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ABSTRACT 

 Hydrated excess proton is ubiquitous in a wide range of systems within the fields of 

chemistry, biology, materials and engineering. Due to the strength of hydrogen bond (HB) between 

hydrated excess proton and water molecules, proton transport (PT) in aqueous environments is 

accompanied by change of molecular topology and breaking/forming of covalent bonds, which 

give rise to distinct behaviors of excess proton interacting with water. While it has been extensively 

studied in bulk systems, hydrated excess protons in complex heterogeneous systems remain as an 

active field of study and have received dedicated research efforts from both experimentalists and 

theorists.  

 To capture the reactive nature of PT in aqueous systems, quantum mechanical approaches 

such as ab intio molecular dynamics (AIMD) can be utilized since it does not tether atoms with 

empirically parametrized covalent bonds. However, since the cost of AIMD simulations is 

determined by the number of electrons and nuclei in the system, it can be prohibitively expensive 

to allocate computational resources enough to gain adequate sampling of larger and complicated 

systems. 

 Therefore, we employed multiscale reactive molecular dynamics (MS-RMD) methods to 

understand excess protons in complex aqueous systems, which provides both an accurate 

description of topology change in PT and manageable computational cost. In MS-RMD, the state 

of the system is described as a linear combination of “basis states”, each of which represents a 

possible bonding topology of the system. The basis states are then coupled with each other via off-

diagonal elements in a Hamiltonian-like matrix and the ground state eigenvector is solved for on 
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the fly in the MD, which facilitates a realistic description of the PT process at each timestep, as 

well as an accurate picture of the hydration structure and charge delocalization of the excess proton. 

 In this thesis, both AIMD and MS-RMD were employed to understand the behaviors of 

hydrated excess protons in heterogeneous, complex aqueous systems, including: 1) water-vapor 

interface, 2) reverse-micellar interfaces and 3) protonated water clusters in acetonitrile, in the order 

from being most bulk-like to least bulk-like. In the system of water-vapor interface, we primarily 

investigated the interfacial diffusion of excess proton, the surface affinity of the hydrated excess 

proton with two definitions of the interface: The Gibbs dividing interface (GDI) and the Willard-

Chandler interface (WCI). Both the multistate empirical valence bond (MS-EVB) reactive 

molecular dynamics method and density functional theory-based ab initio molecular dynamics 

(AIMD) were used to describe the hydrated excess proton specieis, including it “vehicular” 

(standard diffusion) transport and (Grotthuss) proton hopping transport and associated structures 

of the hydrated excess proton net positive charge defect. The excess proton is found to exhibit a 

similar trend and quantitative free energy behavior in terms of its surface affinity as a function of 

the GDI or WCI. Importantly, the definitions of the two interfaces in terms of the excess proton 

charge defect are highly correlated and far from independent of one another, thus undermining the 

argument that one interface is superior to the other when describing the proton interface affinity. 

Moreover, the hydrated excess proton and its solvation shell significantly influences the location 

and local curvature of the WCI, making it difficult to disentangle the interfacial thermodynamics 

of the excess proton from the influence of that species on the instantaneous surface curvature. 

 Regarding the reverse micelles system, we investigated the solvation and transport 

properties of hydrated excess protons (with a hydronium-like core structure) in non-ionic Igepal 
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CO-520 reverse micelles of various sizes in a non-polar solvent. MS-RMD simulations were used 

to describe vehicular and hopping diffusion during the proton transport process. As detailed herein, 

an excess proton shows a marked tendency to localize in the interfacial region of micellar water 

pools. Slow proton transport was observed which becomes faster with increasing micellar size. 

Further analysis reveals that the slow diffusion of an excess proton is a combined result of slow 

water diffusion and the low proton hopping rate. This study also confirms that a low proton 

hopping rate in reverse micelles stems from the interfacial solvation of hydrated excess protons 

and the immobilization of interfacial water. The low water density in the interfacial region makes 

it difficult to form a complete hydrogen bond network near the hydrated excess proton, and 

therefore locks in the orientation of hydrated proton cations. The immobilization of the interfacial 

water also slows the relaxation of the overall hydrogen bond network. 

 Finally, we employed molecular dynamics simulations, quantum theory of atoms in molecules 

(QTAIM) analysis, and free energy sampling to investigate the thermodynamics, structural, and dynamical 

properties of protonated water clusters solvated in acetonitrile. Multiple species of protonated water clusters 

were identified in the system, with the primary cluster species being an H9O4
+ Eigen cation, followed by a 

three-water H7O3
+ cation. Further analysis of the structural properties and special pair anisotropy decay 

trends identifies the H7O3
+ cluster as an Eigen cation with an acetonitrile replacing one of the solvating 

water molecules, not a Zundel cation with an additional water molecule as has been previously suggested. 

The overall Eigen-like nature of the protonated water clusters was found to be the result of the localization 

of the excessive charge defects. We conclude that an acetonitrile-acid-based water system contains multiple 

species of Eigen-like protonated water clusters
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CHAPTER 1 

INTRODUCTION 

1.1 Simulation of Proton Transport in Aqueous Systems 

Hydrated excess proton is ubiquitous in a wide range of systems within the fields of 

biology, chemistry, material science, and engineering. Of particular importance are systems 

involving large molecular species with complex biochemical functionalities such as proteins1-9 and 

proton exchange membranes.10-18 In these systems, the aqueous phase where the excess proton 

reside and transport are usually heterogeneous and interfacial. Compared to bulk aqueous systems, 

we are yet to acquire adequate understandings of hydrated excess protons in these heterogeneous, 

complex systems. 

