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ABSTRACT

[bookmark: _Hlk530232169]Proton/ion transport and morphology of electrolytes continue to attract increasing interest in the field of energy conversion and storage. This dissertation concerns the utilization and development of multiscale modeling of morphology and proton/ion transport in various electrolytes for electrochemical systems including anion exchange membranes (AEMs), pure phosphoric acid (PA) and aqueous acid solutions, protic ionic liquids (PILs), polymerized ionic liquids (polyILs) and low molecular weight ionic liquids (ILs).
Mesoscale dissipative particle dynamics (DPD) simulations were used to study the hydrated morphology of polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS)-based AEMs. The results indicate that the choice of the functional group was found to moderately affect the distribution of water but have little influence on the structure of the backbone. The associated anion seemed to have a greater impact on the size of the exclusive water domains rather than the cationic groups.
The effect of the base on the proton transfer in PILs was explored by employing hybrid density functional theory (DFT) in conjunction with a continuum solvation model. Potential energy scans reveal that the bases with stronger proton affinity exert greater influence on the energetics of proton transfer between the individual PA molecules. However, the effects are minimal when shifted into a single-well from a double-well potential. Ab initio molecular dynamics (AIMD) simulations were performed to investigate the underlying mechanisms of proton transport in pure PA and aqueous acid solutions. The results demonstrate that protons move by surprisingly short jumps of only ~0.5-0.7 Å and these proton jumps are anticorrelated resulting in the suppression of conductivity. Furthermore, acid molecules play different roles in proton transport in their aqueous solutions in terms of molecular structures and acidity.
In addition, classical MD simulations were used to elucidate the ionic correlations in a series of polyILs and their corresponding ILs. The results of ILs show that relative ion mass has a strong effect on the distinct ion-ion correlations, leading to swapping of the relative amplitude of distinct cation-cation and anion-anion correlations. Ionic correlations and the mechanisms of ion transport in polyILs were systematically investigated to understand the effects of sidechain flexibility coupled with specific interactions. Dynamical heterogeneity and stringlike cooperative motion were observed in these polyILs. More importantly, distinct anion-anion correlation suppresses the conductivity in a barycentric reference frame, while this correlation enhances the conductivity under a polycation-fixed reference frame. The structural relaxation seems to serve as the primary ion transport mechanism in these systems. 
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[bookmark: _Toc158280131][bookmark: _Toc169883309]  Introduction
This chapter is based on the following publication:
· Zhu, Z; Paddison, S. J., Perspective: Morphology and ion transport in ion-containing polymers from multiscale modeling and simulations. Frontiers in Chemistry 2022, 10, 981508.
Electrolytes are the key component in energy conversion and storage devices, electrodialysis for water treatment, and solar-driven desalination, in which they selectively conduct ions but not electrons. Next-generation electrolyte materials are being developed for fuel cells, lithium batteries, electrolyzers, and other electrochemical devices.1-5 In fuel cells, a fuel such as: hydrogen, methane, or methanol is efficiently converted into electrical energy with the aid of catalysts with the typical byproduct being only water. This contrasts with solid-state Li-ion battery electrolytes where there must be no water present because of the reactive materials used in the electrodes. Thus, the presence of water is a crucial parameter in distinguishing the electrolytes suitable for fuel cells from those employed in some batteries. The specific systems of interest in this study are anion exchange membranes (AEMs), protic ionic liquids (PILs), pure phosphoric acid, aqueous acids, polymerized ionic liquids (polyILs) and low molecular weight ionic liquids (ILs).
[bookmark: _Toc158280132][bookmark: _Toc169883310]1.1 Anion Exchange Membrane Electrolytes
The AEM plays a crucial role in anion exchange membrane fuel cells (AEMFCs) and facilitates the transport of hydroxide ions and the separation of the fuels. AEMFCs provide a potential alternative to proton exchange membrane fuel cells (PEMFCs) whose limitation is the need of expensive noble metal catalyst in the acidic environments.6, 7 Although the facile oxygen reduction reaction under alkaline condition enables AEMFCs to utilize non-noble metal catalysts with high stability,8, 9 there are still challenges related to mechanical and chemical stablity under high pH conditions. Recent studies have achieved high hydroxide ion conductivity,7 the mechanisms of the ways to possess these high hydroxide conductivities are still not fully understood. 
In order to overcome the lower mobility of hydroxide ions in comparison to protons, extensive investigations were performed on the hydrated morphology of polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS)-based AEMs.10-13 The results indicated that the quaternary ammonium-functionalized SEBS AEMs phase separate into a functionalized polystyrene-rich phase and a hydrophobic phase. The water content clearly controls the morphology which evolves from perforated and interconnected lamella to perfect lamellae and then to disordered bicontinuous structures as the water content is increased.13 Reducing the functionalization and/or the percentage of styrene delays the formation of large interconnected water domains, but the increase in the styrene content facilitates the percolation to occur at a lower hydration level.10 An alkyl spacer (C4H8) grafted between the backbone and functional QA group as the linker, tail, and as both a linker and a tail strongly affect the morphology, the domain spacing of the hydrophilic phase, the distribution of the backbone-TMA+ distance, and the water clusters. Specifically, additional spacers may postpone the occurrence of a percolated water domain and thereby evenly distribute the water.12 In addition, the influence of the alkyl chain length, side-chain structure, hydrophilic and hydrophobic spacers, and distribution and aggregation of the side-chains on the microstructure of polyphenylene oxide tetramethylammonium (PPO-TMA) were also systematically explored with DPD simulations by Lee and coworkers.14-16
Recently, comb-shaped AEMs were reported to have excellent OH¯ conductivity due to enhanced nanophase separation.17-21 The construction of ion clusters and well-defined OH¯ channels was investigated to enhance the conductivity.22, 23 Chemical stability is another key challenge, which has also attracted significant research. Functional cationic groups such as ammonium, phosphonium, and imidazolium have been widely studied as the degradation of AEMs is generally initiated around the functional groups.24-27 Recent studies pointed out that chemical degradation of pendant cationic groups significantly increases under a combination of alkaline and low hydration environment in AEMs.28-30 
Multiscale simulations may provide further insight into the nanophase separation, transport mechanisms, formation of ion and water clusters and extended domains (e.g. channels), the structure of solvated hydroxide ions, correlation between ions/molecules, and the stability of AEMs. Several quantum mechanical density functional theory (DFT) studies of the pathways of attack by hydroxide ions have elucidated possible directions for improving the stability of the backbones and the functional groups.31-33 Recently, AIMD simulations were undertaken to elucidate the mechanisms of hydroxide ion transport in the hydrated AEMs.34 van Duin et al.35 investigated the effect of the hydration level on membrane swelling, structure, and hydroxide ion transport of AEMs with different pendant side chains to the functional group utilizing reactive force-field (ReaxFF) molecular dynamics. Here we continue our studies of the nanophase separation (hydrophilic/hydrophobic) and hydrated morphology of AEMs with dissipative particle dynamics (DPD) simulations because of the computational efficiency and relatively long accessible length and time scales.13, 36-41
[bookmark: _Toc158280133][bookmark: _Toc169883311]1.2 Protic Ionic Liquid Electrolytes
Protic ionic liquids (PILs) are typically the combination of Brønsted-Lowry acids and bases.42, 43 Their promising properties, including high thermal and electrochemical stability, low vapor pressure, high open circuit voltage and efficiency, have driven PILs to become favorable anhydrous electrolytes used in fuel cells.44-46 Thus, significant efforts have been devoted to investigating the transport properties and potential uses of PILs from fuel cells to environmentally friendly organic synthesis, and various bio-related applications.47-49
There are two main types of proton transport mechanisms: (1) vehicular in which a molecular entity ‘carries’ the excess positive charge (Figure 1.1a); and (2) structural diffusion where protons move by being transferred through the connected hydrogen bond network through a change in the identity of the protons (Figure 1.1b).50-55 The second one may be chain-like (similar to the original Grotthuss idea) where charge moves by collective hopping of protons within the hydrogen bond network (Figure 1.1c). The high efficiency of the latter is generally viewed to be the principal reason for the high proton conductivity in neat phosphoric acid and high diffusivity in slightly acidic water.56-64 Several experimental investigations have been undertaken to elucidate the mechanisms of proton transport in PILs. Hoarfrost and coworkers65 found that the proton conductivity was enhanced by the proton hopping as well as the long-range transport in the PIL imidazolium bis(trifluoromethylsulfonyl)imide through pulsed-field 
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[bookmark: _Ref159521918][bookmark: _Toc169883473]Figure 1.1. Schematic representation of: (a) the vehicular mechanism; (b) proton hopping mechanism; and (c) collective chain-like proton transport (Grotthuss-like) mechanism, where charge moves much longer distance than individual proton hops. Taken from ref. 47.


gradient NMR and quasi-elastic neutron scattering techniques. Kreuer et al.66 compared the experimentally measured self-diffusion coefficient of protons with that obtained using the Nernst-Einstein relation in three imidazole doped systems. They attributed the greatest contribution to the structural diffusion of the proton. Generally, it is expected that the chemical structure and orientation of the Brønsted-Lowry acid-base pair is responsible for the formation of hydrogen bond networks that facilitates fast proton diffusivity in a PIL.52, 67 However, in many cases the proton is transferred from an acid to a base, and a vehicular mechanism dominates. This is not the case for lidocaine-PA mixtures with the proton conductivity remaining rather high even in a glassy state, where molecular (vehicular) diffusion is frozen.68 This raises the question of whether choosing the right acid-base pair can lead to a decrease in the energy barrier for proton transfer and then would lead to exceptionally high proton conductivity in PILs.
Recently, AIMD simulations were performed on pure PA providing the first molecular-level insight into the proton transport mechanism of this important material.58, 67 The simulations revealed a collective chain-like mechanism for proton transport. To determine the average length of an extended ‘Grotthuss’ chain and the average time interval for each step in the chain formation, a correlation function that specifies the probability of correlation between two proton transfer events separated by n hydrogen bonds in a chain was introduced.58, 69 This correlation function was able to help extract information concerning hydrogen bond networks and the probability of correlated proton transfer events instantaneously or within a certain response time. The analysis showed that the presence of an imidazole base does not affect instantaneously proton transfer but reduces the overall connectivity in the hydrogen bonding.69 Additionally, a statistical mechanical theory of proton transport kinetics in hydrogen-bonded networks based on population correlation functions was developed by Tuckerman et al.,52 which establishes direct links between the solvation structure, the kinetics of charge transfer, and the mechanism of structural diffusion. This theory has been successfully applied to many systems in which proton transfer reactions occur.52, 70-74
To advance a molecular-level understanding of proton transport in a PIL, electronic structure calculations and AIMD simulations were utilized to elucidate the proton transfer, hydrogen bond networks, and mechanisms of proton transport in a select series of PILs, pure PA, and aqueous acid solutions. 
[bookmark: _Toc158280134][bookmark: _Toc169883312]1.3 Polymerized Ionic Liquid Electrolytes
PolyILs, in which each repeating unit may be charged as opposed to ionomers that contain a relatively small percentage of charged units, are promising alternatives to organic liquid-based electrolytes that are toxic, flammable, and have a limited electrochemical stability window, due to their generally good mechanical stability, flexibility, improved safety, and durability.75-77 However, it remains challenging to enhance the ion conductivity of polyILs to a sufficient degree for electrochemical applications due to the sluggish local dynamics of the polymer chains, low dielectric constant, and small fraction of mobile ions in this class of materials.78, 79 Hence, the development of next-generation of materials exhibiting superior properties strongly relies on seeking a fundamental understanding of the role of molecular structure, morphology, and ion dynamics in charge transport.
Recently, classical MD simulations were performed on the poly(ethyl vinyl imidazolium) with various anions providing the molecular-level insight into the ion transport mechanism of the materials (Figure 1.2).50, 80-82 Hopping events are categorized based on the association status of the anion with cations. The definitions are as follows80, 81: Type 1 intra-chain: the anion associates with different cationic groups but the same polymer chain before and after the sampling time; Type 2 inter-chain: the anion changes its association with different cationic groups and polymer chains; Type 3 free: hopping involves non-associated anions; Type 4 intact: the anion remains associating with the same cation groups. The association of anion – cation is determined by the cutoff distance which is the first local minimum of the anion – cation radial distribution function. The probabilities of the hopping types are quantified at different temperatures in Figure 1.2b, and at 460 K for various anions in Figure 1.2c. The results indicate that 40-50% of the anions are just rattling (type 4) within the ‘cage’ formed by the neighboring cationic groups. Increasing the temperature reduces the number of type 4 events (shown in Figure 1.2b). In view of the effect of the anions, BF4− and PF6− have more hopping events than 
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[bookmark: _Ref159521840][bookmark: _Toc169883474]Figure 1.2. (a) The categorization of the types in ion hopping events. (b) The occurrence probabilities of the four hopping types from MD simulations of a polyIL at various temperatures. (c) The occurrence probabilities of the four hopping types at 460K for different anions. Taken from Refs.83


Tf2N− and Br−. Additionally, string-like cooperative motion of the mobile anion has been applied to these polyIL systems80, 81 successfully, which could characterize the correlated hopping mechanism in these ion-containing materials.
Regardless of the ion transport mechanism, another indicator that shows the difference between ion transport and ionic conductivity is the inverse Haven ratio, , in which  is the self-diffusivity typically measured by NMR without including all the ionic correlation terms, whereas  the diffusivity derived from impedance spectroscopy using the Nernst-Einstein (NE) equation.84-87 In ILs, an  is explained by the movement of the cation-anion pairs that contribute to ion diffusion, but not to conductivity. However, this explanation was challenged by results from atomistic MD simulations.88 Further experimental studies of polyILs revealed that the major mechanism suppressing ionic conductivity is due to the strongly correlated movement of mobile ions of like charge.89 Recently, simulations of ILs and polyILs with various degrees of polymerization (N) revealed that the strong distinct correlations between neighboring cations in the backbone of polyILs lead to distinct cation-cation diffusivity that is larger than the self-diffusivity of cations in magnitude and independent of N at larger N.90 Hence, the inverse Haven ratio shows a maximum at N = 3. Moreover, the authors demonstrated that the ideal transference numbers decrease with increasing N for large N due to the cationic contribution to the conductivity, which challenges the notion that pure polyILs are single-ion conductors. Shen and Hall studied the effects of ion-polymer and ion-ion interactions on the correlation of anion and cation motions by modeling salt-doped homopolymers and block copolymers.91 The authors found that the increase of ion-monomer interactions gave rise to competing diffusion and ion correlation effects at low salt concentrations and progressively suppressed the conductivity with increasing salt concentration. The stronger ion-ion interactions reduce ion conductivity without being affected by ion concentration.91 It is worth noting that ion-ion correlations reduce the ionic conductivity in these systems due to a seemingly correlated backflow of ions (Figure 1.3a), but enhance the conductivity in superionic ceramics with charge displacement exceeding that of the ions (Figure 1.3b). We would emphasize that one potential strategy is to turn negative ion-ion 
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[bookmark: _Ref159521792][bookmark: _Toc169883475]Figure 1.3. Schematic representation of: (a) the negative cation-cation correlations, in which charge transport short distance due to a correlated backflow of cations; and (b) positive cation-cation correlations that enhance conductivity, where charge moves much longer distance than individual cation hops. Taken from Ref. 75.


correlation into positive by tailoring the structure of ion channels and the specific interactions between the ions and lattice, but it remains a puzzle why these correlations enhance conductivity in superionic ceramics but strongly suppress ionic conductivity in polyILs. 
To further develop a fundamental molecular-level understanding of the chemical and structural aspects that control ion transport in polyILs, extensive classical MD simulations are required to elucidate the role of the molecular geometry of mobile ions, pendant functional groups, electrostatic interactions, and ionic correlations in the transport of charge, which will lead to the development of novel materials exhibiting superionic conductivity. The Onsager transport theory can readily be adopted to quantify the effect of strong dynamical correlations on the ionic conductivity in these concentrated ionic systems, which has been highlighted in recently published papers.92
[bookmark: _Toc158280135][bookmark: _Toc169883313]1.4 Research Overview
The main goal of the research performed in this dissertation is to develop a fundamental understanding of the interplay between molecular structure and ion transport within a broad range of electrolytes applied for clean energy technologies. Multiscale modeling and simulations were utilized to provide molecular insight into the structural and dynamical properties of these materials.
[bookmark: _Toc158280136][bookmark: _Toc169883314]1.4.1 Morphologies of AEMs
The triblock copolymer polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) is one of the promising backbones for the durable AEMs.31, 93 The performance of AEMs is influenced by a variety of tunable factors, including: the functionalized end-groups; composition of block copolymers; polarity and rigidity of polymer backbones; molecular weight; conformational asymmetry; etc. Such factors provide an opportunity to tailor the structural and dynamical properties of the materials, although they bring challenges to identifying broadly applicable design rules.
Chapter 3 seeks to understand the impact of the choice of the cationic group on the morphology over a broad range of hydration level as well as the effect of associated anions (OH¯, Cl¯, and Br¯) using mesoscale DPD simulations of SEBS-based AEMs. In addition, the effects of carbonate counter anions due to the carbonation process were also investigated to better understand the change in the morphology of AEMs during the operation of AEMFCs under ambient air.
[bookmark: _Toc158280137][bookmark: _Toc169883315]1.4.2 Proton transfer in PILs
Recent studies68, 94 revealed exceptionally strong decoupling of proton conductivity from viscosity in a mixture of lidocaine (LDC) with phosphoric acid (PA). Proton conductivity in this mixture even exceeds that of phosphoric acid at a similar viscosity. Both LDC and PA possess proton donor and acceptor sites, which is of central importance in establishing a hydrogen bond network with efficient proton transport. For comparison, trimethylammonium has only one proton acceptor site, and its mixture with H2PO4‒ has significantly lower conductivity than LDC with PA at the same viscosity.68 Hence, it is necessary to develop a fundamental molecular-level understanding of the chemical and structural aspects that control proton transfer in these PILs.
Electronic structure calculations were performed on systems of PA paired with trimethylamine (TMA), imidazole (IMI), lidocaine (LDC), and creatinine (CRT) to elucidate the role of molecular geometry, number of proton donor and acceptor sites, and hydrogen bonds participating in the transfer of protons within a select series of PILs (Figure 1.4), which would lead to the development of novel materials exhibiting superionic conductivity.
[bookmark: _Toc158280138][bookmark: _Toc169883316]1.4.3 Proton transport in pure and aqueous acids
The ‘Grotthuss’ chain-like mechanism has been elucidated in liquid PA using AIMD simulation.58 Theoretically, this mechanism enhances the conductivity. But the inverse Haven ratio is ~0.5 in these systems, which cannot be explained by a Grotthuss chain-like mechanism. This provoked the question: is there another proton transport mechanism dominating the proton conduction in these systems?
Moreover, acids play an important role in electrolytes by either reacting with a base to form PILs or being tethered to a polymer backbone to form a PEM. The acid strength controls the local environment of proton transfer as well as the long-range proton transport, suggesting that the dominant proton transport mechanism may vary with the strength of the acid. In addition, 
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[bookmark: _Ref159521767][bookmark: _Toc169883476]Figure 1.4. Chemical structures of four bases and PA molecules that are used to synthesize PILs.


the role of water molecules in these aqueous solutions is crucial in proton diffusion. 
Chapter 5 focuses on these factors to elucidate the molecular-level proton transport mechanisms, which will also help understand proton transport in PEMs. To this end, AIMD simulations were performed on pure phosphoric acid and a series of aqueous acid systems (Figure 1.5) to gain molecular-level understanding of the mechanisms underlying proton transport including vehicular and structural diffusion. 
[bookmark: _Toc158280139][bookmark: _Toc169883317]1.4.4 Ionic correlations in ILs and polyILs
Ionic correlations and the mechanism of ion transport in polyILs and corresponding ILs were systematically studied by varying the molecular chemistry of the cation and the anion with the aid of classical MD simulations.
To verify the role of momentum conservation and its potential dissipation by the matrix, we used PMMA attached with imidazolium and vary the side-chain length. This strongly enhances local mobility of the imidazolium and should enable dissipation of momentum. If conservation of momentum is indeed an important factor, this larger local mobility of the polymerized cation might reduce mobile anion correlation.
We hypothesize that immobilization of one of the ions in the polymers leads to a significant increase in negative correlations in the dynamics of the mobile ions. To verify this hypothesis, we used a polymethylmethacrylate (PMMA) based backbone with attached imidazolium cations and mobile anions (Figure 1.6 left). TFSI-, PF6-, BF4-, and Br- are selected as the anions. The analysis of ionic correlations in both ILs and polyILs systems at different temperatures revealed that the temperature dependence of H-1 in polyILs is similar to ILs. We also investigated the effect of side-chain flexibility of polyILs on ionic correlations by changing the side-chain length n. In addition, electrostatic interaction is a key factor in tuning ionic correlations in concentrated ionic systems. The role of electrostatic interactions was investigated by changing the dielectric constant of the simulated systems. To elucidate the role of strong disparity, the same PMMA-based backbone with attached TFSI and mobile imidazolium (Figure 1.6 right) were utilized to compared with the results above, Chapter 7 presents these results, providing insight into the design of advanced polymer electrolytes.
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[bookmark: _Ref169879470][bookmark: _Toc169883477]Figure 1.5. Chemical structures of (a) phosphoric acid (PA), (b) sulfuric acid (SA), (c) nitric acid (NA), and (d) water (W). The pKa values for these acids are 2.1, ‒3, and ‒1.4, respectively.
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[bookmark: _Ref169879511][bookmark: _Toc169883478]Figure 1.6. Chemical structures of the polymethylmethacrylate (PMMA) with attached imidazolium cation and its mobile anions (left), and PMMA with attached TFSI anion and its mobile 1-butyl-3-methylimidazolium (right).


[bookmark: _Toc158280140][bookmark: _Toc169883318]  Methods
This chapter is based on the following publication:
· Zhu, Z; Luo, X; Paddison, S. J., Coarse-grained modeling of ion-containing polymers. Chemical Reviews 2022, 122, 10710-10745.
Modeling and simulations have been widely used as powerful and robust tools in conjunction with experimental techniques to elucidate important information on these electrolytes and guide further experimental directions with the purpose of enhancing our understanding of morphology formation and ion transport mechanisms as well as the development of improved materials for electrochemical applications.77, 95 Given the complex morphological and dynamic behavior of these electrolytes, multiscale approaches are required to describe characteristics over a wide range of temporal and spatial scales. Quantum mechanical calculations and ab initio molecular dynamics (AIMD) simulations are regarded as highly accurate methods to gain information on the static and dynamic properties allowing for both the electronic and nuclear degrees of freedom, which are critical when studying proton/hydroxide ion diffusion since the associated proton transfer involves the breaking and forming of covalent bonds. However, the use of AIMD simulation is limited to access small time and length scales. When dealing with nonreactive systems such as polyILs, classical MD simulations are suitable in investigating the structure and ion transport at time scales up to microseconds. Although classical MD simulations are capable of predicting transport phenomena and structures within a small region, due to the limitations of time (< 1 ) and length (< 10 nm) scales, coarse-grained MD and dissipative particle dynamics (DPD) simulations are widely utilized in modeling phase separations within membranes that typically require large length scale of 10 – 200 nm.95 
[bookmark: _Toc158280141][bookmark: _Toc169883319]2.1 Quantum Chemical Calculations 
Quantum chemical calculations are used to determine molecular cluster structure, interactions between molecular fragments, formation of hydrogen bonds, proton dissociation and transfer in electrolytes. The quantum chemistry aims to solve the time-independent Schrödinger equation:

where  is the Hamiltonian operator,  is the wave function/eigenfunction, and  is the energy/eigenvalue. The Hamiltonian is simply defined as the sum of the kinetic and potential energies of all electrons and nuclei:

Here  and  represent the operators of kinetic and potential energies respectively and the subscripts e and n refer to electron and nucleus, respectively. The operators , , and  represent the electron-electron, nucleus-nucleus, and nucleus-electron interactions, respectively. The explicit form in atomic units for  electrons and  nuclei is:

where i and j denote to electrons, k and l denote to nuclei,  is the ratio of the mass of the kth nucleus to the mass of an electron,  is the Laplacian operator, Z is the atomic number of the nucleus, and  is the inter-particle distance.
The Born-Oppenheimer (B-O) approximation was made based on the fact that the nuclei are much heavier than electrons by three orders of magnitude, which allows treating the nuclei as fixed in calculating electronic structure. Consequently, the Hamiltonian can be simplified as:

where,  is the electronic Hamiltonian in which the electron-electron interactions cannot be solved exactly except for the hydrogen molecule. Thus, a variety of approximations are made, although we will briefly describe the Hartee-Fock (HF) approximation and density functional theory that are widely used in this study.
[bookmark: _Toc158280142][bookmark: _Toc169883320]2.1.1 Hartree-Fock Method
Under the HF approximation, it is assumed that each electron moves in an orbital within the mean field generated by all other electrons. To satisfy the requirements of antisymmetry, the trial wave function is expressed as a Slater determinant (SD) with orthonormal spin orbitals. The optimum wave function is obtained by variationally minimizing the energy. Consequently, we gain the HF equation for an arbitrary electron:

where  is the orbital energy and  is the Fock operator that is defined as:

The first term of the Fock operator is the sum of the kinetic energy operator for an electron and its interaction with all the nuclei. The second term describes electron-electron repulsion, and the third term is exchange operator. The HF equation can be solved through the self-consistent field (SCF) method. Because HF theory lacks the description of the electron correlation, several post HF methods have been introduced.
[bookmark: _Toc158280143][bookmark: _Toc169883321]2.1.2 Density functional theory
DFT has been widely used to determine the ground state energy from the molecular electron probability density rather than the wave function. This dramatically decreases the number of variables from 3N spatial and N spin coordinates to only 3 spatial coordinates. 
The central KS DFT equations are developed based on the existence theorem and the variational theorem96:

where  and  are the Kohn-Sham orbitals and orbital energy, respectively. The operator  is the one-electron KS Hamiltonian defined as:

The term  is the functional derivative as:

where  is the exchange-correlation potential and the density is . The KS equations are solved iteratively, similar to the SCF method in HF method. Because the exact  functional form is unknown. Some approximations are made such as the local density approximation (LDA), the generalized gradient approximation (GGA), and the hybrid functional. One hybrid functional widely used in this study is B3LYP.97
[bookmark: _Toc158280144][bookmark: _Toc169883322]2.2 Ab Initio Molecular Dynamics (AIMD)
There are various AIMD techniques, we will only briefly discuss Car-Parrinello approach that is used in our study. In Car-Parrinello molecular dynamics (CPMD),98, 99 ionic dynamics could be run in parallel with fictitious electronic dynamics via the following Lagrangian:

