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One of the main challenges to transform highly useful Direct Methanol
Fuel Cells (DMFC) into a commercially viable technology has been to develop
a low cost polymer electrolyte membrane (PEM) with high proton conductivity, high stability and low methanol crossover under operating conditions
desirably including high temperatures. Nafion, the widely used PEM, fails to
meet all of these criteria simultaneously. Recently developed acid-base polymer
blend membranes constitute a promising class of PEMs alternative to Nafion
on above criteria. Even though some of these membranes produce better
performance than Nafion, they still present numerous opportunities for maximizing high temperature proton conductivity and dimensional stability with
concomitant minimization of methanol crossover. Our contribution embarks
on the fundamental study of one such novel class of blend membranes viz.,
sulfonated poly (ether ether ketone) (SPEEK)(95 % by weight) blended with
viii

polysulfone tethered with base (5 % by weight) such as 2-aminobenzimidazole
(ABIm), 5-amino-benzotriazole (BTraz) and 1H-perimidine (PImd), developed
by Manthiram group at The University of Texas at Austin.
In this work, we report extensive all-atom classical as well as ab-initio
molecular dynamics (MD) simulations of such water-methanol solvated blend
membranes (as well as pure SPEEK and Nafion) the first time. Our approach
consists of three steps: (1) Predict dynamical properties such as diffusivities
of water, methanol and proton in such membranes (2) Validate against experiments (3) Develop understanding on the interplay between basic chemistry,
structure and properties, the knowledge that can potentially be used to develop
better candidate membranes. In particular, we elucidate the impact of simple,
fundamental physiochemical features of the polymeric membranes such as hydrophilicity, hydrophobicity, structure or the size of the base on the structural
manifestations on the bigger scale such as nanophase segregation, hydrogen
bonding or pore sizes, which ultimately affect the permeant transport through
such systems.
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Chapter 1
Introduction

Recently there has arisen a significant interest in clean energy alternatives to conventional fossil fuel applications. Fuel cells that were originally
proposed as early as 1838, have emerged as a promising candidate for such
application [111, 132]. Ever since the first fuel cell was first commercialized by
GE in 1950s [91], tremendous advances have resulted in the path to fuel cells
commercialization. Despite such developments, innovations in materials property improvements have been recognized as a key scientific and technological
hurdle confronting widespread application of fuel cells [113, 131].
A class of fuel cells termed as Direct methanol fuel cells (DMFCs), are
the focus of the dissertation work. A key player in proposed methanol economy
[92], DMFCs are versatile in their applications ranging from low temperature
applications such as portable electronic devices (laptop and cellular phone batteries) and medium to high temperature applications such as residential remote
power generation and electrotraction devices for transportation [6]. DMFCs
are particularly of interest due to their potential to supply the uninterrupted
power (without the need for recharging with an electrical outlet), ease with
which such fuel cells can be integrated with applications requiring portability

1

Figure 1.1: Schematic of an Operation of Direct Methanol Fuel Cell (Taken
from Ref [1]
and higher utilization efficiencies [6, 69, 132].
A typical direct methanol fuel cell operation and corresponding reactions happening at anode and cathode are shown in the Fig. 1.1. Polymer electrolyte membranes (PEMs) form a critical component of such fuel
cells, by playing a dual role of: (i) separating fuel (here, liquid methanol) at
anode from the gases at cathode; and (ii) conducting protons [22, 25]. An
ideal PEM for DMFC would be characterized as one possessing key features
such as low cost, high proton conductivity, high chemical and dimensional

2

stability and low methanol crossover under all the potential operating conditions (including high temperatures) [25, 129]. Although Nafion, the membrane conventionally used for many PEM applications, satisfies the criteria of
high proton conductivity and chemical stability, its main shortcomings include
high cost, undesirable methanol crossover and limited operating temperature
[61, 88, 105]. To overcome such disadvantages, several alternatives to Nafion
have been suggested. These include non-fluorinated hydrocarbon (aliphatic
or aromatic) membranes such as polyvinyl alcohol (PVA) [100], sulfonated
aromatic polymers [61, 68, 138, 139], acid-nonacid blends and acid-base polymer complexes [33–35, 52, 54, 55, 61, 69, 70], sulfamides [61] inorganically modified organics [145], polybenzimidazole-like polymers blended with oxo-acid like
phosphoric acids [61] etc. Despite of tangible progress, it is widely believed
that there is still a lot of room for optimization for a low cost PEM material
with high proton conductivity, low methanol crossover and high stability at
high temperatures.
Acid-base blend membranes [33–35, 52, 54, 55, 61, 69, 70, 90, 96, 109] are
being considered as a class of promising alternatives to Nafion. Such hydrocarbon membranes exhibit low liquid uptake and methanol crossover, while
still providing additional proton transfer through acid-base interactions. This
permits the use of such materials at higher temperatures than Nafion. In
this work, we choose to study one specific class of such membranes, viz., sulfonated poly(ether ether ketone) (SPEEK) and base tethered polysulfone (psf),
developed by Manthiram and coworkers [33–35, 69, 70]. The maximum power
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densities in these blends were reported to vary as 95, 101 and 73 (in units
of mW/cm2 ) for bases 2-amino-benzimidazole (ABIm), 5-amino-benzotriazole
(BTraz) and 1H -perimidine (PImd) respectively [70]. In comparison, the corresponding values for SPEEK, Nafion 115 and Nafion 117 were found to be
64, 59 and 49 mW/cm2 respectively [70]. Lower methanol crossover was also
reported in such blend membranes relative to SPEEK and Nafion, whereas the
proton conductivities were higher than that in SPEEK [33–35, 69, 70].
Observation of higher proton conductivities in acid-base membranes
compared to pure SPEEK, suggests that base may play a role in enhancing proton diffusion in a Grotthus mode of transport (as against vehicular
transport). That the base participates in Grotthus proton diffusion was also
suggested by finite proton conductivities observed in these acid-base blends
in dry state at high temperatures [33, 69, 70]. Moreover, the acid-base blends
show an optimal fuel cell performance (cell voltage against current density)
at a psf-base content of around 4-5 wt%, the origin of which is still unknown.
This motivates the need for a systematic study of water, methanol and proton
transport mechanism in these systems. Experiments, while providing direct
measurements on various fronts, cannot discern the atomistic and molecular phenomena, required for optimization of such acid-base blend membranes.
In contrast, atomistic simulations can help interrogate molecular phenomena
underlying the material characteristics and thereby suggest strategies for optimization. In particular, all-atom classical and ab initio molecular dynamics
simulations serve as ideal tool for studying water, methanol and proton trans-
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port in such systems. Specifically, they can enrich knowledge about interplay
between fundamental chemistry, structure and properties, the knowledge that
can be used in further optimization. Numerous studies using such simulations have been reported on Nafion and SPEEK-like polyelectrolyte systems
[9, 14, 17–19, 21, 25, 26, 41, 49, 119, 120, 128]. This work presents an application
of such simulations to the class of acid-base blend systems.
In the following, we provide a chapterwise short description of our work.

1.1

Sulfonated Poly(Ether Ether Ketone)(SPEEK) in
Comparison with Nafion: Nanophase segregation
and Hydrophilic Domains
The results of extensive all-atom molecular dynamics (MD) simulations

of water and methanol solvated SPEEK (Sulfonated Poly(ether ether ketone))
are reported. In this chapter, we present results elucidating the key structural
features of hydrophilic domains with varying water, methanol contents and
temperature. With increasing hydration, we found that the membrane swells
appreciably and transforms from a state containing a large number of water
clusters each containing just few molecules at low water contents to large
water clusters which encompass most of the water molecules at the highest
water contents. In comparison to the results reported for Nafion, SPEEK was
found to be characterized by smaller sized water clusters and less pronounced
percolation at lower water contents, but the distributions in SPEEK become
comparable to Nafion at higher water contents. Water confined in SPEEK
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showed less internal structure than water confined in Nafion. With increasing
water content, solvation of sulfonic acid groups was observed. The average
sulphur-sulphur separation in SPEEK was found to be higher compared to the
results reported for Nafion. The backbone of SPEEK was found to be more
rigid and more hydrophobic than that of Nafion. These observations partly
suggest that the nanophase segregation in SPEEK is less pronounced than
in Nafion which may contribute to the diminished crossover characteristics of
SPEEK noted in experiments and reported in the next chapter.

1.2

Sulfonated Poly(Ether Ether Ketone)(SPEEK) in
Comparison with Nafion: Structure and Transport
Properties of Water, Methanol and Hydronium
The results of extensive all-atom molecular dynamics (MD) simulations

of water and methanol solvated SPEEK (Sulfonated Poly(ether ether ketone))
are reported. In this chapter, we present results elucidating the spatial distributions of hydronium ion (vehicular proton) and methanol, and the transport
properties of water, hydronium ions and methanol. Our results suggest that
hydronium ions escape the attraction shells of sulfonic group with increasing
water wt%. The localization of the hydronium ion near sulfonate anion was
seen to be significantly more pronounced than in Nafion, suggesting stronger
basicity of sulfonate anion and therefore weaker acidity of its conjugate acid
in SPEEK than in Nafion. In contrast to Nafion, methanol was more tightly
bound to sulfonate anion and was also seen to lie closer to aromatic back-
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bone. Water diffusion coefficients followed experimentally observed trends
where they are lower in SPEEK than in Nafion. The vehicular proton diffusivity as quantified by hydronium ion diffusivity was found to be lower than
that in Nafion. The transport results were rationalized based on the structural
insights presented in earlier and this chapter.

1.3

Dynamics of Water and Methanol in Acid-Base Blend
Membranes of Sulfonated Poly(Ether Ether Ketone)(SPEEK)
and Polysulfone tethered with base in Comparison
with Nafion: A Macroscopic Basis
Atomistic molecular dynamics simulations have been used to study the

water and methanol diffusivities in acid-base polymer blend membranes consisting of sulfonated poly(ether ether ketone) (SPEEK) and polysulfone tethered with different bases (2-amino-benzimidazole, 5-amino-benzotriazole and
1 H-perimidine). Consistent with experimental trends, methanol and water
diffusivities in all the SPEEK-based systems were found to be lower than
those in Nafion. When the base group attached to the polysulfone was varied,
the methanol diffusivities were found to exhibit the same trends as observed in
the experimentally measured crossover current densities. We observe that such
trends are observed only when we explicitly accounted for hydrogen bonding
interactions between the hydrogen attached to nitrogen of the base and oxygen
of the sulfonate of SPEEK. Furthermore, in almost all cases, methanol diffusivities were found to be highly correlated with the pore sizes of the membranes.
This was rationalized by introduction of simple cumulative coordination num7

ber scale.

1.4

Dynamics of Water and Methanol in Acid-Base Blend
Membranes of Sulfonated Poly(Ether Ether Ketone)(SPEEK)
and Polysulfone tethered with Base: A Microscopic
Rationale
Impact of pore sizes on methanol and water diffusivities in acid-base

blends studied in earlier chapter is rationalized using radial distribution functions and residence time distributions. Origin of the trends in pore sizes was
sought by comparing acid-base hydrogen bonding interactions between oxygen
of sulfonate anion and hydrogen attached to nitrogen of the base (H(N-base))
as well as parasitic hydrogen bonding interactions between the sulfone oxygen of polysulfone and H(N-base). Together, our results unravel a simple
physicochemical basis for methanol diffusivities in acid-base blend membranes
and highlight the crucial role played by the hydrogen bonding interactions in
influencing methanol transport in acid-base polymer blend membranes.

1.5

Proton Transport through Acid-Base Blends of Sulfonated Poly(Ether Ether Ketone)(SPEEK) and Polysulfone tethered with base via Ab-Initio Molecular
Dynamics(AIMD) Simulations
Using ab initio molecular dynamics (AIMD), we simulated two hydrated

acid-base blend systems (for the bases ABIm (578 atoms) and BTraz (576
atoms)) at 90 °C and one dry system involving BTraz (366 atoms) at 150 °C.
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In analyzing the simulations, the cut-off required to define bonds in AIMD simulations was determined using radial distribution functions and neighbor analysis. Next, indicators of proton transfer events such as time variation of index
of proton carriers over water oxygen, sulfonic oxygen of SPEEK and nitrogen of
base are presented. Subsequently, the distribution of protonated species in all
the systems was discussed and compared. In addition to other commonly expected species, doubly shared protonated complexes (2(O,O) type) indicative
of novel proton transport mechanism in such systems were observed. Higher
number of proton transfer events involving nitrogen and more percent of shared
protonated complexses of (O,O) (Zundel) and particularly (O,N)(NZundel) in
BTraz system compared to ABIm system provide a physical mechanism rationalizing the experimentally observed higher proton conductivity in blends
with BTraz than with ABIm.
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Chapter 2
Sulfonated Poly(Ether Ether Ketone)(SPEEK)
in Comparison with Nafion: Nanophase
segregation and Hydrophilic Domains

2.1

Introduction
In the pursuit of economical options for sustainable clean energy alter-

natives, fuel cells are emerging as a promising candidate [111]. In this context,
polymer electrolyte membrane fuel cells (PEMFCs) have attracted considerable interest by possessing amongst the highest power densities. Much of the
research in PEMFCs have explored the use of a material termed Nafion, which
is a sulfonated tetrafluoroethylene based fluoropolymer-copolymer [37, 62, 105,
141]. While PEMFCs employing Nafion result in high performance characteristics [61, 62], they also suffer from certain disadvantages such as a limit on the
operating temperature [22, 61, 113], water crossover[22, 42, 61, 107] and high
costs of the membrane [61, 103]. Consequently, there is active research in alternative polymeric proton exchange membranes such as sulfonated aromatic
polymers [61, 68, 138, 139], acid-nonacid blends and acid-base polymer complexes [33–35, 52, 54, 55, 60, 61, 69, 70, 103], sulfamides [61], inorganically modified organics[145], polybenzimidazole-like polymers blended with oxo-acid like
phosphoric acids [61] etc.
10

In the present and the forthcoming chapters, we consider the properties
of one such alternative to Nafion, viz., Sulfonated Poly(ether ether ketone)
(SPEEK) membrane. In pure form, SPEEK membranes have been demonstrated to offer potential for achieving a combination of desirable features such
as chemical and thermal stability, mechanical strength under fuel cell conditions, reduced water, methanol crossover and low cost [27, 61, 68, 76, 138, 139].
On the other hand, some limitations of SPEEK include reduced proton conductivity and swelling effects at temperatures as low as 80 °C (the corresponding swelling temperature for Nafion is around 140 °C), which results in lower
morphological stability [60, 61, 68, 138, 139]. More recent studies have demonstrated that a non-acid like polyethersulfone (PES) blended with SPEEK may
improve morphological stability and further reduce water-methanol permeation while maintaining proton conductivity [61]. Alternatively, hybrid membranes of inorganic particles dispersed in SPEEK matrix provide good textural
properties and proton conductivities, and have been advanced as potential candidates for hydrogen fuel cells [12]. Also recent studies have demonstrated that
SPEEK blended with polyethersulfone bearing base like benzimidazole or its
derivative may lead to better DMFC performance than pure SPEEK or Nafion
[33–35, 69, 70].
In this work, we undertake a fundamental study on the characteristics
of solvated SPEEK membranes used in the context of direct methanol fuel
cell applications (DMFC). Specifically, we are interested in quantifying the
morphological structure and transport properties of SPEEK and compare it
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to similar features reported in the context of Nafion membranes. A number of
experimental studies have recently probed the structural characteristics, hydrogen fuel cell and DMFC performances, and the dynamical properties of
permeants such as proton, water and methanol in dry and solvated SPEEK
membranes [60, 61, 139]. It is generally believed that polyelectrolyte membranes such as SPEEK tend to phase separate into hydrophobic domains composed of polymeric backbones and hydrophilic domains which consist of water
clusters [61, 139]. The hydrophilic sulfonic acid groups of SPEEK have been
speculated to lie at the interface between the two phases. The structure of the
hydrophilic phase and its connectivity are especially of interest due to their
potential impact upon the transport properties of the membrane. Specifically,
Kreuer and coworkers [60, 61] have suggested that due to the less hydrophilic
sulfonic acid group and the less hydrophobic and more rigid aromatic backbone in SPEEK, the hydrophobic and hydrophilic phases may be less phaseseparated in SPEEK compared to Nafion. As a consequence, SPEEK was
speculated to contain narrower aqueous channels with a branched networklike structures which are accompanied by higher dead-end confinements of
water clusters especially at low water contents. Similar structural differences
between SPEEK and Nafion were also emphasized in the experiments of Yang
and Manthiram [139] using results from small-angle X-ray scattering (SAXS)
technique.
Computer simulations provide an attractive means to study structural
features of polymer membranes and shed light on the experimental observa-
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tions. Not surprisingly, several previous researches have used computer simulations to study structure and transport properties in Nafion membranes
[9, 17, 21, 25, 26, 49, 119, 120, 128]. However, there has been much less simulation work reported in the context of solvated SPEEK membranes [14]. In
this work, we report extensive all-atom atomistic simulations of water and
methanol solvated SPEEK. We probe the key changes in the membrane structure and transport by varying the weight percent of water, methanol concentration and temperature. The results of these studies are presented in a two
chapters. In this chapter, we present results quantifying the structure of the
hydrophilic and hydrophobic domains. We quantify water cluster sizes and
percolating fractions, and characterize the backbone features leading to less
nanophase segregation in SPEEK than Nafion and ultimately demonstrate less
pronounced pore size distributions in SPEEK compared to Nafion in chapter
four. The influence of the effects of reduced nanophase segregation in SPEEK
on the spatial distributions of hydronium ions and methanol molecules along
with the corresponding transport coefficients of all the permeants are reported
in the chapter three.
The rest of this chapter is arranged as follows: In section 2.2, we present
details about the simulation methodology. In section 2.3, we present the results
of this study. Finally in section 2.4, we summarize the important conclusions.
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Figure 2.1: subunit of speek[139]

