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le dynamics and molecular
dynamics simulations on mesoscale structure and
proton conduction in a SPEEK/PVDF-g-PSSA
membrane

Yue Ma,† Yuxiang Wang,† Xuejian Deng, Guanggang Zhou, Sha Khalid,
Xiaoliang Sun, Wei Sun, Qiong Zhou and Guiwu Lu *

The proton exchange membrane fuel cell (PEMFC) is an innovative technology for the realization of next-

generation power sources, in which a polymer or blend membrane is used to separate the fuel from the

oxidant and to transport protons. Although a variety of membranes have been synthesized and

characterized by both experimental and molecular simulation methods in the past few decades, the

underlying microscopic molecular mechanism is still unclear. In this article, a blend membrane

composed of SPEEK and PVDF is investigated by dissipative particle dynamics (DPD) and molecular

dynamics (MD) simulation methods. The results show that the blend of SPEEK and PVDF has preferable

compatibility as the sulfonation degree is about 50%, and the compatibility is improved further by adding

10% PSSA grafting additive. For both 90/10 and 80/20 blending proportions, SPEEK and PVDF-g-PSSA

mixed fairly well, and a proton exchange channel network is observed. What's more, as the PVDF-g-

PSSA content increases from 5% to 20%, the hydrophilic clusters, which consist of sulfonate groups,

water molecules and hydronium ions, are formed and aggregate inside the SPEEK membrane. In

addition, the transport properties and proton conductivities of the blend membrane are also significantly

improved by the increase of the content of PVDF-g-PSSA.
1. Introduction

Proton exchange membrane fuel cell (PEMFC) technology is
a promising research area, which directly translates the chem-
ical energy existing in the fuel and oxidant into electrical
energy.1,2 One of the most important parts of the PEMFC is the
proton exchange membrane (PEM), which separates fuel from
oxidant.3,4 A uorinated PEM like Naon®, possesses superior
proton conductivity but also high fuel permeability and high
costs. These drawbacks have limited the applications of
Naon® in PEMFCs.5,6 In recent years, various alternative PEMs
such as sulfonated polyimides, sulfonated polysulfones and
sulfonated poly(ether ether ketone) (SPEEK)7–11 have been
extensively studied.

SPEEK has been proved to be the most effective alternative to
Naon® because of its low methanol permeability, low
commercial cost and excellent thermodynamic stability.
However, the performance of SPEEK highly depends on the
degree of sulfonation. To improve the proton conductivity, it is
troleum, Beijing 102249, China. E-mail:

qiong_cn@163.com; Fax: +86 10 6974

4

important to increase the sulfonation degree of SPEEK. While
high sulfonation degree will also lead to brittleness, obvious
reduction of methanol resistance (the proton exchange
membrane needs to prevent the anode from contacting with
methanol fuel) and dimensional stability.12 In addition, the low
hydrolytic stability caused by high sulfonation degree also
limits the application of SPEEK in PEMFCs at higher
temperature.13,14

The blend membrane of SPEEK and PVDF showed higher
stability and improved methanol permeability, which benets
the application of PEMFCs.15,16 However, attenuated proton
conductivity always appears due to the blend of SPEEK and
PVDF. And the mixture of SPEEK with PVDF may also lead to
a decrease in the stability of the membrane when PVDF content
is increased.17–19 The reason why these results happen is that the
hydrophilic SPEEK is incompatible with the hydrophobic PVDF.
Herein, it is a good idea to construct SPEEK/PVDF blend
membranes to improve their miscibility and homogeneous
separation. To improve the compatibility between SPEEK and
PVDF, Liu20 et al. designed a new type of SPEEK/PVDF-g-PSSA
blend membrane in previous experimental works.