The simplest description of hydrated excess proton is a hydronium (H3O
+), where the 

excess proton binds with a water molecule, forming a cation with one excess charge. However, in 

the setting of aqueous systems, the solvation motif of the excess proton is more complicated. In 

general, the hydrated excess proton features two limiting solvation motifs: (1) a Zundel cation 

(H5O2
+) in which the excess proton simultaneously forms strong hydrogen bonds with two 

competing water molecules, and (2) an Eigen cation (H9O4
+) in which the excess proton is closely 

bound to a central water molecule and solvated by three additional water molecules that form the 

first solvation shell. The extensive experimental and theoretical studies in literature 

notwithstanding, the most stable solvation structures and the exact nature of the conversion 

between the two solvation motifs remain poorly understood.19-20  
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Despite its significance, it can be experimentally challenging to establish atomistic level 

details of hydrated excess protons and proton transport (PT) due to the currently limited 

methodologies to characterize chemical processes at single-atom and femtosecond21-23 level. 

Therefore, computational and theoretical study of PT has proved its significance, by providing 

simulation data at a higher spatial and temporal resolution in supplement to experimental data.24-

38  However, modeling hydrated excess protons and PT can post certain challenges due to their 

complex nature. 

Compared to the diffusion of non-reactive particles, the proton transport (PT) process is a 

combination of at two mechanisms: the vehicular transport of the hydronium cation and the 

Grotthuss shuttling.39 During Grotthuss shuttling the hydrogen bonds rearrange, while the covalent 

bonds of water molecules and hydronium cations break and reform. Accordingly, an accurate 

physical model of the PT process must capture any topological changes in chemical bonding in 

order to accurately reflect the essential physics associated with this process. Since in classical MD 

methods the bonding topology remains static, such approaches fall short in elucidating the detailed 

behavior of hydrated excess protons in water and related aqueous environments. To capture the 

reactive nature of PT in aqueous systems, quantum mechanical approaches such as ab intio 

molecular dynamics (AIMD) can be utilized since it does not tether atoms with empirically 

parametrized covalent bonds. 40-41 However, since the cost of AIMD simulations is determined by 

the number of electrons and nuclei in the system, it can be prohibitively expensive to allocate 

computational resources enough to gain adequate sampling of larger and more complicated 

systems.  

 Therefore, we employed multiscale reactive molecular dynamics (MS-RMD) 42-44 methods 

(as well as its predecessor multi-state empirical valance bond methods, MS-EVB) to understand 
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excess protons in complex aqueous systems, which provides an accurate description of topology 

change in PT at a manageable computational cost. In MS-RMD, the state of the system is described 

as a linear combination of “basis states”, |𝑖⟩, each of which represents a possible bonding topology 

of the system. The basis states are then coupled with each other via off-diagonal elements in a 

Hamiltonian-like matrix and the ground state eigenvector is solved for on the fly in the MD, which 

facilitates a realistic description of the PT process at any given timestep, as well as the hydration 

structure of the excess proton. At each time step, the ground state eigenvector of the Hamiltonian 

gives the populations of each basis state, which are then used to calculate the atomistic forces by 

applying the Hellman-Feynman theorem. Several MS-EVB models have been developed that are 

able to accurately describe the behavior of hydrated proton in various systems such as the air-water 

interface and proton exchange membranes,45-46 as well as biomolecular systems.47 Detailed 

descriptions of the MS-RMD method are presented in Section 1.2. 

 

1.2 Multiscale Reactive Molecular Dynamics (MS-RMD) 

Standard classical MD methods is inadequate for capturing the physics of hydrated excess 

protons and PT processes, due to their incapability of characterizing charge delocalization and 

change of bonding topology. On the other hand, while AIMD can account for these complex 

natures of excess protons, the computational cost of performing AIMD can be prohibitively 

expensive when investigating systems of a larger scale. To overcome these limitations, our group 

have developed the MS-RMD method to investigate hydrated excess proton in aqueous systems. 

In the MS-RMD approach, the delocalized solvation of excess proton is described via a 

linear combination of a set of basis states |𝑖⟩, each of which represents one possible bonding 
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topology involving the hydrated excess proton. The state function of the system can be written 

down as: 

|Ψ⟩ = ∑ 𝑐𝑖|𝑖⟩

𝑁

𝑖

 

 

(1.1) 

where 𝑐𝑖 is the coefficient of each state and 𝑁 is the total number of states. The state function |Ψ⟩ 

is obtained by constructing a Hamiltonian matrix: 

𝑯 = ∑|𝑖⟩ℎ𝑖𝑗⟨𝑗|

𝑖𝑗

 

 

(1.2) 

where ℎ𝑖𝑖  of a diagonal element is the potential energy surface of the diabatic basis state |𝑖⟩ 

described mostly by a classical force field, and ℎ𝑖𝑗  of an off-diagonal element describes the 

coupling between two basis states, which require further parametrization (see below). The 

Hamiltonian matrix is diagonalized on-the-fly to solve for the ground-state energy and 

eigenvectors of the system:  

𝑯𝒄 = 𝐸0𝒄 

 

(1.3) 

where 𝐸0 is the ground state energy of the system, and 𝒄 is the eigenvector. The ground state (or 

“pivot” state) of the system is defined as the state with the largest coefficient 𝑐𝑖, i.e., the most 

probable state. The water oxygen atom to which the excess proton is bound in the pivot state is 

named the “pivot oxygen”, which can be used to determine the coordinates of the hydronium cation 

in the system. On the other hand, the center of excess charge (CEC) of the hydrated excess proton 

charge defect is used to represent the continuous and time-dependent location of the charge defect 

created by an excess proton. The CEC is a weighted average of the atomic coordinates of the 

protons in each basis state, defined as: 
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𝒓𝐶𝐸𝐶 = ∑ 𝑐𝑖
2