2.2
2.2.1

Simulation Methodology
Details of the System and Setup
Figure 2.1 displays the chemical structure of a subunit of SPEEK con-

sidered in our simulations. In our atomistic simulations, we have considered
SPEEK chains each consisting 20 such subunits with 50 % sulfonation level.
The 50 % sulfonation level is consistent with levels speculated to produce
DMFC performance (proton conductivity and methanol crossover) comparable to Nafion [68, 138, 139]. We assumed a periodic arrangement for such
subunits, i.e., one sulfonated PEEK (i.e. SPEEK) subunit followed by a pure
PEEK subunit. We note that realistic models of experimental systems may
require a model for randomly sulfonated SPEEK. However, due to the small
system sizes (and chain lengths) probed in atomistic simulations, we adopt the
blocky model copolymer model. We assumed that the pKa of SPEEK to be
−1.0 [61], equivalent to a dissociation of 92 % sulfonic acid groups. Simulations of acid-base dissociation equilibrium cannot be effected within a classical
simulation framework due to the dynamical changes in bond topologies that
need to be captured [63]. Instead, due to the relatively high degree of dissociation we just assumed that a randomly chosen and fixed number (92%) of
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sulfonic acid groups remain dissociated throughout the simulations. Furthermore, we assumed the H+ ions so formed combine with a water molecule to
form hydronium ions. The identity of such dissociated H+ (and hydronium
ions) are assumed to remain unchanged throughout the simulation. These
simplifications also implicitly assume that the change in the degree of dissociation is small when the hydration level and/or temperature is changed.
Although these assumptions may not necessarily be the true [63], the fact that
we can reasonably reproduce experimentally observed structural and dynamical behavior of solvated SPEEK with these assumptions suggests that errors
inherent in these simplifications are not too severe.
Our simulation system consisted of SPEEK chains generated based on
the assumptions detailed above. We note for later comparisons that the previous work on SPEEK by Brunello et al. [14] used 2 chains of SPEEK each
with degree of sulfonation to be 40%, degree of polymerization to be 100 units
and assumed all sulfonic acids to be dissociated.
We generated the system of chains (along with the corresponding hydronium ions) at an initially low density of 0.005 g/cc, using Amorphous Cell
Builder in MS Modeling [2]. The initial density value of 0.005 g/cc was chosen specifically to be low enough to accommodate the ring catenation errors
specific to aromatic system. Then we added water and methanol in the voids,
accounting for the volumes embodied in the interaction potentials of the different atoms. We used the method of shrinking boxes described by Sok et al.
[110] and Vegt et al. [121] to generate the system at the parametric density
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from low density initial configurations. The method of shrinking boxes slowly
increases the pressure while retaining only the repulsive non-bonded potentials
[121] to avoid overlap and strain in the dihedrals. Bonded potentials are kept
on throughout the initial phase.
2.2.2

Force Fields
We used the DREIDING force field for polymer chains [89]. The ad-

vantage of DREIDING is that it is a generic potential field, which can be
easily parameterized for diverse and novel combinations of elements and environments. This force field has been successfully applied to Nafion system in
earlier researches [25, 26, 49, 128]. For hydronium ion, we used the force field
parameters and charges from Jang et al [49]. For water, we applied flexible F3C
force field developed by Levitt et al [67]. The latter has particular application
for macromolecules in solution and was motivated by the need to maintain
similar degrees of freedom across all molecules of the system. We used a combination of 3-site model developed by Honma et al [43] and OPLS-AA [50] (for
force constants for intramolecular bending) for methanol.
2.2.3

Simulation Run Details
Our atomistic simulations were carried out using LAMMPS (Large-

scale Atomic/Molecular Massively Parallel Simulator) simulation tool [101,
102]. The energy of the system was minimized using the conjugate gradient method, with maximum distance of line search chosen as 0.1 Å. Since
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we have high frequency hydrogen vibrations, particularly in flexible water, we
maintained the timestep to be 0.5 fmsec. After the initial minimization, the
simulations were run until 7 ps (time count from the start) at the operating
temperature while the pressure was increased from 1 to 100 atm using a NPT
ensemble. This step is effected to compress the system sufficiently to render it
ready for the method of shrinking boxes. Subsequently, we compressed the system from 100 to 150 atm over the time 7 to 450 ps, while retaining the bonded
and Lennard-Jones (LJ) repulsive non-bonded potentials (LJ attractive and
electrostatic potentials are turned off to avoid clustering and unnecessary extra
repulsion). Subsequently, we introduced the full LJ potentials over the next
5 ps at 150 atm. Then for the next 35 ps, the system pressure is maintained
at 150 atm with all the interaction potentials switched on. Then, the system
is equilibrated at 1 atm pressure until 2.25 ns at which point equilibration
was confirmed by noting that the energy and density were fluctuating within
the limits of tolerance. Subsequently, production runs were carried out for
the next 1 ns. Radial distribution functions (RDF) g(r) and coordinates data
were sampled every 0.1 ps. We also report results for the coordination number,
defined as the number of atoms in a spherical volume of radius R around the
given atom:
Z
n(R) = 4πρ

R

r2 g(r)dr.

(2.1)

0

Upon completion of major work [79, 80] that is reported in this and
the next chapter, we realized that the simulations effected and the results reported had an unfortunate, inadvertant error. Specifically, the Lennard-Jones
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(LJ) potential size parameter for the F3C forcefield that was used for water and hydronium ions, σF 3C , is equivalent to the Vander Waals’s radius of
the corresponding species. However, the LAMMPS simulation software used
for obtaining our results specifies the size parameter σLAM M P S as that corresponding to the first location at which the potential becomes identically
zero. Explicitly, this results in the relationship σF 3C = 1.122σLAM P P S . Inadvertantly, we missed this conversion for the water and hydronium molecule
force fields (we did use the correct parameters for the other molecules). While
much of our conclusions reported in the articles remain correct, diffusivities,
some aspects of water behavior and system densities at higher water content
do change quantitatively. In the following, we report selected results from
SPEEK reruns after the correction and probe the effects of (i) Varying the
water content from 5 to 20 to 40 wt% in a 1 M methanol solution (equivalently, varying hydration levels as 1.94 (5 wt%), 9.25 (20 wt%), and 25.05
(40 wt%) respectively); (ii) Changing the methanol concentration from 3.33
wt% (1 M) to 40 wt% (11.31 M) while keeping up the total number of solvent
molecules at 2553 (corresponding to 41 wt% of water in SPEEK in the absence
of methanol); and (iii) Changing the temperature of SPEEK in 1 M methanol
solution from 298 K to 338 K. While one of our objectives was to the study of
effect of varying hydration levels on the structure and properties of SPEEK,
we still maintained methanol in all our results to better simulate real DMFC
systems. We note that 1 M solution of methanol is equivalent to 3.3 wt % of
methanol with respect to total solvent (water+methanol). Since this concen-
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tration is very low (at 5 wt% water this is equivalent to 4 methanol molecules
relative to 194 molecules of water), we feel the results are still representative of
changes arising from variations in hydration level in the absence of methanol.
Hence, the results presented in this article are also expected to be relevant to
the applications of hydrated SPEEK in the absence of methanol such as in
hydrogen fuel cells.
The choice of our simulation temperature of 338 K was motivated by
reports which had suggested this to be an optimum temperature for SPEEK
performance in DMFC [138] and PEMFC [12]. As an aside, we note that
some comparisons of our results are presented to simulations of Nafion which
were typically done at 298/300 K. To justify such comparisons, we point to
our results in the Fig. 2.7(d) and 2.9 (b), which display the variations in
the RDFs with temperature for 1 M methanol solution in 40 wt% water.
Explicitly, comparisons relating to peak positions and coordination numbers
remain unmodified despite the change in temperature. Thus we feel it is
justified to compare our results with pertinent literature results on Nafion.
Last, since all-atom simulations of such polymeric systems can be carried out only for a few ns due to computational costs involved, it is always
doubtful of whether a system has reached equilibration or not. Agreement of
simulated and experimental densities (section 2.2.5) and stable volume trajectory for NPT ensemble could be cited as crude metrics of equilibration. In addition, it should be noted that experimental systems involving polymer membranes are typically in a glassy non-equilibrium state themselves. Whence,
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all-atom simulations are unlikely to generate realistic configurations. A second point is that just the metric of “equilibration times” does not suffice to the
attainment of the equilibration state. The mode of preparation of the sample
is also important, and by using a special procedure (described earlier) to effect
this, we reach closer to equilibrium. A final point is that our simulations are
in the same range as the equilibration times of other simulation studies on fuel
cell membranes (Nafion) reported earlier [21, 25, 26, 119, 120, 128].
2.2.4

Charge Equilibration and Assignment
In reality, quantum mechanical approach needs to be used for entire

system in order to assign the charges, which would remain fixed throughout
the classical MD simulation. In this work, we used QEq charge equilibration
method in Accelrys Materials Modeling to assign the charges. While assigning
charges for entire system is possible, net total charge after Amorphous Cell
generation in our version does not equal zero. Also, the charges generated
using a single unit are much less likely to represent any randomly picked unit
in “dense” real system. Thus, actual system was generated using amorphous
cell. A chain was picked up at random and charges were averaged over each
kind of SPEEK unit (sulfonated and dissociated, unsulfonated and sulfonatedundissociated) in that chain to generate standard unit charges to be -1, 0 and
0 respectively.
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water Density methanol Density Temperature
wt%
(g/cc)
wt%
(g/cc)
(K)
5
1.14
3.33
1.15
298
20
1.2
40
1.1
338
40
1.15

Density
(g/cc)
1.18
1.15

Table 2.1: Density variations with change in water wt %, methanol wt% and
temperature. Water wt% is the wt % of water based on the basis of the weight
of all the components of the system (concentration of methanol is kept at 1
M throughout the variations in water wt%). Density in g/cc represents the
equilibrated density of the system, whereas methanol wt% denotes the wt% of
methanol with respect to total solvent (water+methanol).
2.2.5

Equilibrium Densities
The equilibrium densities at different simulation conditions are dis-

played in the Table 4.2. It is known that density of dry PEEK ranges from
1.26 to 1.32 g/cc [44], which decreases with sulfonation due to reduction in
crystallinity [36, 142]. Our simulation densities, thus, seem plausible and serve
as one of the criteria for equilibrium. We observe that the density change
with increase in water wt% is only minimal and non-monotonous. This is in
direct contrast with Nafion where density is reported to decrease significantly
and monotonically with increasing water wt %. This may be related to the
competing effects of water swelling as well as rigidity of aromatic backbone of
SPEEK. The density is seen to decrease slightly with an increase in methanol
wt% in water-methanol solution (similar to Nafion). Finally, as the temperature is increased, the density decreases – a trend consistent with the expected
swelling of the membrane [60, 61, 138].
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2.3

Results and Discussion
In the following, we report the effects of changing water content, methanol

concentration, and the temperature upon the structure of hydrophilic and hydrophobic domains in SPEEK. The hydrophilic domains of the SPEEK are
characterized by results for the radial distribution function (RDF) of sulfur
units of the sulfonic acid (section 2.3.1) and the size distribution of water
clusters (sections 2.3.3 and 2.3.4). Subsequently, we present results for the
hydration characteristics of the different membrane elements (section 2.3.5).
The results of SPEEK are compared to the results of earlier simulation studies
on Nafion and related experimental studies.
2.3.1

Sulfur-sulfur distributions with varying water content
In Fig. 2.2(a), we display the radial distribution functions (RDF) of

sulfur atoms in the SPEEK membrane as a function of the water content. It
is seen that the RDFs display a primary peak at around 5.5 Å whose intensity
decreases with an increase in the water content. These results are indicative
of an increase in the separation between sulphonic acid groups with increased
water content, a trend which manifests more clearly in the results for average
S-S separation discussed below. The latter is consistent with the expectation
that with the addition of water, the hydrophilic sulfonic acid groups lying
at the interface between the hydrophilic and hydrophobic domains become
increasingly solvated by water and as a result sulfonic acid groups are pushed
apart, thereby increasing the average separation between the sulfur atoms. A
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(a)

(b)

(c)

(d)

Figure 2.2: (a) RDFs for S(Sulfonic group)-S(Sulfonic group) at different water
wt % (b) RDFs for intra-chain S(Sulfonic group)-S(Sulfonic group) at different
water wt % (c) S-S separation: A comparison between SPEEK and Nafion (d)
RDFs for S(Sulfonic group)-S(Sulfonic group) at different methanol wt %
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similar trend of increase in S-S distances has also been reported in the work
by Brunello et al [14].
The importance of backbone rigidity of SPEEK may be seen in the intrachain contributions to the S-S RDFs (displayed in Fig. 2.2(b)). We observe
a first peak at around 5 Å, but of considerably reduced intensity relative to the
total S-S RDF (displayed earlier in Fig. 2.2(a)). More pertinently, the intrachain S-S RDF is spread out over a larger range of distances (especially at 40
wt%), suggesting that the intrachain sulfur atoms are located further apart.
We contrast this behavior with simulation results for Nafion which report a
peak of significant intensity (at 4 Å in the work by Cui et al. [21] and 7.2-8 Å
in that by Jang et al. [49]) and a much smaller range for intrachain contributions to the S-S RDF. This is consistent with more rigid backbone in SPEEK
than Nafion, as discussed before. We particularly note that these results are
also partially consistent with the experimental results of Yang and Manthiram [139] where they observed sharp ionomer peak for Nafion, as against none
or a small (neutralized SPEEK) peak for SPEEK, indicating a more flexible
backbone of Nafion relative to SPEEK.
To compare the behavior of our S-S RDFs with the corresponding results reported for Nafion, we determined an average S-S separation as the
distance at which the coordination number (defined by Eq. 2.1) becomes 1.0
[25]. In Fig. 2.2(c), our results for the average S-S separation are compared
with related simulations [25, 119] and experimental [78] works on Nafion and
SPEEK membranes. These comparisons are effected as a function of respective
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water volume fractions (the units in which experimental data were reported)
which were in turn calculated from the corresponding water wt% using the
density of pure water and the solvated membrane. We observe that the simulation results for both Nafion and SPEEK are somewhat lower than the S-S
separation values reported in experiments [78]. These discrepancies may be
rationalized by noting that the S-S separations obtained by MD simulation
tend to include the S-S pairs located on the opposite faces of the channel. In
contrast, the experimental results [78] were based on fitting a model which assumed that the S-S pairs were located on the same side of the channel (which
would typically lead to higher average values for S-S distances).
Overall, from Fig. 2.2(c) we observe that the simulation results for
S-S separations in SPEEK are higher than those for Nafion. These results
are also consistent with the trends seen in the experimental reports [60, 61,
78]. We note that the results in Figure 2.2(c) corroborate our suggestion that
the backbone in SPEEK is less flexible compared to Nafion. Moreover, in
subsequent sections (section 2.3.5 of this work) we present evidence suggesting
that backbone in SPEEK is less hydrophobic and that the sulfonic acid groups
in SPEEK less hydrophilic and less polar than in Nafion (thus making sulfonate
anion strongly basic) [60, 61, 78]. We believe that all these features together
contribute to diminished nanophase segregation and larger interfacial area in
SPEEK which results in the neighboring sulfonic groups being farther apart
in SPEEK compared to Nafion.
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(a)

(b)

Figure 2.3: RDFs for O(water)-O(water) at water wt % (a) 5 (b) 20, 40
2.3.2

Sulfur-sulfur distributions with varying methanol concentration
In the Fig. 2.2(d), the S-S RDFs are displayed as a function of methanol

concentration. We observe that with increasing methanol concentration, the
average S-S separations increase (the average distances, determined by analysis
of the coordination numbers increase as 8.69 and 9.19 respectively) and concomitantly the peak at short distances (5.5 Å) becomes less prominent. These
results may be explained by the fact that with increasing methanol concentration, the smaller water molecules in the hydrophilic clusters get replaced by
larger methanol molecules. This forces the clusters to grow, thereby pushing
the sulfonic acid groups lying on the surface of the cluster to move apart.
2.3.3

Water Cluster Analysis: Radial Distribution Functions
Figure 2.3 displays the RDFs of water molecules confined in the SPEEK

membranes as a function of the water content in the membrane. As the water
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content increases, we observe that coordination number increases as 0.54, 2.21,
3.49 (bound on the first hydration shell, which extends upto 3.4 Å) and 1.39,
8.09, 16.51 (bound on the second hydration shell roughly ending at 5.99 Å).
Together these results indicate an increased association of water molecules to
form aqueous clusters. This reasoning is corroborated in the Fig. 2.4 which
displays snapshots of our system at a point during production run. We observe
that at low water contents most of the water exists as isolated molecules. As
the water content is increased (for 20 and 40 wt%), the water molecules are
indeed seen to join together to form more continuous water clusters. In the
next section, we present a more quantitative analysis of these water clusters.
We also note that the change in O(water)-O(water) RDF, when temperature
is changed from 338 K to 298 K, is minimal (corresponding first shell (3.4 Å)
coordination number at 298 K is found be 3.45, which is very close to the value
at 338 K).
It is seen that, depending on the water content, the water molecules in
SPEEK retains some or all of the peaks of bulk F3C water. However, comparison of coordination number in case of Nafion (3.43 (ń=20), with ńdenoting
the hydration level) for first hydration shell in Nafion ending at 3.3 Å with
that in SPEEK at same distance ( 3.18 (ń=25.05)) clearly suggests that water coordination is appreciably less in SPEEK than Nafion. This stands for
the first indication of less internal structure in aqueous domain in SPEEK
than Nafion. These results lend support to experimental speculations that
water is less structured, less polar and less dielectric in SPEEK compared to
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(a)

(b)

(c)

Figure 2.4: System snapshots: (a) 5 (b) 20 (c) 40 wt% water-1 M methanol;
Color Code–(i) SPEEK: aromatic backbone Ccyan; sulfonic, carbonyl and
ether oxygens-tan; sulfur-yellow (ii) water, methanol, hydronium: H-white;
O-red (iii) methanol: C-blue
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Nafion [61, 104]. Similar trends were also reported in the coincidental work by
Brunello et al [14].
2.3.4

Water Cluster Analysis: Cluster Size Distributions
In this section, we present an analysis of the water clusters noted in

Figure 2.4. To quantify these observations, we determined the statistics of the
water clusters by identifying any water molecule or hydronium ion lying within
a sphere of a cut-off radius rc centered around a molecule as belonging to the
same cluster as the original molecule. We used three different choices for the
cut-off lengths to determine such clusters: rc1 = 3.4 Å; rc2 = 5.99 Å and rc3 =
8 Å. These distances correspond to the end of first, second and (minor) third
shells respectively as seen in the Fig. 2.3.
Figures 2.5(a), (b) and (c) display the time-averaged distribution of
cluster sizes for the three choices of rc . The distribution parameter depicted
on the vertical axis represents the product of the size of the cluster and its
frequency of occurrence normalized by total number of water and hydronium
molecules in the system. It embodies the probability that any randomly chosen
water molecule or hydronium ion in the system will belong to a cluster of that
specified size. For the choice of rc1 (the lowest cutoff distance) we observe
that at 5 wt% water, more than 20 % of the water molecules and hydronium
ions exist as single molecules. As the water content is increased, increasingly
larger clusters are formed at the expense of single molecule clusters. 80 to 100
% of the molecules are part of large clusters for higher water wt % 20 and 40
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(a)

(b)

(c)

(d)

