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Abstract

Anion Exchange Membrane Fuel Cells are obtaining popularity in current research
due to their promising advancements, which include low production costs, the ability to use
catalysts free of platinum group metals, moderate operating temperatures, and high power
densities. However, the primary challenge of Anion Exchange Membranes is associated
with chemical instability of the quaternary ammonium head groups in alkaline conditions
and elevated temperatures, which also led to a decrease in the diffusion of hydroxide ions.
This study used Density Functional Theory calculations, ab initio Molecular Dynamics
simulations, and conventional all-atom Molecular Dynamics simulations to examine the
chemical stability of different chemical structures, including quaternary ammonium head
groups, gquaternized chitosan head groups, and Deep Eutectic Solvent supported quaternized
chitosan head groups as well as the diffusion of hydroxide ions. This research work
consisted of the following four main objectives: i) the degradation mechanisms of different
quaternary ammonium head groups under different hydration levels via the Density
Functional Theory method, ii) the diffusion of hydroxide ion via different quaternary
ammonium head groups under different hydration levels via conventional all-atom
Molecular Dynamics simulations, iii) the degrataion mechanisms of various quaternized
chitosan head groups and the diffusion of hydroxide ions under different hydration levels
and temperatures via the Density Functional Theory method and conventional all-atom
Molecular Dynamics simulations, and finally iv) explore the degradation mechanisms and
diffusion mechanisms of hydroxide ion via Deep Eutectic Solvents supported
tetramethylammonium head group and quaternized chitosan head group under different
hydration levels and temperatures via Density Functional Theory calculations and ab initio

Molecular Dynamics simulations.

Firstly, the following increasing order of chemical stability of the various quaternary
ammonium head groups based on the Lowest Unoccupied Molecular Orbital energy,
reaction energy, reaction free energy, activation energy, and activation free energy values
was obtained using the Density Functional Theory method: (a) pyridinium < (b) 1,4-
diazabicyclo [2.2.2] octane ~(c) benzyltrimethylammonium < (d) n-methyl piperidinium ~
(e) guanidium < (f) trimethylhexylammonium at the hydration level 0. The transition state

calculation for the nucleophilic substitution reaction showed that, notably, (f)



trimethylhexylammonium had more chemical stability than (c) benzyltrimethylammonium

at the different hydration levels from 0 to 3.

Secondly, the findings of the conventional all-atom Molecular Dynamics simulations
on distinct quaternary ammonium head groups indicated that the hydroxide ion had similar
vehicular  diffusion  behavior via (c) benzyltrimethylammonium and (f)
trimethylhexylammonium head groups, as shown by the diffusion coefficients determined
from mean square displacement versus time graphs. Additionally, as the hydration level
increased from 3 to 15, the vehicular diffusion of hydroxide ion for (c) and (f) quaternary

ammonium head groups increased monotonically.

Thirdly, Lowest Unoccupied Molecular Orbital energies, reaction energies, reaction
free energies, activation energies, and activation free energies from Density Functional
Theory calculations suggested an increasing stability trend: (C) propyl trimethyl ammonium
chitosan < (B) oxy propyl trimethyl ammonium chitosan < (A) 2-hydroxy propyl trimethyl
ammonium chitosan at the different hydration levels from 0 to 3. Following the conventional
all-atom Molecular Dynamics results, diffusion coefficient of hydroxide ions was shown to
rise monotonically with the increase of hydration levels (3-15) and temperatures (298-350
K) for quaternized chitosan types (A, B, and C). Notably, for the vehicular diffusion of
hydroxide ions over various hydration levels and temperatures, all three quaternized

chitosan variations showed similar diffusion coefficients.

Lastly, the Density Functional Theory calculations of transition state for key
degradation mechanisms, ylide formation and nucleophilic substitution, suggested that the
presence of Deep Eutectic Solvent enhances the stability of the tetramethylammonium head
groups compared to systems without Deep Eutectic Solvent. From the results of ab initio
Molecular Dynamics simulation, in the absence of Deep Eutectic Solvent, the nucleophilic
substitution mechanism predominated at hydration level 3 and 310 - 350 K, while ylide
formation emerged as the major degradation mechanism pathway at various hydration
levels, including 1 and 3, and at 298 K. Nevertheless, Density Functional Theory and ab
initio Molecular Dynamics simulations showed that the addition of Deep Eutectic Solvent
improved the chemical stability of head groups. Afterward, it was discovered that
incorporating Deep Eutectic Solvent resulted in comparable diffusion behavior of hydroxide
ions through quaternized chitosan head groups at various hydration levels and temperatures,
when compared to scenarios without Deep Eutectic Solvent.



These insights from multiscale molecular modeling and simulation are helping us to
understand the molecular structure, chemical instability of head groups, degradation
mechanisms, and diffusion mechanisms of hydroxide ions via Anion Exchange Membrane

for boosting of alkaline fuel cells performance.
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Chapter 1: Introduction

1.1 Anion exchange membrane

An electrochemical device known as a fuel cell makes it possible to convert
chemical energy into electric energy [1-3]. Anion exchange membrane fuel cells
(AEMFCs), solid oxide fuel cells (SOFCs), molten carbon fuel cells (MCFCs), enzymatic
(bio) fuel cells (EFCs), phosphoric acid fuel cells (PAFCs), and proton exchange membrane
fuel cells (PEMFCs) are the six main types of fuel cells in this regard. The electrolyte type
used in AEMFCs is solid (polymeric backbone with positively charged QA head groups)
[4-9]. AEMFCs also provide several benefits, including low production costs, the ability to
use catalysts free of platinum group metals, moderate operating temperatures, and high
power densities [7]. For AEM to be widely commercialized for fuel cell applications,
several obstacles must be overcome. Because of the chemical breakdown of QA head
groups, AEM's limited chemical stability is one of its key limitations. The decreased OH"

ion diffusion is also a result of the reduced chemical stability of the QA [8, 9].

Biopolymers based on polysaccharides are a plentiful resource on our planet and have
been extensively researched as a potential substitute for conventional plastics derived from
petroleum. Several polysaccharide-based biopolymer options, including chitosan, cellulose,
starch, and xyloglucan, demonstrate their superiority in terms of both structural
characteristics and practical and commercial considerations [10], [11]. As a result, millions of
tons of crustacean shell waste are used to extract chitosan, a derivative from chitin, the
second most plentiful material. In addition, chitosan is stiffer than other biopolymers due to
the presence of an acetyl side group. As one of the most popular cationic polymers, it has a
great deal of promise for creating high-quality composites. Modified chitosan is a
polysaccharide that possesses strong mechanical and chemical resistant qualities, along with

excellent film-forming abilities for AEM applications.

More significantly, chitosan does not require the extremely hazardous
chloromethylation process and may be readily quaternized thanks to its functional groups
(e.g., -NH,, -OH) [12-14]. Furthermore, the incorporation of Deep Eutectic Solvents (DES)
into quaternized chitosan (QCS) can enhance its ionic conductivity and chemical stability.
Within this framework, adding DESs to QCS head group is a viable way to enhance its

characteristics and maybe boost AEM performance.



This PhD work computationally investigated the chemical stability, degradation
mechanisms, and molecular structures of QCS head groups, as well as the diffusion of OH~
ions through these head groups when supported by DES for AEM applications, using

multiscale molecular modeling and simulation approaches.

1.2 Thesis objectives and hypothesis

The main challenge of AEM is related to the chemical instability of QA head groups
at alkaline conditions and elevated temperatures, which also affect the diffusion of OH"
ions. This PhD work was devoted to understanding the degradation mechanisms of the QCS
head groups and the diffusion mechanisms of OH" ion in detail via multiscale molecular

modeling and simulation techniques. Our main objectives are shown below:

o Explore the effect of HLs on the chemical stability and degradation mechanism

reactions of various QA head groups of AEM via DFT method.

e Study the effect of HLs on the vehicular diffusion mechanism of OH" ions via

different QA head groups by conventional all-atom MD method.

e Study the chemical stability, degradation mechanism of QCS head groups, and
vehicular diffusion of OH" ions at various HLs and temperatures via DFT, and

conventional all-atom MD methods.

e Understand the chemical stability, and degradation mechanism of DES supported
QCS head groups and vehicular/Grotthuss diffusion mechanisms of OH™ ions at

different HLs and temperatures via DFT and ab initio MD methods.

The main hypothesis of the thesis research is that multiple factors, such as various
structures of QCS head groups, HLs, and temperatures, could affect the degradation
mechanism and diffusion mechanism of OH" ions. Additionally, it is hypothesized that the
addition of DES could improve the chemical stability of QCS head groups and the

vehicular/Grotthuss diffusion mechanisms of OH" ions at higher HLs and temperatures.

1.3 Research contributions
The list of published research papers and submitted research manuscripts:

1. M., Karibayev, Bauyrzhan Myrzakhmetov, Yanwei Wang, Almagul Mentbayeva,

Atomistic modeling of tetramethylammonium head groups supported by Deep Eutectic



Solvents for Anion Exchange Membranes. Being prepared for submission to journal in
2024. (Original Article, Q1/Q2)

2. M., Karibayev, Bauyrzhan Myrzakhmetov, Dias Bekeshov, Yanwei Wang, Almagul
Mentbayeva, Atomistic Modeling of Quaternized Chitosan Head Groups: Insights into the
Chemical Stability and lon Transport for Anion Exchange Membranes Applications.
Molecules 2024, 29(13), 3175; https://doi.org/10.3390/molecules29133175. (Original
Article, Q1, 83%)

3. Bauyrzhan Myrzakhmetov, M., Karibayev, Yanwei Wang, Almagul Mentbayeva,
Density Functional Theory Investigation of Intermolecular Interactions for Hydrogen-
Bonded Deep Eutectic Solvents. Eurasian Chemico-Technological Journal 2024, 26(1),
29; https://doi.org/10.18321/ectj1563 (Original Article, Q3, 29%)

4. Bauyrzhan Myrzakhmetov, Aktilek Akhmetova, Aiman Bissenbay, Mirat Karibayev,
Xuemiao Pan, Yanwei Wang, Zhumabay Bakenov, Almagul Mentbayeva, Review:
chitosan-based biopolymers for anion exchange membrane fuel cell application. Royal
Society Open Science 2023, 10(11), 230843; https://doi.org/10.1098/rs0s.230843 (Review
Article, Q1, 88%)

5. M., Karibayev, Dias Bekeshov, Bauyrzhan Myrzakhmetov, Sandugash Kalybekkyzy,
Yanwei Wang, Almagul Mentbayeva, Effect of hydration on the intermolecular interaction of
various quaternary ammonium based head groups with hydroxide ion of anion exchange
membrane studied at the molecular level. Eurasian Chemico -Technological Journal 2023,
25(2), 89; https://doi.org/10.18321/ectj1499 (Original Article, Q3, 29%)

6. M., Karibayev, Sandugash Kalybekkyzy, Yanwei Wang, Almagul Mentbayeva,
Molecular Modeling in Anion Exchange Membrane Research: A Brief Review of Recent
Applications. Molecules 2022, 27(11), 3574; https://doi.org/10.3390/molecules27113574
(Review Article, Q1, 83%)

7. M., Karibayev, Bauyrzhan Myrzakhmetov, Sandugash Kalybekkyzy, Yanwei Wang,
Almagul Mentbayeva, Binding and Degradation Reaction of Hydroxide lons with Several
Quaternary Ammonium Head Groups of Anion Exchange Membranes Investigated by the
DFT Method. Molecules 2022, 27(9), 2686; https://doi.org/10.3390/molecules27092686
(Original Article, Q1, 83%)

The list of presentations on international conferences, seminars and research days:


https://doi.org/10.3390/molecules29133175
https://doi.org/10.18321/ectj1563
https://doi.org/10.1098/rsos.230843
https://doi.org/10.18321/ectj1499
https://doi.org/10.3390/molecules27113574
https://doi.org/10.3390/molecules27092686

1. M., Karibayev, Aida Barlybayeva, Bauyrzhan Myrzakhmetov, Yanwei Wang, Almagul
Mentbayeva, Deep eutectic solvent supported polymer-based high performance anion
exchange membrane for alkaline fuel cells. “First Annual Nazarbayev University
Research Conference”, September 2024 (poster presentation), Astana, Kazakhstan.

2. M., Karibayev, Bauyrzhan Myrzakhmetov, Yanwei Wang, Almagul Mentbayeva, Deep
eutectic solvent supported quaternized chitosan head groups for anion exchange
membranes: insight from atomistic modeling. “INESS - 2024”, August 2024 (poster

presentation), Astana, Kazakhstan.

3. Aida Barlybayeva, Bauyrzhan Myrzakhmetov, M., Karibayev, Yanwei Wang, Almagul
Mentbayeva, Deep eutectic solvent supported poly(vinyl) alcohol electrospun anion
exchange membrane for alkaline fuel cells. “INESS - 2024”, August 2024 (poster
presentation), Astana, Kazakhstan.

4. Aida Barlybayeva, Bauyrzhan Myrzakhmetov, M., Karibayev, Yanwei Wang, Almagul
Mentbayeva, Deep eutectic solvent supported polymer-based high performance anion
exchange membrane for alkaline fuel cells. “245"™ ECS Meeting”, May 2024 (poster
presentation), San Francisco.

5. M., Karibayev, Bauyrzhan Myrzakhmetov, Sandugash Kalybekkyzy, Yanwei Wang,
Almagul Mentbayeva, Deep eutectic solvent supported polymer-based high performance
anion exchange membrane for alkaline fuel cells. “NU Research Day 2023, October 2023

(poster presentation), Astana, Kazakhstan.

6. M., Karibayev, Bauyrzhan Myrzakhmetov, Sandugash Kalybekkyzy, Yanwei Wang,
Almagul Mentbayeva, Deep eutectic solvent supported polymer-based high performance
anion exchange membrane for alkaline fuel cells. “NU SEDS RESEARCH WEEK 2023,
April 2023 (poster presentation), Astana, Kazakhstan.

7. M., Karibayev, Bauyrzhan Myrzakhmetov, Sandugash Kalybekkyzy, Yanwei Wang,
Almagul Mentbayeva, Intermolecular Interaction and Chemical Degradation mechanism of
Hydroxide lons with Various Quaternary Ammonium Head groups of Anion Exchange
Membrane Studied via the DFT Calculations. “8™ International Congress on Energy
Efficiency and Energy Related Materials (ENEFM 2022)”, October 2022 (poster
presentation), Mugla, Turkey.



8. M., Karibayev, Bauyrzhan Myrzakhmetov, Sandugash Kalybekkyzy, Yanwei Wang,
Almagul Mentbayeva, Binding, Reaction, and Activation Energies of OH" lons interacting
and reacting to Some Head Groups of Anion Exchange Membrane explored via the DFT
method. “INESS 20227, August 2022 (oral presentation), Astana, Kazakhstan.

9. M., Karibayev, Bauyrzhan Myrzakhmetov, Sandugash Kalybekkyzy, Yanwei Wang,
Almagul Mentbayeva, Binding and Degradation mechanism Reaction of Hydroxide lons with
Different Quaternary Ammonium Head Groups of AEM studied at the molecular level. “NU
HPC Al”, 8 December 2022 (oral presentation), Astana, Kazakhstan.

10. M. Karibayev, Y. Wang, A. Mentbayeva, Computational and theoretical studies on the
transport of hydroxide ions through the anion exchange membrane based on imidazolium and
nitrogenous cyclohexane, “80™ anniversary of the academician of NAS RK Edil

Ergozhaevich Yergozhin”, November 2021 (oral presentation), Almaty, Kazakhstan.

1.4 Thesis organization

The PhD thesis consists of eight chapters. Chapter 1 is the introduction that provides
an overview of the research, thesis objectives and hypothesizes, and key contributions.
Chapter 2 includes a review of literature on the relevant research work. The multiscale
molecular modeling and simulation details were provided in Chapter 3. The main work was
related to examining the chemical stability and degradation mechanism, vehicular/Grotthuss
diffusion mechanism of OH" ions for DES supported QCS head groups of AEM at different
HLs, temperatures via DFT, ab initio MD, and conventional all-atom MD techniques, which
were presented in Chapters from 4 to 7. Chapter 8 concludes the PhD thesis and offers

recommendations for further research.



Chapter 2: Literature review

In this chapter, two major challenges in AEMs research are presented in detail, which
are related to the chemical instability of QA and diffusion mechanisms of OH" ions, along

with DFT, ab initio MD, and conventional all-atom MD techniques.

2.1. Background of hydrogen fuel cells

Energy is crucially important and required to perform all human activities.
Renewable energy sources are plentiful, sustainable, naturally replenished, and
environmentally friendly, while non-renewable energy sources have a limited supply that

we can obtain from mines or extract from the earth.

There has been a rapid increase in energy consumption around the world due to
economic development and population growth. Global energy consumption doubled from
270.5 to 580.5 Exajoules during the period between 1978 and 2018 [15]. At the same time,
global population growth reached from 4.30 to 7.63 billion [15]. In this regard, the energy
crisis is the main challenge in the world. Mainly, a dramatic increase in energy consumption
is expected for solar and wind energy sources. Among various types of renewable energy
sources, solar energy could be the best alternative for the future world due to its low cost
and lack of exhaustion. Although, its intermittent nature requires an efficient storage
method. Consequently, the possible route for the usage of solar energy was storage in the
form of a chemical bond as hydrogen fuel. At the same time, hydrogen fuel is another

promising energy source and has applications in heating homes, vehicles, and others.

Hydrogen is a clean energy carrier with the following advantages, including: i) being
the most abundant element in the world, ii) being sustainable, iii) being non-toxic, and iv)
being environmentally friendly. There are many sources for the generation of hydrogen fuel,
such as hydro, coal, wind, natural gas, wave, nuclear energy, solar, biomass, and geothermal
[16]. Hence, there are many technologies for the production of hydrogen, including natural
gas steam reforming (95 %), coal gasification, biomass gasification and pyrolysis, high-
temperature water splitting, reforming of renewable liquid fuels, electrolyzers, and others
[16]. The main applications of hydrogen fuel include heating homes and industry, as can be

seen in Figure 2.1.

In Figure 2.1, the basic hydrogen house components are a hydrogen storage tank,

water electrolyzer, and fuel cell stack [17]. Hence, a hydrogen storage tank keeps hydrogen



gas compressed. After that, the fuel cell stack is a major component that can transform the

oxygen and hydrogen gas into electricity.
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Figure 2.1: Basic hydrogen house component [17].

In this regard, the use of hydrogen fuels as a clean energy carrier is fraught with
difficulties because of their high volumetric energy density, which makes them difficult to
store, their high cost—which is currently four times that of conventional gasoline—and
their current hydrogen fuel cell, which is ten times more expensive than an internal

combustion engine [17].

Table 2.1: Different fuel cells.

Fuel Cell T,°C Fuel Type Efficiency
AFC 50-200 H» ~35-60 %
PEMFC 50-100 H,/CO, ~40-60 %
PAFC 180-220 H,/CO, ~ 40 %
MCFC ~650 Hy, CH4, CO ~50 %
SOFC 500-1000 H,, CH4,CO ~45-65 %

With the use of a fuel cell, we may convert chemical energy directly into electrical
energy without the need for a step-by-step combustion process. Moreover, fuel cells have
the following benefits: i) high energy conversion efficiency; ii) modular design; iii)

extremely low emission levels; iv) fuel flexibility; v) cogeneration capabilities; and, lastly,



vi) quick load response. Fuel cells could be divided into following categories: AFC, SOFC,
PAFC, MCFC, and PEMFC (Table 2.1). Regretfully, SOFCs and MCFCs operate at the
higher temperatures, while PEMFCs and PAFCs need expensive noble metal catalysts like
platinum. Scientists have, however, started paying closer attention to AFC, which is
likewise divided into liquid and solid categories depending on the electrolyte. A solid

(polymeric) electrolyte is used in AEMFCs.

In the next subsections, the schematic structure of AEM, the chemical stability, and
the diffusion of OH" ions for AEM were discussed [17].

2.2 Anion exchange membrane

The basic AEMFCs design consists of electrode parts, including anode and cathode,
which are separated by AEM, as can be seen in Figure 2.2. Membrane electrode assembly
(MEA) and flow-field components make up the electrode part in this sense. We can supply
pure hydrogen, oxygen from the air, and water to our fuel cell thanks to the flow-field
component. Catalyst layers (CL) and gas diffusion layers (GDL) make up the MEA portion
after that. GDL's primary roles in the cathode and anode are to support CL, provide a
uniform reactant distribution, and transfer electrons to the current collector. The backing
layer and the microporous layer are the two layers that make up the GDL layers.

Hydrogen is supplied as fuel to the anode of an AEMFC, while oxygen is supplied to
the cathode via water and air. Subsequently, fuel is oxidized at the anode, and oxygen is
reduced at the cathode. OH" ions are produced at the cathode and are carried to the anode by
the electrolyte. Water and electrons are produced at the anode by OH" ions reacting with the

fuel (equation 1 and 2). The circuit uses electrons to produce current [18-20].
At anode: H, + 20H — 2H,0 + 2e (equation 1)
At cathode: O, + 2H,0 + 4e — 40H (equation 2)

In addition, the overall composition of AEM is comprised of polymer chains that
have been functionalized with several cationic groups. In general, the four types of
polymers used in the creation of the AEM backbone are: (i) fluorinated polymers; (ii)

hydrocarbon-based polymers; (iii) condensation polymers; and (iv) biopolymers.
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Figure 2.2: Basic design of QCS head groups based AEM.

Biopolymers based on polysaccharides have been extensively studied as potential
substitutes for conventional plastics generated from petroleum. Biopolymers based on

polysaccharides include chitin, xyloglucan, chitosan, starch, and cellulose.

The waste shells of millions of crustaceans are used to extract chitin. The primary
natural sources of biopolymers are the exoskeletons of arthopods, mushrooms, fungi, and
the shells of shrimp, crabs, krill, and prawns [20-22]. Because it has an acetyl side group,

chitosan is more rigid than other biopolymers while remaining inexpensive and



environmentally friendly (Figure 2.3). Furthermore, to create its composites, chitosan is

frequently altered to take on the form of a cationic polymer.

o OH

Figure 2.3: Chemical structure of chitosan monomer.

In assessing the performance of AEMs for fuel cells, it is crucial to evaluate various
key characteristics, including tensile strength, thickness, water uptake, swelling degree,

ionic conductivity, and chemical stability (Table 2.2).

Table 2.2: Desired and currently achieved values for AEM performance for fuel cell

applications [23-27].

Characteristic Description Desired Value Currently Achieved

Value

Tensile strength Measure tensile > 20MPa 85 MPa

strength of AEM
Thickness Measure thickness of <50 um 26-34 um
AEM
Water uptake Changes in AEM >50% 235%
mass when exposed
to water
Swelling degree Dimensional change 10-30 % 11-27 %

of the AEM when

exposed to water

lonic Conductivity Measure OH" ion > 100 mS/cm 120 mS/cm
conductivity

Chemical stability AEM performance 1000-5000 hours 1400 hours
needs to be

maintained over time
when exposed to
high pH

environments




These parameters significantly influence the efficiency, durability, and overall
functionality of AEMs in practical applications. The desired values for these characteristics
are established based on the requirements for optimal fuel cell performance. As shown in
Table 2.2, the limited chemical stability of AEMs, due to the chemical breakdown of QA
head groups, is one of their key limitations.

2.3 Chemical stability of quaternary ammonium head groups

Because of the instability of the positively charged cationic head group in alkaline
environments, particularly at high temperatures, the stability of AEMFCs at high pH is a
major concern. Three primary pathways for the breakdown of QA head groups at high pH

were proposed as follows: E;, Sn2, and YF.
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N /,><.,", /u“\<u
o NH. GH
Y o + \\X” —_— N + “>{”
2 S N H” DoH

Figure 2.4: Degradation mechanism of QA head groups in alkaline conditions [8].

Figure 2.4 shows the potential ways in which E,, Sny2, and YF could degrade
positively charged QA at alkaline condition. As Figure 2.4 [8] illustrates, there were three
probable ways for the QA to degrade at alkaline condition, which contributed to the low
chemical stability under alkaline circumstances. The HL is calculated as the number of
H>O molecules per QA (1 = nn,o/Nqa) [28]. There are various types of research on the
degradation mechanisms of QA head groups under alkaline conditions in AEMs.
Furthermore, low HL conditions were typically the cause of the QA degradation
mechanism. Studying the OH" ion diffusion at the lower HL and the degradation mechanism
of the QA is therefore crucial [29-40].

2.4 Diffusion of OH ions

There are two major types of diffusion of OH™ ion mechanisms (Figure 2.5),



including: i) the Grotthuss mechanism, and ii) vehicular diffusion [34-41]. The details of

those mechanisms are listed in the below paragraphs one by one.
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Figure 2.5: Schematic diagram of the Grotthuss and vehicular mechanisms of OH"
ion diffusion in AEMs. [9].