𝑁

𝑖=1

𝒓𝐶𝑂𝐶
𝑖  (1.4) 

in which 𝒓𝐶𝑂𝐶
𝑖  is the center of charge of the hydronium cation in the i-th eigenstate, as a function 

of the instantaneous point in time of an MS-RMD trajectory: 

𝒓𝐶𝑂𝐶
𝑖 =

∑ |𝑞𝑘|𝒓𝑘𝑘∈{𝑖}

∑ |𝑞𝑘|𝑘∈{𝑖}
 (1.5) 

To propagate the configuration change of the system, the force exerted on each atom can 

be calculated from Hellmann-Feynman theorem: 

𝑭 = − ∑ 𝑐𝑖𝑐𝑗

𝑖𝑗

∇ℎ𝑖𝑗 (1.6) 

 The diagonal elements ℎ𝑖𝑖 in the Hamiltonian matrix defined by Equation 1.2 are given by 

the potential energy function of the basis states, as presented in the following expression: 

ℎ𝑖𝑖 = 𝑉𝐻3𝑂+
𝑖𝑛𝑡𝑟𝑎 + ∑ 𝑉𝐻2𝑂

𝑖𝑛𝑡𝑟𝑎,𝑘 + ∑ 𝑉
𝐻3𝑂+,𝐻2𝑂
𝑖𝑛𝑡𝑒𝑟,𝑘

𝑁𝐻2𝑂

𝑘

𝑁𝐻2𝑂

𝑘

+ ∑ 𝑉𝐻2𝑂
𝑖𝑛𝑡𝑒𝑟,𝑘𝑘′

𝑁𝐻2𝑂

𝑘<𝑘′

 (1.7) 

where the four potential terms are the intramolecular potential of hydronium cation and water 

molecules, the intermolecular potential between the hydronium cation and water molecules and 

among water molecules, respectively. The 𝑉𝐻3𝑂+
𝑖𝑛𝑡𝑟𝑎 term is defined as: 

𝑉𝐻3𝑂+
𝑖𝑛𝑡𝑟𝑎 = ∑ 𝐷𝑂𝐻[1 − 𝑒−𝑎𝑂𝐻(𝑅𝑂𝐻

𝑗
−𝑅𝑂𝐻

0 )] +
1

2
∑ 𝑘𝛼(𝛼𝑗 − 𝛼0)2 

3

𝑗

 

3

𝑗

 (1.8) 

where the 𝑅𝑂𝐻
𝑗

 is the length of the j-th of the three O-H bonds in the hydronium cation, 𝛼𝑗 is the j-

th H-O-H angle, and 𝑅𝑂𝐻
0  and 𝛼0 are the parameters of bond length and angle from a classical force 

field. The ∑ 𝑉
𝐻3𝑂+,𝐻2𝑂
𝑖𝑛𝑡𝑒𝑟,𝑘𝑁𝐻2𝑂

𝑘  term is defined as: 
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∑ 𝑉
𝐻3𝑂+,𝐻2𝑂
𝑖𝑛𝑡𝑒𝑟,𝑘

𝑁𝐻2𝑂

𝑘

= 4𝜖𝑂𝑂𝑤
[(

𝜎𝑂𝑂𝑤

𝑅𝑂𝑂𝑘

)

12

− (
𝜎𝑂𝑂𝑤

𝑅𝑂𝑂𝑘

)

6

] + 4𝜖𝐻𝑂𝑤
[(

𝜎𝐻𝑂𝑤

𝑅𝐻𝑂𝑘

)

12

− (
𝜎𝐻𝑂𝑤

𝑅𝐻𝑂𝑘

)

6

]

+ ∑ ∑
𝑞𝑚

𝐻3𝑂+

𝑞𝑛𝑘

𝐻2𝑂

𝑅𝑚𝑛𝑘

3

𝑛𝑘

4

𝑚

+ 𝑉𝑂𝑂𝑘

𝑟𝑒𝑝 + 𝑉𝐻𝑂𝑘

𝑟𝑒𝑝
 

(1.9) 

where the first two terms are the Lennard-Jones interactions between hydronium oxygen and water 

oxygen, and between hydronium hydrogen and water oxygen; the third term denotes the 

Coulombic interactions; and the last two terms 𝑉𝑂𝑂𝑘

𝑟𝑒𝑝
 and 𝑉𝐻𝑂𝑘

𝑟𝑒𝑝
 are additional repulsive terms. The 

last two repulsive terms are found to be necessary to reproduce a correct potential energy surface 

(PES) between the hydronium cation and water molecules in its first solvation shell. The two terms 

are defined in the following expressions respectively: 

𝑉𝐻𝑂𝑘

𝑟𝑒𝑝 = 𝐶𝑒−𝑐(𝑅𝐻𝑂𝑘
−𝑑𝑂𝐻

0 ) (1.10) 

𝑉𝑂𝑂𝑘

𝑟𝑒𝑝 = 𝐵𝑒−𝑏(𝑅𝑂𝑂𝑘
−𝑑𝑂𝑂

0 ) ∑ 𝑒
−𝑏′𝑞𝐻𝑗𝑂𝑘

2
3

𝑗

 (1.11) 

Other terms of diagonal elements ℎ𝑖𝑖 defined in Equation 1.6 are also described in classical MD 

methods. The off-diagonal elements ℎ𝑖𝑗 are given by: 

ℎ𝑖𝑗 = (𝑉𝑐𝑜𝑛𝑠𝑡
𝑖𝑗

+ 𝑉𝑒𝑥
𝑖𝑗

) ∙ 𝐴(𝑅𝑂𝑂, 𝒒) 