This Lagrangian constrained with the orthonormality conditions leads to the following equations of motion:


where  and  are the atom mass and position, respectively.  and  are the KS orbitals and fictitious mass parameter, respectively. The KS energy is evaluated by the minimum with respect to the K-S orbitals of the energy functional. Once the minimum is obtained, the forces on the nuclei follow from the gradient of the energy with respect to the nuclear coordinates. With these forces nuclear dynamics can be advanced to the next time step.
[bookmark: _Toc158280145][bookmark: _Toc169883323]2.3 Classical Molecular Dynamics (MD)
Compared with AIMD, the interactions between atoms in classical MD are obtained from potential functions, which can be parametrized by fitting to the potential energy surface of electronic structure calculations or experimental data. The functional form of the force-field for the classical molecular dynamics is given by
             (2.13)
where , , , and  are the force constants for bond, angle, dihedral, and improper terms, respectively. , , , and  denote the equilibrium values. The last two terms define Lennard-Jones and electrostatic interactions. In our simulations, the parameters are obtained from the General AMBER force field (GAFF)100 and the partial charge on each atom is calculated through the restrained electrostatic potential (RESP) algorithm based on electronic structure results. The deficiency of this scheme is the difficulty in allowing for polarization effects, which is resolved by either developing a computationally expensive polarizable force field101 or simply scaling the full charges by some fraction. The latter was recently proven to be capable of capturing polarizability effects on both structural and dynamic properties of polyILs based on the comparison of the results obtained from the scaled partial charge force field and the Drude oscillator polarizable force field.102
[bookmark: _Toc158280146][bookmark: _Toc169883324]2.4 Dissipative Particle Dynamics (DPD) 
The development of DPD can be traced back to the 1990s, when Hoogerbrugge103, Espanol104-106 and Avalos107 first introduced the methodology. In 1997, Groot and Warren summarized the DPD method with an applicable algorithm and a case study of water, making DPD an applicable technique for simulations.108 DPD has been successfully utilized for polymers and membranes.109-118 This proposal briefly presents the original DPD method. A complete description of the theory can be found in Groot and Warren108, Espanol and Warren119, and Santo and Neimark.120
The DPD model groups several atoms into a particle (i.e., ‘bead’). The dynamics of the DPD particles are governed by Newton’s law, but the mass of all particles is treated as unity because the coarse graining in a DPD simulation requires the particles have similar sizes and masses:

where ri, vi, and fi are the position, velocity, and net force of the ith particle, respectively. The net force consists of three non-bonded pairwise interactions of conservative (), dissipative (), and random () forces, and additional bonded interaction :




The forces are unitless (i.e., in LJ units), where the conservative force has a cutoff rc = 1 that  is linear to the distance of the two beads inside rc but vanishes if the two beads are farther apart. The parameter aij denotes the interaction of the two beads, which is material specific and is typically determined for each pair of beads. rij=  is the distance between each pair of beads. The unit vector  points towards the centers of the ith and jth beads and the relative velocity  are defined as  and , respectively. In the dissipative and random forces  and , the dissipation constant, γij, and the noise amplitude, σij, are related by  which functions as a thermostat dictated by the fluctuation-dissipation theorem.105 Practically, the dissipation constant and the noise amplitude typically have values of 4.5 and 3 with the dimensionless temperature kbT = 1, and ξij is a uniform random number with zero mean and unit variance. The bonded force, , describes the polymer chains in which the particles or beads are connected by covalent bonds, and the angle constraints are applied to the consecutive bonds in order to control chain flexibility.121, 122 In order to reproduce specific properties, a DPD model can be further modified to include additional interactions, such as explicit coulombic interactions,121, 123 proton and hydroxide ion transport,15, 124, 125 and the entanglement of polymer chains.126-128 
For DPD simulations of ion-containing polymers, the reliability depends on the interaction of two beads as well as the mapping of atomic groups to a single bead. A novel ab initio-based method developed by Fatemeh and Paddison is used, in which the electrostatic interaction and the chemical specificity in the ion-containing polymers are implicitly considered.129 


[bookmark: _Toc158280147][bookmark: _Toc169883325]  Morphology of Anion Exchange Membrane
This chapter is based on the following publication:
· Zhu, Z; Luo, X; Paddison, S. J., DPD simulations of anion exchange membranes functionalized with various cationic groups and associated anions. Solid State Ionics 2019, 340, 115011.
This chapter presents the mesoscale dissipative particle dynamics (DPD) simulations of AEMs based on the triblock copolymer polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS), which can be readily functionalized with different cationic groups. The coexisting anion, due to the possibility of different routes of synthesis, can also be varied. The hydrated morphology of SEBS functionalized with various cationic groups provides a suitable platform for understanding the mechanism of anion transport and the route to preparing highly conductive and stable membranes. In this work, DPD simulations were utilized to study the morphology of various SEBS-based ionomers: SEBS-trimethylphosphonium (SEBS-TMP), SEBS- methylimidazolium (SEBS-MIm) and SEBS-trimethylammonium (SEBS-TMA) as a function of hydration levels. Furthermore, the effects of the associated anion including OH¯, Cl¯, Br¯, HCO3¯, and CO32¯, were explored, with the last two anions resulting from carbonation.
[bookmark: _Toc158280148][bookmark: _Toc169883326]3.1 Simulation details
[bookmark: _Hlk530426194][bookmark: _Ref159521273][bookmark: _Ref159590434]Particles of analogous volume but of dissimilar chemical structure are selected and coarse-grained to a bead, ignoring the detailed atomic information which is not deemed necessary for studying the morphological features of the hydrated materials. The selected structure of our coarse-grained model is shown in Figure 3.1.130 The SEBS-based backbone consists of polystyrene blocks and poly(ethylene-co-butylene) blocks which were modelled with two distinct bead types: the Bs ((CH2CH2)2) bead and the Ph (phenyl group) bead. The middle blocks, however, are treated as polyethylene represented by a Bm bead. For the AEM ionomers, one end of the TMM (trimethylenemethane) beads is attached with Ph whereas the other end is linked to different cationic groups including trimethylphosphonium (TMP+), methyl Imidazolium (MIm+), and trimethylammonium (TMA+) to compare the impact of the 
[bookmark: _Ref159590706][image: A diagram of different colored circles and circles
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[bookmark: _Ref159591159][bookmark: _Toc169883479]Figure 3.1. Coarse-grained model of hydrated SEBS-based AEM in various forms. Each circle represents the specific bead/particle of the selected chemical group or collection of atoms.
[bookmark: _Ref159521341][bookmark: _Hlk530425958]

functional groups on the ionomers. To compare the effect of associated anion on the hydrated AEMs, three associated anions are introduced: an OH¯ bead for alkaline form, a Cl¯ bead and a Br¯ for the chloride and bromide precursor form, respectively. The OH¯ bead is comprised with an hydroxide ion and three or four water molecules based on the primary hydrated structure131-133 while the Cl¯, Br¯, HCO3¯, and CO32¯ beads consist of three water molecules along with a chloride, a bromide, a bicarbonate, and a carbonate anion, respectively. A water bead includes four water molecules. The hydrated OH¯, Cl¯, and Br¯ structures were referred to previous literature [26, 42-45] which meet the criteria of similar volume (see Table 3.1). The bonded interactions and the DPD conservative interaction parameters were obtained from reference13 or calculated by the parameterization method (see Table A1 and A2).134
LAMMPS (large scale atomic/molecular massively parallel simulator) was employed to perform all DPD simulations undertaken in this investigation on Stampede2 at the Texas Advanced Computing Center (TACC). Generation of random initial configurations were determined with the PACKMOL package.135 In a typical simulation box, there were 648,000 beads in a 3-dimensional periodic unit cell of 60 DPD length units (42.7 nm) and a density of 3. The time step was fixed at 0.01 DPD time units, i.e., 38 fs, and the overall number of steps was typically 70,000,000 (i.e., a total of 2.68 µs of simulation time) to ensure each system reached equilibrium. 
[bookmark: _Hlk11057712]The AEM ionomers were constructed with a molecular weight (MW) of 11,830 g/mol with 29.63% composition of polystyrene end-blocks and 50% of the styrene being functionalized with the TMM and cationic groups as described above. All chains were built to have a similar MW. The impact of water content on morphology was assessed by simulating a broad range of hydration levels. Hence, the water content in the systems ranged from λ = 4 to 20, where λ is the number of water molecules per cationic functional group. Although it is not the focus of this study, it would be worthwhile to extend the hydration to extreme since ultra-low hydration gives rise to serious OH¯-derived AEM degradation [48] and excessively high water content causes electrode flooding and ionomer swelling that leads to the great decrease of the mechanical integrity of AEMs [49]. Each system consists of water, anions, and more than two 

[bookmark: _Ref159587935][bookmark: _Toc169883454]Table 3.1. Bead type, chemical structure, and volume.
	Bead type
	Structure
	Volumea (Å3)

	Bs, Bm
	[H](CH2CH2)2[H]
	125.5

	Ph
	C6H4[H2]
	129.7

	TMM
	[H]C(CH3)2CH2[H]
	124.8

	TMA+
	[H]N(CH3)3
	121.8

	TMP+
	[H]P(CH3)3
	136.8

	MIm+
	[H]C3N2H3CH3
	130.9

	W
	(H2O)4
	120.1

	OH¯
	OH¯(H2O)4
	134.6

	Cl¯
	Cl¯(H2O)3
	125.0

	OH¯
	OH¯(H2O)3
	118.8

	Br¯
	Br¯(H2O)3
	132.3

	HCO3¯
	HCO3¯(H2O)3
	152.0

	
	(H2O)3
	145.8

	aVolumes were referred to or obtained using the same approach in our previous work [26]. 





thousand macromolecules; the latter is determined by the degree of hydration. The numbers of positively and negatively charged beads were constrained to be equal to ensure electroneutrality of each system.
[bookmark: _Toc158280149][bookmark: _Toc169883327]3.2 Effect of functional group
Figure 3.2 illustrates the simulated morphologies of an SEBS ionomer functionalized with different cationic groups in the alkaline form over a broad range of hydration (λ = 4, 8, 12, 16, and 20).130 Generally, there are two clearly defined phases: hydrophilic and hydrophobic, which occur at all hydration levels. The hydrophilic domains consist of the functionalized polystyrene end-blocks (Bs, Ph, TMM, cationic groups, anions and water beads) whereas the other phase forms backbone of AEMs. For the SEBS-TMP and SEBS-MIm, the interconnected lamellae occur at very low hydration (λ = 4). The morphology gradually transformed into organized lamellae from interconnected lamellae, and then into disordered bicontinuous regions as the hydration level was increased. The SEBS-TMP reaches a perfect lamellae morphology at λ = 8, while the SEBS-MIm does not until λ = 12. With increased water content, the disordered bicontinuous domains are observed in both SEBS-TMP and SEBS-MIm, and the exclusive water clusters (blue regions) form at the same time. Moreover, the water clusters in the SEBS-MIm are larger than that in the SEBS-TMP, which seems to suggest that the water is more uniformly distributed in SEBS-TMP. Compared these results with our previous work,13 we note that perforated lamellae do not seem to form at low hydration levels.
The RDFs of the hydrated SEBS-based polymers functionalized with three different cationic groups in the alkaline form at λ = 8 are depicted in Figure 3.3. The black lines are the BsPh-BsPh RDFs with solid, dash-dotted, and dashed lines corresponding to the SEBS-TMP, SEBS-MIm, and SEBS-TMA, respectively. The RDFs of cation-cation shown with the blue lines are similar to that of the end-blocks at distances greater than 15 Å, which is expected as the cationic groups are attached to the end-blocks. The green lines correspond to the hydrophobic mid-blocks. The red lines correspond to the RDFs of the hydrophobic blocks and illustrate that the two phases are, as expected, repulsive to each other. The RDFs of the same pair with different cationic groups have a similar pattern, meaning these pendant functionalized groups appear to 

[image: ]
[bookmark: _Ref159521244][bookmark: _Toc169883480][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 3.2. Morphologies of the SEBS functionalized with different cationic groups in the alkaline form. There are two phases: hydrophilic and hydrophobic phases occurring at all hydration levels. For low λ, perforated and interconnected lamellae are formed; for high λ, disordered bicontinuous lamellas are formed and water droplets (blue regions) can be found. Color code: Bs and Bm (orange); Ph (mauve); TMM (green); TMA+ (purple); TMP+ (light orange); MIm+ (dark blue); OH- (cyan); and W (blue).
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[bookmark: _Ref159521164][bookmark: _Toc169883481]Figure 3.3. RDFs of the hydrated AEM in the alkaline form at λ = 8. The inset shows a magnification at short distances. Color code: BsPh-BsPh (black); BsPh-Bm (red); Bm-Bm (green); and Cation-Cation (blue). Line scheme: SEBS-TMP (solid line); SEBS-MIm (dash-dotted line); SEBS-TMA (dashed line).


have little influence on the morphologies of the backbone. It is noticeable from the inset of Figure 3.3 that the first peaks of the cation-cation RDFs shift to the right with shorter distance compared to the RDFs of the hydrophilic phase because of the repulsive coulombic force between them. Furthermore, the first peaks have different intensities for SEBS functionalized with different cationic groups: the SEBS-MIm has the highest value and SEBS-TMA the lowest one.
Figure 3.4 shows a plot of the coordination number (CN) of the cationic groups as a function of the distance from the cation group over a range of water contents. The CN of the cation-cation shown in Figure 3.4 indicates that there is one other cationic group with the sphere radius of 5.5 – 6.5 Å, which can be treated as a characteristic length that the hydroxide ion needs to overcome if its trajectory is between the two cationic groups.136 For all cases, at CN = 1, the separation between the immediate vicinity expand when the hydration levels increase. The SEBS-MIm always has the smallest distance when CN = 1 at various hydration levels in comparison with the SEBS-TMP and the SEBS-TMA whose separations are similar. It is clear that the cationic groups are separated by at least 4.0 Å.
Figure 3.5 shows the W-W RDFs of ionomers with different pendant cationic groups at hydration levels where λ = 8, 12, 16, and 20. The intensity of the peaks increases with increasing hydration for these three AEMs, indicating that the water is more structured at high hydration levels. At low levels of hydration (λ = 8 and 12), the effect of the cationic group is somewhat smaller. However, the affect becomes significant at the highest water contents: λ = 16 and 20, of which the water in the SEBS-MIm is the most structured. The point where  first becomes 1 varies little for the three AEMs at the lowest water content, in contrast to what occurs at the highest water contents where there are substantial differences. It suggests that the cationic group affects the distribution of water but has little impact on the size of the exclusive water domains.
Figure 3.6 reveals the distribution in water cluster size at the different water contents. In general, the left side of the cluster size distribution shifts to the left, while the right branch shifts to the right with increasing water content, suggesting there are increasing number of 
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[bookmark: _Ref159521149][bookmark: _Toc169883482][bookmark: _Hlk10807109]Figure 3.4. The coordination number (CN) of the cations as a function of cation distance across the various hydration levels: λ = 4 (black); λ = 8 (red); λ = 12 (blue); λ = 16 (green); and λ = 20 (pink). Line scheme: SEBS-TMP (solid line); SEBS-MIm (dash-dotted line); and SEBS-TMA (dashed line). The inset shows the cation-cation RDFs over the regions from 0 to 20 Å. The first minima of the RDFs lie around 9.5 Å.
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[bookmark: _Ref159521130][bookmark: _Toc169883483]Figure 3.5. W-W RDFs for the AEMs functionalized with different cationic group in the alkaline form at various water contents. Color scheme: SEBS-TMP (black); SEBS-MIm (red); SEBS-TMA (blue). Line scheme: λ = 8 (solid line); λ = 12 (dotted line); λ = 16 (dash-dotted line); and λ = 20 (dashed). Zoom up shows the minimal radial distance where .
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[bookmark: _Ref159521091][bookmark: _Toc169883484]Figure 3.6. Cluster size distributions of water and OHˉ beads for (a) SEBS-TMP and (b) SEBS-MIm. Large clusters of water and OHˉ beads are formed when λ ≥ 8 for SEBS-TMP and SEBS-MIm. SEBS-TMP and SEBS-MIm have the almost same cluster sizes at λ=8, while larger clusters form in SEBS-TMP than SEBS-MIm at λ=12.
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[bookmark: _Ref159521103][bookmark: _Toc169883485]Figure 3.7. Five largest clusters of water and OHˉ beads at λ = 4, 8, 12, 16 in: (a) SEBS-TMP; and (b) SEBS- MIm.


water beads contributing to the clusters. The snapshots of the five largest clusters at various hydration levels are shown in Figure 3.7. In the case of SEBS-MIm, the largest cluster consists of 823 beads at λ = 4. It is evident that no percolating domains emerge. The percolating domains begin to appear at λ = 8 and the size expands with increasing water content: 32,225 beads at λ = 8; 49,330 beads at λ = 12; and 127,412 beads at λ = 16. The structure of the clusters become bicontinuous at λ = 12 in the SEBS-TMP, but do not occur until the water content reaches 16 for SEBS-MIm. Clearly the more polar head group (TMP) facilitates a more connected network of water. The largest water clusters for the SEBS-TMP at different hydration levels are 532 beads for λ = 4, 21803 beads for λ = 8, 97875 beads for λ = 12, and 128036 beads for λ = 16.
[bookmark: _Toc158280150][bookmark: _Toc169883328]3.3 Effect of associated anion
To investigate the effect of the associated anions, the hydroxide ion bead consisting of three water molecules was introduced instead of OH¯ (H2O)4 to match the systems of Cl¯ (H2O)3 and Br¯(H2O)3. The simulated morphology of the SEBS-TMA in the three different forms (hydroxide, chloride, and bromide) are shown in Figure 3.8.130 It is clear that phase separation occurred in all systems and perfect lamellae were observed at λ = 8 for the three different associated anions. At the lowest hydration level, perforated lamellae appeared in the cases of OH¯(H2O)3 and Cl¯(H2O)3, while perforated lamellae were not observed in the bromide form. This would seem to imply that it is easier to form the interconnected lamellae in the bromide form than in the other two forms. It is important to be aware of the lack of connectivity between isolated tiny hydrophilic clusters and the occurrence of the water-bridged double-hydroxide structures in the OH¯ form when the hydration levels are extremely low (λ < 4) as shown in a recent study.131
In Figure 3.9, the morphology of a specific bead type at λ = 8 was presented for clarity. It is evident that the ionic species have similar distributions in all systems since there is strong coulombic attraction between the cationic groups and the associated anions. Most of the water is distributed within the same phase (i.e., all ionic species), while some isolated water appears in the polyethylene phase. In the case of the Cl¯ form, the perforated and interconnected 


[image: ]
[bookmark: _Ref159521047][bookmark: _Toc169883486]Figure 3.8. Simulated morphology of the SEBS-TMA in the alkaline form, in the chloride form, and in the bromide form at different hydration levels: λ = 4, 8, 12, 16, and 20. Color code: Bs and Bm (orange); Ph (mauve); TMM (green); TMA+ (purple); OHˉ (pink); Clˉ (light green); Brˉ (red); and W (blue).
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[bookmark: _Ref159521026][bookmark: _Toc169883487][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Figure 3.9. Simulated morphology of the hydrated AEM in different forms at λ = 8. (a) TMA+ in Brˉ(H2O)3; (b) TMA+ in Clˉ(H2O)3; (c) TMA+   in OHˉ(H2O)3. Color code: TMA+ (purple); Brˉ (red); Clˉ (light green); OHˉ (pink); and W (blue).


morphology is shown, which does not emerge in the other two forms at λ = 8. This clearly indicates that different anion forms may exhibit qualitatively different hydrated morphologies.
The water-water RDFs in the alkaline, the chloride, and the bromide forms as a function of water content are shown in Figure 3.10. Generally, the intensity of peaks in three forms rises as the water content increases. The associated anion has little impact on the W-W RDFs at low hydrations (λ = 8 and 12). However, the effect becomes noticeable when the level of hydration is greater than 12. The distance the RDF reaches a value of one increases considerably at λ = 16 with the largest water domains occurring in the bromide form, in sharp contrast to the chloride form. It is interesting to note that the associated anion has more impact on the size of the exclusive water domains at the highest water contents in comparison to the somewhat minimal effect of the choice of the cationic group.
[bookmark: _Toc158280152][bookmark: _Toc169883329]3.4 Effect of carbonation 
It is worth noting that carbonate counter anions are also important to study in order to better understand the adverse impact of ambient air feed (i.e., CO2) on the performance of AEMFCs [51, 52]. As CO2 can react with OH¯ to form HCO3¯ and , the effective anion conductivity in the AEM would be significantly decreased through the carbonation process. The following work focuses on simulations of AEM properties under the impact of carbon dioxide and carbonation products (bicarbonate and carbonate anions) to better understand the AEM behavior during operation of AEMFCs under ambient air.
Figure 3.11 illustrates the simulated morphology of SEBS-TMA in the bicarbonate and carbonate forms. Compared to the morphology of SEBS-TMA in the OH¯(H2O)3 form, perfect lamellae appear at λ = 4 and 8 in both bicarbonate and carbonate forms. Disordered bicontinuous structures occur at λ = 12 and 16 followed by exclusive water domains at λ = 20 in the bicarbonate form. However, in the carbonate form, exclusive water domains begin to appear at λ = 12, and these water droplets maintain similar sizes as the hydration level further increases. These morphologies clearly demonstrate that at low water contents,  and HCO3¯ have a moderate influence on the morphologies. In contrast,  exerts more influence on the exclusive domains than HCO3¯ when the hydration level is sufficiently high. 
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[bookmark: _Ref159521004][bookmark: _Toc169883488]Figure 3.10. W-W RDFs for the hydrated AEM in the alkaline (solid line), chloride (dashdotted line), and bromide (dash line) forms at various levels of hydration. Color scheme: λ = 8 (black); λ = 12 (red); λ = 16 (green); and λ = 20 (blue).
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[bookmark: _Ref169188497][bookmark: _Toc169883489]Figure 3.11. Simulated morphology of the SEBS-TMA in the bicarbonate form, and in the carbonate form at different hydration levels: λ = 4, 8, 12, 16, and 20. Color code: Bs and Bm (orange); Ph (mauve); TMM (green); TMA+ (purple); HCO3ˉ (cyan); CO32- (greenyellow); and W (blue).




This phenomenon may be attributed to the strong attraction between  and pendant cations, forming large hydrophilic domains.
To further explore the effects of carbonation, the percentage of OH¯ being carbonated was varied from 10% to 75%. It is important to note that only HCO3¯ anions are considered for simplicity, although  exists in real systems.137 The hydrated morphologies with different percentages of OH¯ being carbonated at λ = 8 and 20 are shown in Figure 3.12. At the low hydration level, perforated lamellas appear when 10% of OH¯ is carbonated, followed by perfect lamellae at 25% and 50%, and then disordered bicontinuous structures as the carbonation ratio increases to 75%. Interestingly, perfect lamellae reoccur when OH¯ is fully carbonated. However, at the high hydration level, irregular lamellae appear at all percentages of carbonation, along with the formation of exclusive water domains. These results indicate that the interplay of the interactions between these ions and the water content results in the changes in the hydrated morphology. 
The water-water RDFs in the bicarbonate and carbonate forms as a function of water content are depicted in Figure 3.13(a). In the HCO3¯ form, the intensity of peaks increases with increasing water content, while in the  form, the water is the most structured at λ = 12. Moreover, the RDFs do not show significant differences at λ = 4 and 8, especially for the position where RDF = 1. Nevertheless, at λ ≥ 12, substantial differences in the RDFs appear between the two forms, and the position where the RDF first reaches one significantly shifts to a large distance, suggesting the formation of exclusive water domains. Figure 3.13(b) shows the water-water RDFs with various percentages of OH¯ being carbonated at λ = 8 and 20. It is evident that the RDFs are not influenced by carbonation at λ = 8, while the effect becomes appreciable at λ = 20. Combining these results with the hydrated morphology, HCO3¯ has minimal influence on the structure of water, although it affects the shape of the hydrophilic region.
Figure 3.14(a and b) show the cluster size distributions of water and anion beads at different water contents for SEBS-TMA in the HCO3¯ and  forms, respectively. Percolated clusters of water and anion beads form at λ ≥ 8 for both HCO3¯ and  forms, although the percolated 
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[bookmark: _Ref169273837][bookmark: _Toc169883490]Figure 3.12. Simulated morphology of the SEBS-TMA in the alkaline form with different percentages of carbonation, at two hydration levels: λ = 8 and 20. Color code: Bs and Bm (orange); Ph (mauve); TMM (green); TMA+ (purple); OHˉ (pink); HCO3ˉ (cyan); and W (blue).
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[bookmark: _Ref169277181][bookmark: _Toc169883491]Figure 3.13. W-W RDFs for the hydrated SEBS-TMA (a) in the HCO3¯ form (solid line) and in the  form (dashdotted line) at various hydration levels: λ = 4 (black); λ = 8 (red); λ = 12 (green); λ = 16 (blue); and λ = 20 (magenta); (b) in the alkaline form with different ratios of OH¯ being carbonated 10% (black); 25% (red); 50% (green); and 75% (blue) at λ=8 (solid line) and λ=20 (dashdotted line).
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[bookmark: _Ref169280161][bookmark: _Toc169883492]Figure 3.14. Cluster size distributions of water and anion beads for SEBS-TMA (a) in the HCO3¯ form and (b) in the  form at various hydration levels; in the alkaline form with different ratios of OH¯ being carbonated at (c) λ=8 and (d) λ=20. Large clusters of water and anion beads are formed when λ ≥ 8 for these systems. At low hydration (λ=8), the carbonation generally enlarges the percolated clusters, while at high hydration (λ=20), the effect of carbonation is minimum on the percolated clusters.


cluster size extends from ~ to ~ as the hydration level increases from λ=8 to λ=12. Furthermore, the distributions in water cluster size at the different ratios of OH¯ being carbonated at λ=8 and 20 are depicted in Figure 3.14(c and d). At low hydration (λ=8), carbonation generally enlarges the percolated clusters, with sizes ranging from  to , while at high hydration (λ=20), carbonation has minimal effect on the size of the percolated clusters (~ beads).