The Grotthuss diffusion mechanism involves a process known as proton hopping,
where OH' ions facilitate their movement by transferring protons between water molecules
within the membrane. This mechanism enables rapid diffusion of OH" ions through the AEM

by leveraging the mobility of protons in water [34-40].

In contrast, the vehicular diffusion mechanism refers to the direct movement of OH"
ions through the membrane's water channels, bypassing the need for proton hopping. This
form of diffusion relies on the physical movement of the ions within the aqueous channels of
the membrane, which allows them to traverse the membrane more straightforwardly.
Together, these mechanisms contribute to the overall efficiency of ion transport in AEMs,

impacting their performance in fuel cell applications [34-42].

2.5 Molecular modeling of anion exchange membrane

Computational studies have been archived in numerous databases and archives in
support of transferable and open research. Emerging as a new topic in recent years, material
informatics assists us in selecting the important property of our developed material from

extensive material databases [43-46].
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Figure 2.6: The hierarchy that extends from the atomic to the systemic levels [2].

Numerous outstanding reviews and perspective articles have already been published
on the use of materials and molecular modeling techniques in advanced energy materials
research [47-49]. These molecular and material modeling techniques have a wide range of

applications at various scales (Figure 2.6) [50-79].

Computational investigations have been widely employed by researchers across
various scales, enabling the examination of the chemical stability of AEM's QA head group-
based polymeric matrix and the transport of OH" ions in AEM through multiscale molecular

modeling and simulations. Numerous models of typical AEM are available:

e The DFT calculation models were created to offer fundamental insights into the
mechanisms that control local properties, including degradation mechanism processes
and the chemical stability of QA.

e Ab initio MD techniques were formulated to explore the mechanism of
vehicular/Grotthuss diffusion of OH ions and the molecular structure.

e All-atom MD techniques were created to explore the OH" ion vehicular diffusion and

the molecular structures within the AEM.

To our knowledge, limited efforts have been made to comprehensively assess all
facets of modeling and simulation in the context of AEM systems [80]. This contribution
seeks to present various computational works within the research community, focusing on
AEM.



2.5.1 Density functional theory calculations

Ab initio calculations involve determining the ground state of a group of atoms by

solving the Schrddinger equation, which forms the foundation of quantum mechanics for a

multitude of atoms [81, 82]. The majority of computational investigations on the chemical

stability of AEM rely on DFT. The subsequent sections delve into diverse DFT studies

related to AEM, drawing from an extensive literature review as summarized in Table 2.3.

Table 2.3: DFT calculations on AEMs.

QA Head Group Functional Basis Set Solvation Ref.
Used Model
Imidazolium B3LYP 6-311++G(2d, p) PCM [26, 83-85]
Guanidimidazolium B3LYP 6-311++G (d, p) PCM [86]
Imidazolium B3LYP 6-311++G (2d, p) PCM [84, 85]
Phenyltrimethylammonium B3LYP 6-311++g(2d, p) PCM [87]
Benzyltrimethylammonium B3LYP 6-311++G (2d, p) PCM [88]
Tetraalkylammonium B3LYP 6-311++G (2d, p) PCM [89, 90]
Imidazolium B3LYP 6-311++G (d, p) PCM [91]
Vinyl benzyl GGA-BLYP — COSMO [92]
Trimethylammonium B3LYP 6-311++G(d,p) PCM [93]

2.5.1.1 Imidazolium-based QA head groups of AEM

DFT methods were implemented for the imidazolium-based head group using

Gaussian09 software [83-85]. Researchers looked at how C2-substitution affected the

imidazolium-based head group alkaline stability and degradation mechanism processes. As

shown in Figure 2.7, the main mechanism of degradation mechanism for head groups based

on imidazolium and benzimidazolium is a nucleophilic addition—elimination pathway at the

C-2 atom position on the imidazolium ring [84, 86].
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Figure 2.7: (a) Degradation mechanism for the benzimidazolium head group, and structural
scheme of (b) EIIM (C2 unsubstituted), (c) EMIIM (phenyl), (d) EIIIM (isopropyl), and (e)
EPhIIM (phenyl) [83, 85].

For the dehydrogenation reaction, DFT transition-state-energy calculations showed
the following sequence of alkaline stability: EIIM (C2 unsubstituted) > EPhIIM (phenyl) >
EMIIM (methyl) > EIIIM (isopropyl). EMIIM effectively hinders the deprotonation reaction,
making it the most stable head group [83].

Designers use longer alkyl chains to improve the stability of cations, particularly
about E,. Because of the steric effect this elongation creates, Hofmann removal is more
difficult. A different strategy is to replace the alpha and beta hydrogens with distinct
functional groups [85, 86].

2.5.1.2 Alkylammonium-based QA head groups

Using the PCM in water and the B3LYP 6-311G (2d,p) level, the degradation
mechanism mechanism of the substituted phenyltrimethylammonium head group under
alkaline circumstances was investigated [87]. The stability of substituted
phenyltrimethylammonium cations was examined about the orientation effect by varying the
positions of various substituents on the benzene ring. The DFT calculations indicate that the
ortho and para positions of the benzene ring are where the electron-donating substituents
have the highest energy barriers. The results of the calculations indicate that the phenyl TMA”
that has been double-substituted with CH3N is more stable than the benzylTMA" that has also



been double-substituted with CH3N. These results provide insights into the possible use of
substituents in AEM and illuminate how they affect the degradation mechanism of model
cations [87].

DFT calculations on the AEM based on benzyltrimethylammonium showed that QA
cations degraded at ambient temperature and lower HLs. However, the OH™ nucleophilicity
was hindered as more water molecules solvated it [88].

According to DFT calculations, the main pathways of degradation mechanism for the

tetraalkylammonium head group are YF and Sy2 [89, 90].

In addition, compared to the alpha carbon unsubstituted imidazole head groups, the
imidazolium cation with alpha carbon-methyl substitution (TMIM) demonstrated higher
stability. In addition to the methyl group's steric action, the hyperconjugation between the
imidazole ring and the alpha carbon causes this increased stability. As a result, in alkaline
circumstances, the imidazolium head group with methyl substitution exhibits enhanced
stability [91].

2.5.1.3 Other Types of QA head groups

The head groups were found to be stable in the following order: DABCO < TMA <
NMP < ABCO [92]. Furthermore, a multi-step AEM degrading mechanism was found that
involves the complete vinyl benzyl head group dissociation. A nucleophilic attack is the first
step that causes the molecule to lose its aromaticity and change into a quinodimethane moiety
[92].

The transport of OH™ ions through QA-functionalized polystyrene (QAPS) was
investigated [93]. It was determined that the OH" transfer via QAPS-AEM happens in two
stages. First, since hydrogen connections (H-bonds) between H,O and OH" form and break
often, OH moved within the water channel [93]. Second, OH" transfer in QAPS-AEM was
determined by the pace at which the C-C single bond rotated, which occurred after OH™ was

translated over the QA head groups.

Several DFT experiments have been carried out to look at the various QA head
groups' degrading reactions in AEM. The electronic structure modeling approach based on
DFT shows promise for optimizing structure and provides an in-depth investigation of the

mechanisms behind degradation mechanism events and binding interactions.



2.5.2 Ab initio molecular dynamics

Ab initio MD has been used in many computational studies to investigate OH" ion
transport pathways and chemical stability in AEMs at both high and low HLs. Table 2.4 lists
a few recent ab initio MD investigations on AEMs that were discussed in the next paragraphs.

Table 2.4: Ab initio MD simulations on AEMs.

AEM Structure Function Used Ref.
TMA based polystyrene GGA-BLYP [94]
TMA based graphene BLYP [35-37]

2.5.2.1 Trimethylammonium-based poly(styrene)

The Quantum Espresso Package was used to model and simulate the AEM made up of
quaternized polystyrene in the presence of OH™ ions and water to study OH" ion transport
[94]. The main conclusions of the study show that the precise positioning of OH™ ions and
HLs are critical to ion transport. The findings provide many insights and demonstrate the
Grotthuss mechanism's dominance in the hydrated state [94]. First, when HL is 4, competing
donor-acceptor interactions cause OH™ ions to partially dissociate. Second, at water
absorption of six, OH" ions completely dissociate and take on a hypercoordinated structure
[94].

2.5.2.2 Trimethylammonium-based Graphene Bilayer

The structural characteristics and diffusion patterns inside each water layer of AEMs
based on graphene sheet were examined using the ab initio MDs simulation, especially at
various HLs [35-38]. Remarkably, changes in HL, and shape resulted in notable
modifications to the nanoconfined water structures (Figure 2.8). Each water layer had a

variety of OH" ion coordination patterns.



Figure 2.8: A section of the carbon nanotube containing a quaternary ammonium
head group and the movement of hydroxide ions in the presence of coordinating water

molecules [34].

Moreover, AEM's six different idealized water distribution models were developed
using different head group spacing and HLs [36]. The results of the study underscored the
importance of the various water distributions in AEM as a descriptor, which is more
important than the degree of hydration in classifying the principles of operation of AEMs at
reduced HLs [37].

2.5.3 Conventional all-atom molecular dynamics

To improve ion exchange capacity, a MD simulation research has been performed to
investigate the OH™ ion diffusion mechanisms in different AEM matrices. Numerous
polymers, such as poly(p-phenylene oxide) (PPO), poly(vinyl benzyl) (PVB), poly(arylene
ether sulfone ketone) (PEEK), polysulfone (PS), and norbornene, have been computationally
studied as possible backbones for the AEM matrix [13, 95]. Positive properties of these
polymers include improved mechanical and chemical stability, affordability, and simplicity in

functionalizing with cationic functional head groups [13, 95].

Many computational studies have been conducted utilizing conventional all-atom MD
techniques to investigate the OH" ion diffusion process in AEMs. The results of a
comprehensive literature study including many conventional all-atom MD models of AEMs

was presented in the next paragraphs, as indicated in Table 2.5.



Table 2.5: Conventional all-atom MDs simulations on AEMS.

AEM structure Force field used Ref.

Various QA OPLS [96]

PPO CHARMM [97]

Functionalized PPO ReaxFF [98]

Various QA head groups ReaxFF and APPLE&P [99]

Imidazolium based PPO COMPASS II [100]

Four types of PVB AMBER [101]

PVBTMA OPLS-AA [102]

Ethyl imidazolium functionalized PEEK COMPASS [103]

Fluorenyl group based PEEK CVFF [104]

PEEK COMPASS [105]

Tetramethylammonium based PS DREIDING [106]

Quaternarized PS DREIDING [107]
Tetraalkylammonium based norbornene (not mentioned) [108, 109]

2.5.3.1 Various QA head groups of AEM

With the OPLS force field, conventional all-atom MD methods were used to study
various QA. The primary aim was to investigate the critical link between the chemical
stability of QA head groups in AEM environments [96]. The simulations revealed that QA
degrade rapidly under low HL, consistent with experimental observations. Moreover,

elevated temperatures expedite this degradation process of QA under low HL [96].
2.5.3.2 Functionalized Poly(phenylene Oxide) based AEM

Allan Hay discovered PPO, an amorphous, high-temperature thermoplastic, which
General Electric commercialized in 1960. It has a wide range of uses, such as electrolytes in
household appliances, electronics, lithium-ion batteries, and as the foundation material for
AEMs. According to Li and colleagues' proposal [110], chain scission that happens during
exposure to alkaline solutions is the cause of the chemical instability of PPO-based AEMs.
Parrondo and colleagues' study revealed that PPO-based AEMs degrade due to the electron-
withdrawing action of a tethered QA head group [95]. As a result, these PPO-based AEM

membranes have been the subject of MD simulations.



Zhang et al. investigated the polymer structure and the hydration of the imidazolium
group [97]. The outcomes showed that a favorable equilibrium between the imidazolium
group's affinity for OH" ions and the diffusion of OH" ions in PPO could be achieved under

crucial water-saturation circumstances [97].

Additionally, simulations employing the COMPASS |11 force field showed that the
PPO-based AEM, including 1,2,4,5-tetramethylimidazolium and an alkyl spacer chain with
either six or eight aliphatic carbons at a HL of six, exhibited an optimal equilibrium between
chemical stability and OH- ion diffusivity [100].

Moreover, different PPO AEMs featuring unique head groups were simulated and
analyzed using the conventional polarizable force fields APPLE&P (non-reactive) and
ReaxFF (reactive) [42, 98, 99, 111]. The formation of a water channel with increased water
content facilitated the OH- ion transport. Substituting the methyl group of the QA head group
with larger hydrophobic groups offered a means to enhance alkaline stability by impeding the
access of OH- ions to the nitrogen in QA [42, 98, 99, 111].

2.5.3.3 Functionalized Poly(vinyl) based AEM

Among its many uses, polyvinyl chloride is the most commonly used plastic polymer.
It is used to make food packaging, doors, and windows. There are several polyvinyl chloride
derivatives, including polyvinyl alcohol and polyvinyl benzyl. Of particular note is the stable
environment that poly(vinyl benzyl) trimethylammonium exhibits in alkaline solutions

because of its advantageous anionic conductivity and lack of beta hydrogen atoms.

A thorough investigation was carried out by modeling and simulating four different
kinds of PVB in the presence of F~ and CI ions as well as the SPC/Fw water model. This
work sought to clarify a new "co-ion effect” in which the presence of CI™ ions significantly

increases the transport of F ions in the AEM [101].

Chen et al. simultaneously used the universal AMBER force field to perform
conventional all-atom MD techniques for PVB chains with 10 and 40 monomers [33].
Conventional all-atom MD techniques were also carried out by Dubey et al. in a related study
for a single PVB polymer chain consisting of 40 monomers and 120-720 water molecules. In
an AEM, the solvation structure and vehicular dispersion of OH" ions were examined using
the OPLSAA force fields [102].

2.5.3.4 Functionalized Poly(arylene Ether Sulfone) based AEM



Using the COMPASSII force field, a single chain of ethyl imidazolium-functionalized
poly(arylene ether sulfone) was simulated to investigate how various functional group types
affected the shape of the water channel [103]. Because of its better chemical stability and
well-defined phase separation morphology, ethyl imidazolium-functionalized poly(arylene
ether sulfone) exhibited higher OH™ ion conductivity than its QA-functionalized counterparts.
The findings revealed that AEMs with ethyl imidazolium head groups had higher chemical

stability and more effective water channels than AEMs with QA head groups.

In a different work, the diffusion of OH" ions was investigated by simulating classical
all-atom MD models of QA-substituted fluorenyl group-based poly(arylene ether sulfone
ketone)s using the CVFF force field [104]. The results showed that OH" diffusion was

significantly influenced by surface diffusion processes [104].
2.5.3.5 Functionalized Poly(arylene Ether Ketone) based AEM

To simulate PEEK chains with different lengths (10-40 units), conventional all-atom
MD models were used. This simulation was carried out to examine the impact of the
polymer's QA head groups on the movement of hydronium and OH" ions [105]. In this
regard, the solvation impact of the water reduced the density of the polymer functional group
in the simulated cell when the water concentration was high. As a result of this decrease in
polymer density, there was less polymer density overall and there was less connection of
ionic sites [105].

2.5.3.6 Functionalized Poly(Sulfone) based AEM

AEM based on trimethyl ammonium PS was simulated conventionally using all-atom
MD methods. The impact of HL on diffusivity was investigated by simulations using the
DREIDING force field [106]. The trimethylammonium groups, defined by fixed charges
throughout the polymeric chain, tended to interact in a manner that maximizes electrostatic
and hydrogen bonding interactions.OH" ions showed poor hydration at low ion exchange
capacity and water absorption circumstances, while trimethylammonium groups supplied two

to three coordinating water molecules [106].

In a similar study, the DREIDING force field and LAMMPS software were used to
simulate PS-based AEMs and PEM. The purpose of this simulation was to compare their

transport properties and molecular structure [107]. In contrast to hydronium ions and



sulfonate groups of PEMs, the results showed that OH" ions and the QA head groups of

AEMs were more solvated with water [107].
2.5.3.7 Functionalized Poly(nonbornene)-based AEM

Conventional all-atom MD techniques were used to study the coordination numbers
between OH" ions, and poly(norbornene) polymer chains, as well as the OH" ion diffusion
mechanism [108]. The findings showed that temperature and water content improved the OH"
ion diffusivity, preferred continuous water channels and involved both vehicular and

Grotthuss mechanisms [108].

Materials Studio software was used to simulate poly(norbornene) polymer chains to
study the diffusion of OH" ions [109]. The results implied that OH" ions moved between two
layers of water shells and were surrounded by them, and that the increased kinetic energy at
higher temperatures caused the speed of OH" ion movement to rise [109].

2.6 Related experimental works

A review of experimental works related to the chemical stability and hydroxide ionic
conductivity of various quaternary ammonium head group-based polymeric backbones—
including polyarylether ketone, polyetherether ketone, polypropylene oxide, poly(vinyl)

alcohol, chitosan, and others—has been included in Table 2.6.

These studies, summarized in Table 2.6, highlight the performance of different
quaternized polymers under alkaline conditions based on experimental results. Notably,
quaternized chitosan demonstrates ionic conductivity comparable to other quaternary
ammonium-based polymers, positioning it as a promising candidate for applications requiring
efficient ion transport. However, the review also underscores that while some of these
polymers exhibit satisfactory conductivity, their chemical stability often diminishes under
alkaline conditions, posing a significant challenge for long-term durability in practical

applications [8].

The alkaline stabilities of the head groups and corresponding AEMs were tested under
different experimental conditions. These conditions included variations in solvent, alkaline
concentrations, and relative humidity. Additionally, different methods such as NMR
spectroscopy, FTIR, UV/Vis, and TGA were used. Due to these variations, it is challenging

to directly compare the alkaline stability data reported in the literature.



Table 2.6: A review of the conducted experimental work on various head group-
based AEMs.

AEM

lonic conductivity
(mS/cm)

Chemical Stability

Ref.

Polyarylether ketone
with pyridinium based
head group
Polyetherether ketone
with imidazolium head
group
Polypropylene oxide
with imidazolium head
group
Poly(vinyl) alcohol
with gluteraldehyde
head groups
Chitosan with
gluteraldehyde head
groups
Heptamethyl
phenolphthalein with
imidazolim head group
Copolymer of 1-vinyl
imidazole and n-vinyl
carbazole with
tetramethylammonium
head group
Graphene oxide with
tetramethylammonium

head group

15

30

120

18

82

14

33

11

96% ion exchange capacity after 4

weeks in 3 M NaOH at 60 °C

68% ion exchange capacity after
468 hin 1 M KOH at 60 °C

70% ion exchange capacity after
480 h in 2 M NaOH at 80 °C

80% ion exchange capacity after
120 hin 2 M NaOH at 60%

70% ion exchange capacity after
250 hiin 1 M KOH at 80%

50% ion exchange capacity after
800 h in 2M KOH at 80%

84% ion exchange capacity after
1400 h in 1 M KOH at 60 °C

87% ion exchange capacity after
120 h in 1 M NaOH at 50 °C

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

At the same time, Mohanty and his research team developed an experimental

procedure and conducted a series of experiments to determine the chemical stability trends



for more than six different head groups of AEM (Figure 2.9) [119]. Their findings revealed
that benzyltrimethylammonium possesses reasonably good alkaline stability in fully hydrated
conditions at 120 °C. Additionally, they identified a number of cation groups with even
greater stability, with trimethylhexylammonium showing the greatest chemical stability
among the tested groups. These results provide valuable insights into the design of more

durable AEMs for various applications.
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Figure 2.9: Experimentally obtained chemical stability trends for various quaternary

ammonium head groups [119].

AEMSs have been the subject of several computational investigations, as discussed in
the sections above. Zhang and his research team studied ionic conductivity using diffusion
coefficients calculated from the Nernst-Einstein equation, employing all-atom MD
simulations [97]. They reported a computational ionic conductivity of 2.6 mS/cm, in contrast
to the experimental value of 30 mS/cm. The researchers explained this discrepancy by noting
that vehicular diffusion contributes to OH™ conductivity in bulk water. However, due to

membrane confinement, the contribution of vehicular diffusion is likely lower in this context.

For molecular and material modeling, there are many different approaches and
software programs available; nonetheless, using these approaches advances our knowledge of
the chemical stability of functional head groups, OH" ion diffusion pathways, and other
relevant characteristics. Though there are still issues with accurately modeling genuine
experimental circumstances and system scale, the incorporation of QM-based DFT
computations offers valuable insights. The interpretation of DFT results is further influenced

by idealized process parameters and implicit solvation models.

AEM-related problems, such as OH" ion conductivity calculations utilizing the
Nernst-Einstein equation, have been extensively studied through the use of ab initio and

conventional all-atom MD techniques. Dynamic degradation mechanism reactions, AEM



chemical stability, and the mechanism of OH" ion diffusion present difficulties, nevertheless.
Chemical degradation mechanism reactions are not well-simulated by conventional all-atom
MD techniques. The development of the QM/MM method, in particular reactive MD and ab
initio MD, presents a viable method for simulating these reactions. Although there is a drive
to use conventional all-atom MD to simulate large AEM systems, it is recognized that no
single modeling technique can fully handle all of the difficulties associated with multiscale

molecular and material modeling.



Chapter 3: Computational methods

In this chapter, the theories and fundamentals of three different atomistic simulations

are presented, including DFT, ab initio MD, and conventional all-atom MD methods.

3.1. Density functional theory

3.1.1 Background of DFT

The Schrodinger equation must be solved to get the ground state for a set of atoms. A
system's ground state is its most stable state. Equation 3.1 illustrates the Schrodinger

equation, which forms the foundation of QM for collections of many atoms.

H X l/)({ri...}, {Rl}) =FEX lp({ri...}, {Rl}) (31)

The energy E, the wave function v, the electron position r;, the Hamiltonian operator
H, and the nucleus position R; are all represented in the equation above. While a wave
function in QMs depicts the quantum state of a group of particles or atoms in an isolated
system, the Hamiltonian operator is based on kinetic and potential components. One of the
most crucial aspects of QM is that a Hamiltonian operator behaves very differently in
conventional systems. The Schrodinger equation’s exact solution yields the wave function and
energy, which provide a comprehensive description of the electronic properties.

In light of this, there are many quantum-chemical techniques for resolving
Schrodinger equations. Schrodinger's equation for a collection of numerous atoms is

extremely hard to solve [120].

The Born-Oppenheimer approximation is used to treat the nuclei as fixed, based on
the aforementioned assertion [121]. The electron is small and quick in the Born-Oppenheimer
approximation, whereas nuclei are large, heavy, and slow. As a result, we can distinguish
between the movements of nuclei and electrons, as demonstrated by equation 3.2, which

indicates that the electron perceives the external potential of static nuclei.

Y(ri LR D) =P D YR D) (B2)

The wave function vy, the electron position r;, and the nucleus position R; are all

represented in the equation above.

Now, we can rewrite equation 1 for the collection of multi electrons as follows in

equation 3.3:



Hxyp({n...)) = Exyp({r...}) (3.3)

The energy E, the wave function vy, the electron position 7;, and the Hamiltonian

operator H are all represented in the equation above.
H=T+V +0 (3.4)

Next, we obtained a Hamiltonian operator for the multi-electron situation in equation

3.4, where T is the electron's kinetic energy, V is the potential energy where the electron
interacts with external static nuclei, and U is the electrons' mutual interaction energy (or

electron repulsions).

There are 22 electrons in carbon dioxide, and each electron has three coordinates,
which results in 66-dimensional issues. As such, it is challenging to solve the Schrodinger
equation for the aggregation of many electrons. DFT then helps with the electron density
term. The main application of DFT approaches, which are based on Schrodinger equation

approximations, is in computational chemistry.

In terms of electron density, the j-th electron is considered as a singular charge within
the influence of all other electrons. This simplification transforms the complex many-electron
issue into multiple individual electron problems, as demonstrated in equation 3.5:

Y(ry, 1. 1y) = P(r) x P(ry) *....x Y (ry) (3.5) (Hartree product)

The wave function v, and the electron position r; are both represented in the equation

above.

Now, let us redefine the electron density by many one electron wave functions as

follows in equation 3.6:
n(r) =2 ) Y@ (3.6)
i
The electron density n, the wave function v, the complex conjugate wave function v,

and the electron position r are all represented in the equation above.

The Hohenberg and Kohn theorems form the foundation of DFT. DFT, which was
first presented by P. Hohenberg and W. Kohn in 1964, uses the likelihood of detecting an
electron rather than just a wave function to solve the Schrodinger equation [122]. Moving



forward, knowing the electron density is enough to significantly minimize the degree of

freedom and enable straightforward computer analysis of huge molecular systems.

Hohenberg and Kohn Theorem I: the ground state energy (E) is a unique functional of

the electron density (equation 3.7).
E =E[n(r)] (3.7)

The energy E, the electron density n, and the electron position r are all represented in

the equation above.

