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Abstract Sulfonated poly(arylene ether ether nitrile)

(m-SPAEEN) copolymers are reported to have the property

of reduced water uptake compared with other hydrocarbon

membranes, such as sulfonated polysulfones or polyke-

tones, with similar ion exchange capacity. It is believed

that this difference is largely due to the nitrile group. In this

study, to investigate the effect of the nitrile group on

properties of polymer electrolyte membranes for fuel cell

applications, we carried out a series of molecular dynamics

(MD) simulations. We compared the results of MD simu-

lations for m-SPAEEN and sulfonated poly(arylene ether

sulfone)s (BPSH). We found that water molecules hydrate

not only the sulfonate (SO3
-) groups of m-SPAEEN but

also other hydrophilic functional groups in the copolymers.

Results showed that hydration around the nitrile group in

m-SPAEEN and around the sulfone (SO2) group in BPSH

differs in features related to water uptake: The former

exhibits uptake of fewer water molecules than does

the latter. This difference in hydration features causes

m-SPAEEN to have a relatively low water-uptake level

compared with BPSH.

Keywords Polymer electrolyte membrane � Fuel cell �
Molecular dynamics simulation

1 Introduction

Polymer electrolyte fuel cells (PEFCs) are actively being

developed because of their potential applications in por-

table and stationary systems [1]. An important component

of a PEFC is the polymer electrolyte membrane (PEM),

whose role is to facilitate proton conduction and to separate

the anode and the cathode. It has been suggested that PEMs

should have high proton conductivity, good mechanical

and chemical stability under fuel cell operation conditions

and low production cost [2]. Perfluorinated acid-type

polymers, such as Nafion, are widely used for PEFCs

because of their excellent proton conductivity and good

mechanical and chemical stability [3]. Although Nafion is a

good polymer for PEFC applications, it does have several

shortcomings, such as high production cost, high methanol

permeability and low operating temperature (\80 �C),

which has prompted the development of new membranes.

Hydrocarbon-based polymers have attracted consider-

able attention as alternatives. The cost of hydrocarbon

PEMs is generally lower than that of perfluorinated ones

[4]. Typical examples of hydrocarbon-based polymers are

sulfonated aromatic polymers, such as sulfonated poly

(ether ether ketones) (SPEEKs) [5]. Most such aromatic

polymers exhibit poor proton conductivity when the water

content is low, compared with Nafion [6]. This property
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is one of the major drawbacks of hydrocarbon-based

polymers because it is desirable to operate a PEFC under

conditions of low hydration or no water conditions, in order

to avoid the requirement for water management. Therefore,

to obtain satisfactory proton conductivity for fuel cell

applications, suitable polymers require a higher degree of

sulfonation [7]. However, an increase in the degree of

sulfonation generally also results in excess water uptake by

hydrocarbon membranes. Such excess water swelling

subsequently results in deterioration of the performance of

the membranes for fuel cell applications because of their

mechanical fragility [8]. Thus, the question arises as to how

to design a polymer that retains low water uptake at a very

high degree of sulfonation.

Recently, sulfonated aromatic polymers having a nitrile

moiety draw attention since these copolymers exhibited

reduced water uptake compared with typical sulfonated

aromatic membranes, such as sulfonated polyether sulfones

or polyketones, with similar ion exchange capacity (IEC)

[9]. This property of reduced water uptake is very impor-

tant for fuel cell applications because it allows increased

incorporation of sulfonic acid groups into polymers without

an excessive increase in water uptake. Furthermore,

membranes made from nitrile copolymers exhibit excellent

methanol impermeability that is beneficial to direct meth-

anol fuel cells. It has been suggested that the nitrile groups

in the sulfonated polymers play an important role in the

reduced water-uptake property [9, 10]. However, the origin

of this on a molecular level has not yet been elucidated.

In this study, we carried out molecular dynamics (MD)

simulations to investigate the structural aspects and details

of the water-uptake property of the water-swollen nitrile

copolymers. To date, MD simulations have been

successfully applied to various PEMs, including Nafion

and hydrocarbon membranes [11–28], and several review

articles on this subject have been published [29–31]. These

simulations provide information regarding structural fea-

tures of water-swollen PEMs and various transport prop-

erties, which, by compensating experimental observations,

provides deeper understanding of the physics and chemis-

try of PEMs. In this paper, we present the results of MD

simulations carried out for sulfonated poly(arylene ether

ether nitrile) (m-SPAEEN) copolymers and sulfonated

poly(arylene ether sulfone)s (BPSH), the chemical struc-

tures of which are depicted in Fig. 1. The MD simulation

for BPSH was conducted for comparison purposes.