Recently, many computational simulations have been per-
formed to study the structure and dynamic properties of the
proton exchange membranes. In water and methanol solvated
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The chemical formula and coarse-grained model of SPEEK (A
bead), PEEK (B bead), PVDF (C bead) and g-PSSA (D bead). The bead
chains of different sulfonate degree and graft are shown in square
frame.
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uorinated membranes such as Naon®, the relationship
between microstructure and properties was efficiently illus-
trated. The simulation methods, including dissipative particle
dynamics (DPD) andmolecular dynamics (MD), are mainly used
to study the mesoscale structure and dynamical properties.
Yamamoto et al. conducted the rst DPD simulation of Naon®
in acid form,21 in which the conservative repulsion parameters
were calculated with the mixing energy generated by fully atom
molecular dynamic simulation. Jorn and Voth22 used the
smoothed particle hydrodynamics method to calculate proton
conductivity in Naon®. The calculation results are in good
agreement with the experimental conductivity data. On the
other hand, the dynamic and static characteristics of SPEEK
membranes were simulated by using MD under different
hydration degree23–25 by Brunello et al. and Mahajan et al.
Komarov and others also studied the conformation of SPEEK
membrane by using dynamic density functional theory (DDFT)
and MD methods at different degrees of sulfonation and
hydration levels.26,27

The DPD and MD studies mentioned above made an
important step toward modeling the segregation morphology
and transport properties of SPEEK membrane. However, there
has been very few simulations reported SPEEK and PVDF blend
membranes. The mechanism for proton transport channel
formation and mesoscopic morphology evolution in blending
membrane is still unclear. It is needed to be carried out with
further theoretical insights in details to illustrate how the
sulfonation degree, graing and blending ratio affect the
structure and performance of SPEEK/PVDF blend membrane.
Therefore, in this paper we investigated the effect of PVDF-g-
PSSA on the mesoscopic morphology, diffusion dynamics in the
blend membrane and transport dynamics-structure relation-
ship at different temperatures using DPD andMDmethods. The
simulation results were compared with the previous experi-
mental observations. Importantly, we also provided the theo-
retical insights for the structure–property relationship of the
blend membranes in PEMFC.

2. Methodology
2.1 Coarse-grained model

In this paper, the DPD simulations for the SPEEK/PVDF-g-PSSA
blends (Fig. 1) were performed using the Materials Studio
soware. Before the simulation, we used one bead to represent
several groups of atoms (see Fig. 1) and, each monomer of the
SPEEK are divided into bead A (sulfonated parts) and bead B
(unsulfonated part), which is called coarse-grained approach.
The PVDF-g-PSSA is considered to be bead C and D. Therefore,
the numbers of DPD beads of SPEEK and PVDF-g-PSSA could be
obtained by their respective degrees of polymerization. Table 1
show the parameters used in the simulations (all at 298 K). The
adopted dissection of the SPEEK and PVDF-g-PSSA into coarse-
grained beads is performed to minimize the difference in
volumes between the fragments represented by different bead
types. The effective volume of the beads is calculated with
Gaussian 09 soware. For each blend, the total number of beads
was 1.92� 105 in a simulation box 40� 40� 40 rc

3, and the real
This journal is © The Royal Society of Chemistry 2017
size of the simulation box is about 36 � 36 � 36 nm3. The total
simulation time is 541 ns with 4 � 105 DPD steps and the time
step is 0.05. Aer the initial 1 � 105 DPD steps in calculation,
temperature and pressure of system remained stable, so that
the time of 4 � 105 DPD steps is sufficient to allow for the
polymers to nd their equilibrium conguration. The thermal
energy kBT ¼ 1 was used to maintain the default values of
dissipation parameter 4.5 and spring constant 4.0.
2.2 DPD methods

Compared to conventional molecular dynamics simulation
methods, DPD is a coarse-grained simulation method aiming
for calculations in larger space and longer time scales.28–30 In
DPD, several atoms or repeating units are bundled together to
form a single group (bead), which move in phase space
following Newton's motion equations. The mass values of each
bead is normalized to 1 (reduced unit), and the force imposed
on bead equals to the summation of three pair interactive force:
conservative (FC), dissipative (FD), and random (FR) forces. The
three forces are given by:

FC
ij ¼

�
aij
�
1� rij

�
eij rij\rc

0

FD
ij ¼ �guD

�
rij
��
vijeij

�
eij

FR
ij ¼ suR

�
rij
�
xijDt

�1=2eij

(1)

where rc is a normalized cutoff radius and the interactive force
between beads can be neglected when intra-distance is longer
than rc. rij ¼ ri � rj, rij ¼ |rij|, eij ¼ rij/|rij| and vij ¼ vi � vj, xij is
a random number which averages to zero, indicating each
interacting pair of beads is selected randomly at each time step
Dt. The value of aij is the maximum repulsion parameter
between two interacting beads, which is a constant between the
two given beads. uD and uR represent r-dependent weight
function for the dissipative and random forces, respectively.
They vanish when r is larger than rc.