Hohenberg and Kohn Theorem I1: The electron density that minimizes the energy of
the overall functional is the true ground state electron density (equation 3.8):

E[n(m)] > Eo [no (1] (3.8)

The energy E, the electron density n, and the electron position r are all represented in

the equation above.

The energy functional consists of known and exchange correlation functionals as

shown in equation 3.9:

E{Yi} = Exnownt¥i} + Exc {¥i} (3.9)

The energy E, and the wave function y are both represented in the equation above.

In the given situation, the unknown part that needs to be estimated is represented by

the exchange correlation functional Ey., which contains all quantum mechanical terms.

Now equation 3.10 can be derived from equation 3.3 following the theorems of
Hohenberg and Kohn:
2

[;—::l_ V24V () + Vu() + Ve i) = & * () (3.10)

—h2 . . . . .
Where zlm_vz is the kinetic energy term, 7 is reduced Planck constant, m is the mass,

V2 is the Laplacian operator, V(r) is the potential energy term, and Vy(r) is the Hartree
potential, Vy. () is the exchange correlation potential, ¢; is the energy eigenvalue associated
with the i-th wave function y;(r). Equation 3.10 above can be solved using the Kohn-Sham

iteration approach, which is the foundation of most DFT computations.

Geometry optimization



Geometry optimization is an essential and fundamental stage in the field of
computational chemistry and materials research. It involves precisely identifying the
molecular system's most energetically advantageous atom configuration, and providing
information about the system's structural stability and reactivity. In DFT calculations,
selecting the B3LYP basis set is a well-known and frequently used alternative. Because
B3LYP combines exchange-correlation functionals that balance computational efficiency and

accuracy, it is especially well-suited for a wide variety of molecular systems.
Transition State calculations

Transition state calculations are an important part of your computational methodology
in the context of this PhD research, offering crucial insights into the energetics and
mechanisms of Sy2 and YF reactions involving different QA head groups within AEMSs. The
B3LYP basis set is used to make these computations easier to understand, which are essential
for deciphering the complex complexities of chemical reactions [1-5, 123-125].
Understanding the reactivity of QA head groups inside AEMSs requires an understanding of
the processes including Sy2 and YF reactions. The energy barriers that reactants must cross to
reach the transition state and the corresponding activation energies are revealed by transition
state calculations. These data are essential for estimating the reactions' kinetics and figuring

out whether they are energetically aided or hindered.

3.1.2 Software’s for DFT calculations

Several software tools for DFT calculations have been created in the fields of
computational science. These programs are vital resources for learning about the
characteristics and electronic structure of molecules and other materials. A few popular
software programs for DFT computations are NWChem, Quantum ESPRESSO, VASP, and
Gaussian. These software programs are useful tools for academics across a range of fields
because each one has particular advantages and uses [126-128]. The precision with which this
software can forecast different spectroscopic characteristics, vibrational frequencies, and
molecule structures is exceptional. Both specialists and beginners in the field of
computational chemistry can easily utilize Gaussianl6 thanks to its intuitive interface and

comprehensive documentation.

Support for a wide variety of DFT functionals is one of Gaussian 16's best qualities; it
enables researchers to select the functional that best suits their particular research



requirements. A set of tools for visualizing and interpreting electrical structure data is also

offered by Gaussian 16, which is essential for learning about the characteristics of molecules.

3.1.3 Quantum chemical properties
Optimized structures

The electronic and geometric features of optimized molecule or material structures
can be critically understood in the context of DFT simulations. Determining equilibrium bond
lengths and angles as part of this study usually yields information about the stable
configuration of the system. Moreover, DFT computations provide useful information on
attributes associated to energy, including electronic density of states, frontier molecular
orbitals, and total energy. Understanding the stability, reactivity, and electrical structure of
the system under study depends on these values. Furthermore, the DFT output makes it
possible to compute vibrational frequencies, which is helpful in evaluating molecular
vibrations and predicting infrared and Raman spectra, which are essential for describing

molecular species [1-5, 123-127].

Lowest Unoccupied Molecular Orbitals (LUMO)

The study of the LUMO in the framework of DFT research offers vital insights into
the electronic structure and reactivity of molecular systems. Understanding a variety of
occurrences depends on an investigation of the LUMO, which is the highest energy molecular
orbital in a molecule. Researchers can evaluate the molecule's electron-accepting capacity by
looking at its spatial distribution and LUMO energy; this makes the molecule a crucial sign
of its electrophilic nature and reactivity in chemical reactions. Furthermore, the shape and
spatial direction of the LUMO provides useful details about possible nucleophilic attack sites,

which helps anticipate chemical bonding sites and reaction mechanisms [1-5, 125-130].
Degradation mechanism

The study of transition states is essential to comprehending molecular-level chemical
reactions in the context of DFT computations. Calculations of the transition state offer crucial
details about a reaction's energy environment, including the AEqctivation, AGactivations AEreaction
and AGyeaction. The energy differential between the reactants and products is calculated to
determine the AEreacion, Which measures the thermodynamic favorability of a chemical

transformation. This number provides important information about the reaction's overall



viability by indicating whether the reaction is exothermic (having a negative reaction energy)

or endothermic (having a positive reaction energy) [1-5, 130-133].

3.1.4 Application of DFT

DFT is an extremely versatile computational method that finds extensive use in a
multitude of scientific fields. DFT is essential to understanding the electronic structure,
energetics, and characteristics of a wide range of systems in the context of materials science
and quantum chemistry. It is widely used in the synthesis and characterization of materials,
molecules, and surfaces, giving scientists new perspectives on how matter behaves at the
atomic and molecular levels. It is also used to analyze electronic structure, dynamics of

systems, and chemical interactions.

When developing AEM materials and comprehending the electrochemical processes
that occur within these systems, DFT is a crucial technique. DFT simulations can offer vital
information about the reactivity of QA head group of polymer materials, enabling the
development of AEM that are both more economical and efficient. This skill is essential to
developing high-performing, sustainable AEM and overcoming obstacles associated with
alkaline environments. DFT's use in AEM research is crucial to the advancement of this clean
energy technology and to solving problems with durability, cost, and efficiency [1-5, 130-
134].

3.1.5 Advantages and disadvantages of DFT

Because DFT calculations require less computing power than other ab initio
techniques, it is possible to examine systems with a high atom count or to filter materials with
a high throughput. Furthermore, DFT offers a fair balance between computing cost and
precision, which makes it appropriate for a variety of applications. It is very useful for
exploring various scientific and technological difficulties since it can anticipate the electronic
structure, geometries, and characteristics of chemical structure. Additionally, DFT offers a
wide selection of exchange-correlation functionals, allowing researchers to choose the

functional that best suits their particular research problems.

DFT is not without its restrictions, though. The correctness of the exchange-
correlation functionals is one significant flaw. No single functional can offer high accuracy
for all kinds of systems and attributes, despite the fact that they all exist and have advantages
and disadvantages of their own. The functional choice has a significant influence on the

outcomes, hence it is important to fully comprehend the system being studied. Additionally,



DFT has difficulty adequately modeling tightly coupled electron systems, which limits its
applicability to specific material classes [130-135]. Regarding AEM, DFT presents several
benefits as well as certain difficulties. Insights into the electrical structure of AEM
components can be gained by DFT, which can aid in the improvement of chemical stability
for QA head groups of AEM, and reaction processes. To overcome these constraints,
scientists frequently integrate DFT with additional experimental or computational methods to

produce more precise and thorough analyses of AEM performance.

3.2. Ab Initio molecular dynamics
3.2.1 Background

Another effective method is ab initio MD based on QM/molecular mechanics (MM)
[136]. As the MD simulation moves forward, forces produced by ab initio calculations are
implemented to derive trajectories of finite-temperature dynamics through an ab initio MD
simulation. Furthermore, chemical bond creation and breaking events are made possible by
ab initio MD simulation, which also takes electronic polarization effects into consideration.
Although ab initio MD techniques and DFT are both regarded as ab initio methods, ab initio
MD simulation also describes dynamics, which is crucial when investigating OH ion
diffusion as well as chemical stability [120-122].

In its optimal state, an ab initio molecular dynamics (MD) simulation operates under
the assumption that the system comprises N nuclei and Ne electrons, adheres to the Born-
Oppenheimer approximation, and allows for the nuclei's dynamics to be traditionally handled
on the electronic ground-state surface. This scenario is captured by the total Hamiltonian
(equation 3.11).

The Hamiltonian operator H, the electronic kinetic energy T, the electron-electron
Coulomb repulsion Ve, the electron-nuclear Coulomb attraction Vey, the nuclear Kkinetic
energy Ty, and the nuclear-nuclear Coulomb repulsion Vyy are all represented in the equation
above. When the nuclear positions are represented as R1 ..., R2 = R, the dynamics of the

nuclei are expressed through equation 3.12.

MR, = =V[&,(R) + Vyn(R)]  (3.12)



The mass M;, the second derivative of position vector R;, the gradient operator V,,
the corresponding ground-state energy eigenvalue &,(R) at the nuclear configuration R, and

the potential energy Vi (R) are all represented in the equation above.

Since the ground-state electronic problem cannot be solved exactly, approximate
electronic structure methods are needed. In modern ab initio MD simulation, the electronic
structure method most commonly used is the Kohn—-Sham formulation of DFT, wherein the
total energy is expressed as a functional of n mutually orthonormal single-particle electron
orbitals y;(r),i = 1, ....n.

The total energy is given by equation 3.13:

Iy}, R = - %Z fo [ i+ [ arar T 4 Bl + [ am e 0

(3.13)

The total energy E[{y}, R], the i-th electron wavefunction v;(r), the complex conjugate of
the wavefunction ; (r), the occupation number of the i-th orbital f;, the laplacian operator A%, the
electron density n(r), the electron position r, the nuclei position R, the exchange-correlation energy

Exc, and the external potential V,,, are all represented in the equation above.

Generally speaking, such approximations are unable to manage dispersion effectively;
however, a new family of nonlocal functionals appears to greatly ameliorate this drawback.
The simplest kind of ab initio MD simulation is numerically integrating the above equation
using a symplectic integrator. We refer to this kind of ab initio MD simulation as Born-

Oppenheimer dynamics.

Researchers can model molecular system dynamics at the QM level using a
sophisticated computer technique called ab initio MD simulations. In many scientific fields,
this approach is especially useful for investigating chemical reactions, changes in electronic

structure, and other quantum phenomena [121-125].

Selecting the right basis set is essential to getting correct results in ab initio MD
simulations. Various basis sets are available for researchers to choose from, contingent on the
required degree of precision and the computational capacity on hand. In ab initio MD
simulations, atomic locations and velocities are updated by iterative stages where the
electronic structure is solved at each time step. Until the specified simulation time is reached,

these iterations keep going [120-128].



3.2.2 Software’s for ab initio MD simulations

A range of software tools are used in the field of ab initio MD simulations, which
allow scientists to investigate the dynamic behavior of atoms and molecules with a high
degree of precision. The study of complicated systems, such as chemical processes, phase
transitions, and biomolecular dynamics, has made these software programs essential. VASP,
Quantum ESPRESSO, CPMD, and CP2K are notable software choices for ab initio MD
simulations. Each has specific functions and uses. These software programs are frequently
selected by researchers by their particular research requirements, system complexity, and the

degree of simulation accuracy needed [127-130].

One popular software package that is well-known for its ability to do ab initio MD
simulations is called CP2K [140]. To offer accurate descriptions of electronic structure and
molecular dynamics, CP2K combines wave function-based techniques, such as Hartree-Fock
theory, with first-principles techniques, such as DFT. The focus on hybrid functionals, which
combine DFT with post-Hartree-Fock techniques and provide a high degree of accuracy for a
variety of materials, is one of CP2K's unique characteristics. Scientists use CP2K to simulate
a wide range of systems, such as solid-state materials, biomolecules, and organic and
inorganic compounds. Moreover, CP2K offers sophisticated resources for researching
attributes including vibrational spectra, thermodynamics, and NMR chemical shifts, which
makes it an adaptable option for researchers working on ab initio MD simulations [126-131].

3.2.3 Quantum chemical and molecular mechanics based properties
RDF analysis

The examination of radial distribution functions (RDFs) is crucial for clarifying the
spatial arrangement of atoms or molecules in a system when using ab initio MD simulations.
The RDF is estimated by equation 3.14.

g =22 (314)

The local density p(r), and the system average bulk density p are both represented in the

equation above.

RDF analysis offers important insights into the likelihood of locating a specific
species at a given distance from a reference particle, hence disclosing vital details regarding
the local order, intermolecular interactions, and structural structure of the system. Through

close examination of RDFs, scientists can spot trends in atomic or molecular configurations,



pinpoint peaks that match distinctive bond lengths, coordination settings, and solvation shells,
and ultimately advance our comprehension of the thermodynamic and structural

characteristics of the system.

Distance between atoms

An essential method for examining the structural dynamics and interactions of a
molecular system is the examination of interatomic distances within the context of Ab initio
MD simulations. Through the course of a simulation, the distances between atom pairs are
tracked in this research, which sheds light on bond lengths, atomic coordination, and the
investigation of conformational spaces. Researchers can find significant structural alterations,
bond breaking and formation events, and fluctuations in chemical environments by keeping
an eye on these interatomic lengths. This information is crucial for comprehending the
dynamic behavior of the system they are studying. This analysis adds to a thorough
description of the behavior and reactivity of the molecular system by clarifying reaction

processes, evaluating molecular conformations, and highlighting crucial structural transitions.
Diffusion Coefficients

A key component of describing the dynamic behavior of molecular systems in Ab
initio MD simulations is the examination of diffusion coefficients obtained from the mean

square displacement (MSD) vs time curve. The MSD is estimated by equation 3.15.
MSD (t) = (Ir@®) —r(0)I?)  (3.15)

The position vector r(t) at time t, and the initial position (0) are both represented in the

equation above.

Slope = 2dD;

MSD (A?)

Time (ps)

Figure 3.1: Plot of the MSD as a function of time.

Albert Einstein related the MSD to the self-diffusion coefficient in Equation 3.16.



Dy = limy-sco 3 (I(8) = (0)1?) (3.16)

The dimensionality of system d, the time t, the position vector r(t) at time t, and the

initial position r(0) are both represented in the equation above.

The MSD is a critical metric used to quantify the extent of a molecular system as a
function of time, providing a comprehensive numerical representation of the molecules' or
ions' diffusive and mobility characteristics. By tracking the displacement of molecules over
time, the MSD captures both the random motion of molecules, and the influence of external

forces or constraints that may affect their movement [128-132].

The slope of the MSD curve over long time intervals is particularly informative, as it
reflects the molecules' diffusive behavior. This slope is directly related to the diffusion
coefficient, a fundamental parameter that quantifies the rate at which molecules spread out
from their initial positions. The diffusion coefficient is essential for understanding the
dynamics of the system, as it provides insights into how quickly molecules move and how

their motion evolves over time.

Importantly, only the linear portion of the MSD plot, which corresponds to the
diffusive regime, is utilized to calculate the self-diffusion coefficient. This linear region
indicates a steady-state condition where the displacement of molecules is proportional to

time, allowing for an accurate determination of the self-diffusion coefficient.

3.2.4 Application of ab initio MD simulations

Because ab initio MD simulations can offer comprehensive insights into the dynamic
behavior of atoms and molecules, they are used in a wide range of scientific areas. The study
of structural changes in materials, including phase transitions and flaws, benefits greatly from
the application of ab initio MD techniques. Furthermore, ab initio MD technique is used in
biophysics to simulate the dynamic behavior of biomolecules, providing information on their

interactions with other molecules and conformational changes.

The use of ab initio MD techniques in the context of AEM is essential for clarifying
important procedures. By providing a view into the chemical events taking place within the
AEM, they aid in the identification of the mechanisms underlying material degradation
mechanism by researchers. The Grotthuss mechanism, which describes the OH" ion transport

via the exchange of hydrogen ions within a network of water molecules, is best understood



through the use of ab initio MD techniques. This realization is crucial to maximizing AEM

longevity and efficiency [129-133].

An essential component of AEM operation, the vehicular transfer of OH" ions within
the AEM, is another area in which ab initio MD simulation assists. By offering a microscopic
picture of ion, QA head group, and water dynamics, ab initio MD simulations help

researchers make well-informed decisions about fuel cell optimization and membrane design.

3.2.5 Advantages and disadvantages of ab initio MD simulations

Ab initio MD techniques provide atomic-level insights into the behavior of
complicated systems with several important benefits. Their precision is one of the main
benefits. Because ab initio MD simulations are based on first-principles techniques DFT, they
guarantee extremely accurate representations of atomic interactions and electronic structure.
Because of its accuracy, ab initio MD simulation is a great tool for studying complex
processes like bond formation and chemical reactions.

Nevertheless, ab initio MD simulations come with certain drawbacks, with high
computational cost being a significant concern. For instance, ab initio MD simulations
typically require computational resources that scale with the cube of the system size. As a
result, simulating a moderately sized system of around 100 atoms for a few picoseconds can
demand several thousand CPU hours on high-performance computing clusters. For larger and
more complex systems, or when using more accurate methods such as hybrid functionals, the
computational cost can easily exceed tens of thousands of CPU hours, making such

simulations prohibitively expensive and time-consuming [130-134].

3.3. Conventional all-atom molecular dynamics
3.3.1 Background of conventional all-atom MD

To simulate the dynamics of built systems using a shorter timescale and discrete
integration of Newton's equations of motion, the total forces acting on all atoms are first
determined. This allows for the determination of how each atom could respond to these
forces. Let's take an example where the system's potential energy at the particle's position is
known. As a result, the interaction between atoms depends on the interatomic distances,
which can be computed if the positions of the atoms are known [135-140]. The equations
used to estimate atomistic interactions, based on potential energies, are summarized below
(equations 3.17-3.19)..



Uiotai™ Unon-ponded + Ubonded (3-17)

The total potential energy U, the intermolecular interactions U,,,,—ponded, and the

intramolecular bonded interactions Up,n4eq are all represented in the equation above.
Unon—bonded= UL] + Uelectrostatic (318)

The intermolecular interactions Uy, —pondeq the Lennard-Jones potential U, ;, and the

Coulombic interactions U,jectrostatic @re all represented in the equation above.

Ubonded: Ubond—stretching + Uangle + Utorsion + Uoop (3-19)

The intramolecular bonded interactions Uy ,pgeq, the bond stretching Uy ona—seretching:
the bond angle Ugy,gie, the torsion Uyyyion, and the out-of-the-pane U,,,, are all represented

in the equation above.

After that, we can calculate the forces on each atom from the potential energy
function, and then we can calculate acceleration according to Newton’s second law (equation
3.20). The second law of Newton’s states that the forces on a particle equal to its mass times

acceleration.

The force F, the total potential energy U,,.;, the mass m, the position r;, and the time

t are all represented in the equation above.

Next, the configurations are updated at each integration step, with atomic movements
predicted using Newtonian dynamics. This process generates output parameters such as

pressure, temperature, energies, atomic positions, and velocities.

3.3.2 Software’s for conventional all-atom MD simulations

For doing conventional MD simulations, a variety of software programs are available,
each with a range of features suited to specific research goals. In this category, some well-
known software choices are AMBER, NAMD, LAMMPS, CHARMM, and Gromacs. These
resources are frequently utilized by researchers to investigate a wide range of systems and
phenomena in the domains of computational chemistry, biophysics, materials science, and

other related topics [139-142]. The compatibility with force fields, and the particular



characteristics or behaviors being studied are some of the variables that influence the

software selection.

Gromacs is effective for simulating complex materials and biological
macromolecules, including lipids, proteins, and nucleic acids. Gromacs may be tailored to
meet a wide range of research objectives because they support many input formats and
integrate a vast range of force fields. Additionally, it offers an extensive collection of analysis
tools that let academics examine a multitude of data produced by simulations [140-142].
Gromacs is still developing, and its capabilities are being added to by a passionate user base.
Researchers of different skill levels can utilize the software thanks to its easy-to-use interface
and comprehensive documentation, which increases its attractiveness as a useful tool for

investigating the atomic-level dynamics of a variety of systems.

3.3.3 Molecular structural and molecular dynamic properties
Radial Distribution Function

RDF analysis is described in the previous sub-subsection 3.2.3
Diffusion Coefficient
Diffusion coefficient calculation is described in the previous sub-subsection 3.2.3

3.3.4 Application of conventional all-atom MD simulations

There are numerous uses for conventional all-atom MD simulations across numerous
scientific fields. They are a priceless resource for researching the dynamic behavior of
materials and molecules because they shed light on structural alterations, molecular
interactions, and thermodynamic characteristics. Scholars have examined phase transitions,
chemical processes, and the mechanical characteristics of materials using conventional all-
atom MD simulations. These simulations have proven crucial in the field of biophysics to
comprehend the conformational dynamics of biomolecules like proteins, DNA, and
membranes [135-145].

AEM relies heavily on conventional all-atom MD techniques to shed light on essential
processes at the microscopic level. They aid in the comprehension of OH" ion diffusion
process, which is essential to the functioning of an AEM. These simulations provide a
thorough understanding of the dynamics of water and OH" ions, clarifying the mechanics

underlying OH" ion diffusion and transport. Comprehending these procedures is essential for



enhancing the effectiveness and longevity of AEM since it facilitates the creation of better
materials for AEM [1-5, 135-140].

3.3.5 Advantages and disadvantages of conventional all-atom MD simulations

MD techniques using all-atom conventional methods have significant benefits that
make them useful for a wide range of applications. They are especially helpful in calculating
the processes involved in vehicle motion, which enables scientists to learn more about the
atomic-scale dynamics of OH™ ions and water molecules via QA head groups of AEM.
Understanding ion transport processes, diffusion, and conduction in a variety of materials and
systems depends on this capacity. Additionally, large-scale molecular simulations are a
strength of conventional all-atom MD simulations, giving researchers the chance to examine

complicated systems in great detail, including proteins, AEMs, and solvated molecules.

Conventional all-atom MD simulations do have certain drawbacks, though. Due to the
use of non-reactive force fields, one major disadvantage is their inability to record chemical
events involving bond creation and breaking. This constraint is especially important when
modeling the chemical degradation mechanism events occurring within the fuel cell
components in the context of AEM. Conventional all-atom MD simulations are useful for
understanding the structural and dynamic properties of materials, but they are unable to
represent the chemical events that lead to material degradation mechanism. When examining
chemical reactions within AEM, researchers need to be aware of this constraint and take into
account alternate computational techniques, including quantum mechanical simulations [1-5,
135-146].

3.4. Multiscale molecular modeling details implemented in this study

3.4.1 DFT calculation details

DFT with the B3LYP functional was employed for geometry optimization and
transition state calculations. The initial geometries were constructed using GaussView
software, and the algorithm for the DFT calculations is illustrated in Figure 3.2. The study
focused on optimizing the structures of QA head groups, ensuring their stability by
confirming that all stationary points corresponded to absolute minima on their respective
potential energy surfaces. This verification was achieved through additional calculations of

the second derivatives of the energy.
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Figure 3.2: Algorithm of the DFT calculation used in this work.

After completing the geometry optimization and transition state calculations, key
electronic properties such as the LUMO energy, reaction energy, and activation energy were
computed for various QA head groups. These include the QA head groups (discussed in
subsection 4.3), QCS head groups (discussed in subsection 6.3), and tetramethylammonium
head groups (discussed in subsection 7.3). Table 3.1 provides a comprehensive overview of
the details and parameters used in the DFT calculations conducted for this study, including
the methodologies and computational settings applied to optimize and analyze the geometries

and transition states of the systems.

Table 3.1: Details of DFT calculations used in this work.

Details Descriptions

Theoretical models  The various QA head group structures from literature were selected
as a theoretical model for DFT [119]. The coordinates were obtained
using GaussViewer software. The detailed structures of theoretical
models for i) QA head group-based AEMs is discussed in subsection
4.2, 1i) QCS head groups of AEMs is discussed in subsection 6.2,
and iii) tetramethylammonium head group in subsection 7.2.

Optimization, and DFT optimization of QA head groups and transition state

transition states calculations were conducted to obtain the optimized geometries and

transition states for nucleophilic substitution and ylide formation




reactions. These calculations aimed to identify the most stable
configurations of the reactants and to characterize the critical points
along the reaction pathways, providing insights into the energy
barriers and mechanistic details of these processes. More details on
the DFT optimization and transition state calculations for i) QA head
group-based AEMs are discussed in subsection 4.2, ii) QCS head
groups of AEMs in subsection 6.2, and iii) tetramethylammonium
head groups in subsection 7.2.

Analysis After DFT optimization, and transition state calculations, the LUMO
energy, reaction energy, reaction free energy, activation energy and
activation free energy were computed for QA head groups
(subsection 4.3), QCS head groups (subsection 6.3), and
tetramethaylammonium head groups (subsection 7.3).