2 Computational details

Table 1 gives details of the molecular models employed in

the present study. MD simulations were carried out for

three polymer systems: m-SPAEEN-50, m-SPAEEN-60

and BPSH-35. In m-SPAEEN-50, ‘‘50’’ indicates that the

two repeat units in the copolymer are present in an equal

ratio (n/1–n = 50:50); in m-SPAEEN-60, ‘‘60’’ means that

the ratio is 60:40. A similar notation applies for BPSH-35.

The hydration level (k), which is defined as the number

of water molecules per sulfonic group, corresponds to

experimental values obtained at full equilibration in water.

To maintain the neutrality of the system, H3O? was used

as the counterion to SO�3 : The force field selected for this

study was a simplified consistent force field, which is a

second-generation force field [32]. It has been successfully

applied to various polymer systems, including PEMs for

fuel cells [33–35]. Missing force field parameters were

Fig. 1 Molecular structure of

m-SPAEEN and BPSH (n refers

to the mole ratio of a sulfonated

monomer to a nonsulfonated

one)

Table 1 The numbers of H2O

and H3O? and polymer chains

used in the simulated systems

Monomer Polymer H3O? H2O k Box

size (Å)

Wt (%) Particle

number

m-SPAEEN-50 15 150 1,050 8.0 50.02 23 14,100

m-SPAEEN-60 15 180 1,278 8.1 55.52 28 14,874

BPSH-35 15 210 2,520 12.6 61.33 35 23,130
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assigned following the method developed by Sato et al.

[36]. Classical MD simulations were carried out with the

LAMMPS code [37]. Equations of motion were integrated

using the Verlet algorithm with a time step of 1.0 fs, and

the particle–particle particle–mesh method was employed

to calculate electrostatic interactions. The initial configu-

ration of each system was constructed using the Amorphous

Builder module in the MAPS software package [38]. We

then carried out a thermal annealing procedure five times

between 298 and 800 K.

After the annealing procedure, MD simulations were

performed in the NVT ensemble at 293 K for 10 ns.

Trajectories obtained from the last 5 ns were used to com-

pute the structural properties. Note that in our simulations,

proton dissociation and hopping were disallowed; only the

vehicular-type proton transport was taken into consideration.

Snapshots from the trajectories can be seen in Fig. 2.

3 Results and discussion

3.1 Sulfonate group–water/hydronium ion interaction

In general, the sulfonate group plays a major role in water

uptake in PEMs. Hence, we investigated the coordination

of the water or hydronium ions around the sulfonate group.

Figure 3 shows the coordination number of water mole-

cules around the sulfonate group as a function of distance,

which was computed by integrating the radial distribution

function (RDF) for an atomic pair between the oxygen

atom of water molecules and the sulfur atom of the sul-

fonate group. As shown in the figure, the coordination

number of water molecules increases gradually with

respect to the S–O distance.

The coordination numbers at 4.5 Å are 4.7, 5.1 and 6.0

for m-SPAEEN-50, m-SPAEEN-60 and BPSH-35,

Fig. 2 Snapshots from trajectories. Gray lines, polymer backbone;

red balls, oxygen atom of H2O; pink ball, oxygen atom of H3O?;

white ball, hydrogen atoms; yellow ball, sulfur atoms. Blue lines are

periodic boundaries of the unit cell. a m-SPAEEN-50, front view;

b m-SPAEEN-50, side view; c BPSH-35, front view; d BPSH-35, side
view
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respectively. The value of 4.5 Å is a typical cutoff distance

for counting the number of water or hydronium ions around

the sulfonate group. The uptake of BPSH-35 is about one

water molecule more than that of the SPAEEN copolymers.

The data also show that the coordination number is pro-

portional to the IEC value (BPSH-35 [ m-SPAEEN-60 [
m-SPAEEN-50).

Figure 4 shows the coordination number of hydronium

ions around the sulfonate group as a function of distance.

