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Chapter 1  

1. Introduction 
 

Abstract 
In this Chapter an introduction is provided highlighting the importance of 

renewable energy in the present low or zero emissions landscape. We have discussed 
devices such as flow batteries and fuel cells, and how polyelectrolyte membranes 
(PEM) affect the performance of these devices. Next, we discuss the typical chemical 
structure of PEM. Hydration of PEMs allows the formation of a continuous 
hydrophilic phase inside, which influences the performance of these PEMs. Structure 
of this hydrophilic phase has been studied previously using various experimental 
methods has led to the development of simplified models discussed in this Chapter. 
The different mechanisms of proton transport through the membrane hydrophilic 
phase is explained in detail. Next, we have discussed some important simulation 
studies at different scales which, provide useful insights into the internal hydrophilic 
phase structure and proton transport in these PEMs. Finally, we present the 
motivations and some important results of the different (but very connected) research 
projects performed in this Thesis. 

 

 

 

 

 

 

 

 

 





 
 

1.1 Large Scale Renewable Energy and the Role of Polyelectrolyte 
Membranes 

Climate change is one of the most serious problems the society is facing nowadays. 
The Paris agreement [1] led to a framework under which different countries must 
reduce their CO2 emissions by certain percentages. These reductions were decided 
so as to keep the maximum rise of global temperatures limited to 2°C compared to 
the pre-industrial levels. The framework also mentions that the measures to reduce 
emissions should not make use of means which threaten food production. 
Additionally, countries should make the economic environment conducive for the 
sustainable development, which at the same time also results in the increased 
financial returns. The Dutch government has set goals to have 49% and 95% 
emissions reduction by 2030 and 2050, correspondingly, as compared to the 1990 
emission levels [2]. 

Climate change is a complex problem which requires solutions deployed on various 
fronts. We will briefly discuss some of the viable options present. Carbon capture 
and storage (CCS) is an option being looked at to reduce emissions [3]. CCS involves 
capturing CO2 from point sources like coal/gas fired power plants. This CO2 can then 
be used for making fuels [4]. Another option is to store this CO2 underground in 
impermeable formations [5]. Exploiting wind energy is another alternative to 
produce emission-free energy [6]. The Netherlands and other northern European 
countries are enthusiastic about this option due to the large wind speeds available in 
these areas [7]. These countries are also building offshore wind farms to maximize 
the use of wind energy [8]. Solar energy is yet another highly promising option being 
pursued by different countries, like China, India etc. [9,10], which receive high 
amounts of sunshine throughout the year. There are other options like geothermal 
energy [11], which uses the heat from the deep within the earth, and wave and tidal 
energy [12], which uses the force of the sea waves and tides. 

All these different energy sources provide a means to generate energy sustainably. 
However, this energy needs to be stored efficiently to be used as and when needed 
[13]. There is an additional problem of intermittency of these energy sources [14], 
except for geothermal energy, which makes energy storage a crucial link in 
establishing an emissions free future. One option of storing this energy is to use it to 
generate hydrogen from water with techniques like water splitting [15], and store it 
in materials like metal organic frameworks (MOFs) [16]. Hydrogen, being a very 
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energy-dense fuel, is an ideal fuel choice for long-range transport like air and marine 
[17] and can be used in fuel cells to draw electricity as per needs[18]. Another option 
of energy storage is to make use of redox flow batteries (RFB) [19]. Large RFBs can 
be used to store and supply energy to the grid as required. 

The most commonly used fuel cells are polyelectrolyte membrane fuel cells 
(PEMFC) [20,21] as shown in Figure 1.1(a). Hydrogen gas enters the PEMFC from 
the anodic side. Hydrogen gas is oxidized into protons in the catalyst layer [22], 
which is composed of platinum nanoparticles. The electrons released during 
oxidation move into the external load-bearing circuit. The protons pass through the 
polyelectrolyte membrane (PEM) to enter the cathodic side of the fuel cell. Here, the 
protons are reduced in presence of air and electrons, from the external circuit, to form 
water which is the only emission from a fuel cell. The PEM also prevents any 
hydrogen gas from crossing over which will lead to loss of hydrogen fuel and to an 
eventual decrease in efficiency of the fuel cell [23].  

PEMs are important parts of these devices, and can affect their performance. The 
efficiency of the fuel cell can be increased by increasing the proton conductivity of 
the PEMs [24]. The platinum catalyst can be poisoned by minute amounts of carbon 
monoxide (CO) present in the hydrogen fuel [25]. Therefore, higher operating 
temperatures are desirable to prevent catalyst poisoning [25], but higher operating 
temperatures reduce the efficiency of PEMs [26] due to water evaporation. 
Therefore, a lot of research is being conducted in to the development of 
nanocomposite PEMs and newer class of PEMs resistant to high temperatures [26]. 

Direct methanol fuel cells (DMFC) are another type of the energy-production 
devices which use methanol as fuel instead of hydrogen gas [27]. Methanol crossover 
is a major problem in these devices [28]. PEM doped with nanoparticles like 
modified graphene or modified carbon nanotubes, have been successful in reducing 
crossover of methanol [29,30]. 

Redox flow batteries (RFB), shown in Figure 1.1(b), are an important class of 
energy storage devices that being explored recently [31,32]. The electrolytes, 
catholyte and anolyte, are stored in external tanks. The anolyte is circulated in the 
anodic side of the device. During the battery discharge cycle, the anolyte is oxidized 
on passing through the porous electrodes. The released electrons move into the 
external circuit and pass on to the cathodic side, thus establishing a current in the 
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external load-bearing circuit. Protons move through the PEM from the anodic to the 
cathodic side, to balance the excess negative charge on the side due to the arrival of 
electron from the external circuit. This process of oxidation and reduction is reversed 
during the charging cycle. The catholyte is reduced in presence of the protons in the 
cathodic side. The catholyte and anolyte form a redox couple due to which these 
devices are called as redox flow batteries. Commonly used electrolytes involve 

Figure 1.1 Schematic of (a) polyelectrolyte membrane hydrogen fuel cell (b) 
Redox flow battery (c) atomistic representation of a hydrated polyelectrolyte 
membrane (in this particular case Nafion, a perfluorsulfonic acid, was used). 

 

(a) (b) 

(c) 
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vanadium ions [31]. However, newer organic electrolytes [33] have been developed 
to reduce the cost associated with vanadium based electrolytes. The discharge 
reactions of a redox couple in a flow battery are shown in Equations 1.1 and 1.2. 

 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
→        𝑅𝑅𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂 + 𝑂𝑂− (Anode)                   (1.1) 

𝑅𝑅𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂_𝐶𝐶𝐶𝐶𝐴𝐴ℎ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂 +  2𝑂𝑂−  
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
→         𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂_𝐶𝐶𝐶𝐶𝐴𝐴ℎ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂 (Cathode)      (1.2) 

 

PEMs also affect performance of RFBs. High PEM ion conductivity minimizes the 
losses in voltage efficiency [34]. Crossover of electrolytes is a major problem in 
vanadium based RFBs [34]. PEMs doped with nanoparticles like modified silica and 
sulfonated aromatic PEMs been shown to reduce crossover of vanadium electrolytes 
[34,35].  

 

 1.2 Polyelectrolyte Membranes for Fuel cells and Flow Batteries 
Polyelectrolyte membrane (PEM) is an important component of flow batteries and 

fuel cells, as has been discussed in the previous section. We will now discuss the 
chemical structure, phase separation and proton transport mechanisms of the PEMs 
in detail. 

1.2.1 Chemical Structure of Polyelectrolyte Membranes 
PEMs have different chemical structures. The most common type of PEMs used 

are perfluorinated sulfonic acid (PFSA) type PEMs [36]. These PEMs have a 
hydrophobic backbone made up of polytetrafluoroethylene (PTFE), commonly 
known as Teflon. The side chain is composed of polysulfonyl fluoride vinyl ether 
and has a hydrophilic sulfonic acid group attached to the end of the side chain, as 
shown in Figure 1.2. Dow, Hyflon, Nafion and Aciplex are some of the PFSA 
membranes with increasing side-chain lengths [37–39]. There is another class of 
PEMs which has a backbone composed of hydrophobic aromatic rings and           
hydrophilic sulfonic acid groups are attached to the rings. SPEEK and sulfonated 
polyimides are some of the PEMs of this type [40,41]. 
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1.2.2 Phase Separation and Hydrophilic Phase of Polyelectrolyte Membranes 
PEMs have a similar mechanism for conduction of protons irrespective of the 

chemical structure [36,42]. The PEMs have a hydrophobic backbone and a slightly 
hydrophilic side chains due to the presence of acidic groups. A phase separation 
occurs on hydration of PEMs as shown in Figure 1.3. The hydrophobic backbone of 
the PEMs forms a continuous phase and the water forms another continuous phase. 
The hydrophilic units of the PEMs line the interface between the hydrophobic and 
hydrophilic phases. The hydrophobic phase is crystalline in nature and provides a 
mechanical stability to the membranes. The hydrophilic phase is composed of water 
clusters which may be connected or isolated. The acid groups in the PEMs dissociate 
and release the protons into these water clusters. The protons diffuse in the water 
clusters by different mechanisms which will be discussed further. Therefore, the 
structure of the hydrophilic phase, or of the water clusters, is of the utmost 
importance in proton conductivity. It must be noted that a phase separation also 
occurs when PEMs are doped with protic ionic liquids (PIL) instead of water [43]. 

Figure 1.2. The chemical structure of Nafion, perfluorosulfonic acid, chain (n=7, 
m=10) for EW=1100; n represents the length of a monomer and m represents the 
degree of polymerization; the red oval highlights the side-chain ionic/acidic 
group; Equivalent weight (EW) is the weight of a monomer divided by the number 
of the acidic groups per monomer. 
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However, we shall be considering only the hydrated PEMs in this Thesis, since they 
are the most commonly used PEMs. 

The small-angle X-ray scattering (SAXS)/ small-angle neutron-scattering (SANS) 
experiments have been used extensively to study the hydrophilic and hydrophobic 
domains inside Nafion, which is the most commonly used PEM [44,45]. Effects of 
hydration, temperature, stretching etc. on the internal structure have been studied 
extensively [45–47]. SANS experiments [45] showed that the spacing between the 
hydrophobic domains increased with increasing hydration, implying swelling of the 
hydrophilic domains. These experiments estimate a hydrophobic wall of 2 to 3 nm 
separating primary hydrophilic domains of 2 to 4 nm, interconnected by the 
secondary domains of 0.5 to 1 nm [36]. Although, these dimensions are based on the 
previous assumptions of the shape of the domains, regarding which there is no 
consensus till date. 

A variety of models for the nanomorphology of Nafion have been proposed. Gierke, 
Hsu and other co-workers [48,49] suggested water attached to ionic groups forming 
spherical clusters of 4 to 6 nm, which are distributed in the hydrophobic phase. Gebel 
[50] proposed a different model for the morphology and swelling of the hydrated 
PEM. He suggested that the dry membrane contains separate isolated ion clusters 

Figure 1.3 The typical simulated representation of the hydrated Nafion; Orange- 
hydrophobic phase composed of Nafion chains except sulfonic acid group, Yellow- 
sulfur atoms from the sulfonic acid groups, Blue- hydrophilic phase composed of 
water and hydronium. Water and hydronium form a continuous hydrophilic phase, 
and the sulfonic acid groups are located at the interface of hydrophobic and 
hydrophilic phases. 
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with a diameter of about 1.5 nm, which swell on hydration. On reaching a certain 
hydration level, the so-called percolation threshold, a connected network of such 
water and ionic clusters is formed. On further hydration, a structure inversion occurs, 
and the system takes the form of a network of intertwined rods. Later, Rollet, Rubatat 
and other co-workers [46,51] suggested a model of elongated polymeric rod-like 
aggregates with water residing in between. Increasing hydration only diluted this 
structure without affecting the shapes of these aggregates. Schmidt-Rohr and Chen 
[52] have proposed a network model of cylindrical water channels, lined with ionic 
groups, embedded in a semicrystalline polymer matrix (Figure 1.4). There is a 
consensus that the structure at full hydration is composed of flat ribbons interspersed 
among polymer crystallites. However, the structures at low levels of hydration are 
not fully understood. 

 

Atomic force microscopy (AFM) [53,54], conductive AFM (CAFM) [55–57] and 
grazing incidence SAXS (GISAXS) [58,59] studies of PEMs have been performed 

Figure 1.4 Inverted-micelle model of Nafion (a) cross section and 
longitudinal views of a cylindrical channel. Water is present at the centre 
of the channel. The polymer hydrophobic backbone is at the boundary of the 
channel and the hydrophilic side chains are oriented towards water (b) 
Hexagonal packing of cylindrical channels (c) Water channels (white) and 
Nafion crystallites (black) embedded in the semicrystalline (grey) Nafion 
matrix. This figure has been reproduced with permission from [52]. 
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to understand the membrane/vapor interface. At low relative humidity (RH) of the 
vapor, the membrane surface is hydrophobic with the fluorocarbon chains situated 
near the surface. This reduces the flow of water and ions into the membrane. At high 
RH of the vapor, the membrane surface becomes hydrophilic, with the ionic groups 
oriented towards the surface. This facilitates the diffusion of water across the 
interface. 

1.2.3 Proton Transport and Multi Scale Simulations 
 

Fourier transform infrared spectroscopy (FTIR) studies [60] of Nafion have 
analyzed the dissociation of the sulfonic acid groups with respect to the hydration 
level. They found that the proton dissociates from the sulfonic acid at λ1=2, in 
accordance with the Density Functional Theory (DFT) simulations [61]. Only 

 
1 λ denotes the hydration level. It is the number of water molecules per sulfonic 

acid group 

(a) 

(b) 

Figure 1.5 (a) Vehicular transport of hydrated protons. The hydronium ions 
(H3O+), which are hydrated protons, diffuse due to the Brownian motion (b) 
Grotthuss transport of protons. The protons hop across the hydrogen bonds, 
shown as dashed lines, in water. 
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surface diffusion of protons along the ionic/non-ionic domain interface is possible at 
this hydration level. The dissociated proton was found to be tightly bound upto λ=6, 
in both FTIR experiments [60] and DFT simulations [61,62]. Vehicular transport, 
which is akin to Brownian motion, of hydrated protons was the dominant transport 
mechanism at this hydration level, as shown in Figure 1.5 (a). Further increase of the 
hydration level allowed the protons to move into bulk water, and enabled the so-
called Grotthuss transport of protons [63]. The Grotthuss mechanism describes the 
proton hopping across the hydrogen bonds present in water, as shown in Figure 1.5 
(b). 

Classical MD simulations have been routinely employed to study the relationship 
between the membrane morphology and vehicular diffusion of hydronium ions 
(protonated water molecules) and water molecules [64–68]. Classical Molecular 
Dynamics (MD) simulations, which use non-reactive and non-polarizable force 
fields, have been performed for a commonly used PEM like Nafion to understand the 
effect of ordering of the side-chain groups on proton transport [64], as well as the 
details of the hydrated nanostructure of Nafion at different hydration levels and 
different temperatures, and their effect on the proton transport [65,66,69]. The water 
and proton transport were found to agree with experimental trends for Nafion 
classical MD simulations [64,67,69]. Water phase clustering and percolation 
phenomenon have also been studied for Nafion using classical MD [68,70]. In 
addition to Nafion, other PFSA membranes like Aciplex [38], Hyflon [71], PFSI 
(Perfluorosulfonyl Imide) [72] have also been analysed using classical MD, and their 
corresponding diffusive transport parameters for water molecules and hydronium 
ions were also found to be consistent with experimental data. There are also many 
recent studies to analyse the hydrated structure, morphology and percolation 
transition of aromatic [73–76] and PFSA [77,78] PEMs using classical MD 
simulations. Classical MD simulations of aromatic backbone PEMs like SPEEK and 
PEEK have demonstrated transport properties in agreement with experiments 
[79,80]. A classical MD study showed the amount of phase separation to be a key 
factor affecting the transport behaviour inside hydrated sulfonated block co-
polyimide PEMs [81]. Predictions of water uptake of sulfonated poly ether imide 
PEM were consistent with experiments in a classical MD simulation study [82]. 
Classical MD simulations have even been used to study the effect of crosslinking on 
chitosan membrane conductivity [83]. Recent classical MD studies of anion 

21

Introduction

1



 
 

exchange membranes (AEM) have correctly captured the effects of different 
functional groups and the effects due to positions of these functional groups on 
conductivity [84,85]. Nafion doped with protic-ionic liquid has also been simulated 
using classical MD in which the transport characteristics were found to be consistent 
with experiments [86].  

A dissipative particle dynamics (DPD) study [87] of Nafion found water cluster 
sizes and intercluster spacing in the range of experimental values. Self-consistent 
mean field (SCMF) simulations of Nafion [88] found the cluster structure of water 
at low hydration levels which coalesced to form long channels at higher hydration 
levels in agreement with experimental observations. Mesoscale DDFT simulations 
(MDDFT) [89] of SPEEK membrane were performed to understand the effect of 
degree of sulfonation water channel diameters and morphology. It can be seen that 
classical simulation methods are widely used for studying PEMs of different types, 
at different length and time scales. 

However, the proper consideration of the Grotthuss mechanism is necessary for a 
complete understanding of proton transport in PEMs. This mechanism cannot be 
studied using classical simulation techniques. To achieve this, methods such as Self 
Consistent Iterative Multistate Empirical Valence Bond (SCI-MS-EVB) [90,91], 
ReaxFF simulations [92] and ab initio MD simulations [93–95] have been employed. 
A SCI-MS-EVB study of Nafion decomposed the amount of proton diffusion into 
the Grotthuss and vehicular components. These two components were found to be of 
similar relative magnitude but anti-correlated, which resulted in a smaller overall 
proton diffusion [96]. Another SCI-MS-EVB simulation study showed that the 
Zundel ions (H5O2

+) are stabilized within the first solvation shell of a sulfonate group 
[97]. Yet another SCI-MS-EVB simulation study showed a sub diffusive proton 
transport behaviour over several hundreds of picoseconds at various hydration levels 
in PFSA membranes [98]. In a SCI-MS-EVB study [98] it was also concluded that 
the proton swapping between the sulfonate groups is the primary charge transport 
mechanism in PFSA PEMs, and that the interactions between the sulfonate groups 
and the hydrated protons had a small influence on the proton transport. It was found 
that a more flexible and longer side chain in 3M PEM as compared to Hyflon 
enhanced the proton swapping mechanism in the former [99]. The diffusion of 
protons in a model Nafion pore lined with the sulfonate groups has also been studied 
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using an approximate 2-state MS-EVB model [100], to understand the effect of 
spacing of the sulfonate groups on the proton transport.  

 

1.3 Research Questions and Thesis Outline 
The hydrophilic domain morphology affects the proton conductivity of the PEM 

which, in turn, influences the efficiency of fuel cells and flow batteries. In the present 
Thesis we have used classical-mechanics methods, such as classical molecular 
dynamics  and the Dissipative Particle Dynamics (DPD), to understand the 
nanomorphology of the PEMs at different length scales and under different 
interfacial conditions. The effect of differences in chemical structures of PEMs on 
the internal water structure and transport has also been analyzed. 

The four main research questions that are being studied in this Thesis are: 

1) What is the effect of the amount of the side-chain ionic groups on the membrane 
nanostructure and proton conductivity? 

2) How the nanofillers’ wettability variation influences the hydrophilic domain 
structure and water transport? 

3) What is the effect of changes in protonation states of the PEMs on their hydrated 
domains? 

4) How the polyelectrolyte side-chain length affects the water-PEM interfacial 
evolution? 

The Chapters 3-6 of the Thesis provide some answers to these research questions. 

Chapter 2 discusses the techniques used for the simulations in this Thesis and the 
methods used for analyzing the simulation trajectories. Classical molecular dynamics 
(MD) methods are used, and the large-scale simulations with the fully atomistic  
force fields are performed. Thus, this MD simulation method preserves the chemical 
interactions to a large extent. In addition, such large systems allow us to analyze 
internal structure at a scale that is representative of the characteristic domain sizes in 
the systems studied. However, there are processes like diffusion of water into dry 
PEMs which is not tenable by classical MD, due to the very large time scales 
involved. Therefore, we have used dissipative particle dynamics (DPD) method to 
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study such processes. Both methods, MD and DPD, as well as the other details of the 
algorithms, are explained in the Chapter 2 

Chapter 3 is summarizing the findings of the comparison of Nafion membrane 
with another similar PEM. The PEM materials can have different chemical structures 
to improve upon properties like proton conductivity. Nafion, a commonly used 
membrane, has a backbone composed of polytetrafluoroethylene (PTFE), and a side 
chain also composed of PTFE units terminated by a sulfonic acid group. Recently, 
another PEM material, perfluoroimide acid (PFIA), has been used which contains 
two different acid groups along the side chain, instead of just a single acid group per 
side chain in Nafion. We perform classical atomistic MD simulations to compare the 
internal structure of PFIA and Nafion. The proton/hydronium diffusivity is 
comparable in both the materials, by which we conclude that the larger number of 
protons available in PFIA was the main contributing factor to a larger proton 
conductivity of PFIA compared to Nafion.  

Chapter 4 is about understanding the effects of the interfacial interactions in PEM 
nanocomposites. Nanocomposites of Nafion are used to enhance properties like 
water retention, selectivity and conductivity. Nafion thin films capped by the 
substrates of variable wettability are simulated by classical, fully-atomistic 
molecular-dynamics (MD) simulations to understand the effect of the nanoparticle 
wettability and filler fraction. The side chains of Nafion are preferentially oriented 
towards the hydrophilic substrates, which can help in dissociation of the protons. We 
observe that the water clusters reduce considerably with increasing wettability and 
upon reducing the film thickness. This could be the reason behind the reduction of 
the unwanted crossover of methanol in Direct Methanol Fuel cells, as observed in 
experiments. The water clusters also increase in size with increasing film thickness 
for highly hydrophilic substrates, in agreement with experiments. The water 
diffusion is significantly enhanced with hydrophilic substrates, due to the formation 
of water films near the substrates. 

Chapter 5 throws light upon the influence of variation of acidity of PEMs. Previous 
experiments of Nafion have shown the variation of the deprotonation with the 
hydration level. The fuel cell operations, like increase of power output, have been 
shown to produce the areas of different hydration levels inside the membrane. In 
addition, all the simulation studies of Nafion have assumed complete deprotonation. 
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Therefore, an investigation of the variable protonation states of Nafion was the 
motivation for our study. We simulate different deprotonation states of Nafion at 
different hydration levels, to understand the effect on the internal morphology and 
diffusion. We find that the water clusters become narrower and longer with 
increasing deprotonation, at any particular hydration level. The water diffusion is 
largely unaffected by the deprotonation states, but the proton/hydronium diffusion is 
impeded by increasing deprotonation. 

Chapter 6 studies the water interface of PEMs at very large length and time scales. 
The side-chain length in PEM materials affects significantly the water and proton 
diffusion and, consequently, the operation of fuel cells and flow batteries. We use 
Dissipative Particle Dynamics simulations to study the water interfaces of PEM 
materials of the different side-chain length, at length scales much larger than what is 
affordable by classical MD. We show that the water uptake rate increases with the 
side-chain length, despite similarity in the water cluster morphology for the different 
side-chain lengths. Our multiscale simulations allow to uniquely relate the 
macroscopic performance characteristics of these membranes with targeted PEM 
material modifications at the micro scale. 

Chapter 7 presents the Conclusions of the studies previously discussed in the 
Thesis. Possible future directions for further modelling of the polyelectrolyte 
membranes in the broader context of flow batteries and fuel cells are discussed. 
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Chapter 2  

2. Models and Methods 
 

Abstract 
The current Chapter describes the simulation models and analysis methods used in 

this Thesis. The simulation techniques such as classical molecular dynamics (MD) 
and Dissipative Particle Dynamics (DPD) are described. The implementation of the 
force field for classical MD and the parameterization technique for DPD is explained 
in detail. Finally, the analysis methods used to describe both structural and dynamic 
properties of the simulated systems, have been introduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 
 

2.1 Molecular-Dynamics Simulations 
Molecular-dynamics (MD) simulations are used to predict the temporal evolution 

of a system of particles. Typically, rather large (105 -106) number of the interacting 
particles is considered, which makes it impossible to compute the particles’ 
trajectories analytically The particles in MD simulations evolve according to the 
classical Newton’s equations of motion and interact with each other via the 
parameterized phenomenological potentials. These parameterized potentials are used 
to calculate forces. The Newtonian equations of motion may be written as 

𝑭𝑭𝑖𝑖(𝑡𝑡) = 𝑚𝑚𝑖𝑖
𝑑𝑑2𝒓𝒓𝑖𝑖
𝑑𝑑𝑡𝑡2 = −𝑚𝑚𝑖𝑖

𝜕𝜕𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡(𝒓𝒓)
𝜕𝜕𝒓𝒓𝑖𝑖

                                                                                  (2.1) 

where 𝑭𝑭𝑖𝑖(𝑡𝑡) is the force acting on the particle i at time t, and 𝑚𝑚𝑖𝑖 and ri are the mass 
and position of the atom i, respectively. The gradient of the potential energy 𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡(𝒓𝒓) 
gives the force acting on the atom.  

The Verlet scheme is a common numerical method of integrating the equations of 
motion (2.1) [1]. A modification of the Verlet scheme is the velocity Verlet scheme 
[2], which is used in this Thesis for computing the particles’ trajectories. At the 
beginning of the simulations all the particles are assigned some initial velocities and 
positions. Then, the coordinates ri for particle i are calculated at the next time step t 
+δt, as 

𝒓𝒓𝑖𝑖(𝑡𝑡 + 𝛿𝛿𝑡𝑡) = 𝒓𝒓𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑡𝑡 𝐯𝐯𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑡𝑡2

2𝑚𝑚𝑖𝑖
𝑭𝑭𝑖𝑖(𝑡𝑡)                                                              (2.2) 

Next, using equation 2.1, the force 𝑭𝑭𝑖𝑖(𝑡𝑡 + 𝛿𝛿𝑡𝑡) is calculated from the gradient of the 
updated interaction potential 𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡[𝒓𝒓𝒊𝒊(𝑡𝑡 + 𝛿𝛿𝑡𝑡)], and finally, the new velocity 
𝐯𝐯𝑖𝑖(𝑡𝑡 + 𝛿𝛿𝑡𝑡) at the next time step is written as 

𝐯𝐯𝑖𝑖(𝑡𝑡 + 𝛿𝛿𝑡𝑡) = 𝐯𝐯𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑡𝑡
2𝑚𝑚𝑖𝑖

[𝑭𝑭𝑖𝑖(𝑡𝑡) + 𝑭𝑭𝑖𝑖(𝑡𝑡 + 𝛿𝛿𝑡𝑡)]                                                       (2.3) 

This detailed dynamic information of the system evolution is saved to the disc and 
is used to calculate the properties of interest. 

2.1.1 Force Field 
The potential function 𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡 (the so-called force field) is used to model the different 

atomic interactions present in the simulated system, and is, therefore, very critical 
for the accuracy of the simulations. Force fields provide a standard set of parameters 
to model the atomic interactions. We use the so-called polymer consistent force field 
(PCFF) [3], which is a Class II force field [4], in all the MD simulations of the Thesis. 
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The rationale behind using PCFF is described in detail in Chapter 3. Using PCFF, 
the total potential energy 𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡 for any atom in the system is given by 

𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑈𝑈𝐿𝐿𝐿𝐿 + 𝑈𝑈𝑏𝑏𝑡𝑡𝑏𝑏𝑏𝑏 + 𝑈𝑈𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎  + 𝑈𝑈𝑏𝑏𝑑𝑑ℎ𝑎𝑎𝑏𝑏𝑒𝑒𝑎𝑎𝑎𝑎 + 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑡𝑡𝑒𝑒𝑡𝑡𝑒𝑒𝑡𝑡𝑎𝑎𝑡𝑡𝑑𝑑𝑒𝑒                              (2.4) 

Here 𝑈𝑈𝐿𝐿𝐿𝐿 is the modified Lennard –Jones (LJ) potential due to the van der Waals 
interactions between atoms i and j, given by 

𝑈𝑈𝐿𝐿𝐿𝐿 = ∑ 𝜀𝜀𝑑𝑑𝑖𝑖 [2 (𝜎𝜎𝑖𝑖𝑖𝑖
𝑒𝑒𝑖𝑖𝑖𝑖

)
9

−   3 (𝜎𝜎𝑖𝑖𝑖𝑖
𝑒𝑒𝑖𝑖𝑖𝑖

)
6

]𝑁𝑁𝑝𝑝  ,       𝑟𝑟𝑑𝑑𝑖𝑖 < 𝑟𝑟𝑒𝑒                                                   (2.5) 

The term 𝑟𝑟𝑑𝑑𝑖𝑖 = |𝒓𝒓𝑑𝑑 − 𝒓𝒓𝑖𝑖| is the distance between the interacting atoms i and j, 𝜀𝜀𝑑𝑑𝑖𝑖 is 
the interaction energy parameter between the atoms, and 𝜎𝜎𝑑𝑑𝑖𝑖 is a measure of the atoms 
size. The total LJ potential of the atom i is computed by summing the LJ potential 
energies due to all particles (𝑁𝑁𝑝𝑝) within a particular cutoff distance 𝑟𝑟𝑒𝑒 from the atom 
i. The LJ potential function for Class II force fields is composed of a strong repulsive 
part (∝ 𝑟𝑟−9) and a weak attractive part (∝ 𝑟𝑟−6). The repulsive part of the LJ 
potential in a Class II force field is weaker than the repulsive part in a standard LJ 
potential which scales with 𝑟𝑟−12. Usually, the LJ potential function is truncated at a 
specified cutoff distance 𝑟𝑟𝑒𝑒 to avoid modelling very weak interactions at long 
distances, which would increase the computational cost of the simulations.  

The constants 𝜀𝜀𝑑𝑑𝑖𝑖 and 𝜎𝜎𝑑𝑑𝑖𝑖 in PCFF force field for different atomic pairs are 
computed from the individual constants 𝜀𝜀 and 𝜎𝜎 specified for the different atoms as 

 

𝜀𝜀𝑑𝑑𝑖𝑖 = 2√𝜀𝜀𝑖𝑖𝜀𝜀𝑖𝑖 (𝜎𝜎𝑖𝑖𝜎𝜎𝑖𝑖)3

𝜎𝜎𝑖𝑖6+ 𝜎𝜎𝑖𝑖6                                                                                                (2.6) 

𝜎𝜎𝑑𝑑𝑖𝑖 = (𝜎𝜎𝑖𝑖6+ 𝜎𝜎𝑖𝑖6

2 )
1/6

                                                                                              (2.7) 
 
The potential energy contribution 𝑈𝑈𝑏𝑏𝑡𝑡𝑏𝑏𝑏𝑏 from a covalent bond between atoms i and 

j is modeled using the stretching potential given by 
 
𝑈𝑈𝑏𝑏𝑡𝑡𝑏𝑏𝑏𝑏 = ∑  𝐾𝐾2(𝑟𝑟 − 𝑟𝑟𝑡𝑡) 2 +  𝐾𝐾3(𝑟𝑟 − 𝑟𝑟𝑡𝑡) 3 + 𝐾𝐾4(𝑟𝑟 − 𝑟𝑟𝑡𝑡) 4𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏                          (2.8) 
 

where 𝑟𝑟𝑡𝑡 is the equilibrium bond length, 𝑟𝑟 is the actual bond length  and 𝐾𝐾2/𝐾𝐾3/𝐾𝐾4 
are the constants for parametrizing 2nd order, 3rd order and 4th order interactions, 
respectively. The bond potential energy of atom i is the sum of the bonded energy 
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contributions from all possible pairs of bonded atoms (𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) in which atom i is 
present. 

For a triplet of atoms jik, the central atom i is bonded to the other two atoms j and 
k. These two covalent bonds have usually an equilibrium bond angle (𝜃𝜃𝑏𝑏). The 
potential bending energy used to model these bending interactions is given by 

𝑈𝑈𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎 = ∑ 𝐾𝐾2(𝜃𝜃 − 𝜃𝜃𝑏𝑏) 2 +  𝐾𝐾3(𝜃𝜃 − 𝜃𝜃𝑏𝑏) 3 + 𝐾𝐾4(𝜃𝜃 − 𝜃𝜃𝑏𝑏) 4𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎                     (2.9) 

where 𝜃𝜃𝑏𝑏 is the equilibrium bond angle and 𝐾𝐾2/𝐾𝐾3/𝐾𝐾4 are the constants for 
parametrizing 2nd order, 3rd order and 4th order interactions. The angular potential 
energy of atom i is the sum of the angular energy contributions from all possible 
triplets of bonded atoms (𝑁𝑁𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎) in which atom i is present. 

For a quadruplet of bonded atoms ijkl, the angle (∅) between the plane of the atoms 
ijk and that of atoms jkl is modelled using the dihedral potential given by 

𝑈𝑈𝑏𝑏𝑑𝑑ℎ𝑎𝑎𝑏𝑏𝑒𝑒𝑎𝑎𝑎𝑎 = ∑ ∑ 𝐾𝐾𝑏𝑏(1 − cos (𝑛𝑛∅ − ∅𝑏𝑏)3
𝑏𝑏=1𝑁𝑁𝑑𝑑𝑑𝑑ℎ                                               (2.10) 

where 𝐾𝐾𝑏𝑏 and ∅𝑏𝑏 are the constants given by the force field for different combinations 
of bonded atom quadruplets. The dihedral potential energy of atom i is the sum of 
the dihedral energy contributions from all possible quadruplets of bonded atoms 
(𝑁𝑁𝑏𝑏𝑑𝑑ℎ) in which atom i is present. 

Atoms in the simulated system experience electrostatic forces due to the charges 
present on the atoms. The electrostatic potential between two atoms i and j is given 
by 

𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒𝑑𝑑𝑒𝑒 =  ∑ 𝑞𝑞𝑑𝑑𝑞𝑞𝑗𝑗
𝜖𝜖𝑒𝑒𝑑𝑑𝑗𝑗

𝑁𝑁𝑝𝑝                    , 𝑟𝑟𝑑𝑑𝑖𝑖 < 𝑟𝑟𝑒𝑒                                                   (2.11) 

where 𝑞𝑞𝑑𝑑 and 𝑞𝑞𝑖𝑖 are the partial charges on atoms i and j, 𝜖𝜖 is the dielectric constant 
and 𝑟𝑟𝑑𝑑𝑖𝑖 is the distance between the particles. The total electrostatic potential on the 
atom i is computed by summing the electrostatic potential due to the all particles (𝑁𝑁𝑝𝑝) 
within a particular cutoff distance 𝑟𝑟𝑒𝑒 from the atom i. 

