weekly bonded. However, in the 10 and 20%
solutions, the relative fraction is reversed and more
water is now belong to WS compared with FS, but it
should be noted that the difference is not much. Then,
in the 40 and 60% solutions FS type is again
dominating relative to WS, but now, the difference
becomes more and more with increasing methanol
concentration. According to Table 3, up to the 20%
solution, methanol molecules prefer to interact with
water molecules more than like molecules (methanol)
via the hydrophobic or hydrophilic self aggregation.
Based on Figure 7(a), the water molar fraction of the
WS and FS in the 10 and 20% solutions is roughly the
same and more than that of BS; therefore, it is
expected to find methanol molecule in WS and FS
region with the same probability. In the 40 and 60%
solutions, Table 3 shows that the groups are formed via
the hydrophobic parts (methyl) which needs to have
enough space without disturbing the polar parts of
Nafion (sulfonic acid groups). On the other hand, the
WS for water has decreased significantly and reversely,
the FS has increased in the 40 and 60% solutions. Such
a phenomenon is due to the fact that methanol
molecules which are interacting with water molecules
have a tendency to go in the FS region of methanol.
Therefore, the FS and WS of methanol are more
different for these methanol concentrations. It is
interesting to note that the differences in BS, WS,
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and FS for the methanol molecules are more than
those of water molecules. Such a difference may
indicate that methanol distributes specifically more
than water in the nano-channels of sandwich model.

Distribution of both solvent molecules (metha-
nol 4+ water) is shown in Figure 7(c). This figure clearly
shows that a bit amount of methanol (the 5% solution)
has an important impact on the total solvent distribu-
tion; FS increases and at the same time both BS and
WS decrease. Such a result may be explained based on
methanol characteristics. Large methanol molecules
cannot get as close as water molecules to sulfonic acid
groups. For the 10% solution, compared to the 5%
solution, FS decreases and both BS and WS increase.
This behaviour has already been seen for the water,
which means the predominant effect of water
distribution in whole solvent distribution. There is no
difference for different types of water in the 20% and
10% solutions. This is expected since no significant
change for any solvent distribution occurs in the
mentioned concentration range. Behind the 20%
solution, FS increases and WS decreases both with a
significant rate. Also, the BS decreases but more
slowly. One may note that such a behaviour has
already been observed for methanol, which means the
methanol distribution is predominant the whole sol-
vent distribution in the system in such methanol
concentration range.

To survey the structural relationship of hydronium
ion with, water and methanol molecules as well as
other hydronium ions, the RDFs of their oxygen are
calculated and presented in Figure 5. As Figure 5(d)
(hydronium ion oxygen-hydronium ion oxygen RDF)
shows, more hydronium ions are able to approach the
central hydronium ion which is due to decreasing
solvent dielectric constant and hence approaching of
sulfonic acid groups to each other, as previously
discussed. It is interesting to note that the main peak
is around 6.30A. It is a long distance due to
surroundings sulfonic acid groups by hydronium
ions. The proton transport mechanism in water may
be viewed as a two steps mechanism: the jumping of
protons between water molecules, called the Grotthuss
mechanism [81], and the diffusion of the entire water
complexes through the hydrogen bond network made
by water clusters. The RDF of the oxygen atom of
hydronium ion and the oxygen atom of the water
molecules for different systems are shown in
Figure 5(¢). The first peak of the RDF for all systems
appears around 2.55 A, while the second wider peak
around 4.85A, as previously reported for a non-
sandwich model [53] and sandwich model in previous
work [43]. It is worthwhile to note that substitution of
hydronium ions by lithium ions will result in closing of

positive counter ions (Lit) to water solvent. It was
shown that position of the first maxima in the RDF of
Li—O for the water-containing system under NPT and
NVT conditions is 2.1A, which is smaller than our
result [29]. It should be noted that at high methanol
concentrations, there are less water molecules around
hydronium ions (Table 3). The hydronium ions
oxygen-methanol oxygen RDF is shown in
Figure 5(f) for different systems. There are two peaks
for this RDF; the main peak appears around 2.60 A
and the second are around 5.00 A. It is shown that as
for water molecules, here for methanol molecules, the
nature of interactions and shell formation around
hydronium ions are not affected by the methanol
concentration. It is obvious that more methanol
molecules in whole system will result in more
methanol molecules surrounding hydronium ions and
then less water molecules surrounding hydronium ions.
However; based on Table 3, for all systems, water
molecules are the most dominating component sur-
rounds sulfonic acid groups. Such domination is even
true for the 60% solution (the ratio of surroundings
water molecules to surrounding methanol molecules in
this system is 2.41).