In principle, the number density r chosen in DPD simulation
is a free value, but the system with a larger r requires a longer
computational time. Groot and Warren29 suggested that r ¼ 3
RSC Adv., 2017, 7, 39676–39684 | 39677
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Table 1 Parameters in DPD simulations at 298 K

Bead type Fragment
Effective volume
(Å3)

Solubility parameter
((J cm�3)0.5)

Conservative parameter (aij)

A B C D

A C19H12O6S 282.3 21.58 25.00 28.72 55.13 38.68
B C19H12O3 256.5 23.61 28.72 25.00 61.46 45.71
C [C4H6F4]2 261.6 14.15 55.13 61.46 25.00 30.37
D C13H16F4O3S 238.3 17.83 38.68 45.71 30.37 25.00
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and a ¼ 25kBT are reasonable parameters for liquids. The
interaction parameters of different beads aij and the Flory–
Huggins interaction parameter c are followed aij ¼ aii + 3.50c.
There are many calculation methods can be used to calculate
Flory–Huggins parameters, including the solubility parameter
method, in which Flory–Huggins parameter c could be esti-
mated from

c ¼ Vmono

RT
ðdA � dBÞ2 (2)

where Vmono is a monomer unit volume per mole. dA and dB is
the solubility parameter of polymers A and B respectively. R is
gas constant, and T is temperature. In this work, the solubility
parameter is obtained from blends modes from atomistic
simulations, which is listed in Table 1 for each DPD bead. Thus,
the Flory–Huggins parameter can be calculated from solubility
parameter according to eqn (2). This method not only can be
used for PEMs, but also for other polymer solutions.
2.3 Molecular dynamics

For proton conduction performance of the composite
membrane, we re-select the parameters and model on the
atomic scale to calculate the RDFs and proton conductivity. The
atomistic structure models of SPEEK/PVDF-g-PSSA blends were
investigated by molecular dynamics (MD) simulations. Polymer
chains were rst constructed by repeating units of SPEEK and
PVDF-g-PSSA, and then cubic simulation boxes with periodic
boundary condition were built by using of the Amorphous Cell
module. The number of repeat unites, atoms, setting initial
density, and box side length are listed in Table 2. The water
content was initially set as l¼ 10 (l is the ratio of the number of
water molecules to sulfonate groups, n(H2O)/n(SO3

�)).
MD simulations were performed according to the following

steps: the system was rst minimized with steepest descents
and conjugate gradients minimization algorithms to relax
overlapping atoms. Aer initial minimization, the dynamics
simulation procedure was performed as follows: (1) in NVT
Table 2 SPEEK/PVDF-g-PSSA blends of different compositions conside

SPEEK/PVDF-g-PSSA
compositions

Number of SPEEK/PVDF-g-PSSA
units Numb

100/0 40/0 40
90/10 36/4 40
80/20 32/8 40

39678 | RSC Adv., 2017, 7, 39676–39684
ensemble, simulation was run at 800 K within 60 ps; (2) aer
then, simulation was conducted in NPT ensemble within 50 ps
from 800 K to 298 K with intervals of 75 K; (3) simulation was
carried on in NVT ensemble at 298 K within 60 ps; (4) the
equilibrium system state was achieved at 298 K aer 100 ps in
NPT ensemble; (5) MD simulation under NVT ensemble at 298 K
was performed in 5 ns, of which the last 1 ns trajectories were
used for analysis of structural and dynamic properties of the
system. The Berendsen thermostat and barostat methods were
applied for all MD simulations to control the temperature and
pressure at desired temperature and ambient pressure during
dynamics runs. All of the above steps were performed using the
COMPASS force eld and the Materials Studio Program
package. This force eld is the rst ab initio force eld that its
parameterization and validation have been done using
condensed-phase properties and various ab initio and empirical
data of various molecules. In addition to bonded and non-
bonded interactions that were considered by other force
elds, COMPASS also takes into account the cross coupling
interactions, thus enabling accurate prediction of various
properties for a wide range of materials especially for polymer
molecules. Partial atomic charges of the all molecules were
assigned by means of the charge equilibration method. The
structure of H3O