 

(1.12) 

if the state |𝑖⟩ and |𝑗⟩ share a common hydrogen atom and can facilitate a proton transport reaction; 

Otherwise ℎ𝑖𝑗 = 0. In Equation 1.11, the 𝑉𝑐𝑜𝑛𝑠𝑡
𝑖𝑗

 is a parametrized constant and 𝑉𝑒𝑥
𝑖𝑗

 represents the 

electrostatic interaction between a Zundel cation (H5O2
+) and the remaining 𝑁 − 1  water 

molecules: 
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𝑉𝑒𝑥
𝑖𝑗

= ∑ ∑ ∑
𝑞𝑛𝑘

𝐻2𝑂
𝑞𝑚

𝑒𝑥

𝑅𝑚𝑛𝑘

3

𝑛𝑘

𝑁𝐻2𝑂−1

𝑘

7

𝑚

 (1.13) 

where 𝑞𝑛𝑘

𝐻2𝑂
 and 𝑞𝑚

𝑒𝑥 are the exchange charges of the Zundel complex and the atomic charges of 

the k-th water molecule, respectively. The term 𝐴(𝑅𝑂𝑂, 𝒒) is a scaling factor based on geometry:44 

𝐴(𝑅𝑂𝑂, 𝒒) = 𝑒−𝛾𝒒2
[1 + 𝑃𝑒−𝑘(𝑅𝑂𝑂−𝐷𝑂𝑂)2

]

× {
1

2
{1 − tanh [𝛽(𝑅𝑂𝑂 − 𝑅𝑂𝑂

0  )]} + 𝑃′𝑒−𝛼(𝑅𝑂𝑂−𝑟𝑂𝑂
0 )} 

(1.14) 

where 𝑅𝑂𝑂 is the O-O distance in the Zundel complex and 𝒒 is a spatial vector that denotes the 

offset between the shared hydrogen atom in the Zundel complex and the center of the two oxygen 

atoms. 

 Equations and explanations above describe the full framework of the MS-RMD approach. 

More detailed rationalizations, table of parameters, processes of parametrization and derivation of 

functions have been included in extensive discussions in the previous publications of our group 

(see ref21, 43-44, 48-54). 
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CHAPTER 2 

WHAT COORDINATE BEST DESCRIBES THE AFFINITY OF THE HYDRATED 

EXCESS PROTON FRO THE AIR-WATER INTERFACE?  

Reproduced with permission from Li, Z., Li, C., Wang, Z., & Voth, G. A. (2020). J. Phys. Chem. 

B, 124(24), 5039-5046 (https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.0c03288). Copyright 2020 

American Chemical Society. Further permissions related to the material excerpted should be 

directed to the ACS. 

2.1 Introduction 

The air-water interface is an important system that has received considerable attention, not 

only because of its role in various atmospheric and environmental processes, but also due to its 

significance for ion solvation at dielectric boundary interfaces (for reviews, see, e.g., Refs1-2) 

Despite ongoing research, the behavior of ions near the air-water interface remains somewhat 

unclear with respect to multiple aspects. A particularly interesting question that continues to spark 

debate is whether the air-water interface is acidic or basic in comparison to the bulk. 

In 2004 Petersen and Voth first predicted the affinity of the hydrated excess proton for the 

air-water interface, under acidic solution conditions,3 thus contradicting conventional concepts of 

cationic solvation that predict cations are buried into the bulk away from the interface. Subsequent 

experimental efforts involving surface-selective spectroscopies and sum-frequency generation4-12 

have largely supported this prediction, including two very recent and precise experimental 

studies.11-12 These reactive molecular dynamics (MD) simulations3, 13-14 employed the multistate 

empirical valence bond (MS-EVB) method15-17 in order to provide a physically accurate 
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description of the net positive hydrated excess proton charge defect (aka the “hydronium” cation 

and its association close-by water molecules). These simulations also provided both a qualitative 

and quantitative molecular level explanation for the unusual surface affinity of the hydrated excess 

proton. This topic was revisted18 in 2015 using the newly developed MS-EVB 3.2 model19 that is 

capable of more accurately capturing the hydration structure of the excess proton in water as well 

as it vehicular (standard diffusion) and Grotthuss hopping transport20 behavior. This 2015 paper 

also compared the interfacial solvation of the hydroxide anion and found that it does not have an 

affinity for the interface as compared to the hydrated proton.  

A natural question has arisen in these and other studies as to the “best” way to describe the 

air-water interface, as well as how to define the proximity of the hydrated excess proton to that 

interface. Conventionally, the Gibbs dividing interface (GDI) is used for identifying the location 

of the air-water interface in atomistic MD simulations. Specifically, the GDI utilizes the local 

density of the interfacial species and can be defined as the surface where the local density is half 

of the bulk density. However, more recently, Willard and Chandler described a procedure21 for 

identifying instantaneous liquid interfaces with the density field of molecules under consideration. 

This so-called Willard-Chandler interface (WCI) is in principle capable of accounting for the 

fluctuations of an interfacial configuration over time. Accordingly, the WCI can be calculated for 

every time step during an MD simulation while accounting for the instantaneous shift of the 

interface due to its fluctuations. Recent work by Wick22 has also suggested that the surface 

propensity of the hydrated excess proton can be very different based on the interface used to 

describe it (i.e., GDI vs WCI). In a related study, but one that could only utilize limited ab initio 

MD simulations due to their computational expense, Giberti and Hssanali23 proposed that the GDI 

alone is insufficient for capturing the thermodynamic and dynamic aspects of proton affinity to the 
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interface; instead, they asserted that WCI analysis can provide essential additional information 

about the nature of these behaviors. 