It is interesting to compare our results (data was
not shown) on methanol oxygen-methanol oxygen
RDF with those reported by Morrone et al. for
methanol-water solutions using an ab initio molecular
dynamics simulation [82]. Our results show that,
hydrophilic self-aggregation of methanol in Nafion
via OH group is ordered even at low methanol
concentrations. There are two peaks in the mentioned
RDF; the main peak appears around 2.95A and the
second one is around 4.80 A. However, results reported
in Ref. 82. Indicats that oxygen—oxygen methanol
structure is strongly depends on methanol concentra-
tion, in such a way that at high concentration such
structure is improved while at low concentration is
going to be ambiguous.

3.2. Solvent dynamics

Although the critical proton jumping mechanism is
missing in our MD model, it is nevertheless interesting
to investigate the water, methanol, and hydronium
diffusions in the solutions. Their values can be
estimated from the mean-square-displacement (MSD)
for different species. The diffusion coefficient, D, was
evaluated from the mean square displacement as
follows:

(1r(t) = 1))
6t
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where r(f) and (0) are the position of molecule at time
(r) and zero, respectively. The calculated diffusion
coefficient of water strongly depends on the model
used for water molecules [83,84]. Since our goal is only
to compare the diffusion coefficient of water molecules
for different systems with different methanol
concentration; therefore, using TIP3P model for
water molecule does not influence on our conclusion.
We will also compare our results with the others
obtained for the bulk TIP3P of water molecules.
Figure 8(a) shows the mean square displacement
(MSD) of water molecules in various systems at
300K. Table 4 presents the diffusion coefficient for
H,O in different simulated systems over the sampling
period. It is interesting to note that the 5% solution
shows a very slight MSD increscent relative to that of
0%. As previously discussed, a slight amount of
methanol molecules (the 5% solution) will lead to
increasing of FS and decreasing both BS and WS.
Therefore, water MSD is anticipated to have a higher
value as our result supports. On the other hand,
Figure 8(a) shows that, there is no change for FS, WS,
and BS of the 20% solution relative to the 10%
solution which means that there is no difference
between the MSD of these systems, as our results
support it. However, Figure 8(a) points out that the
MSD of water molecules has a degrading trend by
increasing methanol content, behind the 20% solution.
As Figure 7(a) shows, molar faction of water BS is
increased gradually by addition of methanol, which
means that relatively more water molecules are
attached to sulfonic acid groups that make them
unable to move because of the strong electrostatic
interactions. On the other hand, molar fraction of
water FS is increasing by addition of methanol as well;
therefore, to get a reasonable understanding, the
increment should be taken into account as well. It
will be helpful if this category (FS) is considered as a
pure mixture of water—-methanol. Previous studies on
water—methanol mixtures have shown that diffusion of
water molecules is decreased through enhancement of
system by methanol molecules up to approximately 0.5
molar fraction of methanol. There have been notice-
able investigations on the microstructure of methanol
and its aqueous solutions via both experiment and
theory; this is motivated by the observation of greater
deviations of dynamic and excess thermodynamic
properties from ideal mixing behaviour at low to
mid-ranges of methanol concentration [83-86]. This
anomalous behavior is linked to the formation of some
unique microstructure (enhanced water structure
around alcohol methyl groups; molecular-scale
immiscibility leading to a microemulsion environment,
particularly at high alcohol concentrations).
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Figure 8. Mean-square-displacement of (a) water, (b) meth-
anol, and (c) hydronium as a function of simulation time.

Extensive neutron diffraction experiments coupled
with atomistic simulations of aqueous methanol solu-
tions have recently shed a light on the bipercolating
network structure of methanol-water solutions over
extended concentration ranges [77]. Our results
which indicates decreasing trend of water diffusion is
in accordance with the previous results of others
[79,85-88]. However, such a result is not in agreement
with the system containing Li* instead of H;O™ ions.
In the mentioned system, the value of Dy o initially
increases with methanol concentration (c¢,,) increasing
up to ¢, 0.5 and then decreases [29]. The molecular
dynamics simulation of TIP3P water molecules by
others shows that diffusion coefficient for the men-
tioned model is 5.60 x 1072 cm?/s at 300K [89,90].
These results indicate that diffusion of water molecules
in the polymer is less than that of water in the pure
bulk state which is experimentally supported for
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Table 4. Diffusion coefficients of water and methanol molecules along with hydronium ions for the six solutions at 300 K. The
ratios of calculated diffusion coefficient for bulk TIP3P water molecules to that calculated for water molecules in Nafion (Dtip3p/
Dyainap), diffusion coefficient for water molecule in Nafion to that for hydronium ion in Nafion (Dyai-Nat/Dnyd-Nar), diffusion
coefficient for water molecule in Nafion to that for methanol in Nafion (Dya¢-Naf/ Dmet-Nar)> and diffusion coefficient for methanol
molecule in Nafion to that for hydronium ions in Nafion (Dye-Nat/Dhyd-Naf)-