+ ( ) is from our earlier article.31
3. Results and discussion
3.1 Morphology

From DPD simulations, the effect of sulfonated degree on the
blends morphology is investigated, and the results are shown in
Fig. 2. In general, the evolution of system morphology is qual-
itatively similar to the classical scenario of the percolation
system formation. At low sulfonate levels (Fig. 2(a)), SPEEK and
PVDF formed small clusters and the density of SPEEK (bead A)
is about 1.1. The average densities of PVDF and unsulfonated
part of SPEEK are 0.2 and 1.6, respectively. When the sulfona-
tion degree increased to more than 50% (Fig. 2(b) and (c)), the
red in MD simulations

er of H3O
+

Number of
H2O

Initial density
(g cm�3)

Box length
(Å)

400 1.213 36.04
400 1.232 35.92
400 1.248 35.81

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The density distribution (upper section) and the mesoscopic
simulation morphology (bottom section) of 40% (a), 50% (b) and 60%
(c) degree of sulfonation in blends at 300 K. The bead A, B, C and D, is
shown in red, green, blue and purple, respectively (the real side length
of all the cube boxes is 36 nm).

Fig. 3 The density distribution (a, b), the mesoscopic simulation
morphology (c, d) and isopycnic surface (e, f) of PVDF in non-grafting
and grafted (grafting ratio is 10%) blends at 300 K (the real side length
of all the cube boxes is 36 nm).
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isolated PVDF clusters merged into larger aggregates and mixed
with SPEEK clusters which formed a three-dimensional
vermicular informal network structure that leads to gradually
weakened phase separation. The reasons for these phenomena
are that the sulfonic acid group of SPEEK and PSSA gathered
and formed three-dimensional hydrophilic wormlike structure.
These results indicate that the compatibility of SPEEK and
PVDF is improved, and as a result, a proton conduction channel
is formed at higher sulfonated degree. When the sulfonated
degree further increased to 60%, the size of PVDF clusters
started to decrease, and the volume density distribution pres-
ents a multimodal uctuation. This is due to a high degree of
sulfonation affects the dimensional stability of SPEEK. From
the results, we found that the blend of SPEEK and PVDF-g-PSSA
has preferable compatibility as the sulfonation rate is
about 50%.

Fixing SPEEK 50% sulfonated degree, we studied the gra's
effect on the blends morphology, and the result is shown in
Fig. 3. For non-graing, the snapshot (Fig. 3(c)) and isopycnic
surface (Fig. 3(e)) indicated that PVDF formed many dispersed
spherical particles. The corresponding density distribution of
the particles (Fig. 3(a)) presents a multimodal uctuation,
which suggests that SPEEK has poor compatibility with pure
PVDF, as shown in the obvious phase separation. In another
case, i.e. 10% graing rate, graed part (PSSA) has connected
SPEEK and PVDF, and the presented multimodal uctuation
amplitude (Fig. 3(b)) is less than that of non-graing (Fig. 3(a)).
The density uctuation amplitude of PVDF is 0.12 before
graing and decreased aer graing, which is about 0.07. This
indicates that the compatibility of SPEEK and PVDF has
improved in the case of 10% graing, which contributes to the
formation of the channel network for proton exchange.