[bookmark: _Toc169883330]  Proton Transfer in Protic Ionic Liquids
This chapter is based on the following publication:
· Zhu, Z; Luo, X; Sokolov, A. P.; Paddison, S. J., Proton transfer in phosphoric acid-based protic ionic liquids: Effects of the base. The Journal of Physical Chemistry A 2020, 20, 4141-4149.
This chapter focuses on the influence of the chemical composition and molecular geometry of several bases on proton dissociation and transfer in the phosphoric acid (PA)-based protic ionic liquids (PILs). These results will form the basis for simulations of extended systems using ab initio molecular dynamics. Specially, in the reported studies here quantum chemical calculations were performed on systems of PA paired with trimethylamine (TMA), imidazole (IMI), lidocaine (LDC), and creatinine (CRT). The computational details are briefly described in the following section followed by the results and discussion.
[bookmark: _Toc158280153][bookmark: _Toc169883331]4.1 Computational details
Electronic structure calculations were performed with the GAUSSIAN 09 suite of programs.138 The molecular geometry optimizations of bases and acids were initially performed with Hartree-Fock theory and the 6-31G** split valence basis set139, 140 with conjugate gradient methods141 without symmetry constraints. Hybrid density functional theory (DFT) with Beck’s 3 parameter functional (B3LYP)142-145 using the same basis set was employed to further optimize electronic structures, followed by the final refinement of structures at the B3LYP/6-311G** level.146 This procedure was found to be the most efficient approach to obtain the fully optimized global minimum-energy structure. Figure 4.1(a) illustrates the computational time as a function of functionals and the split valence basis sets, indicating that it is reasonable select the B3LYP/6-311** level of theory to perform the molecular orbital calculations. The effect of the dispersion interactions has been tested in previous work147 by comparing the results of the B3LYP functional to the dispersion-corrected B97D functional148 and only minor differences in the optimized structures and energetics for proton transfer were observed. Subsequently, the density-based solvation model (SMD)149 was implemented to all the optimized structures considering the effect of the environment of the phosphoric acid (at a high dielectric constant, 
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[bookmark: _Ref159520450][bookmark: _Toc169883493]Figure 4.1. (a) CPU time needed for optimizing a typical cluster consisting of 55 atoms as a function of functionals and basis sets. (b) Energetics for proton transfer between first and second PA molecules in the system of CRT+3PA at the B3LYP/6-311G**/SMD level of theory. There is a minimal effect of the dielectric constant on the energetics for the proton transfer within a wide range of 11 to 61.


)150 on the global minimum-energy structures and proton transfer. It is worth emphasizing that there is minimal effect of the dielectric constant on the energetics for the proton transfer (see Figure 4.1(b)). The choosing of the B3LYP/6-311G** with the SMD model is due to its success and reliability when applying into many systems previously.151-154 The calculation of frequency at the same level of theory were undertaken to confirm local minima without imaginary frequency and zero-point energies (ZPEs) for each of the systems. Proton affinities of bases and molecular binding energies of PA molecules to different bases were calculated from the ZPE corrected total electronic energies. 
In the present study, from 1 to 3 PA molecules were added to the fully optimized structures of each base starting from different initial positions. We selected the lowest energy structure for each system as the ‘ground state’ structure. The potential energy surface (PES) scan at the B3LYP/6-311G**/SMD level of theory was employed on the optimized structures of pairs and clusters of the PA molecules with the bases to determine the relative energetics (i.e., energetic barrier) associated with proton transfer from a proton donor to an acceptor site. The profiles of the energy associated with the proton transfer were obtained by incrementally changing the length of the OH or NH between the transferring proton and the oxygen or nitrogen accepting the proton with steps of 0.02 Å where this bond length is the only fixed parameter, and the optimization was undertaken over all other degrees of freedom without symmetry constraints at each step of the scan. A reverse set of scans were also implemented by decreasing the bond length of the OH or NH in the same step starting from the geometry obtained at the last step of the original scan. The energetic profiles were plotted via selecting the configuration with the lower energy at the same OH or NH bond length from the forward and the reverse scans. A transition state (TS) structure was further optimized via the Berny algorithm155 and confirmed by the determination of one imaginary frequency.
[bookmark: _Toc158280154][bookmark: _Toc169883332]4.2 Optimized structures of Base + nPA (n = 1 – 3) 
The fully optimized configurations of one PA molecule paired with: (a) TMA; (b) IMI; (c) LDC; and (d) CRT were obtained at the B3LYP/6-311G** level with inclusion of an implicit solvent (SMD) as illustrated in Figure 4.2.156 The proton affinity is an important parameter indicating 
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[bookmark: _Ref159520515][bookmark: _Toc169883494][bookmark: _Hlk15472175]Figure 4.2. Fully optimized configurations of one PA molecule with (a) TMA, (b) IMI, (c) LDC, (d) CRT, and (e) CRT* (congener of CRT cluster) at the B3LYP/6-311G**/SMD level of theory. All values are reported in Å. The atomic color scheme in Figure 4.2, 4.3, and 4.4 is: hydrogen (white), carbon (gray), nitrogen (blue), oxygen (red), phosphor (orange). Although there is one more hydrogen bond between O1 and PA in system LDC+1PA, the distances between O…N1 in both TMA+1PA system and LDC+1PA system are the same. In CRT+1PA system, there are two hydrogen bonds, while the N2…PA hydrogen bond is formed between the acceptor site of the PA molecule and the donor site of the CRT compared to the O1…PA hydrogen bond built between the donor site of PA and the acceptor site of the LDC. CRT*+1PA is less energetic favorable than the structure of CRT+1PA by 1.1 kcal/mol.
[bookmark: _Hlk37735677]

[bookmark: _Hlk37725773][bookmark: _Ref159520543]the entity’s capability of intrinsically attracting a proton.157 Computed affinities in the gas phase and with the continuum solvation model are reported in Table 4.1. The results demonstrate that the inclusion of implicit solvent noticeably raises the proton affinity of the four investigated bases to various extents as the positively charged bases molecules are stabilized by the high dielectric constant solvent. Comparison with the experimental values of TMA and IMI in gas phase shows that our computed affinities are in good agreement at the B3LYP/6-311G** level of theory. The order of the proton affinities calculated with the SMD model is as following: LDC > TMA > CRT > IMI. Generally, proton dissociation from PA occurs in four systems resulting in the formation of ion pairs consisting of a positively charged base and negatively charged anion H2PO4‒ due to the relatively strong basicity of the bases and the effect of the high dielectric constant solvent on stabilizing the charge separation. In Figure 4.2(a), there is only one hydrogen bond of 2.62 Å in the open structure of TMA+1PA as TMA molecule possesses only one proton accepting site. Although IMI has both proton donor and acceptor sites, only one hydrogen bond of 2.56 Å exists in the system of IMI + 1PA shown in Figure 4.2(b) because of the coplanar heterocycle of the IMI molecule. In Figure 4.2(c) and (d), the equilibrium structures show that the PA molecule adopts a similar orientation paired with LDC and CRT leading to a ‘ring-like’ hydrogen bonding network, though these two bases have different geometries. The critical differences in their configurations are that the PA molecule in the CRT+1PA cluster acts as both a hydrogen bond donor and acceptor with two hydrogen bonds of intermediate length (2.67 and 2.70 Å) while the PA molecule in the LDC + 1PA system plays a role of hydrogen bond donor forming a short hydrogen bond of 2.62 Å and a weak hydrogen bond of 2.77 Å, demonstrating the characteristics of PA molecules: three proton donor sites and one proton acceptor site contributing to the configurational frustration in pure phosphoric acid.58 It is worth noting that there is a congener of CRT*+1PA (distinguished by *) shown in Figure 4.2(e). In this case two hydrogen bonds formed with O1 and N1 of the CRT molecule instead of N1 and N2 atoms in the CRT+1PA pair, showing similar hydrogen bonding with the LDC+1PA system, except that the proton is still associated with PA in CRT*+1PA due to the interaction between O1 and N1 of the CRT molecule. This geometric isomer is less 

[bookmark: _Ref159589553][bookmark: _Toc169883455]Table 4.1. Proton Affinities for the Bases.
	
	Proton Affinities 

	
	Gas phasea
	SMDb
	Exp.

	TMA
	226.12
	289.36
	231.44c

	IMI
	227.46
	283.97
	229.95c

	LDC (N1 site)
	240.85
	290.15
	

	LDC (O1 site)
	222.45
	264.11
	

	CRT (N1 site)
	234.47
	286.04
	

	CRT (O1 site)
	230.63
	273.09
	

	aZPE corrected proton affinities at B3LYP/6-311G** level of theory in gas phase; b ZPE corrected proton affinities at B3LYP/6-311G** level of theory with SMD model; c From ref. 134. 
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[bookmark: _Ref159520648][bookmark: _Toc169883495]Figure 4.3. Fully optimized configurations of cluster of two PA molecules with (a) TMA, (b) IMI, (c) LDC, (d) CRT, and (e) CRT* at the B3LYP/6-311G**/SMD level of theory. All values are reported in Å. CRT*+2PA is more energetic favorable than the structure of CRT+2PA by 0.16 kcal/mol. The ZPE corrected binding energy of PA molecule in the above systems are: -20.90, -17.63, -21.82, -20.62, and -20.69 kcal/mol, respectively.


[bookmark: _Ref159520661]favorable in energy by 1.1 kcal/mol. 
The fully optimized structures of TMA, IMI, LDC, CRT, and CRT* with the addition of two PA molecules were also determined (Figure 4.3). There is little difference in the hydrogen bonding network between the bases and PA molecules except for the observed increase in hydrogen bond length. It was noted that the second PA molecule preferentially forms ‘ring-like’ hydrogen bonds ranging from 2.50 to 2.73 Å with the first PA molecule rather than with available hydrogen bond donor and acceptor sites of the base (based on the minimum energy structure at the B3LYP/6-311G**/SMD level of theory). As were the cases for the complexes of bases with subsequently adding the third PA molecule (see Figure 4.4); the hydrogen bond lengths continuously increase to some extent resulting in slight shortening of the covalent bond between the dissociated H atom and protonated N1 atom of the bases from various distances to the same final value of 1.05 Å (see Table 4.2). It is interesting to note that distances of the hydrogen bonds formed between the second and third PA molecules are the same (2.65 Å and 2.52 Å) for all of the Base+3PA systems [shown in Figure 4.4 (a), (b), (c), and (e)] except the CRT+3PA complex in Figure 4.4 (d) with two comparable hydrogen bonds (2.58 Å and 2.59 Å), which implies that the hydrogen bonding networks between the second and third PA molecules are influenced by the base molecules even separated by another PA molecule. In most of the studied systems, the charged ions were separated by a neutral PA molecule forming the complex: , in which the excess charge is delocalized over the PA molecules through the hydrogen bonding network. Specifically, the contact ion pairs were only observed in the system of CRT+3PA [see Figure 4.4 (d)] in the form of  because the original proton accepting oxygen of a PA in the proximity of CRTH+ not only forms a hydrogen bond with the N2 atom of CRT molecule but also with the neighboring PA molecule.
[bookmark: _Toc169883333]4.3 Binding Energies of PA molecules
Examination of the ZPE corrected binding energies of the PA molecules to the various bases (shown in Table 4.3) indicates that the first PA molecule is most loosely bound to IMI, while the binding energy per PA molecule increases with the addition of additional PA molecules 
[bookmark: _Ref160622436][bookmark: _Toc169883456]Table 4.2. Structural parametersa of phosphoric acid-based protic ionic liquids at the level of B3LYP/6-311G**/SMD.
	
	
	
	(1st and 2nd PA)
	(2nd and 3rd PA)

	TMA-1PA
	2.62 (1.07)b
	
	
	
	
	

	IMI-1PA
	2.56 (1.09)
	
	
	
	
	

	LDC-1PA
	2.62 (1.08)
	2.77 (0.98)
	
	
	
	

	CRT-1PA
	2.67 (1.06)
	2.70 (1.05)
	
	
	
	

	CRT*-1PA
	2.69 (1.01)
	2.62 (1.01)
	
	
	
	

	TMA-2PA
	2.68 (1.05)
	
	2.51 (1.04)
	2.53 (1.03)
	
	

	IMI-2PA
	2.63 (1.06)
	
	2.54 (1.02)
	2.73 (0.99)
	
	

	LDC-2PA
	2.71 (1.06)
	2.69 (0.98)
	2.54 (1.02)
	2.55 (1.02)
	
	

	CRT-2PA
	2.68 (1.05)
	2.78 (1.04)
	2.50 (1.04)
	2.66 (0.99)
	
	

	CRT*-2PA
	2.66 (1.06)
	2.75 (0.98)
	2.54 (1.03)
	2.55 (1.02)
	
	

	TMA-3PA
	2.69 (1.05)
	
	2.53 (1.02)
	2.59 (1.01)
	2.52 (1.03)
	2.65 (0.99)

	IMI-3PA
	2.65 (1.05)
	
	2.53 (1.02)
	2.59 (1.01)
	2.52 (1.03)
	2.65 (0.99)

	LDC-3PA
	2.72 (1.05)
	2.69 (0.98)
	2.54 (1.02)
	2.61 (1.01)
	2.52 (1.03)
	2.65 (0.99)

	CRT-3PA
	2.69 (1.05)
	2.79 (1.03)
	2.48 (1.05)
	2.63 (0.99)
	2.58 (1.01)
	2.59 (1.01)

	CRT*-3PA
	2.67 (1.05)
	2.74 (0.99)
	2.54 (1.02)
	2.61 (1.01)
	2.52 (1.03)
	2.65 (0.99)

	a All reported values are in the unit of Å. b Values in parenthesis are the distances of covalent bond N-H or O-H.
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[bookmark: _Ref169880276][bookmark: _Toc169883496]Figure 4.4. Fully optimized configurations of cluster of three PA molecules with (a) TMA, (b) IMI, (c) LDC, (d) CRT, and (e) CRT* (congener of CRT cluster) at the B3LYP/6-311G**/SMD level of theory. All values are reported in Å. The second and third PA molecules energetic preferentially form ‘ring-like’ hydrogen bonds ranging from 2.48 Å to 2.73 Å with PA molecule rather than with available hydrogen bond donor and acceptor sites of the base. Compared with systems of Base+1PA, the hydrogen bond distances between N1 and PA in all systems increase to various extents (the most for IMI and LDC systems), while the structures of the clusters of PA molecules formed through hydrogen bonding are similar. CRT*+3PA is more energetic favorable than the structure of CRT+3PA by 1.1 kcal/mol.
[bookmark: _Ref159520774]

[bookmark: _Ref159589539][bookmark: _Toc169883457]Table 4.3. Energetics of phosphoric acid-based protic ionic liquids at the level of B3LYP/6-311G**/SMD.
	
	
	
	

	PA
	-644.239902
	
	

	TMA
	-174.413899
	
	

	LDC
	-731.370596
	
	

	IMI
	-226.229286
	
	

	CRT
	-396.153573
	
	

	TMA-1PA
	-818.682904
	-18.26
	-18.26

	IMI-1PA
	-870.491277
	-13.86
	-13.86

	LDC-1PA
	-1375.639985
	-18.50
	-18.50

	CRT-1PA
	-1040.427675
	-21.46
	-21.46

	CRT*-1PA
	-1040.425845
	-20.31
	-20.31

	TMA-2PA
	-1462.960320
	-41.80
	-20.90

	IMI-2PA
	-1514.765266
	-35.26
	-17.63

	LDC-2PA
	-2019.919933
	-43.64
	-21.82

	CRT-2PA
	-1684.699093
	-41.24
	-20.62

	CRT*-2PA
	-1684.699342
	-41.39
	-20.69

	TMA-3PA
	-2107.229423
	-60.12
	-20.04

	IMI-3PA
	-2159.036694
	-55.02
	-18.34

	LDC-3PA
	-2664.189472
	-62.22
	-20.74

	CRT-3PA
	-2328.966906
	-58.74
	-19.58

	CRT*-3PA
	-2328.968909
	-60.01
	-20.00

	a Total electronic energy corrected for zero-point energy (ZPE) in Hartrees. b Energy difference based on ZPE corrected electronic energies (i.e. ). c Binding energy per phosphoric acid molecule.





since the second and third PA molecules form double hydrogen bonds with the first PA. Although only one hydrogen bond is formed in the TMA+1PA complex, a much larger ZPE corrected binding energy of 18.26 kcal/mol is observed, meaning that the basicity of TMA is stronger than IMI, which is confirmed by the greater proton affinity of TMA (see Table 4.1). It is also noted that the ZPE corrected binding energies of PA to LDC increase followed by a slight decrease with adding PA molecules, which implies that the PA molecule is more strongly bound to another PA molecule than to LDC. Similar magnitude in the binding energy per PA is observed in both systems of CRT + nPA and CRT* + nPA (n = 1 – 3), revealing that there is a small difference in binding energies between the PA molecules, and PA and CRT. It is important to recognize that the shorter the hydrogen bond, the stronger the binding energy when there is no accompanying covalent bond breaking and forming. However, the equilibrium structures show that the proton initially covalently bonded to PA has been transferred to the base molecule except in the complex of CRT*+1PA. Specifically, the smallest binding energy of the first PA molecule paired with IMI through the shortest hydrogen bond  results from the partially covalent bond between the proton and N1 of the IMI molecule, i.e. the proton in closest proximity to IMI are shared by the proton donor oxygen and the proton acceptor nitrogen.
[bookmark: _Toc169883334]4.4 Proton transfer energetics
The PES scans for proton transfer were performed with respect to the fully optimized structures. The relative energy profiles shown in Figure 4.5 are plotted as a function of the asymmetric stretch coordinate, , where D indicates the nitrogen or oxygen atom initially covalently bonded to the proton, and A represents the nitrogen or oxygen atom acting as the proton acceptor. As indicated previously, the PA molecule has dissociated one proton to the base in all systems except the CRT*+1PA complex. Thus, it is necessary to investigate the proton transfer from the base to PA molecule. The relative energy profiles for proton transfer from the protonated N1 atom of the base to the PA molecule through the hydrogen bond between them in systems of Base+1PA and Base+3PA were determined at the B3LYP/6-311G** level of theory with inclusion of the implicit SMD continuum solvation 
[image: A graph of different colored lines

Description automatically generated]
[bookmark: _Ref159520828][bookmark: _Toc169883497]Figure 4.5. Energetics for proton transfer from protonated base to PA in systems of cluster of (a) one PA molecules with TMA, IMI, LDC, and CRT; and (b) three PA molecules with TMA, IMI, LDC, and CRT at the B3LYP/6-311G**/SMD level of theory. The energetics for transfer of a proton from protonated TMA or CRT to PA is monotonically increasing in both Base+1PA and Base+3PA systems, demonstrating that the ionic pairs are energetically preferable and stable in these systems. Although there is a relatively tiny second well in IMI+1PA and LDC+1PA systems, the second well would disappear as the number of PA molecules in the cluster increases.


model are shown in Figure 4.5(a). All curves demonstrate that the bridging proton between the PA and the base has a marked propensity of remaining associated with the base. In both systems of TMA+1PA and CRT+1PA shown in Figure 4.5(a), the relative energy profiles reveal a monotonically increasing trend indicating there is only one minimum energy structure, i.e. the contact ion pair; ; which attributes its stability to the effect of the implicit continuum solvation and the strong basicity of the base. There is a very shallow minimum in the clusters of LDC+1PA and IMI+1PA. This is because in the LDC+1PA complex another hydrogen bond between the proton donor oxygen of the PA molecule and O1 atom of LDC stabilizes the charge distribution accompanying the proton transfer event, which can be confirmed by the contraction of the hydrogen bond  (from 2.77 Å to 2.61 Å) and the slight elongation of the O-H bond length (from 0.98 Å to 1.00 Å). It is important to note that the second hydrogen bond in the CRT+1PA pair strengthen the dissociation of PA molecule since the N2 atom donates a hydrogen bond to PA, which causes higher endothermicity for proton transport in CRT+1PA than LDC+1PA. However, in the IMI+1PA system, the lowest endothermicity for transferring of the proton results from the weakening covalent bond between the proton and the N1 atom of IMI. On the other hand, these small wells may disappear when the ZPE corrected energies are included as the ground vibrational energy is probably higher than this tiny barrier.
[bookmark: _Hlk37824099]Figure 4.5(b) illustrates the higher energetics for proton transfer from protonated base to the PA molecule upon the addition of three PA molecules to various bases in comparison to those shown in Figure 4.5(a). It means that the extra PA molecules act to retain the proton on the bases. This observation is consistent with the AIMD results that there is no proton back-transfer from IMI-H+ to PA or PA- occurring in phosphoric acid/imidazole (2:1) system.69 It is interesting to note that the low energetics with a second well for proton transfer is observed in the congener of CRT*+3PA since there is proton transfer simultaneously occurring from the first PA to the second PA (see Figure 2S) and the reorientation of the hydrogen bonding, while this phenomenon is not shown in the cluster of LDC+3PA that possesses the analogous hydrogen bond network to the CRT*+3PA system. These differences may be caused in part, by two different situations in proton affinity for LDC and CRT: one site of LDC with strong proton affinity and another site with considerably weak proton affinity (i.e. 290.15 kcal/mol vs. 264.11 kcal/mol); both sites of CRT molecule with medium proton affinities (i.e. 286.04 kcal/mol vs. 273.09 kcal/mol), as reported in Table 4.1. Another crucial factor is the huge difference in the geometries of LDC and CRT. It may be concluded that the ionicity of these PILs is reasonably high based on these calculations.
[bookmark: _Toc158280156]Of particular interest is the influence of the protonated bases (i.e. Base-H+) on the energetics for proton transfer from one PA molecule to another. The relative proton-transfer energy profiles for both clusters of (H3PO4)2 and (H3PO4)3 are illustrated with a red line as a reference for comparison purpose in in Figure 4.6 and Figure 4.7. Compared with the energetics for proton transfer within phosphoric acid clusters in the gas phase,60 the trends are similar to each other, but the energetic barrier is almost equivalent for the (H3PO4)2 cluster while much lower in the solvation SMD model than in the gas phase for the cluster of (H3PO4)3. It should be pointed out that the proton transfer exactly occurs in the cluster of (H3PO4∙ H2PO4) or (H3PO4∙ H3PO4∙ H2PO4) in the proximity of a positively charged base molecule instead of the pure phosphoric acid clusters. To some extent, the cationic Base-H+ may be treated as a substituent hydrogen bonded to the PA molecules, but it is more complex because the bases have different proton affinities and possess various proton acceptor and/or donor sites.
The energetics for transferring a proton between two PA molecules in the systems with two added PA molecules are shown in Figure 4.6(a). The curves indicate that the symmetric double-well potential for proton transfer are distorted to various extents leading to a considerable weakening of the barriers with small secondary wells in the systems of Base+2PA (Base = IMI, CRT, and TMA) and the single minimum potential in the complexes of Base+2PA (Base = LDC and CRT*). These changes may be ascribed to the different proton affinities of these bases: IMI < CRT < TMA < LDC (reported in Table 4.1). Although the proton affinity of a single site of CRT is somewhat smaller than TMA, the cooperative effects of the two proton acceptor sites rather than one acceptor and one donor strengthen the ability of attracting a proton. Interestingly, when the single-well potential appears, the differences are not 
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[bookmark: _Ref159520919][bookmark: _Toc169883498]Figure 4.6. Energetics for proton transfer between the PA molecules in systems of (a) cluster of two PA molecules with TMA, IMI, LDC, CRT, and CRT*, and (b) cluster of two PA subunits flanked by two base molecules at the B3LYP/6-311G**/SMD level of theory. Note that the bases with stronger proton affinity exert greater influence on the energetics for proton transfer between individual PA molecules. However, the effects are minimal when the potentials are shifted into the single-well from the double-well. The double-well potential recovers with deformations in various manners when one additional base molecule is added to the other side of these complexes forming  clusters.
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[bookmark: _Ref159520963][bookmark: _Hlk37827971][bookmark: _Toc169883499][bookmark: _Hlk37828040]Figure 4.7. Energetics for proton transfer between: (a) first and second PA; and (b) second and third PA in systems of cluster consisting of three PA molecules with TMA, IMI, LDC, CRT, and CRT* at the B3LYP/6-311G**/SMD level of theory. Note that the neighboring cation Base-H+ results in either a negligible energetic barrier or a single minimum between the first and second PA molecules. The energetics for proton transfer in systems of Base+3PA (Base = TMA, IMI, CRT*, and LDC) have similar trends in which the energies are monotonically increasing without the formation of a transition state. Barrierless proton transfer occurs in the system of CRT with several PA molecules.


discernible in comparison to the curves of LDC+2PA and CRT*+2PA, which will be further borne out by examining the energetic profiles for proton transfer between PA molecules in the systems of Base+3PA (see below).
To aid in understanding the effects of the base molecules, one additional base molecule was added to the ‘other side’ of these complexes forming  clusters (Base = TMA, IMI, CRT, and CRT*) including . Note that the LDC was not included due to the enormous computational cost. It is not surprising to observe that the double-well potential recovers with deformations in various degrees. Firstly, the curves of the proton-transfer energetics coincide with the reference in the systems of  (Base = TMA and CRT*), which implies that the influence of the initial base molecule is exactly counterbalanced by the additional identical base. It should be noted that the energetic barrier is dramatically higher in the  system. This may be because the electron density of proton accepting oxygen atoms of PA molecules is shared by the proton donating N2 atoms leading to the attenuation of attracting the proton. In addition, the symmetry was distorted upon adding CRT to CRT*+2PA complex consequently giving rise to a slight decrease in the energetic barrier to proton transfer with a less energetically favorable configuration after transferring the proton. The relatively small penalty for proton transfer occurs in the system  due to the feasible moving of the bridging proton between the base and the PA molecule to stabilize the system during the proton transfer. The adjusting of the bridging proton is due to the moderate proton affinity of IMI.
Figure 4.7 displays the energetics for transferring a proton between the first and second PA molecules as well as between the second and third PA molecules in the complexes of a base paired with three PA molecules. It is worthy of noting that the neighboring cation Base-H+ results in either a negligible energetic barrier or a single minimum for the proton-transfer energetics between the first and second PA molecules; shown in Figure 4.7(a). More specifically, the monotonically increasing curves are nearly coincident with each other in the Base+3PA complexes (Base = TMA, IMI, LDC, and CRT*). The similarity in these systems is that the base is hydrogen bonded to a PA via only one proton accepting site or two proton accepting sites. It may be concluded that the involvement of only proton accepting sites of the base molecule could lead to the analogous energetic situation on the proton transfer between the central PA subunits flanked by a cation and a neutral PA molecule. The endothermicity for proton transfer is roughly 4 kcal/mol, a similar value to the barrier to transfer a proton in the cluster of (H3PO4)3, if the asymmetric stretch coordinate where the second well resides in the pure cluster of (H3PO4)3 are treated as the final (or end) position in the transfer. Nevertheless, the occurrence of a negligible barrier to proton transfer in the system of CRT+3PA does not mean that the small barrier would appear as long as there is a proton donating site of the base molecule involved in the neighboring hydrogen bonding networks. In terms of dynamics, the proton transfer in PA clusters could facilely happen when protonated base molecule approaches this cluster and forms such hydrogen bonding network at the cost of 2 kcal/mol (the difference in energy between the second minimum and endothermicity). Again, the monotonically increasing curves (i.e., in the cases with a single-well potential) of the proton transfer energetics between the second and third PA molecules in Figure 4.7(b) that nearly coincide, indicate that the effects of the protonated bases are quite insensitive to the specific molecular geometries and the proton affinities except for the case in which the proton donating site of base molecule is involved. This pattern is further underscored by comparing the results of the CRT+3PA and CRT*+3PA systems in which the differences are the hydrogen bonds formed through different pairs of proton donor and acceptor sites. It is surprising to observe that the endothermicities decrease in comparison to the energetics for proton transfer between PA molecules in vicinity of the cationic ions (shown in Figure 4.7(a)). The flattening of these curves may be the result of the better stabilization of charge by the neighboring PA molecule when in proximity to the bases. However, the curve of the proton-transfer energetics in the CRT+3PA complex resembles that in a pure (or neat) PA cluster but shifts to the left with a lower well. The formation of a contact ion pair in CRT+3PA may be responsible for the weakening influence of the base molecule on the energetics for proton transfer between the second and third PA molecules.
Assuming that the computed energetics in these small clusters reflect the behavior in the bulk systems, and that the entropic effects would not qualitatively change the observed trends, we can speculate about behavior of the proton transport in mixtures of phosphoric acid with the bases. According to the analysis in the present study, the proton transferred from a PA molecule to any of the bases examined here remains with the base (i.e., protonating the base), and might not contribute significantly to the proton conductivity of the bulk system. At the same time, the presence of a protonated base and the existence of the deprotonated PA molecules polarize the network of the hydrogen bonded PA molecules. As a result, the energy barrier for proton transfer between the neighboring PA molecules is decreased. Thus, changes of the proton conductivity in PA with specific bases might be caused by the changes in the energy barrier for the proton transfer between the PA molecules, rather than due to the proton transfer between the base and PA molecules. Ab initio molecular dynamic simulations on larger and extended systems should provide verification of this proposed idea.