COMPASS (Condensed-phase Optimized Molecular Potentials for Atomistic 
Simulation Studies) force field [5], which is also a type II force field, is used to 
compute the partial charges on the atoms in all the MD simulations. COMPASS is a 
recent force field as compared to pcff and hence provides more accurate estimation 
of the partial charges. More examples of previous usage in other studies is provided 
in Chapter 4. The charges on the atoms are computed as a sum of bond increments 
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𝛿𝛿𝑖𝑖𝑖𝑖 which indicate a charge transfer from atom i to j. The charge 𝑞𝑞𝑖𝑖 on atom i is given 
by  

𝑞𝑞𝑖𝑖 = ∑ 𝛿𝛿𝑖𝑖𝑖𝑖𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏                                                                                                  (2.12) 

where 𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 represents all atoms bonded to atom i. The exact values of the 
parameters 𝛿𝛿𝑖𝑖𝑖𝑖 are given by the force field. 

2.1.2 Statistical Ensembles 
The measurement of the microscopic quantities of a system under study may show 

significant variation for different experiments. An ensemble is a collection of all 
possible microstates the system could be present in. If the ensemble contains all 
possible past and future states of a system, it will not evolve with time and is 
considered to be stationary, or in statistical equilibrium. The macroscopic 
thermodynamic quantities are then computed by averaging over all the states present 
in the ensemble. Depending on the boundary conditions, there exist various statistical 
ensembles like NVE (microcanonical), NVT (canonical) and NPT ensembles; they 
all were used in the simulations of this Thesis. The system in an NVE ensemble has 
fixed number of particles N, fixed volume V and a fixed energy E. The NVT 
ensemble system has fixed number of particles N and volume V, but energy can vary 
by coupling to the external thermal bath with fixed temperature T. A Nose-Hoover 
type of thermostat implemented in LAMMPS [6] software is used for maintaining 
the system temperature. NPT ensemble has systems containing fixed number of 
particles N whose pressure (P) and temperature T are also fixed by additional 
coupling to thermostat and barostat. Nose-Hoover type barostats [7] and thermostats 
[8,9] are used to control temperature and pressure in a NPT ensemble. 

 

2.2 Dissipative Particle Dynamics Simulations 
Dissipative particle dynamics (DPD) method was initially developed by 

Hoggerbrugge and Koelman [10,11] for simulating particles flow with correct 
hydrodynamics at a much cheaper computational cost than in classical molecular 
dynamics and lattice gas automata methods. Later this method was modified by 
Groot and Warren [12] by making a connection between the Flory-Huggins χ 
parameter and the DPD repulsion parameters. This enabled the simulation of various 
chemical structures using the DPD method [13,14]. 
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The DPD method enables simulation of time and length scales which are orders of 
magnitude higher than what would be possible using classical MD. A group of atoms 
composes a particle/bead in a DPD simulation. These beads interact with other beads 
via a conservative force. On top of it, a drag force acts on the beads to account for 
hydrodynamics. An additional random force, which is antisymmetric for a pair of 
beads, accounts for thermal fluctuations. More details about the formulation of the 
DPD method are given in Chapter 6. 

2.2.1 Parameterization for DPD simulations 

Figure 2.1 (a) shows the chemical structure of Nafion. Figure 2.1 (b) shows the 
DPD bead representation of Nafion composed of 3 different bead types, A, B and C. 
This parameterization is borrowed from a previous DPD study of Nafion [15]. In 
DPD simulations, all the beads should ideally have the same volume. Therefore, 
beads A, B and C have been parameterized such that their volumes are approximately 
equal, 0.12, 0.11 and 0.11 nm3, respectively.  

Water also has to be represented by a bead in the DPD simulations. A single water 
molecule has a volume of 0.03 nm3. Therefore, four water molecules represent a 
single DPD water bead W of volume 0.12 nm3. Having  𝑟𝑟𝑐𝑐 as the measure of the DPD 

Figure 2.1. (a) The chemical structure of Nafion (b) Bead representation for 
Nafion. Bead A:–CF2–CF2–CF2–CF2–, Bead B:–O–CF2–CF(CF3)–O–, Bead 
C:–CF2–CF2–SO3H. m=10 is the number of monomers in a chain 
(polymerization degree). 

(a) (b) 
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length unit, one unit volume of the DPD system is 𝑟𝑟𝑐𝑐3. Usually, the particle density 
for DPD simulations is considered to be 3. Therefore, a unit DPD volume 𝑟𝑟𝑐𝑐3 contains 
3 beads of total volume 0.36 nm3. It means that the DPD length unit 𝑟𝑟𝑐𝑐 in the present 
simulations is equal to 0.361/3 nm= 0.71 nm. 

The beads interact with each other via the DPD repulsion parameters 𝑎𝑎𝑖𝑖𝑖𝑖 which are 
computed using the Flory-Huggins interaction parameters 𝜒𝜒𝑖𝑖𝑖𝑖 

𝑎𝑎𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑖𝑖𝑖𝑖 + 3.27𝜒𝜒𝑖𝑖𝑖𝑖                                                                                          (2.13) 

A Monte-Carlo approach was used earlier to compute the Flory-Huggins interaction 
parameters [16] from the heat of mixing Δ𝐸𝐸𝑖𝑖𝑖𝑖 of two components i and j, 

𝜒𝜒𝑖𝑖𝑖𝑖 =
Δ𝐸𝐸𝑖𝑖𝑖𝑖
𝑅𝑅𝑅𝑅                                                                                                           (2.14) 

The heat of mixing of two components Δ𝐸𝐸𝑖𝑖𝑖𝑖 is computed as  

Δ𝐸𝐸𝑖𝑖𝑖𝑖 = 𝐸𝐸𝑖𝑖𝑖𝑖 −
1
2 (𝐸𝐸𝑖𝑖 + 𝐸𝐸𝑖𝑖)                                                                                  (2.15) 

where 𝐸𝐸𝑖𝑖𝑖𝑖 is the energy of a pair of components 𝑖𝑖𝑖𝑖, and 𝐸𝐸𝑖𝑖 and 𝐸𝐸𝑖𝑖 are the energies of 
the individual components 𝑖𝑖 and 𝑖𝑖 , respectively. 

The values of the Flory-Huggins interaction parameters and the corresponding DPD 
repulsion parameters are listed and explained in detail in Chapter 6. 

 

2.3 Analysis Methods 
2.3.1 Radial Distribution Function 
A radial distribution function (RDF) provides information about the short range 

spatial correlation between groups of atoms.The RDF gA-B(r) is proportional to the 
probability of finding an atom B in a spherical shell at a distance r from the reference 
atom A inside a shell of thickness dr [17] 

𝑔𝑔𝐴𝐴−𝐵𝐵(𝑟𝑟) =
( 𝑛𝑛𝐵𝐵
4𝜋𝜋𝑟𝑟2𝑑𝑑𝑟𝑟)

(𝑁𝑁𝐵𝐵𝑉𝑉 )
                                                                                           (2.16) 

where 𝑛𝑛𝐵𝐵 is the number of B atoms in the spherical shell, 𝑁𝑁𝐵𝐵 is the total number of 
B atoms in the system, and 𝑉𝑉 is the system volume. Figure 2.2 shows a typical RDF 
between sulfur S and oxygen (water) Ow atoms in the hydrated Nafion membrane. 
The first major peak ends at around 5.4 Å which implies that the majority of the Ow 
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atoms are within this distance around sulfur atoms. The second peak ends at around 
8 Å, which suggests that there is some close-range correlation between S and Ow 
atoms upto this distance. 

The coordination number (CN), derived usually from the RDF integration, is the 
average number of atoms of a particular type B found at a certain distance 𝑟𝑟 from a 
particular central atom A, 

𝐶𝐶𝑁𝑁𝐴𝐴−𝐵𝐵(𝑟𝑟) = 4𝜋𝜋 (𝑁𝑁𝐵𝐵𝑉𝑉 ) ∫ 𝑔𝑔𝐴𝐴−𝐵𝐵(𝑟𝑟)𝑟𝑟2𝑑𝑑𝑟𝑟
𝑟𝑟
0                                                             (2.17) 

2.3.2 Cluster Analysis 
The cluster analysis has been performed to analyze the size and distribution of 

particles/atoms that are within a pre-defined distance from each other. Cluster 
analysis provides information about the size of connected domains of a particular 
particle type. 

To define the cluster, a particular cutoff distance is chosen. A cluster is defined as 
a collection of particles in which each particle is within the cutoff distance from - at 
least - one other particle of the same cluster. The cluster distribution is the list of 
clusters of different cluster sizes (defined by the number of particles in a cluster), and 
the number of clusters corresponding to various cluster sizes. The cluster distribution 
is averaged over a certain number of the simulation time steps, when the simulated 
system has equilibrated.  

Figure 2.2. A typical radial distribution 
function for sulfur (sulfonic acid) - 
oxygen (water) atoms in hydrated 
Nafion  
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Figure 2.3 shows the cluster distribution for water particles/beads averaged over a 
certain time period for a DPD simulation of hydrated Nafion. Average cluster size in 
this time period is the area under the curve. Average number of clusters for a 
particular cluster size is the time average of the number of clusters for that cluster 
size. Alternatively, this is also the measure of frequency of occurrence of a particular 
cluster size. Average cluster sizes and average total number of clusters have been 
analyzed in Chapters 4 and 5, to infer the information about the degree of growth of 
hydrophilic/water phase. The average cluster size for a single timestep is just the area 
under the cluster distribution for that particular timestep. This quantity along with 
the number of clusters per timestep has been analyzed to get an information about 
the dynamics of cluster formation at water interfaces in Chapter 6. 

2.3.3 Structure Factor and Cluster Morphology 
Structure factors yield information about the characteristic size of the domains 

formed by atoms/particles of a certain type. The structure factor 𝑆𝑆(𝑞𝑞) is computed 
by the Fourier transform of the RDF  𝑔𝑔(𝑟𝑟)  

𝑆𝑆(𝑞𝑞) = 1 + 4𝜋𝜋𝜋𝜋 ∫ (𝑔𝑔(𝑟𝑟)−1)∗r∗sin (𝑞𝑞𝑟𝑟)
𝑞𝑞

𝑟𝑟𝑚𝑚
0 𝑑𝑑𝑟𝑟                                                        (2.18) 

where 𝜋𝜋 is the density, 𝑞𝑞 is the wave number and 𝑟𝑟𝑚𝑚 is the maximum distance up 
to which the RDF is computed. 

Figure 2.3. A typical cluster distribution from a DPD simulation of hydrated 
Nafion for water particles/beads for (a) cluster size range of 0-100 (b) cluster size 
range >56000  

(a) (b) 
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Figure 2.4 shows a typical structure factor for the oxygen atoms of water inside the 
hydrated Nafion. The wave number 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 corresponding to the dominant peak (q~ 
0.2 Å-1) can be used to compute the characteristic size 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 of the water domain 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝜋𝜋
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

                                                                                                     (2.19) 

Cluster shapes have been calculated to analyze the influence of different chemistry 
on the growth dynamics of clusters at the interface. The cluster shape for a particular 
cluster is calculated from its gyration tensor. Eigen values of the gyration tensor are 

Figure 2.4. Typical simulated structure 
factor for oxygen (water) atoms for 
hydrated Nafion 

Figure 2.5. Hydrogen bond, black dotted line, 
between two water molecules. The yellow 
curve shows the angle of the hydrogen bond 
which should be greater than 140° and less 
than 180°. 

47

Models and Methods

2



 
 

calculated, which are further used for calculating various shape metrics like 
acylindricity, asphericity and relative shape anisotropy. These shape metrics are 
described in detail in Chapter 6. 

2.3.4 Hydrogen Bonding 
In the present simulations, the hydrogen bonds are formed between water molecules 

and between a hydronium ion and a water molecule, as shown in Figure 2.5. The 
criteria for the hydrogen bonds were taken from the previous simulation studies 
[18,19]. The length of the hydrogen bond, i.e. the distance between the acceptor 
oxygen and the donor hydrogen atoms was in the 1.59 Å-2.27 Å range, and the 
smaller angle formed by the acceptor oxygen- donor hydrogen- oxygen bonded to 
donor hydrogen atom was greater than 140°. The number of the hydrogen bonds have 
been analyzed for different deprotonation states of Nafion in Chapter 5. 

2.3.5 Translational Diffusion 
The diffusion coefficients of water molecules and hydronium ions provide 

information about the ease of transport within the hydrophilic phase, which will have 
a bearing on the efficiency of the devices the PEMs are used in. The translational 
diffusion coefficient 𝐷𝐷 is computed from the mean-square displacement (MSD) 
〈Δ𝑟𝑟2〉 for any particular group of molecules as 

𝐷𝐷 =  〈Δ𝑟𝑟2〉
2𝑛𝑛𝐷𝐷𝑡𝑡                                                                                                      (2.20) 

where 𝑛𝑛𝐷𝐷 is the number of the spatial dimensions and 𝑡𝑡 is the time. The MSD for 
molecules are computed for the center of mass of those molecules. 

The 3D diffusion coefficient gives information about the bulk diffusion of the 
molecules. In some cases, when the simulation box has fixed boundaries in the Z 
direction and periodic boundaries in the X & Y directions, the 2D planar diffusion 
coefficient is computed in planar layers of a specific thickness in the Z direction 
using the following procedure. The simulated sample is allowed to equilibrate for 
sufficient time. Afterwards, the molecules of a certain type are assigned to different 
layers at a particular simulation timestep (𝑡𝑡 = 0), and are tracked through time to 
compute the MSD for each layer. It should be noted that the molecules can change 
layers during this time, but the layers assigned to the molecules are not updated with 
time. This approach has been successfully used previously for simulation studies 
[20]. The effects of the different interfacial conditions and the different side-chain 
chemistry on the planar diffusion coefficients in different layers are analyzed in 
Chapters 4 and 6.  
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2.3.5 Residence Time 
The residence time is defined as the time for which a particular atom stays within 

a particular distance of another reference atom. Figure 2.6 (a) shows an illustration 

where the residence time of oxygen (water) and oxygen (hydronium) is measured 
within 4.2 Å2 of the reference sulfur (sulfonic acid) atom. 4.2 Å is near the first peak 
distance in S-Ow RDF (Figure 2.2) which implies that hydrogen bonding between 
water and sulfonic acid group is dominant within this distance. The residence time is 
measured by computing a correlation function from which the decay time is 
extracted. This is explained in detail in Chapter 5. Figure 2.6 (b) shows a typical 
correlation function plot from which the residence time is extracted. The large 
residence time of an atom indicates its lower mobility around the reference atom. 
The residence times can be measured experimentally and can then be compared to 
the simulated values. The residence time formulation has been explained in detail in 
Chapter 5.  

 

 
2 4.2 Å is near the first peak of the Sulfur- Oxygen (water) RDF and Sulfur- Oxygen (hydronium) RDF which implies 

a majority of hydrogen bonding between the sulfonic acid group and water/hydronium occurs within this distance 

Figure 2.6. (a) The red dashed circle shows a sphere of radius 4.2 Å around the 
sulfonic acid group in the side chain of Nafion. The residence times for water 
molecules and hydronium ions contained in this sphere are computed, (b) a typical 
correlation function plot used to measure the residence time of water.  

(a) (b) 
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Chapter 3 
3. Atomistic Simulation Study of the Hydrated 
Structure and Transport Dynamics of a Novel Multi 
Acid Side Chain Polyelectrolyte Membrane 

 

Abstract 
Perfluoroimide acid (PFIA) belongs to a new class of Multi Acid Side Chain 

(MASC) polyelectrolyte membranes. Classical molecular dynamics simulations are 
carried out to study the hydrated nanostructure of PFIA and transport of water 
molecules and hydronium ions at T=300 K and T=353 K for a range of hydration 
levels. The radial distribution functions show negligible change with temperature. 
The PFIA chain radius of gyration is minimally influenced by hydration and 
temperature which makes it suitable for fuel cells. Our simulations show the 
formation of a large continuous water phase cluster in PFIA at high hydration levels 
which has also been observed in conductive probe atomic force microscopy 
experiments. These large continuous clusters lead to significantly higher vehicular 
diffusion rates for water molecules and hydronium ions at higher hydration levels. 
The vehicular diffusivity constants for water molecules and hydronium ions for PFIA 
are comparable to those for Nafion at both T=300 K and T=353 K. The vehicular 
proton conductivity values for PFIA are observed to be higher than those for Nafion 
at both T=300 K and T=353 K which agrees qualitatively with the experimental 
trends.  

 

 

 

 

 

 
This Chapter is adapted with permission from: S.Sengupta, R.Pant, P.Komarov, A.Venkatnathan, A.V.Lyulin, 
“ Atomistic Simulation Study of the Hydrated Structure and Transport Dynamics of a Novel Multi Acid Side 
Chain Polyelectrolyte Membrane”, International Journal of Hydrogen Energy 42 (44), 27254-27268, 
https://doi.org/10.1016/j.ijhydene.2017.09.078 





 
 

3.1 Introduction 
Fuel cells are seen as a promising source of energy, especially in the transportation 

sector. Hydrogen is an energy-dense fuel [1] which helps in increasing the range of 
fuel cell powered vehicles. Large-scale energy storage is necessary for energy 
produced from sustainable but intermittent sources of energy like wind and solar. 
These sources will, in turn, promote a hydrogen based economy because of the low 
cost of producing energy needed to generate hydrogen by techniques like water 
splitting [2–4]. For a hydrogen based economy, energy storage solutions play a key 
role. Flow batteries [5] are one of the solutions proposed for energy storage.  

Polyelectrolyte membrane (PEM) is a key component in polyelectrolyte membrane 
fuel cells (PEMFC) and flow batteries. In a PEMFC, the polyelectrolyte membrane 
separates the hydrogen and oxygen streams and also allows the passage of protons. 
In organic and inorganic flow batteries, the polyelectrolyte membrane separates the 
catholyte and anolyte and allows the passage of protons [6–8]. Crossover of 
electrolytes in a battery results in higher charging and shorter discharging times [9] 
and this crossover is also prevented by the presence of polyelectrolyte membrane. 

Figure 3.1. (a) PFIA chain (n=6, m=10) for EW-625 (b) Nafion chain (n=7, 
m=10) for EW-1100; n represents the length of a monomer and m represents 
the degree of polymerization; the red ovals highlight the side chain protogenic 
groups 

(a) (b) 
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Efficiency of PEMFCs and flow batteries are affected by the proton conductivity of 
PEMs [10]. In addition, the PEMs need to retain proton conductivity at temperatures 
near or above the operating temperature (353 K) of PEMFCs.  

Nafion is a widely used membrane material for flow batteries [7] and PEMFCs 
[11]. A standard variety of Nafion (Nafion-117)3 has good proton conductivity (0.01 
S/cm for 50% Relative Humidity (RH)) [12] and  good mechanical stability at room 
temperature, but loses water upon increase of temperature. Due to this loss of water, 
the proton conductivity of Nafion degrades [11,13]. There are other perfluorosulfonic 
acid (PFSA) membranes with lower EW (Equivalent Weight- weight of ionomer per 
mole of acid) than Nafion which display higher proton conductivity than that of 
Nafion [14]. Unfortunately, these membranes also lose their proton conductivity at 
low hydration levels. In addition, the low EW also causes a loss of mechanical 
integrity due to lesser number of tetrafluoroethylene (TFE) units in the polymer 
backbone [14]. Alternative aromatic backbone membrane materials like SPEEK 
(Sulfonated Poly Ether Ether Ketone) [15], PEEK (Poly Ether Ether Ketone) [16] 
have also been used primarily because of their low cost. However, these materials 
have lower proton conductivities than that of PFSA membranes [17]. Alternative 
membranes which have high proton conductivity at both low and high hydration 
levels, which corresponds to high and low temperatures respectively, and high 
mechanical integrity are needed to work effectively in both PEMFCs and flow 
batteries.  

Multiple acid side chain (MASC) PEMs, which have multiple protogenic groups, 
like ortho bis acid [18], meta bis acid [19] and perfluoroimide acid (PFIA) (Figure 
3.1(a)) [18] have been developed to serve this purpose. There have been experiments 
[20] which have shown that the average current through a PFIA membrane is 
significantly higher than that in a Nafion™ 212 membrane4, which has an EW of 
1100 [21], at 300 K. It has also been observed in experiments[22] that PFIA has 
significantly higher proton conductivity than NAFION™ NR2115, which has an EW 
of 990-1050 [23], across a wide range of hydration levels at 353 K. For instance, 
PFIA and Nafion have a proton conductivity of 0.1 S/cm [22] and 0.05 S/cm [22] for 
50% RH at 353 K respectively.  

 
3 Nafion 117 is a 183 micrometre thick Nafion membrane 

 
4 Nafion™ 212 is a 50.8 micrometre thick Nafion membrane 

 
5 NAFION NR™ 211 is a 25.4 micrometre thick Nafion membrane 
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According to DFT (Density Functional Theory) simulations [19], the number of 
water molecules required for dissociating both the side chain protogenic groups 
among these three MASC membranes was the least for PFIA. This was due to larger 
separation of the protogenic groups in PFIA which allowed for more hydrogen 
bonding in between the protogenic groups and greater charge distribution along the 
chain [19]. An experimental [18] study showed that aromatic side chain MASC 
membranes like ortho bis acid displayed higher proton conductivity than PFSA 
membranes at high hydration levels but their proton conductivities dropped below 
those for PFSA membranes at low hydration levels. PFIA, on the other hand, 
displayed higher proton conductivity than PFSA membranes at both low and high 
hydration levels [18]. An added advantage of the PFIA MASC membrane is the high 
level of crystallinity it displays due to which its mechanical integrity is preserved at 
high temperatures. For example, a common variety of PFIA has an EW of 625 but 
has the crystallinity comparable to ionomers of EW~1000 [24]. This is due to the 
comparable number of TFE units in the PFIA monomer to that in EW~1000 PFSA 
membrane monomer. 

The PFIA side chain has two protogenic groups whereas side chains of 
conventional PFSA membranes like Nafion (Figure 3.1(b)), Aciplex and Hyflon have 
only one protogenic group. The protogenic groups makes the side chain hydrophilic 
which leads to phase separation and formation of water phase clusters [25]. 
Therefore, it is important to study an MASC PEM like PFIA and better understand 
the effects of the extra side chain protogenic group. This is the main goal of the 
present study.  

There have been some recent FTIR (Fourier Transform Infrared Spectroscopy) 
experiments [22] which have shown that both the protogenic groups in PFIA 
dissociate at different hydration levels. The surface morphology of the PFIA 
membrane has been compared with other PFSA membranes in another recent 
conductive probe atomic force microscopy experiment [20]. A molecular simulation 
study of PFIA will help in further understanding of the hydrated membrane 
morphology and transport dynamics. Classical Molecular Dynamics (MD) 
simulations, which use a non-reactive and non-polarizable force field, have been 
performed for a commonly used PEM like Nafion to understand the effect of ordering 
of side chain groups on proton transport [26] as well as the details of the hydrated 
nanostructure of Nafion at different hydration levels and different temperatures and 
their effect on the proton transport [27–29]. The water and proton transport were 
found to agree with experimental trends for Nafion classical MD simulations 
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[26,29,30]. Water phase clustering and percolation phenomenon has also been 
studied for Nafion using classical MD [31,32]. In addition to Nafion, other PFSA 
membranes like Aciplex [33], Hyflon [34], PFSI (Perfluorosulfonyl Imide) [35] have 
also been analysed using classical MD, and their corresponding diffusive transport 
parameters for water molecules and hydronium ions were also found to be consistent 
with experimental data. There are also many recent studies to analyse the hydrated 
structure, morphology and percolation transition of aromatic [36-44] and PFSA 
[45,46] PEMs using classical MD simulations. Classical MD simulations of aromatic 
backbone PEMs like SPEEK and PEEK have demonstrated transport properties in 
agreement with experiments [38,40]. A classical MD study showed the amount of 
phase separation to be a key factor affecting the transport behaviour inside hydrated 
sulfonated block co-polyimide PEMs [47]. Predictions of water uptake of sulfonated 
poly ether imide PEM were consistent with experiments in a classical MD simulation 
study [48]. Classical MD simulations have even been used to study the effect of 
crosslinking on chitosan membrane conductivity [49]. Recent classical MD studies 
of anion exchange membranes (AEM) have correctly captured the effects of different 
functional groups and the effects due to positions of these functional groups on 
conductivity [50,51]. Nafion doped with protic-ionic liquid has also been simulated 
using classical MD in which the transport characteristics were found to be consistent 
with experiments [52]. A point to be noted in all the aforementioned examples is that 
classical MD is well suited to study different types of PEMs. Therefore, classical MD 
simulations of PFIA, which are absent at the current moment, will provide a good 
starting point for investigating PFIA hydrated nanostructure and dynamics.  

Protons are transported inside the hydrated nanostructure of PEM’s primarily by a 
combination of vehicular mechanism [53–55], which is due to mobility of protonated 
water molecules, and the Grotthuss mechanism in which the proton hops across 
hydrogen bonds [56]. Classical MD simulations have been routinely employed to 
study the relationship between the membrane morphology and vehicular diffusion of 
hydronium ions (protonated water molecules) and water molecules [26–28,30,31]. 
However, the study of Grotthuss mechanism is necessary for a complete 
understanding of proton transport in PEMs. To achieve this, methods such as Self 
Consistent Iterative Multistate Empirical Valence Bond (SCI-MS-EVB) [54,57], 
ReaxFF simulations [58] and ab initio MD simulations [59–61] have been employed. 

The inclusion of Grotthuss mechanism provides a complete picture of proton 
transport. However, the computational cost of these methods and the limitations of 
simulated physical time and system sizes are also noteworthy. For example, a recent 
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SCI-MS-EVB study required tens of millions of compute hours to simulate 12 chains 
of Nafion for few nanoseconds of physical time [62]. Ab initio MD simulation studies 
usually simulate small system sizes (~1000 atoms) for relatively small physical times 
of less than 200 ps [59–61]. While classical MD simulations provides only the 
description of vehicular diffusion of protons, these methods still continue to be a very 
popular tool where a qualitative agreement of diffusion coefficients can be obtained 
with experiments. In addition, the lower computational cost of classical MD 
simulations as compared to ReaxFF, SCI-MS-EVB and ab initio MD simulations 
permits the use of classical MD methods to simulate relatively large system sizes 
(>104 atoms) and relatively long physical time scales (up to a few tens of 
nanoseconds) which makes a detailed study of hydrated morphology of PEMs 
feasible [63]. 

In the present study, PFIA was simulated across a range of hydration levels for two 
different temperatures using classical MD simulations. Structural properties like 
radial distribution functions (RDFs), radius of gyration, side chain lengths are 
analysed to understand the hydrated nanostructure. The size of the separate water 
phase inside hydrated PFIA was studied using cluster distributions and accessible 
water volumes at different hydration levels. The classical transport dynamics was 
also analysed using mean square displacements (MSD) of hydronium ions and water 
molecules. Finally, Nafion and PFIA vehicular proton conductivities were compared 
with the experimental proton conductivity trends. 

 

3.2 Materials and Methods 
3.2.1 Simulation Details 
The structure of PFIA monomer is shown in Figure 3.1(a). The value of n represents 

the length of a monomer and the value of m represents the degree of polymerization 
for the PFIA chain. A common variety of PFIA has an EW (i.e., the weight of the 
PFIA macromolecule divided by the number of protogenic groups) of 625 [22,64] 
which means that value of n should be 6 in this case. The number of monomers in a 
single PFIA molecule is taken as 10 for this study (Please refer to Appendix A1 
Section 1). 

The pcff (Polymer Consistent Force Field) [65] was used for simulating the polymer 
matrix, water molecules and hydronium ions. COMPASS force field was used to 
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calculate the partial charges6. Polyelectrolytes like Nafion, SPEEK, sulfonated co-
polyimides and other polymers have been accurately modelled using pcff previously 
[59,66–68]. Water molecules [59,66,69,70] and hydronium ions [59,66–68] have 
also been modelled previously using pcff. 

PFIA was simulated for four different hydration levels (λ = 5, 10, 15 and 20) and 
at two different temperatures of T=300 K and T=353 K. The hydration level (λ) is 
defined as the number of water molecules per side chain of PFIA. As observed in a 
previous DFT study [19], the sulfonate group loses its hydrogen at λ≥3 and the 
sulfonyl imide group loses its hydrogen at λ≥7. Hydronium ions were introduced into 
the simulation box to account for the dissociated hydrogen from these protogenic 
groups. 

The number of PFIA chains inside a simulation box was 14. There were four 
different simulation boxes corresponding to the four different hydration levels. Some 
simulations were also run with 7 chains of PFIA in a simulation box to check for 
finite size effects. The simulations were run for 5.85 ns and the trajectory from last 
2 ns of production was used for analysis. A detailed description of the model 
construction, force field and simulation protocol has been presented in the Appendix 
A1 (Sections 1, 2 and 3). 

3.2.2 Analysis Methods 
From the production runs, structural and dynamic characteristics like RDFs, cluster 

distribution of water molecules and/or hydronium ions, accessible volumes for water 
molecules inside the polymer bulk systems and diffusion coefficients of water 
molecules and hydronium ions were calculated.  

The radial distribution function (g(r)) is proportional to the probability of finding 
an atom B at a distance r from reference atom A inside a shell of thickness dr [29]. 
The average radius of gyration (<Rg>) of the PFIA/Nafion chains is calculated for 
different hydration levels and temperatures [33]. 

The cluster distribution for water molecules and hydronium ions was computed for 
the different hydration levels (λ) using the OVITO software [71]. A cluster is defined 
as a group of atoms in which each atom is within a particular pre-defined cut-off 
distance of at least another atom within that group. The oxygen atom in the water 
molecule and hydronium ion was used for computing cluster sizes containing water 

 
6 Please Refer to the ‘Simulation Details’ section in Chapter 4 for more details on the combined usage of pcff and 

COMPASS. 
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molecules and hydronium ions (i.e. cluster of 10 oxygen atoms is assumed to 
represent the cluster of 10 water molecules and/or hydronium ions). The cluster 
distribution plots number of clusters, averaged over a time interval, versus the cluster 
size. 

The accessible volumes were computed using the ZEO++ software [72] for the 
hydrated PFIA systems for two different probe radii values. The translational 
diffusion coefficients for water molecules and hydronium ions were computed by 
analysing the mean square displacement (MSD) using the Einstein relation in the 
diffusive regime [33].  

The conductivity (C) was calculated using the Nernst-Einstein equation as 

𝐶𝐶 = 𝑁𝑁𝑧𝑧2𝑒𝑒2𝐷𝐷
𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇

                                                                                                    (1) 

where N is the total number of charge carrying ions, z is the charge number, e is the 
elementary charge, D is the diffusion coefficient, V is the volume of the simulation 
cell, 𝑘𝑘𝐵𝐵 is the Boltzmann constant and T is the temperature. 

All the analysis mentioned in the paper has been shown for the PFIA 14-chain 
system unless mentioned otherwise. There were negligible differences between the 
14-chain system and the 7-chain system which meant that finite size effects were 
negligible.  

 

3.3 Results and Discussion 
3.3.1 Density of PFIA 
The Table 1 (columns 2 and 4) shows the simulated density values for PFIA for 

different temperatures and for four different hydration levels. These simulated 
density values are the final equilibrium density values during the production runs 
(Figure A1.1 of Appendix A1).  

The simulated density decreased with increasing hydration level due to increased 
size of the water phase which leads to the swelling of the sample. The simulated 
density decreased with temperature in the simulations which is to be expected. The 
simulated density is within 7% of the experimental density [73] of 625-EW PFIA 
measured at 300 K. The experimental densities are from a single data set with no 
error values provided.  
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λ Density 
(T=300 K) 

(g/cc) 

Density 
(T=300 K) 

(Experimental) 
(g/cc) 

Density 
(T=353 K) 

(g/cc) 

5 2.03 1.98 2.00  
10 1.96 1.85 1.91 
15 1.85 1.73 1.80  
20 1.76 NA 1.72 

Table 1.   Simulated density of PFIA at T=300 K and T=353 K and experimental 
[73] density at T=300 K. The errors values of the simulated density are very small 
(order of 10-5) and hence not shown here. 

Simulated density values have been used as a criteria for judging the accuracy of 
the force field for classical MD simulations of PEMs [26][28][38][39][63][66]. 
Therefore, the choice of force field for our simulations are well suited for analyzing 
PFIA since the simulated density values are close to the experimental values.  

3.3.2 Hydration and Temperature Effects on the Hydrated Nanostructure  
The Figure 3.2 shows the snapshots at the end of the simulation for the four 

different hydration levels at 300 K. The orange spheres represent the backbone atoms 
of the PFIA molecule, the pink spheres represent the side chain atoms, the black 

Figure 3.2.  Snapshots for PFIA simulations at the end of production runs for 
(a) λ=5 (b) λ=10 (c) λ=15 (d) λ=20 at T=300 K. Orange- PFIA backbone 
atoms, Pink- PFIA side chain atoms, Black- hydronium ions, Blue- water 
molecules 

(b) 

(c) (d) 

(a) 
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spheres represent the hydronium ions and the blue spheres represent the water 
molecules. The atoms of the water molecules can be seen to form larger water phase 
domains as the hydration level increases and the hydronium ions are dispersed in 
these water phase domains. The PFIA molecules can be seen to form a separate phase 
different from the water phase. This phase separation occurs due to the hydrophilic 
nature of PFIA side chain and hydrophobic nature of PFIA backbone. Due to the 
hydrophilic nature of the side chain in PFIA, the side chain atoms can be seen to be 
in contact with the water phase and aligned away from the polymer backbone. 