Validation of results  The B3LYP functional was used in this DFT calculation. Our choice
of the B3LYP functional was influenced by the validation adopted
from Dario Dekel's work [88], which focused on the chemical
stability of quaternary ammonium-based benzylic head groups. We
have also benchmarked this approach in our work. This functional
was selected based on validations available in the literature and the
verification of calculated reaction and activation energy values. The
validation for i) QA head group-based AEMs is discussed in
subsection 4.3, ii) QCS head groups of AEMs in subsection 6.3, and
iii) tetramethylammonium head group in subsection 7.3.

The decision to use the B3LYP functional in these DFT calculations was informed by
validation studies, particularly those referenced from Dario Dekel's work [88], which
concentrated on the chemical stability of QA-based benzylic head groups. This choice was
further validated by benchmarking in our work, confirming the reliability of the B3LYP

functional for this purpose.

In this study, three designed systems were examined: i) QA head groups, ii) QCS head
groups, and iii) tetramethylammonium head groups. These systems were carefully selected to

explore the stability and reactivity of head groups, with a focus on their potential applications



in various chemical processes, particularly within the context of AEMs. The findings provide

valuable insights into the reaction pathways of these QA-based systems.

3.4.2 Ab initio MD simulation details

The ab initio MD simulations conducted in this study provided critical insights into
two key aspects: (i) chemical degradation reactions and (ii) the molecular structural diffusion
of OH" ions. These simulations utilized the BLYP functional, a choice substantiated by
extensive validations in the literature [34-37] and the verification of density and diffusion

coefficient values specific to this work, as detailed in Section 7.2.
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Figure 3.3: Algorithm of the MD simulation used in this work.

The simulation process was meticulously outlined and is depicted in Figure 3.3. It
began with the creation of theoretical models to represent the systems under investigation.
Following model construction, an initial configuration was set up to prepare the system for
equilibration. This equilibration phase ensured that the system reached a stable state before
transitioning to the production run. The production run involved the actual MD simulations
that provided the data necessary for subsequent analysis. Table 3.2 provides a comprehensive

summary of the details and parameters used throughout the ab initio MD simulations.

Table 3.2: Details of ab initio MD simulations used in this work.

Details Descriptions

Theoretical models The coordinates of the selected theoretical models were generated

using GaussViewer software. Positively charged




Equilibriation and

production runs

Analysis

Validation

Repeatability

tetramethylammonium head groups had a counter ion negatively
charged OH" ions. The detailed structure of theoretical model is
discussed in subsection 7.2.

Energy minimization was performed to optimize the initial
configuration under conditions ranging from 298 to 350 K, at 1 bar
pressure, and utilizing both NVE and NPT ensembles for 5-10 ps
after the initial simulation box for the system was established.
Following system equilibration, ab initio MD simulations were
conducted using an NVT ensemble for 50 ps, with a reference
temperature set at 298, 320, or 350 K. The equilibration and
production run details for tetramethylammonium head groups of
AEMs are discussed in subsection 7.2.

After completing the ab intio MD simulations, the results were
analyzed from various perspectives, including molecular structural
analysis using bond distances and OH" ion diffusivity analysis by
calculating the diffusion coefficient from the MSD vs. time curve.
The BLYP functional was implemented in this work to perform ab
intio MD simulations. Our choice of the BLYP functional was
influenced by the methodology outlined in Zelovich et al.'s work
[34]. These parameters were selected based on validations
available in the literature [34-37] and the validation of density and
diffusion  coefficient values. The wvalidation for i)
tetramethylammonium head groups of AEMSs is discussed in
subsection 7.3.

To estimate the diffusion coefficient, an initial 50 ps simulation run
was conducted for the system. However, due to significant
statistical noise, even after performing three independent
simulations, further refinement was deemed necessary.
Consequently, 10 independent simulations for each system design
were carried out to minimize statistical uncertainty and enhance the

reliability of the results.




These simulations enabled several key analyses. Bond distances were calculated to
understand the structural properties of the systems. Additionally, the simulations facilitated
the visualization of vehicular and Grotthuss diffusion mechanisms of OH™ ions, which are
critical for understanding ion transport and interactions within the system. MSD and waiting
time distribution analyses were performed to quantify the diffusion behavior and dynamics of
the OH™ ions. These analyses provided valuable insights into the mechanisms driving
chemical reactions and ion mobility, contributing to a deeper understanding of the system’s

behavior under various conditions.

3.4.3 Classical all-atom MD simulation details

Classical all-atom MD simulations were employed to investigate OH" ion diffusion at
the atomic level, providing deeper insights into the mechanisms involved. The CHARMM36
force field parameters were utilized for these simulations, selected based on validations
available in the literature [97, 105], which are further discussed in Sections 5.2 and 6.2. The
algorithm used for the classical all-atom MD study is outlined in Figure 3.3, and the detailed
methodology is presented in Table 3.3.

Table 3.3: Details of classical all-atom MD simulations used in this work.

Details Descriptions

Theoretical models The coordinates of the selected theoretical models were generated
using GaussViewer software. Further, CHARMM forcefield
parameters were obtained by Swiss Param tool [147-150].
Positively charged QA head groups had a counter ion negatively
charged OH" ions. The detailed structures of theoretical models for
i) QA head group-based AEMs is discussed in subsection 5.2, and
i) QCS head groups of AEMs is discussed in subsection 6.2.
Equilibriation and The simulation protocol began with energy minimization, followed
Production run by 1 ns of NPT equilibration at each temperature setting (298, 330,
and 350 K) and 1 bar pressure. Subsequent NVT equilibration at
the same temperatures ensured system stability before running
production MD simulations for 10 ns under the NVT ensemble.
The equilibration and production run details for i) QA head group-
based AEMs are discussed in subsection 5.2, and ii) QCS head

groups of AEMs are discussed in subsection 6.2.




Analysis After completing the MD simulations, the results were analyzed
from various perspectives, including molecular structural analysis
using RDF and OH’ ion diffusivity analysis by calculating the
diffusion coefficient from the MSD vs. time curve.

Validation The CHARMMS36 force field parameters were implemented in this
work to perform classical all-atom MD simulations. Our choice of
the CHARMM36 force field was influenced by the methodology
outlined in Zhang et al.'s work [97]. These parameters were
selected based on validations available in the literature [97, 105]
and the validation of density and diffusion coefficient values. The
validation for i) QA head group-based AEMs is discussed in
subsection 5.3, and ii) QCS head groups of AEMs is discussed in
subsection 6.3.

Repeatability To estimate the diffusion coefficient, an initial 10 ns simulation run
was conducted for the system. However, due to significant
statistical noise, even after performing three independent
simulations, further refinement was deemed necessary.
Consequently, 10 independent simulations for each system design
were carried out to minimize statistical uncertainty and enhance the

reliability of the results.

In this study, standard classical all-atom MD parameters were implemented, including
NPT and NVT equilibration steps with periodic boundary conditions. A 10 ns production MD
run was then conducted using the NVT ensemble. The selection of the CHARMM36 force
field was guided by the validation presented in Zhang et al.'s work [97]. In line with Zhang et
al.'s [97] approach to atomistic model construction, the same CHARMMS36 force field was
applied to QCS head groups in AEM, with densities and diffusion coefficients validated in
subsections 5.3 and 6.3. The automatic topology-building tool Swiss Param was used to
generate the necessary force field parameters for CHARMMS36. Ten independent simulations
were conducted for each system design to minimize statistical error. Additional details

regarding the simulations and parameters can be found in Sections 5.2 and 6.2.



Chapter 4: Chemical stability of several
guaternary ammonium head groups of

anion exchange membranes

In this chapter, the DFT calculations were used to study the chemical stability and
chemical degradation mechanism of various QA head groups found in AEM at the atomistic

level.

The work presented in this chapter has been published in 2022 in the journal
Molecules [147].

4.1. Introduction

Because QAs are easily synthesized and abundantly available, they are frequently
used as cation head groups. Using small-molecule compounds such as pyridinium, 1,4-
diazabicyclo [2.2.2] octane (DABCO), benzyltrimethylammonium (BTMA), n-methyl
piperidinium, guanidium, and trimethylhexylammonium (TMHA), recent experimental
studies have concentrated on the thermochemical stability of QA cation groups [147-149].

However, commercialization of AEM development has been restricted by various QA
head groups degradation mechanism, which affects the diffusion of OH ions. Understanding
the molecular degradation mechanism of different QA with OH ions is essential for the
creation of high-performance AEMs. For different QA of AEM in alkaline condition, three
degradation mechanisms have been proposed in this context: E,, Sn2, and YF [1-3].
Nevertheless, a thorough knowledge of the chemical mechanisms underlying the degradation
mechanism of different QA in alkaline condition is lacking.

To investigate the chemical breakdown and diffusion of OH" ion around QA head
groups of AEM, computational modeling, and simulations have emerged as a vitally
important technique. In particular, to examine the molecular structure and molecular dynamic
features, degradation mechanisms, chemical stability, and other topics, it is common practice
to employ conventional all-atom MD, ab initio MD, and DFT methods [1-3, 83-93]. There is,
however, little research on the various QA head group degradation mechanism with OH" ion
to relate to experimental features such as chemical stability in AEM. The degradation
mechanisms of various QA head groups, such as (a) pyridinium, (b) DABCO, (c) BTMA, (d)



n-methyl piperidinium, (e) guanidium, and (f) TMHA, are investigated in this study using
DFT.

In the next section, DFT calculations methodology, AEection, AGreaction, transition
state, AEactivation, AGactivations and LUMO energy for typical QA head groups of AEM are

described.

4.2. Models and methods
4.2.1 System of interest

For our DFT calculations, six sample segments from AEMs—henceforth referred to
as QA head groups—were chosen as theoretical models. They were (a) pyridinium, (b)
DABCO, (c) BTMA, (d) n-methyl piperidinium, (e) guanidium, and (f) TMHA, as shown in

Figure 4.1.
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Figure 4.1: Illustration of typical segments for various QA head groups: The six QA head
groups include (a) pyridinium, (b) DABCO, (c) BTMA, (d) n-methyl piperidinium, (e)
guanidium, and (f) TMHA.

4.2.2 DFT calculations

DFT is used to calculate a wide range of attributes for practically any type of atomic
system. The electronic ground state geometries were optimized and bond length, molecular
orbital densities, binding energy (AEginding), AEreaction, AGreaction, transition state, AEactivation,
and AGgctivation Were computed in this work using DFT-based computations. Covalent and
noncovalent interactions were present in the molecular contacts between positively charged
QA head groups and OH" ions in the aqueous phase in our investigation. Using the PCM
[150, 151] as an implicit solvation model, the electronic ground state geometries for the six
QA head groups were optimized using DFT calculations, both in the presence and absence of
OH ions.



As discussed in section 3.4, our choice of the B3LYP functional was influenced by the
validation adopted from Dario Dekel's work [88]. One of the most widely used exchange
functional types in quantum chemistry computations is known as B3LYP (Becke, 3-
parameter, Lee—Yang—Parr). This functional is based on a hybrid functional where the
exchange energy is computed using the HF approach [152-155].

4.2.2.1 LUMO Energies

LUMO distribution and energies were obtained by the B3LYP functional [89-93].
Here, as indicated in equation (4.1) and table Al of Appendix A, AEyinging Was calculated

utilizing the variations in the total energy values as shown in equation 4.1.

ABpinding = Eqa wimorr — (Eqa + Eoir) (4.1)
4.2.2.2 Degradation mechanism

The B3LYP DFT method was used to optimize the transition states for the Sn2
degradation mechanism reactions of two QA (c) and (f), at the various HLs (0-3). To
determine AEqgctivation and AErecion for the Sy2 degradation mechanism reaction, DFT
calculations were performed for the transition state structure of QA at the HLs 0, 1, 2, and 3.
Furthermore, the amount of water molecules per OH" ion was specified as HL.
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Figure 4.2: 2D representation of Sy2 mechanism for QA (c) and (f).

Here, equations (4.2), (4.3), (4.4) and (4.5) were used in conjunction with the
methodology depicted in Figure 4.2 to determine the AEreaction, AGreactions AEactivation and

AGgciivation-  Additionally, for the optimized transition state structures, the counterpoise



correction approach was used to evaluate the basis set superposition error (BSSE). The
transition state was split into the electrophile and nucleophile clusters (OH") for the BSSE

evaluation.

AEreaction = Z E(products) - Z E(reactants) (4-2)

AGreaction = z G(products) - z G(reactants) (4‘-3)
AEactivation = E(transition state) — Z E(reactants) - E(BSSE) (4-4)

AGactivation = G(transition state) — z G(reactants) (4-5)

All stationary points were verified to be genuine minima on their corresponding

potential energy surfaces by doing additional computations of the second energy derivatives.

GaussView (v6.0) (Gaussian, Inc., Wallingford, CT) was used for post-analysis after
all DFT computations were completed using GAUSSIAN16 [156].

4.3. Results and discussion

In this section, DFT results related to the chemical stability of QA are presented. DFT
properties including the AEreactions AGreaction, transition state, AEactivations AGactivation, and
distribution of LUMO orbitals are analyzed and discussed to understand the chemical

stability of QA (a)-(f) and their chemical degradation mechanism.

4.3.1 Degradation mechanism

The results of the molecular electrostatic potential (ESP) maps for the binding of OH"
ions with various QA head groups of the AEM via the B3LYP DFT method are displayed in
Appendix A (Figure Al). The results show that the OH" ions mainly interact with the
nitrogen atoms of the QA head groups in the AEM to stabilize their positive charge.
Structural optimizations for various QA head groups of the AEM, via B3LYP DFT method
and Eginging Calculations are presented in Figure A2, and Table Al of Appendix A. The
results imply that the Egindging Of different QA head groups to OH" ions are quite different,

indicating that further analysis of the degradation mechanism is needed.

In this regard, we present the results of AEeaction, transition state, and AEgctivation fOr
two QA head groups of the AEM by the B3LYP DFT method (Table A2, and A3 Appendix

A). OH" ions have the potential to attack the benzylic carbon atoms of the two QA head



groups (c) and (f), which could lead to a chemical breakdown through the Sn2 degradation
mechanism. For QA head groups (c) and (f), we looked at the Sy2 degradation mechanism in
more detail. Table 4.1, Figure 4.3 and Figure 4.4 display the AEreactions AGreaction, transition
state, AEqctivation, and AGgctivation results for the Sy2 degradation mechanism of the two QA

head groups.

Table 4.1: AEreactiom AGreactiony AEactivation and AGactivation energy values fOI’ the SN2
mechanisms of QA (c) - (). Unit: kd/mol.

QA HL AE eaction AGreaction AE gctivation AGgctivation
@ 0 147.75 219.33 27.97 42.07
(b) 0 -128.19 -193.72 32.20 75.83
© 0 12472 7139.55 41.56 91.01
1 -69.67 -117.74 53.57 104.09
2 -40.02 -93.47 64.91 110.66
3 -19.7 -72.41 86.69 145.78
® 0 12284 713567 43.73 107.6
(e) 0 -122.24 -133.35 53.20 126.46
M 0 T121.20 13179 61.08 130.1
1 -66.15 110.02 76.17 135.47
2 -36.49 134.29 88.78 146.73
3 -16.21 155.35 106.25 166
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Figure 4.3: AEreaction and AEqctivation €nergies for Sy2 mechanism of QA (a) - ().

The results of the transition state calculation (AEreaction, AGreactions AEactivation and
AGactivation €nergy values) for Sy2 mechanism of QA (a) - (f) indicate an increasing stability
trend as follows: (a) pyridium < (b) DABCO ~ (c) BTMA < (d) n-methyl piperidinium < (e)
guanidium < (f) TMHA (Table 4.1, Figure 4.3).

The QA head groups' (c) and (f) Sny2 degradation mechanism AEesction results show
that the Sy2 degradation energy rises thermodynamically with HL from 0 to 3. Moreover, the
value of S\2 degradation mechanism AEescion for QA head group (f) is slightly higher to the
value of S\2 degradation mechanism AEeaction for QA head group (c). The DFT transition
state results implied that the QA (f) head group benefits from higher AE.ctivation Values in
comparison with QA (c) at the different HLs. The results of the transition state calculation

(AGreaction, and AGgetivation €nergy values) for the Sy2 mechanism of QA (c) and (f) at different



HLs indicate similarly that QA (f) is more chemically stable than QA (c), reinforcing the

thermodynamic trend observed with rising HLs from 0 to 3.
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Figure 4.4: AEreaction and AEacivation €nergies for Sy2 mechanism of QA (c) and (f).

These findings demonstrate that, in comparison to the vinyl carbon of QA head group
(), the vinyl carbon of QA head group (c) is significantly less chemically stable due to its
extreme sensitivity to OH" ion attack. Additionally, the activation energy barrier rises from
HL 0 to 3, indicating that the stability of the QA (c) compared to (f) is greater at higher HLs.
As a result, the Sy2 reaction slows down. Put otherwise, when there is no water present, the
QA head group degrades very quickly through the Sn2 reaction pathway, in contrast to the
situation with large HLs. In essence, at higher HLs, both QA (c) and (f) were more stable. As
schematically shown in Figure 4.4, these results demonstrate that water molecules, which are
tightly coupled to the OH’, diminish its nucleophilicity, so “shielding” it from attacking the
QA head group.

4.3.2 LUMO distribution and energy

Here, using the BALYP DFT technique, we present the distribution of LUMO orbitals
and their energy for each of the six QA head groups of the AEM. The LUMO energy of each
QA head group can be used to evaluate chemical stability in alkaline environments.
Essentially, because OH" ions are strongly nucleophilic (electron rich), they might interact
with the LUMOs of various QA head groups with ease. This means that the ability of LUMO
orbitals to receive nucleophiles can be used to quantify the alkaline stability of QA head

groups.

This implies that the difficulty of an OH" ion assault increases with the LUMO energy
of the QA head group, leading to increased stability. Stated differently, a lower LUMO
energy indicates a higher probability of QA head group breakdown by OH" ions via Sy2



mechanism. Figure 4.5 demonstrates that for QA head groups (b), (c), (d), and (f), the benzyl
group is the primary contributor to LUMOSs. Furthermore, the LUMO for QA head group (a)
IS positioned around the pyridinium group's nitrogen atom, whereas for (e), it is situated on
the DABCO nitrogen atom.

() (b) (© (@) (e) ®

—2.69eV —-1.26 eV —-1.26eV —-1.23 eV —-1.09 eV

Figure 4.5: Visualization of the LUMOs’ density for QA (a)—(f).

Additionally, Figure 4.5 shows that, out of all the QA head groups examined, the
TMHA head group had the highest LUMO energy (-0.548 eV), indicating that it was the most
stable QA head groups among the other QA head groups investigated. The results of the
LUMO energy values indicate an increasing stability trend as follows: (a) pyridium < (b)
DABCO ~ (c) BTMA < (d) n-methyl piperidinium < (e) guanidium < (f) TMHA.
Additionally, the alkaline stability trend in this work was validated by the experimental
findings of Noh et al. [157, 158]. TMHA exhibited the highest alkaline stability among the
sequences, similar to our findings. In particular, most of the benzyl-substituted QA head
groups (f) in the presence of OH  ions, as complexes, were observed to degrade via the Sy2
reaction, producing benzyl alcohols as the final product during GC-MS and NMR
examinations. This discovery implies that the electron-withdrawing inductive effect of the
aromatic ring makes the benzylic carbon vulnerable to nucleophilic attack by OH ions [157,
158].

4.4. Conclusions

From this study, the following conclusions can be made:

e The mechanism of chemical degradation for distinct QA head groups of AEM were

investigated using DFT.



From a methodological perspective, our work involved calculating the DFT of our
developed systems to obtain optimal structures and to comprehend the molecular
interaction and OH" ion degradation mechanism response with six different QA head
groups of AEM.

Through the use of quantum chemical properties like LUMO distribution and energy,
AEeaction, transition state, and AEggivation at the DFT level, this work may help
understand the degradation mechanism of QA head groups of AEM.

The following order for chemical stability was found by looking at the calculated
LUMO energy values for six different QA head groups using the DFT method: (a)
pyridium < (b) DABCO ~ (c) BTMA < (d) n-methyl piperidinium < (e) guanidium <
(f) TMHA.

AEctivation, AGactivations AEreaction, aNd AGreaction €Nergy values were obtained for QA (c),
and (f) head groups at the different HLs from 0 to 3 via transition state calculations by
DFT.

The results imply that the QA (f) head group exhibits higher chemical stability
compared to QA (c) across HLs from 0 to 3.

These DFT results were consistent with experimental findings, offering crucial

insights into AEM degradation mechanism.



Chapter 5: Diffusion of hydroxide ions
with several guaternary ammonium
head groups of anion exchange

membranes

In this chapter, conventional all-atom MD simulations were used to study the
diffusion of OH" ions within QA head groups of AEM at the atomistic level.

The work presented in this chapter was published in 2023 in the Eurasian Chemico-
Technological Journal [159].

5.1. Introduction

The chemical stability of several QA head groups, including pyridinium, DABCO,
BTMA, n-methyl piperidinium, guanidium, and TMHA was thoroughly studied in Chapter 4.
Still, little is known about the mechanisms controlling OH" ion transport at high pH levels,

particularly at various HLs [159-162].

The use of computational modeling and simulations has become essential in
examining the OH ion transport and chemical degradation mechanism occurring in the
polymeric structure of AEMs through positively charged QA head groups. Specifically, OH™
ion diffusivity in AEM polymeric matrices, QA head group degradation mechanisms, and the
impact of HLs on QA head group stability and OH ion diffusivity in the presence of implicit
or explicit water are all investigated through the use of classical all-atom MD simulations and

DFT calculations.

The purpose of this work was to clarify the shielding effect of water surrounding OH"
ions in different QA head groups using conventional all-atom MD methods. We looked into
the intermolecular interactions at different HLs between OH" ions and different QA-based

head groups in AEMs.



5.2. Models and methods
5.2.1 System of interest

As shown in Figure 5.1, we chose to use the six distinct QA head groups of AEM as a
computational model for conventional all-atom MD method. Initially, three water molecules
and one molecule of the QA from Figure 5.1 with one OH" ion were chosen for conventional
all-atom MD simulations.

(a) (b) (©) (d) (e)
j( N A /O
/N'\(;H. K/.\' CH3 H.C\

Figure 5.1 Illustration of typical segments for various QA head groups: The six QA head
groups include (a) pyridinium, (b) DABCO, (c) BTMA, (d) n-methyl piperidinium, (e)
guanidium, and (f) TMHA.

Using conventional all-atom MD, the novel systems were constructed with one/five
QA head group molecules (c) and (f) and one/five OH ions as can be seen in Table B1
(Appendix B). Additionally, 3/9/15/500 water molecules were simulated to investigate the
impact of HLs and solvation on OH ion diffusion of AEM.

5.2.2 Conventional all-atom MD simulations

Initially, the Swiss Param tool was used to generate the optimized coordinates and
force field parameters (partial charges, bonds, angles, and dihedrals) for QA head groups
(Figure 5.1) from optimized ATB database structures [147-157]. Simultaneously, Lennard-
Jones (LJ) parameters were derived from the force field CHARMM36 [147-158]. As
discussed in section 3.4, the selection of the CHARMMS36 force field was guided by the
validation presented in Zhang et al.'s work [97]. In the presence of explicit TIP3P [160]
(3/9/15/500) water molecules, each constructed system for conventional all-atom MD
simulations contains a single representative segment of the characteristic QA head group with
OH ion.



The bonded and non-bonded contributions to the potential energy of the systems in
the CHARMMS36 force field are included. Using the steepest descent method, initial
simulation boxes were built with a 500 kJ/mol/nm maximum force constraint on each atom to
reduce energy by optimizing the starting configuration at 1 bar and 298 K for 0.1 ns. The
systems were first brought to equilibrium under NPT, and then NVT ensembles were run for
one second at 1 bar and 298 K. Production runs for conventional all-atom MD simulations
were carried out for 10 ns at 298 K, 1 bar, and with an NV T ensemble at a fixed volume once
the system had reached equilibrium.

During the simulation, the LINCS constraint method was applied to every bond.
Thus, for LJ and coulombic short-range interactions, a 0.5 nm cut-off was applied. In the
meanwhile, Particle Mesh Ewald summation was used to compute long-range interactions.
Furthermore, to maintain system pressure and temperature, a Berendsen pressure coupling
and a Nose-Hoover thermostat were installed [160, 161]. It should be noted that all directions
had periodic boundary conditions added. Gromacs and VMD software were implemented in
this work [162].

The computationally obtained densities from classical all-atom MD simulation
were calculated as 1.17 g/cm®, 1.14 g/cm® and 1.10 g/cm®for HLs of 3, 9, and 15,
respectively, aligning closely with the experimental values (1.15 g/cm® for HL 3, 1.12 g/cm?®
for HL 9, and 1.09 g/cm?® for HL 15) reported in the literature [97]. Conventional all-atom
MD methods were used to study the molecular interaction of the OH" ion with six distinct
QA, as shown in Appendix B of Table B1. In the end, the molecular interaction between the
OH ion and distinct QA (a)-(f) was examined for RDF, MSD, the OH" ion diffusion

coefficient, and water cluster.