[bookmark: _Toc169883335]  Beyond Proton Transfer: Proton Transport in Pure and Aqueous Acids
This chapter is based on the following publications:
· Popov, I; Zhu, Z; Young-Gonzales, A. R.; Sacci, R. L.; Mamontov, E.; Gainaru, C.; Paddison, S. J; Sokolov, A. P., Search for a Grotthuss Mechanism through the Observation of Proton Transfer. Communications Chemistry 2023, 6, 77.
· Zhu, Z; Sokolov, A. P; Paddison, S. J., Proton transport Mechanisms in Aqueous Acids: Insight from Ab Initio Molecular Dynamics Simulations. Journal of Chemical Physics (Under Review)
This chapter presents details of proton transport in pure phosphoric acid and aqueous phosphoric acid (PA), sulfuric acid (SA), and nitric acid (NA) to elucidate the proton transport mechanisms and proton correlations using ab initio molecular dynamics (AIMD) simulations. In Section 5.2, to accompany dielectric spectroscopy, quasielastic neutron, and light scattering, we determined that protons move by surprisingly short jumps of only ~0.5-0.7 Å, much smaller than the typical ion jump length in ionic liquids, and these proton jumps are anticorrelated resulting in the suppression of conductivity. In Section 5.3, we extensively investigate the similarities and differences in proton transport mechanisms in aqueous H3PO4, H2SO4, and HNO3 at two different ratios of the acid to water: 1:1 and 1:3. The results elucidate the role of the various acid molecules in proton transport within their aqueous solutions, thereby advancing fundamental mechanistic understanding.
[bookmark: _Toc158280157][bookmark: _Toc169883336]5.1 Simulation setups
[bookmark: _Hlk155886754]AIMD simulations were performed for pure phosphoric acid and a variety of aqueous acids. These systems contain ~420 atoms, which has been proven the best balance between the statistics and computational cost.58, 69 The specifics of each system are presented in Table 5.1. The initial systems were pre-equilibrated for over 10 ns using the GROMACS code.158 The methodology was established by using the general AMBER force field (GAFF) with the help of a published protocol.159, 160 Classical MD simulations were undertaken for all these systems in a periodic cubic box with a time step of 2 fs. After obtaining the desired starting structures, 
[bookmark: _Ref169598455][bookmark: _Toc169883458]Table 5.1. Details of AIMD simulation systems.
	System
	Acid #
	Water #
	Density 
(g/cm3)
	wt%
	Temperature 
(K)
	Prod. Time 
(ps)

	PA
	54
	0
	1.88
	100.0
	400/383
	60.7

	PA1H
	38
	38
	1.68
	85.0
	390/420
	103.1

	PA3H
	24
	72
	1.48
	65.0
	390
	102.4

	SA1H
	40
	40
	1.78
	85.0
	360
	61.1

	SA3H
	26
	78
	1.56
	65.0
	360
	60.9

	NA1H
	48
	48
	1.45
	78.0
	360
	61.3

	NA3H
	30
	90
	1.33
	54.0
	360
	61.1

	H3O+
	0
	104
	1.00
	0.0
	320
	104.0





AIMD simulations were performed using the CPMD code.161, 162 The dispersion-corrected atomic core pseudopotentials (DCACP)163, 164 were employed to account for dispersion forces within the Kohn-Sham formulation of density functional theory and the B-LYP exchange-correlation functional.145, 165 A plane-wave basis set is used to expand the Kohn-Sham orbitals up to an energy cutoff of 80 Ry. In order to increase the adiabatic decoupling of nuclear and electronic dynamics, and allow a larger time step 4 au, the mass of deuterium is assigned to the hydrogen atoms and the fictitious electron mass is set to  au. Each system was equilibrated at the desired temperatures using a massive Nose-Hoover chain thermostat,166 followed by 15-20 ps of canonical (NVT) dynamics, also using a massive Nose-Hoover chain thermostat, finally followed by 60 - 107 ps of microcanonical (NVE) dynamics.
[bookmark: _Toc158280158][bookmark: _Toc169883337]5.2 Proton transport in pure and aqueous PA
[bookmark: _Toc169883338]5.2.1 Distribution of protonated species
The PA has been treated as a model system to investigate the proton transport mechanisms underlying the high intrinsic conductivity.55, 58, 60, 69, 167-169 First of all, we examine the radial distribution function of oxygen-hydrogen in pure PA as presented in Figure 5.1. The first sharp peak corresponds to the covalent OH bond and the second small peak refers to the hydrogen bond. The shoulder on the left side of the 3rd peak corresponds to the distances between the proton and the oxygen atoms from the same PA molecule. Previous structural analysis58, 169 has shown the stronger hydrogen bond networks in pure PA and aqueous 85% PA, resulting in charged species due to fast proton transfer. The fractions of various species were calculated given that the individual protons are assigned as belonging to a particular oxygen atom. The results for pure PA and aqueous PA are presented in Figure 5.2. The fraction of  is around 11% in pure PA due to the self-dissociation of PA molecules. This species decreases to 5% in aqueous PA, suggesting that the presence of water molecules significantly reduces the self-dissociation of PA molecules. Although the proton affinities of both PA and water molecules are very similar, only a small portion of water molecules (7.7%) accept a proton from PA molecules forming hydronium ions. However, the total number of protonic charged species in aqueous PA is larger than in pure PA, which may enhance the vehicular transport of 
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[bookmark: _Ref160717865][bookmark: _Toc169883500]Figure 5.1. The radial distribution function () of oxygen-hydrogen in PA. The shoulder on the left side of the 3rd peak corresponds to the distances between the proton and the oxygen atoms from the same PA molecule.
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[bookmark: _Ref169534958][bookmark: _Toc169883501]Figure 5.2. Calculated fractions of PA and water in their different states of protonation in: (a) pure PA and (b) aqueous 85% PA systems. Note that the transiently shared protons are included.


charged species. It is clear that there is only a very tiny fraction of  in both systems.
[bookmark: _Toc169883339]5.2.2 Characteristic relaxation times
The self-part of the incoherent intermediate scattering function of protons can be computed by  from AIMD simulation trajectory, in which  and  are the imaginary unit and the reciprocal lattice vector, respectively,  is the coordinates of the ith proton. This function provides similar information to that obtained from QENS data, but can access a much higher Q range. To illustrate the major processes of proton motion, we first fitted the  curves with two exponential terms and one stretched exponential term (i.e., ) for various Q values as shown in Figure 5.3a. The fitting results are listed in Table A.3. The ISF(Q,t) shows three processes. The fastest process occurs within the first 100 fs, which corresponds to the covalent bond vibration. This process can be further verified by the vibrational density of state (VDOS) for protons in pure PA system at 400 K (see Figure 5.3b), in which the relaxation time of OD bond  is in good agreement with the fastest mode obtained from the fitting of  . Note that this process only accounts for a very small proportion of the , especially for small Q values. Thus, we skipped this Q-independent vibrational mode in the latter fitting procedure by dismissing the first 100 fs, which was proven to improve the fitting results for small Q values but have a minimal effect on the ones for large Q values based on the comparison between the  values from Table A.3 and Table A.5. Besides the vibrational mode,  bears a fast relaxation process and a slow relaxation process. The fast process also has a Q-independent time constant ~0.10.3 ps, suggesting a local process. Similar processes with characteristic times of ~0.10.3 ps were reported in simulations of water and imidazole, and assigned to proton rattling between two oxygen/nitrogen atoms.170, 171 Following this idea, we also ascribe this process to the rattling of protons between oxygen atoms in PA and PA85. Furthermore, the proton rattling process can be validated by proton transfer population correlation functions (PCFs), as discussed below. The slow process, however, exhibits a strongly Q dependent relaxation time, , indicating its diffusive nature. It can be well described by a stretched exponential decay, ], with the stretching 
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Description automatically generated with medium confidence]
[bookmark: _Ref159582757][bookmark: _Toc169883502]Figure 5.3. (a) Illustration of fitting the self-intermediate scattering function ISF(Q,t) of protons with  for three different Q values probed at 400 K for pure PA. (b) Vibrational density of state (VDOS) for protons in pure PA system at 400 K.


parameter  ~ 0.7 ± 0.2. The latter agrees with the stretching determined from the QENS spectra. To estimate the relaxation times, the  curves were fit to a modified Kohlrausch-Williams-Watts function . The fast process has an exponential form, while the slow diffusive process features a stretched exponential form. The characteristic slow process relaxation time is given by , where  is the Gamma function. Subsequently, the half width of energy maximum (HWHM) of the relaxation spectra for the diffusive process  can be calculated with , where  is Planck’s constant divided by . The estimated fitting parameters are presented in Table A.4-Table A.7. The HWHM exhibits the same Q dependence as the process observed in QENS (Figure 5.4 inset). The fit of the AIMD simulation results (Figure 5.4) provides estimates of the parameter = 0.7 ± 0.2 Å for pure PA and  = 0.5 ± 0.1 Å for PA85, in excellent agreement with the QENS data analysis (see Table 5.2). Meanwhile, the estimated relaxation time, , exhibits a similar value to that obtained from the BDS spectra, indicating that proton dynamics probed by QENS governs the conductivity of these systems.172 
To further verify the various relaxation time scales of proton motion, proton transfer population correlation functions (PCFs) were calculated from the trajectories. The PCF approach has proven capable of providing the characteristic time scales for proton transfer kinetics including proton rattling and long-range proton transport, which is defined as

where  if a given oxygen atom is protonated and 0 otherwise,  if the protonated oxygen atom keeps its identity up to time t. The decay of  can be fitted to the tri-exponential form:

where the time constants  correspond to the different time-scale processes. The results for pure PA at 400 K are shown in Figure 5.5. The relaxation times are 0.32 ps, 2.20 ps, and 11.02 ps. The first fastest relaxation time is often assigned to the proton rattling process, which lies in the sub-picosecond regime. The slower one represents the hydrogen bond reorganization 
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[bookmark: _Ref159584216][bookmark: _Toc169883503]Figure 5.4. Q dependence of the characteristic energy of the QENS relaxation process (open symbols) and corresponding simulation data from self-correlation of proton motion in MD (closed symbols) and their fit to jump-diffusion model (lines). The jump-diffusion model provides correct estimates of the proton diffusion and enables estimates of the proton jump length . The latter appears surprisingly short and comparable to the expected length for the proton transfer. The inset displays self-intermediate scattering functions ISF(Q,t) of protons with different Q values at 400 K for pure PA from AIMD simulations (upper) and QENS spectra (bottom).

[bookmark: _Ref159584495][bookmark: _Toc169883459]Table 5.2. Relaxation times obtained by fitting the Q-dependent  with  for pure PA and aqueous PA85 at different temperatures.
	System
	[K]
	
	
	Error D
	
	Error 
	 [ps]
	Error 

	PA
	383
	2.611
	2.78
	0.0044
	0.68
	0.016
	2.79
	0.177

	PA
	400
	2.500
	2.72
	0.0016
	0.66
	0.02
	2.66
	0.064

	PA85
	390
	2.564
	3.06
	0.039
	0.51
	0.015
	1.440
	0.100

	PA85
	420
	2.381
	7.20
	0.079
	0.51
	0.012
	0.61
	0.364
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[bookmark: _Ref160717671][bookmark: _Toc169883504]Figure 5.5. (a) Proton transfer population correlation functions (both including and excluding proton rattling) and their triexponential fits for pure PA at 400 K. (b) The self-part of the van Hove function of the protons with three characteristic times obtained from triexponential fits of the population correlation functions in pure PA at 400 K.



process and the slowest one comes from the long-range proton transport process, which is further confirmed by the similar characteristic relaxation time  of 10.8 ps (Figure 5.4). It is important to note that the proton transfer PCFs cannot detect the vibrational motion because the proton transfer is the elementary step in this correlation function that has a larger time scale than vibrational motion. However, it is able to demonstrate more details about the proton behavior in terms of transfer events. Specifically, the hydrogen bond reorganization process can be easily detected via the proton transfer PCFs but difficult to distinguish from  especially for small Q values. Interestingly, the fit of the proton transfer PCF that excludes proton rattling shows a single characteristic time (22.32 ps), meaning that there is only one slow process associated with this time scale.
The distribution of displacements of proton can be quantified by computing the self-part of the van Hove function defined as

where  is the probability that a particle has moved a distance r within the time t. The integral of  over all times must be unity, that is

To estimate the length of proton transport at various characteristic times, the self-part of the van Hove functions at three characteristic time scales were determined as shown in Figure 5.5(b). The van Hove functions demonstrate Gaussian distribution at short and long times, which correspond to local proton hopping and long-range proton diffusive motion. It is noted that there is a flat peak for the van Hove function at the intermediate time, which can probably be ascribed to the reorientation of solvent molecules facilitating the escape of protons from the “cages”. Importantly, the position of the peak for the shortest time scale is ~0.7 Å, which is in good agreement with the proton jump length. Indeed, this result illustrates that a short proton jump length is definitely due to proton transfer events.
Having established a clear relationship of the diffusive process in the simulations to the proton jumps observed in QENS, we can now follow the trajectory of an individual proton during its diffusion over 40 ps (Figure 5.6). Trajectories show the vibrational and rotational motion of the proton within the same color cloud and proton jumps are defined as the proton transfers from one oxygen atom to another oxygen atom. The center of mass of each cloud is connected by a black line to the center of mass of the next cloud. These black lines can be considered as average paths of the proton switching the oxygen atoms. Analysis of these proton jumps reveals that they are very short ~ 0.5 Å with only a few (~2-3 out of 50) large scale jumps ~ 2 Å (Figure 5.6 inset). This is smaller than that suggested much earlier jumps (~2.8 Å).64 Specifically, the short proton jumps are the proton transfers between the same pair of oxygen atoms although there are some trials of rotating motions. However, the long jumps are associated with a rotation of the OH bond followed by an effective proton transfer, which is a much rarer event than individual proton jumps. Examination of the other protons in the PA system shows a similar distribution and average jump length.
[bookmark: _Toc169883340]5.2.3 Proton transport mechanisms
The AIMD simulations reveal that proton hopping plays a key role in the long-range proton diffusion through the breaking and forming of hydrogen bonds (Figure 5.7). The structural characteristics of a proton with neighboring oxygen atoms show that the covalent OH bond and the hydrogen bond are the first peak at  and the second peak at , respectively, in the radial distribution function  (Figure 5.1). The proton (in green) first forms a strong hydrogen bond with a neighboring oxygen, which induces the proton associated with the neighboring oxygen to transfer to the solvent (neutral) PA molecule (Figure 5.7a). Following the completion of the transfer of a proton from the neighboring oxygen to the solvent PA molecule, the proton transfers to the neighboring oxygen through a strong hydrogen bond (Figure 5.7b). These successive proton hopping events take place at the sub-picosecond time scale, followed by a long quiescent period, in which the proton is trapped in a cage formed by adjacent oxygen atoms via strong hydrogen bonds. This quiescent period corresponds to the hydrogen bond reorganization relaxation time (couple of picoseconds), which is also detected by the proton transfer PCFs (Figure 5.5a). The large-angle proton jump due to the reorientation of the covalent OH bond causes the breaking of the original hydrogen bond and the forming of 
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[bookmark: _Ref169516279][bookmark: _Toc169883505]Figure 5.6. Trajectory lines of an individual proton in pure PA at 400 K. Each colored cloud reflects the proton vibrational and rotational motions as the proton is associated with the same oxygen atom. The trajectory changes color when the proton transfers to a different oxygen atom. The center of mass of each cloud is connected by a black line to the center of mass of the next cloud. These black lines present averaged jumps of the proton transfers between the oxygen atoms. (Inset) The length of proton jumps between oxygen atoms (the length of the black lines).
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[bookmark: _Ref159585753][bookmark: _Toc169883506]Figure 5.7. Snapshots of the elementary steps of the mechanism for long-range proton diffusion in pure PA. The green ball represents the long-range diffusive proton and the charged entities are highlighted. The arrows denote the associated proton transfers and the reorientations of the covalent OH bonds in the mechanism. The collaboration of proton transfers (a, b, d, f, and g) and large angular jumps (c, e, and h) facilitates the long-range diffusion of protons.


the nascent hydrogen bond with a new PA molecule (Figure 5.7c,d), which facilitates protons escaping the local “trap” formed by the strong hydrogen bonds. Subsequently, proton transfer occurs via the new hydrogen bond followed by another large-angle reorientation of the covalent OH bond (Figure 5.7e,f). The proton transfer through this newly formed hydrogen bond induces the cleavage of the other hydrogen bond between the next acceptor oxygen and the surrounding solvent PA molecules by a large reorientation of a covalent OH bond (Figure 5.7g,h). This molecular mechanism indicates that the reorientation of an OH bond by large angular jumps is involved in the long-range diffusion of the protons.
[bookmark: _Toc169883341]5.2.4 Proton correlations
Our experimental results reveal that H-1 < 1 over the entire temperature range (Figure 5.8a), suggesting that proton transfer between PA molecules is indeed correlated.173 However, in contrast to the expected enhancement of conductivity for a Grotthuss-like mechanism, the correlated proton transfers in PA lead to a decrease in conductivity. Thus, we hypothesize that the correlations between protons may be responsible for this suppression. To confirm this hypothesis, we analyzed distinct proton-proton displacement vector correlations from AIMD simulation trajectories. The self- and distinct- diffusivities of the protons can be obtained using the Einstein relation

where  and  are the coordinates of protons i and j, respectively. This Eq. can be decomposed into the self- ( for ) and distinct- ( for ) diffusivity contributions. Assuming that the proton conductivity is the dominant contribution to the conductivity of the system, the inverse Haven ratio can be computed via . These diffusivities were calculated from the linear fitting to the proton displacement vector correlations (. Indeed, the distinct proton correlations are negative, , leading to negative contribution to conductivity (Figure 5.8b). Given that the negative distinct correlation of a proton may arise through the rotation of PA molecules, we calculated the distinct correlation function of the proton displacement vectors 
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[bookmark: _Ref159585632][bookmark: _Toc169883507]Figure 5.8. (a) Temperature dependence of the inverse Haven ratio for PA (blue symbols) and PA85 (red symbols) estimated using diffusion coefficients obtained from NMR63, 64 (open squares) and BDS (closed squares). (b) Correlation functions of proton displacement vectors for pure PA at 400 K and the linear fit to obtain self-, distinct, and total diffusion coefficients.


from the same PA molecule and the results show that the distinct diffusivity of protons from the same PA molecule are very small with a positive value (see Figure A.2), suggesting that the translational motion of PA molecules may contribute more to the distinct proton diffusivity than the rotation of PA molecules, and both are much slower than the proton self-diffusivity. Notably, the self-diffusion coefficient of protons is in good agreement with that obtained from the intermediate scattering function (). The anticorrelation between protons definitely gives rise to the suppression of the conductivity in pure PA at 400 K (). This combination of experimental and simulation results suggests that correlated proton transfer events in PA and PA85 form a kind of backflow with total charge displacement lower than in the case of uncorrelated proton transfer. Based on these results, we speculate that a Grotthuss-like enhancement mechanism of conductivity is impossible in bulk liquid state, most likely because of the requirement for momentum conservation. 
[bookmark: _Toc158280159][bookmark: _Toc169883342]5.3 Proton transport in aqueous acids
[bookmark: _Toc169883343]5.3.1 Distribution of protonated species
AIMD simulations explicitly allow for the breaking and forming of covalent bonds, leading to an equilibrium distribution of the various protonated/deprotonated states of the acid and water molecules. In order to identify the protonated species in these systems, each hydrogen atom is assigned to the nearest particular oxygen atom. Oxygen atoms associated with two hydrogen atoms are identified as a water oxygen, , while oxygen atoms with three assigned hydrogen atoms are treated as hydronium ions denoted by . Similarly, the oxygen atoms belonging to the acid molecules are denoted as . The fraction of water and acid molecules in their various states of protonation were calculated and the results collected in Table 5.3.
There is a small number of positively charged acidic species in the aqueous PA systems due to the similar proton affinity of PA and H2O. For the strong acids, these species are negligible, but the water appears to trap protons as H3O+ ions, which may consequently retard the structural diffusion of the protons. The increase in the ratio of water to an acid has minimal influence on the neutral species in aqueous PA systems but significantly decreases the neutral species in aqueous SA and NA. Although SA is a strong acid, SA molecules tend to donate only one proton to the water molecules even when the ratio of water to acid is 3. It is worth noting that there are about 10% neutral species in the SA3H system, in contrast to the findings of a previous study174 where the authors stated that all sulfuric acid molecules were dissociated although short-lived neutral sulfuric acid molecules were observed because the transiently shared protons are included. In contrast, the addition of water in PA systems gives rise to a slight increase in neutral phosphoric acid from 81.5 to 81.9% due to the reduction of self-dissociation of the PA molecules, suggesting that the self-dissociation of PA decreases with increasing water content. With respect to , there is a small number of  in the PA systems due to its weak acidity. However, most water molecules are protonated via the acid molecules in the SA systems and an increase in water further promotes the dissociation of protons by SA even facilitating dissociation of a second proton. The significant fraction of H3O+ in the aqueous SA systems contributes to the high conductivity via vehicular diffusion. The acidity of NA is moderately strong, which leads to a significant increase in the proton dissociation from NA molecules with the addition of water (i.e., NA3H).
[bookmark: _Toc169883344]5.3.2 Structure of H-bonds
[bookmark: _Ref169537096]The primary aim of this work is to provide insight into how the acid molecules affect the solvation structure of protons and H2O and elucidating proton transport mechanisms in terms of the molecular structures and acidities. To this end, we start with exploring the structural properties of the hydrogen bonding. Figure 5.9 shows the OO radial distribution functions (RDFs) excluding the intra-molecular pairs for clarity. To gain additional insight into the compositions of the peaks, we decomposed the OO RDFs into three pairs: both oxygen atoms from water molecules denoted by OWOW; one oxygen from water and the other from acid molecules denoted by OWOA; and both oxygen atoms from acid molecules denoted by OAOA. Note that all oxygen atoms are not distinguished based on their protonation states, namely, the OW includes neutral water and hydronium ion oxygen atoms. Compared to the OO RDF for the protonated water system, the first peak becomes weaker but shifts to short or long distances to various extents. Specifically, the first peak is located at ~2.6 Å in the PA1H system while the first peak moves to 2.7 Å in PA3H which is identical to that in the protonated water system, 

[bookmark: _Ref169880728][bookmark: _Toc169883460]Table 5.3. Computed fractions (%) of acid and water molecules in their different states of protonation in the studied aqueous acid systems.
	Species
	/
/

	/
/

	/
/

	/

	
	

	PA1H
	5.6
	81.5
	12.8
	0.06
	7.3
	92.7

	PA3H
	2.3
	81.9
	15.7
	0.05
	4.5
	95.5

	SA1H
	0.03
	46.7
	53.0
	0.26
	53.5
	46.5

	SA3H
	-
	10.1
	88.9
	1.03
	30.3
	69.7

	NA1H
	-
	88.3
	11.7
	-
	11.7
	88.3

	NA3H
	-
	49.0
	51.0
	-
	17.0
	83.0



[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Ref169537269][bookmark: _Toc169883508]Figure 5.9. RDFs of OO pairs from different species: Total (a and e); both from water species (b and f); oxygen atoms of water and acid molecules (c and g); and oxygen atoms of acid molecules (d and h). The oxygen atoms from the same molecule are excluded for clarity.


indicating that the presence of water molecules at the ratio of 1:1 does not change the strong overall H-bonds but the addition of water molecules makes the overall H-bonds weaker.58, 172 However, the corresponding peak for SA1H and NA1H systems is located at ~3.1 Å which is much longer than that in the protonated water system. Obviously, there is a shoulder on the left side of the peak in SA1H while the shoulder and the peak switch their roles in SA3H. A similar phenomenon occurs in the aqueous NA systems changing from a broad peak to two equivalent flat peaks. 
In aqueous acids, hydrogen bonds exist between the different species, leading to distinct local environments for proton transfer. Figure 5.9 (b-d) depict the OO RDFs of different species for the 1:1 aqueous acid systems. For the H-bonds between water species (including H3O+), the positions of the first peak shift to the left as the acidity increases, suggesting that there are more H3O+ ions in strong acids forming stronger H-bonds than between water molecules. The H-bond between water and NA molecules is the weakest one while the H-bonds between water and PA or SA molecules are similar despite the difference in their acidities. The scenarios are different in the strong H-bonds between aqueous species and PA or SA molecules. In aqueous PA systems, PA molecules donate protons to aqueous species (mainly H2O) due to the high concentration of OH groups. SA molecules act as proton-acceptors in H-bonds with aqueous species (mainly H3O+) (see Figure A.3). It is commonly understood that neat PA has a high intrinsic proton conductivity because of the strong and polarizable H-bonds between the PA molecules.63, 64, 167-169, 175 Figure 5.9 (d) shows that the position of the first peak is located at the shortest distance (2.62 Å) among these aqueous acids, implying that the strong H-bonds between the PA molecules are essentially not influenced by the presence of water molecules. Interestingly, the addition of water molecules alters the intensities of the first OO RDF peaks but not the positions of the corresponding peaks (Figure 5.9 (f-h)).
[bookmark: _Toc169883345]5.3.3 Solvation structure of H3O+
Of particular interest is the influence of acid on the solvation structure of the hydronium ions. For this purpose, we calculated the O*O and O*H RDFs for these aqueous acid systems as shown in Figure 5.10, in which O* denotes the hydronium oxygen atoms, and OW and OA 
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[bookmark: _Ref169537421][bookmark: _Toc169883509]Figure 5.10. RDFs of O* with other atoms: oxygen atom of water molecule (a and d); oxygen atom of acid molecule (b and e); and all hydrogen atom (c and f).
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[bookmark: _Ref169537576][bookmark: _Toc169883510]Figure 5.11. RDFs of the water oxygen atom with other atoms: oxygen atom of the water molecule (a and d); oxygen atom of the acid molecule (b and e); and all hydrogen atoms (c and f).

