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ABSTRACT: One of the important parameters in water management of proton exchange membranes is the electro-osmotic drag
(EOD) coeﬃcient of water. The value of the EOD coeﬃcient is
diﬃcult to justify, and available literature data on this for Naﬁon
membranes show scattering from in experiments and simulations.
Here, we use a classical all-atom model to compute the EOD
coeﬃcient and thermodynamic properties of water from molecular
dynamics simulations for temperatures between 330 and 420 K,
and for diﬀerent water contents between λ = 5 and λ = 20. λ is the
ratio between the moles of water molecules to the moles of sulfonic
acid sites. This classical model does not capture the Grotthuss
mechanism; however, it is shown that it can predict the EOD
coeﬃcient within the range of experimental values for λ = 5 where
the vehicular mechanism dominates proton transfer. For λ > 5, the Grotthuss mechanism becomes dominant. To obtain the EOD
coeﬃcient, average velocities of water and ions are computed by imposing diﬀerent electric ﬁelds to the system. Our results show
that the velocities of water and hydronium scale linearly with the electric ﬁeld, resulting in a constant ratio of ca. 0.4 within the error
bars. We ﬁnd that the EOD coeﬃcient of water linearly increases from 2 at λ = 5 to 8 at λ = 20 and the results are not sensitive to
temperature. The EOD coeﬃcient at λ = 5 is within the range of experimental values, conﬁrming that the model can capture the
vehicular transport of protons well. At λ = 20, due to the absence of proton hopping in the model, the EOD coeﬃcient is
overestimated by a factor of 3 compared to experimental values. To analyze the interactions between water and Naﬁon, the partial
molar enthalpies and partial molar volumes of water are computed from molecular dynamics simulations. At diﬀerent water uptakes,
multiple linear regression is used on raw simulation data within a narrow composition range of water inside the Naﬁon membrane.
The partial molar volumes and partial molar excess enthalpies of water asymptotically approach the molar volumes and molar excess
enthalpies of pure water for water uptakes above 5. This conﬁrms the model can capture the bulklike behavior of water in the Naﬁon
at high water uptakes.

1. INTRODUCTION

monomer has an electrochemically neutral semicrystalline
polymer backbone and a side chain with a pendant sulfonic
group (HSO3).1,11 As a PFSA, a Naﬁon membrane has a
hydrophobic polytetraﬂuoroethylene (PFTE) backbone. The
side chains are composed of polysulfonyl ﬂuoride vinyl ether,
and sulfonic acid groups are attached to the hydrophilic tail.3,12
The polymer backbone is hydrophobic, while the side chain is
hydrophilic. In this study, we consider Naﬁon 117 membranes

Perﬂuorinated sulfonic acid (PFSA) membranes are ionconductive polymer materials used in polymer physics and
electrochemistry as solid electrolytes.1,2 Because of their high
ionic conductivity, PFSA membranes are used as protonexchange membranes (PEMs) in fuel cells.1,3−5 The physical
and transport properties of PFSA membranes are studied as a
cross-disciplinary research ﬁeld between polymer physics and
electrochemistry.1,5
A commonly used PFSA membrane is Naﬁon,1,5−8 which is a
registered trademark by E. I. DuPont De Nemours & Co.1,9
Naﬁon membranes are chemically inert with a mechanically
robust matrix, making them one of the most recognized
electrolytes since the 1970s.1 A Naﬁon membrane usually
operates in a temperature range below 100 °C.10,11 A Naﬁon
© 2022 The Authors. Published by
American Chemical Society
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uptake, also known as the water content, λ, is the number of
water molecules per sulfonic sites in the Naﬁon side chain1,5,16

with an equivalent weight (EW) of 1100 g/molHSO3, i.e., grams of
polymer per equivalent of sulfonate groups.9 A chemical
representation of the Naﬁon monomer is shown in Figure 1.

λ=

NH2O
NSO3−

ij M H2O yz EW
z
= jjj
j M zzz m
k P { H 2O

(1)

in which NH2O, and NSO−3 are the number of water molecules and
sulfonic acid groups in the system, respectively. M H2O and MP
the are mass of the absorbed water and dry polymer,
respectively. The term EW is deﬁned as the molecular weight
of the polymer per sulfonic acid group,3,12 and m H2O is the molar
mass of water. Physical and thermodynamic properties of the
hydrated membrane depend partly on the water uptake in the
membrane.
One of the important parameters to be managed for PFSA
membranes is the electro-osmotic drag (EOD) coeﬃcient.17−21
It is deﬁned as the ratio between the number of water molecules
and protons transferred across the membrane in the absence of
gradients in concentration and pressure and at vanishing electric
ﬁeld1−3,18
jH O
ξD = 2
jH +
(2)

Figure 1. Structure of the Naﬁon chains used in this study, n = 7 and m
= 10, with the equivalent molecular weight of 1100 g/molHSO3.3,12