Figure 2.5: Water cluster distribution with changing water wt% cut-off length:
(a) 3.4 Å; (b) 5.99 Å; (c) 8 Å; (d) Total percolating fraction with change in
water wt%: A comparison between SPEEK and Nafion
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respectively.
For higher cutoff of rc2 , biggest clusters found in 5 wt% system are
about 20 in size, whereas almost entire 20 and 40 wt% system are in large
clusters. The biggest clusters observed for 5 wt% water are about hundred in
size when largest cutoff of rc3 is used.
Comparing the above results to those reported for Nafion [9, 21], we
note that similar, albeit more pronounced clustering trends have been noted
in Nafion. Explicitly, for the latter Cui et al. reported the occurrence of a
single macroscopic cluster for 5 wt% water (hydration level ń= 3.44) when a
cutoff of 5.5 Å was employed. In addition, irrespective of cutoff, only a few
molecules existed outside the single large cluster for 20 wt%.
More pertinent to transport characteristics are the percolation characteristics of the above clusters [9, 61, 128]. To deduce the percolation of our
clusters, the algorithm of Sevick et al. [108] was modified along the lines Lee
et al. [66] and Surve et al. [114] and used in our work. For the lowest cutoff
rc1 , percolating fraction was 0 for 5 wt%, whereas it was 0.85 and 1 for 20 and
40 wt% water respectively. Water in 5 wt% system percolated only for the
cutoff of rc3 and to the extent of 0.27. These results are consistent with the
cluster distributions presented earlier, but is in contrast with findings in the
case of Nafion [9] which reported percolating clusters for water amounts of 7
wt% and higher at similar or even lower cut-off distances.
These results again suggest that the cluster size distribution and per-
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colation characteristics of water are less pronounced in SPEEK compared to
Nafion membranes at low water contents, but become comparable to Nafion
at higher water contents.
Finally, while the preceding measures quantify the number of the water
clusters and whether they percolate, they do not however provide information
on their physical sizes. To characterize the size of water clusters, we determined
the radius of gyration of each of the clusters. The corresponding distributions
for all the cut-offs, are shown in figures 2.6(a), (b) and (c). These distributions quantify the probability that a randomly chosen water molecule would
belong to a cluster of the specified radius of gyration. As can be observed in
figure 2.6(a), the distribution exhibits a broad spread for 5 wt%, but for 20
and 40 wt%, majority of the molecules belong to cluster of the size around 16.2
and 19.5 Å respectively. The sizes of the single spanning clusters for higher
cut-offs were around 16.5 and 19.5 Å respectively. The highest cluster size observed for 5 wt% water was about 10 Å for rc2 and 16.2 Å for rc3 . These values
are consistent with mean ionic cluster size (diameter) of 1.6 nm reported for
SPEEK using STEM recently [31]. In comparing our results to Nafion, we
note that Urata et al. [119, 120] have attributed the peak in the structure
factor of RDF of water to average cluster size. Based on such an assignment,
they indicate cluster size of 20-30 Å (corresponding to experimental value of
40-60 Å) for 5-10 wt% water in absence of methanol, and 30 Å for 20-30 wt%
methanol in the water-methanol solution corresponding to 20 wt% pure water
in Nafion. Thus it is clear that the average cluster sizes in our SPEEK model
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Figure 2.6: Distribution of radius of gyration-size cut-off length: (a) 3.4 Å;
(b) 5.99 Å; (c) 8 Å;
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are smaller than the comparable values for Nafion.
In summary, we see that at lower water contents, the clustering in
SPEEK is characterized by more isolated clusters and less pronounced percolation than Nafion. However, at water contents beyond 20 wt%, the clustering
and percolation characteristics of SPEEK become comparable to the characteristics reported for Nafion. The physical sizes of the clusters in SPEEK were
observed to be smaller than that in Nafion. These observations corroborate
speculations proposed based on experimental observations [61, 139].
2.3.5

Hydration of different membrane elements

2.3.5.1

Hydration of sulfonic group

Figures 2.7(a) and (b) display the results for the water content dependencies of the RDF of O(Sulfonic group)-O(Water) and S(Sulfonic group)O(Water) respectively. The two peaks in the RDF of O(Sulfonic group)O(water) corresponding to the hydration shells are seen to decrease in height
with increase in the hydration levels. A similar behavior is also observed for
the hydration of sulfur, except for the observation that the RDFs display a
shoulder peak adjoining the first peak. The average coordination number of
water around sulfur (computed upto a distance of 5.2 Å, end of 1st hydration
shell roughly) increases as 0.91, 4.72, 7.48 with increase in water content as
5, 20 and 40 wt%. This increase in coordination number is expected due to
enhancement in solvation of sulfonic acid groups with increased water content
and is consistent with the observations reported in simulations for SPEEK by
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(b)

(a)

(c)

(d)

Figure 2.7: RDFs at different water wt % for (a) O(Sulfonic group)-O(water)
(b) S(Sulfonic group)-O(water) (c) RDFs for S(Sulfonic group)-O(water) at
different temperatures (d) Average distance of water oxygen from nearest sulfur of sulfonate against time)
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Brunello et al. [14] and Nafion [25]. Specifically, Brunello et al. reported in
their SPEEK study, increases in coordination number of water around sulfur
from a value of 2.8 to 4.6 for region encompassing the first hydration shell
ending at 4.7 Å.
Figure 2.7(c) displays the changes in RDF for S(sulfonic acid)-O(water)
as a function of temperature. We observe that the magnitude of the peaks in
RDF at 3.8 and 4.5 Å reduces slightly with increasing temperature, indicating the movement of the water of hydration away from sulfur. This behavior
is consistent with the results for Nafion [49, 124], and can be rationalized as
arising from the increased kinetic motion of molecules with increasing temperature. Such motion can be expected to overcome potential energy due to
electrostatic attraction, thereby reducing the intensity of the peaks. We also
note that despite the changes in the peak intensities, the peak positions remain practically independent of temperature which supports our arguments
comparing our SPEEK results deduced at 338K with the simulation results of
Nafion which are typically reported at 298 K.
More pertinent information on the location of water relative to the sulfur groups can be obtained by considering the average distance of sulfur from
nearest O(water) (averaged over sulfur belonging to all sulfonate anions) and
O(water) from the nearest sulfur (averaged over all water molecules) . In our
simulations, former distances decrease as 5.24, 3.58, 3.52, 3.5 for the hydration
levels of 1.94 (5 wt%), 9.25 (20 wt%), 25.05 (40 wt%-338 K) (shown in Fig. 2.7
(d)) and 25.05 (40 wt%-298 K), whereas latter vary as 5.28 (5 wt %), 5.75 (20
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wt %), 6.62 (40 wt %) and 6.67 (40 wt%-298 K). In contrast, for Nafion [25], at
298 K, latter distances were reported as 4 (3), 4.3 (5), 4.5 (7), 4.7 (9), 4.8 (11),
5.2 (13.5), 5.7 (20) as a function of the hydration level indicated in the brackets. Due to difference in temperatures and methanol and water levels, a firm
comparison may not be established. Hence, we compare, in Fig. 2.8, radial distribution functions for S(sulfonate anion)-O(water) in SPEEK and Nafion (our
work presented in chapter 4) at exactly same hydration level(13.39), methanol
concentration(1 M) and temperature (338 K). From the higher intensity peak
at closer distances in SPEEK compared to Nafion, we can firmly conclude that
water is more tightly bound to sulfonate groups in SPEEK. Since SPEEK is
considered to be a weaker acid than Nafion, its conjugate base, sulfonate anion
is expected to be a stronger base. It has been argued that the latter would
bind water more strongly than in Nafion. Our simulation results confirm that
experimental conclusion [104].
2.3.5.2

Hydration of SPEEK backbone

Figures 2.9 (a) displays the RDFs for ether oxygen-O(water) with a
change in the amount of water content. We observe that the peak occurring at
2.9 Å decreases in height as the amount of solution is increased. Interestingly,
water hydrates ether oxygens at a similar proximity as it does the sulfonic
acid group (Fig. 2.7 (a)). Comparing this situation to that in Nafion [119],
it can be concluded that the water stays much more closer to ether oxygen in
SPEEK than in Nafion (for which peaks reported at 7 − 10 Å). This difference
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Figure 2.8: RDFs for S(sulfonate)-O(water) in SPEEK and Nafion at exactly
same hydration level (13.39), methanol concentration (1 M) and temperature
(338 K) (from chapter 4)
(a)

(b)

Figure 2.9: RDFs for O(water) with (a) O(Ether Oxygen) (b) Aromatic Carbon of SPEEK backbone
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can be attributed to the increased electron withdrawing effect due to fluorine
groups present in Nafion [119], a moiety absent in SPEEK. This indicates that
ether oxygens are considerably more hydrophilic in SPEEK than Nafion.
Figure 2.9 (b) displays the RDFs of aromatic carbon of the hydrophobic
backbone of SPEEK with respect to water. With increasing water content, the
magnitude of first peak (∼ 4 Å) is reduced and the overall distribution shifts
to higher distances. These trends are consistent with the hydrophobic nature
of aromatic carbons. Comparing our results for the RDF between main chain
and water with the corresponding Nafion peaks reported at 17 Å by Urata et
al. [120] and at 5.4 Å (and of significantly reduced intensity) by Devanathan et
al. [25], we conclude that water lies closer to SPEEK backbone than it does in
Nafion. This, along with above RDF for ether oxygen lends support to general
experimental notion that backbone of SPEEK is by itself less hydrophobic
than that of Nafion [61]. This, as discussed earlier, supports the arguments
for less nanophase segregation effects in SPEEK advanced in section 2.3.1. In
the end, we note that RDF for 40 wt% system at 298 K is consistent with the
above conclusions.

2.4

Summary
In this work, we reported and compared with Nafion the important

changes in the SPEEK membrane structure arising from changing water contents, methanol concentration and temperatures. The prominent conclusions
can be summarized as:
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Water molecules in SPEEK were found to be more separated and less
structured than in Nafion, the results which were consistent with the experimental studies. At water content of 5-20 wt%, the clustering in SPEEK was
characterized by isolated or smaller (number) size clusters, smaller physical
sizes and less pronounced percolation than Nafion. However, for water wt%
between 20 and 40, number-sizes and percolation characteristics in SPEEK
become comparable to results reported for Nafion. The transition from small
water clusters containing single or few molecules to form larger clusters and
eventually a single cluster spanning all but few molecules could be the result
of nanophase segregation arising from the increase in water content. With
the growth of water clusters, neighboring sulfonic acid groups lying on the
interface become solvated and are pushed further apart. Analysis of the intrachain S-S RDFs suggested that the backbone of SPEEK may be more rigid
than that of Nafion. Moreover, the backbone oxygens or aromatic carbon of
SPEEK were found to be more hydrophilic in SPEEK than the ether oxygen or CFn groups of backbone in Nafion. These observations, in addition to
the evidence for stronger basicity of sulfonate anion (Chapter 3) and smaller
pores (Chapter 4) in SPEEK than Nafion, suggest that the nanophase segregation in SPEEK is less pronounced than in Nafion. These trends were also
reflected in our observation of the average S-S separation in SPEEK being
higher compared to Nafion. These results are consistent with previous experimental reports which have suggested smaller nanophase segregation and thus
larger nanophase interface in SPEEK.
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In next chapter, we present results quantifying the effects of changing
water wt%, methanol and temperature on the distributions of hydronium ion
and methanol in solvated SPEEK membrane. We also present the variation
in diffusion coefficients of water, methanol and hydronium ion with respect to
the change in aforementioned parameters. Microstructural information in this
chapter as well as the next is used to draw insights into the behavior of the
transport coefficients.
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Chapter 3
Sulfonated Poly(Ether Ether
Ketone)(SPEEK) in Comparison with Nafion:
Structure and the Transport Properties of
Water, Methanol and Hydronium

3.1

Introduction
Sulfonated Poly(ether ether ketone)(SPEEK) in pure, blended or cross-

linked form is emerging as an alternative to Nafion as a candidate membrane
material for polymer electrolyte membrane fuel cells (PEMFC) [61, 68, 138,
139]. In comparison to Nafion, the advantages of SPEEK include reduced water and methanol crossover, and lower cost. However, these attractive features
are mitigated by reduced proton conductivity, swelling at low temperatures
(occurring in SPEEK at 80 °C compared to Nafion at 140 °C) resulting in
reduced morphological stability [60, 61, 68, 138, 139].
Many experimental researches in the past have probed the performance of hydrogen and direct methanol fuel cells, particularly the transport
properties of permeants such as proton, water and methanol in dry and solvated SPEEK and compared them with the corresponding properties of Nafion
[12, 60, 61, 68, 137–139]. In particular, Kreuer [60, 61] presented transport data
for proton and water in SPEEK and compared them to Nafion. They reported
42

that the diffusivities of water and proton are similar for Nafion and SPEEK at
high water volume fractions, but is lower in SPEEK at lower water contents.
Other experiments by Li et al. [68] found that proton conductivity of SPEEK
is similar to that of Nafion above 80 °C. Li et al. [68] and Xue et al. [137]
reported lower methanol permeability in SPEEK than Nafion.
In part I of this work, we presented results from classical molecular dynamics simulations quantifying the structural characteristics of SPEEK. We
described the nanostructure of the hydrophilic and hydrophobic domains and
their variations with water, methanol contents, temperature and methanol concentration. We found less phase segregation and larger hydrophilic-hydrophobic
interfaces, less structured water and less pronounced aqueous cluster sizes
and percolation in SPEEK as compared to Nafion. These observations were
broadly consistent with experimental results [60, 61, 139]. However, unlike the
situation of Nafion, which has been well studied by simulations [9, 17, 21, 25, 26,
49, 119, 120, 128], very few simulation studies have concerned with the distributions of hydronium ions and methanol, as well as the transport coefficients
of small permeants such as water, hydronium ion and methanol in SPEEK
membranes [14].
In this chapter, we report results of extensive all-atom simulations of
water and methanol solvated SPEEK. We study the distribution of hydronium
ions and methanol molecules with respect to the polymeric chain elements such
as sulfur and the backbone and the transport coefficients of the permeants (water, methanol and hydronium ion) as a function of weight percent of water,
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methanol concentration and temperature. We probe the mechanism underlying the transport properties in SPEEK and their differences from Nafion
based on the structural features. The results presented are consistent with
experimental observations and provides new insights into the origins of the
specific properties of SPEEK such as low methanol crossover and low proton
conductivity.
We note that in a recent study, Brunello et al. [14] have also used
molecular dynamics (MD) simulations to study the distributions of hydronium
ion near sulfonate anion and the transport properties of water in SPEEK
membranes. In part I of this article, we highlighted the main systemwise
differences between their study and the present one. More specific to this
article, we note that our system differs with regard to the presence of methanol
and hence we are able to quantify the methanol transport characteristics as
well as the influence of the presence of methanol upon the transport of water
and hydronium ions. In addition, we also present the diffusivity values for
hydronium ions (determined in a classical framework) and rationalize it based
on the structural data. The diffusivity information for hydronium ions were
not quantified in the work by Brunello et al [14].
The following is the outline of the rest of the article: In section 3.2, we
present details about the simulation methodology and the force fields used.
In sections 3.3.1 and 3.3.2, we present results quantifying the influence of
water wt%, methanol concentration and temperature on the distributions of
hydronium ion and methanol with respect to SPEEK chain elements. In sec44

tion 3.3.3, we discuss the dynamics of water, hydronium ion and methanol and
analyze these results in the context of structural information. Our results for
SPEEK are compared with the earlier simulation studies on Nafion and related
benchmark experimental studies for both membranes. Finally in section 3.4,
we summarize the important conclusions.

3.2

Simulation Details
Chapter 2 elaborates the simulation details pertinent to this work. Per-

tinent to this article is the fact that the diffusivity D of all permeants was
calculated from mean square displacement as,
D = h|r(t) − r(0)|2 i/6t
where r(t) is the displacement of a permeant at time t.

3.3
3.3.1

Results and Discussion
Spatial Distributions of Hydronium Ion
In this section, we discuss the distributions of hydronium ions with

respect to sulfonic acid groups at different water, methanol contents (wt%)
and temperatures.
Figures 3.1(a) and 3.1(b) display the changes in radial distribution
functions (RDFs) of S(sulfonate group)-O(hydronium) and O(sulfonic acid)O(hydronium) with varying water content. With an increase in the wt% of
water, we observe that the hydronium moves away from the sulfonic acid
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Figure 3.1: RDFs plotted at different water wt% for (a) S(sulfonate group)O(hydronium ion) (b) O(S(sulfonic acid))-O(hydronium ion)
groups. This behavior is also reflected in the results plotted in the figure 3.2
which demonstrates that the coordination numbers deduced from the RDF
monotonically decrease with increase in the water content.
The above observations may be rationalized as arising from the increased water solvation of the sulfonic acid groups with increasing water content. One may expect that water competes with hydronium ions to solvate
sulfonate anions (reported in earlier Chapter). In turn, this may lead to an
enhanced screening of the electrostatic pull exerted by sulfonic group, thereby
allowing for the hydronium ion to become less localized.
In comparing our results for SPEEK with those reported for Nafion,
we note that the change in the height and the breadth of the peaks in the
RDFs of S − O(H3 O+) and O(S) − O(H3 O+), with change of water wt% is
less pronounced in SPEEK when compared to results reported for Nafion [25].
These trends are seen quantitatively in the comparison of coordination num-
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Figure 3.2: Comparison between SPEEK and Nafion, of coordination numbers
of hydronium ion around sulfur at different hydration levels
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bers for O(Hydronium) around S(Sulfonate group) and their changes when the
water content is increased from 5 to 20 to 40 wt% (Fig. 3.2) (Values of coordination number higher than 1 may be rationalized as arising from adjacent
sulfur atoms sharing same hydronium ion). We observe that the coordination
number of hydronium ions around sulfur at lower water contents in our system is lower compared to Nafion — an observation which may be due to the
fact that methanol present in our system can compete with hydronium ion
to solvate sulfonate anion (see section 3.3.2). More interestingly, we observe
that at higher water contents more hydronium ions are held to sulfur atoms
in our SPEEK system than Nafion. Additionally, the relative decrease in the
coordination number with increase in water content is seen to be mitigated in
SPEEK system compared to a significantly steeper change in case of Nafion.
These observations suggest that hydronium ions get trapped in the electrostatically attractive binding with sulfonate anions more strongly in SPEEK than
Nafion. The observation is consistent with the stronger basicity of sulfonate
anion (arising from weaker acidity of the conjugate sulfonic acid) and the lower
dielectric constant of water in SPEEK relative to Nafion [61].
In comparing the results of our work with that of Brunello et. al. [14]
we note that there are differences. At lower hydration, Brunello et al. report
slightly higher coordination number than our work, with their system temperature being 353 K. These differences, may be rationalized as arising either
from the methanol present in our system or difference in temperatures (see
discussion for Fig. 3.4 (b) next). At higher hydration of 20 wt%, coordination
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Figure 3.3: RDFs for S(sulfonate)-O(hydronium) in SPEEK and Nafion at
exactly same hydration level (13.39), methanol concentration (1 M) and temperature (338 K) (from chapter 4)
number in the work by Brunello et al is around 0.8-0.9, which is close to our
value.
In Fig. 3.3, we compare the RDFs of S(sulfonate)-O(hydronium) from
our work on SPEEK and Nafion (as presented in chapter 4, at same hydration
level, methanol concentration and temperature). Higher intensity peaks at
closer distances in SPEEK compared to Nafion clearly establish that hydronium ions are more tightly bound to sulfonate in SPEEK.
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Figure 3.4: RDFs for S(sulfonic acid)-O(hydronium ion) plotted at (a) different
methanol wt % (b) different temperatures
Figure 3.4 (a) displays the RDFs of S-O(hydronium) with changing
methanol concentration. The peak intensity decreases slightly with increase
in methanol wt%, the change that is also reflected in very small decrease
in hydronium coordination from 0.51 to 0.44. We speculate that increase in
methanol concentration may help hydronium move away from sulfur, due to
enhanced solvation of sulfonic group by methanol (discussed in next section).
Figure 3.4 (b) displays the S-O(hydronium) RDF with change in temperature. It is observed that the peak at short distances of 3.5 Å intensifies
(correspondingly, the coordination numbers upto 4 Å increases from 0.16 at
298 K to 0.19 at 338 K) slightly (Our temperature range for these selected
runs is rather small). Nevertheless, this suggests that with increasing temperature, the hydronium ions move closer to sulfur. This may be rationalized by
noting that with increase in temperature, the water of hydration moves away
from the sulfur (Chapter 2). The latter may be expected to lead to a reduced
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screening effect by water thereby increasing the electrostatic pull exerted by
the sulfonate anion upon hydronium ions. We would like to note that similar
results have been reported by Venkatnathan et. al. in case of Nafion [125].
Specifically, they have reported increase in hydronium ion coordination around
sulfur accompanied by decrease in water coordination around sulfur with increase in temperature from 300 K to 350 K at three hydration levels (3.5, 11
and 16).
3.3.2