5.3. Results and discussion
The RDF, water clusters, and diffusion coefficients from MSD vs time curve are

analyzed and discussed.

5.3.1 Effect of hydration levels on radial distribution functions

The RDFs profiles (Figure 5.2) for the nitrogen atoms of the QA head groups with the
oxygen atom of OH ions were found in this investigation. The RDF results from
conventional all-atom MD simulations, which were represented as a function of the distance
between the nitrogen atoms of the six distinct QA head groups and the oxygen atom of OH"

ions, are used to assess the operation of AEM at HL 3. It was discovered that the QA head



group (a), which has OH™ ions surrounding it and a peak value of 230.39 at 2.95 A, accounted

for the strongest intermolecular interaction.

The chemical interaction of QA head group (c) with OH ions has the next highest
peak value, 166.18 at 3.45 A. The chemical interaction of the QA head group (f) with the
OH" ion was related to the higher peak value of 160.26 at 3.75 A, which ranked third. The
peak values of 148.98 for the QA head group (d) with OH™ ions at 3.45 A came next. The QA
head group (e) with OH" ions has the fifth peak value, which is approximately 125.09 at 3.45
A. The QA head group (b) containing OH™ ion has the smallest peak, with a peak value of
84.70 at 3.65 A.

300

== N atom of QA (c) and O atom of OH ion

250 4 == N atom of QA (f) and O atom of OH ion

—a— N atom of QA (a) and © atom of OH lon

—&— N atom of QA (d) and O atom of OH ion

~—a— N atom of QA (b) and O atom of OH ion
N at

200 atom of QA (e) and O atom of OH ion

E 1504
100 4

50 1+

0 ko S T
2 3 4 5 6 7
Distance (A)

Figure 5.2: RDFs for N atom of QA with OH " ion.

Accordingly, the following is the order of the OH" ion's molecular contact strength
with different QA head groups: The sequence (a) > (c¢) > (f) > (d) > (e) > (b) suggests that (b)
has a strong OH" ion interaction via the nitrogen atom of the QA head group of AEM.
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Figure 5.3: RDFs for a) N atom of QA (c) with OH" ion, and b) N atom of QA (f)
with OH  ion at the different HLs.



Next, the RDF patterns between the OH" ion and nitrogen atoms of QA head groups
(c) and (f) at various HLs are shown in Figures 5.3a and b. As shown by Figure 5.3a, the
oxygen of the OH" ion near the nitrogen atom of a single QA head group (c) at the HL of 3
corresponds to the initial highest radial distribution peak value of 176.17 at 3.35 A. Next,
95.26, at 3.55 A, is the second-highest peak value and corresponds to HL 9. The OH ion
with the head group QA (c) at HL 15 is more weakly bound, and 64.82 at 3.55 A is the third
highest peak value. As the HL increases, Figure 5.3a shows that the RDFs between the OH"
ion and the QA head group (c) become weaker. The OH" ion interaction with QA head group
(f) showed the same pattern, yielding 160.26 at 3.75 A for HL 3, 63.66 at 4.35 A for HL 9,
and 39.33 at 4.56 A for HL 15. Figures 5.3a and b show that there was no intermolecular
contact between the OH™ ion and the nitrogen atom of the QA head group ((c) and (f)) during
solvation. Because a high HL physically shields the OH", hydration restricts the OH" ion's
approach to the QA head group, resulting in a drop in the RDF peak.

This indicates that lower HL has higher OH  ion interaction by nitrogen atom of QA
based head group. The correlation of the nitrogen atom of QA based head group site with
OH ion is lowered as increasing HL. Furthermore, it was observed that the RDF peaks
corresponding to the OH ion and QA (c) and QA (f) head groups vanished in the aqueous

media (solvation) stage, indicating the AEM breakdown state.

5.3.2 Effect of hydration levels on diffusion of OH™ ion
Figures 5.4 shows the MSD for OH ions, and H,O at the different HLs, respectively.
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Figure 5.4: MSD plot for OH ions, and H,O molecule in the presence of a), c) for
QA (c), and b), d) for QA (f) at the different HLs.

As discussed in sub-subsection 3.2.3, the diffusion coefficients were calculated from
the slope of the MSD curve for OH ™ ions and H,0O at different HLs. To estimate the diffusion
coefficient, we conducted 10 independent simulations for each of our systems to minimize
statistical uncertainty, as shown in Figures B1 to B12 (Appendix B), which depict the
complete MSD vs. time curves for both OH™ ions and water molecules. The data for the linear
fitting of the MSD plot was selected based on the linear portion of the MSD plot, which
corresponds to the diffusive regime. This linear region indicates a steady-state condition
where the displacement of molecules is proportional to time, allowing for an accurate
determination of the self-diffusion coefficient. The results of the obtained diffusion

coefficients are illustrated in Tables 5.1 and 5.2.

Tables 5.1 and 5.2 show that from HL 3 to HL 15, the mobility of OH" ion and H,O
molecules increased. As HLs rose in the presence of QA head group (c), the diffusion
coefficients of OH™ ions and H,O molecules increased from 0.017 to 0.027 nm?/ns, and 0.018

to 0.19 nm?/ns, respectively. The mobility of H,O molecules and OH  ion increased from HL



3 to HL 15 concerning the TMHA based head group of AEM. In the presence of QA head
group (f), when HLs rose, the diffusion coefficient of OH" ions and H,O molecules increased
from 0.016 to 0.026 nm?/ns, and 0.018 to 0.203 nm?/ns, respectively.

Table 5.1: Diffusion coefficients of OH" ions across different QA structures and HLs.

D, nm°/ns, (SE) HL values
3 9 15
OoH QA (0) 0.017 (0.005) 0.025 (0.002) 0.027 (0.002)
QA (f) 0.016 (0.003) 0.018 (0.002) 0.026 (0.002)

Table 5.2: Diffusion coefficients of H,O molecules across different QA structures and HLs.

D, nm°/ns, (SE) HL values
3 9 15
H,O QA (¢) 0.018 (0.003) 0.019 (0.003) 0.19 (0.024)
QA (f) 0.018 (0.003) 0.189 (0.012) 0.203 (0.027)

For both QA (c) and QA (f), the mobility of the OH" ion increased monotonically with
increasing cell water content. It was noted that there was a negative link between the mobility
of OH" ions and the interaction between the OH™ ions and the nitrogen atom QA (c)/(f) based

head group and a positive correlation with the HL.

(a)
HL3 HL9 HL15
S HL9 HL15

Figure 5.5: Water clusters surrounding a) QA (c) and b) QA (f) at the various HLs.



Moreover, the diffusion coefficients of OH ions and water molecules obtained from
our MD simulations were validated against values reported in other studies [97, 105].
According to the literature, the diffusion coefficient of OH ions typically falls within the
range of 0.016 to 0.037 nm?#/ns. Similarly, for water molecules, the diffusion coefficient has
been reported to range from 0.005 to 0.18 nm#ns, depending on the HL from 3 to 15 [97,
105]. These values are consistent with the findings from our simulations, confirming the

accuracy of our results.

A standard depiction of an AEM is shown in Figures 5.5a and 5.5b. The development
of interconnected water clusters expands as HLs increase, as evidenced by hydrogen bonding

analysis.

5.4. Conclusions

From this study, the following conclusions can be made:

The diffusion of OH" ion around QA was studied by the results of the conventional

all-atom MD methods at various HLs.

e QA (c) and (f) variations exhibited similar OH" ion vehicular diffusion coefficients
from MSD vs time curve at the varied HLs from 3 to 15.

e Higher water content was found to enhance OH"™ ion mobility, emphasizing the
importance of considering water content in QA (c) and (f) head groups.

e The underlying OH ion diffusion through the QA head groups of AEM is better

understood via classical all-atom MD simulations, which can help develop more

efficient AEM-based solutions for alkaline fuel cell applications.



Chapter 6: Chemical stability and
hydroxide 1on transport properties of
qguaternized chitosan head groups for

anion exchange membranes applications

In this chapter, DFT calculations and conventional all-atom MD simulations were
used to study the chemical stability and OH" ion diffusion properties of QCS head groups

within AEM at the atomistic level.

The work presented in this chapter has been published in 2024 in the journal
Molecules [147].

6.1. Introduction

Notably, the extremely hazardous chloromethylation step is not required for the
obtaining QCS [163-183]. Several experimental studies have been conducted on the
applications of QCS in AEM. Jang et. al determined that the ionic conductivity of QCS-
functionalized carbon nanotube composite-based AEM was 47 mS/cm at 353 K [186]. Nhung
et. al found the ionic conductivity of the QCS/poly(vinyl benzyl chloride)/polysulfone blend
was 49.6 mS/cm at 298 K and 130 mS/cm at 353 K [187]. Zhao et. al reported the ionic
conductivity of QCS/poly(vinyl alcohol) was 25.7 mS/cm at 353 K [188]. Despite a wealth of
experimental data, there aren't many computational studies that use atomistic modeling to
rationalize the design of chitosan based AEMs [4]. Furthermore, our understanding of the
diffusion of OH" ions via QA-based head groups in the biopolymer is still lacking [1-5].

In this work, we investigate the chemical stability and diffusion of OH ions in QCS
based AEMs using DFT and conventional all-atom MD methods. The computational models,
DFT, and the conventional all-atom MD methods are described in depth in the ensuing
sections. The chemical stability and transport mechanisms of OH" ions are then covered,
taking into account variables like the energy and distribution of the LUMO, AEactivation,
AGactivations AEreactions AGreaction, and diffusion coefficients from the MSD vs. time curve.

Variations in HLs, temperatures and QCS chemical structure are used in these analyses.



6.2. Models and methods
6.2.1 System of interest

As shown in Figure 6.1, different QCS-based monomeric structures (A-C) were
designed in order to develop computational models for DFT computations and conventional
all-atom MD simulations. The chemical stability of the QCS-based monomeric segment and
OH' ion diffusion were then examined using DFT calculations utilizing one QCS (A-C) based
monomeric segment with one OH" ion in the presence of implicit water as a computational
model for AEM. Next, the conventional all-atom MD simulation setup was established by
placing five OH" counter ions and five QCS based monomeric segments (A-C). As shown in
the Appendix C (Table C1), the temperature ranges were 298 K to 350 K, and the range of

water molecules per OH™ ion was 15 to 75.

(A) (B) ©)
Ho OH Ho M Ho OH
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OH H
HO” HN nQ AN HO™ HN
HO KLI
+ +/ N+
/T\ T i s

Figure 6.1: Representative structures of different QCS segments: (A) 2-hydroxy propyl
trimethyl ammonium chitosan, (B) oxy propyl trimethyl ammonium chitosan, and (C)

propyl trimethyl ammonium chitosan.

In this study, simulations were conducted on monomeric units of QCS to approximate
the properties of the full polymer. This approach is widely used in computational chemistry
[88, 96, 184, 185] to address the high computational costs associated with simulating entire
polymer chains. By focusing on the QA head groups, where key chemical reactions are
concentrated, this method provides critical insights into the chemical stability and
degradation mechanisms within AEMs. However, while this targeted approach effectively
captures localized chemical behaviors, it may not fully represent the broader dynamics of the
entire polymer system. To bridge this gap, future research will explore oligomer simulations

to better assess how these localized findings apply to more complex polymer structures.



6.2.2 DFT calculations

The electronic ground state geometries were optimized through the application of
B3LYP DFT calculations, which also yielded information on bond length, LUMO energy,
transition state, AEeaction, AGreactions AEactivations @Nd AGactivation- AS discussed in section 3.4, our
choice of the B3LYP functional was influenced by the validation adopted from Dario Dekel's
work [88]. The three QCS segments were optimized using DFT using the B3LYP functional
in the PCM both in the presence and absence of OH" ions [150, 151].

The transition states for the Sy2 reactions of the QCS (A), (B), and (C) at the HL 3
were optimized in implicit DMSO using the B3LYP 6-311++g(2d,p) level of theory [152-
155]. The AEgactivation, AGactivations AEreaction, @Nd AGreaction Were calculated using DFT
calculations for the OH" ion transition state structure, or QCS, in the implicit DMSO model at
HL 3.

Moreover, HL is demonstrated by the quantity of water molecules per OH" ion.
Energies and free energies were estimated using the system shown in Figure 6.2 (Figure C1-
C3, Appendix C). Both electrophile and nucleophile fragments were present in the transition

state, and the counterpoise correction method was used to estimate the BSSE.
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Figure 6.2: 2D representation for Sy2 mechanism for QCS (A).

Additional calculations of the second energy derivatives demonstrated that all
stationary locations were absolute minima on their respective potential energy surfaces. For
all DFT analysis and computations, GAUSSIAN16 and GaussView (v6.0) were used [156].



6.2.3 Conventional all-atom MD simulations

As illustrative models of AEM, a monomeric unit of QCS and an OH" ion in water
were chosen; they are shown in Figure 6.1. Following that, Swiss Param tool was used to
generate the optimized coordinates for small segments of AEM and the optimized force field
parameters [147-157]. Concurrently, the Lennard-Jones parameters were extracted from the
CHARMMB36 force field standard [147-158]. Because of this, the intended system's potential
energy in the CHARMM36 force field consists of both bound and non-bonded contributions.
The selection of the CHARMMS36 force field was based on the validation provided in Zhang
et al.'s work [97]. Moreover, the OH™ was modeled using the values given by Han et al.

[105], and the water molecules were characterized by the TIP3P [159] model.

As can be seen in Table C1 (Appendix C), each conventional all-atom MD simulation
began with an initial configuration of QCS, OH" ion, and water molecules at HL (3, 9, and
15) at temperatures ranging from 298 K to 350 K. The total amount of OH" ions was selected
to attain electric neutrality. The desired water uptake for the HL, which is also mentioned in
the Appendix C, was used to calculate the water amount. The ratio of the total number of OH"

and water molecules to the total number of QCS was used to determine the HL.

To optimize the initial configuration at 298/330/350 K and 1 bar pressure for 0.1 ns,
energy minimization was carried out using the steepest descent approach after the required
system was created. The maximum force that could be applied to any atom was limited to
500 kJ/mol/nm. Both NPT and NVT equilibration were then carried out for 1 ns at
298/330/350 K and 1 bar of pressure. Following the system's equilibrium, conventional all-
atom MD simulations using the NVT ensemble with a reference temperature of 298/330/350

K were run for 10 ns.

During the simulation, the LINCS constraint method was applied to every bond.
Therefore, for Lennard-Jones and coulombic short-range interactions, a 1.0 nm cut-off was
applied. In the meantime, fourth-order interpolation and 0.14 nm grid spacing were used in
the Particle Mesh Ewald summation to calculate long-range interactions. Furthermore,
temperature was maintained using the Nose-Hoover technique, and system pressure was
maintained using the Berendsen pressure coupling. All directions were subjected to periodic
boundary conditions [160, 161].

The densities obtained from classical all-atom MD simulations were 1.14 g/cm3, 1.09

g/cm3, and 1.07 g/cm3 for HLs of 3, 9, and 15, respectively. These values closely match the



experimental densities reported in the literature [97], which were 1.15 g/cm?3 for HL 3, 1.12
g/cm3 for HL 9, and 1.09 g/cm3 for HL 15. Using GROMACS software, conventional all-
atom MD methods were performed. Additionally, the simulated box was visualized using
VMD, after which the diffusion coefficients, MSD, and RDF were examined [145, 146, 162].

6.3. Results and discussion
6.3.1 DFT results

This section's DFT calculation results discuss the chemical stability of various QCS.
Major analyses and discussions are focused on the study of quantum chemical features, such
as AEactivations AGactivations AEreactions and AGreaction fOr the Sn2 degradation mechanism

processes, and LUMO distribution and energies.

6.3.1.1 Degradation mechanism
As the current density of AEMFCs increases, the water molecules can be consumed

more quickly and the cathode electrode dries up, and in this case OH" can attack the QA head
group.

The molecular ESP maps, illustrating the interaction between OH" ions and various
QCS head groups in the AEM, calculated using the B3LYP DFT method, are shown in
Appendix C (Figure C4). These maps reveal that OH" ions predominantly interact with the
nitrogen atoms of the QCS head groups, stabilizing their positive charge. Structural
optimizations of the different QCS head groups, along with binding energy (AEginging)
calculations, are provided in Figure C5 and Table C2 of Appendix C. The results suggest
that the AEginging Values for the QA head groups to OH" ions vary significantly, highlighting

the need for further investigation into the degradation mechanism.



9

(A) HL 0 . <

LW o
I 9 L9
s e R

.NIAZII,\

Transition state

AE,= 66.51 kJ/mol :

Reactant
’g AER"|2348 kJ/mol  Product
d  essssssssss
‘.\ 0\. J"‘
.&‘%‘ -
9 9 — PO B ? 9
‘0\“ % @ b b4 [ +“"“
a2 ‘,\.‘ ‘,;‘ o2,
FEAR T B
9
® Jm%f’**
ZOJA ‘
J

5A
Transition state
e

AE ;= 37.01 kJ/mol i

Reactant Soiva
\.: §AER= -130.62 kJ/mol Product
*."/,. ........... N .,.:
f)‘ e >%e
)
‘:' + 9o — * e P
. ) » . + ’ . ’
'{q b )3
. W
w 'y’ "%
» D .
©) QJ . v az ﬁ{«!‘i‘

Transition state
eyt

AE,;=36.21 kJ/mol

Rt
TVP o = i
%59, Kaw

.41 + @ —) ‘ . l‘ ;
P u." i

X o

Figure 6.3: Depiction of Sy2 reactions for QCS segments (A), (B), and (C) at the HL 0.
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In addition to calculating the AEgctivations AGactivations AEreactions AGreaction, @and transition
state for various QCS, the B3LYP DFT approach was utilized to evaluate the chemical
degradation mechanism process between the OH" ion and QCS in more detail (Table C3-C6,
Appendix C). In this case, OH" ions may target the QCS methylene carbon atoms, which
could result in chemical degradation mechanism through the Sy2 reaction mechanism. The
AEctivation, AGactivations AEreaction, N AGreaction fOr the Sy2 reaction of the QCS are shown in
Tables 6.1, 6.2 and Figures 6.3, 6.4.

Table 6.1: AEactivations AGactivations AEreaction, @Nd AGreaction Values for our designed systems,
measured at 298 K and 1 bar, HL 0. Units: kJ/mol.

QCS AEreaction AEzctivation AGreaction  AGactivation
A 12348 66,51 22693 106.83
B) 1130.62 37.01 1182.39 87.07
©) -132.94 36.21 -156.04 76.3

Table 6.2: AEactivations AGactivations AEreaction, @Nd AGreaction Values for our designed systems,
measured at 298 K and 1 bar, HL 3. Units: kJ/mol.

QCS AEreaction AEzctivation AGreaction AGgctivation
(A) -21.56 147.27 -159.79 163.16
(B) -28.69 103.20 -115.25 126.16
©) -31.02 89.92 88.9 122.94

A nucleophile, such as an OH" ion, attacks the QCS in the Sny2 degradation
mechanism pathway, causing bond breaking and AEM degradation mechanism. The findings
have significant ramifications for AEM durability and stability (Figures 6.3, 6.4). When
nucleophiles such OH" ions attack AEMs with QCS (B) and QCS (C), they are more likely to
break down than AEMs with QCS (A).

The activation energy for an OH" ion nucleophilic attack on the QCS is also displayed
in Figures 6.3 and 6.4. Figures 6.3 and 6.4 indicate that QCS (B) and (C) of the AEM
deteriorate far more quickly than QCS (A). In comparison to QCS (B) and QCS (C), the
greater AEcivation fOr QCS (A) indicates that the quaternized head group of chitosan is more
stable and resistant to OH" ion assault. The fact that QCS (B) and (C) have lower AE.ctivation



indicates that the quaternized head group of chitosan is less stable and more prone to

degradation mechanism when attacked by OH" ions. Similar trend is observed for AGciivation-

This is in line with the findings of the AEresciion COMputations, which also show that
QCS (A) is more stable than QCS (B) and QCS (C). Similar trend is observed for AGeaction.
The results can be utilized to direct the creation of more stable and long-lasting AEMs and
offer insights into the mechanisms of AEM degradation mechanism.

Based on literature, it was observed that two isomeric forms of QCS, QCS (A) and
QCS (B), were produced through the use of glycidyltrimethylammonium chloride precursors
in the synthesis of QCS [189-193]. Compared to the studies of QCS (B) and QCS (C), QCS
(A) has been studied in greater detail in the field of AEM applications. In our earlier work,
we used DFT calculations to examine the AE.ctivation, AGactivation, AEreaction, @Nd AGreaction from
HL 0 to 3 to study the degradation mechanism mechanism of two distinct QA head groups.
When we compare our current study with our earlier research, we find that QCS has greater
chemical stability than both TMHA and BTMA. It might be able to create AEMs with
improved long-term stability and durability as well as increased resistance to nucleophilic
attack by improving the chemical structure of the QCS [1-3, 189-193].

6.3.1.2 LUMO distribution and energy

To assess a QCS's chemical stability in alkaline circumstances, one can look at its
LUMO energies. Figure 6.5 shows that the chitosan group is the major contributor to
LUMO:s for various QCS. As seen in Figure 6.5, the computation for the other QCS of AEM

reveals a tendency of increasing stability as follows: (C) < (B) < (A).
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Figure 6.5: Visualization of the LUMO densities for QCS segments.

In our earlier study, we used DFT simulations to examine the LUMO distribution and
energies in order to investigate the chemical stability of six distinct QA head groups.

Consequently, the following sequence for chemical stability was discovered in the absolute



values of the LUMO energies for each of the six QA head groups: pyridinium < DABCO ~
BTMA < n-methyl piperidinium < guanidium < TMHA. A more thorough comparison of our
new findings with our earlier findings suggests that QCS was the most stable QA head group
under investigation, as evidenced by the highest LUMO energy. Better stability results as a
result of the OH" ion assault becoming more difficult as the QCS's LUMO energy rises.
Additionally, the alkaline stability trend observed in this work was validated by the
experimental findings of Wan et al. [191, 193]. Consistent with our results, QCS (A)
demonstrated the highest alkaline stability among the sequences. Comparing our current
study with our previous research on LUMO energy values, we find that QCS exhibits greater
chemical stability than pyridinium, DABCO, BTMA, n-methyl piperidinium, guanidium, and
TMHA.

6.3.2 Results from conventional all-atom MD simulation

6.3.2.1 Effect of hydration levels on radial distribution functions

Conventional all-atom MD simulations were used to calculate RDFs to investigate the
interaction between the OH ion and the nitrogen atom of QCS. The RDF profiles (shown in
Figure 6.6) were particularly calculated for QCS nitrogen atoms concerning OH" ion oxygen
atom at HL 3.

The RDF profiles illustrating the interaction between QCS's nitrogen atoms and OH"
ion oxygen atom at various HLs are shown in Figure 6.6. The first peak value in the RDF, as
shown in Figure 6.6, is 70.43 at 4.35 A, which represents the distance between the oxygen of
the OH" ion and the nitrogen atom of QCS (A) at HL 3. The second peak value, which
corresponds to HL 9 for QCS (A), is 34.26 at 5.44 A. A weaker binding of the OH" ion with
QCS (A) at HL 15 is indicated by the third peak value, which is 28.72 at 6.17 A. A similar
pattern was observed for the interaction of OH ion with QCS (B), yielding peak values of
71.08 at 4.55 A (HL 3), 49.77 at 5.95 A (HL 9), and 37.44 at 6.05 A (HL 15). Similarly, for
QCS (C), the peak values were 94.80 at 4.30 A (HL 3), 54.21 at 5.9 A (HL 9), and 41.95 at
6.10 A.
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Figure 6.6: RDFs for N atom of QCS(type A, B, and C) with OH " ion at the different HLs.

As the HL grows, the RDFs between the OH ion and QCS become weaker, as
illustrated by the patterns shown in Figure 6.6. This data suggests that increased HL leads to
increased hydration of AEM, which has a major effect on OH" ions and facilitates their
release from QCS's affinity. Reduced RDF peaks show that a high HL effectively protects the
OH  ion from the QCS.



6.3.2.1 Effect of hydration levels on diffusion of OH" ion

The OH  ion diffusion may be impacted by the molecular structure of AEM. Different
molecular structures of AEM exist, including gyroid-like, bicontinuous, crossing lamella,
perfect lamella, and non-regular molecular structures. As a result, Figure 6.7 provides a
typical AEM snapshot for additional molecular structural investigation. Consequently, it was
discovered that the molecular structure of QCS is probably going to form a bicontinuous
network at HL 3 through self-assembly with water clusters. Certain differences were found

between HLs 3 and 9 to 15 structures after a more thorough comparison.