Based on these WCI-based findings, combined with what we know from our earlier 

research on the surface affinity of the hydrated excess proton, the present study has utilized MD 

simulations to more carefully examine the behavior of hydrated excess proton near the air-water 

interface. In this work, both definitions of the interface, GDI and WCI, were employed in the 

simulations to understand the relationship and correlations between between them, as well as the 

role of the instantaneous fluctuations of the interface and the behavior of the hydrated excess 

proton near that interface. The conclusion from our work is that both definitions of the interface 

(as well as the distance of the hydrated excess proton from the interface) yield essentially the same 

value for the free energy of stabilization of the excess proton at the interface, that the definitions 

of the two interfaces are highly correlated in this light, but that the WCI definition also leads to 

additional subtle features associated with the effects of the hydrated excess proton on the definition 

of the WCI interface. 

The remainder of this chapter is organized as follows: Section 2.2 describes the methods 

we used in our simulations, as well as details of the simulation system setup; Section 2.3.1 

describes our findings with respect to the surface affinity of hydrated excess proton for the GDI 

and WCI and demonstrated the high degree of correlation between the two interfaces, while 

Section 2.3.2 presents the impact of the excess proton structure on the location and curvature of 

the WCI. This chapter concludes with a discussion of the analysis we employed to compare the 

GDI and WCI results, implications for the understanding of the behavior of interfacial hydrated 

excess protons, a summary of our findings, and concluding remarks. 
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2.2 Methodology 

The proton transport (PT) process is a combination of at two mechanisms: the vehicular 

transport of the hydronium cation and the Grotthuss shuttling. During Grotthuss shuttling the 

hydrogen bonds rearrange, while the covalent bonds of water molecules and hydronium cations 

break and reform. Accordingly, an accurate physical model of the PT process must capture any 

topological changes in chemical bonding in order to accurately reflect the essential physics 

associated with this process. Since in traditional MD methods the bonding topology remains static, 

such approaches fall short in elucidating the detailed behavior of hydrated excess protons in water 

and related aqueous environments. It should also be noted that while ab initio molecular dynamics 

(AIMD) is capable of describing the dynamically changing bonding topology, these simulations 

are still very challenging computationally for larger systems such as those necessary to simulate 

an interface, and also for free energy sampling, which requires long simulation times for 

convergence. Therefore, for this work we have utilized the multistate empirical valence bond (MS-

EVB) method, which is able to account for changes in bonding topology during PT and is far less 

computationally demanding compared to AIMD. When using an MS-EVB model, the state of the 

system is described as a linear combination of “basis states”, |𝑖⟩, each of which represents a 

possible bonding topology of the system. The basis states are then coupled with each other via off-

diagonal elements in a Hamiltonian-like matrix and the ground state eigenvector is solved for on 

the fly in the MD, which facilitates a realistic description of the PT process at any given timestep, 

as well as the hydration structure of the excess proton. At each time step, the ground state 

eigenvector of the Hamiltonian gives the populations of each basis state, which are then used to 

calculate the atomistic forces by applying the Hellman-Feynman theorem. A more detailed 

description of the MS-EVB framework can be found in earlier publications.15, 24 Several MS-EVB 
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models have been developed that are able to accurately describe the behavior of hydrated proton 

in various systems such as the air-water interface and proton exchange membranes,18, 25 as well as 

biomolecular systems (see, e.g., Ref.26).  

In the MS-EVB framework, the center of excess charge (CEC) of the hydrated excess 

proton charge defect is used to represent the continuous and time-dependent location of the charge 

defect created by an excess proton. The CEC is a weighted average of the atomic coordinates of 

the protons in each basis state, defined as: 

𝒓𝐶𝐸𝐶 = ∑ 𝑐𝑖
2

𝑁

𝑖=1

𝒓𝐶𝑂𝐶
𝑖  (2.1) 

in which 𝒓𝐶𝑂𝐶
𝑖  is the center of charge of the hydronium cation in the i-th eigenstate and 𝑐𝑖 is the 

probability amplitude of that MS-EVB state, all as a function of the instantaneous point in time t 

of an MS-EVB trajectory. In this research we employed the MS-EVB 3.2 model, the details and 

parameters of which have been discussed in a previous publication.27 When we refer here and in 

other literature to “the hydrated excess proton CEC”, “the excess proton CEC”, or just “the CEC”, 

it is important to recognize that multiple protons in the hydrated proton structure participate in the 

CEC definition by virtue of Equation 2.1. The CEC is the middle of the overall net positive charge 

defect created by having an excess proton in the system (an electron “hole”, by another point of 

view). The fact that multiple protons participate in the definition of the CEC in Equation 2.1 at any 

given instant is a manifestation of Grotthuss proton shuttling between the water molecules in the 

system. 

For the present MS-EVB simulations of the air-water interface, the system was constructed 

as a slab of water consisting of 999 water molecules and 1 hydronium cation with vacuum on either 

side. The simulation cell was periodic in all directions with dimensions of 25 × 25 × 85 Å3. The 
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depth of the water slab was ~ 45Å in the z-direction, leaving ~ 20Å of vacuum both above and 

below the water slab. The simulations were carried out with a modified version28-29 of the 

LAMMPS MD software.30  The long-range electrostatic interactions were calculated using the 

particle-particle-particle-mesh (PPPM) method with relative error set to 10-5. All simulations were 

conducted in a constant NVT ensemble with a Nosé–Hoover thermostat having a relaxation 

constant of 200 fs. 