Spatial Distributions of Methanol
Lower methanol crossover is one of the attractive features of SPEEK for

DMFC application. The results for water cluster characteristics (Chapter 2)
which indicated less nanophase segregation and percolating fractions provide
an explanation for these trends. However, experimental methanol crossover is
observed to be lower in SPEEK than Nafion, even at much higher water wt%,
where our cluster size distributions and percolation characteristics are comparable. In this section, we present results for the distributions of methanol
around solvation sites such as sulfonic acid and the aromatic carbon to provide
more insights into the transport properties and their comparisons to Nafion.
Figure 3.5 (a) displays the results for S-O (methanol) RDF with varying
water content. Non-monotonic change in the characteristics of first prominent
peak with increase in water wt% can be correlated with non-monotonic change
in density seen in Chapter 1. The coordination numbers for the range upto 7.5
Åincrease as 0.07,0.23 and 0.5 for the water wt% of 5, 20 and 40 respectively.
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Figure 3.5: RDFs for S(Sulfonic)-O(Methanol) at different (a) water wt% (b)
methanol wt %
In the light of the substantial increase in the larger shell at 40 wt% compared to
20 wt%, we speculate that with increasing water content methanol molecules
are more likely to be localized further away from the sulfur atoms. Similar to
the arguments used to rationalize our results for hydronium ion-sulfur RDF,
we may explain this trend as due to the increased screening effect and the
enhanced mobility of aqueous phase due to addition of water.
Figure 3.5 (b) depicts the change in S-O(methanol) RDF with changing
methanol concentration. An increase of methanol concentration from 3.33 wt
% to 40 wt%, increases the methanol coordination number around sulfur (for
a shell upto 7 Å) from a value of 0.42 to 5.2. Concomitantly, the water coordination number around sulfur decreases from 7.93 to 5.3 when the structure is
considered to a distance of upto 5.3 Å (corresponding to the first valley in the
radial distribution functions of water around sulfur) and changes from 19.21 to
12.83 when the structure is considered upto a distance of 7 Å (corresponding to
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the first valley in the radial distribution function of methanol around sulfur).
This increased localization of methanol to sulfur is expected to be a consequence of methanol competing with water to solvate sulfonate anion/sulfonic
acid group, as methanol concentration increases. It is interesting to note that
this behavior is in contrast with the corresponding results for Nafion, where
Urata et al. [120] reported negligible change in the peaks (we note that potential field for methanol is same in both the studies) under similar conditions.
In addition, the increase in coordination number relative to increase in solvent
amount is higher for methanol than water (in water-methanol solution). This
is in stark contrast with that in Nafion, where water was observed to associate
with sulfur preferably to methanol [120].
In Fig. 3.6, we compare the RDFs of S(sulfonate)-O(methanol) from our
work on SPEEK and Nafion (as presented in chapter 4, at same hydration level,
methanol concentration and temperature). Higher intensity peak in SPEEK
compared to Nafion explicitly suggest that methanol molecules lie closer to
sulfur of sulfonate in the former.
Figure 3.7 displays the changes in RDF of aromatic carbon-oxygen of
methanol at different methanol concentrations. With increase in methanol concentration, the height of the peak and density of the system decreases. These
results indicate an overall movement of methanol away from the aromatic carbon, which can be rationalized as arising from the increased mobility due to
increase in the number of methanol molecules. These trends are consistent
with the results reported for coordination between CF2 of Nafion backbone
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Figure 3.6: RDFs for S(sulfonate)-O(methanol) in SPEEK and Nafion at exactly same hydration level (13.39), methanol concentration (1 M) and temperature (338 K) (from chapter 4)
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Figure 3.7: RDFs for Aromatic Carbon-O(Methanol) at different methanol
wt%
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and methanol in Urata et al. [120]. However, the peak at 4.8 Å in the RDF for
SPEEK is observed to be stronger and closer to the backbone compared to the
the peak reported at 6.5 Å for Nafion. These trends suggest that methanol
lies closer to aromatic carbon of SPEEK than the CF2 units of the Nafion
backbone.
In summary, the above results an enhanced localization of methanol
around sulfur and aromatic carbons of SPEEK compared to Nafion. In addition to the diminished nanophase segregation effects discussed in earlier
chapter, the above features may be expected to contribute to lower methanol
crossover (relative to Nafion) noted in SPEEK membranes.
3.3.3

Transport Properties of Permeants
In this section, we report the diffusion coefficients of water, methanol

and hydronium ions as a function of water content, temperature and the
amounts of methanol. We use the structural characteristics presented Chapter
2 and the preceding sections of this article to provide insights into our results.
Figure 3.8 displays values for the diffusivities as a function of water
content, at temperatures 298 K and 338 K. As may be intuitively expected,
the diffusion coefficients increase with increasing temperature. A fit of these
diffusion coefficients with an Arrhenius functional form D = D0 exp(−E/RT )
yields activation energy (E) values of 29.3, 21.5 and 29.5 kJ/mol for hydronium ions, water and methanol respectively. The corresponding value for
hydronium ion in case of Nafion [49] has been reported 10.32 kJ/mol which is
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Figure 3.8: Diffusivity of all permeants in SPEEK system plotted against
increase in water wt % (at 298 K and 338 K)
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lower than that in SPEEK. A possible rationalization for the higher activation
energy of hydronium ion in SPEEK may be identified in the more pronounced
localization of the hydronium ions near the sulfur groups (section 3.3.1). One
may envision that this localization may reduce the overall mobility and its
temperature dependence as reflected in the activation energies. We note that
these activation energies are used to calculate diffusivities at 298 K, for water
wt% other than 40. Overall, the diffusion coefficients are seen to increase with
an increase in water wt%, a result which can be rationalized as a consequence
of the growth of aqueous phase clusters which facilitate enhanced mobilities
(Chapter 2).
In Fig. 3.9, we compare the preceding results for water with those reported for Nafion [9, 21, 26, 49, 97] as well as SPEEK [14] for the same water
contents (expressed as weight percent). With increasing hydration, water diffusivity increases faster in SPEEK (that at 20 wt% is 7.63 times that at 5 wt%)
compared to Nafion (that at 20 wt% is 5 times that at 5 wt% for the studies
reported by Devanathan et.al. [26]. Thus the relative difference between the
water diffusivities for SPEEK and Nafion at higher water contents mitigates
and diffusivities may be said to be comparable on order of magnitude basis.
We also observe that water diffusivities in SPEEK, as reported by Brunello et.
al. [14] and shown in Fig. 3.9 were found to be closer to our values despite of
former study being at 353 K.
The above results are consistent with the experimental observations
which have indicated crossover and transport coefficients of water in SPEEK
58

Figure 3.9: Diffusivity of water in SPEEK against water wt%, in comparison
with Nafion and other SPEEK study
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are lower than that in Nafion at lower water contents, but become comparable to Nafion at higher water contents [61]. As discussed in earlier chapter,
less phase segregation resulting into lower water cluster sizes and less efficient
percolation of water in SPEEK than in Nafion may contribute to lower water diffusivity values at lower water contents. At higher water contents, the
phase segregation in SPEEK increases with the growth of water clusters and
becomes comparable to Nafion and this could explain the fact that values of
the diffusivities in SPEEK approach closer to Nafion on order of magnitude
basis. However, the difference can still be attributed to tigher binding of water
to sulfonate anion and aromatic backbone as seen in earlier chapter as well as
less pronounced pore size distribution in SPEEK than Nafion (to be seen in
next chapter).
In figure 3.10, we present the results for vehicular proton diffusivity
of SPEEK and Nafion at various water contents. At all water contents, we
observe that the values for SPEEK are at least an order of magnitude less than
that in Nafion [9, 21, 26, 49, 97]. This result is consistent with the localization of
hydronium ion in SPEEK discussed in section 3.3.1. Indeed, stronger binding
of hydronium ions to sulfonate anions in SPEEK than Nafion is expected to
reduce the diffusivity of hydronium ions and also lead to a less significant
increase in the hydronium ion diffusivities with increasing water.
We should point out that since our study includes only the classical,
vehicular mode of proton transport, our above results represent only a lower
bound to the actual proton diffusivities (and conductivities) that may be ob60

Figure 3.10: Diffusivity of hydronium in SPEEK against water wt%, in comparison with Nafion
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Methanol wt%
3.33
40

Diffusivity (cm2 /s)
Water
Methanol Hydronium
8.88333E-06 4.38E-06 5.56833E-06
7.79E-06
4.64E-06
2.31E-06

Table 3.1: Diffusivities of permeants for the cases of 3.33 and 40 wt% methanol
at 338 K
served. Recently, researches reported from the groups of Petersen and coworkers and Voth and coworkers indicate that in water solvated Nafion membrane,
the relative magnitudes of vehicular proton conduction (classical diffusion of
hydronium ion) and proton diffusion due to Grotthus hopping are comparable,
but occur with negative correlation resulting in smaller overall diffusion[99].
In situations involving even lower hydronium ion vehicular mobility (such as
our results), the Grotthus mechanism may become even more relevant. We
report detailed study of quantum mechanical aspects of the proton conduction
in Chapter 6.
Table 3.1 displays the variations in the diffusivities of water, hydronium
ion and methanol for two simulations of different methanol wt%. The diffusivity of water is seen to decrease with the increase in methanol concentration,
due to decrease in the number of water molecules, which should also be reflected in the reduction in the water cluster sizes. In contrast, the changes in
methanol diffusivity are seen to be very small. We also note that the trends in
diffusivity of water and methanol are similar to those noted in corresponding
study on Nafion by Urata et al [120]. However, quantitative comparisons are
not possible due to the differences in the wt% of solvent in the different sim-

62

ulations. Diffusivity of hydronium decreases with increase in methanol wt%
presumably due to reduction in water mobility.

3.4

SUMMARY
We used atomistic simulations of SPEEK to study the effects of chang-

ing water wt% (or equivalently varying the hydration level, while maintaining
1 M methanol concentration), methanol concentration and temperature on the
distribution of hydronium ions, methanol and the dynamics of water, methanol
and hydronium ions. The prominent conclusions presented in this article include:
(1) Hydronium ions move away from sulfonate anion with increase in
water content and it moves towards sulfur as temperature increases. The
localization of hydronium ion in SPEEK was much more pronounced than
reported for Nafion, possibly indicating stronger basicity of sulfonate anion
and the weaker acidity and less hydrophilicity of the conjugate sulfonic acid in
SPEEK compared to Nafion. As discussed in earlier chapter, this feature may
be one of the factors leading to less phase segregation in SPEEK than Nafion.
(2) Methanol moves away from sulfur with increasing water content.
However, in contrast to results reported for Nafion, methanol moves towards
sulfur with increasing methanol concentration. We suggested that the methanol
competes with water to solvate sulfonic group in SPEEK. Moreover, methanol
was found to lie closer to the aromatic backbone of SPEEK than fluorocarbon
aliphatic backbone of Nafion. These results, in addition to the less water clus63

tering effects reported earlier chapter and smaller pores as discussed in next
chapter, may contribute to lower methanol crossover in SPEEK than Nafion.
(3) The diffusivities of water, methanol and hydronium ions were found
to increase with increase in the water content and with temperature. The diffusivity of water in SPEEK was lower than Nafion at lower water contents,
but becomes comparable to Nafion on order of magnitude basis at high water
contents. The hydronium ion diffusivity in SPEEK is found to be lower than
that in Nafion by at least an order of magnitude. While the diffusivity trends
for water and hydronium ion can be easily rationalized from less water cluster
sizes, less efficient percolation and smaller pores, localization of hydronium ion
near sulfonate anion can be expected to be the consequence of that. While
water and hydronium diffusivity decreases with increase in methanol concentration,methanol diffusivity exhibits only little variations with methanol content.
In a nutshell, the results presented in these chapters suggest less hydrophilic sulfonic acid, less hydrophobic and more rigid aromatic backbone
lead to less nanophase segregation and smaller pores in SPEEK than in Nafion.
These effects are also accompanied by smaller cluster sizes and less pronounced
percolation at lower water contents. All this leads to overall lower permeant
mobilities in SPEEK than Nafion. Localization of hydronium around sulfonate
anion and closeness of methanol to sulfonic group and backbone of SPEEK
than Nafion may contribute further to lower vehicular proton diffusivity and
methanol crossover (a property which has attracted the interest in SPEEK
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membranes).
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Chapter 4
Dynamics of Water and Methanol in
Acid-Base Blend Membranes of Sulfonated
Poly(Ether Ether Ketone)(SPEEK) and
Polysulfone tethered with base in Comparison
with Nafion: A Macroscopic Basis

4.1

Introduction
Recently, direct methanol fuel cells (DMFC) have received considerable

attention due to their potential in applications such as laptop and cellular
phone batteries, residential remote power generation and electrotraction devices for transportation [6]. The particular advantages of methanol fuel cells
include their ability to supply power continuously, portability, higher efficiencies and lower emissions in comparison to that of fossil fuels [6, 69].
An important component of DMFCs is the polymer electrolyte membrane which facilitates the transport of hydrogen ions (protons). The efficiency
of the polymer membrane is directly correlated to its ability to conduct protons without the concomitant transport of methanol, the latter issue being
commonly referred to as the crossover [129]. Much of the research in DMFCs
have explored the use of a polymer membrane material termed Nafion [88],
which exhibits high proton conductivities [61, 88]. However, Nafion is lim66

ited by the range of allowable operating temperatures [61, 113], high methanol
crossover [42, 61] and its cost [61]. Not surprisingly, a number of researchers
are actively pursuing polymeric proton exchange membranes which can serve
as alternatives to Nafion without the accompanying disadvantages. Some such
materials which have attracted interest include sulfonated aromatic polymers
[61, 68, 138, 139], acid-nonacid blends and acid-base polymer complexes [33–
35, 52, 54, 55, 61, 69, 70, 95, 134], sulfamides [61], inorganically modified organics [56, 145], polybenzimidazole-like polymers blended with oxo-acid like phosphoric acids [61], thin methanol resistant layer-by-layer (LBL) films composed
of sulfonated aromatic polyether with amine-based polycation [5] etc. Despite
some promising leads, development of fuel cell membranes with low cost and
methanol crossover and with a high proton conductivity and stability remains
an open issue.
Recently, sulfonated poly(ether ether ketone)(SPEEK) and related membranes have been studied as possible alternatives to Nafion due to their features
of lower cost, good thermal and chemical stability and attractive methanol
crossover characteristics [32, 61, 68, 112, 136, 138]. However, SPEEK based membranes suffer from the limitations of lower proton conductivity and higher
water swelling compared to Nafion [61, 136, 138]. In an effort to improve
the properties of SPEEK, blends of SPEEK with other constituents such as
(unsulfonated) polysulfone [61], inorganic particles [12], polymeric bases such
as polybenzimidazole(PBI) [52, 54, 55], and polysulfone tethered with heterocyclic bases [33–35, 69, 70] have been explored and have been reported to
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reduce water swelling while improving morphological stability and proton conductivity. Among these, acid-base polymer blend membranes have especially
attracted interest due to their ability to maintain appreciable proton conductivity even at higher fuel cell temperatures by allowing for proton conduction through acid-base interactions in addition to the aqueous medium
[33–35, 52, 54, 55, 69, 70, 90, 96, 109].
Of interest in this work is a specific class of such membranes consisting
of sulfonated poly(ether ether ketone) (SPEEK) and base tethered polysulfone
(psf), developed by Manthiram and coworkers [33–35, 69, 70]. The maximum
power densities in these blends were found out to be 95, 101 and 73 (in units
of mW/cm2 ) for bases 2-amino-benzimidazole (ABIm), 5-amino-benzotriazole
(BTraz) and 1H -perimidine (PImd) respectively [70]. In comparison, the corresponding values for SPEEK, Nafion 115 and Nafion 117 were reported to
be 64, 59 and 49 mW/cm2 respectively [70]. Simultaneous observations of
higher proton conductivity and lower methanol crossover in such membranes
[33–35, 69, 70] have sparked interest in the potential of acid-base blend membranes to serve the dual purpose of facilitating high proton conductivities as
well as low methanol crossover characteristics required for DMFC membranes
[33–35, 52, 54, 55, 69, 70, 90, 96, 109].
A number of hypotheses have been advanced to rationalize the performance of acid-base polymer blend membranes. For instance, acid-base
hydrogen bonding interactions have been speculated to influence the unique
methanol crossover and proton conductivity properties of blend membranes
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[4, 34, 70, 133]. In the blends examined by Manthiram and coworkers, PImd
was speculated to decrease methanol crossover on account of its size [69].
Hydrophobicity of bases was also advanced as one of the reasons for lower
methanol crossover in BTraz/PImd compared to pure SPEEK [69, 70]. Despite the insights furnished by the preceding studies, a number of outstanding
questions still remain, “What are the fundamental mechanisms underlying the
proton conductivity and the methanol transport properties of acid-base polymer blend membranes?” “What is the influence of acid-base interactions on
the methanol crossover characteristics?” “What critical chemical features of
the base influence the performance characteristics of acid-base blend membranes ?” In the context of the acid-base blends synthesized by Manthiram
and coworkers, unresolved issue include, “Why does the methanol crossover
current density increase when comparing BTraz to ABIm, whereas proton
conductivity decreases in the same order?” “Why do PImd based blend membranes display both the lowest methanol crossover and proton conductivity
of the three bases ?” Understanding of such issues may potentially allow for
a further optimization of broad class of acid-base polymer blend membranes
[33–35, 55, 69, 70, 90, 96].
Atomistic computer simulations serve as an attractive option to unravel the fundamental mechanisms underlying the performance characteristics
of fuel cell membranes. However, while a large body of computer simulations have examined the molecular underpinnings of the properties of Nafion
[9, 21, 25, 26, 49, 59, 119] and SPEEK [14, 15, 79–82] membranes, to our knowl-
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edge, no comparable simulations exist in the context of acid-base polymer
blend membranes. In this chapter, we present the results of all-atom classical molecular dynamics simulation of water and methanol solvated blends of
membranes of SPEEK with base tethered polysulfone. We specifically consider
the systems studied by Manthiram and coworkers and examine three different bases, ABIm (2-amino-benzimidazole), BTraz (5-amino-benzotriazole) and
PImd (1-H-perimidine), and compare the structural and performance characteristics of the blends with that of SPEEK and Nafion. This chapter focuses on
macroscopic structural results which offer insight into the nature of dynamics
of methanol and water in these systems. In the next chapter, we implement
these arguments with the support of detailed microscopic information.
The rest of this chapter is arranged as follows: In section 4.2, we present
details of the simulation methodology which includes a discussion about the
force fields used, the different systems studied and the assumptions, and the
protocol for molecular dynamics simulations. In section 4.3, we present the
results of our study. In the results section, we first present the central results of
this chapter, viz., the water and methanol diffusivities in the different polymer
membranes. Subsequently, we unravel the mechanisms underlying the trends
noted in the methanol diffusivities in the membranes. Specifically, we focus
on macroscopic perspective and probe the morphological characteristics of the
different membranes and identify features which help rationalize the behavior
of methanol diffusivities in these systems. Subsequently, in section 4.4, we
summarize the important conclusions.
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(a)

(b)

Figure 4.1: (a) Structure of sulfonated subunit of SPEEK; (b) Polysulfone unit
(top panel) and the different bases considered in this study (bottom panel):(i)
ABIm (2-amino-benzimidazole); (ii) BTraz (5-amino-benzotriazole); (iii) PImd
(1-H-perimidine).