One of the important applications of Naﬁon membranes is in
Electrochemical Hydrogen Compressors (EHCs)5,11,13,14 and
fuel cells.1,15 The membrane inside the EHC facilitates proton
transfer and prevents mixing of streams between the anode and
the cathode.12 The basic working principles of the membrane
inside an EHC are the same as those of a PEM inside a fuel
cell.11,15 The hydrogen at the anode side (low pressure) is split
into protons and electrons. The electrons follow an external path
while protons are transported through the membrane under the
inﬂuence of an electric ﬁeld.11 At the cathode side (high
pressure), protons are reduced to hydrogen molecules. The
working principle of an EHC is schematically shown in Figure 2.
The presence of water in PFSA membranes is crucial for
proton conductivity and, therefore, for the performance of the
EHC. A low water uptake in the membrane leads to low ionic
conductivity, while excessive water can overﬂow the membrane
channels and diminish the performance of the membrane.4,8
During hydration, water molecules form hydrogen bonds with
the sulfonic acid sites (SO3H + H2O ↔ SO3− + H3O+), and with
the increase in water uptake the dissociated protons from the
sulfonic sites will mobilize and form ions such as the hydronium
ion H3O+, Zundel ion, H5O2+, or Eigen ion H9O4+.1,15 The water

Here, ξD is the EOD coeﬃcient of water in the membrane, jH O
2

is the ﬂux of water, and jH+ is the ﬂux of protons across the
membrane in the presence of the electric ﬁeld. While the
deﬁnition of the EOD coeﬃcient is straightforward, many
attempts have been made to rationalize and quantify this
parameter using experiments and simulations.1,15,19,22−25 As it
will be discussed in this paper, the results of diﬀerent
experiments and simulation methods show a large scattering.
Polymer membranes have a high proton conductivity which
has consequences for the EOD coeﬃcient of water. Free protons
do not exist in the mixture due to the lack of a electron cloud.1
Protons are transported on water molecules and form dynamic
species such as the hydronium ion, H3O+, Zundel ion, H5O2+, or
Eigen ion H9O4+.1,26 This form of diﬀusion for water−proton is
known as the vehicular mechanism.15 The transport of protons
via the vehicular mechanism is schematically shown in Figure 3a.
At low water contents, the proton is transferred either directly
between the charged sites in the polymer side chain or the

Figure 2. Schematic representation of a membrane inside an electrochemical hydrogen compressor.81 At the anode side, hydrogen is split at low
pressure and the protons are transferred across the hydrated membrane in the presence of an electric ﬁeld. At the cathode side, the protons and
electrons form hydrogen molecules. Continuing this process leads to increasing pressure at the cathode (high pressure side).
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Table 1. Electro-osmotic Drag (EOD) Coeﬃcients of
Protons in Naﬁon Membranes Measured with Diﬀerent
Methodsa
method
electro-osmotic drag cell
(applied potential)
radiotracer method
(applied potential)
methanol fuel cell
(electrochemical)
hydrogen pump (applied
potential)
electrolysis (applied
potential)

EOD
range

source

0.9−4.0

Breslau et al.,65 Zawodzinski et al.66

3−8

Mayer and Woermann,67 Pivovar et
al.,68 Verbrugge and Hill69
Ren et al.,70,71 Pivovar et al.,72
Hickner,73 Kim et al.74
Weng et al.75

0.5−5.1
0.2−0.6
0.2−9.5

streaming potential
(applied pressure)

3.5−3.8

activity gradient
electrophoretic NMR
(applied potential)

0.95−1.4
1.5−2.8

Balko et al.76
Motupally et al.77
Trivijitkasem et al.78
Okada et al.79
Fuller et al.,80 Zawodzinski et al.58
Ise et al.2

a

The EOD coeﬃcient varies roughly from 0 to 5 depending on the
method used. For details on the methods, the reader is referred to ref
26.

Choe et al.19 computed the EOD coeﬃcient of water from ﬁrstprinciples molecular dynamics of small systems. The number of
molecules in a unit cell system size were 19 and 53. The
computed EOD coeﬃcients from their study are 0.92 and 1.23
for λ = 4.1 and λ = 12.7. The model of Choe et al.19 is complex
and it captures the Grotthuss mechanism, however, it uses very
small system sizes. For small system sizes, features such as
microstructure of the Naﬁon membrane may not be captured,
and the results may be aﬀected by ﬁnite size eﬀects.
In the ﬁrst part of this study, we investigate the transport of
water inside Naﬁon 117 as a function of the water uptake. As
discussed in section 2, we use a classical approach in our
simulations, which cannot capture the Grotthuss mechanism.
However, this model ﬁlls the gap between the work of Din and
Michaelides30 and Choe et al.19 in terms of complexity and
system size. We make an attempt to quantify the contribution of
the vehicular mechanism and hopping mechanism by comparing
the simulation data to the available data on the EOD coeﬃcient
and evaluate our model. We expect that our model would
perform reasonably well for low water uptakes (λ = 5), since the
dominant proton transport mechanism is apparently vehicular
transport. At higher water contents, deviations from the
computed EOD coeﬃcients and experimental results are
expected due to proton hopping.19,25
In the second part, we investigate the thermodynamic
properties of water inside Naﬁon 117 as a function of water
content. Bai et al.4 used calorimetric measurements to obtain
physical properties of Naﬁon at diﬀerent water uptakes, and
analyzed the Gibbs free energy of water uptake in the membrane,
leading to the calculation of the partial molar volume of water
inside the membrane. These authors also measured densities of
diﬀerent PEM including Naﬁon membranes and 3M PFSAs.
Partial molar volumes of water were obtained from density
measurements at diﬀerent concentrations. Based on the values
of the partial molar volumes and enthalpy measurements, the
interactions between the polymer and water were investigated. It
was observed that strong interactions exist between the water
and sulfonate groups at low water contents (λ < 2).4 At low
water contents, the density of water was found to be higher
compared to the density of pure liquid water in the bulk at the