Hydration of the PFIA membrane causes swelling, as seen in the decrease of density 
in Table 1, due to formation of water phase clusters as shown in Figure 3.2. This 
phenomenon can also be observed in the S-S (S- sulfur of sulfonate group) and N-N 
(N- nitrogen of sulfonyl imide group) RDF’s as shown in Figure A1.2 (Appendix 
A1). Peaks in the S-S and N-N RDF’s are more prominent at lower λ= 5, 10 as 
compared to higher λ=15, 20. Small water phase cluster formation (Figure 3.7) 
and low accessible water volumes (Table 3) are seen at λ=5, 10 as compared 
to higher hydration levels indicating small water phase domain sizes at λ=5, 
10.  These small water phase domain sizes lead to reduced distance between 
the side chain protogenic groups which is reflected in the prominent RDF 
peaks at lower hydration levels. 

The g(r) values for different hydration levels at T=353 K are slightly less for both 
N-N (Figure A1.2 (d) of Appendix A1) and S-S RDFs (Figure A1.2 (b) of Appendix 
A1) as compared to the values at T=300 K at any particular distance. Similar 
behaviour has also been observed for other PFIA RDFs analyzed in this paper and 
also for Nafion simulations [29]. This should be due to a sparser system and larger 
homogeneity at a higher temperature. 
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The sulfonate and the sulfonyl imide groups in PFIA make the side chain 
hydrophilic. These groups interact strongly with the water molecules and 
hydronium ions. Hence, studying the RDF plots of S and N with oxygen atom 
of water molecule (Ow) and oxygen atom of hydronium ion (Oh) provides 
some important information about these interactions. Figure 3.3 shows the 
RDFs for S-Ow and N-Ow at 300 K. The first peak of the S-Ow RDFs is at 4.1 
Å which is quite close to the values observed in previous simulations for 
Nafion [26,28]. The first peak of the N-Ow RDF for λ=5 is at 2.8 Å while the 
first peak of N-Ow RDF for higher hydration levels has shifted slightly to a 
greater distance of 3 Å. This shift is due to the dissociation of the sulfonyl 
imide group for λ=10, 15 and 20, but not for λ=5. The dissociated sulfonyl 
imide group has a net negative charge which repels another dissociated 
sulfonyl imide group having the same charge. The magnitude of the first peak 
of S-Ow and N-Ow RDF decreases as λ keeps on increasing. This is because 
bigger water phase domains are formed at higher hydration levels as can be 
seen from the visualizations (Figure 3.2) and from the cluster distributions 
which have been described later. The bigger water phase domains allow more 
space for the water molecules to move around, which weakens the interactions 
between sulfonate group and water molecules.  

 

Figure 3.3. PFIA RDFs at different hydration levels at T=300 K for  (a) S-
Ow (b) N-Ow; S- Sulfur in sulfonate group, N-Nitrogen in sulfonyl imide 
group, Ow- Oxygen in water molecule 

(a) (b) 
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λ CN 
(S-Ow) 

CN (N-
Ow) 

CN 
(Oh-Ow) 

5 4.37 0.84 2.36 

10 5.90 1.38 3.08 

15 7.73 1.69 4.15 

20 8.80 1.83 4.51 

Table 2.  PFIA Coordination Numbers (CN) inside the first coordination shell at 
T=300 K for Ow around S, Ow around N and Ow around Oh in PFIA. 5 Å, 3.6 Å, 
3.5 Å are the sizes of the first coordination shells of S-Ow, N-Ow and Oh-Ow 
respectively. S- Sulfur of sulfonate group, N-Nitrogen of sulfonyl imide group, Ow- 
Oxygen of water molecule, Oh-Oxygen of hydronium ion     

The coordination number (CN) is the average number of a particular atom type 
around a reference atom type at a defined distance. Therefore, CN can provide some 
extra quantitative insight into the interactions of side chain protogenic groups and 
water molecules. Table 2 (columns 2 and 3) shows the CN of S-Ow for PFIA and 
CN of N-Ow for PFIA inside the respective first coordination shells at T=300 K. The 
first coordination shell for S-Ow extends from 0 Å to 5 Å which is similar to Nafion 
S-Ow coordination shells [27,29]. The first coordination shell for N-Ow extends 
from 0 Å to the first local minima (3.6 Å) in the N-Ow RDFs. The number of water 
molecules increases around both the side chain protogenic groups as the hydration 
level increases.  

The total number of water molecules in the first coordination shell around the side 
chain protogenic groups in PFIA is higher than that in Nafion [27,29] due to the 
presence of two side chain protogenic groups in PFIA as compared to only one in 
Nafion. The water molecules in the first coordination shell around the protogenic 
groups are usually in a bound state in Nafion [27,29]. We can expect an occurrence 
of a similar bound state of water molecules in PFIA. As a result, the percentage of 
bound water molecules in PFIA could be higher than that in Nafion due to the higher 
total coordination number in PFIA. 
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The RDFs in the Figure 3.4 provide information about the interactions of 
hydronium ions with the protogenic groups. The first peak of S-Oh RDFs occurs 
around 4.1- 4.2 Å which is similar to what has been observed for previous 
simulations of Nafion [28] and Aciplex [74]. The magnitude of the first peak for S-
Oh RDF decreases with increasing hydration levels. The reason for this same trend 
is also due to the increasing domain sizes of the water phase. The g(r) values for S-
Oh is significantly higher than the g(r) values for S-Ow at any particular distance. 
This is because of the net positive charge on the hydronium ion which results in a 
stronger attraction to the sulfonate group as compared to the water molecule.  

A slightly different trend is observed for N-Oh RDF. The first peak of the N-Oh 
RDF for λ=5 has moved to a larger distance as compared to the peaks for other higher 
hydration levels. This is because the nitrogen of the sulfonyl imide group was not 
ionized at λ=5 and hence the nitrogen, which is negatively charged in the ionized 
state, did not attract the positively charged hydronium ions as strongly as compared 
to higher hydration levels. Unlike the N-Oh RDF, the first peak of the N-Ow RDF 
for λ=5 is almost at the same distance as that of the peaks for higher hydration levels. 
This is because a water molecule has a net charge of 0, while a hydronium ion has a 
+1 net charge, and hence electrostatic forces do not play as large a role for water 
molecules as for hydronium ions.  At around 7.5 Å, the peak for λ=5 is sharper than 
the peaks for higher hydration levels. This should be due to the low phase separation 
at λ=5 which leads to hydronium ions being confined in a small space.  

Figure 3.4. PFIA RDFs at different hydration levels at T=300 K (a) S-
Oh (b) N-Oh; S- Sulfur in Sulfonate, N- Nitrogen in Sulfonyl imide, Oh- 
Oxygen in hydronium ion 

(a) (b) 
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The water molecules are a part of the water phase clusters inside the hydrated 
nanostructure of PFIA membranes. Studying the RDF between Ow-Ow provides 
insights into the interactions in these water phase clusters. Figure 3.5(a) shows the 
RDF plots for Ow-Ow at various hydration levels in PFIA. The first peak in these 
RDFs occur at 2.9 Å which is quite close to previous simulations of PFSA 
membranes [28,33] and experimental data [75]. The water domains increase in size 
as the hydration levels increase which causes a subsequent decrease in the magnitude 
of the first peak of the Ow-Ow RDF with increasing hydration.  

The hydronium ions bind with the water molecules through hydrogen bonding 
which plays a role in proton transport. The Figure 3.5(b) shows the RDF for the Oh-
Ow for PFIA a T=300 K. The first peak in Figure 3.5(b) occurs at 2.7 Å which is 
very close to the first peak of Oh-Ow RDFs in previous simulations of PFSA 
membranes like Nafion [28] and Aciplex [33].  There is a second broad peak in 
between 4.7 Å to 5 Å which corresponds to the second solvation shell. The first peak 
magnitude of the Oh-Ow RDF decreases with increasing hydration levels because 
the hydronium ions are more dispersed in bigger water domains. This phenomenon 
can also be seen in Figure 3.2. 

Table 2 (column 4) shows the average number of water molecules around a 
hydronium ion inside the first coordination shell of hydronium ion and water 
molecule. The first coordination shell extends from 0 to the first minima (3.5 Å) in 
the Oh-Ow RDFs. The CN of Ow around Oh in PFIA is comparable to what has been 
observed in previous simulations of Nafion [28,31]. The water molecules in the first 

Figure 3.5. PFIA RDFs at different hydration levels at T=300 K (a) 
Ow-Ow; (b) Oh-Ow; Oh- Oxygen in hydronium ion, Ow- Oxygen in 
water molecule 

(a) (b) 

67

Atomistic Simulation of Multi Acid Side Chain Polyelectrolyte 

3



 
 

coordination shell around hydronium ions forms hydrogen bonded structures [28,31] 
with the hydronium ions. 

 In our simulations, the total number of hydronium ions in PFIA is double that of 
Nafion at λ=10, 15 and 20. Therefore, the total number of water molecules in the first 
coordination shell around hydronium ions would be significantly higher in PFIA as 
compared to that in Nafion at these hydration levels. This should promote much more 
hydrogen bonding in between the hydronium ions and water molecules in PFIA as 
compared to Nafion. 

3.3.3 Chain Length Statistics 
The average radius of gyration (Figure 3.6(a)) for PFIA does not show any 

trend with respect to hydration levels. It could be due to a low dispersive force 
between membrane and water molecules leading to a relatively less chain 
expansion even at higher λ [33]. The radius of gyration also does not change 
much at a higher temperature (T=353 K, Figure A1.6 of Appendix A1) which 
means that the polymer structure is not affected much by increasing 
temperature. This would make PFIA suitable for fuel cell operating 
temperatures which are around 353 K. 

The side chain length in PFIA is calculated as the average distance between the 
backbone carbon atom, which attaches to the side chain, and the sulfur in the 
sulfonate group averaged over the total number of side chains and simulation 
timesteps. The side chain length (Figure 3.6 (b)) does not show any correlation with 
hydration levels. 

Figure 3.6. (a) Averaged PFIA chain radius of gyration vs λ (b) 
PFIA side chain length vs λ at T=300 K 

(a) (b) 

68

Chapter 3



 
 

3.3.4 Water Cluster Distribution and Accessible Volume 
The cluster distribution is computed for water molecules and hydronium ions at 

two different cut-off distances of 3 Å and 4 Å. The 3 Å cut-off distance is near the 
first peak distance of the Ow-Ow RDF (Figure 3.5(a)) and, hence, will encompass 
some of the water molecules. Mostly, small clusters should be seen at this cut-off 
distance. The 4 Å distance is near the first coordination shell of the Ow-Ow RDF and 
well beyond the first coordination shell of the Oh-Ow RDF. Therefore, it will 
encompass most of the water molecules and hydronium ions and should show large 
cluster formation. The Figure 3.7 shows the cluster distributions for these two 
different cut-off distances.  

The cluster distribution for the smaller cut-off distance of 3 Å (Figure 3.7(a), (b)) 
shows that all the cluster sizes at different hydration levels are below 100. 
Henceforth, small clusters shall denote cluster sizes <100 and large clusters shall 
denote cluster sizes >1400. When the cut-off distance is increased to 4 Å, the number 
of small clusters reduce (Figure 3.7(c)) and large clusters are seen forming for λ=15 
and 20 which indicates the formation of a single large continuous water phase (Figure 
3.7(d)). This continuous phase can also be seen in the visualization shown before in 
Figure 3.2. A continuous hydrophilic phase has also been reported to have formed at 
high hydration levels in experimental studies of PFIA [20].  

 The Table 3 (columns 2 and 3) shows the continuous cluster fraction (CCF) at two 
different cut-off distances. The CCF has been defined as the fraction of the total 
number of water molecules and hydronium ions present in a single large cluster. The 
cluster size used to compute CCF is the mean size of large cluster distribution at a 
particular hydration level (Figure 3.7(d)). For the bigger cutoff distance of 4 Å, a 
large fraction of water molecules and hydronium ions are contained in a single large 
cluster at higher hydration levels (λ=15, 20). This single large cluster is the 
continuous water phase which facilitates diffusion of hydronium ions and water 
molecules. This facile diffusion is reflected in the significant increase in the 
diffusivity coefficients of water molecules and hydronium ions at higher hydration 
levels (λ=15, 20) as compared to lower hydration levels (λ=5, 10) (Figure 3.9). 
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λ CCF (cut-
off= 3Å)  

CCF (cut-
off= 4Å) 

AVF (1.4Å 
probe radius ) 

AVF (1.7Å 
probe radius ) 

5 0 0 0 0 
10 0 0 0.047 0 
15 0 0.7 0.105 0.051 
20 0 0.85 0.172 0.061 

Table 3. PFIA Continuous cluster fractions (CCF) at two different cut-off distances 
and PFIA accessible volume fractions (AVF) for two different probe radii at T=300 
K.  

Figure 3.7. PFIA Cluster distribution for different hydration levels at T=300 K 
for (a) cut-off =3 Å (b) cut-off =3 Å (Magnified view) (c) cut-off =4 Å and small 
cluster sizes (d) cut-off =4 Å and large cluster sizes. Cluster size is the number 
of water molecules and/or hydronium ions in one cluster. Note- In part (d) the y 
axis numbers are below 1 because it represents the average number of clusters. 
For any particular timestep, there is only one large cluster for λ=15 and 20. 

(c) 

(a) (b) 

(d) 
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The Table 3 (columns 4 and 5) shows the accessible volume fractions (AVF) in 
PFIA at different hydration levels for two different probe radii values. Hydronium 
ions bind to the water molecules diffusing through the accessible volumes and charge 
transport via the vehicular mechanism [56]. The average van der Waals radius for a 
water molecule is 1.4 Å [76] and accessible volumes were computed for a probe 
radius of 1.4 Å. PFIA shows non-zero accessible volumes at λ=10, 15 and 20 through 
which water molecules can move in all three dimensions.  

A problem in fuel cells is the crossover of oxygen gas through the PEM which 
reduces the efficiency [77,78]. We have computed the amounts of accessible volume 
existing inside the PFIA hydrated nanostructure for a probe radius of 1.7 Å, which is 
the kinetic radius of oxygen gas molecule [79]. The kinetic radius has been used 
previously as a criterion for checking the permeability of materials to various gases 
[79,80]. The amounts of accessible volume (Table 3 column 5) is zero except for 
high hydration levels of λ=15, 20. This implies that the channels inside the PFIA 
hydrated structure would not be sufficiently big to allow oxygen gas to pass through 
except at high hydration levels, which would make PFIA well suited for PEMFCs. 

3.3.5 Translational Diffusion of Water and Hydronium 
The Figure 3.8 shows the mean square displacements (MSD) for the water 

molecules and hydronium ions in PFIA at T=300 K. The MSD values were computed 
as averages of all the water molecule atoms and separately for all the hydronium ion 
atoms. The calculations were also done by considering the oxygen and hydrogen 
atoms separately for both water molecules and hydronium ions. The difference 
between the former and latter calculations for both water molecules and hydronium 
ions was negligible. The MSD values for PFIA at T=353 K (Figure A1.7(a), (b) of 
Appendix A1) is approximately twice the MSD values at T=300 K for both 
hydronium ions and water molecules. Similar amount of increase in MSD with 
temperature has also been observed in previous simulations of PFSA membranes like 
Nafion [29,30] and Aciplex [33]. 

The MSD vs time plots show a linear trend which indicates diffusive regime. The 
slope of the log-log plots (Figure 3.8(b), (d)) for PFIA is almost unity, which 
indicates diffusive regime, except for hydronium ion at λ=5. The reason for this sub-
diffusive behaviour at λ=5 could be due to the strong attraction of hydronium ions to 
side chain protogenic groups at lower hydration levels [74] and/or  due to the 
negligible water accessible volumes at λ=5 (Table-3 column 4). 
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The MSD for water molecules (Figure 3.8(a), (b)) and hydronium ions (Figure 
3.8(c), (d)) keeps increasing with increasing hydration levels due to larger water 
phase cluster formation with increasing λ. The MSD values for hydronium ions are 
quite low as compared to those for the water molecules. This is due to the fact that 
hydronium ion is positively charged and is strongly attracted to the negatively 
charged protogenic groups of PFIA which restricts the movement of the hydronium 
ions. 

The Figure 3.9 shows the simulated vehicular diffusion coefficients of water 
molecules and hydronium ions in PFIA, which were calculated from the last 1 ns of 
the MSD plots (Figure 3.8) of the present simulations, and previously published 
simulated vehicular diffusion coefficients of Nafion [26,29,30]. For every λ, the 

Figure 3.8. PFIA MSDs at T=300 K for (a) water molecules in linear 
representation (b) water molecules in log-log representation (c),(d) the same but 
for hydronium ions. Dashed line is for slope=1 indicating diffusive regime 

 

(a) 

(c) 

(b) 

(d) 
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vehicular diffusion coefficients for hydronium ions are almost an order of magnitude 
smaller than those for water at both T=300 K and T=353 K because of the reasons 
mentioned in the previous paragraph. The vehicular diffusion coefficient for water 
molecules and hydronium ions are very low at λ=5 because of the presence of 
negligible accessible volume for water molecules (Table 3 column 4) which, in turn, 
restricts the diffusion of water molecules. The vehicular diffusion coefficients for 
water molecules and hydronium ions in PFIA shows a significant increase for λ=15 
as compared to that for λ=10 at both T=300 K and T=353 K. This can be explained 
due to the emergence of a large continuous water phase cluster at λ=15 (Figure 3.7(d) 
and Table 3 column 3) which helps in the enhanced diffusion of water molecules and 
hydronium ions. The vehicular diffusion coefficients of PFIA are comparable to the 
previously published vehicular diffusion coefficients for Nafion for both water 
molecules and hydronium ions at T=300 K and T=353 K.  

 

Figure 3.9.  PFIA and Nafion vehicular diffusion coefficients at T=300 K and 
T=353 K for (a) water molecules (b) hydronium ions; Nafion1 [30], Nafion2 
[26],Nafion3 [29] are values from Nafion simulations published previously 

(a) (b) 

73

Atomistic Simulation of Multi Acid Side Chain Polyelectrolyte 

3



 
 

The Figure 3.10 shows the simulated vehicular proton conductivity values of PFIA 
and Nafion at T=300 K and T=353 K which were calculated by using the Nernst-
Einstein equation (Equation 1). The PFIA vehicular proton conductivity values were 
calculated using the simulated vehicular diffusion coefficients of hydronium ions in 
PFIA. The Nafion vehicular proton conductivity values were calculated by using the 
previously published Nafion simulated vehicular diffusivities for hydronium ions 
[26,29,30]. The PFIA vehicular proton conductivities are observed to be higher than 
those of Nafion at both T=300 K and T=353 K. This agrees qualitatively with the 
experimental trends seen at T=300 K [20] and T=353 K [22].  

The Nernst-Einstein equation states that the conductivity is proportional to the 
concentration of the charge carrying ions and the diffusion constants of the charge 
carrying ions, which are hydronium ions in the present study. The concentration of 
hydronium ions in PFIA for λ=10, 15 and 20 is significantly higher to that in Nafion 
at the corresponding hydration levels due to the dissociation of the extra protogenic 
group (sulfonyl imide) at these hydration levels in PFIA. Since the simulated 
vehicular diffusion coefficients for hydronium ions in PFIA are comparable to those 
for hydronium ions in Nafion, the simulated vehicular proton conductivity values for 
PFIA are higher than those for Nafion. 

The simulated vehicular proton conductivity values for PFIA at T=353 K are 
smaller than the experimental proton conductivity7 values for PFIA at T=353 K [22]. 

 
7 The experimental proton conductivity values for PFIA are not available as a function of λ.  

Figure 3.10. PFIA and Nafion vehicular proton conductivity values at 
T=300 K  and T=353 K. Nafion1 [30], Nafion2 [26], Nafion3 [29] are 
values from Nafion simulations published previously 
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A limitation of classical MD simulations is that it cannot account for proton hopping 
or the Grotthuss mechanism. The Grotthuss mechanism aids in diffusion of protons 
inside the water phase in addition to the vehicular diffusion of protons. Therefore, 
the difference between simulated and experimental proton conductivity values could 
be due to this limitation of classical MD simulations which has also been observed 
in previous simulations of PEMs [29,30,38,47]. 

 

3.4 Conclusions 
PFIA, which belongs to a new class of PEMs known as MASC membranes, has 

been studied  using classical MD simulations and pcff force field for a range of 
hydration levels (λ=5-20) and for two different temperatures, T=300 K and 353 K. 
The simulated densities were observed to be close to the experimental density values. 
The peak distances for RDFs in PFIA were similar to the corresponding RDFs for 
Nafion. The RDFs showed negligible change with temperature. The number of water 
molecules in the first coordination shell around the side chain protogenic groups in 
PFIA was found to be higher than that in Nafion due to the presence of the extra side 
chain protogenic group in PFIA. This could lead to a higher percentage of bound 
water in PFIA. The total number of water molecules in the first coordination shell 
around the hydronium ions was also observed to be higher in PFIA than that in 
Nafion due to the dissociation of two side chain protogenic groups at λ=10, 15 and 
20 in PFIA as opposed to the dissociation of only one side chain protogenic group in 
Nafion. This could lead to more hydrogen bonding among hydronium ions and water 
molecules in PFIA. 

 The average radius of gyration of the PFIA chains did not have any correlation 
with temperature which makes PFIA suitable for high temperatures in fuel cells. The 
side chain length of PFIA was also not varying much with varying levels of 
hydration.  

The hydrated PFIA nanostructure showed a separate water phase made up of water 
molecules and hydronium ions. The water phase clusters increased in size with 
increasing hydration and a large continuous water phase cluster was seen to be 
formed at high hydration levels of λ=15 and 20. Such large continuous water phase 
clusters at high hydration levels have also been observed in experimental studies 
[20]. The water accessible volumes also increased with increasing hydration. The 
emergence of a single large continuous water phase cluster at λ=15 led to a 
significant increase in the vehicular diffusion for hydronium ions and water 
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molecules at λ=15 as compared to those at λ=10. The vehicular diffusion for 
hydronium ions and water molecules in PFIA increased with temperature and 
increasing hydration levels. 

The vehicular proton conductivities were observed to be higher for PFIA than those 
for Nafion at both T=300 K and T=353 K which agrees qualitatively with the 
experimental trends of proton conductivity [20,22]. The higher vehicular proton 
conductivities in PFIA combined with crystallinity comparable to Nafion makes 
PFIA suitable for fuel cell usage. However, the simulated vehicular proton 
conductivities for PFIA were smaller than the experimental proton conductivities at 
T=353 K8 [22]. This has also been observed in other previous classical MD 
simulation studies [29,30,38,47] possibly because classical MD simulations cannot 
take into account the diffusion of protons due to Grotthuss mechanism. The inclusion 
of Grotthuss mechanism implies the description of interactions to observe proton 
hopping which can provide a quantitative agreement of diffusion coefficients with 
experimental data [81,82]. The study of Grotthuss diffusion in hydrated PFIA 
membrane will be the focus of future studies like it has been done for Nafion 
previously [59,61].  

In conclusion, we have successfully characterized the hydrated morphology and the 
concomitant effects on vehicular transport of protons inside the hydrated 
nanostructure for a new MASC PEM material (PFIA). 

Supplementary Material 
 

All supplementary material is available at 
https://doi.org/10.1016/j.ijhydene.2017.09.078 
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Chapter 4 

4. Molecular Dynamics Simulations of Substrate 
Hydrophilicity and Confinement Effects in Capped 
Nafion Films 

 

Abstract 
Nafion nanocomposites for energy related applications are being used extensively 
due to the attractive properties like enhanced water retention, low unwanted 
crossover of electrolytes and high proton conductivity. We present the results of the 
molecular-dynamics modelling of Nafion films confined between two walls 
(substrates) of different polymer-wall interaction strength and of different separation 
distance to model Nafion nanocomposites. Our goal is to provide insights into the 
effects of varying hydrophilicity and volume fraction of fillers/nanoparticles on the 
internal structure and water transport inside the Nafion membrane. The sulfur-sulfur 
radial distribution function first peak distance and the sulfur-oxygen (water) 
coordination number in the first hydration shell is negligibly affected by the wall 
(substrate) hydrophilicity or the film thickness. The Nafion side chains are found to 
bend towards the substrates with high hydrophilicity which is in qualitative 
agreement with existing experiments. The amount of bending is observed to reduce 
with increasing film thickness. However, the side chain length does not show 
noticeable variation with wall (substrate) hydrophilicity or film thickness. The water 
clusters become smaller and more isolated clusters emerge for highly hydrophilic 
substrates. In addition, the water cluster sizes show a decreasing trend with 
decreasing film thickness in case of very hydrophilic substrates which has also been 
observed in experiments of supported Nafion films. The in-plane water diffusion is 
enhanced considerably for very hydrophilic substrates and this mechanism has also 
been proposed previously in experiments. Our simulations can help provide more 
insights to experimentalists for choosing or modifying nanoparticles for Nafion 
nanocomposites. 

 

 
This Chapter is adapted with permission from: S.Sengupta, A.V.Lyulin ,” Molecular Dynamics Simulations of 
Substrate Hydrophilicity and Confinement Effects in Capped Nafion Films”, The Journal of Physical Chemistry 
B 122 (22), 6107-6119, https://doi.org/10.1021/acs.jpcb.8b03257 





 
 

4.1 Introduction 
Hydrogen, as fuel for fuel cells [1], is being increasingly looked as an important 

alternative source of energy in the transportation sector. There is a lot of research 
going on in ways to efficiently produce hydrogen by using energy from renewable 
sources like solar and wind [2]. In addition, solar and wind energy will become a 
larger part of the energy mix in household and industrial usage. Batteries are needed 
to store energy from renewable sources and use it whenever required. In this respect, 
the flow batteries are being proposed as one of the solutions for large scale energy 
storage [3]. 

Nafion, shown in Figure 4.1, is a widely used polymer electrolyte membrane (PEM) 
material in polymer electrolyte membrane fuel cells (PEMFC) and flow batteries 
[4,5]. The polymer membrane allows the diffusion of protons and also prevents the 
crossover of electrolytes in flow batteries and crossover of methanol in direct 
methanol fuel cells (DMFC) [6]. Nafion nanocomposites are being used to improve 
proton conductivity [7] and reduce unwanted crossover [8]. The PEM is also found 
in catalyst layers in PEMFCs along with platinum nanoparticles [9]. It is evident that 

there will be important interfacial interactions of the PEM with the nanoparticles 
and/or catalyst layers which will affect the device performance [10]. A better and 

Figure 4.1.  Nafion chain (n=7, m=10) for Equivalent weight (EW) of 
1100; n represents the length of a monomer and m represents the degree 
of polymerization; the red oval highlights the side chain protogenic group. 
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more comprehensive theoretical understanding of the effects of such interfacial 
interactions on phase separation and proton transport will be beneficial for designing 
improved nanocomposites. 

A variety of experiments have been conducted on Nafion supported films and 
Nafion nanocomposites to understand and improve the performance of such 
materials. It has been suggested that Nafion micelles are cylindrical structures 
containing water and ions and lined by the sulfonic acid groups [11]. Micellar 
orientation of supported Nafion films was parallel to the substrate in case of a 
hydrophilic substrate and it was oriented away from the more hydrophobic substrate 
[12]. As a consequence, it was proposed that the surface-treated nano-patterned 
substrates could be used to enhance water transport and ionic conductivity in a 
desired direction within Nafion membrane, since water and ion mobility is taking 
place mostly along the micelles. Amide thin films on different substrates, like silica 
and MgO (110), have shown differences in proton conductivity up to an order of 
magnitude due to differences in interfacial structure [13]. 

The confinement effect is an important factor which influences the membrane 
structure and water transport. Nafion supported films showed significant reduction 
in water diffusion at film thickness below 60 nm due to confinement effects[14]. 
Nafion films supported on silica showed increased phase separation with increasing 
film thickness [15]. GISAXS (Grazing Incidence Small Angle X-Ray Scattering) 
experiments [16] of supported Nafion films on silica showed increasing d-spacing in 
both in-plane and perpendicular directions with increasing film thickness with a 
faster rate of increase in the latter. 

Nafion nanocomposites containing highly hydrophilic nanoparticles, like modified 
silica, have shown higher proton conductivity as compared to that of bulk Nafion [7]. 
Crossover of methanol in direct methanol fuel cells have been reduced by using 
Nafion nanocomposites [17]. Vanadium ion crossover has also been reduced by 
doping Nafion with nanoparticles [8]. A previous study [18] has hypothesized the 
reduction of methanol crossover and increased proton conduction in a Nafion - 
modified carbon nanotube (CNT) nanocomposite due to the formation of long 
oriented pathways along the modified CNTs which were selective to water. The side-
chain orientation of Nafion chains has been shown to be affected by the 
hydrophilicity of the substrate [19]. All of the above mentioned experiments show 
that the effect of the film thickness/confinement and substrate 
hydrophilicity/selectivity to water on the internal hydrated nanostructure of Nafion 
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is significant which in turn motivates our molecular dynamics simulation based 
study. 

Nafion nanocomposites show a large variation in nanoparticle sizes (5 nm - 75 
nm)[20,21]. As a first approximation, a flat substrate of lateral dimensions in the 
range of 4-6 nm should be suitable for atomistic modelling of the Nafion-substrate 
interactions. The average interparticle distance in a Nafion titania nanocomposite 
was shown to be 9 nm [20]. Also, previous supported film experiments have stressed 
on the importance of a more thorough understanding of Nafion films in thickness 
less than 10 nm because this is the range of interparticle distance found commonly 
in catalyst layers [15]. Therefore, in the present study, the film thicknesses in the 
range of 6 nm - 11 nm have been chosen to perform the classical molecular dynamics 
(MD) simulations. 

Different varieties of nanoparticles like silica, zirconia, and modified carbon 
nanotubes [7,18,22]  have been used in Nafion nanocomposites. In addition, Nafion 
can also exist in catalyst layers between carbon support and platinum nanoparticles 
[9,23]. All of these nanoparticles and supports have varying levels of hydrophilicity. 
The polymer material present between nanoparticles in nanocomposites have been 
modeled previously using capped films [24]. Therefore, the model of Nafion capped 
between substrates of varying hydrophilicity will be effective to provide insights into 
the importance of the interfacial interactions in Nafion nanocomposites. 

Mashio et al. [25] simulated Nafion supported films on graphite sheet and graphite 
sheet modified with carboxyl and carboxylate ions using classical molecular 
dynamics (MD). The number of water molecules, hydronium ions and sulfonic acid 
groups were observed to increase with the presence of the ionic groups in the graphite 
sheet. The water clusters reduced in size for the functionalized graphite sheet as 
compared to the bare graphite sheet. Zhang et al. [26] simulated Nafion supported 
films on platinum substrate using classical MD. The film thickness variation showed 
significant diversity in the water cluster morphology. The water diffusion constants 
varied non- monotonically with thickness of the Nafion film. Water diffusion in the 
thickest film (7.3 nm) was faster than that in a bulk Nafion. Borges et al. [27] 
performed classical MD simulations of the Nafion (fixed thickness) supported films 
on walls of varying hydrophilicity. The films showed changes in phase separation 
patterns due to water flooding the highly hydrophilic walls (substrates). Water 
diffusion in the films was found to be greater than that in bulk Nafion at the same 
hydration level without any noticeable trend with varying wall (substrate) 
hydrophilicity. Borges et al. [28] also found that varying the hydration levels in such 
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supported Nafion films showed distinct changes in the micellar structure within the 
films. Dissipative particle dynamics (DPD) of Nafion films have shown preferential 
flooding of water at the quartz substrate [29] which was also in agreement with 
experiments [30].  

Unlike a supported film, the capped Nafion films have interfaces with two 
substrates. This can induce additional confinement effects. Also, the side chain 
orientation and the sulfonic acid (protogenic) group preferential accumulation in the 
presence of a substrate would be different than that in the presence of a free interface. 
The protogenic group locations and side chain orientations will invariably have an 
effect on the water clustering within the Nafion capped film. All these reasons make 
it necessary to study capped Nafion films. Classical molecular dynamics simulations 
allows capturing the effects of deviations of film mass density from bulk mass 
density in capped films. In addition, atomistic representation of the Nafion molecule 
allows us to study the important structural properties like sulfur-sulfur radial 
distribution functions (RDFs), the side chain orientations and the side chain lengths. 
The Nafion films were capped by walls of tunable hydrophilicity in our simulations. 
Such tunable hydrophilicity allows us to study the effects over a wide range of 
hydrophilicity as opposed to substrates with fixed chemistry. In our simulations, the 
side chain orientations were found to vary with substrate hydrophilicity and film 
thickness (confinement effect) while the side chain lengths did not show any such 
trends. Water cluster sizes for highly hydrophilic substrates indicated that it was a 
function of film thickness (confinement effect). In-plane water diffusion for our 
capped Nafion film simulations was considerably enhanced for hydrophilic 
substrates which is different from what was observed for supported Nafion film 
simulations by Borges et al. [27]. This enhancement of in-plane water diffusion was 
despite reduced water cluster sizes for highly hydrophilic substrates. In addition, the 
in-plane water diffusion was found to be a strong function of the selectivity of the 
substrate to the hydrophilic phase.  

 

4.2 Materials and Methods 
4.2.1 Simulation Details 
The structure of the Nafion monomer is shown in Figure 4.1. The value of n 

represents the number of repeat units in a monomer. The value of m is the degree of 
polymerization. n=7 for this study which corresponds to an equivalent weight (EW) 
of 1100. EW is defined as the weight of the polymer divided by the number of 
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protogenic groups (sulfonic acid groups). EW of 1100 is a very commonly used 
variety of Nafion and, hence, has been chosen for this study[4,31]. 

The pcff  (Polymer Consistent Force Field) [32] was used for simulating the 
polymer matrix, water molecules and hydronium ions using LAMMPS [33] software. 
Partial charges for all the atoms were assigned using COMPASS (Condensed-phase 
Optimized Molecular Potentials for Atomistic Simulation Studies) force field [34]. 
COMPASS charges have been used along with the pcff force field in previous 
simulations [35–37]. The pcff force field has been used to accurately model 
polyelectrolytes like Nafion, SPEEK, sulfonated co-polyimides and other polymers 
previously[38–42]. Water molecules[38,42–44] and hydronium ions[38,41,42] have 
also been modelled previously using the pcff force field. Details about the force field 
validation are provided in the Supporting Information (Section III). 

Nafion was simulated at one hydration level (λ = 15) and at two different 
temperatures of T=300 K and T=353 K. The hydration level (λ) is defined as the 
number of water molecules per side chain of Nafion. λ=15 was chosen since this is a 
moderate hydration level considering the fact that hydration levels in Nafion can go 
as high as λ=30 [44]. The sulfonic acid group of Nafion is fully dissociated at λ=15 
[45]. Therefore, hydronium ions were introduced into the simulation box to account 
for this dissociation. 