4.2
4.2.1

Simulation Methodology
Details of the System and Setup
In Fig. 4.1, we display the chemical structures of the membranes studied

in this work. Figure 4.1 (a) displays the sulfonated subunit of SPEEK, whereas
Fig. 4.1(b) depicts the polysulfone unit and the structure of the three bases
considered in this work. In our atomistic simulations, we considered 14 SPEEK
chains of 16 units each randomly sulfonated to 50 % degree. This degree of
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sulfonation (DS) corresponds to IEC of 1.52 meq/g and is consistent with the
conditions corresponding to the pertinent experiments [34, 68–70, 138]. Degree
of carboxylation (DC) (i. e. number of base units per polysulfone unit) was
chosen to be as 1.5. Acid-base ratio ([−SO3 H]/[base]) was chosen as 12.44.
The latter corresponds to weight fraction of 5.27 % of base in ABIm and BTraz
blends, and 5.34 wt% base in PImd blends. The acid-base ratios and the
degree of carboxylation were also adopted so as to correspond to experimental
values [70]. In the case of Nafion simulations, 14 chains of Nafion with 8 units
each with the same total of same number of sulfonic groups as SPEEK-based
systems), were generated at initial density of 1.45 g/cc.
ACD/I-Lab was used to calculate the pKas of the SPEEK acid and the
conjugate acids of each of the bases tethered to polysulfone units [3]. The pKa
of the SPEEK was found to be −1.0 which is consistent with value reported
in earlier works [61]. The pKas of the conjugate acid of the bases were found
to vary as 5.73 (PImd), 4.66 (ABIm) and 0.76 (BTraz). These trends may be
rationalized by noting that BTraz has an electron-withdrawing azo nitrogen,
and thus its conjugate acid is expected to be the strongest of the considered
bases. PImd has bulky aromatic rings which can function as electron donating group, and thus its conjugate acid is expected to be the weakest among
the three bases. The acid-base equilibrium was solved to deduce the degree
of dissociation/protonation of the acid and base units. Consistent with our
previous work [79], the degree of dissociation of SPEEK was found to be 92 %,
and thus contributes towards 103 (randomly) dissociated sulfonic acid groups
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in all SPEEK-based systems, 9 of which were considered donating proton to
the 9 base units. We note that strictly speaking, acid-base dissociation cannot
be described in classical simulations due to the need to incorporate dynamical
changes in bond topologies consistent with equilibrium nature of the dissociation processes [63]. In this work, both the extent of equilibrium dissociation as
well as the identity of the dissociated and protonated groups were maintained
fixed throughout the simulation.
We used the DREIDING force field to describe the interactions between
the different atoms in the polymer chains [77, 89]. This force field has been
successfully applied to Nafion and SPEEK systems in earlier works [14, 25, 49,
79, 80]. For water, we used flexible F3C force field developed by Levitt et al
[67]. We applied a combination of 3-site model developed by Honma et al.
[43] and OPLS-AA [50] (for force constants for intramolecular bending) for
methanol following earlier works [79–82, 120]. Hydronium ions were described
using force field parameters and charges from Jang et al [49].
In order to clarify the influence of acid-base interactions upon the overall properties of the system, we performed two classes of simulations. In the
first set of simulations, we explicitly included hydrogen bonding interactions
between the acid and base units in addition to regular electrostatic and van
der waals interactions. In this case, DREIDING hydrogen bonding potential
with improved Morse form [77] was applied to describe acid-base hydrogen
bonding interactions between hydrogen (proton) attached to nitrogen of the
base (H(-N)base) and oxygen of sulfonate of SPEEK. A distance cut-off of 4.6
73

System
Abbreviation
SPEEK-Psf-ABIm-H HB
ABH
SPEEK-Psf-BTraz-H HB
BTH
SPEEK-Psf-PImd-H HB
PIH
SPEEK-Psf-ABIm2-H HB
AB2H
SPEEK-Psf-ABIm
AB
SPEEK-Psf-BTraz
BT
SPEEK-Psf-PImd
PI
Table 4.1: System names and abbreviations
Åand an angle cut-off of 75 °C were used to limit the scope of this potential.
Whereas, in the second set of simulations we did not incorporate any additional
hydrogen bonding interactions between the acid and base units. Systems in
which the additional hydrogen bonding interactions were used are referred to
henceforth as HB systems, and the corresponding hydrogen unit is denoted as
H HB. Systems in which such additional hydrogen bonding interactions are
not incorporated are termed as non HB systems. Additionally, as can be seen
in Fig. 4.1 (b), there are three hydrogen atoms in ABIm and BTraz which can
participate in such hydrogen bonding interactions. In contrast, in PImd only
two such hydrogens are present. To quantify the impact of the presence of
additional H HB we have also studied the characteristics and the properties of
ABIm systems in which only the ring N-H pairs were assumed to contribute to
hydrogen bonding interactions. Such a system is denoted as ABIm2 in the results below. In table 4.1 we summarize the blend system names and notations
in used in this chapter.
Amorphous Cell Builder in MS Modeling [2] was used to construct
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all the SPEEK or blend chains (in dry state) at an initially low density of
0.005 g/cc. This value of the initial density value was selected to be low
enough to accommodate the ring catenation errors specific to aromatic system.
Subsequently, water and methanol molecules were inserted in the voids while
accounting for the volumes embodied in the LJ potentials. Hydration level,
defined as the total number of actual water and hydronium ions per sulfonic
acid (dissociated+undissociated) is commonly used in the literature as a basis
for comparison of the performance of different fuel cell membranes. In our
work, the hydration level was chosen to be 13.39 for all the systems. To study
the transport properties of methanol, 30 methanol molecules corresponding
to 3.43 wt% of total solvent (water, hydronium ions and methanol) and 1 M
concentration methanol were added.
The output from the Materials Modeling [2] with the water, methanol
and hydronium molecules inserted, was subjected to molecular dynamics simulations at 338 K using LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator) package [102]. The temperature was chosen to mimic the
experimental conditions [70]. Subsequently an extensive equilibration protocol was employed to generate the configurations for our simulations: The first
step of our protocol involved a minimization of the energy of the system using
the conjugate gradient method. After the initial minimization, the system
was compressed until 15 ps during which the pressure was increased from 1
to 50 atm using a NPT ensemble and a timestep of 1 fs to render the system
suitable for the method of shrinking boxes (cf. Sok et al. [110] and Vegt et al.
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[121]). The method of shrinking boxes involves slowly increasing the pressure
while retaining only the repulsive non-bonded potentials [121] to avoid overlap and strain in the dihedrals when the complete potentials are switched on.
Then we compressed the system at 80 atm over the time 15 to 400 ps, while
retaining only the bonded and Lennard-Jones (LJ) repulsive non-bonded potentials, with however the LJ attractive and electrostatic potentials switched
off. Subsequently, we introduced the full LJ potentials over the next 20 ps at
the same pressure, and then for the next 30 ps all the interaction potentials are
turned on while maintaining the pressure at 80 atm. Finally, the system was
further equilibrated till 700 ps at a pressure of 1 atm. Following these steps,
the system was subjected to four high temperature annealing cycles until 1.9
ns. These cycles consisted of (i) NPT cycle at 338 K and 1 atom for 100 ps (ii)
NVT cycle from 338 K to 900 K for next 50 ps (iii) NVT cycle at 900 K for
next 100 ps (iv) NVT cycle from 900 K to 338 for next 50 ps. Similar simulation protocols have been used in earlier works in the context of Ph-SPEEK,
Nafion and SPEEK systems [14, 26, 75]. Such annealing cycles enable the system to overcome the potential barriers and speed up the equilibration process.
Subsequently, the system was further equilibrated at 338 K and 1 atm until
5 ns. Eventually a production run of 4 ns was carried out and trajectories
were saved at a time interval of 0.1 ps (0.2 ps for Nafion) for the subsequent
analysis in terms of radial distribution functions (RDF) g(r) and diffusivities.
Methanol diffusion in ABH system was not quite linear during this period of
production run. Hence, the ABH system was further equilibrated for 500 ps
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Membrane Equilibrium Density(g/cc)
ABH
1.21
BTH
1.2
PIH
1.21
AB2H
1.21
AB
1.2
BT
1.21
PI
1.21
SPEEK
1.2
Nafion
1.66
Table 4.2: Equilibrium densities for the different membrane systems.
and the production run was carried out for next 3 ns.
In Table 4.2, we present the results for the equilibrium densities for all
the membrane systems examined in this work. We observe that the densities
for blend membranes and SPEEK all lie around 1.2-1.21 g/cc, which is in good
agreement with the values reported in earlier works, viz., 1.2 g/cc (at 20 wt%
water, hydration level = 9.25, 1 M methanol, 338 K) [81] and 1.18 g/cc at (at
20 wt% water, hydration level = 14.8, 353 K) [14]. The density for Nafion is
observed to be 1.66 g/cc, which is also in agreement with the values reported
in the literature, viz., 1.68 g/cc (at hydration level of 13.5, 17.48 % water, 300
K ) [26] and a value of 1.6 g/cc (at hydration level of 15.0, 20 wt% water at 300
K) [49]. The correspondence noted between our simulation density values and
those reported in earlier researches serve to support the equilibration protocols
used in our simulations.
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4.2.2

Charge Equilibration and Assignment
In this work, we used QEq charge equilibration method in Accelrys

Materials Modeling to assign the charges. We note that the charges generated
using a single unit are much less likely to represent any randomly picked unit
in “dense” real system. Thus, actual system (SPEEK as well as a polysulfone
chain with 9 protonated base units) was generated using amorphous cell. The
units with total charges as 0.003, -1.005 and 0.008 (closer to the standard unit
charges of 0, -1 and 0 for unsulfonated unit, unit with sulfonate group, that
with undissociated sulfonic acid respectively) were chosen for SPEEK.
4.2.3

Pore size distribution-methodology
To rationalize the transport properties of the different systems, we used

pore size distributions (PSD) of the membranes as a quantitative measure
of their morphologies. The pore size at a point in the system is defined as
the diameter of the largest sphere encompassing that point which does not
overlap with any other atom. To determine the PSDs, we have used the
algorithm of Bhattacharya and Gubbins [8] which was employed in a recent
work to compare the morphological characteristics Ph-SPEEKK and Nafion
membranes [24]. The PSD characterization methodology uses the constrained
non-linear optimization facilitated by using SOLVOPT program by Kuntsevich
and Kappel [51]. A bin size of 0.25 Å was used in our work, which also defined
the grid resolution for selecting the points. Moreover, the random points were
chosen so as to not overlap with any of the atoms defined by their LJ diameter
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sphere. Pore size distributions were determined and averaged at both the
halfway point of our simulation run as well as at the end. Since our goal was
to compare different membranes, we determined the pore size distributions in
each system based on a fixed number of points (fixed at 20000) chosen for
sampling the pore size. The final errors in the distributions in all the cases
were all less than 0.5 %, some less than 0.1 %. Since very small pores are not
accessible to solvent atoms, pores less than 3 Å in diameter were neglected and
the distribution over remaining pores is extracted from the above distribution
for each system.

4.3
4.3.1

Results and Discussion
Water and Methanol Diffusivities
We begin our discussion by presenting the results for the water diffu-

sivities in the systems considered our simulations. We note that in all our
simulations, water constitutes a significant portion of the membrane. Hence
the changes in structure and morphology of the membranes arising from the
incorporation of very small amount of polysulfone tethered with bases are expected to influence the behavior of only a small fraction of the water molecules.
Hence, we observe that the variations among the water diffusivity values for
the different systems are minor and are within statistical errors. Overall, we
observe that the water diffusivities (Fig. 4.2 (a)) in PIH systems are lower
when compared to that in SPEEK, BTH and ABH. In comparing HB and
non HB systems, we observe that the water diffusivities are higher in BTraz
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(a)

(b)

(c)

Figure 4.2: Simulation results for (a) water (b) methanol diffusivities in all
SPEEK-based systems; (c) Comparison of normalized methanol diffusivity in
our simulation to normalized methanol crossover current density in experiments in Ref[70]. Both simulated and experimental results are normalized
with respect to the corresponding value in PIH (or PImd) blend system.
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and in ABIm systems when the hydrogen attached to nitrogen of the base is
treated as H HB. In contrast, for PImd systems the water diffusivities are seen
to be almost identical in HB and non HB systems. Since the magnitude of the
changes in the water diffusivities are very small relative to the methanol diffusivities discussed below, in the later sections, we present only a brief discussion
of the mechanisms underlying the trends seen in Fig. 4.2 (a).
In contrast to the results for water transport coefficients, the methanol
diffusivities presented in Fig. 4.2 (b) display statistically more significant variations. In HB systems, we observe that methanol diffusivity follows the order
ABH > BTH > PIH. In comparing HB and non HB systems, we observe
that the inclusion of acid-base hydrogen bonding interactions leads to a substantial decrease of methanol diffusivity in PI (in contrast, water diffusivity
remained about the same), whereas in contrast, BT and AB systems display
a substantial increase in the corresponding methanol diffusivities. Moreover,
the methanol diffusivities are seen to exhibit a trend ABIm . BTraz < PImd,
which contrasts with the results in HB systems.
Water and methanol diffusivities in Nafion (9.25 × 10−6 and 4.45 ×
10−6 cm2 /s respectively) were found to be much higher when compared to pure
SPEEK and acid-base blends, which is consistent with experimentally noted
crossover and conductivity comparisons between Nafion and SPEEK [32, 61,
68, 112, 136, 138]. An interesting aspect of our results is that the methanol
diffusivities in ABH, BTH and PIH do not show any particular correlation
with the pKas of the conjugate acids of the bases (tethered to polysulfone)
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discussed earlier.
It is pertinent to note that experiments of Manthiram and coworkers,
which studied the methanol crossover current densities in different acid-base
membranes, observed a trend which is consistent with the results for the diffusivities of the systems with HB interactions [70]. In Fig. 4.2 (c) we display
a more quantitative comparison between the experimental methanol crossover
densities and the methanol diffusivities from our simulations (the simulation
values are normalized by the PIH values, whereas the experimental values
are normalized by the corresponding PImd system results). It is seen that
there is a near-quantitative match between our diffusivities and the experimental crossover densities in case of SPEEK. In case of ABH and BTH, while
a quantitative match is not seen, the trends exhibited by the methanol diffusivities are seen to be in the same direction as the experimental results. We
do note a caveat that the experimentally measured methanol crossover current densities are influenced by both the solubility and the diffusivity of a
component, and hence a comparison with just the diffusivities may not necessarily provide the complete picture. Despite this caution, the correspondence
with the experimental results (and the contrasting trends exhibited by the
non HB systems) underscore the importance of HB interactions in influencing
the transport properties of the acid-base membranes. As an aside, in Fig. 4.2
(c), we observe that the normalized experimental crossover densities in ABIm
are very close to the values noted for the AB2H system. The latter suggests
that DREIDING hydrogen bonding interactions between all acid-base pairs
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may not be necessary for a quantitative description of the properties of the
membrane. However, deeper pursuit of this issue would take us beyond the
scope of the dissertation and hence we defer such issues to a future work.
In the following sections, we unravel the mechanisms underlying the
trends noted in the methanol diffusivities in the membranes. Specifically, we
begin from a macroscopic perspective and probe the morphological characteristics of the different membranes and identify features which help rationalize the
behavior of methanol diffusivities in the different membranes. Subsequently,
we present the details of the molecular coordination of methanol in the different membranes and thereby identify the impact of the morphological changes
upon the distribution of methanol.
4.3.2

Pore Size Distributions
We note that many earlier works have used different macroscopic mea-

sures of membrane morphology to rationalize the trends exhibited by the transport coefficients. Such macroscopic measures have included pore size distributions and water cluster characteristics such as cluster size distributions and
percolation fractions [21, 61, 79–82]. Figure 4.3 (a) displays O(water)-O(water)
RDF for all the systems in this study. It can be seen that RDFs for all the
SPEEK-based systems are very close to each other. In contrast, the O(water)O(water) RDF for Nafion is seen to exhibit a slightly higher peak in the second
shell. In comparing SPEEK and Nafion we observe that despite such differences in the RDFs, the water cluster distributions are seen to be comparable
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(a)

(b)

(c)

Figure 4.3: (a) RDFs for O(water)-O(water) for the different membranes considered in our work; (b-c) Comparison of distribution of water cluster sizes
in SPEEK and Nafion membrane at cut-off of (b) 3.55 Å(c) 5.99 Å(latter is
considering entire aqueous domain containing water, hydronium and methanol
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between the two systems (Fig. 4.3 (b) and (c)) and hence do not serve to
explain the lower solvent diffusivities in SPEEK compared to Nafion (average
percolating fractions at the cut-off of 3.55 Å, for both Nafion and SPEEK, are
very close too, viz.,0.95 and 0.97 respectively). In this context, we observe
that the O(water)-O(water) RDFs exhibit even less differences when comparing SPEEK and its blends with different bases. Hence, we conclude that water
cluster distributions do not explain methanol diffusivity trends evident when
comparing SPEEK and its blends. In contrast, as we demonstrate below, the
pore size distributions (see section 4.2.3 for methodology for determining pore
size distribution) exhibit strong correlations with the methanol diffusivities.
In Figs. 4.4 and 4.5, we present the pore size distributions for the
different systems considered in our study. Overall, in comparing SPEEK blend
systems and Nafion, we observe that in accordance with earlier findings, Nafion
exhibits a pore size distribution that is substantially skewed towards larger
pore sizes [61, 70, 139]. However, in comparing the different blend systems, we
observe that the pore size distributions of the different systems exhibit similar
characteristics. This is to be expected since psf-base constitutes only 5 wt%
of the blend system. Hence modification in the base chemistry is not expected
to cause significant changes in the pore size distributions.
To further analyze the above pore-size distributions and the roles, if
any, they play in influencing the methanol and water diffusivities, we speculate that the differences in the tails of the distributions are likely to have a
stronger influence on the penetrant diffusivities. Based on such a hypothesis,
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(a)

(b)

(c)

(d)

(e)

Figure 4.4: Pore size distribution for all HB and ABIm related blend systems:
(a) ABH; (b) BTH; (c) PIH; (d) AB2H; and (e) AB.
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(a)

(b)

(c)

(d)

Figure 4.5: Pore size distributions: (a) BT; (b) PI; (c) SPEEK and (d) Nafion.