Figure 3. Schemtatic representation of proton transport in water: (a)
vehicular mechanism and (b) proton hopping (Grotthuss) mechanism.27 The red crosses indicate breaking and formation of hydrogen
bonds during proton hopping. H3O+, H5O2+, and H9O4+ are the
hydronium ion, Zundel ion, and Eigen ion, respectively. This schematic
representation is based on the work of Jiao and Li.15

vehicular mechanism.15 With the increase in the water uptake,
the charged sites in the membrane are connected via a
continuous network of water agglomerates. In this conﬁguration,
the protons can hop from one water molecule to another one.
This proton transfer is the so-called hopping mechanism or the
Grotthuss mechanism.1,15,19,27 The Grotthuss mechanism is
schematically shown in Figure 3b. By hopping between water
molecules, a proton can form a Zundel ion or an Eigen ion by
breaking hydrogen bonds and forming new hydrogen
bonds.1,15,26,28,29 Since the proton conductivity drops signiﬁcantly for λ < 5,15 this can be considered as an estimate up to
which vehicular mechanism dominates the drag of water
molecules, however, the exact threshold is unclear.15
Diﬀerent experimental techniques and diﬀerent conditions
are used to report the EOD coeﬃcient in Naﬁon membranes;
however, the results show a large scattering.1,2 The experimentally measured EOD coeﬃcients for Naﬁon membranes
and other proton exchange membranes are not always consistent
and vary between 0.2 and 9.5, depending on the method used
and whether an electrolyte is present. An overview of
measurement techniques for EOD coeﬃcients provided by
Pivovar26 is listed in Table 1. Due to discrepancies between
experimental data as shown in refs 1, 2, 25, and 26, it is
challenging to reach a general consensus on the value of the
EOD coeﬃcient as a function of water content. Other attempts
were made to compute the EOD coeﬃcients from molecular
simulations. Din and Michaelides30 computed the EOD
coeﬃcient of water in pores from their model with a linear
relation between the EOD coeﬃcient and the water uptake. This
signiﬁcantly overestimates the EOD coeﬃcient at high water
contents. It is important to note that the model of Din and
Michaelides30 is not suﬃciently detailed at the molecular level.
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Table 2. Number of Molecules/Ions of Every Species in the Hydrated Naﬁon System for Every λa
λ

NH2O

NH3O+

NNafion‑chains

NSO3−

⟨L⟩T=330K

⟨L⟩T=360K

⟨L⟩T=420K

5
10
15
20

800
1800
2800
3800

200
200
200
200

20
20
20
20

200
200
200
200

58.14
60.81
63.37
65.78

58.32
61.10
63.74
66.22

58.85
61.81
64.59
67.12

The average box size ⟨L⟩, in [Å], for every temperature is obtained from the average volume.

a

same temperature. This is equivalent to a lower partial molar
volume of water. For λ > 6, the measured partial molar volume of
water shows a plateau around 18 cm3 mol−1 which is similar to
the molar volume of liquid water (18.07 cm3 mol−1 at T = 298.15
K and P = 1 atm31). It was concluded that, upon an increase in
water uptake, the interactions between the side chains of the
Naﬁon membrane are weakened, leading to an increase in
volume.4 One of the main ﬁndings of the study by Bai et al.4 is
that the partial molar volume analysis is considered complementary when combined with other thermodynamic measurements and studies of the membrane morphology. In this study,
we perform a similar analysis from a molecular simulations
perspective and check the consistency between the two
observations. This also allows us to analyze water−polymer
interactions using a physically based model.
Ensemble ﬂuctuations are used to compute the partial molar
volume and partial molar excess enthalpy of water in Naﬁon
membranes at diﬀerent water uptakes.32,33 The partial molar
enthalpy of water is computed by adding the reference enthalpy,
from thermodynamic tables,34 to the partial molar excess
enthalpy of water computed from simulations. The composition
range of water was selected such that the response of the system
was in the linear regime. It is important to note that partial molar
properties are thermodynamic properties, and the discussion on
diﬀerent transport mechanisms of water do not aﬀect the
linearity in this case. A partial molar property x of component i in
a mixture can be deﬁned as xi = (∂X /∂ni)T , P , nj≠i ,34,35 where X is
the corresponding extensive property. An alternative way of
computing the partial molar properties is using the compositionweighted sum of partial molar properties of the constituent
components in the system, namely, X = ∑i nixi̅ .32,33 In this
paper, we use the second approach to compute the partial molar
properties of water. To the best of our knowledge, partial molar
properties of water in Naﬁon membranes were not previously
studied using linear regression on raw simulation trajectory data
from molecular dynamics.
The rest of this paper is organized as follows: In section 2,
simulation details are provided. The structure of Naﬁon, system
sizes, water uptakes, temperatures, and electric ﬁelds used in the
simulations are speciﬁed in this section. The results are
presented and discussed in section 3. In this section, the eﬀect
of the strength of the electric ﬁeld and the liquid structure (as
characterized by the radial distribution functions, RDFs) is
discussed. It is shown that, even for large electric ﬁelds, the
position of the ﬁrst and second peaks of the RDFs do not change.
The EOD coeﬃcient of water is obtained by computing the
average velocities of water and hydronium from the simulations.
It is shown that the computed EOD coeﬃcient of water for λ ≤ 5
is within the range of the available experimental data. For λ > 5,
the EOD coeﬃcient increases linearly with λ. This may be in part
due to the hopping mechanism which is not explicitly included
in our classical model. At all values of λ, the partial molar
volumes and partial molar excess enthalpies of water were

obtained from the molecular simulations. Similar to the
experimental data of Bai and Siepmann,36 a bulklike behavior
of water in Naﬁon for λ > 5 can be concluded based on the
thermodynamic properties of water. Our ﬁndings are
summarized in Section 4.