Integrated Lennard-Jones potential [46], 

𝐸𝐸 = 𝜖𝜖 ( 2
15 (𝜎𝜎 𝑟𝑟⁄ )9 − (𝜎𝜎 𝑟𝑟⁄ )3) , 𝑟𝑟 < 𝑟𝑟𝑐𝑐                                                             (1) 

has been used to simulate structureless  walls  at the top and at the bottom of the 
simulation box [27]. The cutoff distance 𝑟𝑟𝑐𝑐 is chosen as 15 Å [27]. Two different sets 
of 𝜖𝜖 values are used in the simulations. 𝜖𝜖𝑝𝑝ℎ𝑜𝑜𝑜𝑜 represents the interaction energy 
between the wall and the hydrophobic part of the system which includes all the 
polymer atoms except the atoms in the sulfonic acid group, water molecules and 
hydronium ions. 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 represents the interaction energy between the wall and the 
hydrophilic part of the system which includes all the atoms in the sulfonic acid group, 
water molecules and hydronium ions.  

𝜖𝜖𝑝𝑝ℎ𝑜𝑜𝑜𝑜 has been fixed at 0.25 kcal/mol and five different values of  𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦= 0.25, 
0.50, 1.20, 1.50, 2.00 kcal/mol have been to simulate the effects of varying 
hydrophilicity of nanoparticles [27]. The paper shows results for these set of values 
unless mentioned otherwise. Additional simulations have been performed in which 
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𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 has been fixed at 2.00 kcal/mol and five different values of 𝜖𝜖𝑝𝑝ℎ𝑜𝑜𝑜𝑜= 0.25, 0.50, 
1.20, 1.50, 2.00 kcal/mol have been used to understand the effect of contrast between 
the 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 and 𝜖𝜖𝑝𝑝ℎ𝑜𝑜𝑜𝑜 on the water transport within the Nafion capped film. 

A nanocomposite has fillers/nanoparticles dispersed inside the matrix (polymer). 
The matrix material present between any two nanoparticles is the representative 
volume element (RVE) being modelled in our simulations. This RVE was modelled 
by confining 17 Nafion chains along with water molecules and hydronium ions 
between structureless walls of tunable hydrophilicity[27,28] as shown in Figure 4.2 
(a).  The walls represent the nanoparticle surfaces of variable hydrophilicity. This 
representation has been used to model nanocomposites previously[24,47]. 
Henceforth,  𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25, 0.50 kcal/mol walls will be referred to as low 
hydrophilicity (LH) walls and  𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20, 1.50, 2.00 kcal/mol walls will be 
referred to as high hydrophilicity (HH) walls in what follows. In both these cases, 
𝜖𝜖𝑝𝑝ℎ𝑜𝑜𝑜𝑜 has been fixed at 0.25 kcal/mol unless mentioned otherwise. 

Three different film thickness values of 6.3 nm, 8.7 nm and 11.5 nm were simulated 
for each of the wall hydrophilicity values. The film thickness was varied in the Z-
direction (Figure 4.2). The thickness variation represented effectively the variation 
of the filler fraction in a nanocomposite i.e. higher film thickness corresponds to 
lower filler fraction and vice versa. The simulations were run for a total of 8 ns and 
the last 3 ns of the production runs was used for analysis. The density, with variation 
less than 0.05 %, had stabilized after 2.5 ns from the start of the simulation and the 
energy was also stable. The average water cluster size showed variations less than 1 
% during the production run. A detailed description of the model construction and 
simulation protocol has been presented in the Supporting Information (Sections I and 
II). Note that all the results shown in this paper are for T=353 K. Qualitatively similar 
results were obtained for T=300 K. The duration of our simulations and implemented 
system sizes are consistent with previous simulation studies[4,48–50]. Each film 
simulation consumed around 120-170 CPU hours on 32 cores of the Lisa computing 
cluster in SurfSara (Amsterdam). 

4.2.2 Analysis Methods 
From the production runs, structural and dynamic characteristics like radial 

distribution functions (RDFs), side chain orientations, cluster distribution of water 
molecules and/or hydronium ions and diffusion coefficients of water molecules were 
calculated.  
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The number density is defined as the number of atoms of a particular type divided 
by the total number of atoms of the same type in a layer of thickness 0.2 Å at a 
particular distance from either of the walls in the Z-direction. The total mass density 
is defined as the total mass present in a 0.2 Å thick layer, at a particular distance (in 
Z-direction) from either of the walls, by the volume of the layer. 

The radial distribution function g(r) (RDF) is proportional to the probability of 
finding an atom B at a distance r from the reference atom A inside a shell of thickness 
dr [31]. The coordination number (CN) is the average number of atoms of a particular 
type found at a certain distance from a particular central atom of a certain type. The 
Sulfur-Sulfur RDF has been analysed to check for any significant changes in the 
distance between the side chain protogenic groups.  The Sulfur-Sulfur and Sulfur-
Oxygen (water) CNs have also been analysed. 

The side chain orientation is defined as the angle between the side chain vector and 
the Z-axis as shown in Figure 4.2(b). The side chain vector is defined as the vector 

(a) 

 

 

Figure 4.2. (a) Hydrated Nafion film between two structureless walls. Z axis 
is the direction perpendicular to the walls and X and Y axes are parallel to 
the walls. Z direction has fixed boundaries and the film is periodic in X and 
Y directions. Blue color represents water molecules and hydronium ions, 
orange color is used for Nafion molecules. (b) Side chain vector (vector 
connecting the first carbon in the backbone to the sulfur in the sulfonic acid 
group) orientation, i.e. the angle between the side chain vector and the Z-
axis. The simulation box is divided into 3 equal layers as shown in Figure 4.2 
(a) and the side chain orientation was computed in these 3 layers. 
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from the carbon connecting the side chain to the backbone, towards the sulfur in the 
sulfonic acid group. The simulation box was divided into three equal layers from top 
to bottom. The angle between the side chain vector and the +Z-axis was computed 
for the top two layers and the angle between the side chain vector and the –Z-axis 
was computed for the bottom layer. Analysis was done using a custom Matlab script. 

The cluster distribution of water molecules was computed for the different 
hydration levels (λ) using the OVITO software [51]. A cluster is defined as a group 
of atoms in which each atom is within a particular pre-defined cut-off distance of at 
least another atom within that group. The oxygen atom in the water molecule was 
used for computing cluster sizes, i.e. cluster of 10 oxygen atoms is assumed to 
represent the cluster of 10 water molecules. The cluster distribution plots number of 
clusters, averaged over a time interval, versus the cluster size. Python scripts were 
used to access OVITO API and Matlab scripts were used for further post-processing. 

Water channel sizes were computed using the Zeo++ software [52] which uses 
Voronoi tessellation for its internal calculations. All the atoms associated with the 
water molecules were removed and remaining atoms positions and types were 
provided as input to this software for channel size computation. The water channel 
sizes for the HH walls were estimated from the water number density profiles and 
this has been explained in water cluster distribution section later.  

The translational diffusion coefficients for water molecules were computed by 
analysing their mean square displacement (MSD) using the Einstein relation in the 
diffusive regime [53]. These diffusion coefficients were computed as an average for 
the entire Nafion film between the walls. The simulation box was divided into five 
equal layers from top to bottom in the Z direction and the layer-resolved diffusion 
coefficients were also computed in these layers using a custom Matlab script. 

 

4.3 Results and Discussion 
4.3.1 Visualization and Density Profiles 
Figure 4.3 shows the snapshots at the end of the production runs for five different 

values of wall hydrophilicity. For low values of wall hydrophilicity ( 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25, 
0.50 kcal/mol) , there is negligible accumulation of water molecules near the walls. 
However, for the high hydrophilicity walls  (𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20, 1.50, 2.00 kcal/mol), there 
is a considerable accumulation of water near the walls. 
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Figure 4.4 shows the water number density profiles for different wall hydrophilicity 
values for the 6.3 nm film. The water number density profile for the  𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25 
kcal/mol wall was very uniform throughout the thickness of the film. The water 
number density shows small peaks near the walls for a slightly higher hydrophilicity 
wall (𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.50 kcal/mol). Previous simulations of Nafion supported on primarily 
hydrophobic graphite have shown emergence of small peaks in the water density 
profiles when the graphite was modified by hydrophilic carboxylate ions [25]. The 
water number density near the walls is much higher for HH walls as compared to the 
LH walls due to a considerable accumulation of water close to the walls, as seen in 
Figure 4.3. Also, the water number density near the centre of the film is higher for 
the LH walls as compared to the HH walls. 

Figure 4.3. Snapshots for (a) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25 kcal/mol (b) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.50 
kcal/mol (c) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20 kcal/mol (d) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.50 kcal/mol (e) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 
= 2.00 kcal/mol where blue color shows the water molecules and 
hydronium ions, and orange color shows the Nafion atoms. 

(a) 
𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.50 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 

𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 2.00 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 

Water + Hydronium 

Nafion 

(b) 

(c) (e) 
𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.50 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 
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Figure 4.5 shows the water, carbon and sulfur number density profiles for the lowest 
and highest hydrophilicity wall for the 6.3 nm film. The carbon number density 
shows small peaks near the walls in the LH case. These peaks disappear for the HH 
wall and a smooth profile appears which reaches a stable value at a distance further 
away from the walls as compared to the LH case. This suggests carbon atoms are 
moving away from the walls in the highest hydrophilicity case due to water 
accumulation near the walls. The sulfur number density is similar to the water 

Figure 4.5. Water (oxygen), carbon and sulfur number density profiles for 
the 6.3 nm film for (a) LH film, 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25 kcal/mol and (b) HH film, 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 
2.00 kcal/mol  

(a) (b) 

Figure 4.4. Water (oxygen) number density profiles for the 6.3 nm film 
at different wall hydrophilicity (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦)  values. 
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number density profile i.e. number density near the walls is considerably higher for 
the HH wall as compared to the LH wall.  This indicates that both sulfur and water 
show preferential accumulation at the HH wall. Similar trends in the carbon, sulfur 
and water density profiles are also observed for other film thicknesses as well.  

Figure 4.6 shows the total mass density profiles, normalized by the bulk density, 
for different film thickness values for the lowest and highest hydrophilicity walls. 
The X-axis in Figure 4.6 is the relative distance (t/T), defined as the distance (t) from 
a wall divided by the film thickness (T). The bulk domain is defined as the space 
where the normalized mass density is equal to 1. For both the low and high 
hydrophilicity cases, a broadening of the bulk domains can be observed with 
increasing film thickness. However, there is an important difference between these 
two cases. The LH wall shows an almost uniform density profile throughout the film 
thickness whereas the HH wall shows high density values near the walls. These high 
density values are due to the preferential accumulation of the hydrophilic 
components, like water and sulfur, near the walls. 

4.3.2 Radial Distribution Functions (RDF) and Coordination Numbers (CN) 
The distance between protogenic sulfonic acid groups is an important characteristic 

to probe the internal structure of the membrane. Previous simulation studies have 
shown that the sulfur-sulfur distance (inter-protogenic group distance) less than 6.5 
Å increased water binding to sulfonic acid groups and also affected the ease of the 
proton dissociation [54]. Hence, the sulfur-sulfur RDF at small atomic separations 

(a) (b) 

Figure 4.6. Total film mass density, normalized by the bulk density= 1.79 g/cc, 
profiles for different film thickness values for (a) LH film, 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25 kcal/mol 
and (b) HH film, 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 2.00 kcal/mol. 
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(< 8 Å) and sulfur-sulfur CN have been analyzed in this study to check for any 
significant changes. The water structure around the sulfur atom is also important for 
proton dissociation [45]. The sulfur-oxygen (water) CN has also been analyzed to 
check for any significant changes in the first hydration shell (~4.7 Å, Figure A2.1). 

Figure 4.7 (a) shows the S-S RDF values for different levels of the wall 
hydrophilicity for the 6.3 nm film. The RDF plots for 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑙𝑙 = 0.25, 0.50, 1.20 
kcal/mol have their first maximum   at almost the same distance as the bulk Nafion 
first peak distance of 4.3 Å. RDF plots for 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑙𝑙 = 1.50, 2.00 kcal/mol have  the first 
peak at a slightly higher distance of 4.5 Å. The Nafion chains tend to move away 
from the HH walls, due to the preferential accumulation of water, and are packed 
into a more confined space towards the centre of the film. This could increase the 
repulsion between the negatively charged sulfonic acid groups which can explain the 

slightly higher distance of the first peak for 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑙𝑙 = 1.50, 2.00 kcal/mol walls. This 
effect can also be seen for the 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑙𝑙 = 2.00 kcal/mol wall for higher film thicknesses 
as well (Figure A2.2). In conclusion, the negligible increase in the position of the 
first peak implies that hydrophilicity of the substrate has no considerable effect on 
the S-S distance.  

Figure 4.7. (a) Sulfur-Sulfur radial distribution functions (RDF) (b) 
S-S coordination numbers (CN) for the 6.3 nm film and the different 
wall hydrophilicity values (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑙𝑙). RDF and CN for bulk Nafion has 
also been shown  

(a) (b) 
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However, the values of the S-S RDFs for the HH walls (𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20, 1.50, 2.00 
kcal/mol) were visibly higher than those for the LH walls ( 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25, 0.50 
kcal/mol) upto a distance of 8 Å (Figure 4.7(a)). A similar trend is also observed for 
thicker films also (Figure A2.2). The accumulation of the Nafion chains near the 
centre of the film would increase the probability of finding a sulfur atom within the 
close proximity of another sulfur atom. This would explain the rise in the RDF values 
for the HH walls. 

Figure 4.7(b) shows the S-S coordination numbers (CN) for the 6.3 nm film for 
different wall hydrophilicity levels. The HH walls show a slightly higher CN as 
compared to the LH walls for all distances. This pattern is seen for higher film 
thicknesses as well (Figure A2.3). This slightly higher CNs for HH walls combined 
with no noticeable change in S-S RDF for close range distances (< 8 Å) implies that 
there should not be any detrimental effect on S-S close range ordering in the HH wall 
films. 

Figure 4.8 shows the Sulfur- Oxygen (water) (S-Ow) CNs for the 6.3 nm film for 
different wall hydrophilicity levels. The S-Ow CNs are slightly lower for HH walls 
as compared to the LH walls and this pattern is seen for higher film thicknesses as 
well (Figure A2.4). This is due to the fact that a considerable amount of water 
accumulates near the HH walls which reduces the average number of water 

Figure 4.8.  S-Ow coordination numbers (CN) for the 6.3 nm film 
and the different wall hydrophilicity values (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦). CN for bulk 
Nafion has also been shown.  
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molecules near the sulfur atoms. However, the CNs for both the LH and HH walls 
are quite similar up to 4.7 Å (first coordination shell of S-Ow, Figure A2.1) which 
implies that high wall hydrophilicity does not have a detrimental effect on close 
range water solvation structure around the sulfur atoms in the sulfonic acid group. 

4.3.3 Side Chain Orientation 
The catalyst layer in fuel cells can have Nafion present in between platinum 

nanoparticles [9]. Also, Nafion can have an interface with carbon in the catalyst layer 
and in the electrodes in a fuel cells [9]. The side chain orientation with respect to the 
nanoparticles will have an impact on the compatibility of such nanocomposites [19]. 
Therefore, the effects of varying substrate hydrophilicity and filler fraction on the 
side chain orientation have been investigated. 

Figure 4.9 shows the layer resolved orientation of side chains for the 6.3 nm film 
for different values of wall hydrophilicity in three equal film layers. As can be seen, 
the angle between the side chain and the Z-axis does not show noticeable variation 
across the layers for the LH walls. However, the angle value reduces considerably in 
the top and bottom layers for the HH walls. Similar pattern was also observed for 
higher film thickness values as well (Figure A2.5).  

Figure 4.9. Side chain orientation with respect to the Z-axis in three layers 
for the 6.3 nm film for different wall hydrophilicity (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦)  values.  
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The simulations for each of the different hydrophilicity values started from the 
same initial configuration. Therefore, the decrease in the angle in the top and bottom 
layers for the HH walls is purely due to the effect of the walls. This same effect was 
also seen for a different set of initial configuration values which further confirms our 
hypothesis.  It can be concluded that the HH walls tend to bend the side chains 
towards them which agrees qualitatively with experimental observations [19]. 

Figure 4.10 shows the side chain orientation for the lowest and highest 
hydrophilicity wall. The angles for the lowest hydrophilicity wall in all three layers 
shows negligible variation with varying film thickness. A similar trend is observed 
for the other LH wall (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.50 kcal/mol) also (Figure A2.5 (a)). In contrast, the 
value of the angles in the top and bottom layer increase progressively with increasing 
film thickness for the highest hydrophilicity wall. A similar trend is observed for 
another HH wall (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.50 kcal/mol) as well (Figure A2.5 (c)). For the remaining 
HH wall (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20 kcal/mol), the amount of side chain bending towards the walls 
was subdued for film thickness of 8.7 nm and 11.5 nm (Figure A2.5 (b)). This implies 
that the effect of side chains bending towards the walls for the HH walls reduces with 
the increasing film thickness, at least in the film thickness range investigated. In 
conclusion, the wall hydrophilicity and/or varying filler fraction of a nanoparticle 
can be used to alter the side chain orientation with respect to the nanoparticle surface. 

Figure 4.10. Side chain orientation with respect to Z-axis in three layers for 
different film thickness values for (a) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25 kcal/mol LH wall and (b) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 
= 2.00 kcal/mol HH wall.  

 

(a) (b) 
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4.3.4 Side Chain Length 
The differences in the side chain lengths have been shown to affect the diffusion of 

water within the PEMs [49]. Therefore, the side chain lengths have been analysed 
for different wall hydrophilicity and the film thicknesses, and the same has been 
shown in Figure 4.11. The bulk Nafion side chain length was on average about 7.3 
Å. The capped Nafion film side chain lengths did not show any considerable 
deviation from the bulk value. There was no noticeable trend for the side chain 
lengths with wall hydrophilicity and/or film thickness. Therefore, it can be concluded 
that changes in water diffusion amount (if any) should not be due to the changes in 
side chain lengths in capped Nafion films. 

4.3.5 Water Cluster Distribution 
Water clusters present in the hydrated Nafion nanostructure form percolated 

channels at sufficiently high hydration levels [55]. These percolated channels allow 
the transport of protons across the membrane which allows the fuel cells and flow 
batteries to function. However, these percolated water channels can also allow 
unwanted crossover of methanol and vanadium ions. Nafion nanocomposites have 
been shown to reduce the crossover of methanol [18] and vanadium ions [8]. 
Therefore, it is important to understand the effect of nanoparticle hydrophilicity and 
filler fraction on the water cluster distribution.  

Figure 4.11. Nafion side chain lengths for 
different wall hydrophilicity (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦) values 
and different film thicknesses  
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All the water cluster analysis shown here are for a cut-off distance of 3.7 Å (see the 
Calculation methods section earlier) averaged over 3 ns of the simulated physical 
time. This cut-off distance was chosen since it is close to the first coordination shell 
(Figure A2.6) of water and, hence, this distance will encompass a majority of the 
water molecules. A single large cluster is observed for this cut-off distance of 3.7 Å 
for bulk Nafion (Figure 4.12). No such large cluster is observed for a cut-off distance 
of 3 Å for bulk Nafion, since this distance is close to the first peak of oxygen (water)-
oxygen (water) RDF (Figure A2.6) and, hence, encompasses few water molecules. 

Figure 4.12 shows the water cluster distribution at different wall hydrophilicity 
values for the 6.3 nm film. The cluster distributions for the LH walls (𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25, 
0.50 kcal/mol) are very close to the bulk cluster distribution. The largest cluster sizes 
(cluster size close to 2400) for the HH walls (𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20, 1.50, 2.00 kcal/mol) are 
smaller in size as compared to the LH walls. Also, there is an emergence of clusters 
in the size range of 900 to 1500 for the HH walls. This shows that the cluster sizes 
decrease considerably for increasing hydrophilicity of the walls for a fixed film 

Figure 4.12. Water cluster distribution for the 6.3 nm film at different wall 
hydrophilicity values and also for bulk Nafion. The cluster distribution shown is 
for the cluster sizes from 100 to 2380. 

HH walls 

LH walls 
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thickness. Similar effects are also seen at higher film thickness values as well (Figure 
A2.7). 

The insets in Figure 4.12 show a continuous percolating cluster for the LH wall 
films spanning the whole box in all 3 dimensions and isolated clusters for the HH 
wall films near the centre of the box (film). The HH wall films also form two 
percolating roughly cuboidal water channels along the walls which is reflected in the 
two peaks in the cluster distribution at around 800 and 1400. The thickness of these 
channels in the z-direction for the 6.3 nm film is around 9-10 Å as estimated from 
the water number density plots (Figure 4.4) i.e. difference between the distance 
where the number density reaches its minimum after the 3rd peak from any wall (box 

edge) and the distance where the number density first acquires a non-zero value. The 
only water channel in the lowest hydrophilicity wall 6.3 nm film had a maximum 
channel diameter of 13.6 Å and a minimum diameter of 6.5 Å. The corresponding 
quantities for the single channel in bulk Nafion were 11.5 Å and 5.3 Å respectively. 
It is clear that water, which has an average van der Waals diameter of 2.8 Å, can 
diffuse through both the LH and HH wall films. However, the HH wall film provides 
uniformly wide and straight water channels along the walls whereas the LH wall film 
water channel has bottlenecks (minimum diameter) and is more tortuous (extends 

Figure 4.13. Cluster count, normalized by 
the bulk cluster count, vs different wall 
hydrophilicity (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦) values for different film 
thickness values 
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through the box in all 3 dimensions). As a result, water is observed to diffuse 
noticeably faster in the in-plane direction for the HH wall films as compared to the 
LH wall films which has been discussed later in the water transport section. 

Figure 4.13 shows the water cluster count normalized by the bulk water cluster 
count for different wall hydrophilicity and film thickness values. All the normalized 
cluster counts are larger than 1 which implies larger number of water clusters for all 
the wall hydrophilicity values and the film thickness, as compared to bulk Nafion 
water cluster count. This indicates a more dispersed water cluster network in the 
Nafion films as compared to the bulk Nafion. 

The water cluster count increases for the HH walls as compared to the LH walls for 
all three different film thickness values (Figure 4.13). This effect is universal and is 

Figure 4.14. Average cluster size vs different film thickness values for different 
wall hydrophilicity (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦) values. Average cluster size for bulk Nafion is also 
shown. The dash-dot line shows the trend for low hydrophilicity walls and the 
dash line shows the trend for high hydrophilicity walls. These lines are not 
numerical fits. 
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weakly dependent on the film thickness. The higher cluster count indicates a more 
dispersed water cluster network for the HH wall films as compared to the LH wall 
films which can also be seen in the inset for the HH wall films in Figure 4.12. The 
existing experiments have shown that unwanted crossover reduces due to the highly 
hydrophilic nanoparticles like silica, clay etc. [17] added to Nafion.  In fact, the 
existence of long-range oriented pathways along the modified carbon nanotubes was 
the proposed mechanism for the observed enhanced proton transport and reduced 
methanol crossover in a Nafion – modified CNT nanocomposite [18]. Our 
simulations also show the preferential accumulation of water along the HH walls and 
a concomitant increase in the water cluster count due to the emergence of a more 
dispersed water phase and isolated water clusters. It is likely that less polar molecules 
like methanol will move away from the highly hydrophilic nanoparticles similar to 
carbon moving away from the HH walls as seen in Figure 4.5 (b). This will increase 
the chances of such molecules being trapped in the isolated clusters which are found 
at larger distances from the HH walls as seen in the inset for HH wall films in Figure 
4.12.  

Figure 4.14 shows the average water cluster size for different wall hydrophilicity 
and film thickness values. The average cluster sizes are almost constant for 
increasing film thickness values for the LH walls. However, there is a distinct pattern 
for the HH walls which shows that the average water cluster sizes show an increasing 
trend with increasing film thickness. The water channels along the HH walls become 
more connected through the centre of the film (box) with increasing film thickness. 
This is evidenced by the increasing average number of clusters in the 2200-2330 size 
range and a concomitant decrease in the 800-1400 size range with increasing film 
thickness (Figure 4.12, Figure A2.7). This behaviour for the HH walls indicates 
higher phase separation for increasing film thickness. Previous TEM (Transmission 
Electron Microscopy) images [15] and GISAXS experiments [16] also show similar 
trends vs film thickness for Nafion films supported on hydrophilic silica substrates. 

4.3.6 Water Transport 
Water diffusion through the Nafion nanostructure plays an important role in the 

working of fuel cells and flow batteries. In these devices, the protons attach 
themselves to water molecules and are transported from anodic to cathodic side or 
vice versa via the so-called vehicular transport mechanism. There is also an 
alternative method of proton transport in which the proton hops across hydrogen 
bonds in the water phase. Nanoparticles are added to Nafion to enhance water 
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retention and proton conductivity [7,56]. Therefore, it is important to study the effect 
on water transport due to the nanoparticle hydrophilicity and filler fraction. 

Water diffusion constants (Dx, Dy and Dz) have been computed in the X, Y and Z 
directions using the Einstein relation for diffusive motion. Diffusion constants have 
been calculated from the time period where water transport is in a diffusive regime 
(Figure A2.8). Water diffusion in the films’ XY-plane is studied using the in-plane 
diffusivity (D) 

𝐷𝐷 =  (𝐷𝐷𝑥𝑥 + 𝐷𝐷𝑦𝑦)                                                                                                     (2) 

and was compared to the analogous (two-third of total water diffusion coefficient) 
values for Nafion bulk (Dbulk ) 

𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = (2
3) ∗ (𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑥𝑥 +  𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑦𝑦 +  𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑧𝑧)                                                   (3) 

Henceforth, the diffusion in the XY plane will be referred to as in-plane water 
transport. The total water diffusion coefficient (1.5 * Dbulk) in bulk Nafion for λ= 15 
at T=353 K was found to be 1.93*10-5 cm2/s from our simulations9. 

 
9 Please refer to the Supplementary Information Section III for more information 

Figure 4.15. Film averaged (a) in-plane water diffusion constants (D) 
normalized by the corresponding two-dimensional water diffusion (Dbulk) 
constant at λ=15 for bulk Nafion. (b) Water diffusion anisotropy ratio 
values vs wall hydrophilicity (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑏𝑏)  for different film thicknesses.  

(a) (b) 
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Figure 4.15 (a) shows the in-plane water diffusion, normalized by the bulk water 
diffusion constant for different wall hydrophilicity values and for the different film 
thicknesses. The in-plane water diffusion is noticeably higher for the HH walls 
(𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20, 1.50, 2.00) as compared to the LH walls (𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25, 0.50), for all 
three different film thickness. The existing experiments have shown micellar 
orientation in Nafion supported films along hydrophilic substrates and away from 
hydrophobic substrates [12]. It was further proposed that treated nano-patterned 
substrates can be used to enhance the directional transport of water within the Nafion 
membrane, since the water transport is mostly along the micelles [12]. A similar 
enhancement of water transport for the HH walls (substrates) is also observed in our 
simulations. 

It is important to keep in mind that the water cluster sizes showed a significant size 
reduction for the HH walls.  The bulk classical MD simulations of PEMs like Nafion 
[48], SPEEK [50], PFIA [57] have shown the water diffusion to increase with 
increasing water cluster sizes. However, the capped Nafion films show a decrease in 
water diffusion despite larger water cluster sizes for the LH walls. This is due to the 
formation of water channels parallel to the HH walls with a uniform width as 
compared to the long tortuous water channel with bottlenecks in the LH wall film. 

Previous simulations done for a supported Nafion film did not show any noticeable 
distinction between water diffusion constants for less and more hydrophilic 
substrates [27]. But the capped Nafion films, simulated in this paper, show a clear 
difference in water diffusion rates between the low and high hydrophilicity walls. 
The possible reason for this behaviour has been explained later by analysing the layer 
resolved in–plane diffusion. There was no monotonicity observed in the film 
averaged diffusion coefficients with respect to the film thickness in the thickness 
range investigated. This non-monotonicity observation agrees well with the previous 
experimental conductivity [15] and  simulated water diffusion rates [26] in the film 
thickness range investigated. 

Anisotropy in water diffusion is defined as the in-plane water diffusion constant 
(D) divided by twice the Z- direction diffusion constant (Dz). Figure 4.15 (b) shows 
the anisotropy in water diffusion for different hydrophilicity walls and different film 
thickness. Anisotropy for the HH walls is higher than that for the LH walls. This 
effect is due to the high in-plane diffusion near the walls in the HH walls. Anisotropy 
in water diffusion, for the HH walls, decreases considerably on increasing film 
thickness from 6.3 nm to 8.7 nm. This can be explained possibly by the strong 
confinement in Z- direction in the thinnest films. 
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In-plane water transport was resolved in 5 equal layers in the Z-direction. Figure 
4.16 shows the layer resolved in-plane water diffusion constant, normalized by the 
bulk two-dimensional water diffusion constant, for the 6.3 nm film. The water 
diffusion constants are slightly smaller than bulk values for the LH walls. For the 
HH walls, the diffusion constant near the centre of the film is close to that for the 
bulk, but the diffusion increases considerably on moving closer to the walls. Similar 
trends are also observed for higher film thicknesses as well (Figure A2.9). It is the 
presence of such highly mobile water layers near both the walls in a capped Nafion 
film that can explain the noticeably high film averaged in-plane water diffusion 
constant for the HH walls.  Previously simulated supported Nafion films were shown 
to have considerably less in-plane water diffusion near the free interface as compared 
to that near the highly hydrophilic substrates [27]. In contrast, we observe occurrence 
of highly mobile layers at both the walls (substrates) for the HH cases across all the 
film thicknesses. This fact can explain the considerably higher film averaged in-plane 

Figure 4.16. Layer resolved in-plane water diffusion constants (D) 
normalized by the two-dimensional water diffusion constant (Dbulk) at 
λ=15 for bulk Nafion. Results are shown for the 6.3 nm film for varying 
wall hydrophilicity (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦).  
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diffusion for the capped Nafion films confined by HH walls as compared to LH walls 
unlike the previously simulated [27] supported Nafion films. 

Figure 4.17 shows the layer resolved in-plane water transport for the lowest and 
highest hydrophilicity wall for different film thickness. For the lowest hydrophilicity 
wall, the in-plane water diffusion constants start to deviate more from the bulk 
diffusion constant with increasing film thickness. Water is confined towards the 
centre of the film in the LH wall films. Increasing film thickness allows water more 
space to move inside the film away from the walls. This could be the reason for the 
slightly higher deviation from bulk diffusion values for the higher film thickness 
films. For the highest hydrophilicity wall, water diffusion is not affected noticeably 
by film thickness. Water is mostly concentrated near the walls for these cases, and 
so increasing film thickness plays a negligible role in in-plane water diffusion in the 
thickness range investigated.  

Enhanced in-plane transport of water has been observed for the HH walls. It is 
important to ascertain whether this high in-plane transport is due to just the high 
hydrophilicity of the walls or due to the contrast between the 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 and 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 for the 
films. Simulations were run by fixing 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 2.00 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 and varying 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 =
0.25, 0.50, 1.20, 1.50, 2.00 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 to understand the effect of this contrast on the 
in-plane water transport. Figure 4.18 shows the in-plane water diffusion constants, 

Figure 4.17. Layer resolved in-plane water diffusion constants (D) normalized 
by the two- dimensional water diffusion constant (Dbulk) at λ=15 for bulk Nafion. 
Results are shown for varying film thicknesses for (a) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25 kcal/mol wall 
and (b) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 2.00 kcal/mol wall.  

(a) (b) 
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normalized by the corresponding bulk values, for different 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 values for the 6.3 
nm film. In-plane water diffusion constants decreased with increasing 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 values. 
This implies that the water diffusion is a function of the contrast between the 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 
and 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 values. Higher contrast results in more in-plane water diffusion. The insets 
also show a preferential accumulation of water at low 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 values or high contrast 
between the 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 and 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 values. Nanoparticles can be made more selective 
towards water by modifying their surface.  

4.4 Conclusions 
Capped Nafion films were simulated at a moderate hydration level (λ=15) at T=353 

K to model the interactions present in a representative volume element consisting of 
the matrix (hydrated polymer) confined between any two nanoparticles in a Nafion 
nanocomposite. The Nafion films were capped by walls of different hydrophilicity 
to study the effect of nanoparticle hydrophilicity on the Nafion nanostructure. The 

Figure 4.18. Film averaged in-plane water diffusion constants (D) 
normalized by two dimensional water diffusion (Dbulk) constant at λ=15 
for bulk Nafion. Results are shown for the 6.3 nm film. 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 2.00 
kcal/mol is kept fixed and 𝜖𝜖𝑝𝑝ℎ𝑜𝑜𝑜𝑜 is varying. 
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film thickness was varied to study the effect of nanoparticle filler fraction on the 
Nafion nanostructure and water transport. 

The simulated sulfur-sulfur radial distribution functions indicated that there was 
negligible effect on the close range sulfur-sulfur distance due to the wall 
hydrophilicity and the film thickness. Although, the RDFs and the CNs suggested 
that sulfur atoms were more likely to be near each other in a distance less than 8 Å 
for the higher hydrophilicity walls. The number of water molecules around the 
sulfonic acid group in the first solvation shell (up to a distance of 4.7 Å) also showed 
negligible differences with varying wall hydrophilicity. Therefore, nanoparticle 
hydrophilicity and filler fraction should not have a detrimental effect on the sulfur-
sulfur close range distance or the close range hydration structure around the sulfonic 
acid group. 

The Nafion side chain lengths did not show any noticeable trend with wall 
hydrophilicity and/or film thickness. However, the side chains were found to bend 
towards the high hydrophilicity (HH) walls. Also, the amount of bending reduced 
with increased film thickness for the HH walls. Experiments have also shown 
increased bending of the side chains towards highly hydrophilic substrates[19]. In 
effect, nanoparticle hydrophilicity and filler fraction could be used to control side 
chain orientation with respect to the nanoparticles 

Reduced crossover of methanol has been observed in experiments for Nafion doped 
with hydrophilic nanoparticles [17,18]. The emergence of isolated water clusters as 
indicated by the higher cluster count for the highly hydrophilic substrates could 
explain such experimental observations. On average, the water cluster sizes increased 
with increasing film thickness for the high hydrophilicity walls which indicates 
stronger phase separation with increasing thickness. Qualitatively similar 
experimental observations have been seen for supported Nafion films on a silica 
substrate [15,16].  