Fixing the sulfonation degree and graing ratio at 50% and
10%, we studied the effect of blending ratio on the mesoscopic
blend membrane structure by adjusting the blending propor-
tion of SPEEK and PVDF, and the morphologies of the blends
aer 4 � 105 time steps are shown in Fig. 4. By visualization,
SPEEK and PVDF-g-PSSA mix fairly well in 90/10 and 80/20
This journal is © The Royal Society of Chemistry 2017
blends, whereas isolated SPEEK and PVDF domains are still
observed (Fig. 3(c)). As shown in Fig. 4, as the content of PVDF
increased, the SPEEK clusters gradually deformed, and PVDF-g-
PSSA formed irregular mesh structure. This is because the
increase of PVDF content promotes the hydrophilic channel
formations. The compatibility of PVDF and SPEEK is improved,
which provides a proton conduction channel. In the case of
80/20 blending ratio, channel sinuosity appeared, which will
affect the proton conduction efficiency, and therefore it can be
concluded that the proton conductivity will decrease at a ratio of
more than 20% blending proportion. We have dened the
“channel sinuosity” as the ratio of “the size of a cluster
composed of SPEEK beads” to “bead numbers in a cluster”. So
the channel sinuosity was calculated and the results were
shown in Table 3, which better exhibited the correlation
between the values of channel sinuosity and the conductivity
values.
3.2 Compatibilizing progress

Fixing the sulfonation degree and graing ratio, the system
morphology evolution process is studied with 95/5 and 90/10
SPEEK/PVDF-g-PSSA blend ratio, respectively, and the results
are shown in Fig. 5. From 100 to 40 000 steps, the morphologies
RSC Adv., 2017, 7, 39676–39684 | 39679
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Fig. 5 The morphological evolution process of 95/5 (upper) and
90/10 (bottom) blends at 300 K (the real side length of all the cube
boxes is 36 nm).

Fig. 4 The isopycnic surface (upper section) and mesoscopic simu-
lation morphology (bottom section) of 5, 10 and 20 wt% PVDF-g-PSSA
in blends at 300 K (the real side length of all the cube boxes is 36 nm).
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of both the 95/5 and 90/10 blends evolve from a randomly
disordered small sphere particle to a regular network of
spherical PVDF clusters up to 6 and 9 nm in diameter respec-
tively. The formed spherical PVDF clusters were connected by
SPEEK cylindrical channels of approximately 3 nm in diameter.
The polymers evolve from a homogeneous state to a heteroge-
neous one with ordered mesoscopic domains. Those results are
in agreement with the experimental results of Liu et al.20

There are three stages in the phase separation process.
Firstly, the phase separates rapidly from 0 to 1 � 104 steps on
the nanoscopic level. Secondly, a droplet structure forms by
polymer organization from 1 � 104 to 1 � 105 steps. Finally, the
droplets collide and coalesce, causing the superstructure to
have a special symmetry similar to that of a sphere.

We compared the morphological evolution process between
the 95/5 and 90/10 blends in Fig. 5. We found that in the case of
the 95/5 blend, it takes 1 � 103 steps for the binary blend to
reach the nal symmetry ball of PVDF, while ten times of the
number of steps, 1 � 104 steps were spent for the 90/10 blend to
reach that ball. However, the ultimate size of the disperse phase
domains for the 90/10 blend is larger than the 95/5 blend.
3.3 Radial distribution functions (RDF)

Radial distribution function g(r) is calculated by full-atoms MD
simulation methods, from which the microscopic molecular
structure was characterized. This function represents the
probability of nding a pair of atoms at a distance r with respect
to the bulk phase in a completely random distribution.

The RDFs of sulfur–sulfur pairs are shown in Fig. 6 at various
blends ratio. As can be seen from Fig. 6, all the sulfonated parts
Table 3 The calculated channel sinuosity and proton conductivities
for SPEEK/PVDF-g-PSSA blend membranes with 0, 5, 10 and 20 wt%
PVDF-g-PSSA at 300 K

PVDF-g-PSSA (wt%) 0 5 10 20
Channel sinuosity (rc

3) — 252 165 95
Proton conductivity (mS cm�1) 66 — 43 28

39680 | RSC Adv., 2017, 7, 39676–39684
of different blends ratio present similar shape and position of
the rst peak is at about 4.855 Å. This distance is directly related
to the interactions between sulfonate group and water mole-
cules, and the sulfonate group distance is constant in the case
of same water content. It is also found that the rst peak
elevated with an increase of PVDF-g-PSSA content, and the
addition of sulfonate groups cause that all sulfonate groups in
the system formed compact and regular channel for proton
transport. Moreover, the distance between rst and second peak
at 90/10 blends is larger than other two blends, which indicate
that sulfonate groups are almost surrounded by water mole-
cules in 90/10 blends.