2. MODEL AND SIMULATION DETAILS
Classical all-atom force ﬁelds are commonly used for Naﬁon
membranes to study the morphology of the membrane, size
distribution of water clusters, and transport properties of water
molecules and hydronium ions.1,3,12,37−42 The model used in
this work is a classical all-atom model developed and validated
by Lyulin and Sengupta et al.3,12,37 Sengupta and Lyulin37 used
this model to study the structure of Naﬁon, pairwise interactions
between sulfonic sites and water molecules/hydronium ions,
transport properties, cluster size distribution of water molecules,
diﬀusion coeﬃcients, and eﬀect of the degree of deprotonation
on the structure of hydrated Naﬁon membranes. This
interaction model is a combination of polymer consistent
(PCFF)43 and COMPASS44 force ﬁelds.3 The PCFF was used
for the parameters of the diﬀerent energy terms in the Class II
force ﬁeld.45,46 The COMPASS force ﬁeld was used to assign the
partial charges in the system. The simulation boxes were
constructed using the Amorphous Cell module of Material
Studio.47
The initial conﬁgurations were equilibrated by Lyulin et al.3
and taken directly from that work. As shown in Figure 1, m = 10
represents the degree of polymerization, and the number of
repeat units [−CF2−CF2−]n is n = 7 corresponding to EW =
1100 g/molHSO3. In all simulations, 20 Naﬁon chains are present
in the simulation box, and the number of sulfonic acid sites per
Naﬁon chain is Nsul = 10. The total number of sulfonic acid sites
are NSO3− = NH3O+ = 200. The number of water molecules not
carrying a proton (so excluding hydronium ions) in every system
equals NH2O = 200 × (λ − 1). The total system size ranges from
16 840 atoms (at λ = 5) to 25 840 atoms (at λ = 20). In Table 2,
the number of molecules and ions of each species for each λ, and
the average volumes at 330, 360, and 420 K are provided. For
these typical system sizes, the simulation time may be
considerable depending on the computing power.
The molecular dynamics simulations in this study are
performed on a periodic system, in all directions, with no
interfacial resistance or eﬀects (no boundary edges). This may
lead to an overestimation of the EOD coeﬃcient obtained from
the simulations. All molecular dynamics simulations are
performed using the LAMMPS sorfware package.48,49 The
velocity-Verlet algorithm50,51 is used with an integration step of
1 fs. The Nosé−Hoover thermostat is used both for simulations
in the NVT ensemble and NPT ensemble. The Lennard−Jones
interactions are computed using the 6/9 functional form with a
cutoﬀ of 10 Å. The PPPM method is used to compute the
electrostatic interactions beyond the cutoﬀ of 15 Å for the
Coulomb potential. In the Supporting Information, a typical
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Figure 4. Typical snapshots of hydrated Naﬁon for two water uptakes (a−d) λ = 5 and (e−h) λ = 20. For snapshots from (a) to (d), and snapshots from
(e) to (h), the corresponding strengths of the electric ﬁeld are E = [0, 0.05, 0.075, 0.10] V/Å, respectively. The atoms in the Naﬁon are shown in white,
except for the sulfur atom in the sulfonic acid site (colored red). The water molecules are shown in blue (only oxygen atoms), and the hydronium ions
are shown in yellow (only oxygen atoms). For the purpose of this visualization, the hydrogen atoms in water and hydronium are not shown.

input ﬁle for LAMMPS is provided for λ = 5 at T = 330 K. This
system contains 800 water molecules, 200 hydronium ions, and
20 Naﬁon chains (as indicated in Table 2), and the force ﬁeld
mentioned above is used. The system is equilibrated at P = 1 bar.
In all simulations, every single proton is attached to a water
molecule, making a hydronium (H3O+) ion. All systems are
charge neutral which means that the number of sulfonic acid
groups and hydronium ions are equal (NSO3− = NH3O+). The
water uptake in the simulation box is computed from
λ=