Methanol
solution, D (HZO) D (CHSOH) D (H3O+) DTIPSP/ Dwat-Naf/ Dwat-Naf/ Dmet-Naf/
wt% (X 1075 sz/S) (X 1075 sz/S) (X 1075 sz/S) DwaL»Naf Dhyd»Nal‘ Dmel-Nal‘ Dhyd-Nal‘

0 0.82 - 0.18 6.81 4.55 - -

5 0.83 0.51 0.17 6.76 4.88 1.63 3.00
10 0.74 0.44 0.15 7.55 4.93 1.68 2.93
20 0.74 0.38 0.13 7.55 5.69 1.95 292
40 0.59 0.29 0.14 9.53 4.21 2.03 2.07
60 0.49 0.30 0.10 11.50 4.90 1.63 3.00

Nafion [87-91]. Our survey shows that diffusion
coefficient of bulk water is greater, approximately by
6.8 to 11.5 times, which is in good agreement with
those results obtained for the system containing Li*
instead of H;O™" [29].

Figure 8(b) shows the mean square displacement
(MSD) of methanol molecules for different solutions at
300K. As this figure shows, the MSD of methanol is
decreased via addition of methanol. On the contrary to
water case, such a result is not in agreement with the
system containing LiT instead of H;O™ [29]. It is worth
mentioning that differences in MSD for low concen-
trations are remarkable but, the difference will be
decreased after enhancement of solutions with meth-
anol molecules. To give an explanation for such a
behaviour, four types of interactions which effect on
the methanol molecules movement should be taken
into account; its interactions with (a) sulfonic acid
group, (b) hydrophobic backbones, (c) water mole-
cules, and (d) other methanol molecules especially via
hydrophobic part (methyl). Figure 7(b) shows that the
molar fraction of interacting methanol molecules with
sulfonic acid groups is decreased very slightly by
upgrading of methanol content; therefore, from this
point of view the movement should be easier. On the
other hand, the methanol molecules far from sulfonic
acid groups are interacting with hydrophobic back-
bone, water molecules, or other methanol molecules
which all of them reduce the methanol movement.
After saturation of the hydrophobic backbone with
methanol molecules, addition of such molecules should
definitely go to pseudo-typical water—-methanol mix-
ture and interact with them. So our prediction would
be decreasing methanol diffusion to some extent and
then seeing typical behaviour of water—methanol
mixture. Our results are completely in agreement
with such a conclusion. Results show that, MSD of

methanol molecules is firstly decreased and then will be
constant to some extent (Figure 8(b)). The previous
reported data by others shows that, methanol diffusion
in the water-methanol mixture has no remarkable
changes approximately within 0.2 to 0.4 methanol
molar fraction [77,92]. Since we have presumed that
some of methanol molecules are responsible for cov-
ering the hydrophobic backbone, molar fraction of
methanol in our pseudo- water—methanol mixture
between two hydrophobic backbones is less than the
actual molar fraction. Therefore, as it is presented in
Figure 8(b) and Table 4, sclf-diffusion of methanol
molecules for the 40 and 60% solutions is roughly the
same. Table 4 also shows that diffusion of water is
more than methanol molecules (approximately by a
factor of 1.6 to 2.0 times) in all concentrations which is
supported by the previous theoretical and experimental
data [77,92-94]. However, the related results for the
system containing Li" instead of H;O" have indicated
that diffusion of water is less than methanol molecules.
Such results were explained on the basis of system
densities [29].