Water molecules have a significant role in the OH" ion transport in AEM in this
regard. By adding water molecules to AEM, one may increase the QCS's connection, which
would increase the flow of the AEM's head groups and boost OH" ion mobility. Regretfully,
comprehensive and basic studies regarding how HL affects OH" ion transport, how water
clusters and channels form, and QCS-based AEM have not yet been published. Thus, using
conventional all-atom MD simulations, the influence of HL on QCS (A, B, and C) was

examined in this section based on diffusion coefficients of MSD vs. time curves.

Figure 6.7: Snapshot of water clusters surrounding QCS type (A), type (B), and type (C)
AEM at various HLs. Drawing method for water: Quick Surface and color scheme for water:
blue; Drawing method for OH  ion: VdW representation and color scheme for OH ion:
yellow (oxygen), grey (hydrogen); Drawing method for QCS: CPK representation and color
scheme for QCS: violet (carbon), grey (hydrogen), red (oxygen), blue (nitrogen).

To minimize statistical uncertainty, 10 independent classical all-atom MD simulations

were conducted for each system. The complete MSD vs. time curves for OH™ ions and water



molecules at various HLs are shown in Figures C6 to C23 (Appendix C). The linear fitting
of the MSD plot was based on the linear region corresponding to the diffusive regime, as

illustrated in Figure 6.8.

Figure 6.8 shows the MSDs for H,O and OH" ions at different HLs. Moreover, the
diffusion coefficients were obtained by calculating the slopes of the MSD curves for OH" ions
and H,0 at different HLs. The computed diffusion coefficient results are shown in Tables 6.3
and 6.4. In addition, the strong slope of the MSD plot characterizes the increased mobility of
the AEM. Consequently, increased OH" ion transport was caused by an increase in HLs. This

indicates that the OH™ ion mobility in AEM is influenced by the amount of water present.
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Figure 6.8: MSD vs. time curves at different HLs for OH" ions and H,O molecules in
systems with QCS type (A), (B) and (C), respectively.

As shown in Tables 6.3 and 6.4, the mobility of OH ion and H,O molecules
increased from HL 3 to HL 15. The diffusion coefficients presented in Table 6.3 include
standard error (SE) values in parentheses, which indicate the variability and precision of the
simulation data. A smaller SE reflects higher confidence in the reported diffusion

coefficients, with less variation across the independent classical all-atom MD simulations.



According to the results in Table 6.3, 6.4 6.5, and 6.6, the SE for the diffusion coefficients
from our MD simulations ranged between 1% and 5%. Although these values are relatively

high, similar high errors have been reported previously in the literature [95-110].

In the presence of QCS type (A) of AEM, as HLs rose, the diffusion coefficients of
OH" ion and H,O molecules increased monotonically from 0.011 to 0.027 nm?/ns and 0.20 to
0.46 nm?/ns, respectively. The diffusion coefficients of OH ions and H,O molecules
increased monotonically from HL 3 to HL 15, according to the QCS (B) of AEM. The OH"
ion and H,O molecules' diffusion coefficients increased in the presence of QCS (B) from
0.011 to 0.026 nm%ns and 0.18 to 0.43 nm?/ns, respectively. The diffusion coefficients of
H,O molecules rose from 0.13 to 0.42 nm%/ns for QCS (C), while the diffusion coefficients of

OH  ions increased from 0.011 to 0.026 nm?/ns.

Table 6.3: Diffusion coefficients of OH" ions across different QCS structures and HLs.

D, nm°/ns, (SE) HL values
3 9 15
OH A 0.011 (0.004) 0017 (0.005) __ 0.027 (0.003)
B) 0.011(0.003)  0.016 (0.006)  0.026 (0.002)
©) 0.011(0.001)  0.015(0.002)  0.026 (0.002)

Table 6.4: Diffusion coefficients of H,O molecules across different QCS structures and HLs.

D, nm“/ns, (SE) HL values
3 9 15
H,0 A) 0.20 (0.07) 0.40 (0.09) 0.46 (0.07)
(B) 0.18 (0.04) 0.39 (0.08) 0.43 (0.06)
() 0.13 (0.03) 0.39 (0.05) 0.42 (0.05)

The results show that as HL varies from 3 to 15, the diffusion coefficients of both OH"
ions and H,O molecules rise monotonically. Essentially, there is a positive correlation
between the diffusion coefficients of both entities and the QCS HLs. Remarkably, the RDF

data from Appendix C shows that the diffusivity of OH" ions is inversely connected to the



interaction between the nitrogen atom of QCS and the OH" ion and directly related to the HL.
Moreover, QCS (A), QCS (B), and QCS (C) show comparable OH" ion transit over various
HLs. In our earlier study, we used the BTMA and TMHA head groups of AEM under various
HLs to investigate the diffusion of OH"ions. We discovered that the BTMA and TMHA head
groups of the AEM displayed diffusion coefficients for the OH™ ion that were similar to those
of different trimethyl ammonium head groups of chitosan after comparing the diffusion
coefficients from our earlier study with those from our current investigation [1-3]. Moreover,
our MD work's OH" ion diffusion coefficients closely matched those reported in other
investigations [95-110]. The diffusion coefficients of OH ions and water molecules obtained
from our MD simulations were validated against values reported in the literature [95-110].
For OH ions, the diffusion coefficient typically ranges from 0.010 to 0.028 nm2/ns, while for
water molecules, it varies between 0.011 and 0.48 nm?#/ns, depending on the HL from 3 to 15,

aligning well with our simulation results and confirming their accuracy [95-110].

6.3.2.2 Effect of temperatures on radial distribution functions

This section presents a detailed study of the effects of temperatures between 298 K
and 350 K on the RDF between the nitrogen atom of QCS (types A, B, and C) and the
oxygen atom of the OH ion. Figure 6.9 shows the findings of a conventional all-atom MD

simulation that served as the basis for the detailed investigation at HL 3.
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Figure 6.9: RDFs for N atom of QCS(type A, B, and C) with OH" ion at the different

temperatures.

Afterward, RDF profiles were calculated at different temperature values between 298
K and 350 K for the oxygen atom of the OH" ion and the nitrogen atom of QCS, as shown in
Figure 6.9. The RDFs of the OH ion around the nitrogen atoms of the QCS with explicit
water molecules present at several temperatures are depicted in Figure 6.9.

Interestingly, the correlation of the OH ion close to the nitrogen atom of a QCS (A)
at 350 K corresponds to the third-highest radial distribution peak value, which is 64.69 at
about 4.35 A. For instance, Figure 6.9 shows that the second-highest peak value is 94.79 at
4.50 A, or 330 K for QCS (A). At 4.45 A for QCS (A), the first-highest peak value is 104.67,

suggesting a stronger OH to QCS bound that was seen at 298 K. The correlation between the



OH ion and the N atom of QCS (B) and QCS (C) showed similar trends, with peak values
for QCS (B) being 74.13 at 4.45 A (350 K), 105.32 at 4.55 A (330 K), and 117.19 at 4.45 A
(298 K), and for QCS (C) being 95.06 at 4.35 A (350 K), 109.24 at 4.45 A (330 K), and
128.68 at 4.55 A (298 K). This finding suggests that a larger interaction between the OH™ ion

and the QCS occurs at lower temperatures in AEM.

6.3.2.2 Effect of temperatures on diffusion of OH" ion

For additional molecular structural analysis, Figure 6.10 shows a typical snapshot of
an AEM with QCS (CPK representation), OH ion (VDM representation), and water
molecules (Quick Surface representation). Consequently, it was discovered that the molecular
structure of QCS is probably going to form a bicontinuous network through self-assembly at

298 K - 350 K using water clusters.

Figure 6.10: Snapshot of water clusters surrounding QCS type (A), type (B), and type
(C) AEM at various temperatures. Drawing method for water: Quick Surface and color
scheme for water: blue; Drawing method for OH ™ ion: VdW representation and color scheme
for OH— ion: yellow (oxygen), grey (hydrogen); Drawing method for QCS: CPK
representation and color scheme for QCS: violet (carbon), grey (hydrogen), red (oxygen),

blue (nitrogen).

It was discovered from the literature that variations in temperature could affect the
OH’ ion diffusion for different chemical configurations in the QCS of AEM. Therefore, to
investigate the OH" ion diffusion for different chemical structures of QCS of AEM,
temperature ranges spanning from 298 K to 350 K were investigated. The conventional all-



atom MD simulation results presented in this part address the temperature-dependent
movement of OH" ions via QCS (A), (B), and (C). This section presents the results of the
calculation of diffusion coefficients from MSD versus time curves using the conventional all-

atom MD simulations.
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Figure 6.11: MSD vs. time curves at different temperature values for OH" ions, and H,O in

systems with QCS type (A), (B) and (C), respectively.

To reduce statistical uncertainty, 10 independent classical all-atom MD simulations
were performed for each system. Figures C24 to C41 (Appendix C) show the complete MSD
vs. time curves for OH™ ions and water molecules at different temperatures, with the linear

fitting based on the diffusive regime, as depicted in Figure 6.11.

The MSD for OH" ions and H,0 at the various QCS structures for AEM at the various
temperatures are displayed in Figure 6.11, respectively. Additionally, the diffusion



coefficients were computed using the slope of the H,O and OH" ion MSD curves for the
various QCS structures and temperatures. Tables 6.5 and 6.6 present the diffusion coefficient
results that were obtained. According to Tables 6.5 and 6.6, the mobility of the H,O and OH"
ions increased from 298 K to 350 K at the various QCS structures for different temperature

ranges.

The temperature-dependent diffusion coefficients of the OH" ion and H,O molecules
rose from 0.20 to 2.86 nm?%ns and from 0.011 to 0.027 nm?/ns, respectively, when the QCS
(A) of AEM was present. Then, when the temperature increased, the presence of QCS (B)
increased the diffusion coefficients of the H,O and OH" ion molecules from 0.18 to 1.92
nm?/ns and 0.011 to 0.026 nm?/ns, respectively. Furthermore, in the presence of QCS (C), the
diffusion coefficients of the H,O and OH" ion molecules increased as temperatures rose,
rising from 0.13 to 0.83 nm?/ns and 0.011 to 0.026 nm?/ns, respectively. It is noteworthy that
there was a correlation between temperature and the mobility of OH™ ions in this context.
High temperatures increased the kinetic energy of molecules, and thus the OH" ions moved a
further distance. The diffusion coefficients of OH ions and water molecules obtained from
our MD simulations at different temperatures were validated against values reported in the
literature [34-37, 97, 105]. For OH ions, the diffusion coefficient typically ranges from
0.011 to 0.028 nm?/ns, while for water molecules, it varies between 0.012 and 2.96 nm?/ns,
depending on temperatures ranging from 298 to 350 K [34-37, 97, 105]. These values align

well with our simulation results, confirming their accuracy [34-37, 97, 105].

Table 6.5: Diffusion coefficients of OH" ions across various QCS structures at different

temperatures.
D, nm“/ns, (SE) Temperature values (K)
298 330 350
OH" (A) 0.011 (0.004) 0.023 (0.003) 0.027 (0.003)
(B) 0.011 (0.003) 0.023 (0.003) 0.026 (0.003)

(C) 0.011(0.001)  0.016 (0.002)  0.026 (0.003)




Table 6.6: Diffusion coefficients of H,O molecules across various QCS structures at

different temperatures.

D, nm“/ns, (SE) Temperature values (K)
298 330 350
H,0 A) 0.20 (0.07) 1.54 (0.04) 2.86 (0.25)
(B) 0.18 (0.04) 1.38 (0.06) 1.92 (0.20)
(©) 0.13 (0.03) 0.44 (0.05) 0.84 (0.09)

Tables 6.5 and 6.6 provide examples of the diffusion coefficients of OH" ions and
water molecules, whose movement is crucial to the use of an AEM in alkaline fuel cells. It is
clear that for different QCS at different HLs and temperatures, the diffusion of water
molecules is greater than that of OH" ions. Furthermore, we investigate the OH™ ion vehicle
transport by different trimethylammonium head groups of chitosan, and our non-reactive all-
atom MD simulation does not exhibit the Grotthuss mechanism, which is caused by
interactions between OH" ions and water molecules. According to the literature, it has been
shown that the contribution of vehicular diffusion to the diffusion of OH" ions is lower
compared to the Grotthuss mechanism in bulk water [34-37]. Simulation studies

incorporating the Grotthuss mechanism using ab initio MD were reported in the next chapter.

While we acknowledge that QCS (A) has been extensively explored in the context of
AEM applications, with numerous studies available [185-187], it is important to emphasize
that there is currently no direct experimental evidence to definitively establish the superiority
of QCS (A) over the other variants (QCS B and QCS C [188]). Our research primarily
focused on theoretical modeling and computational simulations. However, we used DFT, and
conventional all-atom MD methods to investigate the chemical stability and diffusion of OH"
ion via distinct QA head groups in our earlier chapters. Consequently, the following sequence
for chemical stability was discovered in the absolute values of the LUMO energies for each
of the six QA head groups: pyridinium < DABCO ~ BTMA < n-methyl piperidinium <
guanidium < TMHA. A more thorough comparison of our new findings with our earlier
findings suggests that QCS was the most stable QA head group under investigation, as
evidenced by the highest LUMO energy. In addition, QCS has a higher activation energy

compared to QA head groups from our previous chapters. Moreover, QCS head groups



yielded compatible OH" ion diffusion compared to QA head groups from our previous

chapters.

6.4. Conclusions

From this study, the following conclusions can be made:

e Both DFT calculations and conventional all-atom MD simulations have provided
insights into the chemical degradation and diffusion mechanisms of OH" ions in QCS-
based AEMs.

e The optimized structures of DFT calculations yielded LUMO energy results that show
an increasing trend of stability, as follows: (A) 2-hydroxy propyl trimethyl
ammonium chitosan < (B) oxy propyl trimethyl ammonium chitosan < (C) protonated
chitosan.

e Values for AEactivation, AGactivations AGreaction aNd AEreaciion Were found for different
trimethylammonium head groups of chitosan in the presence of OH" ion within HL 0
and HL 3, after predicting the transition state using DFT calculations.

e The DFT results suggest that the QCS (A) head group exhibits higher chemical
stability compared to QCS (B) and QCS (C) at different HLs from O to 3.

e From conventional all-atom MD simulations, the diffusion coefficients, as discerned
from MSD vs time plots, showed analogous vehicular diffusion behavior of OH" ion
in QCS (A), QCS (B), and QCS (C) at different HLs and temperatures.

e Furthermore, the vehicular diffusion of OH" ion for various trimethyl ammonium head
groups of chitosan increased monotonically with an increase in HL from 3 to 15 and a
temperature rise from 298 K to 350 K.

e The findings underscore the significance of choosing the right QCS structures with
the appropriate HLs and temperatures to achieve optimal chemical stability and OH"
ion diffusion properties.

e This molecular modeling work on head groups-based AEMs offers insights into the
field of advanced electrolytes and underscores the value of computational modeling

and simulations to gain insights into the properties of AEMs.



Chapter 7: Chemical stability and
hydroxide 1on transport properties of
deep eutectic solvent supported
guaternized chitosan head groups for

anion exchange membranes applications

In this chapter, DFT calculation, and ab initio MD simulations were used to study the
chemical stability and OH" ion diffusion of DES supported QCS head groups within AEM at

the atomistic level at different HLs, and temperatures.

The work presented in this chapter is being prepared for submission to a Q1/Q2

journal.

7.1. Introduction

Implementation of DESs to the QA head group is a viable way to enhance their
characteristics and perhaps boost AEM performance. On the other hand, not much is known
about the OH" ion diffusion pathways and the degradation mechanism of QA head groups in
AEM supported by DES. The goal of this work is to build highly performance QA head
groups-based AEM that are supported by DESs, with an emphasis on enhanced OH  ion
diffusion and chemical stability. Ab initio MD simulation techniques are used to accomplish
this. DESs are Lewis or Brgnsted acid and base eutectic mixes that contain a variety of
cationic and anionic species. They are promising solvents for large-scale applications because
they have low vapor pressure, biodegradability, non-toxicity, and non-flammability [194-
196].

The low melting point of DESs is a crucial feature that can be adjusted to fit particular
applications. As a result, our understanding of the chemical mechanism underlying the
diffusion of OH" ions via QCS head groups in the presence and absence of DESs is still
lacking [195-199]. To investigate OH" ion diffusion via QA head groups of AEMs,
computational modeling, and simulations have become indispensable techniques. Although

OH  ion diffusion and chemical stability of several QA in AEM have been reported in our



earlier reviews and studies, a comprehensive computational modeling analysis of DES-

supported QCS head group of AEMs is noticeably lacking.

To bridge this gap, we performed ab initio MD methods to evaluate the OH ion
diffusion mechanism and chemical stability of the DES-supported QCS. The subsequent
sections offer a comprehensive overview of our computational models, DFT, and ab initio
MD techniques and results regarding the chemical stability and OH  ion diffusion for DES
supported QCS at different temperatures, and HLs.

7.2. Models and methods
7.2.1 System of interest

To build computer models of DESs, the structure of choline chloride with ethylene
glycol-based DESs was designed in a 1:2 ratio (Figure 7.1). In addition, water molecules,
OH ions, and QCS were added to the DES as a theoretical model to investigate the OH" ion
diffusion and chemical stability of QCS using ab initio MD techniques (Figure 7.1).

I
i OH
NI Cl HO
Hsc// \/\OH %LO
H,C HO” HN H
‘ ‘ CHj
Choline Chloride | i
N. HO
+ AV LICH, N?
/\/OH i CHg “
HO Tetramethylammonium Quaternized Chitosan

Ethylene glycol

Figure 7.1: Structure of DES and AEM components including choline chloride with ethylene
glycol, tetramethylammonium-based head group, and 2-hydroxy propyl trimethylammonium

chitosan head group.

To investigate the chemical stability of tetramethylammonium, it was first decided to
use ab initio MD simulations to study the AEM segment with OH™ ions in the presence of
water and DES components. This was done using tetramethylammonium-based head groups

as a computational model for DES-supported AEM, as illustrated in Figure 7.1.

Then, as seen in Figure 7.1, QCS head group was created in the presence of DES

components, water molecules, and OH ions to investigate the QA-based chitosan head



group's chemical stability and the OH ions diffusion processes using ab initio MD

simulations.

7.2.2 DFT calculations

The electronic ground state geometries were optimized by DFT calculations. The
positively charged tetramethylammonium head group of the AEM interacted with the OH"
ions in the aqueous phase through both covalent and noncovalent interactions. The
tetramethylammonium segment was optimized using DFT with the B3LYP functional in the
PCM in both the presence and absence of OH™ ions [150, 151]. As discussed in section 3.4,
our choice of the B3LYP functional was influenced by the validation adopted from Dario
Dekel's work [88].

The transition states for the YF and Sn2 degradation mechanism reactions of the
tetramethylammonium head group in the presence of OH ions were optimized in implicit
DMSO using the B3LYP 6-311++g(2d,p) DFT level of theory to take into account the effects
of explicitly hydrated water molecules [152-155]. DFT calculations for the transition state
structure of OH  ions, tetramethylammonium, in the implicit DMSO model, were used to
calculate AEqctivations AGactivations AEreactions @Nd AGreaction fOr the YF and Sn2 degradation
mechanism reaction. Moreover, HL is demonstrated by the quantity of water molecules per
OH ion.
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Figure 7.2: Illustration of the representative segment of tetramethylammonium head

group for the (a) YF and (b) Sn2 degradation mechanism reaction.

Here, the systems shown in Figure 7.2 were utilized to evaluate the AEeaction and
AEqctivation- In ylide formation, the hydroxide ion attacks the hydrogen atom of the
tetramethylammonium head group (Figure 7.2a), while in the nucleophilic substitution
mechanism, the hydroxide ion attacks the carbon atom of the tetramethylammonium head
group (Figure 7.2b). Both electrophile and nucleophile fragments were present in the
transition state, and the counterpoise correction method was used to estimate the BSSE.

All stationary locations were proved to be absolute minima on their respective
potential energy surfaces by further computations of the second energy derivatives. The

GaussView (v6.0) program and GAUSSIAN16 were adopted for all DFT analysis and
calculations [156].

7.2.3 Ab initio MD simulation
Representative models of AEM, including a tetramethylammonium-based head group,
QA-based chitosan head group, OH ion, and water, were used in both the absence and

presence of DES, as depicted in Figure 7.1. As indicated in Table D1 of Appendix D, the



QA-based head group, OH ion, and water molecules at an HL ranging from 1 to 5 comprised
the initial configuration of each ab initio MD simulation. Energy minimization was carried
out by building a cubic box with edges of 1.2 A to optimize the initial configuration under
circumstances ranging from 298 to 350 K, 1 bar pressure, and both NVE and NPT ensembles
for 5-10 ps after the first simulation box for the intended system was created. Using an NVT
ensemble, ab initio MD simulations were run for 50 ps after the system attained equilibrium,

using a reference temperature of 298/320/350 K.

Atomic forces were computed using DFT calculations with the BLYP functional.
Kohn-Sham orbitals were represented using a combination of hybrid Gaussian and plane-
wave basis functions. Our choice of the BLYP functional was influenced by the methodology
outlined in Zelovich et al.'s work [34]. These parameters were selected based on validations
available in the literature [34-37]. This approach, known as the hybrid GPW scheme, was
specifically developed for ab initio MD simulations. The key advantage of the GPW method
lies in its ability to construct the Kohn-Sham matrix [200-203].

In this study, pseudopotentials of the GTH type were used, initially designed for the
local density approximation and adjusted for various density functionals employed. To
enhance computational efficiency, elements of the Kohn-Sham and overlap matrix smaller
than 10 *° were disregarded, and a density grid of 400 Ry was employed [204-206]. The
Grimme D3 approximation was incorporated to account for dispersion forces and a stringent
convergence criterion for the electronic gradient (SCF) of around 10° was applied.
Furthermore, the GLE method was implemented to maintain temperature, as described in [37-
39]. Periodic boundary conditions were applied in all directions. The densities obtained from
classical all-atom MD simulations were 1.19 g/cm3, 1.17 g/cm3, and 1.15 g/cm? for HLs of 1,
3, and 5, respectively. These values closely match the experimental densities reported in the
literature [34-37], which were 1.18 g/cm? for HL 1, 1.16 g/cm3 for HL 3, and 1.10 g/cm3 for
HL 5. Ab initio MD simulations were conducted using the CP2K software. Furthermore,
VMD was employed to visualize the simulated box, after which the RDF, bond distances, and

diffusion coefficients (from the MSD vs. time curve) were analyzed.

7.3. Results and discussion

7.3.1 DFT results



Basically, the OH" ions, which are not solvated by water molecules, become
aggressive, leading to the degradation of the tetramethylammonium head groups of AEMs.
This implies that water molecules, when solvated around the OH" ion, reduce its

nucleophilicity and subsequently its ability to degrade the tetramethylammonium head group.

In this study, we employed the B3LYP DFT method to explore the chemical
degradation reactions between OH" ions and the tetramethylammonium head group (Tables
D2-D5, Appendix D). The analysis primarily focused on evaluating the AE esction, AGreaction,
AE activation, and AGaciivation fOr these reactions in both the absence and presence of DES (Table
7.1, Figures 7.3, and Figure 7.4). The findings provide crucial insights into the degradation

mechanisms of tetramethylammonium-based AEMs in alkaline environments.

Table 7.1: AEreaction, AGreaction, AEactivaﬁon, a.nd AGactivation ValUES f0r our designed

systems, in the absence and presence of DES. Unit kJ/mol.

Sn2 YF (step 1) YF (step 2)
Without ~ WithDES  Without =~ With DES  Without = With DES
DES DES DES
AE eaction -105.47 -68.98 16.95 27.66 -135.21 -96.64
AE ctivation 48.18 54.62 18.02 27.64 31.02 39.97
AGeaction -148.70 -81.29 26.81 36.73 -175.52 -118.02

AGgctivation 64.00 100.43 36.63 56.85 37.19 63.69
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Figure 7.3: Depiction of the Sy2 degradation mechanism for tetramethylammonium
head group segments in the (a) absence and (b) presence of DES.

These results align with previous research by Chempath et al. [89, 90], which
identified the Sy2 and YF mechanisms as key degradation pathways for
tetramethylammonium in the presence of OH" ions (Table 7.1, Figures 7.3, and Figure 7.4).
The lower activation energy barriers observed for the YF mechanism, especially in the

second step, suggest that this pathway may dominate in the absence of DES. When the



tetramethylammonium head group is supported by DES, a notable increase in activation

energy barriers is observed for both the Sy2 and YF mechanisms (Table 7.1, Figures 7.3, and
Figure 7.4).
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Figure 7.4: Depiction of the YF degradation mechanism for tetramethylammonium

head group segments in the (a) absence and (b) presence of DES.