Fig. 7(a) shows the RDFs between oxygen atoms of water
molecules and sulfur atoms of sulfonate cluster. For all
different blends ratio, there is an obvious rst peak observed at
a distance about 3.785 Å, which is directly related to the inter-
actions between oxygen atoms of sulfonate group and water
molecules.

RDFs of oxygen atoms of hydronium ions and sulfur atoms
are presented in Fig. 7(b). For all different blends ratio, a wide
peak is observed in the range of 3.455–3.935 Å, which is higher
than that of water oxygen atoms and sulfur atoms. The
difference in peak is induced by strong electrostatic non-
bonded interactions between sulfonate groups and
Fig. 6 Pair correlation functions of sulfur–sulfur pairs for 0, 10, 20 wt%
PVDF-g-PSSA at 298 K.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Pair correlation functions of sulfur–water (oxygen atom of
water) (a) and sulfur–hydronium ion (oxygen atom of hydronium ion)
(b) pairs for 0, 10 and 20% PVDF-g-PSSA at 298 K.
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hydronium ions. It is also observed that peak height remains
unchanged with increasing PVDF-g-PSSA content, due to the
fact that the number of sulfonate groups and hydronium ions
stay the same.

The RDFs of the oxygen atoms in a pairs of water molecules
and in a water-hydronium pairs are shown in Fig. 8(a) and (b),
respectively. The rst peaks are observed at distances of about
2.9 and 2.75 Å, which reveals that water molecules have
a tendency to aggregate with each other and with hydronium
ions, resulting in the formation of hydrophilic clusters through
which hydronium ions can transfer. It also shows that water
molecules formed larger clusters at 90/10 blends than other two
blends, from this we determined that the 90/10 blends content
is more appropriate for SPEEK/PVDF-g-PSSA blends. The pres-
ence of the two peaks appearing at 5 and 7 Å is caused by
Coulomb long-range interactions between water molecules and
hydronium ions. Pure water molecules are electrically neutral,
so it is short-range order, long-range disorder, thus only one
peak displayed in Fig. 8(a). Due to the existence of positive
charge in H3O

+, the interaction between H2O and H3O
+ is long-

range Coulomb interaction, which explains the presence of the
two peaks appearing at 5 and 7 Å in Fig. 8(b).

3.4 Dynamic property analysis

According to the MD simulation results, transport properties of
hydronium ions were calculated. Diffusion coefficient D of
hydronium ions was evaluated using the slope of MSD curves.
The conductivity of hydronium ions is evaluated by the ob-
tained diffusion coefficients according to the eqn (3):

s ¼ Dne2

KT
(3)
Fig. 8 Pair correlation functions of water–water (oxygen atom of
water) (a) and water–hydronium ion (oxygen atom of water and
hydronium ion) (b) pairs for 0, 10 and 20% PVDF-g-PSSA at 298 K.
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where n and e are, respectively, the number of hydronium ions
per cell volume and the elementary charge. K is the Boltzmann
constant and T is the absolute temperature.

Fig. 9(a) shows the mean squared displacement (MSD) of
hydronium ions, which reveals its diffusivity increase with
increasing PVDF-g-PSSA content at room temperature. This is
due to large water cluster formation at 10 wt% PVDF-g-PSSA
content, through which hydronium can diffuse following the
vehicular and hopping mechanisms. It must be noted that MSD
statistical calculation used the displacement data aer t time.

When the t ¼ 1000 ps, due to no available displacement data
as t > 1000 ps, the beating appears in the MSD curve in Fig. 9(a).
In order to increase the calculation accuracy, the slope of the
linear part (t ¼ 0–800 ps) of the MSD curve is used to calculate
the diffusion coefficient.