87

(a)

(b)

Figure 4.6: Comparison of percentage of pores bigger than (a) 9 Å ; (b) 10 Å
in all SPEEK-based systems
in Fig. 4.6 we present the percentage of pores larger than 9 and 10 Å whereas
the percentage of pores bigger than 8 Å are displayed in Fig. 4.7.
From the results depicted in these figures, we observe that the pore sizes
(in all three size ranges considered) exhibit the trend ABH > BTH > PIH,
which is consistent with the values of the diffusivities of methanol in such systems. Moreover, the system with the smallest pore size distribution, PIH, also
possesses the lowest water diffusivity. In comparison to SPEEK membranes,
we observe that the pore size distributions for ABH, SPEEK and PIH for 9
and 10 Å exhibit the trend ABH > SPEEK > PIH, which is consistent with
the values of the methanol diffusivities noted in the previous section. Furthermore, in evaluating the hydrogen bonding effects in ABIm and PI (Fig. 4.6),
we see clearly that the pore sizes become smaller in transitioning from ABH
to AB2H to AB, and, from PI to PIH. These behaviors are consistent with the
fact that both methanol and water diffusivity decrease in the same order.
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Figure 4.7: Comparison of pores bigger than 8 Å in the SPEEK-based membrane systems.
While the above results indicate that in many cases the fraction of
largest pores correlate with the quantitative trends in the methanol diffusivities, some discrepancies can also be noted. For instance, the percentage of
pores of sizes larger than 9 and 10 Å are seen to be larger in BTH than in
SPEEK. However, the simulation results for the methanol diffusivities in BTH
were seen to be comparable and slightly less than the values noted for SPEEK.
In evaluating the hydrogen bonding effects in BTraz, we observe that the pore
sizes in BT are larger than those in BTH (Fig. 4.6). However, both water and
methanol diffusivities are larger in BTH when compared to BT. Similarly, the
tail of the pore size distribution is more pronounced in PI compared to PIH,
but the water diffusivity seems to be unaffected. Furthermore, despite the
bigger pores in ABH and BTH compared to SPEEK, the water diffusivities in
these systems are observed to be comparable in magnitudes.
In sum, the above results suggest that the methanol diffusivity in the
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acid-base blend systems to be highly correlated with the morphological changes
as reflected in the tail of the pore size distributions of the different membranes.
While the above results suggest intriguing correlations between methanol diffusivities and a macroscopic structural quantity, unfortunately such results
do not allow us to draw a “molecular” perspective of how the morphological
changes influence the methanol structure and coordination with other atoms.
In the following section, we introduce a simple coordination measure to elucidate the reasons underlying the morphological influences and also clarify the
origins of the discrepancies noted above.
4.3.3

Cumulative Coordination of Methanol
To rationalize the correlations noted in the diffusivities and pore size

distributions, a detailed molecular picture of the coordination of methanol with
different atoms in the membrane needs to be undertaken. Unfortunately, our
simulations (comparing 10 different systems) involve a large number of atom
types to permit a detailed enumeration of all the coordination characteristics.
Prior to consideration of the details of methanol and water coordination with
(some selected) different atoms, in this section we present a more “cumulative”
measure of the coordination of methanol. To motivate the quantitative measure used in the analysis below, we note that other studies in polyelectrolyte
membranes (like Nafion and SPEEK) have suggested that the magnitude of
solvent diffusivities to be directly correlated to a strong coordination of solvent molecules with other solvent molecules or to a weak coordination of the
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solvent with the polymer membrane species [9, 79–82]. Such a perspective is
also consistent with the macroscopic measures such as pore size distributions,
since larger pore sizes would typically indicate that the solvent molecules are
less correlated to the polymer membrane atoms. Based on such considerations, in this section, we quantify the cumulative coordination of methanol
by identifying the number and the kind of atoms (grouped as per different
species in the simulation) present around methanol in a specified radius around
the methanol molecule. One may view this as a measure of the atoms that
methanol will likely collide (and thereby influence its diffusivity) during its
trajectory. Specifically, we examine whether the trends in cumulative coordination are consistent with the diffusivity values and the pore size distributions
presented in the previous sections. Also, we probe whether any insights can
be derived in the context of the discrepancies noted between the methanol
diffusivities and the pore size distributions.
In the following analysis, we adopt a value 6.419 Å for the radius of
the “collision” sphere over which the cumulative coordination of methanol is
calculated. Such a distance corresponds to the second coordination shell of
the O(methanol)-O(methanol) atoms and encompasses most of the structural
features of the O(methanol)-O(water) RDFs. Within this radius, we found
the total number of atoms of different species which are present.
In Fig. 4.8, we present results which compare the cumulative coordination of methanol with polymer and water in the different membranes. In
comparing the results presented for SPEEK, BTH and PIH, we see that the
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(a)

(b)

Figure 4.8: Cumulative coordination of methanol: (a) all polymer atoms (b)
all water atoms.
number of polymer neighbors increase and the number of water (and aqueous)
neighbors decrease in the same order in which methanol diffusivity decreases.
Interestingly, in comparing the results for BTH and SPEEK we observe that
despite possessing larger pore sizes, BTH also exhibits slightly more coordination with the polymer molecules and slightly less coordination with the water
species. Such behavior is consistent with the lower (albeit, only marginally)
diffusivity noted in BTH in comparison to SPEEK.
In examining the effect of hydrogen bonding interactions, we observe
that consistent with the pore size distributions, as the hydrogen bonding
strength is decreased from ABH to AB2H to AB, the coordination of methanol
with the polymer increases, and correspondingly the coordination with the
water phase decreases and thus explains the decrease in methanol diffusivity
from ABH to AB2H to AB. A similar effect is observed in comparing BTH to
BT. Interestingly, we recall that our pore size distribution indicated the pres92

(a)

(b)

Figure 4.9: Cumulative coordination of methanol with elements such as
(a)aqueous (b)base
ence of bigger pores in BT in comparison to BTH, and hence the cumulative
methanol coordination provides a rationalization of the discrepancies noted
between the methanol diffusivities and the pore size distributions of BT and
BTH membranes. Finally, in comparing PIH to PI membranes, we observe
that the methanol molecules are surrounded by more water molecules and less
polymer atoms in PI systems. The latter is consistent with both the larger
pores distributions and higher methanol diffusivity values noted in PI blend
membranes.
Figs. 4.9 (a) and (b) compares the cumulative coordination of methanol
with aqueous and base atoms respectively in the different systems. The main
conclusions parallel our discussion above, except that base coordination of
methanol is higher in BTH compared to BT, which is opposite the corresponding polymer coordinations.
Finally, in comparing the results for the above acid-base membranes
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to that of the values for Nafion (quantitative values not displayed), we found
that the methanol atoms in Nafion possess the highest percent of water (35.88)
and aqueous (43.27) coordination and the lowest percent of polymer (56.72)
coordinations. Such behavior is consistent with the higher values of methanol
diffusivity and large pore sizes observed in our results Nafion. Note that we
have compared percent instead of actual coordination, since total coordination
in Nafion 90.69) is much less compared to that in all SPEEK-based systems
(which ranges from 102.6 − 103.6).
A small discrepancy evident in the above results is that despite the
slightly bigger pores in ABH membranes compared to BTH or SP, ABH is seen
to exhibit larger polymer coordination and less water/aqueous coordination
compared to BTH/SP. Moreover such a trend also seems to contradict the
result that methanol diffusivities were higher in ABH compared to BTH and
SP. In the next section, we compare the detailed coordination of methanol
in the ABH and BTH membranes and demonstrate that the structural and
residence time characteristics are indeed consistent with the larger pore sizes
in ABH.
In sum, in this section, we presented results for the “cumulative” coordination of atoms around methanol molecules. Using such a measure, we were
able to show that the increase in methanol diffusivity was directly correlated
to more water and aqueous nanophase coordination and less polymer coordination. Moreover, using such a measure we were also able to rationalize some
of the discrepancies noted in section 4.3.2 on the correlations between the pore
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size distributions and the methanol diffusivities. The results presented in this
section provides a bird’s eye view of the overall coordination of methanol and
a rationalization of the behaviors exhibited by the methanol diffusivities.

4.4

Conclusions
In this work, we studied the water and methanol diffusivities in a class

of acid-base blend membranes consisting of sulfonated poly(ether ether ketone) and base tethered polysulfone and compared them to the properties of
SPEEK and Nafion membranes. Specifically, we examined the variations in
the methanol and water diffusivities and rationalized the trends based on the
pore size distributions and the simple cumulative coordination behavior of
methanol. The main conclusions of our study are summarized below.
Our simulations examined two classes of systems, viz., blend membrane
systems in which acid-base hydrogen bonding interactions were (i) incorporated; and (ii) omitted. The methanol and water diffusivities in all the SPEEKbased blend systems are found to be lower than those in Nafion. When explicit
acid-base hydrogen bonding interactions were incorporated, the methanol diffusivities in the principal blend systems, ABH, BTH and PIH, decreased in
the same order as reported in experiments. These trends contrasted with the
behavior seen when such hydrogen bonding interactions were omitted. Together, such results indicated the importance of acid-base hydrogen bonding
interactions in influencing the methanol diffusivities in acid-base blend membrane systems. Methanol diffusivity was seen to be correlated, except in few
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instances, to the pore size distributions, and especially, the number of pores
of large sizes. Water diffusivity displayed a correlation with pore sizes only
in some cases, while remaining insensitive in other classes of comparisons. By
using the simple scale of cumulative coordination number, we were able to
demonstrate the manner in which larger pore sizes influence methanol structure and is diffusivity. In particular, we showed that excepting a few cases, a
decrease in the pore sizes directly correlated with lesser cumulative coordination of methanol by water/aqueous domain atoms and/or a correspondingly
higher cumulative coordination by polymer domain atoms, thus decreasing
methanol diffusivity.
To obtain a complete perspective, in the following chapter, we present
a more detailed characterization of the atomistic coordination and residence
time distributions for the systems discussed in this chapter.
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Chapter 5
Dynamics of Water and Methanol in
Acid-Base Blend Membranes of Sulfonated
Poly(Ether Ether Ketone)(SPEEK) and
Polysulfone tethered with Base: A
Microscopic Rationale

5.1

Introduction
Acid-base polymer blend membranes are emerging as promising can-

didates for direct methanol fuel cell applications, due to their dual feature of
allowing low methanol crossover, while still maintaining high proton conductivity with promising application at desirable high fuel cell temperatures [33–35,
52, 54, 55, 69, 70, 90, 96, 109]. As discussed in chapter one and four, substantial
room for further optimization of these membranes invites atomistic simulation
study of such novel systems. This chapter supplements the earlier chapter on
classical all-atom molecular dynamics simulations of water-methanol solvated
membranes belonging to a particular class, viz. sulfonated poly(ether ether
ketone) (SPEEK) and base tethered polysulfone (psf), developed by Manthiram and coworkers [33–35, 69, 70], for the bases such as 2-amino-benzimidazole
(ABIm), 5-amino-benzotriazole (BTraz) and 1H -perimidine (PImd). In this
chapter, we support the macroscopic perspective advanced in the previous
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chapter to explain the behavior of methanol and water diffusivities from a detailed atomistic perspective. Through our results, we demonstrate the crucial
role played by the acid-base hydrogen bonding interactions, and more specifically, the different influences of intra and intermolecular hydrogen bonding
characteristics upon the methanol transport properties of the acid-base polymer blend membranes.
The rest of this chapter is arranged as follows: In section 5.2, we present
our approach for determining residence time distribution, with other simulation methodology details remaining same from previous chapter. In section 5.3, we present the results of our study. We first present the details of
the molecular coordination and residence time distributions of methanol in
the different membranes and thereby identify the impact of the morphological
changes (discussed in previous chapter) upon the distribution of methanol. In
relevant places, we also rationalize water diffusivities by using the morphological characteristics of the membranes and the detailed molecular coordination
behaviors. Finally, we discuss the hydrogen bonding characteristics of the
different blend systems in section 5.3.3 and provide some rationale for the observed morphological differences. In section 5.4, we summarize the important
conclusions.

5.2

Simulation Methodology
Most of the simulation details are presented in earlier chapter. As an-

other measure to characterize our system and rationalize the transport prop98

erties, we quantified the residence time distribution of methanol in various
regions of the system [9]. To effect such a measure, we define a region as
the sphere with particular polymer atom type at the center and with a radius
corresponding to first valley of the corresponding RDF between that polymer
atom type and the oxygen of methanol in that system. A methanol molecule
as characterized by its center of mass that enters a defined region at time zero
and leaves the region during a time between τ and τ + dτ is said to have residence time of τ in that region. The probability distribution of the residence
times of methanol molecules in different regions were used to calculate the
mean residence time and the corresponding standard deviations.

5.3
5.3.1

Results and Discussion
Detailed Coordination Behavior of Methanol and Water
In this section, we present results quantifying the detailed coordina-

tion behavior of methanol and water with representative atoms of the polymer backbone. We use such results to analyze the slight discrepancies in the
diffusivity-coordination correlations noted in chapter four e.g. that between
ABH and BTH. We also present results quantifying the structure of water in
the different membrane and use such information to rationalize some of the
trends noted in the diffusivities of water molecules in the different membranes.
Comparing ABH, BTH and PIH membranes: In section 4.3.3, we presented results for the cumulative coordination behavior of methanol in which
we observed that despite the slightly bigger pores, ABH exhibited larger poly-
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(a)

(b)

(c)

Figure 5.1: Comparing the methanol coordination behavior in HB systems.
RDFs showing (a) O(methanol) coordination with C(base); (b) O(methanol)
correlation with H(psf); (c) O(methanol) correlation with O(sulfone-psf).
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mer coordination and less water/aqueous coordination compared to BTH/SP.
Moreover, such a trend seemed to contradict the result that methanol diffusivities were higher in ABH compared to BTH and SP. To probe further into
these results, in Fig. 5.1 (a) we compare the coordination of the different bases
with methanol by displaying the C(base)-O(methanol) RDFs (similar trends
were also observed for C(polysulfone)-O(methanol) which are not displayed).
Overall, in Fig. 5.1 (a), We observe that the PIH displays largest correlation in terms of the height of the peak among the different bases. Such
a result is consistent with the smallest pore sizes in the PIH system and also
lends support to the experimentally proposed hypothesis that the larger size of
PImd is more efficient in blocking methanol as compared to other bases [69, 70].
Among the remaining bases, in Fig. 5.1 (a) we observe that ABH exhibits the
next strongest correlation with methanol compared to BTH. However, it can
be seen that in ABH systems, the coordination of methanol with the C(base)
extends to a distance further than 14 Å, whereas, the correlation of methanol
with the C(base) is seen to be decreasing at distances of the order of 14 Å
PIH membranes. In section 4.3.2, we had indeed seen that pores bigger than
9 Å exist in ABH and are absent in PIH. We speculate that the large extent of coordination behavior in ABH may be a result of the bigger pores
present in ABH system. In Fig. 5.1 (a), the O(methanol) is seen to exhibit the
weakest correlation with C(base) in BTH membranes, despite the fact that
BTH membranes possess smaller pore sizes than ABH membranes. However,
if instead of the C(base) or C(polysulfone), we consider either H(polysulfone)
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(a)

(b)

Figure 5.2: Comparing all HB systems and SPEEK. RDFs showing (a)
S(sulfonate-SPEEK)-O(water) (b) S(sulfonate-SPEEK)-O(methanol)
(Fig. 5.1 (b)) or H(base) (not displayed), we observe that consistent with the
pore size distributions, the methanol indeed shows stronger correlations at
smaller distances in the BTH (and PIH) membranes, whereas, in a manner
similar to the coordination of C(base) the extent of correlations are seen to be
significantly longer for ABH membranes. Moreover, in Fig. 5.1 (c), we display
the correlations between O(sulfone-polysulfone)-O(methanol) RDFs, wherein
it is observed that consistent with the pore size distributions, the nearest and
strongest correlation of methanol is shown by PIH, followed by BTH and with
the lowest correlation in ABH. Similar trends were observed for sulfone S and
ether oxygens of psf backbone (results not displayed).
A complementary view of the influence pore size distributions can be
obtained by considering the correlation of water and methanol with the atoms
in the SPEEK component of the membrane (Fig. 5.2(a) and (b)). In comparing the coordination with the sulfur of sulfonate group, it is seen that
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water exhibits less coordination in PIH compared to the other membranes
(Fig. 5.2(a)), whereas methanol correlation (Fig. 5.2(b)) with such S groups
are seen to be strongest in PIH system, followed by SPEEK, which is then
followed by ABH and BTH which are approximately the same. Water clusters
are known to grow around sulfonate group, thus contributing to biggest pores
of the system. Systems with bigger pores would likely have lesser probability
for methanol to get closer to the sulfonate groups, since such positions would
be occupied by water molecules. Viewed within such a perspective, the trends
in water and methanol coordination with sulfonate S are seen to broadly consistent with pore size distributions which were shown to decrease in the order:
ABH, BTH, SPEEK and PIH (section 4.3.2 on pore size distribution from
earlier chapter).
Together, the above results serve to rationalize the apparent discrepancy noted between the pore size distributions and the cumulative coordination behaviors of ABH and BTH. Indeed, that the cumulative coordination of
methanol with polymer atoms in ABH membranes is higher can be ascribed
to the longer range of coordination arising from larger pore sizes. It is however
intriguing that ABH seems to possess a large extent of methanol coordination
and concomitantly the highest methanol diffusivities among the membranes.
To resolve this apparent contradiction, we note that while the above results
characterize the average coordination of methanol, they do not reflect any
information about the mobility of methanol in the different regions. To understand such characteristics and also rationalize the overall diffusivity trends
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in ABH and BTH membranes, we consider a more detailed characterization of
the mobility of the methanol molecules. For this purpose, we determined the
“residence time” distribution of methanol molecules in different regions of the
membranes (see section 5.2 for a description of the methodology).
In Figs. 5.3 (a) - (d) we display the results for the mean residence
times of methanol atoms in the regions defined by cutoffs corresponding to
first valleys in the corresponding RDFs around the base, other polysulfone and
SPEEK atoms respectively. The spread of the residence time distributions are
indicated through an error bar representation in the plots. We note that, for
the same region defined by polysulfone atoms, the first valleys occur at different
distances for the different blends. An alternative comparison of residence
times could be based on an identical distance-based cutoff. Such results are
presented in Fig 5.4, wherein it can be seen that the qualitative trends mirror
the results presented in Figs. 5.3 (a) - (d). From the results, we observe that
the mean residence times of methanol in ABH in the different regions are
either the lowest or the intermediate among the three membranes considered.
In a number of instances, the residence time of methanol in BTH is seen to
be the highest, whereas in some cases, especially in the context of SPEEK
atoms, the residence times in PIH are seen to be large. These results together
suggest that despite the larger extent of the coordination of methanol in ABH
membranes, the residence times of methanol in ABH are lower compared to
BTH, and thereby justifies the methanol diffusivity values noted in comparing
ABH and BTH membranes.
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(a)

(b)

(c)

(d)

(a)

Figure 5.3: Comparison of the average residence times (symbols) and the
spread of the residence times (indicated as an error bar) of methanol molecules
in ABH, BTH and PIH membranes in the regions defined by: (a) base atom
tethered to polysulfone; (b) other polysulfone atoms; (c) and (d) SPEEK atoms
(all cut-offs corresponding to first valley in corresponding RDFs between that
polymer atom type and oxygen of methanol).
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(a)