This is typically the case in nonequilibrium molecular dynamics
where imposed gradients are much larger than those used in
experiments.52 As shown in section 3, due to the linear response
of the velocities to the electric ﬁeld, the ratio between the
velocities in eq 4 is constant within the statistical uncertainty.
This means that for the selected range of the electric ﬁelds, the
EOD coeﬃcient for every λ is independent of the magnitude of
the electric ﬁeld.
Every electric ﬁeld is imposed on two independent
conﬁgurations and along a single axis in the x, y, or z direction
in independent simulations. This means that six independent
simulations are performed for every value of the electric ﬁeld.
The EOD coeﬃcient (in eq 4) is computed for every electric
ﬁeld. For every λ, the EOD coeﬃcient is averaged over all
electric ﬁelds at every temperature. Using two independent
conﬁgurations improves the statistics and imposing the electric
ﬁeld along diﬀerent axes allows one to observe any directional
dependence of EOD coeﬃcient. For every λ, simulations of 175
ns were performed for every electric ﬁeld at T = [330, 360, 420]
K. The ratio between the average velocities in eq 4 was
extrapolated to the limit of the electric ﬁeld approaching zero.
To compute partial molar properties (i.e., the change of an
extensive quantity with the number of molecules while keeping
the temperature and pressure constant) of water in the hydrated
Naﬁon, at every λ, diﬀerent numbers of water molecules ranging
from Nwater = 25 to Nwater = 125 were removed from the initial
equilibrated conﬁgurations3 in steps of 25 molecules. The
compositional change is selected such that the energetic and
volumetric response of the system remains in the linear regime.
This means the change in the volume or total energy of the
system has a linear behavior in the compositional range where
water molecules are added or removed. To check for possible
changes in the structure of the system, the RDFs of the system
were computed at diﬀerent concentrations of water. Simulations
were performed in the NPT ensemble. The new conﬁgurations,

NH2O
NH3O+

(3)

Since a classical model is used that does not include proton
hopping, every proton is ﬁxed to a water molecule. This means
that using this model the EOD coeﬃcient (eq 2) is deﬁned as
ξD = λ ×

⟨vH2O⟩
⟨vH3O+⟩

(4)

in which ⟨vH2O⟩ and ⟨vH3O+⟩ are the average velocities of the
Naﬁon water and hydronium from the simulation trajectory.
Four diﬀerent hydration levels corresponding to λ = [5, 10, 15,
20] are simulated.
To compute the EOD coeﬃcient using eq 4, the average
velocities of water molecules and Naﬁon ions are sampled from
the simulation trajectory under the inﬂuence of an external
electric ﬁeld. Ideally, one needs to impose a small electric ﬁeld
corresponding to a typical experimental setup. However,
running simulations at weak electric ﬁelds results in collecting
noise when sampling average velocities in eq 4. To avoid this
sampling problem, stronger electric ﬁelds are imposed on the
system. Four diﬀerent electric ﬁelds were imposed on the
system, namely, e = [0.02, 0.05, 0.075, 0.100] V/Å. It is
important to note that the applied electric ﬁelds in the
simulation are much stronger than those in a typical experiment.
8125
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Figure 5. Radial distribution functions for water and hydronium in hydrated Naﬁon computed for diﬀerent electric ﬁelds imposed on the system at T =
330 K and water uptake λ = 5: (a) water−water and (c) water−hydronium; and T = 330 K and water uptake λ = 20: (b) water−water and (d) water−
hydronium. At every water uptake, electric ﬁelds were imposed ranging from 0 to 0.1 V/Å.

Figure 6. Radial distribution functions for water, hydronium, and the sulfur atom in hydrated Naﬁon computed for diﬀerent electric ﬁelds imposed on
the system at T = 330 K and water uptake λ = 5: (a) water−sulfur and (c) hydronium−sulfur; and T = 330 K and water uptake λ = 20: (b) water−sulfur
and (d) hydronium−sulfur. At every water uptake, electric ﬁelds were imposed ranging from 0 to 0.1 V/Å.

after removing Nwater molecules, were equilibrated for 5 ns, and
the production runs were performed for 20 ns. For each water
concentration, the ﬂuctuations in volume and total enthalpy of
the system were recorded from the simulation trajectories.
Linear regression was performed on the total enthalpy and
volume of the system as functions of the number of water
molecules.32,33,53,54 This leads to computation of partial molar

excess enthalpy and partial molar volumes of water, respectively.
The reference state for the partial molar enthalpy of water can be
found in thermodynamic databases or software such as JANAF
tables55,56 or REFPROP.57 Note that it is assumed that partial
molar properties for water are composition-independent in the
composition range selected for water.33 This will be validated in
section 3. Pure liquid water was also simulated in the NPT
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Figure 7. Ratio between the velocities of water and hydronium (circles) for λ = 5 at diﬀerent magnitudes of the electric ﬁeld imposed on the simulation
box at (a) T = 330 K, (b) T = 360 K, and (c) T = 420 K. Squares are the average over the ratio between the velocities. Raw data are provided in Table S1
in the Supporting Information. For λ = 10 and λ = 15, raw data are provided in Tables S2 and S3 in the Supporting Information.