represent water and acid oxygen atoms, respectively. For comparison, the OWO RDFs are also illustrated in Figure 5.11. As seen in Figure 5.11 (a, d), the positions of the first peak for three aqueous acid systems are similar but their intensities vary due to the different number of water molecules in these systems. The addition of water makes the difference in intensity smaller. The O*H RDFs are shown in Figure 5.10 (c and f), in which the first sharp peak clearly indicates the covalent bond OH, and the second one represents the H-bond that is consistent with the trend as the O*OW RDFs (Figure 5.10 (a and d)). It is worth noting that there is a small shoulder on the second peak of O*H RDFs corresponding to the weak accepting H-bond of the H3O+ ions. A significant difference in the H-bonds appears in the pair of hydronium ion oxygen and acid oxygen atoms due to the various protonated states of the acid molecules. Specifically, the H-bond is stronger in the PA systems than in the other two aqueous acid systems partially because of the potent proton-donating capability of neat PA. In the aqueous SA and NA systems, there are two characteristic peaks related to the H-bond, which are located at identical positions but clearly possess distinct features. The first peak is dominant in aqueous SA systems while the second one is dominant in the aqueous NA systems. The addition of water molecules weakens the difference between the two peaks in these two aqueous acid systems. These results clearly suggest that the H-bond structure is influenced by the acid molecules and the water content.
Figure 5.11 displays the RDFs of the water oxygen with other atoms from different molecular species. The position of the first peak of the OWOW RDFs is located at ~2.8 Å in good agreement with results from an X-ray diffraction experiment of 1.2 mol/L sulfuric acid solution at 20 °C,176 indicating that the H-bonding between water molecules is weaker than that between H3O+ and H2O. This phenomenon is consistent with previous studies.174, 177-180 The acid has a very small influence on the hydrogen bonding between the water molecules. Figure 5.11 (b and e) shows that the strength of the H-bonds between water and acid molecules is as follows: PA > SA > NA. It should be emphasized that this order is different from that of the acidity of these acid solutions (i.e., SA > NA >> PA). The first peak of the OWH RDFs resembles that of the protonated water system where the covalent bonds in the water molecules are sharper than that of the H3O+ ion. However, the second peak moves a short distance to varying extents due to the number of H3O+ ions in the systems.
[bookmark: _Toc169883346]5.3.4 Solvation patterns of H3O+ and H2O
Proton transfer is significantly influenced by the solvation structure of H3O+ and its neighboring H2O.178, 181-184 To elucidate the local surrounding H-bond network of H+(aq), probability distribution functions for the solvation pattern were calculated as the probability of finding a H3O+ or H2O that donates m H-bonds and accepts n H-bonds (denoted as mDnA) according to the H-bond criteria: the distance between donating oxygen () and accepting oxygen ()  < 3.5 Å; the distance between accepting oxygen and donating hydrogen ()  < 2.5 Å; and the angle  < 30°. Furthermore, a reaction coordinate is defined as  for proton transfer events occurring along the H-bond . Previous studies185, 186 revealed that H3O+ primarily forms three dynamic donating H-bonds with water or acid molecules in the first solvation shell, and one of the three H-bonds is stronger than the other two, referred to as the “special pair” (i.e., ). The water molecule in this special pair, which acts as the proton acceptor, needs to adjust its coordination to readily receive the proton from the H3O+. These coordination fluctuations are the rate-limiting step for proton transport.177, 178, 187 Therefore, it is also crucial to analyze the solvation pattern distribution for the H2O in the special pair at the proton transfer transition state ( 0.1 Å). The results are presented in Table 5.4 and Table 5.5 along with the representative solvation patterns for active H3O+ in these aqueous acid systems (Figure A.4).
[bookmark: _Ref169539062]In the slightly acidic water system, the solvation pattern of 3D0A is dominant (90.4%). This dominance of 3D0A is also evident in all aqueous acid systems, albeit with varying percentages lower than in the acidic water system. At the proton transfer transition state, the prevalent solvation pattern for H3O+ remains 3D0A, although the population becomes lower. Correspondingly, the special pair water exhibits the highest population of the 2D1A solvation pattern in all studied systems at the proton transfer transition state. This configuration corresponds to the Zundel ion, featuring two water molecules with the same solvation pattern (see Table 5.5). In this scenario, proton transfer occurs readily between the two water 

[bookmark: _Ref169880776][bookmark: _Toc169883461]Table 5.4. Probability distribution (%) of solvation patterns.
	O*
	 
	1D
	2D
	3D
	4D

	PA1H
	0A
	0.09
	8.86
	85.54
	0.26

	
	1A
	0
	0.29
	4.96
	0.01

	PA3H
	0A
	0.07
	7.28
	83.56
	0.2

	
	1A
	0
	0.46
	8.4
	0.01

	SA1H
	0A
	0.36
	14.09
	83.31
	0.62

	
	1A
	0
	0.17
	1.44
	0

	SA3H
	0A
	0.08
	7.4
	87.74
	0.32

	
	1A
	0
	0.27
	4.18
	0.02

	NA1H
	0A
	0.13
	9.27
	84.55
	2.09

	
	1A
	0
	0.26
	3.62
	0.07

	NA3H
	0A
	0.03
	5.38
	86.16
	1.64

	
	1A
	0
	0.24
	6.45
	0.08

	H3O+
	0A
	0
	1.09
	90.44
	0

	
	1A
	0
	0.09
	8.37
	0

	OW
	 
	0D
	1D
	2D
	3D

	PA1H
	0A
	0.16
	0.5
	0.47
	0

	
	1A
	2.96
	19.28
	29.76
	0.32

	
	2A
	1.33
	13.07
	31.43
	0.27

	
	3A
	0
	0.11
	0.32
	0

	PA3H
	0A
	0.29
	1.05
	0.89
	0

	
	1A
	2.63
	18.13
	29.41
	0.25

	
	2A
	1.28
	13.27
	30.94
	0.24

	
	3A
	0.03
	0.4
	1.18
	0

	SA1H
	0A
	0.07
	0.12
	0.11
	0

	
	1A
	3.81
	25.92
	41.6
	0.63

	
	2A
	1.05
	8.27
	18.06
	0.31

	
	3A
	0
	0
	0.03
	0

	SA3H
	0A
	0.11
	0.39
	0.36
	0

	
	1A
	2.27
	19.58
	41.01
	0.48

	
	2A
	0.88
	9.59
	24.72
	0.26

	
	3A
	0
	0.08
	0.23
	0

	NA1H
	0A
	0.17
	0.54
	0.38
	0.01

	
	1A
	4.77
	23.26
	26.46
	0.83

	
	2A
	2.28
	15.61
	24.57
	0.8

	
	3A
	0.02
	0.11
	0.18
	0

	NA3H
	0A
	0.18
	0.82
	0.71
	0.02

	
	1A
	2.54
	18.54
	32.68
	0.93

	
	2A
	1.14
	12.33
	28.38
	0.82

	
	3A
	0.02
	0.21
	0.67
	0.02

	H3O+
	0A
	0.08
	0.41
	0.45
	0

	
	1A
	0.65
	7.59
	16.73
	0

	
	2A
	0.48
	12.18
	54.82
	0

	
	3A
	0.01
	0.68
	5.71
	0



[bookmark: _Ref169539073][bookmark: _Toc169883462]Table 5.5. Probability distribution (%) of solvation patterns at  Å.
	O*
	 
	1D
	2D
	3D
	4D

	PA1H
	0A
	0.31
	15.02
	73.93
	0.31

	
	1A
	0
	0.78
	9.61
	0.04

	PA3H
	0A
	0.2
	11.32
	73.88
	0.29

	
	1A
	0
	1.16
	13.01
	0.04

	SA1H
	0A
	1.3
	22.44
	71.84
	0.87

	
	1A
	0.02
	0.6
	2.9
	0.02

	SA3H
	0A
	0.31
	12.83
	78.21
	0.47

	
	1A
	0
	0.79
	7.34
	0.02

	NA1H
	0A
	0.49
	18.25
	72.22
	2.14

	
	1A
	0
	0.76
	5.94
	0.15

	NA3H
	0A
	0.16
	10.2
	76.07
	1.8

	
	1A
	0
	0.82
	10.74
	0.17

	H3O+
	0A
	0
	2.38
	80.12
	0

	
	1A
	0
	0.15
	17.35
	0

	
	 
	0D
	1D
	2D
	3D

	PA1H
	1A
	0.43
	16.96
	68.93
	0.54

	
	2A
	0.02
	1.46
	11.52
	0.02

	PA3H
	1A
	0.34
	14.33
	70.81
	0.25

	
	2A
	0
	1.52
	12.41
	0

	SA1H
	1A
	1.76
	25.96
	66.02
	0.79

	
	2A
	0.04
	1.17
	4.27
	0.04

	SA3H
	1A
	0.56
	15.81
	73.15
	0.57

	
	2A
	0.03
	1.21
	8.6
	0.04

	NA1H
	1A
	1.15
	22.37
	67.82
	1.77

	
	2A
	0.06
	1.18
	5.55
	0.07

	NA3H
	1A
	0.36
	13.01
	70.83
	1.88

	
	2A
	0
	1.12
	12.51
	0.17

	H3O+
	1A
	0.07
	3.48
	73.62
	0.07

	
	2A
	0 
	0.35
	22.33
	0.02





molecules with a very low energy barrier. These findings indicate that the dominating solvation pattern 3D0A of the H3O+ persists in the aqueous acids even at the transition state, when compared to its prevalence in acidic water. However, the solvation pattern distribution of H2O is influenced by the presence of acid molecules. Specifically, in acidic water, the dominant solvation configuration is 2D2A (54.8%), with 2D1A and 1D2A patterns having similar populations (16.7% and 12.2% respectively). In the aqueous PA systems, the population of the 2D2A configuration remains the highest, but their values decrease to 31.4 and 30.9% in PA1H and PA3H, respectively. Nevertheless, as the acid strength increases, the highest population shifts from 2D2A to 2D1A, with stronger acids favoring the dominance of the 2D1A solvation pattern. This trend is attributed to the reduced presence of water molecules in strong acid solutions and the steric hindrance imposed by the larger acid molecules, which hinders them from donating the second H-bond to H2O. Interestingly, the active special pair water ( 0.1 Å) consistently exhibits the highest population of the 2D1A pattern in all systems. This suggests the occurrence of the Eigen-Zundel-Eigen (i.e., EZE) mechanism, even though the H3O+ ion forms three H-bonds with either water or acid molecules (i.e., an Eigen-like ion). For this Eigen-like ion, the special patterner may involve acid molecules with various protonation states (see Table A.8).
[bookmark: _Toc169883347]5.3.5 Energetics of proton transfer
The H-bond structure between different molecular species has been discussed above. Proton transfer along the H-bonds is an elementary step in the structural diffusion of protons. Energy profiles, , provides energetics of proton transfer along the reaction coordinate δ, which may be defined as: 

where  is the Boltzmann constant, and  is the absolute temperature. The reaction coordinate is defined as  for proton transfer events occurring along the H-bond .  is the probability distribution of , which is affected by the proton donor-acceptor distance  (see Figure A.5). The computed free energy profiles for proton transfer are shown in Figure 5.12. Generally, the free energy profiles are 
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[bookmark: _Ref169539249][bookmark: _Toc169883511]Figure 5.12. Energy profiles for proton transfer between different molecular species in (a) PA1H, (b) SA1H, (c) NA1H, (d) PA3H, (e) SA3H, and (f) NA3H.


symmetrical double-well shaped with barriers at . In the PA1H system, the energetic barrier for proton transfer from hydronium ion to water molecule is ~1.1 kcal/mol while the barrier for proton transfer from an H3O+ ion to PA molecule is slightly lower (0.9 kcal/mol). Surprisingly, an increase in the number of water molecules per PA increases the barrier (1.2 kcal/mol) for proton transfer from H3O+ ion to H2O but lowers the barrier (0.7 kcal/mol) for that from H3O+ to a PA molecule. The most probable δ values are almost identical (~0.48 Å). However, proton transfer barriers in proximity to PA molecules are much higher than those near H3O+ ions. It is interesting to note that the equilibrium distance for proton transfer between the PA molecules is ~0.65 Å which is similar to that in pure PA.58 In the SA1H system, the proton transfer barrier from H3O+ to H2O is the lowest amongst all aqueous acid systems (0.4 kcal/mol), while in the SA3H system, this energy barrier for proton transfer is ~0.8 kcal/mol which is twice as high as in SA1H system. Moreover, there is a large penalty for transferring a proton back to the SA molecule from H3O+ due to the strong acidity of SA and weak basicity of HSO4–. The strong acidity of the SA molecules also gives rise to a very high barrier for proton transfer between SA molecules. This phenomenon, not surprisingly, occurs in the aqueous NA systems although the NA is not as acidic as the SA. In addition, the aqueous NA system is the only one where the addition of water molecules slightly lowers the proton transfer barrier from H3O+ to H2O.
[bookmark: _Toc169883348]5.3.6 Relaxation time of H3O+
To elucidate the structural diffusion of the protons, it is important to estimate relaxation times, lifetimes, and reaction rates. Time-dependent population correlation functions have been extensively employed in a variety of systems.34, 52, 71, 172, 185, 188, 189 Here the continuous correlation function for protons was calculated according to the following equation:

where  and  are the indicators for the H3O+ at initial time  and , respectively. If the targeted hydronium ion O* retains its identity during the period from time 0 to , then ; otherwise, . This “history-dependent” correlation function includes fast proton rattling and long-range proton diffusion behavior. Since proton rattling does not contribute to long-range diffusion, this process can be excluded by defining the proton rattling event as a proton transferring between two oxygen atoms without visiting a third oxygen atom. The relaxation time of these different time-scale events may be extracted by fitting the function to a bi-exponential function:
  and  are weighting factors satisfying , and  and  represent two separate relaxation times. The lifetime, , of H3O+ can be calculated with

Figure 5.13 (a) presents the continuous population correlation functions for H3O+ by including proton rattling. The continuous population correlation function including rattling for the six systems decays very quickly (~ 2 ps). In the aqueous strong acid systems, the hydronium ion has a long lifetime, but the increase in water content makes it decay quickly. This may be because there are more acid molecules around the H3O+ in the 1:1 systems leading to a smaller probability for the hydronium ion to transfer a proton to a neighboring molecule.  The addition of water molecules changes the local environment of the hydrated protons in which more water molecules coordinate with the H3O+ and the energetic penalty for proton transfer between an H3O+ ion and an H2O is small as shown in Figure 5.12. However, in the weak aqueous PA systems, the barriers for a hydronium ion to transfer a proton to water or PA molecules are identically low, which gives rise to the fastest decay occurring in aqueous PA systems. The short lifetime caused by the fast rattling does not mean that the proton can transport fast via the Grotthuss mechanism. Thus, the long timescale for proton diffusion is contained in the continuous population correlation functions excluding the rattling (Figure 5.13 (b)). In this case, the decay process becomes significantly slow (beyond 30 ps for some systems). For the aqueous PA systems, the lifetime of H3O+ is the longest (around 17 ps) among the studied systems (see Table 5.6). It is surprising to note that the lifetime of H3O+ in NA1H is equally long as that in the aqueous PA systems. The reasons for the long relaxation times in the three systems is likely different. In both aqueous PA systems, strong H-bonds trap the protons as 
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[bookmark: _Ref169539390][bookmark: _Toc169883512]Figure 5.13. Continuous population correlation functions  for H3O+ at two conditions: (a) including proton rattling; and (b) excluding proton rattling.

[bookmark: _Ref169539461][bookmark: _Toc169883463]Table 5.6. Calculated relaxation times (in ps) including and excluding rattling for hydronium ions in studied aqueous acid systems. The fitting results for the function excluding rattling are listed in parentheses.
	
	
	
	
	

	PA1H
	0.37 (0.07)
	0.034 (0.570)
	0.198 (19.223)
	0.138 (17.861)

	PA3H
	0.36 (0.04)
	0.034 (0.458)
	0.170 (18.139)
	0.121 (17.396)

	SA1H
	0.33 (0.28)
	0.068 (0.866)
	0.455 (7.080)
	0.328 (5.315)

	SA3H
	0.28 (0.20)
	0.043 (0.655)
	0.260 (8.309)
	0.199 (6.809)

	NA1H
	0.39 (0.05)
	0.059 (0.408)
	0.401 (18.067)
	0.268 (17.131)

	NA3H
	0.24 (0.15)
	0.038 (0.587)
	0.229 (9.690)
	0.184 (8.288)





H3O+, resulting in rapid rattling rather than effectively transferring to an adjacent molecule (~130 fs and ~17 ps for including and excluding rattling, respectively). Nevertheless, weak H-bonds and less coordinating water molecules give rise to the long lifetime of hydronium ions in NA1H when excluding rattling. This may lead to the dominant vehicular diffusion of protons in NA1H. An increase in the ratio of water to NA molecules significantly shortens the H3O+ lifetime, which may improve the structural diffusion of protons in NA3H. Interestingly, the opposite trend was observed in the aqueous SA systems. The relaxation time of H3O+ is very short in SA1H and the addition of water molecules slightly increases the relaxation time. This could be ascribed to a significant number of H3O+ in the aqueous SA systems and a further increase of dissociated protons may cause the “traffic jam” of proton in which there are less productive and forward proton transfers from the H3O+ to the water molecule.190
Based on the above discussion, we cannot clearly correlate the local environment and energy barriers for proton transfer around H3O+ to the long-range diffusion of protons. It seems to be impossible for the aqueous PA systems to achieve high conductivity if an H3O+ is transported without the aid of PA molecules due to the long lifetime of H3O+ excluding rattling. To gain further insight into the dynamics of the proton, we will turn to study how an acid molecule plays a role in proton diffusion.
[bookmark: _Toc169883349]5.3.7 H+ (aq.) transport mechanism
To glean the functionality of the acid molecules in the diffusion of the protons, we first verified the participation of the molecules in actual diffusion. The RDFs of AO* are presented in Figure 5.14. The A represents the central acid atom in each system. Indeed, the first peaks are sharp and located at ~1.7 Å for the aqueous PA and SA systems, and ~1.4 Å for the aqueous NA systems, respectively. Such peaks correspond to A–H, in which the acid molecule accepts a proton from a neighboring H3O+, and their intensity indicates the relative time the proton remains with the acid molecule as shown in the inset of Figure 5.14 (a). The second peak is broad, ranging from 3.0 to 4.0 Å, which refers to the state of  and H3O+ resulting in strong interaction between the ions. It is worth noting that the protonated states of the PA molecules are dynamic and more than  anion (or neutral ), implying that the interaction 
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[bookmark: _Ref169539563][bookmark: _Toc169883513]Figure 5.14. (a) RDFs of the central atom of the acid with the oxygen of H3O+ for the aqueous acid systems. The inset lists the percentage time the proton spends as A-H, H3O+, or Zundel ions. (b) A close-up view of the second peak seen in (a).  



between H3O+ and the acid molecule is different from that observed in the other two acids. These results suggest that the reaction:  may play a key role in the diffusion of the protons. This phenomenon has been observed in AIMD simulations of a model PEM represented by graphane bilayers functionalized with  at low hydration.183, 191 Compared to the model PEM systems, the difference comes from the protonated states of the acid molecules. For example, in the aqueous PA systems, a neutral PA molecule accepts a proton from a neighboring H3O+ forming  ion, thereby possessing four identical protons. This feature enriches the possibilities for a different proton (not the proton accepted from H3O+) to transfer to an adjacent water or another acid molecule. Obviously, these possibilities do not exist in the aqueous NA system because NA can have at most one proton (see Table 5.3).
Furthermore, we calculated the percentage of time the proton exists as A–H, H3O+, or H5O2+ (Zundel ion). It is not surprising to observe that proton appears in the A–H state for ~80% of the simulation time in the aqueous PA systems while this percentage decreases to ~37% in SA1H. Interestingly, the addition of water slightly increases the time percentage acting as A–H in aqueous PA systems, but significantly decreases the A–H time in strong acid systems (~37% to ~12% for SA and ~68% to ~35% for NA, respectively).
These results motivated us to observe the protons in each system recording the coordinates of the H+(aq), which can be readily used to calculate the mean squared displacement (MSD) of the proton. Note that for the transition state, the position of the shared proton as a Zundel ion is taken as the coordinate of the proton, and the central acid atom’s position is recorded when the proton is covalently bonded to the acid molecule. The calculated MSDs of H3O+ and H2O are presented in Figure A.6 and the diffusion coefficients are listed in Table 5.7. Water molecules diffuse only via a vehicular mechanism, which is governed by the hydrodynamics of the solution. The PA1H system has the lowest water diffusion coefficient but a very high H+ diffusion coefficient. The increase in water content enhances the water diffusion by 3-fold (0.109  in PA3H vs. 0.03  in PA1H) but increases the proton diffusion by 50% (2.18  in PA3H vs. 1.4  in PA1H). These results suggest that structural diffusion 
[bookmark: _Ref169539755][bookmark: _Toc169883464]Table 5.7. Diffusion coefficients of hydrated H+ and H2O (in ) and the computed conductivities of hydrated H+ (in S/cm).
	System
	PA1H
	PA3H
	SA1H
	SA3H
	NA1H
	NA3H
	H3O+

	
	0.030
	0.109
	0.042
	0.068
	0.153
	0.165
	0.134

	
	1.40
	2.18
	0.31
	0.29
	0.22
	0.28
	0.77

	
	0.043
	0.089
	0.054
	0.119
	0.145
	0.159
	0.177

	
	1.408
	1.908
	0.291
	0.303
	0.112
	0.249
	0.586

	
	46.7
	20.0
	7.4
	4.3
	1.4
	1.7
	4.9

	
	0.426
	0.823
	0.790
	0.840
	0.143
	0.504
	0.102





dominates, and the water content has less influence on H+ diffusion than on H2O diffusion in the aqueous PA systems. In the aqueous SA systems, the diffusion of water increases with increasing water content while the diffusion of H+ has the opposite trend. The aqueous NA system has the highest water diffusion coefficient but the lowest H+ diffusion coefficient, indicating that vehicular diffusion is the dominant contributor to the proton diffusion in aqueous NA. Compared to the proton diffusion in the slightly acidic water system, only the aqueous PA system has a higher H+ diffusion. This clearly implies that PA enhances proton diffusion, but SA and NA impede the diffusion of protons.
To further glean insight into the mechanisms of proton transport, the MSDs were decomposed into continuous vehicular and discrete structural diffusion contributions as follows:



where  and  are the vehicular and structural components, respectively. The term  is the correlation between the two components in which the bracket denotes the ensemble average over all configurations. In the period from 0 to time t, all elementary displacements due to PT are accumulated to , and the remaining are accumulated in . The time window for the elementary displacement is set as the sampling time of 0.97 fs, which ensures that the structural component is not overestimated. We note that a large time window (i.e., 100 fs) was selected in prior studies.181, 184 
Figure 5.15 and Figure A.8 displays the decomposed MSDs including the vehicular and structural components along with the correlation term between these two components. As shown in Figure 5.15 (a and d), the total diffusivity is mainly due to structural diffusion in the aqueous PA system. Interestingly, the correlation between the structural and vehicular components slightly fluctuates around 0, and this correlation becomes slightly positive after a long time (> 15 ps) by increasing the water content (i.e., for PA3H). This may be ascribed to the participation of the PA molecule and the dynamic change of the protonated state of the neighboring PA molecules around the H3O+ although its state is generally as the neutral PA for 
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[bookmark: _Ref169539875][bookmark: _Toc169883514]Figure 5.15. The mean squared displacement (MSD) of H3O+ decomposed into the continuous vehicular component; the discrete structural component; and the correlation between the two components in (a) PA1H; (b) SA1H; (c) NA1H; (d) PA3H; (e) SA3H; and (f) NA3H. 

most of the time. Meanwhile, the frustrated H-bond network facilitates the depolarization of the chain connecting two oppositely charged species. The conductivity of the PA1H system is mostly due to the conductivity of protons, and may be calculated via the Nernst-Einstein (NE) relationship:

where  is the number density of H3O+,  the charge, and  the diffusion coefficient. The conductivity of PA1H is 0.426 S/cm in good agreement with the experimental conductivity,  S/cm at 400 K.168 Nevertheless, the estimated structural conductivity derived from experimental data is lower than that due vehicular transport,168 in which the structural conductivity was approximately computed by subtracting the vehicular NE conductivity from the total measured conductivity. This trend is opposite to our results, which may arise from ignoring the distinct correlations between charge carriers in the vehicular diffusion. We note that the assumption of proton conductivity dominating the overall conductivity does not extend to the other aqueous acids.
However, the scenario is quite different in the strong acid solutions. In aqueous SA systems, there exists a theoretical possibility for the SA molecule to shuttle a proton for proton transport at low ratio of water to acid, although the H3O+ prefers to transfer a proton to an adjacent water molecule rather than a strong acid molecule due to the lower energetic barrier for proton transfer from H3O+ to H2O than for H3O+ to an acid (Figure 5.12). This situation would be altered by adding additional water leading to less participation of SA molecules in the H+(aq) transport since the water molecules form a connected H-bond network. That is one important reason for the observation that the structural diffusion slightly increases with increasing water content (from 0.291  in SA1H to 0.303  in SA3H). This analysis suggests that the maximum conductivity occurring as a function of the acid concentration may arise from a competition between the effective participation of acid molecules and the concentration of dissociated protons. In addition, the structural and vehicular components are anticorrelated due to the interaction with the anion. As a proton moves away from the anion through proton transfer, vehicular diffusion has the potential to pull it back toward the anion. Similarly, when the proton diffuses away from the anion via a vehicular mechanism, structural diffusion can counteract this movement by shuttling it back toward the anion. A similar anticorrelation between vehicular and structural diffusions was also observed in the AIMD and MS-EVB simulations of anion exchange membranes181, 184 and the reactive MD and MS-EVB simulations of proton exchange membranes.192-194 Nevertheless, this anticorrelation disappears in the slightly acidic water as shown in Figure A.7.
NA is of intermediate acidity (i.e., pKa = –1.4) amongst these acids, and its molecular structure restricts its participation in proton transport. Indeed, vehicular diffusion is greater than structural diffusion in the NA1H system in part because the NA molecule appears to play a negative role in the transport of protons. This can be improved by increasing the water content to build up a connected H-bond network. As shown in Figure 5.15 (c and f), the addition of water significantly enhances H+ diffusion via structural diffusion over vehicular. Anticorrelation also occurs in the aqueous NA system and this anticorrelation is slightly stronger than that in the SA1H system although the anion concentration is lower in the NA1H system (see Table 5.3). This is because the NA molecule cannot effectively participate in H+ diffusion as the SA molecule does in the SA1H system to mitigate the interaction between H3O+ and the anions. This difference in the anticorrelation between aqueous NA and SA systems decreases as the water content increases (see Figure 5.15 (e and f)). 
Bearing that in mind, the acid molecule plays distinct roles in the diffusion of protons. Further insight into proton transport can be gained by accumulating the frequency of proton transfer events between the different species when following the H3O+. We classified proton transfer into three distinct types as follows: proton transfer from H3O+ to H2O (Type 1), between H3O+ and an acid molecule (Type 2), and between acid molecules (Type 3). As shown in Figure 5.16, the frequency for Type 1 is about half of that for the other two types in the PA1H system, suggesting that the PA molecule accepting a proton from H3O+ may pass another proton to another water or a PA molecule due to the similar proton affinity between PA and H2O. However, the frequency for Type 1 increases to that for Type 2 in the SA1H system in contrast to Type 3 events that rarely occur. This indicates that the SA molecule obtaining a proton from 
[image: A screenshot of a graph