(b)

Figure 5.4: Comparing residence times in the regions defined by atoms in (a)
base (b) polysulfone (at the same numerical cutoff for all systems)

(a)

(b)

Figure 5.5: RDFs showing O(water) correlation with:
O(sulfone-polysulfone).
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(a) C(base) (b)

We complete the above discussion by presenting results comparing the
coordination of water molecules with selected polymer atoms in Fig. 5.5.
In Figs. 5.5 (a) and (b) we display respectively the C(base)-O(water) and
O(sulfone-psf)-O(water)RDFs. Other RDFs characterizing the water distribution are presented in Fig. 5.6.
In general, water coordination with the different atoms is noted to be
generally the strongest in PIH membranes. The latter observation is consistent with the smallest pores and water diffusivities noted in PIH system. In
comparing, ABH and BTH membranes, we observe a more mixed picture.
Water is closer to the base and polysulfone backbone ether oxygens in ABH,
whereas it shows a stronger correlation with sulfone oxygen/aromatic carbon
of polysulfone in BTH. Such results may rationalize the fact that despite the
larger pores in ABH compared to BTH, the water diffusivities in the two systems were observed to be comparable in the results presented Fig. 4.2 (a).
Figure 5.6 (c) shows a bit stronger polymer coordination for water in blends
when compared to pure SPEEK, and rationalizes slightly lower water diffusivities in blends compared to pure SPEEK (despite of ABH/BTH having percent
of big pores higher than SPEEK).
Hydrogen bonding effects in BTraz system: In section 4.3.1 and section 4.3.2, we presented results which indicated that the methanol diffusivity
in BT was lower than that in BTH despite the presence of bigger pores in
the former. Section 4.3.3 rationalized such results as arising from lower water
and slightly higher polymer coordination around methanol in BT compared
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Figure 5.6: Comparing all HB systems and SPEEK: RDFs of O(water) with
(a) ether oxygen (polysulfone) (b) C(polysulfone) (c) C(SPEEK)
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(b)

(a)

Figure 5.7: RDFs (a) O(methanol)-S(psf) (b) O(methanol)-H(base)
to BTH membranes. Specifically, in relation to polysulfone and base atoms,
methanol is more strongly correlated with backbone C, sulfone S (Fig. 5.7
(a)), nitrogen of the base and carbonyl carbon of the base in BTH. In contrast, correlation is higher in BT near backbone alkyl group, ether oxygen,
and hydrogen of the base (Fig. 5.7 (b)), with a nearer approach towards the
carbon of the base.
To understand the diffusivity trend, in Fig. 5.8 we display the radial
distribution of water molecules around the C(base), in which it can be seen
that water displays stronger correlations in BT compared to BTH. Similarly
closer correlation of water was observed with other base atoms such as the
hydrogen attached to nitrogen of the protonated base (H(-N-base)) and other
polysulfone atoms such as ether oxygen, backbone oxygen as well as sulfonate
and ether oxygen of SPEEK in BT compared to BTH (not displayed). Such
results explain why methanol is surrounded by less water in BT compared to
BTH, as noticed in cumulative coordination (section 4.3.3), despite the slightly
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Figure 5.8: RDFs of O(water)-C(base).
enhanced pore size distributions in the latter.
Hydrogen bonding effects in PImd system: In sections 4.3.1 and 4.3.2,
we presented results which indicated that the water diffusivity in PI was comparable to that in PIH despite the presence of bigger pores in the former.
To understand such behavior, we consider the coordination behavior of water
molecules in PImd systems with and without the hydrogen bonding effects.
In the results displayed in Fig. 5.9 (a) and Fig. 5.9 (b), we observe enhanced
correlation of O(water) with C(base) and H(-N-base) in PI compared to PIH
(similar trends were observed in the correlation of O(water) with sulfonate
group of SPEEK). Such enhanced association with the polar sites of PI, may
serve to explain the origin of comparable water diffusivities in PI and PIH
despite the presence of bigger pores in the former.
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(a)

(b)

Figure 5.9: Comparing PIH with PI systems. RDFs of (a) O(water)-C(base)
(b)O(water)-H(-N-base)

Figure 5.10: Comparing PImd systems: RDF O(methanol)-C(base))
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We also detail the comparison of cumulative coordination of methanol
in PImd and PIH seen in earlier chapter. As our results from the cumulative
distribution indicated, methanol seems to be more favorably associated with
the polysulfone and base atoms in PIH when compared to PI (sample RDF for
O(methanol)-C(base) shown in Fig. 5.10). Methanol correlation with atoms
in SPEEK is only slightly different when comparing PIH and PI, except for
favorable positioning of methanol near oxygen of sulfonate in PIH as compared
to PI. Such differences in methanol correlation in PIH and PI are consistent
with more pronounced pore size distribution and higher methanol diffusivity
in PI as compared to PIH.
Hydrogen bonding effects in ABIm system: Our earlier results indicated
that in comparing the results of AB, AB2H and ABH systems, the trends exhibited by methanol and water diffusivities were consistent with the pore size
distributions and cumulative coordinations of methanol. RDFs of O(methanol)
with C(base), other polysulfone atoms such as C, H, alkyl group, ether oxygen,
SPEEK atoms such as S, backbone oxygens together (Some shown in Fig. 5.11
(a)-(b)) demonstrate that the polymer coordination for methanol decreases in
the order AB, AB2H and ABH, which is consistent with pore sizes and diffusivity trends noted earlier in this chapter. Water correlation with polysulfone
atoms (Fig. 5.11 (c)) is similarly observed to decrease in the order AB, AB2H
and ABH. Water correlations with polysulfone and base atoms are highest in
AB, followed by AB2H and then ABH. These results can be straightforwardly
rationalized as a result of the pore size differences between ABH, AB2H and
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(a)

(b)

(a)

(c)

Figure 5.11: Comparing ABIm systems: RDFs of (a) O(methanol)-C(base)
(b) O(methanol)-S(SPEEK) (c) O(water)-C(base)
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AB.
In summary, in this section, we considered selected results of radial
distribution functions characterizing methanol and water’s coordination behavior to different atoms in the membrane systems. Since the main aspects
of the coordination behavior are already well-captured within the cumulative
measure discussed in the previous sections, to maintain brevity, we have only
presented a few such radial distribution functions. Mainly, we have used the
detailed coordination and residence time distribution characteristics to rationalize some of the discrepancies noted in the correlations between the pore size
distributions, diffusivities and the cumulative coordinations themselves. Overall, we observe that except for a few instances in which we observe enhanced
correlation of methanol driven by the chemical nature of the bases and other
units, the pore size distributions tend to serve as an excellent indicator of the
diffusivity behavior of methanol in comparing different membrane systems. In
the next section, we examine the hydrogen bonding characteristics in the different membrane systems to unravel the connections between the chemistry of
the base and the pore size distribution characteristics.
5.3.2

Discussion on PIH2
In the end, we also present results for a system designated as PIH2,

which is identical in chemical nature to that of PIH except wherein the water wt% is maintained same as SPEEK. Our motivation for the later is to
demonstrate that the lower methanol diffusivity in PIH (as compared to pure
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(a)

(b)

Figure 5.12: (a) Pore size distribution in PIH2 (b) RDFs showing O(methanol)
correlations in PIH2 with C(base) and C(psf)
SPEEK) is not a consequence of having lower water wt% in the former.
The water and methanol diffusivities in PIH2 were obtained to be
2.33 × 10−6 cm2 /s and 5.45 × 10−7 cm2 /s respectively. Methanol diffusivity is comparable to that in PIH, and is thus lower than that in SPEEK. This
suggests that lower methanol diffusivity in PImd system compared to pure
SPEEK (at the same hydration level) does not arise from lower water wt%
manifesting due to the presence of polysulfone in addition to SPEEK.
Fig. 5.12 (a) depicts the pore size distribution in PIH2. Clearly, in
PIH2 there are no pores larger than 9 Å, which contrasts with the results
presented for SPEEK earlier. Indeed, the percent of pores larger than 8 Å in
PIH2 is seen to be 2.2 % compared to 7.04 % in SPEEK. The effect of smaller
pores in PIH2 is also seen in the cumulative polymer coordination number of
methanol (66.07) being much higher than that in SPEEK (62.03) as mentioned
in section on cumulative coordination in the previous chapter. Concomitantly,
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the aqueous/water coordination numbers (37.55/32.94 respectively in PIH2)
are much less compared to that in SPEEK (41.32/35.71 respectively). Such
behaviors are substantiated by microscopic picture of methanol coordination
with atoms like base and polysulfone C atoms in PIH2 as shown in Fig. 5.12.
5.3.3

Hydrogen bonding characteristics in the acid-base blends
In this final results section, we investigate whether there any molecular

origins to the trends observed in the pore sizes of the different systems considered in our simulations. In this regard, we considered two aspects which have
been speculated to play an important role in the performance of acid-base
blend membranes [33–35, 69, 70]: (i) Hydrogen bonding interactions between
the hydrogen attached to nitrogen of the protonated base (H(N-base)) and
oxygen of sulfonate of SPEEK; (ii) Hydrogen bonding (coordination) between
the sulfone oxygen of polysulfone and H(-N-base). The former has been speculated to not only lower the methanol crossover, but also assist in proton
hopping leading to better proton conductivity in these systems compared to
pure SPEEK even under anhydrous conditions [4, 34, 55, 70, 90, 96, 109, 133].
In contrast, the latter has been termed “parasitic” hydrogen bonding due to
the negative impact such coordination has upon the proton hopping between
the acid and base groups.
We first present results which quantify the strength of the hydrogen
bonding interactions between H(-N-base) and oxygen of sulfonate of SPEEK.
For this purpose, we determined the “length” of the hydrogen bond based
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(a)

(b)

(c)

(d)

(a)

Figure 5.13: (a) Hydrogen bond lengths as a function of time in HB systems;
(b) Atom and time averaged hydrogen coordination length with corresponding
standard deviation for distribution over atoms in all the blend systems; (c) and
(d) RDFs of hydrogen (attached to nitrogen of the base tethered to psf) and
O (sulfone of psf).
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on the distance of the nearest oxygen (of the sulfonate group of the SPEEK)
to each of the hydrogen atoms attached to the nitrogen on the base, and
then averaged it over all such hydrogens and the time of simulation. Such a
measure can be envisioned to be inversely correlated to the “strength” of the
interactions between acid and bases.
Figures 5.13(a) and 5.13(b) respectively present the results for the time
variation of the hydrogen bond lengths (in ABH, BTH and PIH systems) and
the corresponding time averages and the standard deviations of the hydrogen
bonding lengths. Due to the absence of hydrogen bonding potential in non
HB systems, we depict the hydrogen coordination lengths in Figure 5.13(b) to
characterize the corresponding interactions in such systems. From Figs. 5.13(a)
and (b) we observe that the hydrogen bonding length is smallest in ABH, followed (closely) by BTH, whereas the PIH possesses the largest length. Similar
conclusions can also be drawn by considering the corresponding radial distribution functions between H(N-base) and O (Sulfonate of SPEEK) presented
in Figs. 5.14 (a).
In comparing the trends exhibited by the HB systems to the non HB
systems, we observe that the average hydrogen coordination length seems to
follow the same order even in non HB systems, albeit the trends being much
less pronounced. Consistent with such trends, the corresponding acid-base
RDFs in Fig. 5.14 (b) for non HB systems shows a peak which occurs at a
much closer distance in BT compared to AB, whereas the coordination in PI
is observed to be the least among the different bases. This may be compared
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(a)

(b)

(c)

Figure 5.14: RDFs of hydrogen(attached to nitrogen of the base tethered
to polysulfone) and O (Sulfonate of SPEEK) displaying acid-base hydrogen
bonding in (a) all bases, HB kind (b) all bases, non HB kind (b) all ABIm
systems with decreasing hydrogen bonding potential
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with slightly more pronounced hydrogen bonding in ABH compared to BTH,
while PIH still showing the least extent of hydrogen bonding. Moreover, as
expected, the strength of the acid-base hydrogen bonds is seen to intensify in
each base when H(N-base) is treated as H HB. Similar trends were also seen
to hold when comparing the radial distribution functions for AB, AB2H and
ABH systems (Fig. 5.14(c)).
In Figs. 5.13 (c) and (d), we display the radial distribution functions
quantifying the intensity of parasitic H bonding in the different membrane systems. In Fig. 5.13 (c), we observe that the first peak in these RDFs decreases
from PIH to BTH to ABH. This is noted to be opposite the order of strength
of acid-base hydrogen bonding interactions discussed above. In contrast, in
Fig. 5.13 (d), we observe that the peaks in the parasitic interactions in the
non HB systems follow the trend, PI > AB > BT. As an aside, note that
the order in which parasitic hydrogen bonding decreases in going from PIH to
BTH or PIH to ABH is the same order in which pKa of the conjugated acid
decreases (cf. section 4.2). In other words, despite being the weakest acid,
the conjugate acid of PImd is seen to display the highest extent of parasitic
hydrogen bonding in situations.
The above results for the strengths of the acid base hydrogen bonding
and the parasitic interactions are seen to be broadly consistent with the perspective that the stronger acid-base interactions occur alongside weaker parasitic interactions. Such inverse relation between acid-base hydrogen bonding
and parasitic hydrogen bonding can be rationalized by the observation that
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H(-N-base) can either hydrogen bond with oxygen of the sulfonate groups of
SPEEK (which are present in significant concentration) or to the oxygen of
sulfone groups (which are present in the closest proximity to the H(N-base)).
Since the PImd groups are bulky and also the fact that it has only two H(Nbase), it is expected to possess the least extent of acid-base hydrogen bonding
and largest extent of parasitic interactions. On the other hand, in comparing
the chemical structures of ABIm and BTraz, we observe that the H(-N-base)
are chemically connected closer to sulfone oxygens in ABIm, whereas, 2 of the
3 H(-N-base) in BTraz are located farther from the backbone, thus making
hydrogen bonding sites oriented more towards to the main chain in ABIm
compared to BTraz. Hence, in the absence of acid-base hydrogen bonding
potentials, the parasitic interactions can be expected to be stronger in ABIm
compared to BTraz. However, in the presence of acid-base hydrogen bonding
potentials, we speculate that the concentrated nature of H bonding sites in
ABIm (compared to BTraz) leads to stronger interactions with the base at the
expense of parasitic hydrogen bonding interactions.
From the above results we also observe that the strength of the parasitic
hydrogen bonding seems to be strongly correlated to the pore size distributions discussed in section 4.3.2. Specifically, whenever the the strength of the
parasitic hydrogen bonding increases (ABH < BTH < PIH, ABH < AB, BT <
BTH, PI < PIH, BT < AB, BT < PI), the pore size (and methanol diffusivity)
also decreases. In contrast, we note that except in comparing pure SPEEK
with PIH/AB2H or PI with PIH membranes, an increase in the strength of
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acid-base interactions does not seem to correlate with lower methanol diffusivities. We hypothesize that an increase in parasitic (intramolecular) hydrogen
bonding can result in the chain becoming more folded. Moreover, enhanced
parasitic hydrogen bonding can also possibly lead to a reduced tendency for
the protonated base getting closer to oxygen of sulfonate of SPEEK. This
can hamper the development of bigger aqueous domains which have the polar
sites of SPEEK and polysulfone at the interface. A combination of the preceding factors may result in the presence of smaller pore sizes. In sum, our
results point to the understanding that pore size distributions, and in turn, the
methanol diffusivities in acid-base blend membranes to be influenced by the
size and the structure of the base units due to their influence on the hydrogen
bonding interactions.
In sum, our results establish that methanol diffusivities in acid-base
polymer blend membranes to be influenced by the pore size distributions which
are correlated to the strength of parasitic hydrogen bonding interactions. We
also observe that the parasitic and acid-base hydrogen bonding are in turn
affected by the size and the structure of the base units. As a verification of
the hypothesis that higher concentration of hydrogen bonding sites in ABIm
leads to higher methanol diffusivity, one may consider the case of the base BIm
(benzimidazole), in which external amino group is absent. According to our
hypothesis, we should expect that the lower concentration of hydrogen bonding sites would mitigate acid-base hydrogen bonding and therefore enhance
parasitic hydrogen bonding and lower the pore sizes and the corresponding
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methanol diffusivities. Indeed, experiments have noted that SPEEK blends
with polysulfone tethered BIm exhibit lower methanol crossover and proton
conductivity compared to blends with ABIm [70]. Moreover, the hypothesis
about the size of the PImd playing a role in its lower methanol diffusivity is
also validated by noting that experimental methanol crossover in both BIm
and NBIm (nitro-benzimidazole) blends is higher than that in PImd blend.[70]

5.4

Conclusions
In this work, we rationalized water and methanol diffusivities, pre-

sented in earlier chapter, in a class of acid-base blend membranes consisting
of sulfonated poly(ether ether ketone) and base tethered polysulfone and compared them to the properties of SPEEK and Nafion membranes. Specifically,
this work examined two classes of systems, viz., blend membranes in which
acid-base hydrogen bonding interactions were (i) incorporated; and (ii) omitted, using detailed coordination and residence time distribution, to advance
arguments initiated with the aid of pore size distribution and cumulative coordination discussed in earlier chapter.
By studying the cumulative and detailed coordination behavior as well
as residence time distributions of methanol in various regions, we were able
to demonstrate the manner in which larger pore sizes influence methanol and
water structure and their transport properties. Lower methanol diffusivity
was correlated to more significant coordination with polymer atoms, lower
residence times and less pronounced coordination with water.
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An important outcome of our study is the identification that whenever
parasitic hydrogen bonding increases, the pore size in such membranes decreases. Such a trend is indicative of the connection between the polysulfone
conformations and the pore size distributions, which we speculated to arise
as a consequence of intramolecular chain folding. Moreover, an increase in
the parasitic hydrogen bonding was accompanied by a decrease in the intensity of acid-base hydrogen bonding. The interplay between the strength of
acid-base and the parasitic hydrogen bonding interactions was argued to be
influenced by the size and structure of the base units. While our results were
for a specific class of acid-base blend membranes, the insights gained through
our simulations are expected to hold in general for similar systems.
Our study was based on classical simulation techniques and ignored
quantum mechanical effects arising from bond breaking and formation. In the
next chapter, we present complementary results which use the methodology of
ab initio molecular dynamics simulations, which accounts more faithfully for
the bond-topology changes, to model the proton transport processes and the
acid-base equilibrium in such blend systems.
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Chapter 6
Proton Transport through Acid-Base Blends
of Sulfonated Poly(Ether Ether
Ketone)(SPEEK) and Polysulfone tethered
with base via Ab-Initio Molecular
Dynamics(AIMD) Simulations

6.1

Introduction
Recently polymer electrolyte membrane fuel cells (PEMFCs) possessing

enhanced proton conductivity have received significant attention [61]. In this
regard, acid-base polymer blend membranes have been gaining interest due to
dual role played by them in terms of providing additional proton transport
via acid-base interactions while still reducing methanol crossover compared to
other widely used membranes [33–35, 52, 54, 55, 69, 70, 90, 96, 109].
Although it has been hypothesized that acid-base hydrogen bonding
interactions influence proton conductivity and methanol crossover properties
of acid-base blend membranes [4, 34, 70, 133], there is a lack of insights into
the fundamental mechanism underlying the transport properties of such systems. Among the different relative approaches, ab initio molecular dynamics
(AIMD) simulations, in particular, can serve as an useful tool to study proton transport mechanism in such systems [11, 13, 46, 57, 58, 106, 115–117, 126].
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However, much of the ab initio work on fuel cell membranes in literature has
focussed on mainly Nafion or its other hydrocarbon alternatives [18, 19, 29,
30, 39–41, 45, 93, 99]. In this work, we consider a particular class of acid-base
blend membranes consisting of sulfonated poly(ether ether ketone) (SPEEK)
and base tethered polysulfone (psf), developed by Manthiram and coworkers [33–35, 69, 70]. Specifically, we consider two kinds of blends with bases,
viz. 2-amino-benzimidazole (ABIm) and 5-amino-benzotriazole (BTraz). Proton conductivities of these blends were reported to be 0.093 and 0.096 S/cm,
whereas those for SPEEK, Nafion 115 and Nafion 117 were 0.069, 0.144 and
0.143 S/cm respectively. We attempt to elucidate the role played by the chemical structure of base and possible rationale behind the trends in proton conductivities. Along with hydrated form, we also simulate dry blends with BTraz
in order to gain insight into the mechanism underlying anhydrous, high temperature proton transport in such systems.
The rest of this article is arranged as follows: In section 6.2, we describe
the details of three systems considered. We also present details of the AIMD
simulation and a brief rationale behind the analysis. In section 6.3, we first
determine the cutoff to define “bonds” using a combination of radial distribution functions and neighbor analysis. Then we present the primary indicators
of proton transfer using the results for time variation of index of the proton
carrier atoms and protonated status of the nitrogen of the base. Subsequently,
we compare distribution of various protonated species across all three systems.
Then, in section 6.4, we summarize our current work and lay out the future

126

plan.