The water in-plane transport was enhanced considerably by the high hydrophilicity 
(HH) walls, in spite of lower water cluster sizes for the HH wall films. This effect 
was observed for all the different film thicknesses. Layer resolved in-plane transport 
indicated a very highly mobile water layer near both the walls for the HH wall films. 
The LH wall (𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.25 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘) 6.3nm film had a single water channel with 
a maximum and minimum diameter of 13.6 Å and 6.5 Å respectively. The water 
channels in the HH wall films were roughly cuboidal blocks along the walls with a 
width of 9-10 Å. The water channels in the HH wall films had no bottlenecks 
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(minimum diameter) and were visibly less tortuous than the water channel in the LH 
wall film. These observations explain the enhanced in-plane film averaged transport 
for the HH wall films. Previous experiments have also proposed directional 
enhancement of water transport by altering the hydrophilicity of substrates [12]. The 
water diffusion anisotropy ratio, ratio of in-plane water diffusion to the water 
diffusion in the perpendicular direction, was noticeably higher for HH wall films as 
compared to the LH wall films. Water diffusion anisotropy ratio appeared to reduce 
with increasing film thickness. 

The in-plane water transport was also examined for different values of the contrast 
between 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 and 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 values. In-plane diffusion of water was enhanced for the 
larger contrast between 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 and 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜. In effect, the enhanced in-plane transport of 
water was found to be a function of the contrast between 𝜀𝜀𝑝𝑝ℎ𝑦𝑦𝑦𝑦 and 𝜀𝜀𝑝𝑝ℎ𝑜𝑜𝑜𝑜 values. This 
fact can be of use in designing nanoparticles by increasing selectivity to the 
hydrophilic phase. 

To summarize, our simulations showed that high selectivity of walls (nanoparticles 
surfaces) towards the water phase results in water channels forming along the walls 
and isolated water clusters emerging at distances further away from the walls. Less 
polar molecules like methanol are likely to move away from the selectively 
hydrophilic surfaces (walls) and get trapped in these isolated clusters. Our 
simulations show that average water cluster sizes for hydrated Nafion films confined 
by highly hydrophilic surfaces (HH walls) increase with increasing film thickness. 
This is due to the increasing connectivity between the water channels, which form 
along the highly hydrophilic surfaces, through the centre of the film. Therefore, it 
can be suggested that increasing the filler fraction (reducing film thickness) will lead 
to lesser connectivity of these water channels, which form along the hydrophilic 
surfaces, at larger distances from these surfaces which in turn can lead to lower 
crossover of low polarity molecules like methanol.  Our simulations also showed that 
the side chains of Nafion can be made to orient towards highly hydrophilic surfaces 
(HH walls) and the amount of orientation can be increased by reducing the film 
thickness ( increasing filler percentage of nanoparticles). Our simulations show that 
water is preferentially accumulated near the highly hydrophilic surfaces (HH walls). 
In addition, the close range solvation structure near the sulfonic acid group was 
minimally affected with varying wall hydrophilicity. Therefore, the orientation of 
side chains towards the water rich environment near these surfaces (hydrophilic 
nanoparticle surfaces) can be advantageous in a high temperature environment. Our 
simulations also showed directional enhancement of water transport for highly 
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hydrophilic surfaces (HH wall films) due to highly mobile water layers along these 
surfaces.  

In the present study, we did not explicitly model curvature effects of the surface 
(wall) on the transport of water. Nevertheless, these effects can be important. 
Experiments have shown that 1-D and 2-D nanoparticles like modified CNT and 
graphene oxide result in higher proton conductivity[18,58,59] due to long range 
transport along these nanoparticles and the ordering of these nanoparticles 
themselves. Larger scale simulations incorporating explicit fillers into the simulation 
box will provide more insights into these effects. 

Supplemetary Material 
All supplementary material is available at 

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b03257/suppl_file/jp8b03257_si_0
01.pdf 
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Chapter 5 

5. Molecular Modelling of Structure and Dynamics of 
Nafion Protonation States  

 

Abstract 
We present the results of the atomistic molecular-dynamics modelling of different 

protonation states of Nafion at varying hydration levels. Previous experiments have 
shown that the degree of deprotonation (DDP) of the sulfonic acid groups in a Nafion 
membrane varies significantly upon hydration. Our goal is to provide insights into 
the effects of variable protonation states and water content on the internal structure 
and vehicular transport inside the Nafion membrane. The Nafion side chain lengths 
showe a weak increasing trend with increasing the degree of deprotonation (DDP) at 
all hydration levels, exposing more of the sulfonic acid groups to the 
hydrophilic/water phase. The water phase characteristic size/diameter decreases with 
increasing DDP, but, interestingly, the average number of water molecules per 
cluster increases. The probability of water-hydronium hydrogen bond formation 
decreases with increasing DDP, despite an increase in the total number of such 
hydrogen bonds. The water diffusion is largely unaffected by the state of 
deprotonation.  In contrast to that, the hydronium ion diffusion slows down with 
increasing DDP in the overall membrane. The hydronium ion residence times around 
the sulfonic acid group increases with increasing DDP. Our simulations show a 
strong connection between the morphology of the water domains and protonation 
states of Nafion. Such a connection can also be expected in polyelectrolyte 
membranes similar to Nafion. 

 

 

 

 

 
This Chapter is adapted with permission from: S.Sengupta, A.V.Lyulin ,” Molecular Modelling of Structure 
and Dynamics of Nafion Protonation States ”, The Journal of Physical Chemistry B 123 (31), 6882-6891, 
https://doi.org/10.1021/acs.jpcb.9b04534  





 
 

5.1 Introduction 
Fuel cells are very promising devices for energy generation [1]. The most common 

type of such fuel cells use hydrogen or methanol as fuel. In addition, energy storage 
is becoming of utmost importance in the renewable energy revolution. In this respect, 
the flow batteries are being proposed as one of the solutions for large scale energy 
storage [2]. 

Nafion, see Figure 5.1 (a) for chemical structure, is a commonly used polymer 
electrolyte membrane (PEM) material in flow batteries and in polymer electrolyte 
membrane fuel cells (PEMFC) [3,4]. The main purpose of the polymer electrolyte 
membrane is to allow proton transport through it. Additionally, it prevents the 
electrolytes from mixing in a flow battery and the air and fuel streams from mixing 
in a fuel cell. 

Spry et al. [5] measured the proton concentrations in Nafion at various hydration 
levels using different molecules like HPTS and rhodamine-6G, by means of the time 
resolved fluorescence anisotropy. HPTS molecules measured the amount of proton 
transfer in bulk water channels whereas rhodamine-6G molecules measured it at the 
water interface. The fluorescence anisotropy decay times showed significant changes 
from hydration level of  𝝀𝝀 = 22 to 𝝀𝝀 = 5. The proton concentration using HPTS 
molecules at a high hydration level (𝝀𝝀=22) corresponded to 0.54 M, whereas a 
complete dissociation of all the protons at this hydration level would correspond to 
a concentration of 2.5 M. In fact, the amount of proton transfer at 𝝀𝝀= 12 and 22 were 
found to be 22% and 44%, respectively. Using rhodamine-6G, the proton 
concentration at the water interface was found to be 1.4 M which is still less than the 
2.5 M expected concentration for complete dissociation of all the protons. It was 
concluded, contrary to the common notion, that Nafion was not a superacid, i.e. not 
all the sulfonic acid groups are deprotonated for hydrated Nafion, even at high 
hydration levels.  

The equivalent proton concentrations at the water interface measured using 
rhodamine-6G for 𝝀𝝀= 7.5 and 12 were 1.8 M and 1.4 M, respectively. These 
concentrations were lower than what would be expected by keeping the number of 
dissociated protons constant and just reducing the amount of water. The water 
present had reduced to a third and to a half, respectively at 𝝀𝝀= 7.5 and 12, as compared 
to that at 𝝀𝝀= 22, which implies that the proton concentration should have roughly 

 
10 Please refer to the ‘Simulation Details’ section in this chapter for the definition of hydration level (𝜆𝜆) 
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tripled and doubled at 𝝀𝝀= 7.5 and 12, respectively. Since this was not the case, it 
meant that the proton dissociation at the water interface was lowered with reduction 
in hydration levels. This was also reflected in small changes of the fluorescence 
anisotropy decay time of rhodamine-6G from 𝝀𝝀= 22 to 𝝀𝝀= 5. 

Gruger et al. [6] measured the different hydrated species present in Nafion using 
spectroscopy techniques. At high hydration levels of 𝝀𝝀= 20, the sulfonic acid was 
completely dissociated and the dissociated proton was found to be associated with 
water molecules. At a lower dehydration level of 𝝀𝝀= 10, there was an emergence of 
a new species in which the hydronium ions were associated with the sulfonate 
groups. This species was even more abundant at lower hydration states. Singhal et 
al. [7] found that the concentration of protons decreased with decreasing thickness 
in Nafion films which was attributed to the increased association of the protons to 
the sulfonate ions with decreasing thickness. 

Figure 5.1. (a) A single Nafion chain (n=7, m=10) for equivalent weight 
(EW) of 1100; n represents the length of the monomer and m represents the 
degree of polymerization; the blue oval encircles the side chain protogenic 
group. (b) Hydrated Nafion simulated sample, where blue color is used for the 
water/hydrophilic phase, orange- for hydrophobic phase, and black – for the 
sulfonic acid groups. 

(a) (b) 
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Such experimental observations gain importance in light of other measurements 
made inside a Nafion membrane in a fuel cell under operating conditions. Patil et al. 
[8] found that the water content inside Nafion membrane went down with increasing 
fuel cell current. This could create regions of varying water content and, 
consequently, varying proton dissociation inside the membrane. 

Classical molecular dynamics (MD) simulations have been used to study the 
variable protonation states for a variety of materials. Simulations of Graphene oxide 
(GO) flakes showed aggregation at low pH, if the carboxyl groups were mainly 
protonated, whereas the GO flakes dissolved in water at high pH, with the 
deprotonated carboxyl groups [9]. This also agreed well with experiments [9]. 
Polyamidoamine (PAMAM) dendrimers in the presence and absence of linear 
polyethylene oxide (PEO) chain were studied using different protonation states of 
the amines in the PAMAM molecule [10]. Conformational states and hydrogen 
bonding were studied, and good agreements with experiments were found [10].  

Classical MD simulations have also been performed for Nafion to study the water 
phase structure and diffusion within the membrane [3,11–13]. Other techniques such 
as Reax-FF [14], MS-EVB [15] and ab-initio MD [16] simulations have also been 
used to study Nafion and other PEMs to better understand the proton hopping 
transport mechanism in such materials. Classical MD techniques enable study of 
large system sizes (>10,000 atoms) which is important for understanding the internal 
water phase structure in these PEM materials. 

 Previous classical MD simulation studies of Nafion had assumed that it is a 
superacid and, consequently, all the sulfonic acid groups had been deprotonated 
[3,11,12]. There have been experiments [17] which have shown that Nafion is a very 
strong acid comparable to 95% sulfuric acid solution. Calculations using pKa 
database have shown Nafion to have a pKa=-6 [18]. Previous DFT studies [19] had 
shown that the sulfonic acid groups were deprotonated at 𝝀𝝀 ≥ 3 which was the reason 
behind deprotonating all the sulfonic acid groups in the classical MD simulations. 
However, there are other experiments [5,6] , as discussed before, which have shown 
the existence of different protonation states even at very high hydration levels. 
Therefore, we think it is important to provide some insights, using classical MD, for 
both structural and dynamical properties of Nafion for various degrees of 
deprotonation (DDP) at different hydration levels. Our results show that the sulfur-
sulfur radial distribution functions (RDFs) peak heights showed similar trends as the 
neighboring intramolecular/intra-chain sulfur-sulfur (S-S) distance, although the first 
peak distance and the intramolecular S-S distance are noticeably different. The 
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hydrophilic cluster characteristic size and number of water molecules per cluster 
were analyzed using structure factors and cluster distributions, respectively. Both 
these parameters showed a visible correlation with DDP. The water molecules and 
hydronium dynamics were also analyzed using translational diffusion coefficients 
and residence times around the sulfonic acid group. It is important to note that 
properties like characteristic size of the water phase, residence time and diffusion 
can be measured in experiments and provide support for our simulation studies. The 
visible dependence of the water cluster morphology on the Nafion protonation states 
could have a bearing on the efficiency of fuel cells. 

 

5.2 Materials and Methods 
5.2.1 Simulation Details 
The Nafion monomer chemical structure is shown in Figure 5.1(a), where n 

represents the number of repeat [-CF2- CF2-] units in a monomer and m represents 
the degree of polymerization. The value of n=7 has been chosen which corresponds 

(a) 

Figure 5.2.  Different degrees of deprotonation for a Nafion chain (a) 
DDP=0, (b) DDP=3, (c) DDP=5, (d) DDP=7, (e) DDP =10.  ‘O’ represents 
a protonated sulfonic acid group and ‘X’ represents a deprotonated sulfonic 
acid group. 

 

(b) 

(c) (d) 

(e) 
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to an equivalent weight (EW) of 1100. EW is defined as the molecular weight of the 
polymer divided by the number of protogenic/sulfonic acid groups. EW of 1100 is a 
very commonly used variety of Nafion and, hence, has been chosen for this study 
[3,20]. Please refer to our previous study for Nafion chain construction details [21]. 

Figure 5.1(b) shows a typical simulated snapshot of a hydrated Nafion sample. The 
water phase, shown in blue, forms a continuous phase at sufficiently high hydration 
levels and so does the hydrophobic phase, shown in orange, at low or high hydration 
levels. The black dots are the sulfonic acid groups which are situated at the water 
phase - hydrophobic phase interface. 

A combination of pcff (polymer consistent force field) [22] and COMPASS 
(Condensed-phase Optimized Molecular Potentials for Atomistic Simulation 
Studies) [23] force fields have been used for our study. Details about the force field 
used and the validation of our choice are provided in the main text and the supporting 
information of our previous study [21]. 

Five different degrees of deprotonation (DDP) were chosen, corresponding to 0, 3, 
5, 7 and 10, as seen in Figure 5.2. The zero DDP corresponds to the case where all 
the sulfonic acid groups in a single Nafion chain have the proton attached to them. 
At DDP=10, all the sulfonic acid groups in a Nafion chain have the protons detached. 
The intermediate DDP=3, 5, 7 correspond to 3, 5 and 7 deprotonated sulfonic acid 
groups in a Nafion chain. For the 3 and 7 DDP cases, the deprotonated groups have 
been distributed as uniformly as possible throughout the chain. This was done to 
negate additional effects from clustering of the sulfonic acid groups which have been 
observed in previous simulations [3].  

Four different hydration levels corresponding to 𝝀𝝀=5, 10, 15, 20 were simulated at 
a temperature of T=353 K, common operating temperature of fuel cells.  Hydration 
level (𝝀𝝀) is defined as the number of water molecules present per sulfonic acid group. 
So, a total of 20 different state points, corresponding to different choices of DDP and 
𝝀𝝀, were used. All these different state points started from a different and independent 
initial configuration.  

Therefore in summary, 5 different DDP values, DDP = 0, 3, 5, 7, 10 at 4 different 
hydration levels of, 𝜆𝜆= 5, 10, 15, 20 were simulated in our study. A total of 20 
different simulation boxes were constructed using the Amorphous Cell module of 
Materials Studio [24]. Each simulation box had 𝑁𝑁𝑐𝑐ℎ=20 Nafion chains. There were 
𝑁𝑁𝐻𝐻 = 0, 60, 100, 140, 200 hydronium ions present in simulation boxes for DDP= 0, 
3, 5, 7 and 10, respectively. The number of water molecules present is equal to 𝑁𝑁𝑐𝑐ℎ ∗
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10 ∗ 𝜆𝜆 − 𝑁𝑁𝐻𝐻 , where the factor 10 is due to the number of sulfonic acid groups per 
Nafion chain corresponding to the chain degree of polymerization.  The total number 
of atoms were in the range of 17000-26000 and the simulation box sizes were in the 
range of 58-66 Å. 

The boundary conditions were periodic in all 3 directions. In addition, Nafion 
simulations were also performed in 3D periodic boxes for DDP =10 and for 𝜆𝜆= 5, 
10, 15, 20 having 7 and 20 Nafion chains. No finite size effects have been observed 
on comparing the density, radial distribution functions (RDFs) and water and 
hydronium diffusion coefficients. All the simulation results shown in the present 
paper are for a 20 chain Nafion system. 

The simulations were run for a total of 9 ns and the last 3 ns of the production runs 
was used for analysis. Six independent additional simulations were run 
corresponding to DDP=0, 3, 5 and λ=5, 20 for 12 ns. The analysis was done for these 
independent simulations by sampling from a production run corresponding to the last 
6 ns. In addition, the original simulations, which had a production run of 3 ns, were 
also extended to have a production run of 6 ns from which analysis was performed 
for these six state points. There were no noticeable differences found between the 
independent and the extended simulation runs. Therefore, all the results provided 
here are from sampling production runs corresponding to the last 3 ns in 9 ns 
simulation runs. 

  The density, with variation less than 0.05 % were close to experimental values11, 
and the energies had stabilized after around 2.5 ns from the start of the simulation. 
Moreover, the water phase also stabilized within this simulation period as evidenced 
by the simulated water structure factor peak wave numbers and water diffusion 
coefficients being close to the experimental values12. Residence times for hydronium 
ions were also comparable to experimental values13. The duration of the present 
simulations and the implemented system sizes are consistent with the previous 
simulation studies [3,11,12,25–27]. Each simulation consumed around 50 CPU hours 

 
11 Please refer to the ‘Density of Hydrated Nafion’ section in this chapter. 
 
12 Simulated water diffusion coefficients have been compared to the experimental values in the 
Supporting Information of our previous study[21]. Comparison of simulated and experimental 
structure factors is provided in the ‘Structure Factor and Cluster Distribution’ section in this 
chapter. 

 
13 Please refer to the ‘Residence Time’ section in this chapter 
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on 32 cores of the Lisa computing cluster in SurfSara (Amsterdam).  A detailed 
description of the model construction and the simulation protocol has been presented 
in the Supporting Information (Sections I and II). 

5.2.2 Analysis Methods 
From the production runs, structural and dynamic characteristics like chain radius 

of gyration (Rg), side chain lengths, radial distribution functions (RDFs), 
intramolecular Sulfur-Sulfur (S-S) distance, characteristic size/diameter of 
hydrophilic/water domains, cluster distribution of water molecules and/or hydronium 
ions, hydrogen bond count in the water phase, diffusion coefficients and residence 
time of water molecules and hydronium ions have been analysed. The effect of DDP 
and hydration levels on all these characteristics will be discussed in detail later. 

The radial distribution function g(r) (RDF) is proportional to the probability of 
finding an atom B at a distance r from the reference atom A inside a shell of thickness 
dr [20]. The Sulfur-Sulfur RDF has been analysed to check for any significant 
changes in the distance between the side chain protogenic groups. The average 
Nafion chain radius of gyration (<Rg>) [28] and  Nafion side chain lengths have been 
calculated for all different degrees of deprotonation (DDP) and all hydration levels 
(𝝀𝝀). The side chain length is defined as the distance between the carbon, connecting 
the backbone of Nafion to the side chain, and the sulfur in the sulfonic acid group. 
The intramolecular S-S distance is the distance between two adjacent sulfonic acid 
groups in a Nafion chain.  

The structure factor for the hydrophilic/water phase is computed by the Fourier 
transform of the oxygen (water and hydronium) - oxygen (water and hydronium) 
RDF 

𝑆𝑆(𝑞𝑞) = 1 + 4𝜋𝜋𝜋𝜋 ∫ (𝑔𝑔(𝑟𝑟)−1)∗r∗sin (𝑞𝑞𝑟𝑟)
𝑞𝑞

𝑟𝑟𝑚𝑚
0 𝑑𝑑𝑑𝑑                                                            (1) 

where 𝜋𝜋 is the density, 𝑔𝑔(𝑑𝑑) is the RDF value at distance 𝑑𝑑, 𝑞𝑞 is the corresponding 
wave number and 𝑑𝑑𝑚𝑚 is the maximum distance upto which RDF is calculated. 

The structure factor 𝑆𝑆(𝑞𝑞) has a peak at a particular wave number (qmax) which 
corresponds to the characteristic size, dmax = 2𝜋𝜋

qmax
 , of the water/hydrophilic phase. 

The RDF is computed using VMD [29] g(r) plugin which uses a special 

normalization function[30] to compute RDFs up to √3𝐿𝐿
2 , where 𝐿𝐿 is the box size with 

periodic boundaries in all three dimensions [31].  The minimum box size for our 
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simulations is about 𝐿𝐿= 58 Å. The RDFs are computed up to 𝑟𝑟𝑚𝑚=40 Å which is 

smaller than the maximum allowable distance of  √3𝐿𝐿
2 = 50.2 Å. Using the standard 

method, the RDFs can only be computed up to a maximum distance of 𝐿𝐿
2 under 

periodic boundary conditions. However, the method used in the present study allows 
us to simulate RDFs at larger distances, thus improving the resolution of the structure 
factors at lower wave numbers. The structure factor calculated using Equation (1) 
allows computation up to a minimum wave number [32], 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜋𝜋

𝑟𝑟𝑚𝑚
 = 0.0785 Å-1.    

 The cluster distribution of water molecules was computed for the different 
hydration levels (λλ) using the OVITO software [33]. A cluster is defined as a group 
of atoms in which each atom is within a particular pre-defined cut-off distance of at 
least another atom within that group. The oxygen atom in a water molecule and in a 
hydronium ion was used for computing cluster sizes. For example, cluster of 5 
oxygen atoms is assumed to represent the cluster of 5 water molecules and/or 
hydronium molecules. The cluster distribution plots number of clusters, averaged 
over a time interval of 3 ns, versus the cluster size. Cluster size is the number of 
water and/or hydronium molecules present in a cluster, as defined in a previous 
simulation study [11]. The average number of clusters for any particular cluster size 
is the occurrence frequency of that particular cluster size divided by the total number 
of trajectory snapshots during the 3 ns production period. The total cluster count and 
the average number of water molecules and/or hydronium ions per cluster at all 
hydration levels and DDP have been extracted from the cluster distributions and 
analysed.  

Hydrogen bond count was computed for hydrogen bonds between water molecules 
and also between water molecules and hydronium ions using the criteria introduced 
in previous simulation studies [34,35]. The normalized hydrogen bond counts were 
computed by dividing the actual count by the maximum possible number of hydrogen 
bonds at a particular hydration level and DDP. 

The translational diffusion coefficients for the center of masses of water molecules 
and hydronium ions were computed by analysing their mean square displacements 
(MSD) using the Einstein relation in the diffusive regime [28]. Diffusion coefficients 
were computed for water molecules and hydronium ions averaged over the entire 
simulation box. The diffusion coefficients were also computed in the first residence 
shell around the sulfur atoms by tracking the molecules present within 4.2 Å of the 
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sulfur atom of the sulfonic acid group for 3 ns using the method prescribed in a 
previous simulation study [36]. 

The residence time was calculated for water molecules and hydronium atoms in the 
first residence shell around sulfur using the procedure suggested before [37,38]. In 
essence, a correlation function, 𝐶𝐶(𝑡𝑡), was introduced as 

𝐶𝐶(𝑡𝑡ℎ) = ∑ ∑ 𝑣𝑣𝑖𝑖(𝑡𝑡𝑗𝑗)𝑣𝑣𝑖𝑖(𝑡𝑡𝑗𝑗 + 𝑡𝑡ℎ)𝑁𝑁
𝑖𝑖=1

𝑀𝑀−ℎ
𝑗𝑗=1                                                                   (2) 

where, 𝑣𝑣𝑖𝑖 is the Boolean variable whose value is 1 if the oxygen atom of a water 
molecule/hydronium ion is within 4.2 Å of a sulfur of the sulfonic acid group or else 
the value is zero, 𝑁𝑁 is the total number of water molecules/hydronium ions, offset 
time (𝑡𝑡ℎ) = ℎ∆𝑡𝑡, ℎ − 0,1 … . ,1800, ∆𝑡𝑡 = 1 ps is the sampling interval and 𝑀𝑀 is the 
total number of samples (𝑀𝑀 = 2000 corresponding to 2000 ps). 

A correlation function 𝐶𝐶(𝑡𝑡), as introduced in Equation 2, is computed for each 
sulfur atom in the system. The residence time (𝜏𝜏)  has been calculated using the 
stretched exponential fit 

𝐶𝐶(𝑡𝑡) = 𝑎𝑎 ∗ exp (− (𝑡𝑡
𝜏𝜏)

𝛽𝛽
)                                                                                          (3) 

Each correlation function 𝐶𝐶(𝑡𝑡) fitted with Equation 3 yielded a residence time (𝜏𝜏). 
All these residence times were averaged. There were a few very high residence time 
values due to some water molecules/hydronium ions getting stuck near some sulfur 
atoms. These high residence times were filtered out before averaging by a commonly 
used outlier elimination method [39]. Outliers were adjudged to be all those 
residence times for which the median absolute deviation was greater than 1.5 times 
the interquartile range. 

 

5.3 Results and Discussion 
5.3.1 Density of Hydrated Nafion 
Figure 5.3 shows the density of the simulated Nafion samples at various degrees of 

deprotonation (DDP) and different hydration levels at T= 353 K. The density values 
are within 5-7 % of the previously reported experimental data [40,41] at T= 300 K 
and simulated values [12] at T= 353 K. The simulated density decreases with 
increasing hydration at any particular DDP (Figure 5.3 (a)), as more water causes the 
sample to swell. However, the density does not show any considerable trend with 
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varying DDP at any hydration level (Figure 5.3 (b)). This means that DDP does not 
affect the amount of swelling of Nafion. 

5.3.2 Radial Distribution Functions (RDF)  
The distance between the protogenic sulfonic acid groups is an important property 

to understand the structural changes in the Nafion membrane. Previous DFT based 
simulation studies [42] have shown that the sulfur-sulfur distance less than 6.5 Å 
increased water binding to sulfonic acid groups and also affected the ease of the 
proton dissociation. Hence, the sulfur-sulfur (S-S) RDF at small atomic separations 
(< 8 Å) have been analyzed in the present study to check for any significant trends. 

Figure 5.4 shows the S-S RDFs for a range of DDPs and hydration levels. The 
position of the first peak of the S-S RDF, at around 5 Å, does not show any noticeable 
trend with varying DDP at any particular hydration level. However, the RDF values 
at the first maximum, for low hydration level of  𝜆𝜆 = 5, increase with increasing 
DDP whereas the same RDF values decrease with increasing DDP at higher 
hydration levels of 𝜆𝜆 = 10, 15, 20. Increasing DDP creates more negatively charged 
sulfonic acid groups which increase the repulsion between these groups and reduce 
the RDF values at a shorter distance. This explains the trend at higher hydration 
levels of  𝜆𝜆 ≥ 10 but not for 𝜆𝜆 = 5. A similar reversal of trend from 𝜆𝜆 = 5 to 𝜆𝜆 = 20 
is also observed in intramolecular sulfonic acid group separation distances, which 

Figure 5.3. Hydrated Nafion density values for (a) 𝜆𝜆 = 5, 10, 15, 20 at DDP= 
0, 3, 5, 7, 10 (b) for DDP= 0, 3, 5, 7, 10 at 𝜆𝜆 = 5, 10, 15, 20. The error bars 
are very small and are located within the circular symbols 

 

(a) (b) 
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are analysed below. Later, we will provide an explanation for this interesting similar 
trend of two different metrics. 

The Sulfur- Oxygen (water) (S-Ow) and Sulfur- Oxygen (hydronium) (S-Oh) RDF 
first peak values increase with increasing DDP at all hydration levels (Figure A3.1 
and A3.2). The reason being that the number of charged sulfonic acid groups increase 
with increasing DDP resulting in more attraction between the water 
molecules/hydronium ions and sulfonic acid groups. This effect also reduces the 
small distance correlation in between water molecules, as reflected in the decreasing 
first peak Oxygen (water) - Oxygen (water) RDF values with increasing DDP (Figure 
A3.3). 

Figure 5.4.  Sulfur-Sulfur (S-S) RDF dependence on degree of deprotonation 
(DDP) =0, 5 and 10 for different hydration levels (𝜆𝜆) of (a) 𝜆𝜆 = 5, (b) 𝜆𝜆 =
10, (c) 𝜆𝜆 = 15, (d) 𝜆𝜆 = 20   

 

(a) (b) 

(c) (d) 
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5.3.3 Chain Length Statistics 
The radius of gyration (Rg) as shown in Figure 5.5(a), is an important statistical 

property because it can be measured in experiments like DLS and SANS [43]. No 
observable trend can be seen for Rg values upon changing DDP, in contrast with the 
weakly increasing trend of side chain length, as shown in Figure 5.5(b). As was 
already noticed earlier, increasing DDP increases the number of charged sulfonic 
acid groups. This increased charge consequently increases the affinity of the side 
chains for the polar water phase which causes them to stretch towards the 
hydrophilic/water phase. 

As opposed to the side chain lengths, the Rg does not show any trend with DDP 
simply because Nafion is mostly composed of hydrophobic components which form 
a separate hydrophobic phase. Slight changes in side chain lengths are unlikely to 
have an effect on the conformations of this largely hydrophobic molecule. 

Figure 5.5.  (a) Radius of gyration (𝑅𝑅𝑔𝑔) for Nafion chain, error bars are within 
the symbols (b) Nafion side chain length dependence on degree of 
deprotonation (DDP) for different hydration levels (𝜆𝜆) 

(a) (b) 
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Figure 5.6 shows the intramolecular distance between the neighbouring sulfur 
atoms, in the sulfonic acid groups. This distance goes down sharply with increasing 
DDP for 𝝀𝝀 = 5 , while it remains unchanged for 𝝀𝝀 = 10 and 15 and increases 
gradually for 𝝀𝝀 = 20. The neighbouring intramolecular S-S distances are much higher 
than the first peak distances observed in the S-S RDF. However, a similar reversal 
of trend has been noticed, as seen before for the S-S RDF first maximum values, 
from a low hydration level to higher hydration levels. We believe that this trend is 
connected to the preferable interactions of increasingly hydrophilic sulfonic acid 
groups with existing water domains. The side chains stretch and move towards the 
hydrophilic/water phase with increasing DDP at all hydration levels. At higher 
hydration levels, larger water clusters allow easier movement of the sulfonic acid 
groups which increases separation between these groups. However, at a low 
hydration level of 𝝀𝝀 = 5, large water clusters are absent which restricts the free 
movement of the sulfonic acid groups and, hence, reduces the distance between them 
on average 

Figure 5.6. Intramolecular 
neighboring Sulfur-Sulfur (S-S) 
distance dependence on degree of 
deprotonation (DDP) for different 
hydration levels (𝜆𝜆) 
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5.3.4 Side Chain Length 
The differences in the side chain lengths have been shown to affect the diffusion of 

water within the PEMs [12]. Therefore, the side chain lengths have been analysed 
for different wall hydrophilicity and the film thicknesses, and the same has been 
shown in Figure 5.7. The bulk Nafion side chain length was on average about 7.3 Å. 
The capped Nafion film side chain lengths did not show any considerable deviation 
from the bulk value. There was no noticeable trend for the side chain lengths with 
wall hydrophilicity and/or film thickness. Therefore, it can be concluded that changes 
in water diffusion amount (if any) should not be due to the changes in side chain 
lengths in capped Nafion films. 

Figure 5.7. Nafion side chain lengths for 
different wall hydrophilicity (𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦) values 
and different film thicknesses  
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5.3.5 Water Structure Factor and Water Cluster Distribution 
Hydrophobic and hydrophilic parts of Nafion tend to phase separate upon 

hydration. The hydrophilic phase is made up of water clusters. At sufficiently high 
hydration levels, these water clusters join together to form a percolated 
hydrophilic/water domain [44] allowing the transport of protons through it. The 
characteristic size/diameter of the water domains, comprising of water molecules and 
hydronium ions, in the water phase has been analysed by computing the structure 
factor using Equation 1, as demonstrated in a previous study [45]. In addition, water 
cluster analysis has been performed to calculate the number of water molecules 
and/or hydronium ions in different water clusters of varying sizes. All the water 
cluster analysis shown here is for a cut-off distance of 3.7 Å. This cut-off distance 
was chosen since it is well beyond the first maximum of the RDFs of oxygen (water)-
oxygen (water) and oxygen (hydronium)-oxygen (water), as shown in Figure A3.3 
and A3.4. Hence, this distance will include majority of the water molecules and 

Figure 5.8.  Characteristic 
water/hydrophilic phase channel size 
(𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚) dependence on degree of 
deprotonation (DDP) for different 
hydration levels (𝜆𝜆). The circular 
symbols are the actual data points 
and the dashed lines are only a guide 
to the eye. 
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hydronium ions. We here refer to our previous study [21] for further justification of 
this cut-off distance. 

Figure 5.8 shows the characteristic water phase, composed of water molecules and 
hydronium ions, channel size/diameter (dmax)  for various DDPs at different 
hydration levels. The corresponding structure factors, calculated using Equation 1, 
for each of these DDPs and hydration levels are shown in Figure A3.5. The wave 
numbers corresponding to the first peak of the structure factors are very close to the 

 
14 The maximum dmax value is around 70 Å. dmax is the characteristic diameter of the water 
channels. So, the maximum radius of these water channels would be 35 Å which is well within the 
maximum distance of 40 Å up to which the RDFs are calculated. RDFs assume spherical symmetry 
and therefore features with radius of 35 Å can be detected for the maximum distance of RDF 
computation of 40 Å. 

 

Figure 5.9. Hydrophilic/water phase 
cluster distribution for degree of 
deprotonation (DDP) = 0, 3, 5, 7, 10 
at a hydration level of 𝜆𝜆 = 10. The 
average number of clusters for cluster 
sizes < 10 is well beyond the vertical 
scales. The average number of 
clusters is directly proportional to the 
occurrence frequency of a particular 
cluster size in the averaging interval 
of 3 ns. Hydrophilic/water phase 
contains both water molecules and 
hydronium ions. 
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experimental values [46] and previous simulated values for a smaller system size [3]. 
We can see that dmax shows a noticeable decreasing trend with increasing DDP at 
all hydration levels, which means that the water domains are becoming narrower 
with increasing DDP. It is important to note that DDP can be connected to solution 
pH, i.e., higher DDP corresponds to higher solution pH and vice versa. Cluster 
distributions for water molecules and/or hydronium ions have been analyzed next to 
get further insights into the hydrophilic/water phase morphology. 