phobic part of the membrane, water molecules, and hydronium
ions. As it will be shown later, the partial molar volume of water
is lower for λ = 5 and approaches that of bulk water by increasing
the water content. This higher density of the hydrophilic region
for low water contents leads to higher peaks in the RDFs. It is
observed in Figure 5 that the ﬁst peak of the RDF for
hydronium-water is higher at λ = 5 compared to that at λ = 20. At
low water uptakes, water and hydronium are most likely closer to
the side chains, while at higher water uptakes water molecules
and hydronium ions can move more freely and further away
from the side chains in the free regions occupied by water. This
leads to a diﬀerence in the height of the ﬁrst peak of the RDFs.
From Figure S5 in the Supporting Information, it becomes clear
that the coordination number of H2O and H3O+ around water
depends on λ but not on the magnitude of the electric ﬁeld. In
Figure 6, the RDFs for water−sulfur and hydronium−sulfur are
shown for λ = 5, and λ = 20. For hydronium-sulfur, it is observed
the ﬁrst peak decreases signiﬁcantly with the increasing electric
ﬁeld. This indicates that with increasing electric ﬁeld, hydronium
ions have weaker interactions with the sulfonic sites, and can
move more freely in the system. This observation can also be
seen in the coordination numbers as shown in Figure S6 in the
Supporting Information. The interactions between water and
sulfonic sites are less inﬂuenced by the electric ﬁeld especially for
λ = 20. This indicates bulklike behavior of water at higher
concentrations as concluded by Bai et al.4
The ratio between average velocities of water and hydronium,
⟨vH2O⟩/⟨vH3O+⟩, is computed from molecular dynamics simulations in LAMMPS,48,49 in the presence of an electric ﬁeld, for
every λ. One would expect larger uncertainties in this ratio at low
electric ﬁelds due to lower signal-to-noise ratios. In Figure 7, this
ratio is shown for λ = 5 at T = [330, 360, 420] K for e = [0.02,
0.05, 0.075, 0.100] V/Å. Each point in this ﬁgure is the average
of six independent simulations, as explained in Section 2, and the
uncertainties are the standard deviations from block averaging.
Simulation results show that within the error bars, the average
velocities of H2O and H3O+ scale linearly with the electric ﬁeld.

ensemble using the same water model (PCFF parameters) to
compute the molar volume of water at atmospheric pressure and
at T = 330 K and T = 360 K. Every simulation box contained
1000 water molecules. The rest of the simulation details are
identical to those for the Naﬁon systems described above. The
results are used to compare the partial molar properties of water
in Naﬁon to the molar properties of liquid water. This indicates
from which water contents, water in Naﬁon has a more
comparable behavior to the bulk liquid phase.

3. RESULTS AND DISCUSSION
Typical snapshots of the hydrated Naﬁon for λ = 5 and λ = 20
and for electric ﬁelds E = [0, 0.05, 0.075, 0.10] V/Å are shown in
Figure 4. To study the inﬂuence of the electric ﬁeld on the
structure of the system, the RDFs for diﬀerent groups of atoms
in the systems are computed and shown in Figures 5 and 6. The
resulting coordination numbers are shown in Figures S5 and S6
of the Supporting Information. In Figure 5, the RDFs for water−
water and water−hydronium are shown for λ = 5 and λ = 20. The
oxygen atoms in water molecules and hydronium ions are used
to represent the water molecule and hydronium ion,
respectively. It is observed that despite the presence of a strong
electric ﬁeld, the structure of the liquid does not signiﬁcantly
change. The coordinates of the ﬁrst and second peaks do not
change noticeably. For λ = 5, the eﬀect of the electric ﬁeld on the
ﬁrst peak is more strongly inﬂuenced by the imposed electric
ﬁeld compared to λ = 20. At low water uptakes, water is most
likely bound to Naﬁon side chains. Increasing the magnitude of
the electric ﬁeld can inﬂuence the interactions between the water
molecules and Naﬁon leading to a more pronounced change in
the ﬁrst peak of the RDF. At high water uptakes, more free
volume is occupied by water molecules in which water molecules
less bound to the Naﬁon side chains (bulklike behavior4). This is
consistent with the observation in Figure 5 that the ﬁrst peak of
the RDF for λ = 20 is less sensitive to changes in the electric ﬁeld
compared to λ = 5. The higher ﬁrst peak for λ = 5 compared to λ
= 20 indicate a strong phase separation between the hydro8127
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Figure 8. Ratio between the velocities of water and hydronium for λ = 20 at diﬀerent magnitudes of the electric ﬁeld imposed on the simulation box at
(a) T = 330 K, (b) T = 360 K, and (c) T = 420 K. Squares are the average over the ratio between the velocities. Raw data are provided in Table S4 in the
Supporting Information.

This means that the ratio between these average velocities is
constant. This can be veriﬁed both from Figures 6 and 8 where
the velocity ratio between water and hydronium is constant and
independent of the electric ﬁeld (within the statistical
uncertainties). Therefore, for computing the EOD coeﬃcient,
the ratio ⟨vH2O⟩/⟨vH3O+⟩ was averaged over all electric ﬁelds. The
corresponding ﬁgures for λ = 10 and λ = 15 are provided in
Figures S1 and S2 in the Supporting Information. It is observed
that the ratio between the velocities of water and hydronium for
all λ is approximately 0.4. The raw velocity data for all
temperatures and water uptakes are provided in Tables S1−S4 in
the Supporting Information.
The EOD coeﬃcient of water in Naﬁon for every water uptake
is obtained using eq 4 and the results are shown in Figure 9.
Although there is a scattering in experimental data, it can be
concluded from Figure 9 that the actual EOD coeﬃcient is most
likely closer to the line ξD = 1 compared to ξD = λ. Comparing
the EOD coeﬃcients obtained in this work to the results
obtained by Din and Michaelides30 shows that using a more
elaborate classical model signiﬁcantly improves the computed
EOD coeﬃcient. It is observed that the EOD coeﬃcient of water
obtained from our molecular dynamics simulations changes
linearly with λ, in sharp contrast to experimental results of
Zawodzinski et al.58 Zawodzinski et al. found that the EOD
coeﬃcient in vapor equilibrated Naﬁon is constant (ca. 1.0) and
for liquid equilibrated Naﬁon (high water uptakes) it is ca. 2.5.
The results from ab initio molecular dynamics by Choe et al.19
are in good agreement with the reported EOD coeﬃcients by
Zawodzinski et al.58 for vapor equilibrated Naﬁon. However, at
higher water contents, other experimental data2,8,59,60 predict
higher values for the EOD coeﬃcient as shown in Figure 9. It is
argued in refs 15 and 19 that not considering proton hopping in
the model leads to an overestimation of the drag coeﬃcient at
high water uptakes. This agrees well with the fact that our model
overpredicts the EOD coeﬃcient for λ between 10 and 20.
However, at λ = 5, it can be argued that the deviation is
signiﬁcantly smaller and the EOD coeﬃcient is within the range