Figure 8(c) shows the mean square displacement
(MSD) of hydronium ions for the different solutions at
300 K. The diffusion coefficient for the hydronium ions
was determined to be much smaller than that for water
(by a factor of 4.2-5.7) and methanol (by a factor of
2.1-3.0). Considering the strong electrostatic attrac-
tions among hydronium ions and the negatively
charged sulfonate groups, such a low diffusion is
expected. This figure indicates that at higher methanol
concentrations, hydronium ions have smaller diffusion
coefficient. This is completely reasonable due to
decreasing of solution dielectric constant. With more
methanol content, the dielectric constant of the system
will be declined and then, the electrostatic interactions
of ions will be more noticeable. In such circumstances,
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the hydronium ions are attached to sulfonic acid
groups more strongly which may result in decreasing of
the diffusion coefficient. Such a result is also in good
agreement with experimental data reported by Saito
et al. [82]. Their results indicate that the proton
conductivity is reduced by methanol penetration into
the membranes especially for the smaller EW value
ones. To investigate the roles of CHj; group of
methanol, they measured self-diffusion coefficients of
the alkyl group D¢y, and of OH (including protons)
Doy of different alcohols (methanol, ethanol and
2-propanol). Both coefficients values increased with
decreasing the EW value, and the Doy was always
larger than the Dcy,. In addition, the differences
between the Doy and DCH} increased with the decrease
of the size of alkyl groups [82]. They interpreted that,
that protons transport faster than the alcohols by the
Grotthuss (hopping) mechanism, and the faster proton
transport was promoted more when the membrane was
penetrated by smaller alcohol. The diffusion of
hydronium ions; here, could not be compared with
the experimental value if the absolute value is of
interest, because we have only computed the vehicular
transport of H;O", while the measured proton trans-
port includes hopping of the bare H" among water
molecules, as well. On the other hand, ab initio
molecular dynamics simulation of methanol-water
solutions reveals the existence of separate hydrogen-
bonded water and methanol networks [82]. Such a
study shows also that Grotthuss type of diffusion
mechanism of the proton in which water-to-water,
methanol-to-water, and water-to-methanol proton
transfer reactions play the dominant role in proton
diffusion while, methanol-to-methanol transfers being
much less significant [82].

However, since Li" transport is vehicular, it is
interesting to compare our results with those obtained
by Chertovich e al. for the system containing Li"
instead of H;O™ [29]. Their simulation values of Dy ;.
was 0.7 x 107°cm?/s, which is higher than those
obtained here for hydronium ions [29]. Such a reduc-
tion in self diffusion could be related to the strong
hydrogen bonds of hydronium ions and sulfonic acid
groups, as well as solvent molecules.

4. Conclusion

The results presented in this work highlight the crucial
role of methanol content on the hydrated Nafion
structure and solvent transport properties. The method
is based on the molecular dynamics simulation of the
sandwich model which is a simplified model. Our
initial structures are created in such a way that the

distance between sulfonate groups of two neighboring
layers is minimum. Studying the model with the
maximum distance could be helpful for a deep under-
standing of the sandwich model. The other simplifica-
tion is using the periodic boundary conditions to make
the model continuous. Such a condition also allows
the thickness parameter to be discarded. Taking the
mentioned parameter into account can be an interest-
ing topic for further investigations. Statistical struc-
tural factor evaluated as a Fourier transform of a
partial RDF profile of solvent oxygen shows that the
peak that represents the cluster size shifts toward a
smaller value of ¢ and becomes broader with increasing
methanol concentration. This implies although bound-
ary between the aggregations of polymer matrixes and
solvents is going to be ambiguous, a more-spherical
solvent cluster is formed in the membrane immersed in
a solution with higher methanol concentration. We
presume that this phenomenon is due to the nature of
methanol as well as the simplified model which has
been studied in this work. The calculated number of
water and methanol molecules surrounding different
specified groups within Nafion shows that methanol
can more easily approach a hydrophobic polymer
matrix, in comparison with water. On the other hand,
water is situated nearer the sulfonic acid group,
compared to methanol, even though both have similar
attractive interaction energies with the acidic group.
Analyzing of solvent distribution shows that presence
of a slight amount of methanol molecules (even 5%)
will result in a significant affect on the water distribu-
tion. Such analyzing shows that the methanol distri-
bution is more specific than that of water in
nanochannels, as well. Structural analysis shows that
the sulfonic acid clusters in high methanol concentra-
tion is much ordered so that subsequent layers are able
to be formed. It was also found that although the first
shell of hydronium and water around the sulfonic acid
clusters become broader by increasing methanol con-
centration, the number of neighboring hydronium ions
around a sulfur atom is not affected by the concentra-
tion change. The diffusion coefficient of solvent was
also analysed as a function of methanol concentration.
It was shown that for the three components; water,
methanol, and hydronium, the coefficient has a
declining trend. It was discussed that many changes
of solvent properties may be related to the dialectic
constant of solution.
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