Description automatically generated]
[bookmark: _Ref169540054][bookmark: _Toc169883515]Figure 5.16. The average occurrence times per picosecond for three types of proton transfer as defined at the bottom: proton transfer from hydronium ion to water; from hydronium ion to acid molecule; and between acid molecules in the (a) 1:1 systems, and (b) 1:3 systems.


a H3O+ prefers to return the proton to the previous H3O+ rather than transfer a different proton to an SA molecule. In the NA1H system, Type 1 has an identical frequency as in the SA1H system, but the Type 2 has a relatively small frequency compared to the other two systems. This suggests that the NA molecule does not take an active part in the proton transport. The frequency for Type 1 significantly increases in the SA3H and NA3H systems but slightly decreases in the PA3H system when compared with the corresponding 1:1 systems leading to dominant structural diffusion through the H-bond formed by the water molecules. The addition of water molecules decreases the frequency for Type 2 in the aqueous SA system but has only a minimal effect on that for Type 2 in the aqueous NA system.
The frequency of these types of proton transfer events clearly indicates that the acid molecule plays a role in proton transport to varying extents. Remaining questions include: What roles does each acid molecule play in these aqueous systems? How do these acid molecules facilitate or impede proton transport? To shed light on these questions, we defined four functionalities of an acid molecule as shown in Figure 5.17. The first one is defined as rattling if the acid molecule accepting a H+ from a H3O+ returns the proton to the H3O+; Type 2 is a relay event where the acid molecule obtaining a H+ of H3O+ transfers it to another H2O by rotating the covalent OH bond; Type 3 is a rotation event as the acid molecule accepting a H+ from a H3O+ transfers a different H+ to the water which was previously in the form of H3O+ by rotating its molecular structure; and Type 4 is the most efficient shuttling process in which the acid molecule receives a proton from H3O+ and transfers another proton to a water molecule on the other side, resulting in a large charge displacement. Notice that Type 4 also includes the case where proton transfer events occur via a collective H-bonding formed by several acid molecules before transferring to form a new H3O+. This collective proton transfer over several PA molecules was observed in AIMD simulations of pure PA.58 The occurrence probability for these functionalities was calculated and is shown in Figure 5.17. Obviously, most acid molecules just accept a proton and transfer the proton back (above 70 %), which thereby does not contribute to proton diffusion. A very small fraction of the acid molecules plays a relay role for H+ transport. The rotation functionality of the acid molecules is negligible since the 
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[bookmark: _Ref169540124][bookmark: _Toc169883516]Figure 5.17. The occurrence probability for the distinct types of the acid functionality as defined on the left: Type 1: the acid molecule accepts the dissociated proton returns the proton; Type 2: the acid molecule accepts the dissociated proton and then passes the proton to a different water molecule; Type 3: the acid molecule accepts the dissociated proton and then passes another proton to the water molecule by rotating OH bond; and Type 4: the acid molecule accepts the dissociated proton and then passes a different proton to another water molecule.


molecular rotation happens on a large timescale that exceeds the length of the simulations. Efficient shuttling events occur in aqueous PA and SA systems. The order of the fraction of shuttling is as follows: PA3H > PA1H > SA3H > SA1H, which is consistent with the structural diffusion of protons in these systems (Table 5.7). Since NA is a monoprotic acid, the NA molecule does not act as a shuttle for H+ transport.



[bookmark: _Toc169883350]  Ionic Correlations in Ionic Liquids
This chapter is based on the following publication:
· Ahmed, M. D; Zhu, Z; Khamzin, A; Paddison, S. J; Sokolov, A. P; Popov, I., Effect of ion mass on dynamic correlations in ionic liquids. The Journal of Physical Chemistry B 2023, 127, 10411-10421.
This chapter focuses on the dynamic correlations in ionic liquids (ILs), which significantly influence their ionic conductivity. Classical molecular dynamics (MD) simulations were performed on a series of IL systems composed of the same cation, 1-butyl-3-methylimidazolium [BMIM] ( g/mol), but different anions: bis(trifluoromethane)sulfonimide [TFSI] ( g/mol), [PF6] ( g/mol), [BF4] ( g/mol), and [Br] ( g/mol). These simulations explored the impact of ion mass on ion-ion correlations. The results confirm the validity of the momentum conservation approach to evaluate the contributions of distinct ion-ion correlations from broadband dielectric spectroscopy (BDS) data. Furthermore, we extended the study to examine the effects of the alkyl tail length of the imidazolium ring on ion-ion correlations by modifying the two tails of imidazolium [CmCnIM]+ (m = 1 and 2; n = 1 – 8).
[bookmark: _Toc158280160][bookmark: _Toc169883351]6.1 Simulation setups
Classical molecular dynamics simulations were performed for a variety of molecular BMIM-based ILs. Each system consisted of 500 pairs of ions, providing an optimal balance between statistical reliability and computational efficiency.50, 80, 81 The methodology was established by using the generalized AMBER force field (GAFF) utilizing a previously employed protocol.159, 160, 195, 196 Partial charges on all atoms were determined with the Restrained Electrostatic Potential (RESP) algorithm197 based on the optimized electronic structures of the isolated cation or anion. These calculations were carried out at the Hartree-Fock HF/6-31g(d) level of theory using the GAUSSIAN 09 package.138 The computed atomic partial charges were scaled by a factor of 0.8 to account for polarization and charge transfer, which has been proven to be an efficient and reliable approach in ion-containing systems.102, 160, 198 A cutoff distance of 14 Å was used for the electrostatic and Lennard-Jones interactions, with long-range corrections handled by the particle mesh Ewald (PME) method and appropriate tail corrections, respectively. The initial systems were equilibrated for over 50 ns within the NPT ensemble, following a ~30 ns annealing process using the GROMACS code.199 Following an additional 30 ns equilibration under the NVT ensemble, a trajectory of 100 ns was collected every 1 ps. This length of trajectory ensured reliable ion-ion correlations in these IL systems.92, 200 Temperature and pressure were controlled by the Bussi thermostat201 and the Parrinello-Rahman barostat202 with coupling times of 0.5 and 5 ps, respectively. The MD simulations for all the IL systems were conducted in a periodic cubic box with a time step of 2 fs. To assess the accuracy of the force fields applied to these systems, we compared the simulation and experimental densities as illustrated in Figure 6.1. The density of [BMIM][TFSI] closely matches the experimental data. While the densities of the other two systems are slightly lower than the experimental values,203, 204 they still exhibit favorable agreement. Furthermore, the distinct correlations are susceptible to notable statistical uncertainty. All dynamic correlations were compiled from 4 – 6 trajectories to provide average values, along with their corresponding standard deviations.
[bookmark: _Toc158280161][bookmark: _Toc169883352]6.2 Effect of ion mass
Atomistic MD simulations of several commonly used BMIM-based ILs provide the spatial and temporal correlations between ions. Radial distribution functions (RDFs) for the centers of mass of cations and anions were calculated at 360 K, as shown in Figure 6.2. The first peak of the cation-anion RDFs shifts to longer distances with increasing anion size, following the order: [Br] < [BF4] < [PF6] < [TFSI]. The first shell of cations surrounded by anions is located at 7.4 for [Br], 8.0 for [BF4], 8.5 for [PF6], and 9.0 Å for [TFSI]. The coordination number (CN), indicated by the dashed vertical lines, shows that the CN for [Br] is 6.2, smaller than that of the other three large anions (~ 6.5). This suggests a strong repulsive interaction between the small [Br] anions. 
To further elucidate the distributions of anions around cations and cations around anions, spatial distribution functions (SDFs) are presented in Figure 6.3. The surface at the isovalue of 10 demonstrates that anions preferentially occupy positions above and below the 
[image: ]
[bookmark: _Ref159586039][bookmark: _Toc169883517]Figure 6.1. Comparison of simulated (open symbols) and experimental (filled symbols) (Refs. 203, 204) densities of [BMIM] [TFSI], [BMIM][PF6], [BMIM][BF4], and [BMIM][Br] ILs as a function of temperature. The densities from our simulations are in good agreement with experimental ones over the entire temperature range.
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[bookmark: _Ref159586168][bookmark: _Toc169883518]Figure 6.2. (a) Radial distribution functions of centers of mass of cations and anions in four BMIM-based ILs. (b) Coordination number functions of centers of mass of cations and anions in four BMIM-based ILs. 

[image: A screenshot of a computer generated image

Description automatically generated]
[bookmark: _Ref159586258][bookmark: _Toc169883519]Figure 6.3. Spatial distribution functions of anions around the [BMIM] cation (top) and the [BMIM] cation around three anions (bottom). The SDFs were computed using TRAVIS program205 and visualized by VMD program.206 The contour surfaces are shown at the isovalues of 10 nm-3 and 6 nm-3 for the top and bottom ones, respectively.


imidazolium ring, generally close to the top carbon, while the zone near the nonpolar alkyl tails remains vacant (Figure 6.3 top). This creates a preferential direction for the movement of the cation. In addition, the surfaces become larger as the anion size decreases. On the contrary, the SDFs of the [BMIM] cation around the anions reveal that the cations distribute around the anions in a symmetric and well-ordered manner, especially noticeable for the [PF6], [BF4], and [Br] anions, forming an octahedron for [PF6], a tetrahedron for [BF4], and a sphere for [Br], respectively, as depicted in the bottom panel of Figure 6.3. The imbalance in the anion distribution around the methyl and butyl groups makes the diffusion of the imidazole ring directional, leading to a higher diffusion coefficient of the cations than for the anions in all these systems, as discussed below. 
Our MD simulations also reveal heterogeneity of the nonpolar domains (Figure 6.4 (a-f)), which can be quantified by RDFs of tail-tail. Indeed, Figure 6.4 (g) shows that the first peaks of tail-tail RDFs are intense in all systems, indicating aggregation of the tail groups. Interestingly, the anion has minimal influence on the clustering of these nonpolar domains, represented by the tail groups of the imidazolium ring. However, increasing the tail length from C4 to C8 significantly promotes the aggregation of nonpolar domains (Figure 6.4 (c and f)). This trend was also observed in coarse-grained modeling of [CxMIM][NO3] (x = 1, 2, 3, 4, 6, and 8) systems.207
Of particular interest is the effect of anions on the dynamics in these systems. Self-diffusion coefficients were calculated using the Einstein relation for four IL systems at different temperatures, as shown in Figure 6.5. The results demonstrate that the cation has a higher self-diffusivity than its counterpart anion, despite the cation being larger than the anion. This behavior can be attributed to the preferential translational motion of the cation along the plane of the ring, as suggested by the SDFs. The self-diffusivity of the cation decreases as the anion size increases, except for [BMIM][Br], which exhibits the smallest diffusivity due to strong electrostatic interactions. However, this difference diminishes at lower temperatures, particularly for the [BMIM][BF4] and [BMIM][PF6] systems (Figure 6.5 (a)). A similar trend is observed for the anions in these IL systems, as shown in Figure 6.5 (b). This phenomenon can be rationalized by considering momentum conservation. The diffusivities of both cations 
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[bookmark: _Ref169784831][bookmark: _Toc169883520]Figure 6.4. Snapshots of [BMIM][BF4] at 400 K with (a) polar and nonpolar domains and tail groups; (b) polar domains only; and (c) tail groups only. The corresponding snapshots of [C8MIM] ][BF4] at 400 K are illustrated in (d – f). The polar domain is composed of the imidazolium ring, the methyl and methylene groups and the anion. The tail groups represent the nonpolar domains. The center of mass of the heavy atoms in the circles is shown. (g) Radial distribution function of tail-tail to quantitively charaterize the clustering of the tail groups. The anion has a minimal effect on the clustering of tail groups. However, the increase of the tail length significantly enhances the aggregation of tail groups.
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[bookmark: _Ref159586311][bookmark: _Toc169883521]Figure 6.5. The self-diffusion coefficients of (a) cations and (b) anions of BMIM-based ILs as a function of temperature compared with the experimental data (closed symbols).


and anions increase with increasing temperature and their values align well with experimental data.
The conductivity of these IL systems is closely related to the self-diffusion coefficients of the ions and the distinct correlation contributions between them. These correlations play a crucial role in conductivity in ion-concentrated systems due to significant ion-ion interactions. Figure 6.6 presents the conductivity, including both self-terms and distinct terms. Compared with experimental results, the conductivity obtained from MD simulations is slightly lower, especially for [TFSI], but overall, they exhibit a good agreement. Amongst the systems, [BMIM][Br] has the lowest conductivity, while [BMIM][BF4] shows the highest. 
In addition to conductivity, the inverse Haven ratio can be used to characterize the effect of distinct correlations between the ions. All ionic correlations were calculated, which allowed for the derivation of the inverse Haven ratio H-1 for these IL systems (Figure 6.7). The values of the inverse Haven ratio range from 0.5 to 0.8 with significant uncertainty, attributed to the negative distinct correlation contributions to conductivity. Unexpectedly, the results do not show a strong temperature dependence. The average values of H-1 follow the order: [TFSI] > [PF6] > [BF4] > [Br].
The inverse Haven ratio  in these ILs is a direct result of distinct ion-ion correlations. To elucidate the details of these correlations, we plotted the three distinct correlations (, , and ) normalized by  in Figure 6.8. The contribution of cation-anion correlation is positive, enhancing conductivity, while the movement of like-ions is anticorrelated, resulting in a negative contribution to conductivity. For  ([BMIM][TFSI]), the magnitude of the distinct anion-anion correlation is larger than that of the distinct cation-cation correlation. However, when the molecular mass of the anion is less than that of cation () in [BMIM][BF4] and [BMIM][Br], the magnitudes of distinct cation-cation and anion-anion correlations swap. Interestingly, in [BMIM][PF6], where the cation and anion have similar masses, the cation-cation correlation is stronger than the anion-anion correlation. This phenomenon may be attributed to differences in the size and shape of the ions. The same trend was observed in experiments. This agreement justifies the use of simple momentum 
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[bookmark: _Ref169798444][bookmark: _Toc169883522]Figure 6.6. Temperature dependence of the DC conductivity obtained from the MD simulations and BDS experiments.
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[bookmark: _Ref159586427][bookmark: _Toc169883523]Figure 6.7. The inverse Haven ratio  of [BMIM][TFSI], [BMIM][PF6], [BMIM][BF4], and [BMIM][Br] as a function of temperature compared with experimental data (closed symbols).
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[bookmark: _Ref169799664][bookmark: _Toc169883524]Figure 6.8. Contribution of distinct ion-ion correlations to conductivity normalized by  for (a) [BMIM][TFSI], (b) [BMIM][PF6], (c) [BMIM][BF4], and (d) [BMIM][Br] as a function of temperature compared with experimental data (closed symbols).


conservation to estimate distinct ion-ion correlations in IL systems.
To better understand the impact of the mass of the anion, we artificially manipulated the mass of [BF4] in the MD simulations across a broad spectrum of molecular weight, while maintaining the same force field. This approach enabled us to eliminate the influence of other factors including the anion structure and charge distribution. As expected, the self-diffusion coefficient of the anion decreases with increasing mass. Similar behavior is observed also for the cation (Figure 6.9 (a)). It is worth noting that the self-diffusivity of the cation is consistently greater than that of the anion across all studied cases (. This occurrence can be explained by the geometry of the cation which leads to a preferential translational motion in the plane of the ring, which is shown in the SDFs of anions around the cation.160, 208 This characteristic has been observed previously in both experimental and computational studies.208-216 It is worth noting that the [BMIM] cation resides around the linear [TFSI] anion, contributing to the fast movement of the anion in [BMIM][TFSI] system, despite [TFSI] being heavier than the other two anions. However, this specific phenomenon was not captured in our simulations due to the limitations in the force field, which could not adequately represent the multiple conformations of the TFSI anion.217 Not surprisingly, changes in anion mass have a negligible influence on the distribution of cations around anion and anions around cation as demonstrated in Figure 6.10, which implies that the changing of anion’s mass does not affect the steric hindrance. This phenomenon elucidates why the [BMIM] cation exhibits faster diffusion than the anion across a wide range of anion-to-cation mass ratios (Figure 6.9 (a)). The relaxation time of ion-association increases with an increase in the mass of the anion (Figure 6.11). This suggests that heavier ions require more time to escape the cage formed by the oppositely charged ions.
The contribution of distinct ion-ion correlations normalized by  as a function of the anion-to-cation mass ratio were also examined (Figure 6.9 (b)). We found that the correlated movement of the cations and anions positively contributes to the conductivity, while the distinct correlations between ions of the same charge result in negative contributions to the conductivity. More specifically, the negative contribution of distinct anion-anion correlation increases with [image: A graph of a graph of a graph of a graph of a graph of a graph of a graph of a graph of a graph of a graph of a graph of a graph of a graph of

Description automatically generated]
[bookmark: _Ref159586833][bookmark: _Toc169883525]Figure 6.9. (a) The self-diffusion coefficient as a function of the anion-to-cation mass ratio, , at 400 K obtained by MD simulations.  (b) Contributions of distinct (closed symbols) and total (open symbols) ion-ion correlations to conductivity normalized by  of [BMIM][BF4] ionic liquids as a function of the artificially changed anion-to-cation mass ratio, , at 400 K. The green vertical line indicates the case in which the masses of anion and cation are equal. The solid lines present the theoretical prediction from Eqs.(10), where we used H-1=0.78.
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[bookmark: _Ref159587194][bookmark: _Toc169883526]Figure 6.10. Spatial distribution functions of anions around the BMIM cation (top) and the BMIM cation around BF4 anion (bottom) for [BMIM][BF4] systems with artificially changed anion mass. The SDFs were computed using TRAVIS program218 and visualized by VMD program.219 The contour surfaces are shown at the isovalues of 10 nm-3 and 6 nm-3 for the top and bottom ones, respectively.
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[bookmark: _Ref169625200][bookmark: _Toc169883527]Figure 6.11. The continuous time correlation function  (solid), and the intermittent time correlation function  (dashed).  is assigned unity if an ion-association continuously retains from initial  to time , while  is assigned unity if an ion-association occurs at time . Ion-association is defined as the distance between cation and anion is within a cutoff of 8.1 Å that is the first local minimum of the cation and anion RDF.  provides insight into the average lifetime of the ion-association, while  reflects the relaxation behavior of all possible types of ion-associations including single ion-pairs, multiplets, and clusters.220, 221 


increasing the mass of the anion. In contrast, the distinct cation-cation correlation shows an opposite trend. Moreover, all the distinct correlations quickly change when the anion-to-cation mass ratio is very small or very large. This is consistent with the difference between the distinct like-charged ion correlations in the case of an anion lighter than the cation (Figure 6.8 (c and d)) and the opposite situation (Figure 6.8 (a)). It is worth noting that the distinct anion-anion correlation coincides with distinct cation-cation correlation when the ratio of the anion to cation mass () equals 1.25, rather than when the masses are identical as indicated by the green vertical line in Figure 6.9 (b). This shift is consistent with stronger negative d++ than d-- in [BMIM][PF6] system with M+ ~ M- (Figure 6.8 (b)). The shift of the crossing between the distinct ion correlations is related to the differences in diffusion coefficients of anion and cation, which may be due to the anisotropic diffusion of the cation compared to the isotropic movement of the anion as discussed above. Indeed, if we take into account the self-correlations, we obtain that  and  switch exactly at  (Figure 6.9 (b)), in agreement with the Eqs.(10). Furthermore, the Eqs.(10) predict well how normalized cation-anion correlations  and total contribution  and  depend on mass (solid lines in Figure 6.9 (b)). Surprisingly, the distinct like-charged ion correlations shift from negative to slightly positive values as the ratio of anion to cation masses is either significantly small or sufficiently large. The reason for this remains unclear. These findings conclusively demonstrate that disparities in anion and cation masses influence the magnitude of distinct correlations between ions. Remarkably, even the sign of these contributions can change when the masses of ions are significantly different. However, the results (Figure 6.9 (b)) also suggest that the ion mass is not the only parameter affecting these correlations. Apparently also the geometry and/or volume of the ion and their diffusion play a role.
[bookmark: _Toc169883353]6.3 Effect of alkyl tail length of imidazolium
The SDFs and dynamics of [BMIM] cation present intriguing phenomena. One may raise a question: how the alkyl tails of the imidazolium ring affect dynamic correlations in IL systems. To shed light on this question, we adjusted the alkyl tail lengths of the imidazolium ring, denoted as [CmCnIM][TFSI] (m = 1 and 2; n = 1-8). Figure 6.12 illustrates the RDFs of the centers of mass of cations and anions in these ILs at 400 K. The positions of the first peaks lie in the range of 5.0 and 5.5 Å. The intensities of these peaks vary, with [C1C4IM] exhibiting the sharpest peak, indicating that alkyl tails moderately influence the interaction between cations and anions. This is due to the steric hindrance and the decrease in total charge density of the cation with the addition of alkyl groups. These two factors are competitive: longer tails increase steric hindrance but also decrease the total charge density. This competition leads to a complex trend for the first peaks in these ILs. However, the second peak exhibits a consistent change: increasing the size of the cation () weakens the intensity but shifts the peak to a larger distance.
The computed diffusion coefficients of cations and anions in these ILs are presented in Figure 6.13 (a). The cation consistently exhibits a larger diffusivity than the anion due to the preferentially directional motion of the imidazolium ring, although this difference diminishes as the cation size increases. For the [C1CnIM][TFSI] systems, the diffusivities of both cation and anion decrease with increasing tail length, except for the [C1C1IM][TFSI] system. A similar trend is observed in the [C2CnIM][TFSI] systems. Compared to [C1C2IM], the symmetrical [C2C2IM] has a greater diffusivity, while the smaller symmetrical [C1C1IM] exhibits a smaller diffusivity. This suggests that symmetrical shapes may facilitate the translational motion of the cation, but both tails need to be sufficiently long to make the motion directional. The conductivity of these systems follows the same trend as the diffusivity (Figure 6.13 (b)).
The inverse Haven ration H-1 was also calculated, as shown in Figure 6.14. The values of H-1 lie in the range of 0.6 and 0.9 at 400 K. The largest value appears in the [C2C2IM][TFSI] system, followed by the [C1C2IM][TFSI] and [C2C3IM][TFSI] systems. The difference in the inverse Haven ration is small when the size of the cation is large (). 
To reveal the mechanistic details of the distinct ion-ion correlations, the dynamic correlations between cations and anions (), and like-ions ( and ) were evaluated directly from the MD simulations. The distinct contributions to conductivity, normalized by , are plotted in Figure 6.15. In general, cation-anion correlations positively contribute to conductivity, ranging from 0.25 to 0.4, while distinct like-ion correlations reduce conductivity. Amongst the studied systems, the magnitude of anion-anion correlations is consistently stronger than that of cation-cation correlations, though this difference varies with changes in the tail lengths of the imidazolium ring. These results are consistent with the case where the cation is lighter than the anion (). Specifically, the contributions of cation-anion correlations in the [C2C2IM][TFSI], [C1C2IM][TFSI], and [C2C3IM][TFSI] systems are similar and slightly larger than those in other systems. The negative contribution of anion-anion correlations varies slightly, with the largest magnitude in the [C1C6IM][TFSI] and [C1C8IM][TFSI] systems. However, the magnitudes of cation-cation correlations vary more strongly than those of anion-anion correlations, with the minimum amplitude appearing in [C2C2IM][TFSI]. Interestingly, comparisons between systems with the same cation mass ([C1C4IM]/ [C2C3IM] and [C1C6IM]/ [C2C5IM]) show that systems with more symmetrical cations exhibit larger cation-anion correlations but smaller negative like-ion correlations, resulting in higher conductivity in the systems with more symmetrical cations. These findings highlight the interplay between different types of ionic correlations in determining the overall conductivity of IL systems, emphasizing the importance of considering both the mass and geometry of ions in the design and optimization of ILs for specific applications.

[image: A graph of a number of lines

Description automatically generated]
[bookmark: _Ref169644819][bookmark: _Toc169883528]Figure 6.12. Radial distribution functions of center of mass of cations and anions in TFSI-based ILs at 400 K.

[image: ]
[bookmark: _Ref169648011][bookmark: _Toc169883529]Figure 6.13. (a) Diffusion coefficient of cations and anions in TFSI-based ILs at 400 K. (b) Conductivity of TFSI-based ILs at 400 K.
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[bookmark: _Ref169703604][bookmark: _Toc169883530]Figure 6.14. The inverse Haven ratio  of TFSI-based ILs at 400 K.
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[bookmark: _Ref169706444][bookmark: _Toc169883531]Figure 6.15. Contributions of distinct ion-ion correlations to conductivity normalized by  of TFSI-based ILs as a function of the alkyl tail lengths of the cation at 400 K. 