The enhancement in stability provided by DES can be attributed to its interaction with
the tetramethylammonium head group, which likely alters the local electrostatic potential and
increases the energy barrier for degradation reactions. This stabilization effect is particularly
notable given the higher activation energy barriers observed for both degradation

mechanisms when DES is present. This suggests that DES can effectively mitigate the



degradation of tetramethylammonium head groups, thereby improving the chemical stability

of AEMs in alkaline media.

The increased stability of tetramethylammonium head groups in the presence of DES
has significant implications for the longevity and performance of AEMs, particularly in
alkaline environments. The higher activation energy barriers observed suggest that
incorporating DES into AEM systems could enhance their durability, making them more

effective for long-term applications such as fuel cells and other electrochemical devices.

Moreover, the insights gained from this study can guide the design of new DES-
supported systems with optimized stability profiles. By understanding the molecular
interactions and energy barriers involved, researchers can develop more robust materials
tailored to specific applications. Future work should focus on achieving quantitative
agreement with experimental data to further validate these findings and explore the potential
of DES in other contexts, such as improving the stability of different quaternary ammonium

head groups or in various electrochemical applications.

Our study underscores the potential of DES to enhance the chemical stability of
tetramethylammonium head groups. The results provide a foundation for further exploration
and optimization of DES-supported systems, with the goal of developing advanced materials
with superior stability and performance in alkaline environments. These findings not only
contribute to the understanding of degradation mechanisms in AEMs but also open new

avenues for the development of more durable and efficient materials for energy applications.

7.3.2 Results from ab initio MD simulations

7.3.2.1 Tetramethylammonium head group at different temperatures

In this section, our objective is to delve into the dynamics of bond-breaking events
within the tetramethylammonium head group in AEMs as OH" ions approach, with a focus on
potential Sy2 and YF reactions leading to methanol and trimethylammonium formation. Our
investigation spans temperatures of 298 K, 320 K, and 350 K, in both the absence and
presence of DES. Key attention is given to the bond distances for the C/N and H/C atoms of
the TMA head group, as depicted in Figure 7.5.

At 298 K and HL 3, the bond distance between the C and N atoms of the TMA head
group remains stable at approximately 1.5 A, regardless of DES presence, indicating the
absence of bond-breaking events conducive to Sy2 reactions (Figure 7.5a). However, the



bond distance between the H and C atoms increases significantly from 1.20 to 2.61 A without
DES, hinting at potential YF mechanism activation. Interestingly, DES presence maintains a
relatively constant bond distance around 1.10 A, suggesting DES's inhibitory effect on the YF

mechanism (Figure 7.5a).
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Figure 7.5: Bond distance between C and H atom of tetramethylammonium, and bond
distance between C and N atom of tetramethylammonium in the absence and presence of
DES at different temperatures ((a) 298 K, (b) 320 K, and (c) 350 K).

Moving to 320 K at HL 3, in the absence of DES, a notable increase in the C/N bond
distance to 6.3 A signals bond-breaking and potential Sy2 reaction initiation (Figure 7.5b).
Conversely, DES stabilizes the bond distance at approximately 1.55 A, indicating prevention
of bond-breaking events. Notably, the H/C bond distance remains consistent around 1.1 A,
irrespective of DES presence (Figures 7.5b, 7.5c), suggesting minimal YF mechanism

activity at this temperature.



At 350 K and HL 3, without DES, the C/N bond distance escalates to 6.56 A,
indicating bond-breaking events and Sy2 reaction potential (Figure 7.5c). In contrast, DES
maintains stability with a bond distance around 1.58 A. Similar to lower temperatures, the
H/C bond distance exhibits stability around 1.1 A in both DES absence and presence

(Figures 7.5b, 7.5¢), indicating minimal YF mechanism influence.

These findings underscore temperature's primary influence on degradation
mechanisms, with DES notably suppressing bond-breaking events and Sn2/YF reactions.
Lower temperatures favor the YF mechanism, while higher temperatures enhance Sy2
reaction likelihood. This study provides comprehensive insights into bond-breaking dynamics
within the TMA head group in AEMs, shedding light on potential Sy2 and YF reactions.

7.3.2.2 Tetramethylammonium head group at different hydration levels

This study delves into the occurrence of bond-breaking events within the
tetramethylammonium head group of AEMs as OH" ions approach, signaling potential Sy2
and YF reactions leading to methanol and trimethylammonium production. Our investigation
covers different HLs: HL 1, HL 3 (corresponding to AEMSs' operating conditions), and HL 5,
in both the absence and presence of DES. We focus on the bond distances for the C/N and
H/C atoms of the TMA head group to gauge the propensity for Sy2 and YF mechanism-

induced bond-breaking events, as depicted in Figure 7.6.

At HL 1 and a temperature of 298 K, the C/N bond distance of the TMA head group
remained remarkably stable at approximately 1.50 A, regardless of DES presence, suggesting
minimal bond-breaking events and Sy2 reaction potential (Figure 7.6a). However, the H/C
bond distance experienced a notable increase from 1.10 A to 2.12 A without DES, hinting at
potential YF activation. In contrast, DES presence maintained a stable bond distance around

1.10 A, indicating effective YF mechanism suppression (Figure 7.6a).

Similarly, at HL 3 and 298 K, the C/N bond distance remained stable, indicating
minimal Sy2 reaction potential under these conditions (Figure 7.6b). However, the H/C bond
distance increased to 2.61 A without DES, suggesting YF mechanism propensity, while DES
presence stabilized the bond distance at around 1.10 A, inhibiting the YF mechanism (Figure
7.6b).
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Figure 7.6: Bond distance between C and H atom of tetramethylammonium, and bond
distance between C and N atom of tetramethylammonium in the absence and presence of
DES at different temperatures ((a) HL 1, (b) HL 3, and (c) HL 5).

At HL 5 and 298 K, stable C/N bond distances were observed, signifying low Sy2
reaction likelihood (Figure 7.6¢). The H/C bond distance remained consistent around 1.1 A,
regardless of DES presence, indicating minimal YF mechanism activity at this HL and

temperature (Figure 7.6c¢).

Our investigation unveils insights into bond-breaking events in the TMA head group
of AEMs. At 298 K across various HLs, minimal bond-breaking events were observed,

translating to a low likelihood of Sn2 reactions. The YF mechanism, influenced by



temperature and DES presence, shows a greater potential at lower temperatures, effectively
suppressed by DES. At higher HLs, the YF mechanism remains subdued, irrespective of DES
presence.

7.3.2.3 QCS head group at different temperatures

The focus of this study is on understanding how the presence of DES affects these
intermolecular interactions with the QCS head group at various temperatures ranging from
298 K to 350 K. The research employs RDFs to quantify the proximity and strength of the
interactions between QCS nitrogen atoms and OH" ion oxygen atoms. Figure 7.6 displays the

RDF profiles, providing a visual representation of these interactions under different

conditions.
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Figure 7.7: RDFs for N atom of QCS with OH ion in the absence and presence of
the DES at the different temperatures including (a) 298 K, (b) 320 K, and (c) 350 K.



As seen in Figure 7.7, at 350 K, in the absence of DES, the RDF peak value of 29.49
at 4.10 A signifies a strong interaction between the oxygen of the OH" ion and the nitrogen
atom of QCS head groups. However, in the presence of DES, this peak value decreases to
16.88 at 4.90 A, indicating a slight increase in distance between the two species. This
suggests that DES may influence the proximity and strength of the interaction between QCS
head groups and OH" ions at higher temperatures. At 320 K, the RDF peak value without
DES reaches 32.49 at 3.90 A, indicating a more pronounced interaction compared to 350 K.
Conversely, in the presence of DES, the peak value decreases to 5.30 at 4.8 A and 20.68 at
5.3 A, suggesting a weakening of the interaction at moderate temperatures when DES is
involved. Further elevation of temperature to 298 K results in a significant increase in the
RDF peak value without DES, reaching 45.48 at 4.05 A. This indicates a stronger interaction
between QCS head groups and OH" ions at this temperatures. In contrast, the presence of
DES at 298 K leads to a peak value of 41.58 at 5.3 A, signifying a reduction in the strength of
the interaction compared to the absence of DES at the same temperature. These findings
highlight the complex interplay between temperature, DES presence, and the interaction
between QCS head groups and OH" ions. The results suggest that DES can modulate the
strength and distance of these intermolecular interactions of QCS head group based AEMs.
Overall, the study provides valuable insights into the molecular level mechanisms governing
the behavior of QCS-based AEM in the presence of DES.

Moreover, the study explores the influence of vehicular diffusion and Grotthuss
diffusion mechanisms on OH" ion diffusion, as depicted in Figures 7.8 and 7.9. These figures
provide a visual representation of these diffusion processes within AEMSs, specifically
highlighting the dynamics of OH" ions interacting with QCS head groups in the presence and
absence of DES.
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Figure 7.8: Snapshot of vehicular diffusion mechanism surrounding QCS head group in the
presence and absence of DES at various temperatures.
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Figure 7.9: Snapshot of Grotthuss diffusion mechanism surrounding QCS head group in the

presence and absence of DES at various temperatures.

In the absence of DES, it was observed that OH™ ions took approximately 3.20 ps to
reach the vicinity of QCS head groups and 1.84 ps to maneuver around them as can be seen
in Figure 7.8. This indicates a relatively slower diffusion process due to the absence of
facilitating solvent environment. Conversely, in the presence of DES, the time taken for OH
ions to reach QCS head groups reduced to 2.48 ps, and the time to move around them



decreased to 1.70 ps. This suggests that DES enhances the efficiency of OH ion diffusion by

reducing the time required for both reaching and maneuvering around QCS head groups.

The enhancement of OH" ion diffusion in the presence of DES can be attributed to the
unique molecular interactions within the DES system. Our DES is composed of one choline
chloride and two ethylene glycol molecules. The choline ion and the chloride ion create a
network of hydrogen bonds with ethylene glycol, forming a dynamic solvent environment
that facilitates ion mobility. In the DES system, the ethylene glycol molecules act as
hydrogen bond donors, creating a more fluidic environment around the OH" ions compared to
the more rigid structure of QCS alone. The hydrogen bonding network in DES not only
stabilizes the OH" ions but also reduces the energy barriers for ion movement, leading to a
faster diffusion process. Additionally, the choline ions may interact with the OH" ions
through weak electrostatic interactions, further enhancing their mobility. This combination of
hydrogen bonding and electrostatic interactions provides a pathway for easier and faster OH"
ion movement, thereby reducing the time required for the ions to reach and maneuver around
the QCS head groups.

Furthermore, Figure 7.9 delves into the proton hopping time, which is a key aspect of
Grotthuss diffusion. In the absence of DES, the proton hopping time was observed to be 2.28
ps, indicating a moderate rate of proton transfer within the membrane. However, in the
presence of DES, this time significantly decreased to 1.45 ps, highlighting the enhanced
diffusivity facilitated by DES molecules. These findings underscore the significant impact of
DES on improving OH" ion diffusion efficiency and enhancing proton hopping rates within
AEMs. The reduced times observed in the presence of DES suggest a more favorable
environment for ion transport, which is crucial for the development of efficient AEM for

various electrochemical applications.
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Figure 7.10: MSD vs. time curves and waiting time distribution histogram at different
temperatures ((a) 298 K, (b) 320 K, and (c) 350 K) for OH" ions for QCS head group in the
absence and presence of DES.

Next, the analysis focuses on understanding how temperature and the presence of
DES affect OH" ion diffusion and the initiation of Grotthuss diffusion mechanisms. From the
MSD curves (Figure D1-D6, Appendix D, Figure 7.10), it was observed that as the
temperature increased, the MSD values also rose, indicating greater OH™ ion mobility. At
lower temperatures (e.g., 298 K), the OH" ions exhibited a similar MSD trend regardless of
the presence or absence of DES. However, at higher temperatures, OH" ion mobility was
significantly greater in the presence of DES, as shown by the MSD vs. time curves. The

diffusion coefficients (Table 7.2) were calculated from the slope of the MSD curves in



Figure 7.10. The temperature-dependent diffusion coefficients of the OH" ion increased from
0.011 to 0.016 A2/ps in the absence of DES, and from 0.016 to 0.037 A2/ps in the presence of
DES. The diffusion coefficients of OH— ions from our ab initio MD simulations at different
temperatures were validated against literature values [34-37]. Reported diffusion coefficients
for OH— ions typically range from 0.004 to 0.042 A2/ps for temperatures between 298 and
350 K, and this agreement confirms the accuracy of our results. This demonstrates a clear
correlation between temperature and OH™ ion mobility. Higher temperatures increased the
kinetic energy of the molecules, causing the OH" ions to travel greater distances. These
results suggest that DES significantly enhances OH" ion diffusion, particularly at elevated
temperatures. The diffusion coefficients of OH ions from our ab initio MD simulations at
different temperatures were validated against literature values [34-37]. Reported diffusion
coefficients for OH™ ions typically range from 0.010 to 0.042 A2/ps for temperatures between

298 and 350 K, and this agreement confirms the accuracy of our results.

Table 7.2: Diffusion coefficients of OH" ions for DES supported QCS head groups of AEM
at the different temperatures.

Diffusion coefficient, Temperature values (K)

Alps, (SE) 298 K 320 K 350 K
Absence of the DES 0.011 (0.0002) 0.013 (0.0003) 0.016 (0.0004)
Presence of the DES 0.016 (0.0005) 0.018 (0.0007) 0.037 (0.0015)

Furthermore, the waiting time distribution histogram for proton hopping to initiate
Grotthuss diffusion is illustrated in Figure 7.10. The the waiting time decreased from 2 ps to
1.5 ps in the absence of DES, and from 2 ps to 1 ps in the presence of DES. These findings
suggest that DES facilitates the initiation of Grotthuss diffusion mechanisms by reducing the
waiting time for proton hopping. The temperature-dependent effects on proton hopping
further highlight the complex interplay between temperature, solvent environment, and OH’

ion dynamics within AEMs.

7.3.2.3 QCS head group at different hydration levels
Ab initio MD simulations, coupled with RDF analysis, were employed to delve into
intermolecular interactions of DES supported QCS head groups. The RDF profiles depicted

in Figure 7.11, present a comprehensive view of the distances between QCS nitrogen atoms



and OH" ion oxygen atoms at different HLs ranging from 1 to 5, both in the presence and
absence of DES.

50
(a) —e— Absence of DES
40 —— Presence of DES

30

>
20
10
0 PN
2 3 4 5 6 7
Distance (A)
50
(b) —e— Absence of DES
40 1 —— Presence of DES
3
=
20
10
0 . - . :
2 3 4 5 6 7
Distance (A)
50
C
( ) —e— Absence of DES
40 —— Presence of DES
30
>
20
10
0

2 3 4 5 6 7
Distance (A)

Figure 7.11: RDFs for N atom of QCS with OH ion in the absence and presence of the DES
at the different HLs including (a) HL 1 K, (b) HL 3, and (c) HL 5.

At HL 1, in the absence of DES, the RDF peak value of 37.50 at 3.15 A signifies a
strong interaction between the OH" ion oxygen and the nitrogen atom of QCS head groups.
However, with DES present, this peak value decreases to 31.01 at 5.10 A, indicating a

weakened interaction under the influence of DES at this hydration level.



Moving to HL 3, the RDF peak value without DES is 29.49 at 4.10 A, suggesting a
moderate interaction between QCS head groups and OH" ions. In contrast, with DES, the
peak value reduces to 16.88 at 4.90 A, indicating a significant decrease in the strength of
interaction compared to the absence of DES at this hydration level.

At HL 5, the RDF peak value in the absence of DES is 19.82 at 3.85 A, indicating a
relatively weaker interaction between QCS head groups and OH" ions compared to lower
hydration levels. Interestingly, in the presence of DES at HL 5, the peak value drops
substantially to 8.45 at 5.37 A, signifying a drastic reduction in the strength of interaction,
possibly due to the influence of DES molecules on the hydration environment and ion

interactions.

These results highlight the intricate relationship between HLs, DES presence, and the
nature of interactions between QCS head groups and OH" ions. The findings suggest that
higher HLs may lead to weaker interactions, and the presence of DES can further modulate

these intermolecular interactions.

Moreover, this study delves into the effects of vehicular diffusion and Grotthuss
diffusion mechanisms on OH" ion diffusion within AEMs, as highlighted in Figures 7.12 and
7.13. These figures offer a detailed representation of these diffusion processes and provide
additional insight into the dynamics of OH" ions interacting with QCS head groups,
particularly in the presence or absence of DES.

In the absence of DES, it was observed that OH" ions required approximately 3.76 ps
to reach the vicinity of QCS head groups and 2.40 ps to navigate around them. This indicates
a relatively slower diffusion process due to the absence of a facilitating solvent environment.
On the other hand, in the presence of DES, the time taken for OH" ions to reach QCS head
groups was reduced to 3.15 ps, with a corresponding decrease in the time required to move
around the head groups to 2.16 ps. This suggests that DES contributes to enhancing the
efficiency of OH" ion diffusion by reducing both the reaching time and maneuvering time
around QCS head groups.
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Figure 7.12: Snapshot of vehicular diffusion mechanism surrounding QCS head group in the

presence and absence of DES at various HLs.
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Figure 7.13: Snapshot of Grotthuss diffusion mechanism surrounding QCS head

group in the presence and absence of DES at various HLs.

Additionally, Figure 7.13 explores the proton hopping time, a critical aspect of
Grotthuss diffusion. In the absence of DES, the proton hopping time was observed to be 2.40



ps, indicating a moderate rate of proton transfer within the AEM. However, in the presence of
DES, this time significantly decreased to 1.64 ps, demonstrating the enhanced OH" ion

mobility facilitated by DES molecules.
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Figure 7.14: MSD vs. time curves and waiting time distribution histogram at different
HLs ((a) 298 K, (b) 320 K, and (c) 350 K) for OH" ions for QCS head group in the absence
and presence of DES.

From the MSD curves (Figure D7-D12, Appendix D, Figure 7.14), it was observed
that as the hydration level (HL) increased, the MSD values also rose, indicating enhanced
OH- ion diffusion. At lower HLs, such as HL 1 and 3, the OH- ions displayed a similar
diffusion trend regardless of the presence or absence of DES. However, at higher HLs,

particularly at HL 5, OH- ion diffusion was significantly greater in the presence of DES



compared to its absence. The diffusion coefficients (Table 7.3) were derived from the slopes
of the MSD curves in Figure 7.14. As HLs increased, the diffusion coefficients of the OH-
ion steadily rose from 0.006 to 0.015 A2/ps without DES, and from 0.012 to 0.042 A2/ps with
DES. This suggests that DES plays a key role in promoting OH- ion diffusion, especially at
higher hydration levels. The diffusion coefficients of OH ions from our ab initio MD
simulations at different HLs were validated against literature values [34-37]. Reported
diffusion coefficients for OH™ ions typically range from 0.004 to 0.069 A2/ps for different
HLs (HL < 6), and this agreement confirms the accuracy of our results.

Table 7.3: Diffusion coefficients of OH" ions for DES supported QCS head groups of
AEM at the different HLs.

Diffusion coefficient, HL values

A?Ips, (SE) 1 3 5
Absence of the DES 0.006 (0001) 0.011 (0.0002) 0.015 (0.004)
Presence of the DES 0.012 (0.002) 0.016 (0.0005) 0.042 (0.02)

Additionally, the waiting time distribution histogram for proton hopping to initiate
Grotthuss diffusion is depicted in Figure 7.14. Additionally, the waiting time distribution
histogram for proton hopping, which initiates Grotthuss diffusion, is shown in Figure 7.14.
The waiting time decreased from 3.5 ps to 1.5 ps in the absence of DES, and from 3to 1 ps in
the presence of DES.

These results highlight the significant impact of HLs and DES presence on OH" ion
vehicular diffusion and Grotthuss diffusion initiation. The enhanced diffusion and reduced
waiting times observed in the presence of DES at higher HLs suggest a synergistic effect
between the hydration environment and solvent properties in promoting efficient ion
transport within AEM.

In this research, it was discovered that the addition of DES enhanced the chemical
stability of head groups, as observed in DFT, and ab initio MD methods. Subsequent
investigations revealed that the inclusion of DES resulted in comparable diffusion patterns of
OH  ions across QCS head groups under varying HLs and temperatures, as observed in ab
initio MD methods. This finding is particularly intriguing, emphasizing the necessity for

future experimental validation, which is currently underway by our experimental group.



7.4. Conclusions

From this study, the following conclusions can be made:

e DFT and ab initio MD methods were implemented to study the YF, and Sn2 reaction
mechanisms within the DES supported tetramethylammonium head group at the
different HLs, temperatures, and the diffusion mechanism of OH" ion via QCS head
group supported by DES.

e DFT calculations of transition state (AEactivations AGactivations AEreaction, @Nd AGreaction) fOr
key degradation mechanisms, YF and Syn2, suggested that the presence of DES
enhances the stability of the tetramethylammonium head groups compared to systems
without DES.

e From the results of ab initio MD simulation, it was found that, in the absence of DES,
the Sy2 mechanism predominated at HL 3 and 310-350 K, while YF emerged as the
major degradation mechanism pathway at the various HLs, including 1 and 3 and 298
K.

e Ab initio MD simulation studies showed that the addition of DES improved the
chemical stability of head groups.

e |t was found that including DES led to compatible OH" ion diffusion across QCS head
groups at different HLs and temperatures, in comparison to situations without DES.

e This study underscores the importance of temperature, HL, and DES presence in
modulating the chemical stability behavior and diffusion of OH" ions within AEMs.

e These insights are invaluable for the design and optimization of AEM-based systems,
offering new avenues for enhancing their performance and stability in various

applications.



Chapter 8: Conclusion & outlook

8.1. Summary of main findings
The DFT, ab initio MD, and conventional all-atom MD methods were performed to
study the chemical stability, degradation mechanism of head groups, and OH" ion diffusion

via QCS head groups.

Regarding the DFT, ab initio MD, and conventional all-atom MD methods, the DFT
method is allowed us to understand Sy2/YF degradation mechanism for head groups of AEM
at the different HLs via calculating reaction energy, activation energy, and transition states.
Next, ab initio MD method allowed us to explore the chemical bond formation and breaking
events in AEM system to understand the Sn2/YF degradation mechanisms of QCS head
groups, and vehicular/Grotthuss diffusion mechanism of OH" ion via DES supported QCS
head group of AEM at the different HLs, and temperatures. Next, conventional all-atom MD
method allowed us to calculate diffusion coefficient for OH" ion diffusion around head

groups of AEM from MSD vs time plot.

Then, four different objectives were studied in this work as a four different parts.

Herein, the main findings can be summarized as follows for each part:

The first part was devoted to explore the effect of HLs on the chemical stability and
degradation mechanism of various QA head groups of AEM via DFT method. In this regard,
LUMO energy, AEreactions AGreactions AEactivation and AGgctivation Values indicated a trend of
increasing chemical stability as: (a) pyridinium < (b) 1,4-diazabicyclo [2.2.2] octane ~(c)
benzyltrimethylammonium < (d) n-methyl piperidinium ~ (e) guanidium < (f)
trimethylhexylammonium for HL 0. In addition, transition state calculations were performed
for the QA (c) and (f) head groups at different HLs ranging from 0 to 3. The results suggest
that the QA () head group exhibits higher chemical stability compared to QA (c) across these
HLs. These DFT results were consistent with experimental findings, offering crucial insights
into AEM degradation mechanism.

The second part was devoted to study the effect of HLs on the vehicular diffusion
mechanism of OH" ions via different QA head groups by conventional all-atom MD method.
Considering conventional all-atom MD simulations for various QA head groups, QA (c), and
() variations exhibited similar OH" ion vehicular diffusion coefficients from MSD vs time

curve at the varied HLs from 3 to 15. Higher water content was found to enhance OH" ion



mobility, emphasizing the importance of considering water content in QA (c), and (f) head

groups.

The third part was to study the chemical stability, degradation mechanism of QCS
head groups, and vehicular diffusion of OH" ions at various HLs and temperatures via DFT,
and conventional all-atom MD methods. As a result of the LUMO energy, AEeaction, AGreaction,
AEactivation and AGgctivaiion Values, QCS (A) exhibited greater chemical stability compared to
QCS (B) and QCS (C) at the HL 0, and 3. Next, from the results of conventional all-atom
MD simulations, the diffusion coefficients of MSD vs time curve revealed similar vehicular
diffusion behavior of OH" ions in different QCS systems at the different HLs, and

temperatures.