We first established the initial configuration of the water slab with PACKMOL31 and then 

equilibrated it using classical MD method 10 nanoseconds (ns); umbrella sampling was utilized 

for the production runs. The excess proton CEC was restrained at distances of 10-24 Å in the z-

direction from the center of mass (COM) of the water slab in 29 evenly spaced windows. The force 

constant of the restraining potential was 5.0 kcal/mol/Å2. For each window, 5 ns trajectories of 

production data were collected. 

In order to compare and verify our conclusions, DFT-based AIMD simulations were also 

carried out for a similar system, although on a smaller scale. The water slab for the AIMD 

simulation consisted of 216 water molecules, 1 excess proton, and 1 chloride anion, and was placed 

in a periodic simulation box with dimensions of 15 × 15 × 77 Å3. The depth of the AIMD water 

slab was ~37 Å, leaving ~20Å of vacuum above and below. The AIMD simulations were carried 

out with BLYP functional with Grimme dispersion correction32 using a TZV2P basis set. Similar 

to the MS-EVB simulations, umbrella sampling was employed for free energy sampling. The 

AIMD simulations were carried out with CP2K33 and a modified version of PLUMED.34-36 The 

CEC was restrained at distances of 7-16 Å in the z-direction from the COM in 19 evenly spaced 

windows. The force constant for the restraint was set to 10.0 kcal/mol/Å2. For each window, 50 ps 

of trajectory was obtained. 
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2.3 Results and Discussions 

2.3.1 Surface Affinity of the Hydrated Excess Proton 

To evaluate the differences and similarities of interfacial proton behavior with respect to 

static (GDI) and instantaneous (WCI) interfaces, two collective variables (CVs) were constructed. 

The CV-GDI is the distance from the excess proton CEC to the GDI; a positive value indicates 

that the CEC is on the bulk side of the interface, while a negative value indicates that it is beyond 

the interface and is on the vacuum side. For this study, we determined the GDI be a plane normal 

to the z-axis of the simulation box located where local water density is 0.016 Å-3, half of the 

number density of bulk water under 298K (0.032 Å-3).  

The CV-WCI represents the distance from the excess proton CEC to the WCI, for which 

the positive and negative values convey similar meanings to that of CV-GDI. However, instead of 

local density used in the GDI, the WCI uses a normalized Gaussian function for particles in a 

system, given by 

𝜙(𝒓; 𝑏) = (2𝜋𝑏2)−𝑑/2exp (−
𝑟2

2𝑏
) (2.2) 

where 𝑑  is the dimensionality of the system and 𝑏  is the bandwidth of the Gaussian density 

function, which should be selected according to the physical conditions of the system under 

consideration. In this study, we set 𝑑 = 3 and used 𝑏 = 2.4 Å, which is roughly the diameter of 

one water molecule and is consistent with the original article proposing WCI.19 From Equation 2.2, 

the density field of any given point in space at a certain time step can be written as: 

�̅�(𝒓, 𝑡) = ∑ 𝜙(|𝒓 − 𝒓𝒊(𝑡)|; 𝑏)

𝑖

 (2.3) 

The WCI is the (𝑑 − 1)-dimensional manifold 𝒓 = 𝒔 such that: 
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�̅�(𝒔, 𝑡) ≡ 𝑐 (2.4) 

where 𝑐 is a constant. For this study, 𝑐 was set to 0.016 Å-3, which is one-half of the bulk water 

density and consistent with calculating the GDI. Thus, the WCI in this study can be viewed as a 

2D-surface describing the instantaneous shape of the water-air interface.  

The potential of mean force (PMF) for each collective variable was calculated according 

to the weighted histogram analysis method (WHAM),37 as shown in Figure 2.1. Importantly, the 

two CVs showed the same general behavior for both MS-EVB and AIMD simulations, confirming 

that a hydrated excess proton tends to reside near the interface regardless of which definition of 

the interface is chosen. Moreover, the width and the depth of the energy well shown in the two 

PMF figures are consistent with each other and for both simulation methods, again indicating a 

very similar magnitude of proton affinity for these two interfaces. 

 

Figure 2.1 (a) 1D PMF of the CV-GDI with EVB 3.2; (b) 1D PMF of the CV-WCI with EVB 3.2; 

(c) 1D PMF of the CV-GDI with AIMD; (d) 1D PMF of the CV-WCI with AIMD. The two CVs 

show a very similar trend and magnitude for the surface affinity of the excess proton, and the MS-

EVB 3.2 results are consistent with the AIMD results. 
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To develop a more comprehensive understanding of the relationship (and correlation) 

between the two CVs, a full 2D PMF was calculated using the WHAM-2D method, as shown in 

Figure 2.2; this 2D PMF was calculated with EVB 3.2 results to obtain better convergence. The 

two 1D PMFs were aligned along their corresponding axes for reference. The centers of the energy 

wells of the two 1D PMFs align in the energy minimum of the 2D PMF, thus revealing a very high 

correlation between the two CVs. 

 

Figure 2.2 2D PMF of CV-GDI (x axis) and CV-WCI (y axis). The two 1D PMFs are placed along 

their axes for reference (Note that the zero of the PMFs in these figures is set at their minimum, 

unlike the PMF depiction in Fig. 2.1, where the PMF zero is taken to be the bulk region). The red 

dotted lines denote the minimum values of the PMFs. 