Figure 5.9 shows the water cluster distribution15 for 𝝀𝝀 = 10 at the different DDPs 
chosen for this study. We can see a peak forming in the size range of 1800-2000 for 
various DDPs representative of a large connected water cluster. This large cluster 
peak is moving towards bigger water cluster sizes with increasing DDP. This pattern 
is repeated for higher hydration levels of 𝝀𝝀 = 15 and 20 (Figure A3.6). However, for 
𝝀𝝀 = 5 no such trend is observed since only a limited amount of water is present. 

Figure 5.10(a) shows the total number of water clusters/cluster count for different 
DDPs at various hydration levels. The total cluster count decreases with increasing 
DDP for 𝝀𝝀 ≥ 10. This observation indicates a more dispersed water phase with 

 
15 Please refer to the ‘Analysis Techniques’ section in this chapter for understanding calculation 
of water cluster distribution 

 

Figure 5.10. Hydrophilic/water phase (a) total cluster count and (b) average 
number of water and/or hydronium ions per cluster, dependence on degree of 
deprotonation (DDP) for different hydration levels (𝜆𝜆). Hydrophilic/water 
phase contains both water molecules and hydronium ions 

 

(a) (b) 

143

Atomistic Simulation of Nafion Deprotonation Variation 

5



 
 

decreasing DDP at higher hydration levels. No such trend is observed for 𝝀𝝀 = 5 due 
to the absence of any large connected water phase.  

The average number of water and/or hydronium ions per cluster, as shown in Figure 
5.10(b), is the weighted average of cluster sizes where the weights are the average 
number of clusters corresponding to the different cluster sizes. This is effectively the 
area under the cluster distributions, as shown in Figure 5.9 and Figure A3.6. We can 
see a trend that matches with the visual interpretation of cluster distributions 
discussed above. The average number of water and/or hydronium ions per cluster 
increases with increasing DDP at large enough hydration levels of 𝝀𝝀 ≥ 10. The reason 
for such a trend could be that higher DDP creates more charged sulfonic acid groups 
which, in turn, attracts more water in the vicinity of such groups and aids in formation 
of bigger water clusters. 

Concluding this part, we can see that the water cluster distributions and water 
channel characteristic sizes are significantly affected by changes in DDP. Water 
domains are getting narrower with increasing DDP at any given hydration level, as 
seen in Figure 5.8. However, the average number of water molecules per cluster is 
increasing with DDP, as seen in Figure 5.10(b), which means that the domains are 
also becoming longer or more connected over larger distances with increasing DDP.  

 We provide a conceptual picture behind such morphological changes of the water 
domains/channels. The number of water molecules, considering the ones present in 
hydronium ions, is constant at any given hydration level. The water molecules and 
hydronium ions get distributed in the vicinity of a larger number of charged sulfonic 
acid groups with increasing DDP at any particular hydration level. Consequently, the 
water molecules and hydronium ions are distributed over a larger volume with 
increasing DDP which causes the water domains to stretch out and become narrower. 
To conserve the volume of the water molecules and hydronium ions, the water 
domains should become longer with increasing DDP, even if the average number of 
water molecules and/or hydronium ions per cluster is constant with DDP. But, the 
average number of water molecules and/or hydronium ions per cluster increases with 
DDP which implies that water domains are further elongated than what would be 
expected by just volume conservation.  

5.3.6 Hydrogen Bond Count 
The water molecules present in the system form hydrogen bonds with themselves 

and with the hydronium ions. The protons can hop across these hydrogen bonds and 
diffuse through membrane. Therefore, the number of such hydrogen bonds existing 
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in the system at various DDPs and hydration levels is important for proton transport 
and has been analysed in our study. 

Figure 5.11(a) shows the number of hydrogen bonds existing between water 
molecules and hydronium ions. The total number of such hydrogen bonds increases 
considerably with increasing DDP at any particular hydration level. This is expected, 
since the number of hydronium molecules present in the system is increasing with 
increasing DDP. The normalized hydrogen bond count is computed by normalizing 
the total count by the maximum possible number of hydrogen bonds (between water 
and hydronium) at any particular DDP and hydration level. Interestingly, this 
normalized hydrogen bond count (Figure 5.11 (b)) shows a decreasing trend with 
increasing DDP at all hydration levels. This implies that the probability of forming a 
hydrogen bond between water molecule and hydronium ion decreases, despite the 
increasing availability of hydronium ions upon increasing DDP. The reason for this 
could be that the hydronium molecules reside close to the sulfonic acid group and, 
hence, do not participate in hydrogen bonding with water molecules despite 
increasing number of hydronium ions. Such a change in trend is not observed for 
hydrogen bonds formed between water molecules (Figure A3.7). 

Figure 5.11. Dependence on degree of deprotonation (DDP) for (a) 
actual hydrogen bond count and (b) normalized hydrogen bond count 
between water molecules and hydronium ions for different hydration 
levels (𝜆𝜆) 

 

(b) (a) 
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5.3.7 Translational Diffusion of Water and Hydronium 
Water diffusion through the membrane in a fuel cell or flow battery is important 

for the functioning of these devices. Vehicular diffusion mechanism describes a 
process in which the proton attaches to the water molecules and diffuses through the 
membrane [47]. There exists another proton transport process known as Grotthuss 
mechanism, which describes the proton jumps across the hydrogen bonds present in 
the network [47]. Here, we will be analysing only the vehicular diffusion of both 
water molecules and hydronium ions across various DDP and hydration levels. 

The average water molecules and hydronium ions center of mass diffusion 
coefficients have been computed using the Einstein relation in a diffusive regime 
(Figure A3.8 and A3.9). Figure 5.12 shows the simulated diffusion coefficients of 
the water molecules and hydronium ions for various DDPs at different hydration 
levels (𝝀𝝀). The diffusion coefficients decrease with decreasing hydration level due to 
the decreasing average number of water molecules and/or hydronium ions per 
cluster, as expected. The diffusion coefficients for hydronium ions are two-three 
times smaller than those of water molecules, at any given DDP and hydration level. 
This is due to the stronger electrostatic attraction between the hydronium ions and 
sulfonic acid groups, as compared to that for water molecules.  

The water diffusion coefficients show a very weak, almost negligible decreasing 
trend with DDP at all hydration levels. This can be explained analysing the 
corresponding structural changes of the hydrophilic/water domains. The water 

Figure 5.12. Diffusion coefficients for center of mass of all (a) water 
molecules and (b) hydronium ions, as functions of the deprotonation 
degree (DDP) for different hydration levels (𝜆𝜆) 

 

(b) (a) 
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domain characteristic size/diameter (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚) grows with decreasing DDP, while the 
average number of water molecules and/or hydronium ions per cluster goes down 
with decreasing DDP. Both these effects counteract each other and, hence, the water 
diffusion remains largely unaffected by DDP. 

On the other hand, the hydronium ion vehicular diffusion rates are showing a 
significant downward trend with increasing DDP, despite the counteracting effects 
discussed in the preceding paragraph. The electrostatic attraction between the 
positively charged hydronium ions and the negatively charged sulfonic acid groups 
increases with increasing DDP, which hinders significantly the free diffusion of the 
hydronium ions. It can be concluded that the electrostatic interaction is the dominant 
factor in the vehicular diffusion of hydronium ions, as compared to any 
morphological changes of the water domains induced by the DDP variation. 

The sulfonic acid group forms hydrogen bonds with water molecules and this helps 
in the deprotonation of this group. Therefore, both the diffusion and residence time 
of water molecules and hydronium ions have been analyzed within a distance of 4.2 
Å around the sulfur atoms of sulfonic acid group. This is the distance up to the first 
maximum of the S (sulfur) –Ow (oxygen of water) and S (sulfur) –Oh (oxygen of 
hydronium) RDFs (Figure A3.1 and A3.2). Figure A3.10 and A3.11 show the mean 
square displacements (MSDs) of the water molecules and hydronium ions within this 
distance. The diffusion coefficients have been extracted from these MSDs, as shown 
in Figure A3.12. Both the water molecules and hydronium ions diffusion follow a 
similar trend, as observed for the average values discussed earlier. The reason for 
this similarity of trend is that a large percentage of the water molecules and 
hydronium ions are found within the 4.2 Å of the sulfur atoms of the sulfonic acid 
groups. This first maximum of the S-Ow and S-Oh RDFs is the most prominent 
maxima in the RDFs by far, hence encompassing a majority of the water molecules 
and hydronium ions. 

5.3.8 Residence Time of Water and Hydronium 
Figure 5.13 shows the residence times extracted from the relaxation of the 

corresponding correlation function, Equation 2, using a stretched exponential fit, 
Equation 3, for water molecules and hydronium ions within a distance of 4.2 Å from 
the sulfur in the sulfonic acid group, respectively. This is the distance near the first 
up to the first maximum of the S (sulfur) –Ow (oxygen of water) and S (sulfur) –Oh 
(oxygen of hydronium) RDFs (Figure A3.1 and A3.2). The residence times extracted 
with an exponential fit [37], 𝛽𝛽 = 1 in Equation 3, are shown in Figure A3.13. Both 
these fits show the same qualitative trend, but the residence times are larger for 
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exponential fit as compared to those from the stretched exponential fit. The adjusted 
𝑅𝑅2 of the stretched exponential fit values is always higher than that for the 

exponential fit, which is why we have chosen to show only the stretched exponential 
fit parameters here. 

The residence times for hydronium ions are higher than those of water molecules 
because of the stronger electrostatic attraction between hydronium ions and sulfonic 
acid groups. These observations also match qualitatively with the previous 
simulation results [37]. Important to note here the quasielastic neutron scattering 
spectra analysis of hydrated Nafion [46], which showed the existence of slow and 
fast protons at all hydration levels. The number of fast protons was significantly 
bigger than that of slow protons at higher hydration levels of λλ≥10 [46] , which means 
the residence time of protons at higher hydration levels will be biased towards the 
residence time of the fast protons. Our simulated residence time for hydronium ions 
match very well with the experimental residence time [46] of fast protons at higher 
hydration levels of λλ ≥10. 

The residence times for water molecules, shown in Figure 5.13 (a), show no visible 
trend with varying DDP at all hydration levels. This correlates well with water 
diffusion coefficients in the whole system, as well as in the vicinity of the sulfonic 
acid group. Contrast to that, the residence time for hydronium ions increases with 
DDP, especially for a low hydration level of λλ=5 (Figure 5.13 (b)). This is due to the 

Figure 5.13. Residence time for (a) oxygen (water molecules) (b) oxygen 
(hydronium ions) as a function of degree of deprotonation (DDP) for 
different hydration levels of (𝜆𝜆) 

(b) (a) 
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lack of connected water clusters at λλ=5 which hinders the hydronium ion movement 
away from the charged sulfonic acid groups. For higher hydration levels, the 
hydronium ion residence time also shows a noticeable increase with DDP. This 
increasing trend is in agreement with the hydronium ion diffusion trends observed 
previously. The diffusion slows down with increasing DDP because the hydronium 
ions spend more time in the vicinity of the sulfonic acid groups.  

In conclusion, the water molecules diffusion is not affected by DDP, despite 
changes taking place in the structure of the hydrophilic phase. The hydronium ion 
diffusion slows down with increasing DDP due to the electrostatic interactions, 
which overrides any effects caused by changes in shape and size of the 
water/hydrophilic domains. 

 

5.4 Conclusions 
Previous experiments [5] of Nafion have shown less than 50 % deprotonation even 

at very high hydration levels (λλ=22). Other experiments [6,7] have shown the 
existence of protons associated with the sulfonate groups at moderate hydration 
levels (λλ=10) and also with decreasing film thickness. Therefore, in the present study 
Nafion was simulated using classical MD for varying levels of DDP (degree of 
deprotonation) at four different hydration levels of λλ= 5, 10, 15, 20 at T=353 K, to 
understand its structure and dynamics.  

The position of the first maximum of the simulated sulfur-sulfur RDFs (radial 
distribution function) did not show any noticeable trend with varying DDP. 
However, the first maximum height reduced with increasing DDP for higher 
hydration levels (λλ = 10, 15 and 20), whereas it increased with increasing DDP for a 
low hydration level (λλ = 5).  

The Nafion side chain lengths increased with increasing DDP at all hydration levels 
due to the increasing attraction between the charged sulfonic acid groups and the 
hydrophilic phase. However, the intramolecular neighbouring sulfur-sulfur (S-S) 
distance reduced with increasing DDP for λλ= 5 while it stayed the same or increased 
for higher hydration levels (λλ ≥ 10). This trend was similar to the peak heights 
observed in the S-S RDF, although the distances for both these metrics were quite 
different. It was hypothesised that the longer side chain lengths with increasing DDP 
allowed the side chains to move freely in bigger water clusters at higher hydration 
levels. In contrast, the longer side chain lengths at a low hydration level had reduced 
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ability to move freely, due to the absence of large water clusters which, in turn, 
induced more order and regularity in the spacing of the side chains. 

The characteristic size/diameter of the hydrophilic phase decreased with increasing 
DDP. At the same time, the average number of water molecules per cluster increased 
with increasing DDP. Therefore, it was concluded that the water domains became 
narrower and longer with increasing DDP.  

The probability of formation of hydrogen bonds between a water molecule and a 
hydronium ion decreased with increasing DDP at all hydration levels, despite the 
increasing total number of such hydrogen bonds. The increased residence time of 
hydronium ions near the sulfonic acid groups with increasing DDP was found to be 
the reason behind this trend. 

The water vehicular diffusion coefficients showed no considerable changes with 
DDP. This effect correlated well with the structural changes observed in the water 
phase/domains. The water domains became narrower with increasing DDP, but this 
narrowness was compensated by a larger amount of water molecules per cluster 
which provided longer water domains. Despite these counteracting effects, the 
hydronium ions showed a significantly decreasing vehicular diffusion with 
increasing DDP across all hydration levels. This was attributed to the strong 
electrostatic attraction between the hydronium ions and sulfonic acid groups. The 
residence time trends for both the water molecules and hydronium ions was in 
agreement with the vehicular diffusion trends. The water residence time was almost 
invariant with DDP, whereas the hydronium residence showed considerable increase.  

Varying DDP had a significant effect on the morphology of the water domains. 
This changing morphology of water domains can be measured experimentally using 
scattering techniques to provide information about structure factors. The present 
simulation study can definitely be important to provide insights to such experiments. 
Also, the changes in morphology of the water domains will have a bearing on the 
efficiency of fuel cells since the water content in the membrane changes [8] during 
the operation of fuel cells.  

Supplementary Material 
All supplementary material is available at 

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b04534/suppl_file/jp9b04534_si_0
01.pdf 
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Chapter 6 

6. Dissipative Particle Dynamics Modeling of 
Polyelectrolyte Membrane–Water Interfaces 

 

Abstract 
Previous experiments of water vapor penetration into polyelectrolyte membrane 

(PEM) thin films have indicated the influence of the water concentration gradient 
and polymer chemistry on the interface evolution, which will eventually affect the 
efficiency of the fuel cell operation. Moreover, PEMs of different side chains have 
shown differences in water cluster structure and diffusion. The evolution of the 
interface between water and polyelectrolyte membranes (PEMs), which are used in 
fuel cells and flow batteries, of three different side-chain lengths is studied using 
dissipative particle dynamics (DPD) simulations in this Chapter. Higher and faster 
water uptake is usually beneficial in the operation of fuel cells and flow batteries. 
The simulated water uptake increases with the increasing side chain length. In 
addition, the water uptake is rapid initially and slows down afterwards, which is in 
agreement with the experimental observations. The water cluster formation rate 
increases with the increasing side-chain length, whereas the water cluster shapes are 
unaffected. Water diffusion in the membranes, which affects proton mobility in the 
PEMs, increases with the side-chain length at all distances from the interface. In 
conclusion, side-chain length has a strong influence on the interface water structure 
and water penetration rates, which can be harnessed for the better design of PEMs. 
Since the PEM can undergo cycles of dehydration and rehydration, faster water 
uptake increases the efficiency of these devices. We show that the longer side chains 
with backbone structure similar to Nafion should be more suitable for fuel cell/flow 
battery usage. 
 
 
 
 
 
 
 
 
 
This Chapter is adapted with permission from: S.Sengupta, A.V.Lyulin ,” Dissipative Particle Dynamics 
Modeling of Polyelectrolyte Membrane–Water Interfaces”, Polymers 12(4), 
907,  https://doi.org/10.3390/polym12040907 





 
 

6.1 Introduction 
Polyelectrolyte membranes (PEMs) are widely used in fuel cells and flow batteries. 

They are used to provide a pathway for proton transport and separate 
gases/electrolytes from mixing. PEMs absorb water on contact, and connected water 
pathways are formed inside the PEM. Polyelectrolyte membranes have a variety of 
chemical structures. The most commonly used PEM is Nafion, which has a 
polytetrafluoroethylene (PTFE) hydrophobic backbone and a highly hydrophilic 
(due to the presence of a sulfonic acid group) side chain; see Figure 6.1(b). A variety 
of models for the nanomorphology of Nafion have been proposed. Gierke, Hsu, and 
other co-workers [1,2] suggested water attached to ionic groups, forming spherical 
clusters of 4 to 6 nm that are distributed in the hydrophobic phase. Electron 
Microscopy studies found that these clusters were uniformly distributed within 
Nafion [3]. The side-chain length has been varied to reproduce different types of 
PEMs. Some of common short side-chain PEMS are Dow (Figure 6.1(a)) and 
Aquivion, both of which have side chains shorter than those in Nafion. Long side-
chain PEMs include Aciplex (Figure 6.1(c)), which has a side chain longer than in 
Nafion. The different side-chain chemistry is expected to influence the internal water 
cluster structure and eventually, the proton diffusion in such PEMs. 

There have been various experimental and computational studies to understand the 
differences induced by varying side-chain lengths on the internal water structure and 
proton transport in these PEMs. One such experimental study [4] compared the 
proton conductivities of various PEMs and showed Aquivion (with equivalent 
weight, EW = 830) at 110 °C having comparable conductivity as Nafion (EW = 1100) 
at 70 °C across a range of a relative humidities ranging from 50% to 90%. This would 
imply Aquivion to have a lower conductivity than Nafion at the same temperature, 
which further implies that the side-chain lengths can influence conductivity 
drastically. Other experimental studies [5] also showed that the electric conductivity 
decreased with increasing EW. 
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Using classical molecular dynamics (MD) simulations, Allahyarov et al. [6] 

reported increased diffusion for longer side chains in PEMs of similar EWs. Another 
classical MD study [7] showed smaller diffusion coefficients as compared to Nafion 
for both water molecules and hydronium ions in Aciplex, which has a longer side 
chain compared to Nafion. Sunda et al. [8] showed, using classical MD, an increased 
diffusion of hydronium ions in Aciplex as compared to Nafion, while it was the 
opposite for water. They concluded that the increased flexibility of Nafion side 
chains due to the presence of an extra ether group leads to the increased water 
diffusion. These contradictory conclusions show that it is very difficult to isolate the 
effects of the side-chain length from the additional complexities added due to the 

Figure 6.1. Chemical structures of (a) Dow (EW = 980) (b) Nafion (EW = 
1150), (c) Aciplex (EW = 1350), which only differ in side-chain lengths; Bead 
representation of (d) Dow, (e) Nafion , and (f) Aciplex. Bead A: –CF2–CF2–
CF2–CF2–, Bead B: –O–CF2–CF(CF3)–O–, Bead C: –CF2–CF2–SO3H. m = 
10 is the simulated polymerization degree. Equivalent weight (EW) is the 
atomic weight of the monomer divided by the number of ionizable groups per 
monomer. 
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subtle changes in the side-chain chemistry. However, understanding the individual 
effects is necessary for the better design of such PEMs. 

Ab initio MD simulations have also been used to study and compare PEMs. One 
such study [9] showed better function group dissociation and stronger water 
connectivity in a PEM analogous to Nafion as compared to aromatic PEMs. It was 
concluded that these were the reasons behind the better conductivity of counter ions 
such as H+ and Na+ in the Nafion analog PEM measured experimentally. Another ab 
initio study [10] investigated the effect of different solvents such as water and 
methanol on the dissociation of functional groups in Nafion, IonClad, and M3 
membranes. The functional groups in IonClad and M3 membranes did not dissociate 
at all in the presence of water, whereas the Nafion functional group dissociated. This 
was attributed to the presence of the lowering of acidity in IonClad and M3 
membranes due to the presence of a benzene ring in the side chain, despite having 
perfluorinated backbones similar to Nafion. Methanol solvent did not cause any 
dissociation at all in all three membranes due to the non-polarity of the solvent. 

Dissipative particle dynamics (DPD) is a coarse-grained simulation method used to 
model long-time temporal evolution and large spatial length scales. DPD simulations 
have been widely used to study PEMs [8–15]. Yamamoto et al. [11] used DPD to 
analyze the phase-separated Nafion structure and found the simulated structure 
factors and pore radii close to the experimental values. Wu et al. [12] simulated 
PEMs of different EWs and found that the water cluster radius increased with 
decreasing EW, and the opposite was true for the intercluster spacing. Dorenbos et 
al. [13] reported for a bimodal distribution of side chain spacing that the water 
diffusion increased with the increasing difference between the two different side 
chain spacings. It was concluded that a non-uniform spacing of side chains would 
result in better pore connectivity and water diffusion. Dorenbos [14] found that the 
water diffusion increased with increasing difference between side-chain lengths for 
a bimodal distribution of side-chain lengths. Sepehr et al. [15] simulated anion 
exchange membranes (AEM) using DPD and found water cluster shapes varying 
with hydration. They also reported larger water domains for chloride anions, as 
charge carriers, when compared to the hydroxyl anion charge carriers. Ma et al. [16] 
examined the compatibility and the effect of the varying proportion of components 
on water diffusion in blend membranes of sulfonated poly ether ether ketone 
(SPEEK) and poly(vinylidene fluoride)-graft-poly(styrene sulfonated acid) (PVDF-
g-PSSA). Komarov et al. [17] used dynamic density functional theory (DDFT), 
which is also a mesoscale simulation technique similar to DPD, to study the effect of 
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degree of sulfonation and variation in molecular architectures on the water cluster 
morphology in SPEEK membranes. 

Dorenbos and Suga nicely compared the Dow and Nafion membranes in a DPD 
study [18]. They found that the Nafion membrane with its longer side chain produced 
more water diffusion as compared to the Dow membrane. It must be noted that all 
the chemical bonds have the same stretchability and flexibility in the DPD method, 
as opposed to the classical MD method, where the chain rigidity is controlled by the 
chemistry specific bond potentials. Therefore, the DPD method is better suited to 
understand the effect of only the side-chain length variation on internal water 
clustering and diffusion in such PEMs. 

The interface between PEM and water has been studied widely, both 
experimentally and by some simulations. Zawodzinski et al. [19] concluded that 
there was a significant resistance to water uptake in Nafion membranes due to the 
surface hydrophobicity, and such a resistance would influence its performance in fuel 
cells. Hallinan et al. [20] also found that there was a delay in the initial water uptake 
for Nafion at low water activity due to the low water concentration gradient. He et 
al. [21] studied the penetration of D2O into the sulfonated polyphenylene (sPP) 
membranes. They concluded that the polymer interactions with the D2O vapor 
affected the penetration and resulted in a non-uniform distribution of water in the 
sPP film. They observed different regimes for penetration of D2O into the film and 
also found an excess of D2O at the solid silicon interface of the film. One classical 
MD simulation study reported the sulfonation fraction of PEMs affecting the 
water/PEM interfacial evolution due to the differences in the hydrophobic and 
hydrophilic block rearrangement at the interface [22]. All these studies indicate that 
differences in the side-chain chemistry could have an effect on the penetration of 
water into the membranes and eventually on the operational efficiency of fuel cells. 
This motivates our study of the interface of water with PEMs of different side-chain 
lengths.  

A study of the interface between PEM and water offers additional challenges for 
computational methods such as classical MD. The time scales over which the 
interfaces evolve are quite large as compared to what can be achieved by classical 
MD methods. Other methods such as ab initio MD is even more computationally 
intensive than classical MD, which would make it practically impossible to study the 
interfacial evolution. The previously mentioned advantages of DPD regarding the 
non-chemistry specific bond parameters justify its use for this study. In the present 
paper, using the DPD technique, we have simulated the interface between water and 
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three different PEMs with the same backbone structure but three different side-chain 
lengths. 

  

6.2 Materials and Methods 
6.2.1 Dissipative Particle Dynamics 
In the present study, the DPD simulations have been carried out to study the 

water/PEM interface. As mentioned earlier, the DPD scheme was chosen in order to 
simulate large time scales over which the interface of such systems evolve. The DPD 
method was initially developed by Hoggerbrugge and Koelman [23,24] for 
simulating particle flow with correct hydrodynamics, at a much cheaper 
computational cost than classical molecular dynamics and lattice gas automata. 
Later, this method was modified by Groot and Warren [25] by making a connection 
between the Flory–Huggins χ parameter and the DPD repulsion parameters. This 
enabled the simulation of various chemical structures using the DPD method [26,27]. 

Each bead/particle in DPD can be a conglomeration of different atoms. The beads 
move in space according to Newton’s equations of motion. The force acting on bead 
I is given by  

𝑭𝑭𝒊𝒊 =  ∑ 𝑭𝑭𝒊𝒊𝒊𝒊
𝑪𝑪 +  𝑭𝑭𝒊𝒊𝒊𝒊

𝑫𝑫 + 𝑭𝑭𝒊𝒊𝒊𝒊
𝑹𝑹

𝒊𝒊≠𝒊𝒊
+ 𝑭𝑭𝒊𝒊𝒊𝒊

𝑺𝑺  (1) 

where the summation over j represents the sum of all forces imparted on bead i by 
all other beads within the cutoff distance rc. In Equation (1) 𝑭𝑭𝒊𝒊𝒊𝒊

𝑪𝑪  is a conservative 
force, 𝑭𝑭𝒊𝒊𝒊𝒊

𝑫𝑫 is a dissipative force, 𝑭𝑭𝒊𝒊𝒊𝒊
𝑹𝑹  is a random force, and 𝑭𝑭𝒊𝒊𝒊𝒊

𝑺𝑺  is the spring force. 

The conservative force 𝑭𝑭𝒊𝒊𝒊𝒊
𝑪𝑪  is defined as 

𝑭𝑭𝒊𝒊𝒊𝒊
𝑪𝑪 = {𝒂𝒂𝒊𝒊𝒊𝒊 (𝟏𝟏 −

𝒓𝒓𝒊𝒊𝒊𝒊
𝒓𝒓𝒄𝒄

) �̂�𝒓𝒊𝒊𝒊𝒊, 𝒓𝒓𝒊𝒊𝒊𝒊 <  𝒓𝒓𝒄𝒄

𝟎𝟎,                            𝒓𝒓𝒊𝒊𝒊𝒊 >  𝒓𝒓𝒄𝒄
 (2) 

where 𝒂𝒂𝒊𝒊𝒊𝒊 is the repulsion parameter between i and j beads. The repulsion parameter 
is dependent upon the chemical structure of the beads. 𝒓𝒓𝒄𝒄 is the cutoff distance, and 
it is equal to one DPD length unit. 
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The pair distance 𝒓𝒓𝒊𝒊𝒊𝒊 

𝒓𝒓𝒊𝒊𝒊𝒊 =  𝒓𝒓𝒊𝒊 −  𝒓𝒓𝒊𝒊  ,   𝒓𝒓𝒊𝒊𝒊𝒊 = |𝒓𝒓𝒊𝒊𝒊𝒊| (3) 

is used to define the unit vector    �̂�𝒓𝒊𝒊𝒊𝒊 = 𝒓𝒓𝒊𝒊𝒊𝒊
 𝒓𝒓𝒊𝒊𝒊𝒊

 along the line connecting the i and j beads.    

The dissipative force 𝑭𝑭𝒊𝒊𝒊𝒊
𝑫𝑫 is defined as 

𝑭𝑭𝒊𝒊𝒊𝒊
𝑫𝑫 = −𝜸𝜸𝝎𝝎𝑫𝑫(𝒓𝒓𝒊𝒊𝒊𝒊)(�̂�𝒓𝒊𝒊𝒊𝒊. 𝒗𝒗𝒊𝒊𝒊𝒊)�̂�𝒓𝒊𝒊𝒊𝒊,   𝒗𝒗𝒊𝒊𝒊𝒊 =  𝒗𝒗𝒊𝒊 −  𝒗𝒗𝒊𝒊   (4) 

and it represents the hydrodynamic drag force weighted by the friction factor 𝜸𝜸, 
weighting function 𝝎𝝎𝑫𝑫(𝒓𝒓𝒊𝒊𝒊𝒊), and the component of the velocity vector 𝒗𝒗𝒊𝒊𝒊𝒊. It acts 
along the unit vector �̂�𝒓𝒊𝒊𝒊𝒊 connecting i and j beads. The weighting functions 𝝎𝝎𝑫𝑫(𝒓𝒓𝒊𝒊𝒊𝒊) 
and 𝝎𝝎𝑹𝑹(𝒓𝒓𝒊𝒊𝒊𝒊) are connected as 

𝝎𝝎𝑫𝑫(𝒓𝒓𝒊𝒊𝒊𝒊) = [𝝎𝝎𝑹𝑹(𝒓𝒓𝒊𝒊𝒊𝒊)]𝟐𝟐 = {(𝟏𝟏 − 𝒓𝒓𝒊𝒊𝒊𝒊
𝒓𝒓𝒄𝒄

)
𝟐𝟐

, 𝒓𝒓𝒊𝒊𝒊𝒊 <  𝒓𝒓𝒄𝒄  
𝟎𝟎,                  𝒓𝒓𝒊𝒊𝒊𝒊 >  𝒓𝒓𝒄𝒄 

. (5) 

The random force 𝑭𝑭𝒊𝒊𝒊𝒊
𝑹𝑹  is defined as 

𝑭𝑭𝒊𝒊𝒊𝒊
𝑹𝑹 = 𝝈𝝈𝝎𝝎𝑹𝑹(𝒓𝒓𝒊𝒊𝒊𝒊)𝜻𝜻𝒊𝒊𝒊𝒊(𝚫𝚫𝒕𝒕)−𝟎𝟎.𝟓𝟓(𝒌𝒌𝑩𝑩𝑻𝑻)−𝟏𝟏�̂�𝒓𝒊𝒊𝒊𝒊 (6) 

and it is added to account for thermal fluctuations. 𝜻𝜻𝒊𝒊𝒊𝒊(𝒕𝒕) is a random number such 
that 

〈𝜻𝜻𝒊𝒊𝒊𝒊(𝒕𝒕)〉 = 𝟎𝟎,    〈𝜻𝜻𝒊𝒊𝒊𝒊(𝒕𝒕)𝜻𝜻𝒌𝒌𝒌𝒌(𝒕𝒕′)〉 = (𝜹𝜹𝒊𝒊𝒌𝒌𝜹𝜹𝒊𝒊𝒌𝒌 +  𝜹𝜹𝒊𝒊𝒌𝒌𝜹𝜹𝒊𝒊𝒌𝒌)𝜹𝜹(𝒕𝒕 − 𝒕𝒕′). (7) 

  

Equation (7) shows that the random force between a pair of beads is decorrelated 
with other pairs of beads, as well as in time. 

The noise parameter 𝝈𝝈 and the friction coefficient 𝜸𝜸 are connected as 

𝝈𝝈𝟐𝟐 = 2𝜸𝜸𝒌𝒌𝑩𝑩𝑻𝑻, 𝝈𝝈 = 3, 𝜸𝜸 = 4.5, (8) 

where kB is the Boltzmann constant. The reduced temperature 𝒌𝒌𝑩𝑩𝑻𝑻 is equal to unity 
for the simulations. The spring force 𝑭𝑭𝒊𝒊𝒊𝒊

𝑺𝑺  acts on beads i and j connected by a bond. 
𝑹𝑹𝟎𝟎 is the mean bond length and 𝑪𝑪 is the spring constant. The values of the parameters 
(𝑹𝑹𝟎𝟎, 𝑪𝑪, 𝝈𝝈, 𝜸𝜸)  are chosen in accordance with previous simulation studies [11,25] 
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𝑭𝑭𝒊𝒊𝒊𝒊
𝑺𝑺 = 𝑪𝑪(𝒓𝒓𝒊𝒊𝒊𝒊 − 𝑹𝑹𝟎𝟎)�̂�𝒓𝒊𝒊𝒊𝒊, 𝑹𝑹𝟎𝟎 = 𝟎𝟎. 𝟖𝟖𝟖𝟖 ∗ 𝒓𝒓𝒄𝒄,   𝑪𝑪 = 𝟓𝟓𝟎𝟎 (9) 

The mass of all beads is equal to unity. The DPD unit of time τ = rc (m/kBT)0.5 
corresponds to few tens of picoseconds [11,26] for a typical atomistic system. The 
cutoff radius rc was 0.71 nm, and the beads are propagated by using a modified Verlet 
integration scheme [25] with a time step Δt = 0.05. The bead density ρ is 3, which is 
the standard value for DPD simulations [25]. 

6.2.2 Simulation Model 
The parameterization used for the different PEMs in this study has also been used 

in the previous studies of Yamamoto et al. [11] and Dorenbos [28]. Three different 
type of beads (A, B, and C), i.e., A:–CF2–CF2–CF2–CF2–, B:–O–CF2–CF(CF3)–O–, 
C:–CF2–CF2–SO3H have been used to construct the polyelectrolyte membranes. 
Water was modeled as a single bead containing four water molecules following the 
previous Nafion DPD simulation study [11]. The repulsion parameters (𝒂𝒂𝒊𝒊𝒊𝒊) between 
these beads are shown in Table 1. Beads A and B are primarily hydrophobic and bead 
C is hydrophilic. Therefore, the repulsion parameter between bead A/B and the water 
bead (W) is high as compared to the repulsion parameter between beads C and W. 