It is notable that the coordination number does not increase

significantly after 4.5 Å, which is in contrast to the gradual

increase in the coordination number of water molecules, as

presented in Fig. 3. This result indicates that one hydro-

nium ion is located next to the sulfonate group but the

second one is located far from the sulfonate group. This is a

general trend; it is found in other PEMs [28, 39]. Under

higher hydration conditions, water molecules in PEMs can

strongly screen the hydronium ion–sulfonate interaction,

which enables hydronium ions to diffuse away from the

sulfonate group. The coordination numbers of hydronium

ions are 1.9, 2.0 and 1.5 for m-SPAEEN-50, m-SPAEEN-

60 and BPSH-35, respectively. These values are larger than

1.0, which indicates that one hydronium ion is shared by

two neighboring sulfonate groups. The result is interesting

because this configuration, which is sometimes referred to

as a bridged configuration, typically occurs under low

hydration conditions [28, 39], and it is indicative of

the PEM being folded to a large extent. For example, the

coordination numbers of hydronium ions around the

sulfonate group in SPEEK are reported to be 1.4 (k = 4.9)

and 1.2 (k = 1.2) [28]. This comparison with SPEEK may

suggest that m-SPAEEN tends to favor folded configura-

tions, even in the case of a relatively higher water content,

such as k = 8.0.

Taking the above results into consideration, the coor-

dination numbers of water molecules plus hydronium ions

were calculated to be 6.6, 7.0 and 7.5 for m-SPAEEN-50,

m-SPAEEN-60 and BPSH-35, respectively. The sulfonate

group in BPSH-35 absorbs about one more water molecule

or hydronium ion than that in m-SPAEEN-50 and

m-SPAEEN-60.

A sulfonate group’s ability to absorb water molecules

(including hydronium ions) is rather independent of the

membranes described here, considering the difference of k
values. It is therefore logical to consider other effects that

contribute to the water-uptake property. Those membranes

have hydrophilic functional groups other than the sulfonate

group, and because these functional groups are able to form

hydrogen bonds with water molecules, the water-uptake

ability of such functional groups also should be taken into

account.

3.2 Nitrile/sulfone group–water interaction

Figure 5 shows the RDF for an atomic pair between the

nitrogen atom of the nitrile group in m-SPAEEN-50 and

m-SPAEEN-60 and the oxygen atom of H2O. The first

peak shown in the RDF arises mainly from hydrogen bonds

between the nitrile group and water molecules. Also, as a

previous study on acetonitrile–water mixtures indicates

[40], water molecule can interact with the nitrile group

through dipole–dipole interaction. The coordination num-

ber of water molecules around the nitrile group was cal-

culated to be 2.0, with a 4.5 Å cutoff for integration. This

result suggests that, in addition to the water-uptake con-

tribution of the sulfonate group, in m-SPAEEN mem-

branes, the nitrile group also exhibits some water uptake.

Furthermore, Fig. 6, which depicts the RDF for an atomic

pair between the nitrogen atom of the nitrile group and the

oxygen atom of hydronium ions, shows that the nitrile

Fig. 3 Coordination number of water around SO�3 as a function of

distance

Fig. 4 Coordination number of a hydronium ion around SO�3 as a

function of distance
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group is able to form hydrogen bonds with hydronium ions.

This result implies that the nitrile group can act as a proton-

trapping site, which may hinder efficient proton transport in

the membranes. The above implication is also true for

BPSH-35, because the sulfone group of BPSH-35 forms

hydrogen bonds with hydronium ions (as seen in Fig. 6).

Figure 7 shows the RDF for an atomic pair between the

oxygen atom in the sulfone group and the oxygen atom of

water molecules for BPSH-35. The first peak arises from

the water–sulfone hydrogen bond in the water-swollen

BPSH-35. The coordination number of water molecules

around the oxygen atom of the sulfone group was calcu-

lated to be 2.7, with a 4.5 Å cutoff. Thus, one sulfone

group is able to hold up to about five water molecules. The

sulfone group of BPSH-35 is able to absorb twice as many

water molecules as the nitrile group of m-SPAEEN mem-

branes. The above results suggest that the difference in the

water-uptake property between m-SPAEEN and BPSH-35

arises, in part, from the difference between water-uptake

ability of the nitrile group and that of the sulfone group,

although effects arising from differences in water mor-

phology between the two types of membrane cannot be

totally neglected.