 

   To further understand the process whereby the excess proton moves from the liquid phase 

across the interface, we utilized the finite-temperature string method38-39 to calculate the minimum 
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free energy path (MFEP) in the two collective variables. With a set of CVs to describe a reaction, 

the MFEP is defined as the reaction path of maximum likelihood in these CVs; moreover, the 

MFEP is expected to represent the center of the reactive trajectories and indicate the most probable 

reaction path.39 Our MFEP results are illustrated in Fig. 2.3. In Figure 2.3(a), the MFEP shows a 

similar trend and shape to the 1D PMFs of both CV-GDI and CV-WCI. At the minimal point of 

the MFEP, we found CV-GDI = 0.998 Å and CV-WCI = -2.502 Å, both of which are consistent 

with the minimal points in the 1D PMFs. As indicated in Figure 2.3(b), the almost straight red line 

denotes the MFEP of the 2D CV space. Note that the two CVs are thus nearly perfectly correlated 

along the reactive trajectory, which confirms that the surface affinity of excess proton is not 

dependent on whether GDI or WCI is the designated interface. Based on the fact that our results 

for CV-GDI and CV-WCI were similar, hereafter we mainly show data for only the CV-GDI. 

 

Figure 2.3 (a) MFEP from the CV-GDI and the CV-WCI. The x-axis denotes the “image” index, 

and the y-axis denotes the corresponding free energy. The “images” are evenly spaced 

representative points on the MFEP and each represents a state in the CV space - e.g. the minimum 

point (image 36) denotes a state where CV-GDI = 0.998 Å and CV-WCI = -2.502 Å. (b) MFEP 

(solid red line) plotted on 2D PMF of the two CVs. 
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2.3.2 Interfacial Solvation Structure of the Hydrated Excess Proton 

A hydrated excess proton is usually described as two limiting structures: a Zundel cation 

H5O2
+ and an Eigen cation H9O4

+. Prior studies have indicated that an excess proton migrates 

through the hydrogen bond network from one water molecule to another via Grotthuss hopping in 

an Eigen-Zundel-Eigen hop sequence.40 To determine if the excess proton is more Eigen-like or 

Zundel-like at a given MD time step, two characteristic variable can be introduced: 𝛿 and 𝜉, both 

of which are useful for determining the magnitude of charge delocalization. 𝛿 is calculated as: 

𝛿 = |𝑑𝑂∗𝐻 − 𝑑𝑂𝑊𝐻| (2.5) 

where 𝑑𝑂∗𝐻 is the distance between the shared hydrogen atom and the hydronium oxygen, and 

𝑑𝑂𝑊𝐻 is the distance between the shared hydrogen atom and the water oxygen atom. Note that 

both the shared hydrogen atom and the water oxygen are from the “special pair” of the hydronium. 

A smaller 𝛿 indicates that the charge is more delocalized, and the hydrated excess proton structure 

is more Zundel-like, and vice-versa. On the other hand,  𝜉 is calculated as: 

𝜉 = 𝑐1
2 − 𝑐2

2 (2.6) 

where 𝑐1 and 𝑐2 are the probability coefficients of the two most likely MS-EVB states. A smaller 

𝜉 denotes the likelihood that the two states are close, pointing to more delocalization and a Zundel-

like cation. Both 𝛿 and 𝜉 were calculated and plotted in separate 2D PMFs of the CV-GDI, as 

shown in Fig 2.4. The behavior of both variables indicates that regardless of whether the excess 

proton is in the bulk or interfacial/vacuum region, the charge delocalization behavior remains 

consistent between the two variable definitions, as shown by the fact that the minimal point of 𝛿 

and 𝜉 behaved very similarly when moving along the axis of the CV-GDI. The results also show 

that at the air-water interface (a GDI value of around 1.0) the hydrated excess proton structure 

exhibits greater fluctuations to visit the Zundel cation H5O2
+ and H7O3

+ limiting structures than 
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when in the bulk water region.  (Note that since neither 𝛿  or 𝜉  were directly biased in the 

simulations, more sampling was required to reach good convergence of the 2D PMFs; hence, the 

2D PMFs were calculated based on MS-EVB 3.2 results which displayed good consistency with 

the AIMD results reported earlier.)  

 

Figure 2.4 (a) 2D PMF of 𝜹 and CV-GDI. (b) 2D PMF of 𝝃 and CV-GDI. 

 

To evaluate solvation structure of the hydrated excess proton, we utilized a continuous soft 

coordination number41-42 of water oxygens to the hydronium oxygen. Figure 2.5 shows the 2D 

PMF of the coordination number and the CV-GDI. The lowest-energy and most probable 

coordination number was noted to be 3.0 (the Eigen cation, H9O4
+), regardless of the location of 

the excess proton; this finding indicates that the first solvation shell remains intact, forming the 

protonated water complex. This water complex persisted even when the excess proton migrated 

into a low-density interfacial region, although greater fluctuations to the range 2.0-2.5 are seen in 

that region (more Zundel-like and H7O3
+ character, as also seen in Fig. 2.4). Note that a protonated 

cluster of water molecules in the interfacial region forms a local high-density bubble that can alter 
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the overall density field and impact the calculation of WCI, which we will discuss next. This robust 

solvation structure also explains the unchanged magnitude of charge delocalization along CV-

GDI, as shown in Figure 2.4. 

 

Figure 2.5 2D PMF of soft coordination number and CV-GDI 

 

To understand the impact that this water cluster might have on the WCI, we calculated the 

mean curvature of the WCI at the nearest point to the excess proton CEC. Mathematically, the 

mean curvature is defined as the average of the two principal curvatures of the surface. In this 

study, a positive mean curvature indicates that the WCI is protruding into the vacuum, while a 

negative mean curvature denotes that the WCI is indenting into the bulk region. Figure 2.6 shows 

the 2D PMF of the mean curvature and the CV-WCI. As shown therein, after moving past the WCI 

towards the vacuum, the protonated water complex begins to pull the WCI outward, forming a 

broad peak in the mean curvature on the 2D PMF.   