The obtained proton conductivities using eqn (3) and corre-
sponding experimental data from the previous work are collected
in Table 4. For better comparison, the calculated and experi-
mental ion conductivities are also plotted in Fig. 9(b). As shown
in Fig. 9(b). The result of our simulation is in qualitative agree-
ment with the experimental data. With the increase in tempera-
ture and PVDF-g-PSSA content, the conductivity is also
signicantly improved. However, there is a large deviation in the
proton conductivity of SPEEK membranes reported in the litera-
ture with our simulation results.20 The simulated conductivities
are about half of the experimental values, which is attributed to
the simulation of proton diffusion inside the membrane without
considering Grotthuss mechanism.32,33 Another explanation of
the discrepancy between the calculated and the experimental
values for the proton conductivity is the Dislocalization Body (DB)
effects on the migration of the charged species inside the
membrane. DB refers to a volume of bulk membrane containing
both the hydrophobic and hydrophilic domains where the
migrating H+ can be considered to be delocalized.34–36 The charge
migrates along the interface within the hydrophobic–hydrophilic
domains in the membrane. In this case, the exchange of protons
between different DBs is likely the rate-limiting step of the overall
conduction process. However, in our MD simulation process we
didn't involve delocalization bodies, thus the discrepancy was
observed between the calculated and the experimental values for
the proton conductivity.

From the simulation results shown in Fig. 9 and Table 4,
the proton conductivities of hydronium ions is obtained at
Fig. 9 MSD of hydronium ions (a) at 0, 10, 20 wt% PVDF-g-PSSA at
313 K, and photon conductivities (b) for SPEEK/PVDF-g-PSSA blend in
membranes at 303–343 K.
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Table 4 The calculated and experimental proton conductivities for SPEEK/PVDF-g-PSSA blending membranes with 0, 10 and 20 wt% PVDF-g-
PSSA at 303–343 K

Temperature/�C 30 40 50 60 70

Wt%
of PVDF-g-PSSA

Proton conductivity/mS cm�1

EXP20 SIM EXP SIM EXP SIM EXP SIM EXP SIM

0 wt% 108 66 121 76 137 90 159 111 177 128
10 wt% 96 43 104 50 113 61 135 72 142 80
20 wt% 64 28 73 35 83 40 91 46 105 52

Fig. 10 Model of system with l ¼ 10, 15, 20 water content at room
temperature (a), proton conductivity of experiment and simulations
system for 10 wt% PVDF-g-PSSA content (b) at 30 �C.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
0/

16
/2

02
5 

4:
10

:3
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
different PVDF-g-PSSA content and different temperature, and
the water content is xed to be l ¼ 10. In the reported exper-
imental data,20 however, the sample is fully moisture, and the
water content is estimated to be less than l ¼ 20. So the effect
of water content on proton conductivities is also studied in
present work. Fig. 10(a) shows the model of system with l ¼
10, 15 and 20 water content at room temperature, in which
gray represents carbon, red represents oxygen, white repre-
sents hydrogen, yellow represents sulfur and light blue
represents uorine. As shown in the gure, with the increased
of water content, water molecules in the system gradually
increased. These results are in agreement with the previous
study.37 Fig. 10(b) shows proton conductivity of fully wetting
experimental sample and l ¼ 10, 15, 20 for simulations
systems with 90/10 blends at room temperature. The results
exhibit that the proton conductivity of l ¼ 15 water content is
slightly lower than the experimental sample, while higher
than the experiment result when l ¼ 20. Therefore, we esti-
mate that the SPEEK/PVDF-g-PSSA membrane requires about
l ¼ 15–20 water content when fully moisture.
4. Conclusions

Mesoscale DPD method has been used to investigate the
compatibility of the SPEEK/PVDF-g-PSSA blends. The meso-
scales morphologies demonstrate that SPEEK and PVDF-g-PSSA
mix fairly well in 90/10 and 80/20 blends, whereas SPEEK and
PVDF (without graing) domains are observed in SPEEK/PVDF
blend. It is revealed that the compatibility of SPEEK and
PVDF is improved due to the graing with PSSA.