3.3 Morphological aspects

In the previous sections, we explained the difference in

water-uptake ability between m-SPAEEN and BPSH in

terms of the difference in water-uptake ability between the

nitrile and sulfone groups. It is well known that Nafion

membranes are able to absorb more water molecules than

typical hydrocarbon membranes, although Nafion does not

have hydrophilic functional groups such as carbonyl or

sulfone groups that can interact strongly with water mol-

ecules. It is also known that hydrophilic phases and

hydrophobic phases tend to be strongly separated in

Nafion. The case of Nafion indicates that the hydrophilic–

hydrophobic phase separation that allows water molecules

to form wide water channels is a very important feature

affecting the water-uptake property.

Thus, to understand this morphological aspect in the

membranes under discussion, we investigated the correla-

tion between sulfur atoms of the sulfonate groups. Figure 8

shows the RDF between the sulfur atoms of SO�3 : The first

peaks of m-SPAEEN-50 and m-SPAEEN-60 are located at

virtually the same position, whereas those of BPSH-35 are

located at a slightly different position. In general, the S–S

distance of PEMs increases with an increase in water

content [28, 39], such that the difference reflects, to some

extent, the difference in the water content of the mem-

branes (k = 12.6 for BPSH-35, and 8.0 and 8.1 for

m-SPAEEN-50 and m-SPAEEN-60, respectively). Fur-

thermore, the S–S distance is affected by the chemical

structure of the two membranes. As seen in Fig. 1, BPSH-

35 has two sulfonate groups in one repeat unit, whereas

m-SPAEEN has one sulfonate group in the naphthalene

unit. Therefore, the S–S correlation in BPSH-35 can arise

from an intra-unit S–S contribution, whereas such an intra-

unit S–S correlation is missing in the case of m-SPAEEN.

Since the shorter average S–S distance implies more dis-

perse and narrower water channels inside PEMs [35], the

above RDF indicates that water channels inside m-SPA-

EEN polymers are smaller than those inside BPSH-35.

To gain further insight into the water channels inside

PEMs, we carried out a cluster analysis of water, the results

of which are presented in Fig. 9. In this analysis, we

identified clusters of water molecules connected by a

hydrogen bond network in all snapshots. The number of

water molecules in each cluster was then extracted, and the

Fig. 5 RDF for an atomic pair between the nitrogen atom of the

nitrile group of m-SPAEEN polymers and the oxygen atom of water

molecules

Fig. 6 RDF for an atomic pair between the nitrogen atom of the

nitrile group of m-SPAEEN polymers and the oxygen atom of

hydronium ions and for an atomic pair between the sulfur atom of the

sulfone group of BPSH-35 and the oxygen atom of hydronium ions
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average population of each size of cluster was calculated.

Fig. 9 shows that the population of small water clusters is

smaller in BPSH-35 than in m-SPAEEN-50 and m-SPA-

EEN-60. It is also noted that the population is inversely

proportional to the IEC value. This trend is in accordance

with our previous simulation results on sulfonated

poly(ether sulfone) [35]. Because the population of small

water clusters increases with an increase in disconnectivity

of water channels inside PEMs, the above analysis indi-

cates that the water channels inside BPSH-35 are slightly

larger than those inside m-SPAEEN-50 and m-SPAEEN-

60, although the difference in water cluster distribution is

not great, as can be inferred from Fig. 9.

Our simulation suggests that in an environment where

water cluster size distribution is not significantly different

and hydrophilic–hydrophobic phase separation is not as

profound as in Nafion, other effects such as the water-

uptake ability of hydrophilic functional groups influence

the water-uptake property of membranes.

4 Conclusions

The results of MD simulations carried out for m-SPAEEN

and BPSH-35 are presented. We found that hydrophilic

functional groups affect the water-uptake property of

PEMs. The nitrile group in m-SPAEEN copolymers

absorbs up to about two water molecules. On the other

hand, the sulfone group in BPSH-35 is able to absorb more

than five water molecules. Our simulations reveal that the

differences in hydrophilic functional groups’ ability to hold

water molecules result in different PEMs having different

water-uptake properties.
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