Table 1. Flory–Huggins interaction parameter and dissipative particle dynamics 
(DPD) repulsion parameter for different bead pair. 

Bead Pair 𝝌𝝌𝒊𝒊𝒊𝒊 (Flory–Huggins Parameter) 𝒂𝒂𝒊𝒊𝒊𝒊 (DPD Repulsion Parameter) 
A–B 0.022 104.1 
A–C 3.11 114.2 
A–W 5.79 122.9 
B–C 1.37 108.5 
B–W 4.90 120.0 
C–W −2.79 94.9 

The relation between the repulsion parameter 𝒂𝒂𝒊𝒊𝒊𝒊 and the Flory–Huggins interaction 
parameter 𝝌𝝌𝒊𝒊𝒊𝒊 is defined as [25] 

𝒂𝒂𝒊𝒊𝒊𝒊 = 𝒂𝒂𝒊𝒊𝒊𝒊 + 𝟑𝟑. 𝟐𝟐𝟐𝟐𝝌𝝌𝒊𝒊𝒊𝒊                                                                                     (10)                                        

The value of 𝒂𝒂𝒊𝒊𝒊𝒊 is equal to 104 for the parameterization corresponding to a water 
bead having four water molecules [11]. This value is chosen to match the 
compressibility of liquid water at room temperature [25]. The 𝝌𝝌𝒊𝒊𝒊𝒊 values were 
calculated by Yamamoto and Hyodo [11] by using Monte Carlo simulations. 

A Nafion chain was constructed by using the A, B, and C beads [11] with the side 
chain also containing all three types of beads, as shown in Figure 6.1(e). The Dow 
membrane was constructed using only the A and C beads [28] (Figure 6.1(d)). The 
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Dow membrane has a shorter side chain as compared to the side chain of Nafion, and 
it was composed of only A and C beads. We have also modeled the Aciplex 
membrane, which has a similar backbone as that of Nafion with a longer side chain, 
which was modeled using the sequence (A–B–A–C) (Figure 6.1(f)). It can be clearly 
seen that all the PEMs have the same backbone structure but different side-chain 
lengths (Figure 6.1d–f). Each chain of the simulated PEMs chains consisted of 10 
monomers, following the choice made in the previous molecular dynamics 
simulation studies [29–31]. 

The initial configuration for the reported simulations is shown in Figure 6.2. The 
bottom half of the simulation box consists of the PEM chains and top half consists 
of water molecules. The simulation box was constructed at a reduced density [25] of 
ρ = 3. The (X × Y × Z) dimensions were 40 × 40 × 80 DPD units, where the PEM 
box and the water box were each of the dimension 40 × 40 × 40 DPD units. Therefore, 
each of the PEM and water simulation boxes had (ρ* times the corresponding 
volume) 192,000 particles. The number of PEM chains ranged from 2700 to 3800 
for the different side-chain length systems. One DPD length unit was equal to 𝒓𝒓𝒄𝒄 =
0.71 nm following the parameterization done in a previous study [11]. Therefore, the 

Figure 6.2. Initial configuration of the simulation box which ranges from 0 
to 80 dissipative particle dynamics (DPD) units in the Z-direction. The bottom 
half of the box, i.e., 0–40 DPD units in the Z-direction are composed of the 
polyelectrolyte membrane (PEM) beads and the top half of the box, i.e., 40–
80 DPD units in the Z-directions are composed of water beads. 
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simulated system had dimensions of approximately 28 nm × 28 nm × 56 nm in real 
units. 

The water and PEM simulation boxes were constructed separately. Initially, the 
DPD particles were placed inside the boxes randomly. Reflective fixed boundaries 
were placed in the Z-direction with periodic boundaries in both X and Y-directions. 
Thereafter, these boxes were simulated using DPD at a reduced temperature of T = 
1 for 1 million DPD time steps, to equilibrate the samples. This timescale is much 
larger than usual timescales used in DPD studies. The chains’ gyration radius had 
stabilized much earlier (Figure A4.1), indicating a well-equilibrated sample. 

After equilibration of the two separate PEM and water simulation boxes, they were 
placed on top of each other, as shown in Figure 6.2. The reflective fixed boundaries 
were placed in the Z-direction and periodic boundaries were placed in X and Y-
directions. Such boundary conditions prevented the interaction between the bottom 
of the PEM box and the top of the water box and also allowed the interface between 
PEM and water to evolve. The initial PEM box thickness, 40 DPD units, is more than 
an order of magnitude higher than the PEM chain radius of gyration (Rg), 1.9–2.1 
DPD units (Figure A4.1), which prevents any geometrical confinement effects to 
have an effect on the interface evolution. This initial configuration was simulated for 
4 × 106 DPD time steps, which is equivalent to a few microseconds of atomistic 
simulations. Note that the water–PEM interface was still changing after this time. 
Since our objective was to study the temporal evolution of the interface, we did not 
simulate for longer. 

6.2.3 Analysis Methods 
From the simulations, structural and dynamic characteristics such as number 

density versus distance, Gibbs dividing surface, cluster distribution of water and 
hydrophilic beads, shapes of clusters of water and hydrophilic beads, and diffusion 
coefficients of water beads were calculated. 

The number density is defined as the number of beads of a particular type in a layer 
of thickness one DPD unit (Table 2) at any particular distance from the bottom Z 
boundary by the total number of beads of the same type in the system. The Gibbs 
dividing surfaces (GDS) [32], a measure of the interface location, for water and 
membrane beads were extracted from the number of density profiles. The GDS, as 
shown in Figure 6.3, is defined as the distance from the bottom Z boundary at which 
the shaded areas on either side of the black dotted line are equal. The number of 
water/membrane beads within the membrane was defined as the number of water 
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(W)/membrane (A, B, C) beads between the GDSwater/membrane and the bottom Z 
boundary. 

 

Table 2. Number and location of layers for different analyses carried out in the 
study. 

Analysis Number and Location of Layers 

Number density 80 layers of 1 DPD unit thickness in the Z-
direction 

Chain radius of gyration (Rg) 
and side-chain order parameter 
(OP) 

20 layers of 2.25 DPD unit thickness starting 
from the bottom Z boundary 

Cluster analysis 
3 layers of thickness of 10 DPD units starting 

at 5, 15, and 25 DPD units distance from the 
bottom Z boundary 

Mean square displacement 
(MSD) 

4 layers of 8 DPD unit thickness starting from 
the bottom Z boundary 

 
The simulation box ranging from the bottom boundary up to 45 DPD units in the 

Z-direction was divided into 20 equal layers (Table 2), with a thickness of 2.25 DPD 
units, for an analysis of chain statistics. The distance of 45 DPD units was chosen to 

Figure 6.3. The construction of the Gibbs dividing surface (GDS), dotted 
black line, for a water number density profile. The shaded areas to the left and 
to the right of the GDS are equal. Similar procedure was used to calculate the 
GDS for polyelectrolyte membranes (PEM). 
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encompass the interfacial region. The radius of gyration (Rg) of the PEM chains was 
computed in each of these layers for the entire simulation duration.  

The side-chain orientation is defined as the angle between the side-chain vector and 
the positive Z-axis. The side-chain vector is defined as the vector from the bead 
connecting the side chain to the backbone to the terminal bead in the side chain. The 
order parameters (OP) 〈𝑷𝑷𝟐𝟐〉, the second-order Legendre polynomials, for the side 
chain orientations (𝜽𝜽) were also computed in all 20 layers for the entire simulation 
period. 

〈𝑷𝑷𝟐𝟐〉 = 3
2 〈𝒄𝒄𝒄𝒄𝒄𝒄𝟐𝟐𝜽𝜽 − 1〉,                                                                         (11)     

The cluster distribution for water and hydrophilic membrane beads was computed 
using the OVITO software [33]. A cluster is defined as a group of beads in which 
each bead is within a pre-defined cutoff distance of at least another bead within that 
group. The cutoff distance was chosen to be 1.2 DPD units, since this distance was 
just beyond the W–W RDF and C–C RDF first peaks (Figure A4.2), and hence would 
encompass a majority of the respective beads in the cluster formation. For this 
analysis, the simulation box was divided into three layers comprising of distances 5–
15, 15–25, 25–35 DPD units in the Z-direction (Table 2). The upper limit of 35 DPD 
units was chosen because this distance would cover the interfacial region, since 
GDSmembrane (see further) was in the range of 27–29 DPD units for the different 
membrane types. The average cluster sizes and the total number of clusters in these 
three layers were computed for the entire simulation period. 

The water cluster shapes were computed for the largest water clusters within 0–26 
DPD units in the Z-direction. There was a total of 26 DPD units, which was below 
the GDSmembrane range of 27–29 DPD units for the different membrane types, and 
hence, would comprise only the membrane. The eigenvalues (𝝀𝝀𝒙𝒙, 𝝀𝝀𝒚𝒚, 𝝀𝝀𝒛𝒛) that 
characterize the water cluster shapes were extracted from the gyration tensor of the 
largest water cluster where  𝝀𝝀𝒛𝒛 ≥  𝝀𝝀𝒚𝒚 ≥  𝝀𝝀𝒙𝒙 . The quantities such as acylindricity, 
asphericity, and relative shape anisotropy (RSA) as shown in Equations (12)–(14) 
were computed from the eigenvalues and compared for the different membrane types 
through the simulated period. 

𝐴𝐴𝐴𝐴𝐴𝐴ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  𝝀𝝀𝒛𝒛
𝟐𝟐 − 0.5(𝝀𝝀𝒙𝒙

𝟐𝟐 +  𝝀𝝀𝒚𝒚
𝟐𝟐)                                                     (12)        

𝐴𝐴𝑒𝑒𝑒𝑒𝐴𝐴𝑒𝑒𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  𝝀𝝀𝒚𝒚
𝟐𝟐 −  𝝀𝝀𝒙𝒙

𝟐𝟐                                                              (13)                
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𝑅𝑅𝑅𝑅𝑅𝑅 = 1.5 ( 𝝀𝝀𝒙𝒙𝟒𝟒+ 𝝀𝝀𝒚𝒚𝟒𝟒+𝝀𝝀𝒛𝒛𝟒𝟒

(𝝀𝝀𝒙𝒙𝟐𝟐+ 𝝀𝝀𝒚𝒚𝟐𝟐+𝝀𝝀𝒛𝒛𝟐𝟐)𝟐𝟐) − 0.5                                                           (14) 

 We stress that in the present simulations, the samples never achieved steady state. 
However, the GDS changes very minutely over the large periods of time, as we have 
discussed later. In addition, the simulation time in the present study is of a few 
microseconds, which is orders of magnitude higher than the characteristic relaxation 
time for water. We analyzed the mean square displacements (MSD) of the water 
beads for the different membrane types in the last 1 million DPD time steps in four 
different layers of thickness 8 DPD units (Table 2) starting from the bottom 
boundary. 

 

6.3. Results 
6.3.1  Interface Evolution 
Figure 6.4 shows the typical snapshots with the time evolution of the water–PEM 

interface. Only water beads have been shown for more clarity. We can see that water 
is quite continuous near the initial interface at time step = 100,000. Some isolated 
clusters have formed near the maximum depth up to which water has penetrated the 
membrane. Overall, the clusters inside the membrane are in the shape of a thin film. 
With time (see time step = 150000), water has penetrated almost the entire 

Figure 6.4. Evolution of the water–polyelectrolyte membranes (PEM) interface 
for Aciplex (a) At time step = 0, all water is present in the top half of the box. 
The bottom half of the box is the membrane, which has not been shown here to 
clearly see the water interface. (b) At time step = 100,000, water has penetrated 
some distance into the membrane, with some isolated clusters formed. (c) Water 
has penetrated almost completely into the membrane, with a more homogeneous 
distribution of the water clusters. 
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membrane, and the clusters have distributed more homogeneously. We can see the 
clusters are more isolated near the bottom of the membrane and become more 
continuous on proceeding toward the initial interface. We have provided later (see 
the discussion after Figure 6.9) a more quantitative discussion on the evolution of the 
shape of these water clusters. 

 
The GDS was extracted from the density profiles, both for the membrane and for 

water beads. Figure 6.5(a) shows the comparison for the GDSmembrane temporal 
evolution for different side-chain length PEMs. Initially, the GDS position fluctuates 
largely for all the three different membrane types. The GDS is relatively stabilized 
after around 10,000 time steps. On closer inspection, it can be noticed that the GDS 
slowly increases after this time. In addition, the GDS position increases more with 
increasing side chain length. Figure 6.5(b) shows the number of polymer beads 
(A+B+C) within the membrane as per the procedure described previously. This 
diagram provides a clearer picture of the swelling of the membrane. The amount of 
polymer beads within the membrane decreases with the increasing side chain length. 
Aciplex shows the maximum decrease followed by Nafion and Dow. This 
observation indicates that water is filling up the Aciplex membrane fastest, followed 
by Nafion and Dow membranes; such a swelling leads to the observed changes in the 
corresponding GDS locations. This also means that the membrane swelling rate is 
proportional to the side-chain length. 

Figure 6.5. Comparison of (a) the temporal evolution of the membrane 
Gibbs dividing surface (GDS) and (b) time dependence of the number of 
membrane beads between the GDS membrane and bottom Z boundary for 
different side-chain length PEMs 
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The water interface is also evolving along with the membrane interface. Figure 
6.6(a) shows the GDSwater position for different PEMs. These plots also concur with 
the previous conclusion about the swelling rate dependency on the side-chain length. 
The GDSwater position also fluctuates hugely at very small times, after which it starts 
decreasing slowly. The GDS location decreases with increasing side-chain length. In 
fact, the GDSwater for the long side-chains Aciplex rapidly approaches and crosses the 
bottom Z boundary due to the very fast diffusion of water. Figure 6.6(b) shows the 
number of water beads between the GDS and the bottom Z boundary, which can 
serve as a representation of the water uptake of the membrane. It can be seen that the 
water uptake for the simulated time increased with the increasing side chain length. 
This has also been observed experimentally where Nafion showed more water uptake 
than a shorter side-chain Aquivion membrane [4]. It is interesting to add here that He 
et al. [21] had found two different regimes for the penetration of D2O into the 
sulfonated polyphenylene (sPP) membranes. Initially, the water uptake rate scaled 
with 𝑡𝑡0.5 and reduced at a later time. In the present simulations, we do see an initial 
regime where the water uptake increases rapidly and then starts slowing down. The 
slope of this initial regime is approximately 0.5 for Aciplex and is only slightly 
smaller than 0.5 for Nafion and Dow. We also observed that the starting times for 
this rapid increase regime decreases with increasing the side-chain lengths. The slope 
of 0.5 can be explained by a purely diffusive motion of water molecules getting 

Figure 6.6. Comparison of (a) the temporal evolution of the Gibbs 
dividing surface (GDS) for water for different side-chain length PEMs, and 
(b) time dependence of the number of water beads between GDSwater and 
bottom Z boundary for different side-chain length PEMs. The yellow dotted 
line in (b) has a slope of 0.5, and the orange and blue dotted lines in (b) 
have slopes slightly less than 0.5. 
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adsorbed on the PEM. With increasing time, the diffusion of water is obstructed due 
to the formation of more tortuous pathways, which is reflected in the reduced slope 
of the water uptake plot. 

 
6.3.2. Chain Statistical Properties 
The PEM chain radius of gyration (Rg) was computed in 20 layers, each with a 

thickness of 2.25 DPD units, at different distances from the bottom boundary and is 
shown in Figure 6.7. The layer 1 is adjacent to the bottom Z boundary and the layer 
numbers increase on moving upwards. The layers 1, 5, 9, and 13 will be referred to 
as the membrane layers, and layer 17 will be referred to as the interfacial layer due 
to its proximity to the initial water PEM interface. The chain was considered to be in 
a layer if the center of mass of the chain was present in the particular layer. The 
membrane layers (layers 1, 5, 9, and 13) initially contain only the membrane beads. 
As clearly seen from the results in Figure 6.7, the membrane layer Rg values for the 
different side-chain lengths show a similar pattern with time. At very small times 
(approximately 102 DPD time steps), there is a slight decrease of Rg in these layers 
due to the influx of water, since the primarily hydrophobic chains start to shrink. 
After this initial period, the Rg reaches a stable value in the membrane layers. The Rg 
value in the interfacial layer (layer 17) decreases rapidly at the small times 
(approximately 102 DPD time steps) due to the presence of excessive water near the 
interface. After around 104 DPD time steps, the interfacial layer Rg starts increasing 
due to swelling of the membrane. The Rg value in the interfacial layer eventually 
stabilizes at a value equal to that of the membrane layers.  

A clear difference in the times at which the interfacial layer Rg starts increasing can 
be observed for the different PEMs. This time increases with the decreasing side 
chain length. In addition, the rate of increase in Rg increases with the side-chain 
length. The Aciplex PEM interfacial layer Rg starts increasing earliest and increases 
rapidly without much oscillations to stabilize at a final value. Whereas, Dow PEM 
with the shortest side chain shows a very slow increase in Rg with many oscillations. 
These observations also show that the rate of swelling of the membranes is 
proportional to the side-chain length. 
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Figure 6.8 shows the side-chain order parameter (OP) computed with respect to the 

Z-axis in the same layers as used for the Rg analysis. The side chain was considered 
to be in a layer if the center of mass of the side chain was present in the particular 
layer. The interfacial layer (layer 17, Figure 6.8) OP was slightly higher than that of 
the membrane layers for small times (up to 104 DPD time steps) for the different 
side-chain lengths. This could be due to the largely water-filled space initially in the 
interfacial layer, which allowed the slightly hydrophilic side chain to orient along the 
primary water diffusion direction. It can also be seen during this time that the OPs in 
the interfacial layer were visibly higher for the PEM with longer side chains. This 
implies that the side chains tended to align with the water flow direction more in the 
interfacial layers for the PEMs with the longer side chains. However, at large times, 
the OPs in all the layers stabilized at the same value. 

Figure 6.7. Comparison of the chain radius of gyration (Rg) in different layers 
(1–17), at varying distances from the bottom Z boundary, for (a) Dow, (b) 
Nafion, and (c) Aciplex PEMs. Layer 1 is nearest to the bottom Z-boundary and 
layer 17 is at the interface of water and the membrane. Each layer is 2.25 DPD 
units thick. The green dashed line is the Rg value in a layer near the water–
PEM interface. 
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6.3.3. Water Cluster Formation Dynamics and Morphology 
Water present in the PEMs agglomerate to form big clusters which aid in proton 

transport. The side chains orient preferably along the water clusters because of the 
hydrophilic tip of the side chains. Therefore, it is important to study the dynamics of 
the water clusters formation at the interface for different side-chain lengths. 

Figure 6.9 shows the total number of water clusters and the average cluster size in 
three different layers of thickness 10 DPD units each and at a distance of 5, 15, and 
25 DPD units from the bottom Z boundary. These layers will be referred to as the 
bottom, mid, and top layer for the analysis of cluster size and number of 

Figure 6.8. Comparison of the side-chain order parameter (OP) with respect to 
the Z-axis in different layers, at varying distances from the bottom Z boundary, 
for (a) Dow, (b) Nafion, and (c) Aciplex PEMs. Layer 1 is nearest to the bottom 
Z boundary and layer 17 is at the interface of water and the membrane. Each 
layer is 2.25 DPD units thick. The green dashed line is the OP in a layer near 
the water–PEM interface. 
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clusters/cluster count. In the bottom and mid layers, the water cluster count peaks 
after a certain (rather small) time and then starts decreasing slowly for the different 
side-chain length PEMs. The time to peak can be interpreted as the time after which 
the water beads start agglomerating into bigger clusters due to lack of free space. The 
time to peak and the number of clusters at large times are inversely proportional to 
the side-chain lengths. The larger number of clusters indicates a more dispersed 
water phase. The observations from the time dependence of clusters number show 

Figure 6.9. Comparison of the time evolution of water cluster count/ 
number of clusters and average cluster size for different side chain 
length PEMs in three different layers at distances ranging from (a,b) 
5–15 DPD units (c,d) 15–25 DPD units and (e,f) 25–35 DPD units 
from the bottom Z boundary. 
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that the water diffusion rate into the membrane is proportional to the side-chain 
length. The water cluster sizes also increase with time in the mid and bottom layers, 
and the average cluster sizes are noticeably higher for increasing side-chain lengths. 
In the top layer, which consists of the interface, the cluster count goes down for the 
two largest side-chain length PEMs, while it increases for the smallest side-chain 
length PEM. This would be due to the small rate of water diffusion in the Dow 
membrane, which allows the water phase to stay dispersed even near the interface 
for a longer time period. The water cluster size increases for Aciplex and Nafion in 
the top layer, while it almost stays constant for the Dow membrane. This too confirms 
the slow formation of a connected water phase for the Dow membrane, even at 
distances close to the interface. 

The hydrophilic beads present in the side chain disperse along the water clusters. 
Therefore, the analysis of the cluster evolution of these hydrophilic beads will throw 
more light on the water cluster formation dynamics. This is discussed in detail in the 
Supplementary Material and Figure A4.3.  

We have also studied the time evolution of the shape of the water clusters with time 
for the different side-chain length PEMs. The procedure for extracting the shape 
characteristics have been explained before in the Analysis Methods section. Figure 
6.10 shows three parameters, i.e., acylindricity, asphericity, and relative shape 
anisotropy (RSA) for the different PEMs studied. Both acylindricity and asphericity 
go up initially and then come down and stabilize for all the three different side chain 
lengths. The final stabilization value is the same for all the three PEMs. This implies 
that the side-chain length does not have any effect on the final water cluster structure 
shapes. A possible reason behind this could be that the same structure of hydrophobic 
backbones for all three PEMs form similar shaped hydrophobic domains and 
consequently hydrophilic domains. Only the time to peak and the time to relax to a 
stable value is inversely proportional to the side-chain lengths. This is to be expected, 
since the water penetration and hydrophilic domain formation increases with the 
side-chain lengths, as mentioned previously. The RSA value  
(Figure 6.10(c)) is initially close to unity for all three PEMs. This implies that the 
initial water clusters are in the form of narrow tubes. The RSA value decreases 
rapidly toward 0.2 for all the three membranes. Interestingly, RSA = 0.25 implies a 
thin film of water as calculated from Equation (14), with 𝜆𝜆𝑧𝑧 =  𝜆𝜆𝑦𝑦 𝑎𝑎𝑎𝑎𝑎𝑎 𝜆𝜆𝑥𝑥 = 0. This 
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thin water film near the interface can also be seen in Figure 6.4(b) for Aciplex at time 
step =100,000. With time, the RSA decreases relatively slowly from around 0.2 to 
stabilize at a value of around 0.08, which is indicative of a spherical cluster, for all 
the PEMs. We can see the same progression toward a more spherical shape in Figure 
6.4(c) where the clusters become more homogeneously distributed through the 
membrane. In addition, the same final stabilization value of RSA for all the different 
PEMs also suggests no influence on the final shapes of water clusters due to the side-
chain lengths.  

6.3.4. Water Diffusion 
As observed from the GDS evolution, the system never reaches a steady state. 

However, the changes in GDS positions at very large times (>3 × 106 time steps) are 
negligible. Therefore, we decided to analysze the mean square displacements 
(MSDs) of the water beads for the last 1 million time steps in four different layers of 
thickness for 8 DPD units, starting from the bottom Z boundary, as shown in Figure 
6.11. The rate of water diffusion is directly proportional to the change in MSD as per 
the Einstein relation. The MSD increased with the side-chain lengths, which means 

Figure 6.10. Time evolution of the largest water cluster (a) acylindricity, 
(b) asphericity, and (c) relative shape anisotropy (RSA) in the 0–26 DPD 
units range in the Z-direction. 
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that the rate of water diffusion was maximum for Aciplex followed by Nafion and 
Dow, respectively, in all the different layers. This observation agrees with our 

previous analysis, which shows that the water penetration rate into the PEMs is 
directly dependent on the side-chain lengths. The difference between the MSDs for 
the different PEMs continuously decreases from the bottommost layer to the topmost 
layer. This is because the water in the topmost layer is present almost in bulk form 
and hence diffuses independent of the effects of the PEMs. 

 

6.4. Conclusions 
The water interface of three different PEMs materials, Dow, Nafion, and Aciplex, 

with different side-chain lengths, were simulated using DPD technique. The number 
of water beads within the polyelectrolyte membrane increased with increasing the 

Figure 6.11. Comparison of the mean square displacement (MSD) of water 
for different side-chain length PEMs in four different layers at distances 
ranging from (a) 0–8 DPD units, (b) 8–16 DPD units, (c) 16–24 DPD units, 
and (d) 24–32 DPD units from the bottom Z boundary. The dotted line shows 
the unit slope. 
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PEM side-chain lengths, implying the increased swelling rate. A rapidly increasing 
swelling regime followed by a slowing down was observed in the swelling patterns. 
A slope of 0.5 was found for this rapid swelling regime, which agrees qualitatively 
with the previous experimental observations [21]. The start of the rapidly increasing 
regime was observed to be delayed with decreasing the side-chain length. 

The rate of increase of the chain radius of gyration near the interface was also 
proportional to the side-chain lengths. Initially, the longer side chains were slightly 
more aligned toward the bulk water slab, indicating that the longer side chains 
reacted quicker to water diffusion.  

The average water cluster size and the rate of its increase at different distances from 
the interface increased with the side-chain length. The number of clusters formed by 
the PEMs side-chain hydrophilic beads increased with the influx of water, indicating 
the dispersion of the side chains along the water clusters. In addition, the rate of 
increase of the number of clusters is becoming larger for long side chains, indicating 
faster rearrangement of the corresponding polymer chains. With time, the water 
clusters becoming more homogeneously distributed through the membrane, and their 
relative shape anisotropy decreased, which indicates a spherical shape of these 
clusters.  

The water diffusion into the membrane increased on approaching closer to the 
interface. In addition, the water diffusion was found to be proportional to the side-
chain lengths. 

The water uptake rate is an important factor in the operation of fuel cells. The 
Aciplex membrane with the longest side-chain length showed the fastest water 
uptake. Faster water uptake can increase the efficiency of these devices, since the 
PEM can undergo cycles of dehydration and rehydration during operation. Therefore, 
longer side chains with a backbone structure similar to Nafion should be more 
suitable for fuel cell or flow battery usage. 

Supplementary Material 
The supplementary material is available at https://doi.org/10.3390/polym12040907  
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Chapter 7 

7. Conclusions and Outlook 
 

Abstract 
In this Chapter, an overview of the research questions posed and the answers 

generated by the simulation studies is provided. An outlook into possible future areas 
of computational research in the field of ion-exchange membranes is also discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 
 

7.1 Summary and Major Conclusions 
In this Thesis, we study polyelectrolyte membranes (PEMs) by means of molecular 

dynamics and dissipative particle dynamics simulations. We concentrate upon 
properties like the internal nanostructure, water phase and water cluster structure and 
diffusion within the PEMs water phase. Broadly, the effect of parameters like the 
acid group structure and number, and interfacial interactions on the properties 
mentioned previously are investigated. 

Chapter 1 gives a brief introduction on the need of renewable energy and its various 
forms. Devices such as fuel cells and flow batteries and the importance of PEMs in 
these devices is discussed next. The existing literature on the internal structure, 
proton transport mechanisms and computational modelling of PEMs are presented in 
detail. Finally, a brief overview of the different research questions being investigated 
in this Thesis is given. 

In this project, we have performed multiscale simulations at two different scales. 
One is the fully atomistic molecular dynamics (MD) for the smaller length and time 
scales and the other is dissipative particle dynamics (DPD) at the larger length and 
time scales. Chapter 2 discusses the simulation techniques and the governing 
equations of the classical MD technique used in the Thesis. It also discusses the Class 
II force fields that have been used for modelling using classical MD. Next, the 
mathematical model behind DPD is discussed as well. A brief understanding of the 
derivation of the DPD interaction parameters from the MD simulations is also 
provided. The second part of this Chapter provides a discussion of the different 
analysis techniques used in the thesis. 

There is a variety of potentially interesting materials being used as PEMs. Recently, 
a new class of material known as Multi Acid Side Chain (MASC) PEM has come to 
the market. Chapter 3 is about the study of one such MASC PEM using classical MD 
[1]. We chose perfluoroimide acid (PFIA) as the subject of our study, since it has 
been shown experimentally to possess better conductivity than Nafion. PFIA has an 
extra sulfonyl imide acidic group in its side chain along with the sulfonic acid group 
which is also present in Nafion. We observed that the proton diffusivity in PFIA due 
to the classical vehicular mechanism was comparable to that of Nafion. However, 
the larger number of available protons in PFIA were contributing to the higher 
calculated proton conductivity, as compared to that of Nafion, which also agreed 
with the experimental observations. 
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Chapter 4 is focused on understanding and modelling the nanocomposites of PEMs. 
For this purpose we chose to simulate a system of hydrated Nafion film of varying 
thickness confined between two potential walls of tunable hydrophilicity, using 
classical MD [2]. This system represents the Nafion confined between any two 
nanoparticles in a Nafion nanocomposite. The wall hydrophilicity represented 
nanoparticle hydrophilicity, and the film thickness was inversely proportional to the 
nanoparticle loading. The internal water clusters became more disconnected with 
increasing wall hydrophilicity, because the water inside the membrane was 
accumulating near the walls resulting in the non-continuous clusters through the 
membrane. This explained the low crossover of electrolytes in Nafion doped with 
highly hydrophilic nanoparticles. The water clusters were largely unaffected by the 
varying film thickness at low wall hydrophilicity values. However, at high 
hydrophilicity the water clusters showed noticeable growth in size with increasing 
film thickness, due to the decreasing influence of the wall hydrophilicity, with more 
film thickness on the internal membrane structure. This cluster size variation with 
film thickness has also been observed in the grazing incidence SAXS experiments. 
The in-plane water diffusion was large for the high wall hydrophilicity values, as 
compared to the low wall wettability values. This was due to the formation of a 
highly mobile water film near the film-wall interface. This result could also motivate 
the usage of the long 1D or 2D hydrophilic nanoparticles to enhance water diffusion 
inside PEMs. 

Chapter 5 is about modelling the effect of the different protonation states of Nafion 
on the internal structure and transport within the membrane, using classical MD [3]. 
This study was motivated by an experimental research which showed deprotonation 
in Nafion as low as 50%, even at very high hydration levels. Also, the deprotonation 
levels decreased with decreasing hydration levels in the experiment. Our simulations 
showed that the water clusters became narrower and more connected with increasing 
deprotonation. This would have implications in the operation of a flow battery or a 
fuel cell, since the amount of current withdrawn from the device affects the hydration 
inside the membrane, which will, consequently, affect the protonation state and the 
internal water cluster structure. The water diffusion was largely unaffected by the 
deprotonation levels, but the hydronium ion vehicular diffusion decreased with 
increasing deprotonation. This was expected, since higher deprotonation resulted in 
a larger amount of the  negatively charged ionized sulfonic acid groups, attracting 
the positively charged hydronium ions. 
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The previous Chapters have dealt with the simulations at the atomistic scale. But 
there are some phenomena like diffusion of water into the PEM which can be better 
explored at larger length and time scales, due to the slowness of the process. Chapter 
6 studies the interface between water and PEMs using DPD simulations at these large 
time and length scales. A PEM-water interface exists in devices such as flow batteries 
and fuel cells. Hence, a study was designed to investigate the interfacial changes for 
PEMs with different side-chain lengths. The DPD interaction parameters were 
calculated from the previously published MD simulations. The simulated swelling 
rates were found to increase with increasing side-chain lengths. The water cluster 
growth rate was also directly proportional to the side chain lengths of the PEMs at 
different distance from the interface. However, the cluster shapes were similar, 
irrespective of the side-chain lengths. This study shows that the side-chain length is 
an important variable for a better penetration of water into the PEMs. 

The main new results of this Thesis are as follows: 

1. The larger number of ions in a MASC PEM like PFIA contribute to greater proton 
conductivity in PFIA, as compared to that of Nafion. The vehicular hydronium ion 
diffusivities for both these PEMs are comparable. 

2. The water clusters become smaller and more disconnected in Nafion 
nanocomposites doped with hydrophilic nanoparticles. This effect increases with the 
concentration of such nanoparticles. 

3. The water clusters inside Nafion become narrower and longer with increasing 
deprotonation of the acid groups. Hydronium ion vehicular diffusivity decreases with 
increasing deprotonation whereas the effect of deprotonation on water diffusion is 
negligible. 

4. PEMs having the same backbone structure but longer side chains will promote 
faster water uptake and faster and larger water cluster formation. 

 

7.2 Outlook and Some Directions for Future Research 
We highlight here some perspective, from our point of view, directions which can 

be pursued to further aid in the development of better PEMs. 

7.2.1 Deep Learning Based Multi Scale Simulations 
Getting accurate force fields for molecular dynamics simulations is a constant 

problem. There are various approaches which use data from the ab-initio MD 
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(AIMD) to fit the force field parameters for the larger-scales simulations. However, 
choosing a parametric form of the force field in itself introduces errors, due to the 
neglecting various many-body interactions terms, which might be useful for a 
particular system. Recent advances in Deep Learning based force fields promise to 
avoid choosing any parametric form of the force field altogether, as mentioned in a 
recent publication [4]. In this study the system of water molecules is simulated using 
ab-initio MD. A deep neural network (DNN) is constructed whose features are 
different descriptors like inverse radial distance (1/𝑅𝑅𝑖𝑖𝑖𝑖) and angular parameters (𝑥𝑥𝑖𝑖𝑖𝑖𝑅𝑅𝑖𝑖𝑖𝑖

, 
𝑦𝑦𝑖𝑖𝑖𝑖
𝑅𝑅𝑖𝑖𝑖𝑖

, 𝑧𝑧𝑖𝑖𝑖𝑖𝑅𝑅𝑖𝑖𝑖𝑖
) for each atom i and a neighboring atom j. The DNN weights are updated to 

minimize the difference between the energy computed for each atom from the DNN 
and that from the AIMD simulations. Once the DNN weights have been updated 
sufficiently, it can be directly used for the force computations in classical MD 
simulations. The DNN will predict energy for each atom in the system, which can be 
used to compute the total energy and the force acting on each atom. 

This procedure has also been applied for running the coarse-grained MD by fitting 
a DNN from the atomistic MD simulations using the same approach as mentioned 
above [5]. These multiscale methods can be used for furthering research in PEMs, as 
we have discussed in subsequent sections. 