[bookmark: _Toc158280163]

[bookmark: _Toc169883354][bookmark: _Toc158280164]  Ion Transport in Polymerized Ionic Liquids
This chapter is based on the following publication:
· Zhu, Z; Sokolov, A. P; Paddison, S. J, Ion transport in polymerized ionic liquids: Effects of sidechain flexibility and specific interactions. Advanced Energy Materials (In Revision).
This chapter focuses on ion transport mechanisms and dynamic correlations in polyILs. Atomistic MD simulations were undertaken on polyILs consisting of a polymethylmethacrylate (PMMA) based backbone with attached imidazolium cations through a series of linker lengths and mobile anions: TFSI−, PF6−, BF4−, and Br−. Ionic correlations and the mechanisms of ion transport in these polyILs were systematically investigated to understand the effects of sidechain flexibility coupled with specific interactions. 
[bookmark: _Toc169883355]7.1 Simulation details
Molecular dynamics (MD) simulations were conducted using GROMACSS (2021.2)199 for various molecular PMMA-based polyILs. Each system comprised 10 polycation chains, each consisting of 40 monomers, and 400 anions, ensuring an optimal balance between statistical accuracy and computational efficiency.50, 80, 81 The methodology followed the established protocol.160, 222-225 The generalized AMBER force field (GAFF) was utilized for bonded and nonbonded interactions.100, 196 Partial charges on atoms were calculated using the Restrained Electrostatic Potential (RESP) algorithm,197 derived from optimized electronic structures of the repeating unit of the polycation or isolated anion at the Hartree-Fock HF/6-31g(d) level of theory using the GAUSSIAN 09 suite of programs.138 To accommodate polarization and charge transfer effects, the computed atomic partial charges on both polycations and anions were scaled by a factor of 0.8, known for its efficiency and reliability in ion-containing systems. This approach has been validated in prior studies.102, 160, 198, 223 Electrostatic and Lennard-Jones interactions were truncated at a distance of 14 Å, with long-range corrections handled by the particle mesh Ewald (PME) method and appropriate tail corrections, respectively. Initial configurations were generated by randomly packing polycation chains and associated anions in a cubic box using Packmol software,135 and force field assignments were made in the topology files with the aid of ACPYPE and antechamber tools.226 Initial systems were equilibrated for over 50 ns in the NPT ensemble, preceded by an  annealing process at high temperatures (750 K – 950 K) and 1.0 bar for ~55 ns. Subsequently, an additional 30 ns equilibration under the NVT ensemble was performed, followed by the collection of trajectories at 10 ps intervals for 50 ns, along with longer trajectories of 300 – 500 ns saved every 100 ps to ensured reliable ion-ion correlations in these polyIL systems.92, 200 Temperature and pressure were controlled using the Bussi thermostat201 and the Parrinello-Rahman barostat202 with coupling times of 0.5 and 5 ps, respectively. The MD simulations for all polyIL systems were conducted in periodic cubic boxes with a time step of 2 fs. Furthermore, to mitigate statistical uncertainty, dynamic correlations were computed from 4 – 6 trajectories to provide average values and corresponding standard deviations.
[bookmark: _Toc158280166][bookmark: _Toc169883356]7.2 Effect of side-chain flexibility
[bookmark: _Toc169883357]7.2.1 Structural and ion association analysis
To assess the flexibility of the sidechain, we initially analyzed the distribution of sidechain extension and projected distances as a function of the linker length (see Figure 7.1). For the shortest sidechain, two distinct peaks are evident, representing the two predominant configurations of the pendant imidazole ring. These configurations are influenced by interactions between the imidazole functional group and the acrylate group. As the alkyl linker length increases, these interactions weaken, leading to a transition from double peaks to a single peak with only minor shoulders. Consequently, both the extended and projected distances of the imidazole ring exhibit broad distributions, shifting towards longer distances with increasing linker length. This is indicative of enhanced flexibility with the longer linkers. Figure A.9 further elucidates this trend, depicting detailed distributions of the extension and angle between the sidechain and the backbone, underscoring that longer linkers afford increased flexibility in both extension and angle.
In Figure 7.2, we present the radial distribution function (RDF) of the center of mass of the cations and anions for a broad range of linker lengths as well as a function of the various mobile anions. Figure 7.2 (a) illustrates that increasing the sidechain length does not alter the position 
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[bookmark: _Ref169614556][bookmark: _Toc169883532]Figure 7.1. Distribution of the sidechain extended (solid lines) and projected (dotted lines) distances at 400 K.
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[bookmark: _Ref169614579][bookmark: _Toc169883533]Figure 7.2. Radial distribution functions of cation-anion at 580 K for (a) PMMA-Cx-IM[TFSI] (x = 2 – 8); and (b) PMMA-C2-IM associated with various anions.


of the primary peak, instead, it enhances the intensity of this peak. This suggests that the increase of sidechain flexibility better accommodates anions in the nearest shell due to reduced steric hindrance from the backbone, although it has a slight impact on the strong electrostatic interactions between the cation and anion. In contrast, the position of the first peak shifts to shorter distance as the size of the anion decreases and is depicted in Figure 7.2 (b). Small spherical anions exhibit sharp peaks compared to the linear anion [TFSI], owing to the strong electrostatic interactions for small anions with less delocalized charge. The first local minima of these cation-anion RDFs were used to define ion association in the subsequent discussion. 
The RDFs demonstrate that all anions strongly interact with the polymerized cations. Furthermore, we examined the probabilities of the coordination numbers of the cations, , and of the polyIL chains, , with a given anion at 580 K (see Figure 7.3), which play an important role in the ion hopping mechanism. In Figure 7.3 (a), the majority of the TFSI– anions associate with 4 – 7 cations. The peak of  was observed at  for the shortest linker length and at   for longer sidechains (, with two comparable probabilities at  for the intermediate sidechain length (). However, linker length has little influence on the distribution of coordinated chains, , especially when the linker is sufficiently long () (Figure 7.3 (c)). An increase in the linker length slightly shifts  to the right with a maximum at . These results indicate that increased sidechain flexibility results in fewer cations associating with an anion but from more distinct chains, forming a loose “cage” around the anion. Figure 7.3 (b) and (d) show the effect of the size of anions on the coordination characteristics at 580 K. Interestingly, TFSI and BF4 exhibit a similar distribution of associated cations, with peaks at , while PF6 displays a broad peak and the small Br– associates with fewer cations, featuring a sharp peak at . Regarding the probability distribution of associated chains, , the three spherical anions exhibit similar distributions with a sharp peak at , whereas the linear TFSI features a broad peak with the distribution shifted to the left. This implies that the ion association is influenced by the interplay between electrostatic interactions and steric hindrance arising from both the shape of the anion and the backbone of the polycation.
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[bookmark: _Ref169614627][bookmark: _Toc169883534]Figure 7.3. Probability of an anion coordinating with n cations  for (a) a broad range of linker lengths and (b) four anions at 580 K. Probability of an anion associating with N cations  for (c) a broad range of linker lengths and (d) four anions at 580 K.



[bookmark: _Toc169883358]7.2.2 Anion dynamical correlations
Our previous MD simulation results revealed that anions associating with fewer cations from more coordinating polymers tend to exhibit higher mobility.224 To explore the relationship between ion association and ion dynamics, the self-diffusivity of the anion was derived from the mean square displacement (MSD) using the Einstein relation:

where  and  represent the positions of the ith particle at times  and , respectively. Figure 7.4 illustrates the self-diffusion coefficients of the anions as a function of linker length for the various anions. In general, the self-diffusivity increases to a varying extent with increasing linker length for the studied anions. Specifically, the diffusivity of the smallest anion, Br–, increases significantly fast from a linker length of C2 to that of C5, followed by a more gradual increase. This is the case for anion PF6, although it has a larger volume than Br–. Nevertheless, the increase in the linker length only marginally enhances the diffusion coefficients of anions BF4 and TFSI. As a result, the differences between these anions are substantial (exceeding one order of magnitude) in systems with short linkers, but diminish as the linker length increases. More interestingly, for the shortest linker, the diffusivity follows the order: TFSI > BF4 > PF6 > Br–, consistent with observations in the poly(1-butyl-3-vinyl-imidazolium)227 and poly(1-ethyl-3-vinyl-imidazolium)225 systems where the imidazolium ring directly attaches to the backbone. However, the diffusivity of BF4 surpasses that of TFSI with a sufficiently long linker.
In concentrated ionic systems, distinct correlations between the ions play a critical role in ion transport mechanisms due to the strong electrostatic interactions. The Onsager transport coefficients can be readily obtained from the following equation:

where  is the Boltzmann constant,  is the temperature, and  is the volume. The ionic conductivity may then be related to  with:
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[bookmark: _Ref169614719][bookmark: _Toc169883535]Figure 7.4. The diffusion coefficients of the four anions as a function of linker length at 580 K.


where  and  are the charge valences of species i and j, respectively; and F is the Faraday constant. First, we assume that the polymerized cations are fixed, and only mobile anions contribute to the ionic conductivity. Figure 7.5 (a) shows the contributions of ionic correlations between TFSI normalized by the self-component , representing ideal and uncorrelated particle movement as a function of linker length. It is observed that the distinct anion correlation is always negative, although the magnitude slightly decreases and then increases along the linker length. As a result, the total contribution seems to reach a maximum at the linker length of C5. This normalized total contribution is also interpreted as the inverse Haven ratio , which lies in the range between 0.3 and 0.5, consistent with experimental data.228, 229 Note that these data were derived from Equation (7.3) using a barycentric reference frame (RF).
A recent study230 reveals that the choice of the RF plays an important role in certain dynamical properties including the transference number that exhibits a negative value in PEO-LiTFSI under certain conditions. This negative transference number was reproduced in MD simulations by transforming the Onsager coefficients to the solvent-fixed RF from the barycentric RF.230, 231 One may naturally ask the question: does the RF affect the distinct correlations and the inverse Haven ratio? To verify this hypothesis, we calculated the distinct correlation between anions and cations as shown by blue upper triangles in Figure 7.5 (a). Surprisingly, the magnitude of this anion-cation correlation is nontrivial, suggesting that the movement of polycations may also have an influence on the inverse Haven ratio. We chose the center of mass of all polycations in the systems as the RF. Figure 7.5 (b) illustrates the corresponding contributions of ionic correlations with a polycation-fixed RF. Indeed, the anticorrelated motion between the anions become positive, indicating that the distinct anion-anion correlation positively contributes to the ionic conductivity under the polycation-fixed RF. Simultaneously, the distinct anion-cation correlation becomes negligible. This transformation leads to  in these polyILs. Such a phenomenon was also observed in poly(1-butyl-3-vinyl-imidazolium) associated with various anions in which the distinct anion-anion correlation was obtained from the self-diffusivity and the true conductivity based on the equilibrium and 
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[bookmark: _Ref169614747][bookmark: _Toc169883536]Figure 7.5. (a) Contribution of anion-anion correlations as a function of linker length under (a) barycentric reference frame and (b) polycation-fixed reference frame at 580 K.


non-equilibrium simulations, respectively.227 Given the principle of momentum conservation, the momentum of the anions is dissipated by removing the movement of the polymerized cations, leading to an intriguing implication of constraining the poly-ion motion by crosslinking the polymer chains or introducing solvent in the design of polyILs with improved ionic conductivity.
Utilizing our prior categorization of ion hopping events,224, 225 we classified four ion hopping types in Figure 7.6: Type 1 denotes instances where the anion changes its coordination of cationic groups from the same polymer chain during the hopping interval ; Type 2 occurs when the anion alters its coordination of cationic groups from the different polymers; Type 3 characterizes cases where the anion does not associate with any cations; and Type 4 is rattling events in which the anion gets trapped in a ‘cage’ formed by the cationic groups. It has been suggested that the choice of  within the range of 10 – 100 ps for polyILs makes little difference, although the best option is around 2 ps or smaller corresponding to the fastest ion jumping rates.220 Therefore, we chose a sampling interval of 10 ps to strike a balance between accuracy and computational expense.
Figure 7.7 (a) demonstrates the percentages of the four types of ion hopping for PMMA-Cx-IMI[TFSI] (x = 2 – 8). Surprisingly, the occurrence of rattling events is only affected slightly by the linker length with a minimum at the linker lengths of C5 and C6, although the self-diffusivity increases monotonically in Figure 7.4. It is observed that the rate of interchain hopping is consistently lower than that of intrachain hopping. However, as the linker length extends, the percentage of intrachain hopping decreases while the proportion of interchain hopping increases. Free anions are essentially not observed in these concentrated systems. These results indicate that intrachain and interchain hopping make different contributions to the diffusivity of the anions. In Figure 7.7 (b), the occurrence probability of the hopping types across various anions with the same linker C2 is presented. The largest anion, TFSI, exhibits the lowest rattling percentage coupled with the highest percentage of intrachain and interchain hopping types, while the smallest anion Br– displays the highest rattling percentage along with the lowest percentage of intrachain and interchain hopping. Nevertheless, BF4 exhibits less 
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[bookmark: _Ref169614807][bookmark: _Toc169883537]Figure 7.6. Categorization of the ion hopping types: type 1 (intrachain), type 2 (interchain), type 3 (free ions without associated ions), and type 4 (rattling).
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[bookmark: _Ref169614825][bookmark: _Toc169883538]Figure 7.7. Occurrence probability of the hopping types for [TFSI] with (a) different linker lengths; and (b) various anions with the linker length of C2 at 580 K.


rattling when compared to PF6 despite its smaller size, which underscores the competition between Coulomb interactions and the size of the mobile ion. These trends are similar at low temperature as shown in Figure A.10.
One may wonder what causes the variations in intrachain and interchain hopping types. Ganesan et al. suggested that the increase in the interchain hopping type is linked to a reduction in distance between the nearest cationic groups from distinct chains, as observed in their simulation study of three different linkers devoid of the acrylate group.232 We surmised that the nearest cation from the same chain may potentially compete with one from a different chain to associate with the hopping anion. To investigate this hypothesis, we computed the minimum distance between the cations from the same chain as shown in Figure 7.8. Interestingly, the average distance between the cations from different chains in the closest proximity decreases slightly with increasing linker length from C2 to C5, followed by a small increase from C5 to C8, despite the monotonical increase of the interchain hopping type illustrated in Figure 7.7 (a). However, the average distance between the nearest cations from the same chain exhibits a steady increase as the linker length is increased, resulting in a constant increase in the difference between these two average distances.
[bookmark: _Toc169883359]7.2.3 Anion Dynamical Heterogeneity
Dynamical heterogeneity of the ions is indicative of a deviation from ideal Gaussian behavior, which has been observed in supercooled liquids,233 ionic liquids,160, 234 and polyILs222, 224, 225, 227 at intermediate time scales. This deviation can be quantified by the non-Gaussian parameter  defined as: 

where  is the displacement of an ion at time  with respect to its position at time . Deviations from  provide insight into the degree and timescale of ion dynamical heterogeneity. The maximum of  indicates the greatest dynamical heterogeneity of the anion at the intermediate timescale  as shown in the inset of Figure 7.9 (a). The time at which  reaches its maximum value was extracted and plotted as a function of linker length for four anions to define the characteristic time  for ion hopping in these systems (see Figure 7.9 (a)). 
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[bookmark: _Ref169614890][bookmark: _Toc169883539]Figure 7.8. Average distance  between the nearest cationic groups from the same polymer chain and the different polymers. Inset depicts the intermolecular distance (green dashed line) and the intramolecular distance (red dashed line) between the nearest cations, respectively.
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[bookmark: _Ref169614982][bookmark: _Toc169883540]Figure 7.9. (a) The time scale () for the non-Gaussian parameter () reaching its maximum as a function of the linker length at 580 K. The inset shows the non-Gaussian parameters as a function of time for [TFSI] with different linker lengths at 580 K. (b) Maxima of  as a function of the linker length at 580 K.



It is observed that the difference in  for different anions is large for the linker of C2, while this difference diminishes with increasing the linker length. Moreover, it does not exhibit a consistent correlation between  and anion size along with varying linker lengths. In Figure 7.9 (b), however, the maximum values  are inversely correlated to the size of the anion across all the linker lengths, although the difference decreases as the linker length increases. Specifically, the smallest Br– anion possessing the largest  exhibits the strongest heterogeneity by hopping from one Coulombic ‘cage’ to another formed by the polycations due to strong electrostatic interactions. The  of Br– sharply decreases with increasing linker length, while the linear and biggest anion, TFSI, consistently maintains the lowest  values, typically below 0.5, which is slightly influenced by changes in linker length.
To further demonstrate the motions of mobile anions with distinct extents of heterogeneities in terms of hopping types, we plotted trajectories of a typical anion from the system displaying the least heterogeneity, PMMA-C8-IMITFSI, and the system with the largest degree of heterogeneity, PMMA-C2-IMIBr, respectively (Figure 7.10). Thin lines depict trajectories of the anion at intervals of 10 ps, while thick lines represent the anion hopping trajectory with the characteristic time scale of . Over a period of 50 ns, TFSI is highly mobile with over 1500 interchain hops and over 2000 intrachain hops or jumps. The trajectory with a timestep of  ps exhibits diffusive motion resembling a random walk, consistent with its small  value (below 0.5). In contrast, anion Br– experiences only a few intrachain and interchain jumps compared to over 3000 times of rattling events (see Figure 7.10 (b) and Figure A.11 (b)). For the majority of the time, Br– remains trapped within a Columbic ‘cage’, with occasional effective hops from one “cage” to another, primarily contributing to long-range diffusion. The motion between the two “cages” are discrete, indicating strong heterogeneity in the system. Analysis of these hopping events at the interval of  provides the average hopping length of 2.22 Å for TFSI– and 1.13 Å for Br–, respectively.
To discern the correlations between mobile anions in terms of both time and space, we resorted to the van Hove correlation function, which can be split into two parts, self and distinct:
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[bookmark: _Ref169615048][bookmark: _Toc169883541]Figure 7.10. Trajectory lines of an individual anion in (a) PMMA-C8-IMI[TFSI] and (b) PMMA-C2-IMI[Br] at 580 K. Different color lines represent different types of ion hopping. Thin and thick lines refer to the trajectories with timesteps of 10 ps and the characteristic time, respectively (130 ps for (a) and 860 ps for (b), respectively). The length of each anion hopping from one “cage” to another at the interval of the characteristic time in (c) PMMA-C8-IMI[TFSI] and (d) PMMA-C2-IMI[Br] at 580 K.






in which δ is the Dirac’s delta function. Thus, the function  is the probability of finding a mobile ion at distance  provided that it was at the origin  when . The distinct part, , evaluates the probability distribution of a mobile ion at time  at a distance of  away from another ion at . Meanwhile, ideal Gaussian behavior can be readily described by

where  is the MSD of mobile ion at time . Figure 7.11 shows the self-part and the distinct part of the van Hove function at the characteristic time  at which  for Br–. Two peaks are evident when the linker is the shortest (i.e. C2), and this double-peak gradually disappears as the length of the linker is increased. Compared with the corresponding Gaussian distribution as shown by a dotted curve, the deviation remains, as seen by the tail at long distances. Therefore, anions that travel farther than the distance  within time , for which , are defined as fast “mobile” anions. Surprisingly, this distance criterion for distinguishing fast anions is not dictated by linker length (Figure 7.11 (a)). However, Figure 7.11 (c) reveals that the intersection between  and  varies with the associated anion and it seems to be correlated with the size of the anion. It is important to note that the crossing point coincides with the local minimum of  between two peaks in some systems, suggesting that this identification of fast anions is as effective as our previous definition of a fast anion in which the local minimum was selected,224, 225 especially for the case where there is a single peak in the self-part of the van Hove function due to the weak heterogeneity ().77 An alternative approach is to fit  with two separate Gaussian functions.227
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[bookmark: _Ref169615109][bookmark: _Toc169883542]Figure 7.11. Self-part of the van Hove function, , for (a) PMMA-Cx-IMI-Br systems and (c) four anions in PMMA-C2-IMI systems at 580K. Each curve in (a) is vertically shifted 0.5 for clarity. The vertical line represents the intersection of  (solid lines) and  (dotted lines), which is used as the  criterion to determine fast and slow anion populations. Distinct-part of the van Hove function, , for (b) PMMA-Cx-IMI-Br systems and (d) four anions in PMMA-C2-IMI systems at 580K.


Figure 7.11 (b and d) illustrate the distinct part of the van Hove function, , for PMMA-Cx-IMIBr and PMMA-C2 systems, respectively. It is worth noting that a sharp peak at  reflects the replacement of the original anion by another anion at time . The intensity of this peak becomes weak with increasing flexibility of the sidechain. This result indicates that a more flexible sidechain permits movement of the “cage” formed by the polycations, resulting in a less precise replacement of anions. Figure 7.11 (d), the distinct part of the van Hove function, , for different anions demonstrates that, compared to the smallest anion Br–, the linear anion TFSI exhibits a very low and flat peak when  Å, which arises from the loose “cage” due to the weak Coulombic interactions between the anion and polycations. These peaks at  also indicate concerted motion of the anions and is discussed in the following section.
To further elucidate the role of sidechain flexibility and specific interactions between the anions and polycations in ion hopping behaviors, we defined the tail of  (i.e., the green area) that deviates from the ideal Gaussian distribution (i.e. the orange area) as the ion hopping contribution (Figure 7.12 (a)). The computed percentages of ion hopping contribution are presented in Figure 7.12 (b). Generally, the hopping contribution decreases with increasing linker length, although the largest anion TFSI only exhibits a small reduction in the fraction of ion hopping. In terms of anion size, the ion hopping fractions follow the order: Br– > PF6 > BF4 > TFSI, and this trend is consistent across all the linkers in this investigation while the difference diminishes as the linker length increases. 
Combining these findings with the self-diffusivity results, we may conclude that enhanced sidechain flexibility significantly improves the diffusive motions of anions but suppresses the ion hopping contribution to a lesser extent, resulting in an overall increase in the self-diffusivity constant. Moreover, a rigid Coulombic “cage” for less delocalized anions may be softened by increasing sidechain flexibility. However, for the strongly delocalized anion (i.e., TFSI), the relatively weak electrostatic interactions form a loose “cage”, indicated by the primary contribution to anion diffusivity from diffusive motion that is slightly affected by changes in linker length. Interestingly, for intermediate-sized anions (i.e., BF4 and PF6), the order of their 
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[bookmark: _Ref169615213][bookmark: _Toc169883543]Figure 7.12. (a) Self-part of the van Hove function, , for PMMA-C2-IMI-Br system to define the diffusive and hopping anions. (b) The fraction of hopping anions defined as the integral of the green area in (a) as a function of linker length for different anions.



diffusivities is not solely dictated by anion’s size. The higher intensity of  for PF6 relative to BF4 seems to imply that Coulombic interaction predominates over size (see Figure 7.2 (b)), consistent with the findings of Zhang et al.227 These findings underscore the intricate interplay between anion mobility and various additional factors, including mobile ion size, electrostatic interactions between ions, and linker length. 
[bookmark: _Toc169883360]7.2.4 Stringlike Cooperative Motion
The results from the self- and distinct- parts of the van Hove function indicate that an ion “replacement” mechanism via a series of correlated and concerted ion hopping at the characteristic time  of the strongest heterogeneity appears to underlie the mobile ion transport in these polyILs. These mobile ions may form a “string”, indicating a stringlike cooperative motion. This behavior may be quantified by:

where  and  are the coordinates of the ith and jth mobile ion at time t, and  is the distance criterion for ion “replacement”. For the linear anion TFSI,  is determined as 2.5 Å, while for the spherical anions, it is set to 2.2 Å, based on their “hard core” radii.224, 225 Figure 7.13 (a and b) illustrate the probability distribution of string length, , that are greater than . The string length  is referred to as the fraction of slow ions that travel less than  within time . Only a small proportion of anions exhibit mobility sufficient to participate in stringlike motion. At 580 K, long strings containing over six anions are only observed in the PMMA-C2-IMI[Br] system. The probability distribution of string length shifts to the left as the linker length increases, suggesting that the flexibility of the sidechain impedes the formation of concerted string-like motion (Figure 7.13 (a)). In addition, larger anions are less likely to form long strings. The average string length , presented in Figure 14c, decreases with increasing linker length for all the anions studied. Interestingly, there is no significant difference in the average string length among the anions except for Br– when the linker exceeds a certain length (> C6). 
According to both temporal and spatial criteria, the percentage of fast anions was accumulated in each system as shown in Figure 7.13 (d). TFSI consistently exhibits the highest fraction of 
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[bookmark: _Ref169615308][bookmark: _Toc169883544]Figure 7.13. (a) The string length distribution for Br- different chain lengths as a linker at 580 K. (b) The string length distribution for various mobile anions. (c) The average string length  as a function of chain length for four anions. (d) The fraction of mobile anions defined by both temporal and spatial scales ( and ).


fast anions (15 – 30%), and this fraction generally increases with linker length. However, the three spherical anions do not show discernible differences or even a consistent order. Given that ion transport is primarily due to the fast anions, despite their limited numbers, it is worth comparing the characteristics of ion association and hoping types between the fast ions and slow ions. Figure S4 illustrates that the fast anions tend to associate with more cations from more coordinating chains compared with the slow anions, in contrast to the findings in poly(C2Vim)Tf2N, where fast anions associate with fewer cations from more chains when the imidazole ring is directly attached to the backbone.224 Moreover, interchain hopping predominates for fast anions, with only a slight influence from linker length. Conversely, linker length exerts a more pronounced effect on slow anions (see Figure A.12 (c)).
[bookmark: _Toc169883361]7.2.5 Relaxation time underlying anion diffusivity
Ion diffusion has been correlated to the structural relaxation time, the ion association lifetime or ion cage lifetime in low molecular weight ILs235 and polyILs.220, 222, 224, 225, 236 To examine which relaxation process underlies ion diffusivity in these systems, we computed the intermittent correlation function, , and continuous time correlation function, , using the equations:


where  is assigned unity if an ion association that was present at  will be present at time  independent of its occurrence in the interval , and 0 otherwise, while  is unity if an ion association is retained up to time , and 0 otherwise. The decay of  signifies the initial breaking of ion association, denoted by the ion association lifetime, , but the decay of  indicates the ultimate dissociation of an ion pair without recovery, corresponding to the structural relaxation time . The fitting of  and  to a stretched exponential function is present in Figure A.13, and the corresponding relaxation times as a function of temperature are shown in Figure 7.14 (a). Structural relaxation times are over one order of magnitude larger than the average lifetime of ion association, and both decrease with 
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[bookmark: _Ref169615390][bookmark: _Toc169883545]Figure 7.14. (a) Temperature dependence of structural relaxation time and average lifetime of ion association for various linker lengths. (b) Correlations of self-diffusivity and structural relaxation time or average lifetime of ion association for all studied systems.