Figure 9. Electro-osmotic drag coeﬃcient obtained from molecular
dynamics simulations in LAMMPS48,49 as a function of the water
uptake for T = 330 K, T = 360 K, and T = 420 K. Error bars are
uncertainties obtained from block averaging of 6 independent
simulations. The electro-osmotic drag coeﬃcients from experiments
are obtained from refs..2,8,58−60 The electro-osmotic drag by Din and
Michaelides30 is computed from molecular dynamics. The slopes of the
ﬁtted lines for the simulation data and experimental data are 0.40 and
0.13, respectively. Raw data obtained from molecular dynamics
simulations in this work are provided in Table S5 in the Supporting
Information.

of experimental data. This may lead to the conclusion that our
model can predict the vehicular transport of proton at low water
uptakes where proton hopping does not dominate (λ < 5).
The linear behavior of the EOD coeﬃcient of water from our
molecular dynamics simulations agrees with the data by Ise et
al.2 Both results show a monotonic increase in the EOD
coeﬃcient with the increasing λ. The monotonic increase of the
EOD coeﬃcient agrees in general well with the general
observation by Kusoglu and Weber1 when considering all
collected experimental data. The linear ﬁt to the experimental
data in Figure 9 leads to a slope of ca. 0.13 (ξD ≈ 0.13λ), while a
linear ﬁt to simulation data leads to a slope of ca. 0.40 (ξD ≈
0.40λ). The diﬀerence in EOD coeﬃcient is larger for higher
water content and can be approximately quantiﬁed using the
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into ﬁve blocks after equilibration. For every block, linear
regression is used to compute the slope at every temperature.
The partial molar volume and partial molar enthalpy of water are
computed from block averaging of the slopes.
The partial molar volume of water computed at T = [330, 360,
420] K at water uptake 5 ≤ λ ≤ 20 is shown in Figure 11a. To

slope of the ﬁtted lines. This diﬀerence is partly due to the
absence of the Grotthuss mechanism in the simulations. We also
observe that, within the error bars, the EOD coeﬃcient obtained
from the molecular dynamics simulations does not considerably
change with temperature for diﬀerent values of λ. LaConti et
al.23,61 also reported a linear increase of the EOD coeﬃcient
between 0 and 5, corresponding to dry and fully hydrated
membrane, with no temperature dependence.2 Another factor
which may have contributed to larger values of the EOD
coeﬃcient in this work may be due to the absence of interfacial
resistance (entrance or exit eﬀects), as present in experiments..62,63 Cheah et al. show that the water ﬂux into and out of
the membrane is aﬀected by the interfacial transport between
the membrane and the vapor phase.62 Due to the periodic
boundary conditions in our simulations, these interfacial eﬀects
are not captured. The interfacial resistance is reduced with liquid
water presence at the interface of the membrane instead of
vapor.58,63,64
The ﬂuctuations in volume and total enthalpy of the system as
a function of the number of water molecules are used to compute
the partial molar volume and partial molar enthalpy of water in
Naﬁon. In Figure 10, this is shown for the hydrated Naﬁon at λ =
5. The changes in enthalpy and volume of the system are linear
with respect to the changes in the number of water molecules.
For every composition, the simulation trajectories were divided

Figure 11. (a) Partial molar volumes of water and (b) partial molar
enthalpies of water as a function of water uptake in the Naﬁon.
Uncertainties are calculated using block averaging (5 blocks). The
molar properties of pure water computed using the CFF force ﬁeld are
(in units of cm3/mol and kJ/mol, respectively) v̅H2O = 19.76(2), h̅H2O −
ig
ig
h̅H
= −28.29(1) at T = 330 K, v̅H2O = 20.45(1), h̅H2O − h̅H
=
2O
2O
−26.57(1) at T = 360 K. At T = 420 K, the saturation pressure for the
liquid phase is higher than 1 atm, and therefore, the molar properties of
pure liquid water at T = 420 K are not considered here. Raw data are
ig
provided in Table S6 in the Supporting Information. The term h̅H
2O
denotes the ideal gas part of the enthalpy of water.