7.2.2 Solutions Provided by DNN Multiscale Simulations 
As was mentioned in the Introduction, there is a need to develop polyelectrolyte 

membranes operating at high temperatures for fuel cells to improve the efficiency of 
these devices. A number of approaches have been tried like doping the membrane 
with different protic ionic liquids (PIL) [6] and/or modified nanoparticles. There are 
many such dopants available. It would be very cumbersome to develop force fields 
separately for different varieties of these dopants mixed with the membranes at large 
scales. A DNN based multi scale simulation framework can reduce the work and 
screen a large number of dopants quickly. 

7.2.3 Grotthuss mechanism in the Framework of DNN Based Simulations 
The protons inside the membranes are transported by a combination of vehicular 

and Grotthuss mechanisms. Grotthuss mechanism is the hopping of protons across 
hydrogen bonds in the hydrophilic part of the system. It is not possible to model this 
directly in any of the classical methods, like fully- atomistic or coarse-grained MD 
methods. Nevertheless, AIMD can account for the diffusion of protons due to the 
Grotthuss mechanism. Using the method of parameterizing a DNN force field based 
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on AIMD simulations, forces on separate protons can be computed for using in 
classical MD. Some additional descriptors might be needed in the feature set for the 
DNN. This strategy will help immensely in understanding proton transport in 
complex systems of membranes doped with PILs, where the primary proton transport 
is via hopping or/and Grotthuss mechanism. 

Summarizing, we believe that the future research in this direction can be focused 
on faster and more accurate multi scale simulations based on deep learning to 
simulate newer and more complex PEM nanocomposites. 
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APPENDIX A1 
 

I. Model Construction 
The PFIA chains were constructed using Materials Studio [1]. The structure of 

PFIA monomer is shown in Figure 3.1(a). The value of n represents the length of a 
monomer and the value of m represents the degree of polymerization for the PFIA 
chain. A common variety of PFIA has an Equivalent Weight (EW) (i.e., the weight 
of the PFIA macromolecule divided by the number of acidic/protogenic groups) of 
625 [2][3], which means that value of n should be 6 in this case. The number of 
monomers in a single PFIA chain is taken as 10 for this study. Other polyelectrolytes 
like Nafion [4], Aciplex [5] and PFSI [6], which have a PTFE backbone, have been 
previously modelled using 10 monomers in a single chain. Since PFIA also has a 
backbone composed of PTFE units, our choice of 10 monomers per molecule should 
be suitable for the present simulations.  

The PFIA chain has two different protogenic groups, i.e. the sulfonate group and 
the sulfonyl imide group. A previous simulation study has shown that these 
protogenic groups lose their hydrogen atoms at different hydration levels (λ) [7]. The 
hydration level is defined as the number of water molecules per side chain of the 
polyelectrolyte [2][3]. In PFIA, the sulfonate group loses its hydrogen at λ≥3 and the 
sulfonyl imide group loses its hydrogen at a hydration level λ≥7. PFIA was simulated 
in this paper for four different hydration levels (λ= 5, 10, 15, 20). Therefore, the 
simulated PFIA chains had two different set of charges and force field coefficients 
corresponding to two different hydration ranges of 3≤λ<7 and λ≥7 . 

Four different 3D periodic boxes were constructed corresponding to the four 
different λ’s using the Amorphous Cell module of Materials Studio [1]. Each 
simulation box had 14 PFIA chains. The λ=5 simulation box had 140 hydronium ions 
and 560 water molecules, whereas the λ=10, 15 and 20 simulation boxes had 280 
hydronium ions each and 1120, 1820 and 2520 water molecules respectively.  The 
simulation boxes were periodic in X, Y and Z and had a length of 56 Å, 58 Å, 59 Å 
and 61 Å for each of the three dimensions for λ=5, 10, 15 and 20 respectively. The 
maximum number of atoms in a simulation box was 19068 for λ=20. Some 
simulations were also performed for a 7 chain PFIA system for the same hydration 
levels as the 14 chain system in order to check for the finite size effects. 
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II. Force Field 
The pcff force field uses a Lennard-Jones (LJ) 9-6 potential for non-bonded 

interactions. The standard models for water molecule, like F3C [8] and SPC [9], and 
for hydronium ion, like Jang model [10] and Urata model [11], use a LJ 12-6 potential 
instead. It would be ambiguous to mix an LJ 12-6 potential with a LJ 9-6 potential 
and, hence, our choice of pcff for all the atoms in the system provided consistency. 

III. Simulation Protocol 
Each of the simulation boxes were energy minimized using the conjugate gradient 

algorithm in Discover module of Materials Studio [1].  Two different temperatures 
of 300 K and 353 K were chosen for the present simulations (300 K is the room 
temperature and 353 K is the average operating temperature for PEMFCs). 

The equilibration and production runs were carried out using LAMMPS software 
[12]. For each hydration level (λ), each atom in the simulation box was allocated a 
random velocity corresponding to the imposed temperature. Each simulation box was 
subjected to an annealing sequence in which the sample was heated up from 300 
K/353 K to 600 K in 50 ps, maintained at 600 K for 50 ps and cooled down from 600 
K back to 300 K/353 K in another 50 ps. This cycle was repeated for five times. After 
the annealing cycles were completed, the sample was simulated in the canonical 
NVT ensemble at T=300 K/353 K for 100ps. After that, the sample was simulated 
under NPT conditions for another 5 ns at P=1 atm and T=300 K/353 K. The Nose-
Hoover style thermostat and barostat [13][14] in LAMMPS [12] were used for 
maintaining the temperature and pressure as imposed during the NVT/NPT 
simulation. The Verlet integration algorithm [15] was used for time integration of 
the equations of motion. The PPPM [16] solver was used for solving electrostatic 
interactions. The cutoff for all interactions was set at 10 Å. The time step was 1 fs 
for all the simulations. 

The density of the samples stabilized at around 2 ns (Figure A1.1) from the start of 
the simulation to values within 5-7% of the experimental [17] PFIA density at 300 
K. The other parameters like pressure and temperature were fluctuating around the 
mean values after the density had stabilized and so it was safe to assume that the 
samples had equilibrated. The simulations were continued for another 3.85 ns in the 
NPT ensemble. The last 2 ns of the simulations time was used for production and 
particles trajectories were saved every 500 fs for structural and dynamic property 
analysis. The duration of our simulations and system sizes are consistent with 
previous simulation studies [10][18].  
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IV. Density plots for PFIA 
 

 

Figure A1.1 shows the density vs time plots for PFIA at T=300 K and T=353 K for 
0.85 ns-4.85 ns. We can clearly see that density starts to stabilize at around 2 ns. The 
data used for analysis was taken from 3.85 ns to 5.85 ns. The density shows very 
small variance around the mean value after 3.85 ns which means that the sample was 
in equilibrium after 3.85 ns.  

 

Figure A1.1 Density vs time plots for PFIA at (a) T=300 K (b) T=353 K 

(a) (b) 
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V. Radial Distribution Functions (RDFs) for PFIA 
 

 

The first peak in the S-S RDF (Figure A1.2 (a)) at T=300 K keeps shifting towards 
larger distances with increasing hydration levels from a value of 5.65 Å for λ=5 upto 
6.45 Å for λ=20.  This shift is due to the formation of bigger water clusters at higher 
hydration levels which increases the distance between sulfonate groups. 

The first peak of N-N RDF (Figure A1.2 (c)) at T=300 K also keeps shifting to 
larger distances with increasing hydration due to the reasons mentioned above. The 
first peak for λ=5 is situated at a significantly smaller distance as compared to the 
first peaks for higher hydration levels. This is because of the fact that the sulfonyl 
imide group was not ionized at λ=5 which, in turn, lead to less repulsion between 
two sulfonyl imide groups as compared to that at higher hydration levels.  

Figure A1.2 PFIA RDFs for (a) Sulfur-Sulfur at T=300K (b) Sulfur-
Sulfur at T=353K (c) Nitrogen-Nitrogen at T=300K (d) Nitrogen-
Nitrogen at T=353K  

(a) (b) 

(c) (d) 
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Figure A1.3 PFIA RDFs at T=353 K for (a) Sulfur- Oxygen (water) (b) 
Nitrogen- Oxygen (water)  

(a) (b) 

Figure A1.4 PFIA RDFs at T=353 K for (a) Sulfur- Oxygen 
(hydronium) (b) Nitrogen- Oxygen (hydronium)  

(a) (b) 
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VI. PFIA Radius of Gyration 
 

 

 

 

 

Figure A1.6 Averaged chain radius of 
gyration vs λ at T=353 K 

Figure A1.5 PFIA RDFs at T=353 K for (a) Oxygen (water) - Oxygen 
(water) (b) Oxygen (water) - Oxygen (hydronium)  

(a) (b) 
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VII. Mean Square Displacements (MSD) plots for water and 
hydronium  in PFIA matrix 

 

MSD linear scale plots (T=353 K) 

 

MSD log-log scale plots at T=353 K 

 

The dotted line is for the slope=1.The slope is around 0.9 except for 
λ=5(hydronium). This could be due to strong attraction of hydronium to side chain 
protogenic groups at very low phase separation of λ=5 and also due to very low water 
accessible volumes at λ=5 which hinders hydronium ion diffusion. 

 

Figure A1.7 MSDs at T=353 K for (a) water molecules (b) hydronium 
ions  

(a) (b) 

Figure A1.8 Log-Log MSDs at T=353 K for (a) water molecules (b) 
hydronium ions  

(a) (b) 
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VIII. Pore Size Distribution for PFIA 

 

The pore size (radius) distribution (PSD) were computed using the ZEO++ software 
[19]. The PSD shows an indication of the pore sizes through which water molecules 
can diffuse in all three dimensions (Figure A1.9). The pore size distribution has been 
computed with a probe diameter of 2.4 Å. The g(r) for Ow-Ow below 2.4 Å is zero 
(Figure A1.5(a)) and the average van der Waals diameter of a water molecule has 
been experimentally observed to be around 2.8 Å [20]. Therefore, any pores smaller 
than 2.4 Å diameter should not contain water molecules and would be irrelevant for 
our purpose. The pore size distribution for PFIA in Figure A1.9 showed increasing 
pore sizes with increasing hydration levels. 
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APPENDIX A2 
 

I. Model Construction 
The Nafion chains were constructed using Materials Studio1. The molecular 

structure of Nafion is shown in Figure 4.1. The value of n is taken as 7 for this study, 
corresponding to an equivalent weight (EW) of 1100. An equivalent weight of 1100 
represents common varieties of Nafion like Nafion-117 and Nafion-112. The value 
of m represents the degree of polymerization and this has been taken as m=10. 
Polyelectrolytes like Nafion2, Aciplex3 and PFSI4, which have a PTFE backbone, 
have been previously modelled using 10 monomers in a single chain.  

Three different simulation boxes were constructed corresponding to the three 
different thickness values (6.3nm, 8.7nm, 11.5 nm) using the Amorphous Cell 
module of Materials Studio1. The different simulated thickness values represent 
varying nanoparticle filler fractions, i.e., the thinner the film, the higher the filler 
fraction could be. Each simulation box had 17 Nafion chains, 170 hydronium ions 
and 2380 water molecules. The simulation box was confined in the Z direction and 
was periodic in the X and Y directions. A fixed boundary was used for the Z 
direction. The corresponding lateral (X and Y directions) dimensions varied from 6 
nm (the thinnest film) to 4.5 nm (the thickest film).  

Bulk Nafion simulations were also performed in 3D periodic boxes at the same 
hydration level λ=15 for two different system sizes of 7 and 17 Nafion chains. No 
finite size effects have been observed on comparing the density, radial distribution 
functions (RDFs) and water diffusion coefficients. 

All the simulation results for bulk and interfacial models shown in the present paper 
are for a 17 chain Nafion system. 

II. Simulation Protocol 
Each of the simulation boxes were energy minimized using the conjugate gradient 

algorithm in LAMMPS5. Two different temperatures of 300 K and 353 K were 
chosen for the present simulations (300 K is the room temperature and 353 K is the 
average operating temperature for PEMFCs). 

The equilibration and production runs were also carried out using LAMMPS 
software5. For a particular film thickness, the energy of the system was minimized 
under the influence of the walls with both 𝜖𝜖𝑝𝑝ℎ𝑜𝑜𝑜𝑜 and 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦  fixed at 0.25 kcal/mol. 
Then, the simulation box was subjected to a NVT run of 0.2 ns at T=300 K/353 K. 

203

Appendices



 
 

After that, the simulation box was subjected to an annealing sequence in which the 
sample was heated up from 300 K/353 K to 600 K in 50 ps, maintained at 600 K for 
additional 50 ps and cooled down from 600 K back to 300 K/353 K in another 50 ps. 
This cycle was repeated for five times. After the annealing cycles were completed, 
the sample was simulated in the canonical NVT ensemble at T=300 K/353 K for 0.2 
ns. After that, the sample was simulated under NpT conditions for another 7 ns at 
p=1 atm (in the lateral periodic dimensions) and T=300 K/353 K.  The density of the 
sample has been stabilized after about 1.5 ns of NpT simulations. The final 
configuration after 7 ns of NpT simulations was used as a starting configuration for 
simulations with five different 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 values at a fixed film thickness. Then, each of 
these different 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 value simulation boxes underwent the same simulation protocol 
as mentioned above (in this paragraph). For a fixed film thickness, different initial 
configurations were also implemented to increase the statistics and to confirm the 
accuracy of the simulations. 

 The Nose-Hoover style thermostat and barostat6,7 in LAMMPS5 were used for 
maintaining the temperature and pressure, as imposed during the NVT/NpT 
simulation. The Verlet integration algorithm8 was used for time integration of the 
equations of motion. The slab PPPM9 solver was used for solving electrostatic 
interactions in the Nafion film simulations while the normal PPPM solver was used 
for bulk Nafion simulations. The cutoff for non-bonded interactions was set at 10 Å. 
The time step was 1 fs for all the simulations. 

The density of the samples has been stabilized at around 1.5 ns (Figure A1.1) from 
the start of the NpT simulations for both T=300 K/353 K. The last 3 ns of the NpT 
simulation was used for production and particles trajectories were saved every 500 
fs for structural and dynamic property analysis. The RDFs and average water cluster 
sizes did not show any significant variation during this time.  

III. Force Field Validation 
Bulk Nafion was simulated at T =300 K and 353 K and at p = 1 atm to ascertain the 

validity of the force field. The density at λ= 15 at T=300 K was 1.83 g/cc and at 
T=353 K was 1.79 g/cc. These density values were within 5% of previously observed 
experimental Nafion density at T=300 K10,11 and simulated Nafion density at T=363 
K12. The radial distribution functions (RDFs) for sulfur-oxygen (water) and sulfur-
oxygen (hydronium) for bulk Nafion are shown in Figure A2.1. The peak distances 
for these RDFs also agree well with previous simulations13,14.  The first peak of 
sulfur-sulfur (S-S) radial distribution function, as seen in Figure A2.2 , was at 4.4 Å 
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which is within the range of the first peak distances observed in previous simulation 
studies2,14. The oxygen (water) - oxygen (water) first peak, as seen in Figure A2.3, 
was at 2.9 Å which is also quite similar to the previous simulation studies2,15.  

The diffusion coefficient of water in Nafion at λ= 15 for T=300 K was 0.98*10-5 
cm2/s and at T=353 K was 1.93*10-5 cm2/s. These values were within the range of 
the previous simulation data14,12  and the experimental16 water diffusion coefficient 
values at λ= 15. The diffusion coefficient for hydronium was 0.25*10-5 cm2/s (T=300 
K) and 0.48*10-5 cm2/s (T=353 K) which agreed well with the previous simulation14 
and experimental values17,18,19. 

The density of bulk hydrated Nafion has been decreased with increasing hydration 
levels and with increasing temperature. The water and hydronium diffusion 
coefficient values have been increased with increasing hydration levels and with 
increasing temperature. This is consistent with the previous simulations and 
experiments. 

IV. Sulfur-Sulfur Radial Distribution Functions 
The sulfur-sulfur radial distribution function (RDF) (Figure A2.2), sulfur-sulfur 

coordination number (CN) (Figure A2.3), sulfur-oxygen (water) CN (Figure A2.4), 
oxygen (water) - oxygen (water) RDF (Figure A2.5),  layer resolved side chain 
orientations (Figure A2.6), water cluster distributions (Figure A2.7), film averaged 
in-plane water mean square displacement (Figure A2.8) and layer resolved  in-plane 
water diffusion coefficients (Figure A2.9) have been shown below. 

Figure A2.1. Radial distribution functions for bulk 
Nafion. S- Sulfur; Ow-Oxygen (water); Oh-Oxygen 
(hydronium) 
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V. Sulfur-Sulfur Coordination Number 

 
 

Figure A2.3. Sulfur-Sulfur coordination numbers (CN) for different wall 
hydrophilicity values for (a) 8.7nm film (b) 11.5 nm film. The CN values for 
bulk Nafion are also shown 

 

(a) (b) 

Figure A2.2. Sulfur-Sulfur radial distribution functions (RDF) for different 
wall hydrophilicity values for (a) 8.7nm film (b) 11.5 nm film. The RDF values 
for bulk Nafion are also shown 

(a) (b) 
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VI. Sulfur-Oxygen (Water) Coordination Number 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A2.2. Sulfur-Oxygen (water) coordination numbers (CN) for 
different wall hydrophilicity values for (a) 8.7nm film (b) 11.5 nm film. 
The CN values for bulk Nafion are also shown 

 

(a) (b) 
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VII. Side Chain Orientation  
 
 

 

 

(a) (b) 

(c) 

Figure A2.3. Side chain orientation with respect to Z-axis for different film thickness 
values for (a) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 0.50 kcal/mol wall (b)  𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 1.20 kcal/mol wall (c) 𝜖𝜖𝑝𝑝ℎ𝑦𝑦𝑦𝑦 =
1.50 kcal/mol wall. Relative distance (t/T) is defined as the distance from a wall (t) 
divided by the film thickness (T). 
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VIII.  Oxygen (Water) – Oxygen (Water) Radial Distribution 
Functions 

 
 

 
 
 

(a) (b) 

(c) 

Figure A2.4. Radial distribution functions (RDF) for Ow-Ow for different wall 
hydrophilicity values for (a) 6.3 nm film (b) 8.7 nm film (c) 11.5 nm film. RDF for bulk Nafion 
has also been shown 
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IX. Water Cluster Distribution 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

(a) 

(b) 

Figure A2.5. Water cluster distributions for cluster sizes from 100 to 
2380 for different wall hydrophilicity for (a) 8.7 nm film (b) 11.5 nm 
film. Bulk Nafion water cluster distribution is also shown. 
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X. Mean Square Displacement 
 

(a) (b) 

(c) 

Figure A2.6. Mean square displacement (MSD) vs time plots for water in the planar 
direction (X and Y direction combined) for different wall hydrophilicity values (in 
kcal/mol) for (a) 6.3 nm film (b) 8.7nm film (c) 11.5 nm film. Bulk Nafion MSD is 
also shown. The dotted line denotes a slope of unity. 
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XI. Layer Resolved Diffusion Coefficients 
 

Figure A2.7. Layer resolved in-plane water diffusion constants (D) 
normalized by two dimensional water diffusion constant (Dbulk) at λ=15 
for bulk Nafion. Results are shown for (a) 8.7 nm and (b) 11.5 nm film 
for varying wall hydrophilicity. Relative distance (t/T) is defined as the 
distance (t) from a wall divided by the film thickness (T). 

 

 

(b) 

(a) 
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APPENDIX A3 
 

I. Simulation Protocol 
 

All the simulation boxes were energy minimized using the conjugate gradient 
algorithm in LAMMPS1. T= 353 K, the average operating temperature for PEMFCs, 
was chosen for the present simulations. 

The equilibration and production runs were also carried out using LAMMPS 
software1. The NVT runs and annealing protocol followed is the same as employed 
in our previous study2. The system is cycled between 353 K and 600 K as part of the 
annealing schedule. After annealing and NVT equilibration, the sample was 
simulated under NpT conditions for another 8 ns at p=1 atm and T=353 K.  The 
density of the sample has been stabilized after about 1.5 ns of NpT simulations. The 
last 3 ns of the NpT run was used for analysis. 

 The Nose-Hoover style thermostat and barostat3,4 in LAMMPS1 were used for 
maintaining the temperature and pressure, as imposed during the NVT/NpT 
simulation. The Verlet integration algorithm5 was used for time integration of the 
equations of motion. The PPPM solver was used for the electrostatics. The cutoff for 
the non-bonded interactions was set at 10 Å. The time step was equal to 1 fs for all 
the simulations. 

During the last 3 ns of the NpT simulation, particles trajectories were saved every 
1 ps for structural and dynamic property analysis. The RDFs and average water 
cluster sizes showed minimal variation during this time.  
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II. Sulfur-Oxygen (water) Radial Distribution Functions 
 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure A3.1. S-Ow (Sulfur- Oxygen (water)) radial distribution functions for DDP= 
0, 3, 5, 7, 10 for (a) 𝜆𝜆 = 5 (b) 𝜆𝜆 = 10 (c) 𝜆𝜆 = 15 (d) 𝜆𝜆 = 20      
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III. Sulfur-Oxygen (hydronium) Radial Distribution Functions 
 

 
 

 
 
 
 
 

 

Figure A3.2. S-Oh (Sulfur- Oxygen (hydronium)) radial distribution 
functions for DDP= 3, 5, 7, 10 for (a) 𝜆𝜆 = 5 (b) 𝜆𝜆 = 10 (c) 𝜆𝜆 = 15 (d) 𝜆𝜆 = 20     

 

(a) (b) 

(c) (d) 
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IV. Oxygen (Water) -Oxygen (Water) Radial Distribution 
Functions 

 

 
 
 
 
 
 
 
 

Figure A3.3. Ow-Ow (Oxygen (water) - Oxygen (water)) radial distribution 
functions for DDP= 0, 3, 5, 7, 10 for (a) 𝜆𝜆 = 5 (b) 𝜆𝜆 = 10 (c) 𝜆𝜆 = 15 (d) 𝜆𝜆 = 
20      

(a) (b) 

(c) (d) 
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V. Oxygen (hydronium) -Oxygen (Water) Radial Distribution 
Functions 

 
 

 
 
 
 
 

(a) (b) 

(c) (d) 

Figure A3.4. Ow-Ow (Oxygen (hydronium) - Oxygen (water)) radial 
distribution functions for DDP= 3, 5, 7, 10 for (a) 𝜆𝜆 = 5 (b) 𝜆𝜆 = 10 (c) 𝜆𝜆 = 15 
(d) 𝜆𝜆 = 20      
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VI. Water Phase Structure Factors  
 

The structure factors have been computed by the Fourier transform, Equation 1 of 
the main text, of the radial distribution functions (RDFs) of the oxygen (water and 

Figure A3.5. Water phase structure factors for 𝜆𝜆 = 5, 10, 15, 20 at (a) DDP = 
0 (b) DDP = 3 (c) DDP = 5 (d) DDP = 7 (e) DDP = 10 

 

(a) (b) 

(c) (d) 

(e) 
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hydronium) – oxygen (water and hydronium). These RDFs are very similar to 
oxygen (water) – oxygen (water) RDFs (Figure S3). The wave numbers 
corresponding to the peak locations are very close to the experimental values6. Also, 
the peaks, on average, shift towards smaller wave numbers with increasing hydration 
level (𝝀𝝀) , at all DDP levels, due to the increasing water domain sizes with increasing 
hydration. 

VII. Water Cluster Distribution 
 

Figure A3.6. Hydrophilic/water phase cluster distributions for DDP =0, 3, 
5, 7, 10 for (a) 𝜆𝜆 = 5 (b) 𝜆𝜆 = 15(c) 𝜆𝜆 = 20. The average number of clusters for 
cluster sizes < 10 in parts (a), (b) and (c) are well beyond the vertical scales. 
Average number of clusters is directly proportional to the occurrence 
frequency of a particular cluster size in the averaging interval of 3 ns. 
Hydrophilic/water phase contains both water molecules and hydronium ions. 

 

(a) (b) 

(c) 

220

Appendices



 
 

VIII.  Hydrogen Bond Count 

 

IX. Mean Square Displacements (Overall) of water and hydronium 
 

Figure A3.8. MSD for water molecule center of mass for 𝜆𝜆 = 5, 10, 15, 20 for 
(a) DDP= 0 (b) DDP= 3(c) DDP= 5 (d) DDP= 7 (e) DDP= 10 

 

(a) (b) (c) 

(d) (e) 

Figure A3.7. Hydrogen bond count for DDP =0, 3, 5, 7, 10 at 𝜆𝜆 = 5, 
10, 15, 20 (a) water-water hydrogen bonds (b) normalized count for 
water-water hydrogen bonds 
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(a) (b) 

(d) (c) 

Figure A3.9. MSD for hydronium ion center of mass for 𝜆𝜆 = 5, 10, 15, 20 
for (a) DDP= 3 (b) DDP= 5(c) DDP= 7 (d) DDP= 10  
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X. Mean Square Displacement (within 4.2 Å of sulfur) of water 
and hydronium 

 
 

 

 

 

 

(a) (b) (c) 

(d) (e) 

Figure A3.10. MSD for water molecule center of mass for 𝜆𝜆 = 5, 10, 15, 20 for (a) 
DDP= 0 (b) DDP= 3(c) DDP= 5 (d) DDP= 7 (e) DDP= 10 within 4.2 Å of sulfur 
atoms of the sulfonic acid groups 
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(a) (b) 

(c) (d) 

Figure A3.11. MSD for hydronium ion center of mass for 𝜆𝜆 = 5, 
10, 15, 20 for (a) DDP= 3 (b) DDP= 5 (c) DDP= 7 (d) DDP= 10 
within 4.2 Å of sulfur atoms of the sulfonic acid groups 
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XI. Diffusion coefficients (within 4.2 Å of sulfur) of water and 
hydronium 

 

 

 

 

 

Figure A3.12.  Diffusion coefficients for DDP= 0, 3, 5, 7, 10 
at 𝜆𝜆 = 5, 10, 15, 20 of center of mass of (a) water molecules 
(b) hydronium ions whose oxygen atoms are within 4.2 Å of 
sulfur atoms of sulfonic acid groups 

(a) (b) 
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XII. Residence Time and β coefficient of water and hydronium 
 

 

Exponential fit 

In addition to the stretched exponential fit, an exponential fit of the correlation 
function 𝐶𝐶(𝑡𝑡)  

𝐶𝐶(𝑡𝑡) = 𝑎𝑎 ∗ exp (− (𝑡𝑡
𝜏𝜏))…………………………………………………… A3.1 

was also used to get the residence times. Here 𝐶𝐶(𝑡𝑡) is described in Equation 2 of 
the main text and  𝜏𝜏 is the residence time  

 

 

 

 

Figure A3.13. Residence time extracted using exponential fit (Equation 
S1), for DDP= 0, 3, 5, 7, 10 at 𝜆𝜆 = 5, 10, 15, 20 (a) of oxygen (water 
molecules) and (b) oxygen (hydronium ions) 

 

(a) (b) 
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Figure A3.14. 𝛽𝛽 coefficient value extracted from the stretched exponential fit, 
Equation 3 of the main text, of the correlation function, Equation 2 of the main 
text, for different DDP= 0, 3, 5, 7, 10 at 𝜆𝜆 = 5, 10, 15, 20 for (a) oxygen (water 
molecules) (b) oxygen (hydronium ions) 
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APPENDIX A4 
I.  Radius of gyration 

 

 

Figure A4.1 shows the radius of gyration (Rg) for the dry PEMs during the initial 
1 million DPD timesteps. The Rg values have stabilized well before this time. 

II. Radial Distribution Function 
 

Figure A4.1. The comparison of the 
gyration radius  (Rg) for the dry Dow, 
Nafion and Aciplex membranes. 

Figure A4.2. The comparison of the radial distribution functions 
(RDF) for the hydrated PEMs for (a) C-C (b) W-W pairs  after 2 x 
10^6 timesteps 

 

(a) (b) 
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 Figure A4.2 (a) shows the comparison of the RDFs for the hydrophilic beads (C-C) 
and Figure A4.2 (b) shows the comparison of RDFs for the water beads (W-W). 

III.  Hydrophilic Bead Cluster Formation Dynamics 
 

The hydrophilic bead cluster count goes up for the three different membranes in the 
bottom and mid layers along with a decrease in the cluster sizes. This indicates that 
a rearrangement of the side chains is taking place and the hydrophilic beads, at the 

(a) (b) 

(c) (d) 

(e) (f) 

Figure A4.3. Comparison of the time evolution of the hydrophilic 
bead clustercount/number of clusters and average cluster size for 
different side chain length PEMs in three different layers at distances 
ranging from (a),(b) 5-15 DPD units (c),(d) 15-25 DPD units (e),(f) 
25-35 DPD units from the bottom Z boundary. 
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end of the side chains, are getting more dispersed in these layers. The number of 
clusters increases more with increasing the side chain length, and the average cluster 
sizes decrease more with increasing the  side-chain length. This implies that the rate 
of the rearrangement of the hydrophilic tips of the side chains is proportional to the 
side-chain length. This could be because the longer side chains can penetrate deeper 
into the water domains away from the hydrophobic domains, thus allowing easier 
movement of the hydrophilic tip of the side chains. In the top/interfacial layer, the 
sulfur cluster count increases for the Aciplex PEM and goes down for the other two 
shorter side-chain PEMs. The cluster sizes increase noticeably for Dow, but remain 
almost constant for the other two PEMs. This is due to the very slow penetration of 
water into the Dow membrane which leads to slow dispersion and rearrangement of 
sulfur clusters at the interface as compared to the other two PEMs.  
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Summary 
 

Renewable energy sources are becoming are increasing their share in the total 
energy  production due to the demand for clean, emission free and cheap energy. 
Energy storage is a key enabler of renewable energy due to the intermittent nature of 
energy sources like solar and wind energy. Redox flow batteries are one of the energy 
storage devices. These devices store energy by using redox reactions of the 
electrolytes in the device. Polyelectrolyte membranes (PEM) are a critical 
component of this device since it allows the protons to diffuse and separates the 
electrolytes. In addition, renewable energy can be used to produce hydrogen which 
can be stored. Fuel cells are used to produce energy from hydrogen. PEM is also a 
key component of a fuel cell. The PEM allows the protons to diffuse and separates 
the fuel and the air stream. Hence, we see that PEMs are very important in the energy 
storage landscape. Chapter 1 gives an overview of the renewable energy landscape 
and the importance of PEMs in this landscape. 

PEMs undergo a phase separation on hydration. A hydrophilic continuous phase is 
formed which allows the transport of protons across it. The structure of this 
hydrophilic phase affects the proton transport which in turn affects the efficiency of 
the devices such as flow batteries and fuel cells. Chapter 1 also discusses important 
existing literature for the structure and transport in PEMs. Our goal in this thesis is 
to understand the effect of various parameters on the structure of this hydrophilic 
phase and resulting proton diffusion. We have used computer simulations, described 
in Chapter 2, to perform our study. Fully atomistic classical molecular dynamics 
(MD) and dissipative particle dynamics (DPD) techniques were used to simulate the 
systems are small and large length and time scales respectively. 

There are various chemical structures of PEMs being used currently. Nafion is the 
most commonly used PEM. It has a hydrophobic backbone made up of 
tetrafluorethene (TFE) units and a hydrophilic side chain which is also made up of 
TFE units terminated by a sulfonic acid group. Recently, another PEM known as 
perfluoroimide acid (PFIA) has gained prominence due to its superior proton 
conductivity as compared to Nafion. PFIA has an extra sulfonyl imide acidic group 
in its side chain along with the sulfonic acid group that is present in Nafion. In 
Chapter 3, we study the internal structure and transport inside PFIA membrane using 
atomistic MD. The proton diffusion rates were comparable in both Nafion and PFIA 
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but the larger number of charge carrying protons were the reason behind higher 
proton conductivity in PFIA. 

PEMs are doped with various kinds of nanoparticles to improve properties such as 
water retention, proton conductivity, crossover of electrolytes etc. However, there 
lacks a general understanding of the underlying mechanism in such nanocomposites. 
In Chapter 4, we study the effect of variable hydrophilicity of the nanoparticles on 
Nafion using atomistic MD. We found that high hydrophilicity nanoparticles 
produced more isolated water clusters which explains the low electrolyte crossover 
observed experimentally. Also, higher concentration of high hydrophilicity 
nanoparticles resulted in more distributed water clusters which has also been 
observed in experiments. We also observed that highly hydrophilic nanoparticles 
encouraged the formation of thin layer of water near the surface of the nanoparticles. 
This thin layer could promote transport within the PEMs if the nanoparticles have 
long 1D or 2D shapes. 

We have previously discussed that PEMs undergo phase separation upon hydration. 
In addition, the acidic groups in the PEMs also dissociate upon hydration. Previous 
experiments have shown that the amount of dissociation of these acidic groups can 
be quite low (50%) even at very high hydration levels and the amount of dissociation 
increases increased with hydration. In Chapter 5, we have studied the effect of 
varying amounts of dissociation of the acidic groups in Nafion on the internal 
structure using atomistic MD. These effects can be important during operation of 
devices such as fuel cells or flow batteries where changing load will cause changes 
in hydration within the PEMs. We found that the water clusters became narrower and 
longer with more acidic group dissociation. The proton vehicular diffusion was 
impeded with increasing dissociation while the water diffusion remained largely 
unaffected. 

PEMs form an interface with water or water vapor in devices such as flow batteries 
and fuel cells respectively. The water diffuses past this interface to keep the 
membrane hydrated. The side chain structure is known to affect the internal 
hydrophilic phase structure and diffusion of protons in PEMs. In Chapter 6, we have 
studied the interface between three different PEMs of different side chain lengths 
and water. We used DPD simulation technique to probe the large time scales over 
which water diffusion across the interface happens. We found that the PEM water 
uptake increased with increasing side chain length. The water cluster formation rate 
was also directly proportional to the side chain length. However, the shape metrics 
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of the water clusters such as acylindricity, asphericity and relative shape anisotropy 
were almost the same irrespective of the side chain lengths. 

Finally, Chapter 7 summarizes all the important findings in the previous chapters. 
Further research on the methodology of fast and accurate development of new force 
fields to study ionic liquid doped polyelectrolyte membranes and proton hopping 
transport is discussed. 
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