6.2
6.2.1

Simulation Methodology
Details of the System Setup and Run
Three blend systems, viz., hydrated SPEEK-Psf-ABIm (ABw)(578 atoms)

and SPEEK-Psf-BTraz (BTw) (576 atoms) as well as dry SPEEK-Psf-BTraz
(BTH-dry) (366 atoms) were constructed and equilibrated classically using
methodology described in earlier chapters. DREIDING hydrogen bonding potential was not employed in classical molecular dynamics runs for hydrated
systems, whereas such a potential was applied for dry system. Hydrated systems consisted of 1 chain of SPEEK of 6 units and degree of sulfonation 50 %,
1 unit of polysulfone tethered with two base units (degree of carboxylation=2)
and 90 water molecules each. All three sulfonic acid groups of SPEEK were
considered to be dissociated initially. Two protons were considered to be donated to water molecules, thus forming hydronium ions. In addition, one of
the two base units was considered protonated. This ensured unbiased initial
condition with respect to base protonation prior to AIMD run. A different
approach was adopted for dry system. In order to facilitate proton transfer amongst polymeric acids and bases, 3 SPEEK chains (2 unit each) and 2
single-unit polysulfone chains (each tethered with one base unit, degree of carboxylation 1) were simulated in neutral form (no dissociation and protonation
state prior to AIMD run).
End point of such classically equilibrated runs was fed into ab initio
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molecular dynamics (AIMD) run using the CP2K algorithm. In AIMD, the
forces on the nuclei (equivalent to interatomic potentials in classical simulations) are calculated on-the-fly, using electronic structure calculations. Structure of the AIMD code employed (Courtesy: Dr.Marcel Baer, Scientist, PNNL)
is as follows. Electronic ground state is calculated via Kohn-Sham self-consistent
methodology of DFT, while using BLYP functional for approximating exchangecorrelation energy. GTH pseudopotentials were used for inner (inert) core of
electrons. Gaussian basis sets as optimized by Vondevandele and Hutter [122]
for use with GTH pseudopotentials were used. Born- Oppenheimer molecular
dynamics treating nuclei classically was performed using NVT ensemble, with
Nose-Hoover thermostat maintaining the temperature as mentioned. In this
study, a high temperature of 363 K (for hydrated systems) and 423 K (for dry
system) was maintained throughout in order to increase chances for observing
proton transfer during limited time interval for AIMD run. Timestep of 0.5 fs
was used. Total simulation time was 48.7, 58.4, 154.0 ps for ABw, BTw and
BTH-dry respectively.
6.2.2

Analysis
To define bonds at each timestep, a suitable cut-off needs to be used.

While energy calculations may be used for precise definitions [73], in our work
radial distribution functions were employed to estimate such characteristic.
For a given cut-off, bonds between O and H as well as N and H were determined
at each timestep. This included the possibilities of formation of hydronium
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Initial Bond
O-H
System Min Max
ABw
0.92 1.12
BTw
0.92 1.14
BTH-dry 0.93 1.0

Lengths (Å)
N-H
Min Max
1.12 1.424
1.08 1.384
0.94 1.04

Table 6.1: Initial Bond Lengths
from water and vice versa, reprotonation and dissociation of sulfonic acid,
protonation and deprotonation of nitrogen of the base and self-dissociation
of water and imidazole [29, 63, 73, 99, 116]. A special analysis to detect protonated complexes with one or more shared protons was also implemented.
While the need to separate actual charge displacement from rattling events
has been emphasized [7], our current work excludes that, and thus represents
a preliminary analysis of our results. More work to subtract bias due to rattling and thus counting actual proton hopping events, proton diffusivity and
its mechanism is in progress.

6.3

Results and Discussion

6.3.1

Determining Bond Cut-off
The distance-cutoff used to define “bonds” is an important parameter

which can significantly influence the results in AIMD simulations. We used radial distribution functions and neighbor analysis guided by initial bond lengths
to calculate these values for O-H and N-H bonds. Initial bond lengths are displayed in Table 6.1.
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Fig. 6.1 shows radial distribution functions (RDFs) between relevant
oxygens and hydrogens involved in charge transfer. Specifically, Fig. 6.1 (a)
shows such RDF for aqueous O in hydrated systems. As can be seen, the first
minimum occurs at 1.26-1.28 Å. This value is close to the reported literature
value of 1.3 Å [116, 118]. Since it is not directly evident that this corresponds
to bond cut-off to define hydronium or water, we present another RDF in
Fig. 6.1 (b) that shows the distribution of third neighbor hydrogen to such
oxygen. First minimum in this RDF confirms above value of aqueous O-H
bond cut-off. Another oxygen relevant to charge transfer in blends is sulfonate
oxygen of SPEEK. In Fig. 6.1 (c), we show that cut-off to define such Os-H
bond occurs around the same value of 1.26-1.28 Å, as for aqueous O-H. First
Os-H minimum occurs around 1.24-1.3 Å in dry system (BTH-dry), as shown
in Fig. 6.1 (d).
Similar to O-H, the cut-off for defining N-H bond is found from the
inspection of first valley in N-H RDFs shown in Fig. 6.2 (a) and (b) for hydrated
and dry systems respectively. First valley for ABw system is significantly flat
ranging from 1.2 to 1.43 Å. In BTw, two adjacent peaks are seen. This might
be due to difference in the concentration and the number of N-sites in base
ABIm Vs BTraz as discussed in classical work on blends in chapter 5 before.
Thus the corresponding range for BTraz seems to be around 1.2 to 1.39 Å.
Final values of bond cut-offs have been chosen according to the above
RDF calculations, while still incorporating maximum initial bond lengths and
minimizing the of bare protons and are shown in Table 6.2. Even though these
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(b)

(a)

(c)

(d)

Figure 6.1: RDFs showing correlation of (a) Aqueous O with any (potential
proton) H (b) Third H neighbor to any aqueous O (c) O(sulfonic-SPEEK)
with any H in hydrated systems (d) O(sulfonic-SPEEK) with any H in dry
system
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(a)

(b)

Figure 6.2: RDFs showing correlation of (a) N(base) with any H in hydrated
systems (b)N(base) with any H in dry system
Bond Cut-Offs (Å)
System O-H
N-H
ABw
1.3
1.43
BTw
1.3
1.39
BTH-dry 1.3
1.31
Table 6.2: Bond cut-offs chosen for this study
cut-offs encompass the maximum initial bond lengths, few bare protons were
still found over the course of simulation run, due to floating nature of numbers
under comparison. Such protons were assigned to nearest oxygen or nitrogen.
6.3.2

Indicators of Proton Transport
While the simulation data are still being analyzed for proton diffusivity

and transport mechanism details, we present here few preliminary indicators
of the proton transport occurring in our systems, such as time variation of the
index of proton carrier atoms [47]. In Figures 6.3 (for ABw), 6.4 (for BTw) and
6.5 (for BTH-dry), we display time variation of index of carrier atoms of proton
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Figure 6.3: Index of proton carrier atoms (O, Os or N) with timestep for ABw
(two carriers for shared protons)
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Figure 6.4: Index of proton carrier atoms (O, Os or N) with timestep for BTw
(two carriers for shared protons)
(two indices for shared protons) over aqueous oxygen (O), sulfonic oxygen(Os)
and nitrogen (N) of base (structure of the related protonated species shown
on the side). This confirms proton transport occurring in this blend system,
since number of protons in the system is three.
As suggested by Izvekov and Voth, closely spaced points occurring alternatively indicate fast oscillations of proton between two carriers. Generating
such plots for individual proton would be much clearer and such analysis is
being carried out. We also note that, despite of oscillations, proton seems
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Figure 6.5: Index of proton carrier atoms (O, Os or N) with timestep for
BTH-dry (two carriers for shared protons)
to be preferentially attached to certain carrier atom. For ABw, for example,
these atoms for three protons correspond to nitrogen indices of one base unit:
272-278, water oxygen indices: 317 and 530 (carrier atom 1). This was also
observed in earlier study for aqueous system [47]. As discussed by Izvekov and
Voth, this may be attributed to sticky structure of hydrogen and therefore
highly stable hydrogen bond network, a characteristic resulting from BLYP
functional in the DFT code used.
Fig. 6.6 shows time variation of protonated status of nitrogen of the
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base. Status of -1 indicates that protonation state of the nitrogen remains
unchanged from the last timestep. Status of 0 indicates protonated base losing proton and that of 1 indicates neutral base gaining proton. It is clear
that nitrogen of the base does undergo deprotonation and protonation even
under extremely limited timespan of AIMD, although the extent to which it
contributes to overall conduction should be much less compared to that from
water only. However, this does lends support to experimental hypothesis that
base can play a role in enhancing proton transport in acid-base blend membranes [33, 52, 54, 55, 70]. Total number of proton transfer events involving
nitrogen were 2 and 5 for ABw and BTw respectively, whereas 823 for BTHdry. The other partner of this exchange was water oxygen for hydrated systems
and oxygen of sulfonate for dry system. Latter shows particularly high number
of events due to much longer simulation time and shorter chains.
6.3.3

Distribution of Protonated Species
In this section, we present distribution of various protonated species

(percent of particular type amongst total number of protons over entire production period) in all three systems. We detected two main kinds of protonated
species. Simple protonated species in which proton is not shared such as hydronium or protonated base and the species in which one or more protons may
be shared each by any pair from [(O,O),(O,Os),(O,N),(Os,N),(N,N),(Os,Os)],
where O represents aqueous oxygen, Os represents sulfonic oxygen of SPEEK
and N indicates nitrogen of base. We do not come across protonated complexes
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(a)

(b)

(c)

Figure 6.6: Change of protonated status of nitrogen of base in (a) ABw and
BTw (b) BTH-dry (timeframe1) (c) BTH-dry (timeframe2)
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in which more than 1 proton is shared by different pairs in literature. We note
that Tuckerman et.al. [116, 118] reported dynamic transition of H5 O2+ (Zundel
ion in which proton is shared by two neighboring oxygens) and H9 O4+ (Eigen
ion in which central hydronium (H3 O+ ) is “solvated” by three surrounding
water molecules). Brancato and Tuckerman discussed the nature of H7 O3+ as
H5 O2+ (Zundel ion) solvated by additional water molecule [13]. While such
solvated complexes (whether this or Eigen ion) would be abundant in our system, we restrict our discussion here to only the original protonated complexes
i.e. the ones in which protons are shared, as against solvated in H7 O3+ and
H9 O4+ , as reported in literature [13, 87, 116, 118, 130].
Fig. 6.7 compares distribution of various protonated species across all
of our systems, while Fig. 6.8 shows the structure of each protonated species.
While the percent of hydronium and protonated base is almost comparable in
ABw and BTw, a small but significant difference is noticed in the distribution
of shared protonated complexes. In particular, (O,N) type (may be called as
NZundel) and (O,O) type (Zundel) is higher in BTw compared to ABw. This
should facilitate faster proton transport in BTw compared to ABw. Such a
feature, along with slightly higher number of proton transfer events involving
nitrogen in BTw compared to ABw, is consistent with higher proton conductivity reported in acid-base blends with BTraz [70]. In addition, it has been
noted earlier (chapter 5 of this dissertation and Ref. [83]), the parasitic hydrogen bonding in ABw is higher than BTw due to orientation of the base
in the former. This corroborates above AIMD observations further, since less

138

Figure 6.7: Comparison of distribution of various protonated species in all the
systems
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Figure 6.8: Structures of various protonated species observed in our work:
(a) Hydronium (b) Protonated base (c) c-Imidazolium kind of protonated
BTraz(d) Zundel ion (proton sharing pair (O,O))(e) proton sharing pair (O,Os)
(f) proton sharing pair (O,N)(g) proton sharing pair (Os,N)(h) Two proton
sharing pairs (O,O)
parasitic hydrogen bonding would allow nitrogen to interact with water more
efficiently.
As discussed at the beginning of this section, we believe our detecting
of complexes of the type 2(O,O) in both ABw and BTw seems new and invites more thorough analysis of proton transfer mechanism in such systems.
Complexes in which more than 1 protons are shared may be the consequence
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Figure 6.9: Resonance pathways and structures for BTraz ( Nitrogen related
bonds in blue)(a) symmetrical resonance forms when central nitrogen is not
protonated (b) unsymmetrical resonance forms when central nitrogen is protonated
of proton transport occurring in confined systems, as against free liquid water.
For the two systems involving base BTraz (BTH-dry and BTw), two
different kinds of protonated structures are possible. Either central nitrogen
of the base gets protonated and carries excess charge (may be called as cImidazolium type) or not (Imidazolium-type). As can be seen in Fig. 6.7,
c-Imidazolium-type does occur dry system, whereas in BTw, protonated base
exists exclusively as Imidazolium-type. This is justified by better resonance
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stabilization by symmetry in (b) as compared to Fig. 6.9 (a). Tautomerization of first structure in (a) to a structure in (b) is possible, but it’s stability is
questionable. That the c-imidazolium is not observed in hydrated systems contrasts with experimental conjecture that higher number of nitrogen sites can
enhance proton conductivity [70]. Instead, in limited timespan of our simulations, we observe that orientation of base and thereby reduction in parasitic
hydrogen bonding in BTw compared to ABw contributes to proton sharing
and therefore transport more in the former. This is consistent with the role of
parasitic hydrogen bonding conjectured before [84].
Shared protonated complex of (Os,N) type is found only in BTH-dry.
This is expected since proton transfer from acid to base can be the principal
form of proton transfer in such systems. None of the systems showed N to N
proton transfer. This could be due to limited timespan of AIMD simulation
of polymeric system.

6.4

Summary
In this work, we studied acid-base blend system consisting of sulfonated

poly(ether ether ketone)(SPEEK) and polysulfone tethered with base such
as either ABIm (2-amino-benzimidazole) or BTraz (5-amino-benzotriazole).
A large system with reasonably high water content was simulated to study
proton transport in such systems in hydrated form. Another dry system for
BTraz was also simulated in order to assess the viability of proton transport
in such systems at high temperatures. We also commented on the relative
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proton conductivity in system ABIm compared to system BTraz with the help
of nature of proton transfer events and distribution of protonated species.
Specifically, by using third neighbor distribution, O-H bond cut-off was
confirmed to be precisely close to literature value. Time variation of index
of proton carrying atom corroborated proton transport occurring in the system, with carrier atom being water O, sulfonic O or N of base. Such plots
also revealed in many cases stabilization of excess proton to particular carrier
atom, characteristic of BLYP potential as reported in earlier studies. Fast
oscillations and thus sharing between two carrier atoms was implied by closely
spaced points occurring alternately. Proton transfer events involving nitrogen
in BTraz system were found to be higher than those in ABIm system. Dry
system, which was run for much longer time, reported much higher proton
transfer events involving nitrogen. Involvement of nitrogen in proton transfer
supports experimentally hypothesized role played by base in enhancing proton
transport in acid-base blend systems.
Distribution of such protonated species with one or more shared protons
was studied and compared across systems. In particular, we find that NZundel ((O,N) type) and Zundel((O,O) type) ions are higher in BTw compared
to ABw. This, with above discussion, lends strong support to experimentally
observed higher proton conductivity in blends with BTraz compared to blends
with ABIm. That, the parasitic hydrogen bonding is higher in AB compared
to BT (seen in chapter five) indicates that orientation of base plays a more significant role in enhancing proton sharing and thereby transport in influencing
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trend across such systems, compared to number of nitrogen atoms.
Novel protonated complexes in which two protons were shared amongst
two different pairs of oxygen atoms were also detected.
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Chapter 7
Future Work

In this work, we demonstrated, using all-atom classical as well as abinitio molecular dynamics simulations, how simple physiochemical features of
polymeric system such as hydrophilicity, hydrophobicity, rigidity of the backbone as well as size and structure of the base can influence permeant transport
through such membranes. However, it is needed to determine specific conditions for applying DREIDING hydrogen bonding potential between acid and
base, while studying water, methanol and proton transport simultaneously.
More work comparing relative energies between classical and ab initio simulations would be helpful in determining the extent of applicability of DREIDING
hydrogen bonding potential in such simulations. Also, it would be worthwhile
to study the effect of varying the degree of sulfonation and degree of randomness in sulfonation of SPEEK chains on the equilibrium structure and the
transport.
In near future, we aim to analyze AIMD results for three systems by
calculating proton diffusivity and its mechanism of transport (including its
nature of solvation), and also subtracting the bias due to proton rattling and
thus calculate actual proton hopping events. In addition, size of the system

145

and total runtime in AIMD simulations are inherently limited due to high
computational cost. This clearly excludes mesoscale phenomena occurring
with respect to proton transport in actual experimental systems. Moreover,
our observations of water lying much farther from the protonated base when
DREIDING hydrogen bonding potential is applied (compared to the case of
absence of such potential) in initial classical simulations imply that AIMD
simulations may not be the best option for studying proton transport through
such systems. In nutshell, it would be pertinent to study all such systems using
Empirical Valence Bond model or Reactive Molecular Dynamics in order to
reveal features not explicit in AIMD simulations.
Finally, a coarse-grained, multi-scale framework treating water, methanol
and proton transport at meso-scale should be ideal to aid experiments in designing better membranes. This work can be aided, in addition to methodologies above, by using a force-matching techniques, already part of in-house
codes (Dissertation work by Dr. Landry Khounlavong).
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