The fully atomistic MD simulations have been used to
investigate structural and dynamical properties of the SPEEK/
39682 | RSC Adv., 2017, 7, 39676–39684
PVDF-g-PSSA membrane at various blends ratio and at different
temperatures between 303 and 343 K. Using pair correlation
functions of different atomic (sulfur, oxygen atoms of water and
hydronium ions) pairs, we found that with increasing PVDF-g-
PSSA content of SPEEK membrane, water clusters in the
membrane are formed because of the higher water absorption
of the membrane.

Themean square displacements and diffusion coefficients of
the hydronium ions were calculated, from which the proton
conductivity was obtained. The simulated conductivities for
various blends ratio, water contents and temperatures were
compared with our previous experimental results, which indi-
cated the qualitative agreement. These results show that the
transport properties of SPEEK/PVDF-g-PSSA membrane are
strongly dependent on its blending proportion, microstructure
and moisture condition. Thus, an increasing PVDF-g-PSSA
content may affect the size and shape of the hydrophilic clusters
which is consisted of sulfonate groups, water molecules and
hydronium ions.
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18 T. Y. Inan, H. Doğan, E. E. Unveren and E. Eker, Sulfonated
PEEK and uorinated polymer based blends for fuel cell
applications: Investigation of the effect of type and
molecular weight of the uorinated polymers on the
membrane's properties, Int. J. Hydrogen Energy, 2010,
35(21), 12038–12053.

19 H. Y. Jung and J. K. Park, Long-term performance of DMFC
based on the blend membrane of sulfonated poly(ether
ether ketone) and poly(vinylidene uoride), Int. J. Hydrogen
Energy, 2009, 34(9), 3915–3921.

20 X. Liu, X. Meng, J. Wu, J. Huo, L. Cui and Q. Zhou,
Microstructure and properties of novel SPEEK/PVDF-g-PSSA
blends for proton exchange membrane with improved
compatibility, RSC Adv., 2015, 5(85), 69621–69628.

21 S. Yamamoto and S. Hyodo, A Computer Simulation Study of
the Mesoscopic Structure of the Polyelectrolyte Membrane
Naon, Polym. J., 2003, 35(6), 519–527.

22 R. Jorn and G. A. Voth, Mesoscale Simulation of Proton
Transport in Proton Exchange Membranes, J. Phys. Chem.
C, 2012, 116(19), 10476–10489.

23 G. Brunello, S. G. Lee, S. S. Jang and Y. Qi, A molecular
dynamics simulation study of hydrated sulfonated
poly(ether ether ketone) for application to polymer
electrolyte membrane fuel cells: Effect of water content, J.
Renewable Sustainable Energy, 2009, 1(3), 189–200.

24 C. V. Mahajan and V. Ganesan, Atomistic Simulations of
Structure of Solvated Sulfonated Poly(ether ether ketone)
Membranes and Their Comparisons to Naon: I.
Nanophase Segregation and Hydrophilic Domains, J. Phys.
Chem. B, 2010, 114(25), 8357–8366.

25 C. V. Mahajan and V. Ganesan, Atomistic Simulations of
Structure of Solvated Sulfonated Poly(ether ether ketone)
Membranes and Their Comparisons to Naon: II.
Structure and Transport Properties of Water, Hydronium
Ions, and Methanol, J. Phys. Chem. B, 2010, 114(25), 8367–
8373.

26 P. V. Komarov, I. N. Veselov, P. P. Chu, P. G. Khalatur and
A. R. Khokhlov, Atomistic and mesoscale simulation of
polymer electrolyte membranes based on sulfonated
poly(ether ether ketone), Chem. Phys. Lett., 2010, 487(4–6),
291–296.

27 P. V. Komarov, I. N. Veselov and A. S. Pavlov, The mesoscopic
modeling of the structure of a hydrated ionomeric
membrane based on a sulfonated aromatic poly(ether-
ether-ketone), Russ. J. Phys. Chem. A, 2009, 83(6), 984–989.

28 P. J. Hoogerbrugge, Simulating Microscopic Hydrodynamic
Phenomena with Dissipative Particle Dynamics, EPL, 2007,
19(3), 155.

29 R. D. Groot and P. B. Warren, Dissipative particle dynamics:
bridging the gap between atomistic and mesoscopic
simulation, J. Chem. Phys., 1997, 107(11), 4423–4435.
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