The last part was to understand the chemical stability, and degradation mechanism of
DES supported QCS head groups and vehicular/Grotthuss diffusion mechanisms of OH" ion
of AEM at different HLs, temperatures via DFT and ab initio MD methods. The DFT
calculations of transition state for key degradation mechanisms, YF and Sn2, suggested that
the presence of DES enhances the stability of the tetramethylammonium head groups
compared to systems without DES. Next, from the results of ab initio MD simulation, it was
found that, in the absence of DES, the Sy2 mechanism predominated at HL 3 and 310-350 K,
while YF emerged as the major degradation mechanism pathway at the various HLs,
including 1 and 3 and 298 K. Nevertheless, DFT calculations and ab initio MD simulation
studies showed that the addition of DES improved the chemical stability of head groups.
Later on, it was found that including DES led to compatible diffusion of OH" ions across
QCS head groups under different HLs and temperatures, in contrast to situations without
DES. This might be attributed to the reduced waiting time of the Grotthuss mechanism for
QCS head groups supported by DES, compared to those without such support.

In general, as it was hypothesized, multiple factors, such as various structures
of QCS head groups, HLs, and temperatures altered the degradation mechanism and
diffusion of OH" ions. Moreover, the addition of DES improved the chemical stability of head
groups of AEM at higher HLs, and lower temperatures. Addition of DES is also lead to
compatible vehicular/Grotthuss diffusion mechanisms of OH ions at higher HLs and

temperatures compared with absence of DES case, for QCS head groups.



8.2. Limitations of the present work

Based on the DFT, ab initio MD, and conventional all-atom MD works conducted in

the previous chapters, the following limitations can be mentioned:

The simulations in this work are based on monomers or oligomers rather than the
complete polymer structure. While this approach allows for detailed analysis at the
molecular level, it may not fully represent the complexities of the actual polymer
system.

The MD methods conducted in this study were performed under equilibrium
conditions. However, real AEMFCs operate under external voltage during operation,
leading to non-equilibrium states.

8.3. Recommendations and outlook

Based on the findings from the preceding chapters, the following recommendations

are suggested:

Based on the findings of this work, future research should focus on designing AEM
materials with enhanced chemical stability by carefully selecting and modifying head
group structures. Specifically, incorporating head groups with steric hindrance,
protective groups, higher LUMO energy, higher activation energies, lower reaction
energies, and increased hydration levels can significantly improve the chemical
stability of AEMSs. Additionally, the integration of DES has shown potential in
stabilizing head groups, even under varying hydration levels and temperatures. Future
material design should explore the synergy between DES and optimized quaternary
ammonium structures to develop AEMs with superior performance and durability
under alkaline conditions. Advancements in multiscale molecular modeling and
simulation techniques can further aid in predicting and tailoring these properties at the
molecular level, ultimately leading to the next generation of high-performance AEM
fuel cells.

The outcomes highlighted here consider the impact of various structure of head
groups, HLs, and temperatures on chemical stability and degradation mechanism of
QCS, diffusion of OH" ion using DFT, ab initio MD, and conventional all-atom MD
methods. Future research should delve deeper into the chemical stability of QCS head

groups, and diffusion of OH" ions, especially focusing on understanding the



mechanisms behind the observed differences in stability among various head group
structures, HLs, and temperatures.

Further possible experimental validations are needed to confirm the multiscale
molecular modeling and simulation findings. While computational modeling has
provided valuable insights, integrating experimental validation, especially regarding
ion transport and chemical stability, would enhance the reliability and applicability of
the findings. Collaborative efforts between computational and experimental
researchers can bridge the gap between micro- and real-world performances.
Investigating novel materials, such as alternative QCS structures or innovative
membrane compositions, could lead to advancements in AEM technology.
Computational screening methods coupled with experimental testing can identify
promising candidates for improved AEM performance.

Given the positive and compatible impact of DES on chemical stability and OH™ ion
diffusion observed in this study, further optimization and exploration of DES-
supported systems are warranted. Understanding the interaction mechanisms between
DES and AEM components can guide the design of more effective and stable
membrane materials.

Collaboration across disciplines, including materials science, computational
modeling, electrochemistry, and engineering, can foster innovative solutions and
accelerate the development of next-generation AEMFCs. Joint research efforts can

leverage diverse expertise to address complex challenges in AEM technology.
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Appendix A

Molecular Electrostatic Potential Maps (MEPS)
The MEPs for binding of OH" ion with different QA head groups are illustrated in
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Figure Al. Representation of MEPs for different QA head groups with OH" ion.

Initially, OH" ion was placed near trimethyl ammonium part of QA. It is important to

note that OH" ion interacts with trimethylammonium part of QA to stabilize the positive

charge (Figure Al).

Binding Energies
Eginging for OH™ ions with different QA head groups is illustrated in Figure A2 and

Table Al.
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Figure A2. Different QA head groups with OH" ion.

As depicted in Table Al, there is a noteworthy variation in the the AEginging among

various QA head groups when binding to OH" ions.



Table Al: The binding energies AEginging f QA with OH"ion, ABpinging = Eqa wit on —

(Ega + Egi)-

QA E(OH) E (QA) E (QA with OH)  AEpinding

(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
(8 —199431.16 —1466500.19  —1665964.27 —32.91
(c) —199431.16 —1169420.80  —1368875.34 —23.37
(f) —199431.16 —1685662.20  —1885115.30 —21.91
(d) —199431.16 —1475970.88  —1675419.33 —17.28
(e) —199431.16 —1766722.23  —1966162.29 —8.89
(b) —199431.16 —1618116.55 —1817554.88 —17.16

The values of energies and free energies for DFT calculation are

illustrated in Table

A2 and A3.

Table A2: Energy values for Sy2 degradation mechanism of QA (a)-(f). Unit: kJ/mol.

QA HL E(R1) E(R?) E(TS) E(P1) E(P2) E(P3)

@@ 0 -1466500.19  -199429.14  -1665901.36  -1362124.64  -303952.44 -

() 0 -1618116.55  -199429.14  -1817513.49  -906940.79 -910733.09 -
0 -1169446.34  -199429.14  -1368822.03  -910761.97 -458238.23 -

© L -1169446.34  -400248.63  -1569632.52  -910761.97 -458238.23  -200764.45
2 -1169446.34  -601059.62  -177043328  -910761.97 -458238.23  -401545.78
3 -1169446.34  -801864.08  -1971217.59  -910761.97 -458238.23  -602329.96

d 0 -1475026.77  -199429.14  -1674412.18  -910761.97 -763816.78 -

e 0 -1765546.15  -199429.14  -1964922.09  -910761.97  -1054335.46 -
0 -1685699.31  -199429.14  -1885054.44  -1427011.42  -458238.23 -

M L -1685699.31  -400248.63  -2085861.6  -1427011.42  -458238.23  -200764.45
2 -1685699.31  -601059.62  -2286662.47  -1427011.42  -458238.23  -401545.78
3 -1685699.31  -801864.08  -2487450.75  -1427011.42  -458238.23  -602329.96

Table A3: Free energy values for Sy2 degradation mechanism of QA (a)-(f). Unit: kJ/mol.

QA HL E(R1) E(R2) E(TS) E(P1) E(P2) E(P3)
(a) 0  -1465874.27  -109448.95  -1665281.15  -1361665.83  -303876.72 -
(b) 0  -1617332.27  -199448.95 -1816705.39  -906509.72 -910465.22 -

0  -1168905.64  -199448.95  -1368263.58  -910498.05  -457996.09 -
(@ 1 116890564 40022592  -1569027.47  -91049805  -457996.09  -200755.16

2 -1168905.64  -600989.69  -1769784.67  -910498.05  -457996.09  -401494.66

3 -1168905.64  -801747.98  -1970507.84  -910498.05  -457996.09  -602231.89
(d) 0  -1474925.89  -199448.95  -1674267.24  -910498.05  -764012.46 -
() 0  -1765136.78  -19944805  -1064450.27  -910498.05  -1054221.03 -

0  -1685005.72  -199448.95  -1884324.57  -1426590.37  -457996.09 -
) L 168522572 40022592 208531617  -1426590.37  -457996.09  -200755.16

2 -1685225.72  -600989.69  -2286068.68  -1426590.37  -457996.09  -401494.66

3 -1685225.72  -801747.98  -2486807.7  -1426590.37  -457996.09  -602231.89




Appendix B

The designed systems for conventional all-atom MD simulation are illustrated in
Table B1.

Table B1: Description for our designed systems at 298 K and 1 bar.

QA OH H,0O Number of  Box size (nm®)
atoms

@ 1 1 3 39 0.76x0.76x0.76
(b) 1 1 3 45 0.87x0.87x0.87
(©) 1 1 3 38 0.74x0.74x0.74
©) 1 1 9 56 1,08x1.08x1.08
(©) 1 1 15 74 1.15%1.15%1.15
©) 1 1 500 1529 2.46x2.46x2.46
(©) 5 5 15 190 1.55%1.55%1.55
(©) 5 5 45 280 1.62x1.62x1.62
(©) 5 5 75 370 1.73x1.73x1.73
(d) 1 1 3 45 0.87x0.87x0.87
(e) 1 1 3 49 0.95x0.95x0.95
R 1 1 3 53 1.05x1.05x1.05
)] 1 1 9 71 1.12x1.12x1.12
% 1 1 15 89 1.22x1.22%1.22
)] 1 1 500 1544 2.47x2.47x2.47
) 5 5 15 265 1.65x1.65x1.65
)] 5 5 45 355 1.72x1.72x1.72
(f) 5 5 75 445 1.84x1.84x1.84

Figures B1-B12 shows the MSD at the different HLs.
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Figure B1: MSD for 10 trials at the HL 3 for OH" ions around QA (c) of AEM.
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Figure B2: MSD for 10 at the HL 9 for OH" ions around QA (c) of AEM.
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Figure B3: MSD for 10 trials at the HL 15 for OH

“ions around QA (c) of AEM.
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Figure B4: MSD for 10 trials at the HL 3 for water around QA (c) of AEM.
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Figure B5: MSD for 10 trials at the HL 9 for water around QA (c) of AEM.
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Figure B6: MSD for 10 trials at the HL 15 for water around QA (c) of AEM.
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Figure B7: MSD for 10 trials at the HL 3 for OH" ions around QA (f) of AEM.
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Figure B8: MSD for 10 trials at the HL 9 for OH" ions around QA (f) of AEM.
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Figure B9: MSD for 10 trials at the HL 15 for OH" ions around QA (f) of AEM.
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Figure B10: MSD for 10 at the HL 3 for water around QA (f) of AEM.
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Figure B11: MSD for 10 trials at the HL 9 for water around QA (f) of AEM.
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Figure B12: MSD for 10 trials at the HL 15 for water around QA (f) of AEM.



Appendix C

The 2D representations for the Sy2 degradation mechanism of the QCS (A), QCS (B),
and QCS (C) were presented in Figures C1-C3.

The classical all-atom MD method setup was created by placing five QCS (labeled A-
C) and five negatively charged OH" ions, along with 15, 45, or 75 water molecules at 298 K,

as shown in Table C1.

A theoretical model

of QCS (A), (B), and (C) of AEM was established by using 5

QCS, 5 OH  ions, and 15 water molecules to study the impact of the temperatures from 298 K

to 350 K.
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Figure C1: 2D representation for Sy2 mechanism for QCS (A).
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Figure C2: 2D representation for Sy2 mechanism for QCS (B).
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Table C1: Designed systems for QCS based AEM at the different HLs, and temperatures.

AEM OH’ Water Number of atoms Box size
(A) 5 5 15 290 1.45x1.45%1.45 nm®
(A) 5 5 45 380 1.61x1.61x1.61 nm®
(A) 5 5 75 470 1.74x1.74x1.74 nm®
(B) 5 5 15 290 1.45x1.45%1.45 nm®
(B) 5 5 45 380 1.61x1.61x1.61 nm®
(B) 5 5 75 470 1.74x1.74x1.74 nm®
(C) 5 5 15 290 1.44x1.44x1.44 nm®
(C) 5 5 45 380 1.60x1.60%x1.60 nm®
(C) 5 5 75 470 1.73x1.73x1.73 nm®

Figure C4 shows the MEPs for the binding of QCS segments with OH" ions and the
charge distribution. The positive charge of the QCS segment was stabilized by placing OH"
ion near the nitrogen atom. The net charges of OH" ions and QCS segments are -1 and +1,
respectively. It is evident that OH" ions stabilize the positive charge of QCS of the AEM by

networking with the nitrogen atom.



WITH HYDROXIDE ION

Figure C4: Representation of molecular electrostatic potential maps for various QCS

segments, and their complexes with OH" ions.

Through three branched H-bonds between the OH" ion and the QCS of AEM, the OH’
ion was positioned close to the distinct QCS of AEM in the structures (Figure C5). As a
result, calculation of binding energy by B3LYP DFT was implemented to characterize the

OH ion diffusion process in AEMs (see Table C2 and Figure C5).

Table C2: Energy values for our designed systes at 298 K and 1 bar.

QCS E (OH) E (QA) E (QA with OH")  Epinging, kJ/mol
(A) -199432.19 -2716167.23 -2915620.89 -21.40
(B) -199432.19 -2716040.05 -2915495.66 -23.40
(©) -199432.19 -2518620.95 -2718076.76 -23.60

A 9
-
5 T < i
.,‘“ ) : : i o2 o%
. ﬁ/“ 3 z @ *.J\ @ )\?
] ) 'J ? J* . Jf
£ 9
8 Fan "0 3 o’
< oo ;T 7 8214
9 ‘9 ‘g 217A ‘4“ @204
& 12.86 A . 9. i/ 2104 2164
"xﬁl.%A e ., — 21.40 kJ/mol
L2 — 23.40 kJ/mol
— 23.60 kJ/mol

Various quaternary ammonium head groups with hydroxide ion

Figure C5: Complexes of three different QCS segments with OH" ions.



Table C2 and Figure C5 display the outcomes of the corresponding binding energy
with optimal structures for complexes of OH™ ions with the different QCS of AEM.

The values of total energies and free energies for our designed systems of AEM

studied by the DFT calculations are listed in Table C3, C4, C5 and C6.

Table C3: Energy values for our designed systems of AEM studied by the DFT calculations.

QCS E (R1) E (R2) E (TS) E (P1) E (P2)
(A) -2716186.58  -199432.19  -2915537.13 -2457504.02  -458238.23
(B) -2716037.74  -199432.19  -2915417.54 -2457362.32 -458238.23
(C) -2518618.59  -199432.19 -2717999.49 -2259945.49  -458238.23

Table C4: Free energy values for our designed systems of AEM studied by the DFT

calculations.

QCS G (R1) G (R2) G (TS) G (P1) G (P2)
(A) -2715551.06  -199448.95  -2914893.18 -2457230.85  -457996.09
(B) -2715392.23  -199448.95  -2914754.11 -2457027.48  -457996.09
(C) -2518082.53  -199448.95  -2717455.18 -2259691.43  -457996.09

Table C5: Energy values for our designed systems of AEM studied by the DFT calculations.

QCS E (R1) E (R2) E (TS) E (P1) E (P2) E (P3)
(A) -2716186.58 -801864.08 -3517891.91 -2457504.02 -458238.23 -602329.96
(B) -2716037.74  -801864.08 -3517790.24 -2457362.32 -458238.23 -602329.96
(C) -2518618.59  -801864.08 -3320373.26 -2259945.49  -458238.23 -602329.96

Table C6: Free energy values for our designed systems of AEM studied by the DFT

calculations.

QCs G (R1) G (R2) G (TS) G (P1) G (P2) G (P3)
(A) -2715551.06  -801747.98  -3517135.88  -2457230.85  -457996.09 -602231.89
(B) -2715392.23  -801747.98  -3517014.05 -2457027.48  -457996.09 -602231.89
(C) -2518082.53  -801747.98  -3319707.57 -2259691.43  -457996.09 -602231.89

The MSD for OH" ions and water at various QCS structures, at the different HLs, and

at the different temperatures are depicted in Figures C6-C41 below.
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Figure C7: MSD plot at the HL 9 for OH" ions around QCS (A) of AEM.

Figure C8: MSD plot at the HL 15 for OH" ions around QCS (A) of AEM.
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Figure C9: MSD plot at the HL 3 for OH" ions around QCS (B) of AEM.
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Figure C10: MSD plot at the HL 9 for OH" ions around QCS (B) of AEM.
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Figure C11: MSD plot at the HL 15 for OH" ions around QCS (B) of AEM.
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Figure C12: MSD plot at the HL 3 for OH" ions around QCS (C) of AEM.
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Figure C13: MSD plot at the HL 9 for OH" ions around QCS (C) of AEM.
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Figure C14: MSD plot at the HL 15 for OH" ions around QCS (C) of AEM.
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Figure C15: MSD plot at the HL 3 for water around QCS (A) of AEM.
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Figure C16: MSD plot at the HL 9 for water around QCS (A) of AEM.
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Figure C17: MSD plot at the HL 15 for water around QCS (A) of AEM.
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Figure C18: MSD plot at the HL 3 for water around QCS (B) of AEM.
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Figure C19: MSD plot and the trend line at the HL 9 for water in the presence of QCS (B) of

AEM.
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Figure C20: MSD plot at the HL 15 for water around QCS (B) of AEM.
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Figure C21: MSD plot at the HL 3 for water around QCS (C) of AEM.
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Figure C22: MSD plot at the HL 9 for water around QCS (C) of AEM.
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Figure C23: MSD plot at the HL 15 for water around QCS (C) of AEM.
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Figure C24: MSD plot at the HL 3 for OH" ions around QCS (A) of AEM at 298 K.
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Figure C25: MSD plot at the HL 3 for OH" ions around QCS (A) of AEM at the 330 K.
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Figure C26: MSD plot at the HL 3 for OH" ions around QCS (A) of AEM at the 350 K.
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Figure C27: MSD plot at the HL 3 for OH" ions around QCS (B) of AEM at the 298 K.

2.0
Average 330 K
10 trials
15 —— Best linear regression

MSD (nm?)
o

Time (ns)

Figure C28: MSD plot at the HL 3 for OH" ions around QCS (B) of AEM at the 330 K.
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Figure C29: MSD plot at the HL 3 for OH" ions around QCS (B) of AEM at the 350 K.
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Figure C30: MSD plot at the HL 3 for OH" ions around QCS (C) of AEM at the 298 K.
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Figure C31: MSD plot at the HL 3 for OH" ions around QCS (C) of AEM at the 330 K.
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Figure C32: MSD plot at the HL 3 for OH" ions around QCS (C) of AEM at the 350 K.
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Figure C33: MSD plot at the HL 3 for water around QCS (A) of AEM at the 298 K.
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Figure C34: MSD plot at the HL 3 for water around QCS (A) of AEM at the 330 K.
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Figure C35: MSD plot at the HL 3 for water around QCS (A) of AEM at the 350 K.
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Figure C36: MSD plot at the HL 3 for water around QCS (B) of AEM at the 298 K.
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Figure C37: MSD plot at the HL 3 for water around QCS (B) of AEM at the 330 K.
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Figure C38: MSD plot at the HL 3 for water around QCS (B) of AEM at the 350 K.
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Figure C39: MSD plot at the HL 3 for water around QCS (C) of AEM at the 298 K.
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Figure C40: MSD plot at the HL 3 for water around QCS (C) of AEM at the 330 K.
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Figure C41: MSD plot at the HL 3 for water around QCS (C) of AEM at 350 K



Appendix D

Ab initio MD simulation setup was created by placing one QA-based head group
(tetramethylammonium (TMA), and 2-hydroxy propyl trimethyl ammonium chitosan (QCS)) and
one negatively charged OH" ion, along with 1-5 water molecules at 298-350 K, in the absence
and presence of choline chloride (ChCI) and ethylene glycol (EGL) based DES as shown in
Table D1.

Namely, Table D1 presents a comprehensive overview of our designed systems, each
characterized by operating temperatures ranging from 298 K to 350 K. The systems include
tetramethylammonium (TMA) and Quaternary quaternized chitosan (QCS) in both pure forms
and when supported by Deep Eutectic Solvents (DES). The table outlines the composition of
each system in terms of the presence of head groups, hydroxide ions, water molecules, choline

chloride (ChCl), ethylene glycol (EGL), and the total number of atoms in the simulation.

Table D1: Description for our designed systems at 298-350 K.

AEM OH Water ChCl EGL #atoms T(K) Boxsize (nm®)
TMA 1 1 1 - - 22 298 0.67x0.67x0.67
TMA 1 1 1 1 2 64 298 0.90%x0.90x0.90
TMA 1 1 3 - - 28 298 0.75%0.75x0.75
TMA 1 1 3 1 2 70 298 0.92x0.92x0.92
TMA 1 1 5 - - 34 298 0.83%0.83x0.83
TMA 1 1 5 1 2 76 298 1.08x1.08%1.08
QCSs 1 1 1 - - 52 298 0.86x0.86x%0.86
QCSs 1 1 1 1 2 94 298 1.05x1.05%1.05
QCSs 1 1 3 - - 58 298 0.89%0.89x%0.89
QCSs 1 1 3 1 2 100 298 1.04x1.04x1.04
QCs 1 1 5 - - 64 298 0.97x0.97x0.97
QCs 1 1 5 1 2 106 298 1.12x1.12x1.12




Distinct configurations are presented for varying water content, demonstrating the
influence of hydration on the system. Furthermore, the inclusion of ChCl and EGL in DES-
supported systems indicates the role of these components in altering the system's characteristics.
The temperature parameter allows for a thorough examination of the systems' behavior under
different thermal conditions. This table serves as a valuable reference for understanding the
diverse compositions and conditions of the designed systems, offering insights into their

structural variations and potential applications in a range of environments.

Tables D2 and D3 provide energy values for our designed systems with DES supported
AEM, as determined through DFT calculations. The table presents various energy components,
including reaction energies (E(R1) and E(R2)), transition states, BSSE, and product energies
(E(P1) and E(P2). The negative and positive signs indicate the absence and presence of DES,

respectively.

Table D2: Energy values for our designed systems of DES supported AEM studied by the

DFT calculations.

(-) DES (+) DES
E (R1) -562666.04 -3844567.10
E (R2) -199429.14 -199429.14
E (TS1) -762064.38 -4043955.57
E (Interm(P1)) -561301.01 -3843204.12
E (Interm(P2)) -200764.45 -200764.45
E (TS2) -762036.01 -4043930.35
E (P1) -458238.23 -3740102.80
E (P2) -303962.42 -303962.42




Table D3: Energy values for our designed systems of DES supported AEM studied by the

DFT calculations.

(-) DES (+) DES
E (R1) -562666.04 -3844567.10
E (R2) -199429.14 -199429.14
E (TS) -762036.01 -4043930.35
E (P1) -458238.23 -3740102.80
E (P2) -303962.42 -303962.42

Tables D4 and D5 present the free energy values for the systems we designed with DES-

supported AEM, as obtained from DFT frequency calculations. These tables detail several free

energy components, including the reaction free energies, transition states, and product free

energies. The signs (negative and positive) denote the absence or presence of DES, respectively.

Table D4: Energy values for our designed systems of DES supported AEM studied by the

DFT calculations.

(-) DES (+) DES
G (R1) -562286.91 -3843096.68
G (R2) -199448.95 -199448.95
G (TS1) -761699.23 -4042428.79
G (Interm(P1)) -560952.15 -3841752.01
G (Interm(P2)) -200756.89 -200756.89
G (TS2) -761671.85 -4042445.21
G (P1) -457996.09 -3738738.45
G (P2) -303888.47 -303888.47




Table D5: Energy values for our designed systems of DES supported AEM studied by the

DFT calculations.

(-) DES (+) DES
G (R1) -562286.91 -3843096.68
G (R2) -199448.95 -199448.95
G (TS) -761671.85 -4042445.21
G (P1) -457996.09 -3738738.45
G (P2) -303888.47 -303888.47

Next, the MSD for OH" ions and water at various temperatures for QCS are depicted in
Figures D1-D6 below in the absence and presence of DES.
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Figure D1: MSD plot at the 298 K for OH" ions around QCS and absence of DES.
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Figure D2: MSD plot at the 298 K for OH" ions around QCS and presence of DES.
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Figure D3: MSD plot around at the 320 K for OH" ions around QCS and absence of DES.
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Figure D4: MSD plot at the 320 K for OH" ions around QCS and presence of DES.
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Figure D5: MSD plot at the 350 K for OH" ions around QCS and absence of DES.
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Figure D6: MSD plot at the 350 K for OH" ions around QCS and presence of DES.

Next, the MSD for OH" ions and water at various QCS structures, at the different HLs

are depicted in Figures D7-D12 below.
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Figure D7: MSD plot at the HL 1 for OH" ions around QCS and absence of DES.
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Figure D8: MSD plot at the HL 1 for OH" ions around QCS and presence of DES.
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Figure D9: MSD plot at the HL 3 for OH" ions around QCS and absence of DES.
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Figure D10: MSD plot at the HL 3 for OH" ions around QCS and presence of DES.
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Figure D11: MSD plot at the HL 5 for OH" ions around QCS and absence of DES.
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Figure D12: MSD plot at the HL 5 for OH" ions around QCS and presence of DES.