temperature. An increase in the sidechain length gives rise to shorter  and , particularly for the short linkers (C2 – C4). Figure 7.14 (b) displays the correlation between anion self-diffusion coefficients and relaxation times for different linker lengths associated with four anions in the temperature range of 400 to 600 K. The fitting of the data to a power law  reveals that  exhibits a better linear correlation with  than  ( for  and  for , respectively), which is consistent with our previous studies of other polyILs.222, 224, 225 Notably, at low temperatures, the average lifetime of ion association significantly deviates from the power law. Such results confirm that the transient dissociation of an anion is necessary but not sufficient for the long-range diffusivity of anions. It is worth mentioning that recent work suggested that the time a mobile ion remains trapped inside a cage is associated with the mobility of the ion.236




[bookmark: _Toc158280169][bookmark: _Toc169883362]  Conclusions
The exploration of novel electrolytes with high conductivity is crucial for the development of sustainable and environmental-friendly energy conversion and storage technologies.
DPD simulations were performed to study the effect of pendant cationic groups and associated anions on the hydrated morphology and microstructure of SEBS-based AEMs. Microphase separation was observed in all simulations. The functionalized polystyrene and polyethylene separated into a hydrophilic phase and a hydrophobic phase, respectively. Most water and the ionic species were only distributed throughout the hydrophilic phase, while some water was also in the hydrophobic phase. The morphology was transformed from perforated and interconnected lamellae to perfect lamellae and then to disordered bicontinuous domains by increasing the hydration level from λ = 4 to 20. The perfect lamellae occur at λ = 8 for SEBS-TMP and λ = 12 for SEBS-TMA and SEBS-MIm. The exclusive water domains were observed at high hydration levels for all systems. However, the functional groups affect the distribution of water but have few influences on the structure of the backbone via analyzing the RDFs. The associated anion has greater impact on the size of exclusive water domains compared to the cationic groups. Large clusters of the water and OH¯ beads are formed when λ ≥ 8 for SEBS-TMP, SEBS-TMA, and SEBS-MIm. Changing the anion leads to negligible changes in W-W RDFs at λ = 8 and λ = 12, but the peaks are significantly increased at λ = 16 and λ = 20.
Ab initio molecular orbital calculations were performed to determine the fully optimized structures of TMA, IMI, LDC, and CRT with the addition of 1-3 PA molecules at the B3LYP/6-311G** level with inclusion of implicit solvation effects (). It was found that the proton dissociation from PA molecule occurs in all systems resulting in the formation of ion pairs of the protonated base and negatively charged anion H2PO4‒ due to the relatively strong basicity of the bases and the effect of the high dielectric constant solvent on stabilizing the charge separation. The second and third PA molecules preferentially form ‘ring-like’ hydrogen bonds ranging from 2.48 to 2.73 Å with a PA molecule rather than with available hydrogen bond donor and acceptor sites of the base. Examination of the ZPE corrected binding energies of the PA molecules to various bases indicates that the first PA molecule is the most loosely bound to the IMI molecule in comparison with other systems. The binding energy per PA molecule increases with the addition of more PA molecules since the second and third PA molecules form double hydrogen bonds with a PA molecule. The strongest binding energy was observed in the CRT systems.
PES scans were carried out with respect to the optimized configurations to investigate the effects of the bases on the energetics for proton transfer between the PA molecules. It was found that the bases with stronger proton affinities exert greater influence on the energetics for proton transfer between the PA molecules. However, the effects are minimal when the potentials are shifted into the single-well from the double-well. There is energetic barrierless proton transfer occurring in the system of CRT+3PA implying that the CRT may be a better potential candidate in the phosphoric acid-based protic ionic liquids. Although these static electronic structure calculations provide some guidelines in understanding proton transfer in PILs, it is crucial to consider additional factors including quantum nuclear effects, dynamic bond length fluctuations, and effects of the extended hydrogen bond network. 
The solvation and transport of protons in three different aqueous acids has been extensively investigated in this work using AIMD simulations. To reveal the mechanisms of H+ in solutions of PA, SA, and NA, we performed simulations over 100 ps. The aqueous PA, SA, and NA systems were modeled with two ratios of acid to water 1:1 and 1:3 to study the effects of the acid and the water content on the solvation and transport of protons. We observed that self-dissociation between acid molecules appears only in the aqueous PA systems and that an increase in water content reduces the self-dissociation. PA solutions exhibit a small amount of H3O+ due to its weak acidity while SA solutions have a significant number of hydrated protons and very few sulfate anions. The H-bond structure is markedly influenced by the strength and character of the acid. In aqueous SA, strong hydrogen bonds form between the water due to the large population of H3O+ while only weak hydrogen bonds form between the SA molecules. The strong H-bonding between the PA molecules is only slightly affected by the presence of the water. The H3O+ ion has a similar solvation structure as observed in slightly acidic water except for the donating H-bond with an acid molecule that shows various strengths in these systems.
The H3O+ population correlation functions indicate that proton rattling occurs on a very short time scale (~50 fs) in all these systems and the addition of water enhances this process. However, the lifetime of dissociated protons excluding rattling is much longer. This lifetime plays an important role in the structural diffusion of H+, but it ignores the participation of the acid molecules in proton transport. Indeed, the acid molecule takes part in proton diffusion when following the hydronium. Further inspection of proton transfer events reveals that the acid molecule can accept a proton from H3O+ and it either enhances the H+ diffusion by shuttling the proton resulting in a large displacement via a collective proton hopping or impedes the transport of protons through rattling. The shuttling event occurs in aqueous PA systems leading to a significant contribution to proton transport. This is ascribed to the similar proton affinity as water and the peculiar proton donor and acceptor sites (3 OH proton donor and one unprotonated oxygen acceptor). In contrast, this shuttling rarely occurs in the aqueous SA system and is not observed in the aqueous NA. Moreover, the decomposition of the proton diffusion into vehicular and structural components indicates that a significant contribution to H+ transport occurs via structural diffusion with the aid of the PA molecules. In the aqueous NA systems, vehicular diffusion is dominant at the low water content and with an increase in hydration improves the structural diffusion by forming connected H-bonds within the water molecules.
Three ILs with different anion/cation mass ratios. We have measured conductivity spectra in a wide frequency range and estimated DC-conductivity and conductivity relaxation time in wide temperature range. Based on diffusion coefficient at high temperature we estimated the ion rearrangement length marking a crossover from anomalous to normal diffusion regime. This length appears slightly lower than half of the average distance of the ions assumed in earlier studies. It is important that in the accessible temperature range this length scale appears essentially temperature independent. This enables an estimate of ion diffusion at low temperatures where it is too slow for PFG-NMR. As a result, it provides a way to estimate the inverse Haven ratio at very low temperatures. Our results indicate that H-1 decreases with decreasing temperature, but the mechanism of this temperature dependence requires additional investigation. Furthermore, we demonstrate that the distinct ion-ion contributions to conductivity can be estimated using a momentum conservation approach, in the center of mass coordinate system. The results from this approach were validated by our MD simulations. It was discovered that the behavior of the anion-anion and cation-cation correlations depend strongly on the anion to cation mass ratio, . In the case of  the distinct anion-anion correlations show a stronger suppression effect in the conductivity in comparison to the distinct cation-cation correlation. The opposite effect is observed in the case of . This switching effect was also verified by our MD simulations. Detailed analysis also revealed that not only mass, but also the diffusivity of ions plays a role in these correlations, emphasizing the role of ions geometry.
Classical MD simulations were performed for PMMA-Cx-IMI with varying linker lengths (x = 2 – 8) and associated with various anions, including a linear TFSI−, and three spherical anions: PF6−, BF4−, and Br−. We have systematically explored the effects of sidechain flexibility coupled with the specific interactions between anion and cation on ion transport. Initially, we verified that longer linkers afford greater flexibility to the pendant cations, enabling them to extend over larger distances and explore wider angular ranges. This enhanced flexibility could potentially influence the interaction between the imidazole ring and the acrylate groups within the sidechain. However, the sidechain flexibility has minimal impact on the interactions between cations and anions compared to changes in the associated anion. 
Furthermore, our results demonstrate that the diffusion coefficients of smaller anions exhibit a more pronounced increase with increasing linker length compared to larger ones. This enhancement of anion diffusivity is ascribed to significant increases in diffusive motion, albeit with less pronounced reductions in ion hopping. To further quantify the contribution of ion hopping to the diffusion of the anions, we defined the ion hopping as the deviated area of the self-part of the van Hove function from ideal Gaussian distribution. The results demonstrate that the contribution of ion hopping is smaller than that of diffusive motion and this ion hopping fraction decreases as the linker length increases. In addition, the smallest anion Br− exhibits the largest portion of ion hopping from one “cage” to another amongst these anions because of the strongest specific interaction between the less charge delocalized Br− and the cations. Fortunately, the rigid “cage” can be significantly softened by increased sidechain flexibility.  
Dynamical heterogeneity in anion mobility further supports the softening effect of longer linkers, in which both the maximum of the non-Gaussian parameter and the time of the strongest heterogeneity swiftly decrease when the linker is varied from C2 to C4 followed by a much slower decrease when the linker is further increased. Moreover, our findings reveal that only a small fraction of anions travel beyond the characteristic distance determined by the distance at which the self-part of van Hove function at the characteristic time of the strongest heterogeneity intersects with its corresponding Gaussian distribution. Notably, the criteria for fast anions are not affected by the sidechain flexibility.
Regarding the ion hopping mechanism, fast mobile anions primarily engage in interchain hopping, with a higher involvement of cations from multiple chains compared to slow anions. A long linker promotes interchain hopping but reduces intrachain hopping. Our results also identified stringlike cooperative motion in the fast anions, with decreasing string length as linker length increases. More interestingly, distinct anion-anion correlations were observed to suppress conductivity in a barycentric reference frame but to enhance conductivity under a polycation-fixed reference frame. This highlights the importance of considering different reference frames in analyzing ion transport phenomena in polyILs. Ultimately, our findings underscore that structural relaxation plays a pivotal role as the primary mechanism governing anion transport mechanism in these systems. Overall, these results improve our understanding of ion transport mechanism in polyILs, which may pave the way for tailored design strategies aimed at optimizing the transport properties of polyILs for various applications, ranging from energy storage devices to electrochemical sensors.
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[bookmark: _Toc169883465]Table A.1. Bonded parameters in DPD simulations.
	Bond
	Kb
	Rb0
	Angle
	Ka
	θa0

	Bs-Bs
	30
	0.7
	Bs-Bs-Bs
	15
	150

	Bs-Ph
	30
	0.7
	Bs-Bs-Bm
	10
	150

	Bs-Bm
	30
	0.7
	Bs-Bm-Bm
	1
	90

	Bm-Bm
	20
	0.7
	Bm-Bm-Bm
	1
	90

	Ph-TMM
	20
	0.7
	Bs-Ph-TMM
	1
	90

	TMM-TMA+
	20
	0.7
	Ph-TMM- TMA+
	1
	90

	TMM- TMP+
	20
	0.7
	Ph-TMM- TMP+
	1
	90

	TMM- MIm+
	20
	0.7
	Ph-TMM- MIm+
	1
	90



[bookmark: _Toc169883466]Table A.2. Calculated conservative interaction parameters in DPD simulations.
	ɑij
	Butane
	Benzene
	TMM
	TMA+
	MIm+
	TMP+
	W
	OH¯(H2O)4
	OH¯(H2O)3
	Cl¯
	Br¯
	
	

	Butane
	30.28
	
	
	
	
	
	
	
	
	
	
	
	

	Benzene
	35.02
	30.53
	
	
	
	
	
	
	
	
	
	
	

	TMM
	29.24
	27.74
	26.03
	
	
	
	
	
	
	
	
	
	

	TMA+
	27.52
	27.31
	25.59
	65.79
	
	
	
	
	
	
	
	
	

	MIm+
	32.59
	34.42
	26.70
	68.41
	71.97
	
	
	
	
	
	
	
	

	TMP+
	30.30
	29.65
	27.55
	-
	-
	71.37
	
	
	
	
	
	
	

	W
	35.57
	33.44
	27.46
	26.61
	31.27
	27.34
	25.01
	
	
	
	
	
	

	OH¯(H2O)4
	34.80
	30.05
	27.88
	-15.02
	-12.12
	-13.52
	27.34
	65.68
	
	
	
	
	

	OH¯(H2O)3
	27.55
	26.90
	25.94
	-16.91
	-15.89
	-15.64
	26.45
	-
	65.93
	
	
	
	

	Cl¯
	32.22
	30.50
	29.34
	-16.65
	-12.53
	-15.85
	28.17
	-
	-
	73.99
	
	
	

	Br¯
	28.50
	28.51
	26.79
	-17.33
	-16.32
	-14.78
	27.96
	-
	-
	-
	71.57
	
	

	
	33.06
	31.24
	30.55
	-16.75
	-
	-12.91
	29.31
	-
	69.84
	-
	-
	76.28
	

	
	27.25
	26.16
	23.90
	-65.64
	-
	-
	26.81
	-
	-
	-
	-
	
	181.97



[bookmark: _Ref159582802]
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[bookmark: _Toc169883467]Table A.3. Relaxation times obtained by fitting the self-intermediate scattering function with  for pure PA at 400 K.
	Q[Å-1]
	
	[ps]
	
	[ps]
	
	[ps]
	
	[ps]
	
	error

	1.600
	0.008
	0.013
	0.102
	0.150
	0.504
	14.029
	0.745
	16.794
	39.192
	0.038

	2.200
	0.011
	0.011
	0.155
	0.121
	0.438
	7.736
	0.673
	10.189
	64.597
	0.141

	3.000
	0.026
	0.012
	0.198
	0.110
	0.292
	4.843
	0.644
	6.686
	98.450
	0.563



[bookmark: _Ref169863138][bookmark: _Toc169883468]Table A.4. Relaxation times obtained by fitting the self-intermediate scattering function with  for pure PA at 383 K.
	Q[Å-1]
	
	[ps]
	
	[ps]
	
	[ps]
	
	error

	0.800
	0.042
	0.169
	0.787
	54.923
	0.827
	60.834
	10.820
	0.005

	1.000
	0.069
	0.166
	0.827
	34.383
	0.824
	38.175
	17.242
	0.007

	1.200
	0.099
	0.162
	0.818
	24.066
	0.816
	26.890
	24.478
	0.017

	1.400
	0.127
	0.155
	0.769
	18.146
	0.803
	20.510
	32.093
	0.039

	1.600
	0.157
	0.147
	0.735
	14.380
	0.784
	16.529
	39.823
	0.070

	1.800
	0.182
	0.138
	0.684
	11.785
	0.764
	13.829
	47.595
	0.106

	2.000
	0.206
	0.131
	0.638
	9.898
	0.744
	11.868
	55.462
	0.141

	2.200
	0.227
	0.124
	0.582
	8.480
	0.727
	10.364
	63.510
	0.164

	2.400
	0.252
	0.119
	0.541
	7.392
	0.716
	9.167
	71.802
	0.206

	2.600
	0.278
	0.114
	0.501
	6.534
	0.707
	8.191
	80.355
	0.260

	2.800
	0.304
	0.110
	0.464
	5.835
	0.701
	7.381
	89.178
	0.372

	3.000
	0.322
	0.105
	0.421
	5.250
	0.695
	6.695
	98.308
	0.470





[bookmark: _Ref169598781][bookmark: _Toc169883469]Table A.5. Relaxation times obtained by fitting the self-intermediate scattering function with  for pure PA at 400 K.
	Q [Å-1]
	
	[ps]
	
	[ps]
	
	[ps]
	
	error

	0.800
	0.028
	0.194
	0.439
	56.930
	0.841
	62.341
	10.558
	0.011

	1.000
	0.042
	0.178
	0.444
	35.936
	0.818
	40.097
	16.415
	0.011

	1.200
	0.064
	0.164
	0.483
	24.769
	0.795
	28.197
	23.344
	0.023

	1.400
	0.081
	0.150
	0.470
	18.181
	0.770
	21.198
	31.050
	0.045

	1.600
	0.099
	0.138
	0.462
	13.975
	0.742
	16.780
	39.226
	0.075

	1.800
	0.120
	0.128
	0.462
	11.131
	0.715
	13.818
	47.636
	0.125

	2.000
	0.138
	0.121
	0.440
	9.136
	0.690
	11.724
	56.144
	0.170

	2.200
	0.156
	0.115
	0.416
	7.706
	0.671
	10.174
	64.693
	0.251

	2.400
	0.180
	0.110
	0.401
	6.662
	0.658
	8.984
	73.262
	0.359

	2.600
	0.201
	0.106
	0.374
	5.876
	0.649
	8.042
	81.849
	0.507

	2.800
	0.221
	0.103
	0.347
	5.257
	0.643
	7.273
	90.497
	0.810

	3.000
	0.242
	0.099
	0.322
	4.745
	0.638
	6.626
	99.333
	0.910



[bookmark: _Toc169883470]Table A.6. Relaxation times obtained by fitting the self-intermediate scattering function with  for aqueous PA85 at 390 K.
	Q[Å-1]
	
	[ps]
	
	[ps]
	
	[ps]
	
	error

	0.800
	0.063
	0.274
	0.692
	49.644
	0.864
	53.477
	12.308
	0.024

	1.000
	0.084
	0.227
	0.672
	31.759
	0.812
	35.597
	18.491
	0.042

	1.200
	0.108
	0.192
	0.673
	21.622
	0.767
	25.288
	26.029
	0.096

	1.400
	0.134
	0.169
	0.665
	15.467
	0.734
	18.763
	35.080
	0.177

	1.600
	0.163
	0.154
	0.642
	11.616
	0.713
	14.448
	45.556
	0.280

	1.800
	0.190
	0.145
	0.590
	9.158
	0.704
	11.526
	57.105
	0.412

	2.000
	0.223
	0.139
	0.546
	7.552
	0.704
	9.511
	69.204
	0.594

	2.200
	0.255
	0.133
	0.497
	6.459
	0.708
	8.090
	81.361
	0.850

	2.400
	0.284
	0.127
	0.448
	5.661
	0.712
	7.053
	93.327
	1.157

	2.600
	0.310
	0.121
	0.404
	5.036
	0.713
	6.262
	105.116
	1.648

	2.800
	0.330
	0.115
	0.360
	4.524
	0.712
	5.633
	116.840
	1.716

	3.000
	0.348
	0.110
	0.323
	4.087
	0.708
	5.116
	128.662
	2.152





[bookmark: _Ref169598850][bookmark: _Toc169883471]Table A.7. Relaxation times obtained by fitting the self-intermediate scattering function with  for aqueous PA85 at 420 K.
	Q[Å-1]
	
	[ps]
	
	[ps]
	
	[ps]
	
	error

	0.800
	0.048
	0.197
	0.623
	22.769
	0.847
	24.833
	26.505
	0.028

	1.000
	0.074
	0.178
	0.654
	14.061
	0.825
	15.595
	42.207
	0.113

	1.200
	0.100
	0.168
	0.615
	9.496
	0.819
	10.588
	62.164
	0.300

	1.400
	0.132
	0.166
	0.554
	6.982
	0.839
	7.659
	85.940
	0.473

	1.600
	0.178
	0.169
	0.506
	5.570
	0.886
	5.914
	111.306
	0.585

	1.800
	0.222
	0.167
	0.452
	4.680
	0.934
	4.830
	136.271
	0.774

	2.000
	0.255
	0.157
	0.409
	3.977
	0.949
	4.072
	161.648
	1.161

	2.200
	0.277
	0.143
	0.376
	3.370
	0.929
	3.487
	188.760
	1.500

	2.400
	0.294
	0.130
	0.347
	2.870
	0.896
	3.027
	217.450
	1.694

	2.600
	0.311
	0.121
	0.319
	2.482
	0.868
	2.666
	246.851
	2.112

	2.800
	0.328
	0.113
	0.290
	2.190
	0.850
	2.383
	276.157
	2.817

	3.000
	0.345
	0.107
	0.262
	1.966
	0.839
	2.156
	305.308
	3.435



[bookmark: _Ref169597734][bookmark: _Toc169883472]Table A.8. Computed fractions (%) of special pair acid molecules in their different states of protonation in the studied aqueous acid systems.
	 System
	
	
	
	 

	PA1H
	0.24
	33.59
	65.69
	0.48

	PA3H
	0.42
	43.39
	56.05
	0.14

	SA1H
	0.58
	76.9
	22.51
	0

	SA3H
	2.44
	95.22
	2.34
	0

	NA1H
	0
	76.78
	23.22
	0

	NA3H
	0
	94.65
	5.35
	0

	 < 0.1 Å

	PA1H
	0.46
	37.46
	61.52
	0.56

	PA3H
	0.94
	52.06
	46.93
	0.07

	SA1H
	0.86
	72.6
	26.53
	0.01

	SA3H
	3.01
	93.86
	3.14
	0

	NA1H
	0
	75.04
	24.96
	0

	NA3H
	0
	94.91
	5.09
	0





[bookmark: _Toc169883366]Appendix B. Figures

[image: FigS4]
[bookmark: _Toc169883546]Figure A.1. Self-intermediate scattering function  of protons for different Q values probed at 400 K for pure PA (a), at 383 K for pure PA (b), at 390 K for aqueous PA85 (c), and at 420K for aqueous PA85.
[image: A graph of different colored lines

Description automatically generated]
[bookmark: _Ref169601509][bookmark: _Toc169883547]Figure A.2. Correlation functions of proton displacement vectors excluding the protons from the same PA molecule. We obtained the inverse Haven ratio as , that was slightly smaller than that computed by including all protons ().


[image: A collage of graphs

Description automatically generated]
[bookmark: _Ref169596608][bookmark: _Toc169883548]Figure A.3. The total RDFs of OO pairs of water and acid molecules and the split OO RDFs between 4 pairs: oxygen of H2O (OW) and unprotonated oxygen of acid molecules (OA); oxygen of H2O (OW) and protonated oxygen of acid molecules (OAH); oxygen of H3O+ (O*) and unprotonated oxygen of acid molecules (OA); oxygen of H3O+ (O*) and protonated oxygen of acid molecules (OAH) in (a) PA1H; (b) SA1H; (c) PA3H; and (d) SA3H. In PA1H, strong H-bonds mainly form between H2O molecules and protonated/unprotonated O atoms of PA molecules. The addition of water molecules slightly affects this composition due to the similar proton affinity. In SA1H, however, the strongest H-bond forms between H3O+ and the unprotonated O atoms of the SA molecules significantly contributing to the first peak of the OO RDF between water and SA molecules and the shoulder on the right of the peak comes from the weaker H-bonds between H2O and the unprotonated O of SA. Increasing the water content switches the intensities of these two peaks.
[image: A chart of molecules on a white background

Description automatically generated]
[bookmark: _Ref169596716][bookmark: _Toc169883549]Figure A.4. Representative solvation patterns for active H3O+ () in the studied aqueous acid systems. The numbers displayed in the top-left corner represent the population percentages (%) of these solvation patterns. The green ball represents the transferring proton of the active H3O+.
[image: A blue square with red and yellow lines

Description automatically generated with medium confidence]
[bookmark: _Ref169596771][bookmark: _Toc169883550]Figure A.5.  probability distribution for proton transfer between H3O+ and other species in (a) PA1H, (b) SA1H, (c) NA1H, (d) PA3H, (e) SA3H, and (f) NA3H.

[image: A comparison of different colored lines

Description automatically generated]
[bookmark: _Ref169596946][bookmark: _Toc169883551]Figure A.6. The mean squared displacement (MSD) for the: (a) water oxygen atoms; and (b) hydronium oxygen atoms. 

[image: A graph of different colored lines

Description automatically generated]
[bookmark: _Ref169596992][bookmark: _Toc169883552]Figure A.7. The MSD of the hydronium ion decomposed into: (a) continuous vehicular component; and (b) discrete structural component.

[image: A graph of different colored lines

Description automatically generated]
[bookmark: _Ref169597406][bookmark: _Toc169883553]Figure A.8. The MSD of the hydronium ion decomposed into a continuous vehicular component; a discrete structural component; and the correlation between the vehicular and structural components in the slightly acidic water.

[image: A collage of images of a person's body

Description automatically generated]
[bookmark: _Ref169876241][bookmark: _Toc169883554]Figure A.9. Contour plots of sidechain conformation as a function of both distance and angle from polymer backbone at 480 K for (a) PMMA-C2-IM[TFSI]; (b) PMMA-C4-IM[TFSI]; (c) PMMA-C6-IM[TFSI]; and (d) PMMA-C8-IM[TFSI].

[image: A graph of a function

Description automatically generated with medium confidence]
[bookmark: _Ref169876407][bookmark: _Toc169883555]Figure A.10. Occurrence probability of the hopping types for TFSI with (a) different linker lengths; and (b) various anions with the linker length of C2 at 480 K.


[image: A graph of different colored lines

Description automatically generated with medium confidence]
[bookmark: _Ref169876582][bookmark: _Toc169883556]Figure A.11. The length of each anion hopping from one “cage” to another at the interval of 10 ps in (c) PMMA-C8-IMI[TFSI] and (d) PMMA-C2-IMI[Br] at 580 K. Color codes: blue: Type 1; green: Type 2; and red: Type 3.

[image: A graph of numbers and lines

Description automatically generated with medium confidence]
[bookmark: _Ref169876843][bookmark: _Toc169883557]Figure A.12. (a) Probability of a fast anion (solid lines) compared to a slow anion (dotted lines) (a) coordinating with n cations  and (b) associating with N cations for a broad range of linker lengths for the PMMA-Cx-IMI[TFSI] systems at 580 K. (c) Occurrence probability of the hopping types for fast anions (solid lines) compared with slow anions (dotted lines) for the PMMA-Cx-IMI[TFSI] systems at 580 K.


[image: A graph of different colored lines

Description automatically generated]
[bookmark: _Ref169877035][bookmark: _Toc169883558]Figure A.13. (a) Continuous time correlation function, S(t), and (b) intermittent time correlation function, C(t), at various temperatures for the PMMA-C2-IMI[TFSI] system. S(t) was computed from trajectories sampled every 10 ps, while C(t) was derived from trajectories sampled every 100 ps. Both functions are fitted to a stretched exponential function, , as shown in blue dotted lines. The actual relaxation time, , is determined as , where  represents the Gamma function.  

[bookmark: _Toc169883367]Vita
Zhenghao Zhu received his B.S. and M.S. degrees in Chemical Engineering from East China University of Science and Technology. His M.S. research mainly focused on investigating thermodynamic properties of polymer solutions based on COSMO-SAC Model and Lattice Model, which indicated significant guidance in the preparation of membranes. After working as an engineer dealing with wastewater treatment in Shanghai Sep-Bio Engineering Co., LTD, he joined the Ph.D. program at the University of Tennessee under the supervision of Prof. Stephen Paddison. His research focuses on understanding the interplay of morphology and proton/ion transport in electrolyte membranes for clean energy applications through multiscale modeling and simulations.
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