compare the performance of the water model in pure water with
that in the hydrated Naﬁon, the molar volume and molar excess
enthalpy of pure water was also computed using the same water
model, and the results are provided in the caption of Figure 11.
The partial molar volume of water is lower at λ = 5 compared to
higher water uptakes. This indicates a higher density at λ = 5 and
a strong and favorable interaction between the water molecules
and the sulfonic sites in the side chain of the membrane. For λ =
10 to λ = 20, the partial molar volume of water reaches a plateau.
This is in excellent agreement with the observation of Bai et al.,4
reporting the plateau for λ > 6. The experimental data from ref 4
are also provided in Figure 11. At higher water uptakes, water is
less conﬁned by sulfonate groups, leading to an increased partial
molar volume of water.1,4 This means that, for large water
uptakes, the morphology of the membrane allows channels in
which water has a similar behavior to the bulk liquid phase.4 At
all temperatures, it is observed that the value of the partial molar
volume of water approaches to the molar volume of bulk water

Figure 10. (a) Volume and (b) speciﬁc enthalpy of the Naﬁon system at
a water uptake λ = 5 (Nwater = 800) and corresponding systems, where
between 25 and 125 water molecules are removed while keeping the
pressure and temperature constant. This range is selected such that
compositional changes throughout the simulation trajectory remains
linear. The trajectories are divided into ﬁve blocks to calculate the
uncertainties. The partial molar volumes and partial molar enthalpies of
water at every temperature are obtained by calculating the slope for
every block and averaging over the slopes. Dashed lines are the
regression lines shown as a guide for the reader.
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with increasing λ. The RDFs of the system for compositions
close to λ = 5 and λ = 20 are shown in Figures S3 and S4 in the
Supporting Information.
In Figure 11b, the partial molar enthalpy of water with respect
to the ideal gas reference state (h̅igH2O) is shown as a function of λ.
From Figure 11b, it is observed that the enthalpy change of
water uptake is negative, indicating an exothermic process. This
is in agreement with the experimental work by Bai et al.4 Further
consideration of the results in Figure 11b shows that the partial
molar enthalpy of water is smallest at λ = 5 and reaches a plateau
for λ ≥ 10. Compared to molar enthalpy of pure water, the
partial molar enthalpy of water is lower. Lower partial molar
volumes and enthalpies of water compared to the molar
properties of pure water show that the model can capture the
favorable interactions between the water and the hydrophilic
side chain of Naﬁon.

Article

sites result in a higher density for water (compared to pure liquid
water). This observation provides an important correlation
between thermodynamic properties of water and the morphology of the hydrated Naﬁon. Computed partial molar enthalpies
of water in Naﬁon show that water absorption, at the simulation
conditions, is an exothermic process. This is in agreement with
the experimental observation of Bai et al.4 The enthalpy of water
in hydrated Naﬁon also increases with the increase of water
uptake. This observation based on the partial molar enthalpy of
water also conﬁrms that the model can correctly capture the
bulklike behavior of the model and the presence of free water in
the membrane. The results show that the models used here
capture the thermodynamics quite well while a discrepancy
arises in the dynamic properties of water transport when the
proton hopping mechanism is not considered. This discrepancy
becomes signiﬁcant at higher water uptakes. It is so far not clear
how the proton hopping in a force ﬁeld-based classical model
can be captured. This can be the topic of future research.

■

4. CONCLUSIONS
The electro-osmotic drag (EOD) coeﬃcient of water in Naﬁon
117 (EW = 1100 g/molHSO3) is computed using molecular
dynamics. The physical model used in this work3 is an all-atom
force ﬁeld which is a combination of polymer consistent and
COMPASS force ﬁelds. Since this is a classical model, proton
hopping (Grotthuss mechanism)27 is inherently absent in the
simulations. Only the vehicular mechanism is captured in the
model which is the dominant mechanism at low water
contents.15,19 Consequently, the model overestimates the
EOD coeﬃcient at high water uptakes due to the lack of proton
hopping while the performance of the model is much better at
lower water uptakes. We computed the EOD coeﬃcient of water
at diﬀerent water contents ranging from 5 to 20. To compute the
ratio between the velocities of water and hydronium ions in the
system, electric ﬁelds of varying strength were applied to the
system. It was found that the velocities of water and hydronium
scaled linearly with the electric ﬁeld which means that the ratio is
constant. The ratio between the velocities of water and
hydronium is therefore obtained by averaging over all electric
ﬁelds. As shown in the review paper of Kusoglu and Weber,1 the
reported values of the EOD coeﬃcient of water from
experiments shows scattering. Similar to the results obtained
by Ise et al.,2 the EOD coeﬃcient obtained from molecular
dynamics simulations shows a monotonic increase with
increasing water uptake in the membrane. At λ = 20, the EOD
coeﬃcient is ca. 3 times higher compared to the experimental
data. At λ = 5, the value of the EOD coeﬃcient is ca. 2 which is
within the same range as the experimental data. This indicates
that the model captures the vehicular mechanism well, and can
predict the EOD coeﬃcient reasonably well where the proton
hopping is not dominant. In future work, it would be interesting
to see the eﬀect of the residence times between water and
hydronium and investigate how this inﬂuences the EOD. Since
the interfacial resistance between the membrane and the liquid/
vapor is not considered in the simulations, this may also lead to a
deviation of the computed EOD coeﬃcient compared to
experimental data. The thermodynamic properties of the
hydrated Naﬁon system are captured well using this model.
The same trend with the change in computed partial molar
volumes of water from molecular simulations is observed as in
the experimental results by Bai et al.4 The results show that the
partial molar volume of water is lowest at λ = 5 and shows a
plateau when increasing λ. It can be concluded that, at lower
water uptakes, the favorable interactions of water and sulfonic
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