The interaction between the protonated water cluster and the WCI can firstly explain the 

somewhat weakening correlation observed in the 2D PMF in Figure 2.2 while moving past the 
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minimum into the more vacuum region. Secondly, the CV-WCI and CV-GDI mostly correlate 

very well when the excess proton is in the bulk region, but as the hydrated excess proton moves 

into the bulk region the correlation of the two CVs also weakens in this region for the GDI between 

4 and 6 Å (see Fig 2.2). Interestingly, this weakening correlation can be separated into two stages 

that display different patterns in the 2D PMF of Fig 2.2. The first stage corresponds to when the 

CV-WCI is approximately -1 Å to 1 Å, during which the hydronium and its first solvation shell 

are roughly at the location of the WCI. This water cluster creates a relatively high-density bubble, 

due to hydrogen bond contractions to the hydronium core, compared with the surrounding 

interfacial environment, thereby impacting the calculation of the density field, which in turn affects 

the resulting WCI coordinates. Since the CV-WCI refers to the distance between the excess proton 

(CEC) and the WCI, this CV becomes increasingly self-interactive, resulting in a wider distribution 

with both an upside tail and a downside tail. In contrast, the second stage of the weakening 

correlation occurs when the CV-WCI is greater the 1 Å. At this point the excess proton is beyond 

the WCI and the charged water cluster pulls the WCI towards the excess proton, resulting in a 

widened distribution with a tail only on the downside.  

Based on the simulation data that has emerged from the present study, we can conclude 

that both the instantaneous interface (WCI) and the average interface (GDI) afford the same 

outcome with respect to the surface affinity of the hydrated excess proton. However, while the 

WCI accounts for the instantaneous fluctuations of the interface, it is more computationally 

demanding and can be influenced by the coordinates of the excess proton.  

In a recent study, Das et al. also confirmed the aforementioned surface affinity of excess 

proton, both for the WCI and GDI,11 using AIMD simulation. However, these authors further 

claimed that the hydrated excess proton is stabilized by the negative counterion at the interface, a 
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conclusion they based on the fact that the radial distribution function (RDF) for the hydronium 

oxygen and the counterion displayed a higher first peak at the interface. By contrast, the results of 

our simulations here provide no similar support for this conclusion. Based on both MS-EVB 3.2 

and AIMD simulations, our 1D PMFs show free energy wells at the interface, which are 

comparable to the Das et al. results. However, in our MS-EVB 3.2 simulations the counterion was 

not present and the excess charge was balanced with a uniform neutralizing background. It should 

also be noted that in our AIMD simulations the counterion showed little to no presence within 6 

Å of the excess proton over the simulated time span. These data suggest that the counterion does 

not play an essential role in the surface affinity of the hydrated excess proton. Similarly, Chiang 

et al. 12 reported that the surface absorption of excess proton is independent of any specific proton-

halide anion interaction, which is consistent with our findings.  

 

Figure 2.6 2D PMF of the mean curvature and the CV-WCI 
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2.3.3 Additional Simulations with Counter-ion Present 

As detailed in previous sections, our EVB 3.2 simulations were set up in the absence of the 

counterion, and the excess charge introduced by excess proton was balanced with a uniform 

neutralizing background. To further understand the role of the counterion in this system, additional 

simulations with a chloride anion as the counterion were conducted. The simulations were set up 

with the same procedures, compositions, and parameters with that of the simulations in the main 

text, except that one counterion is added in the system to balance the excess proton. The CEC was 

restrained at distances of 10-24Å in the z-direction from the center of mass (COM) of the water 

slab in 15 evenly spaced windows. The force constant of the restraining potential was 5.0 

kcal/mol/Å2. For each window, 3 ns trajectories of production data were collected. 

For each window, the radial distribution function (RDF) between the center of excess 

proton (CEC) and the chloride anion was plotted, as shown in Figure 2.7. The number in the legend 

of the figure denotes distances between the center of umbrella potential and the GDI. Larger 

numbers (red lines) represent RDF results of bulk-like umbrella windows and smaller numbers 

(blue lines) represent interfacial RDF results. Notice that there is no clear trend of heightening or 

lowering of first peak in the RDF figures, as the center of the umbrella window moving from the 

bulk region towards the interface. The binding between the counterion and the excess proton does 

not show a consistent trend with respect to the solvation environment of the excess proton. 

We then examined the effect of the counterion on the surface solvation of excess proton. 

Figure 2.8 compares the PMF of CV-GDI with and without the counterion. As shown in the two 

figures, there is no apparent difference on the shape of PMF and the depth of energy barrier 

whether the counterion is present or not. Based on these findings, and the fact that in AIMD 
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simulations the excess proton and the counterion rarely come near to each other, the counterion 

does not seem to play an important role in stabilizing the excess proton near the interface. 

 

Figure 2.7 Interfacial vs bulk RDF between CEC and chloride anion. The numbers in the legend 

denotes distances between the center of umbrella potential and the GDI. Larger numbers (red lines) 

represent RDF results of bulk-like umbrella windows and smaller numbers (blue lines) represent 

interfacial RDF results.  

 

Figure 2.8 PMF of CV-GDI with and without counterion. 
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2.4 Conclusions 

  This study was designed to investigate the interfacial behavior of a hydrated excess proton with 

respect to two different definitions of interface using both thee MS-EVB method and DFT-based 

AIMD. As detailed herein, the GDI and WCI afforded similar results demonstrating that the excess 

proton tends to reside at the interface for either CV; moreover, our EVB 3.2 and AIMD results are 

broadly consistent with one another. A composite 2D PMF constructed from the two CV 

definitions of interface showed a high degree of good correlation between the results of two CVs, 

with that correlation somewhat weakening when the excess proton moves near and past the 

interface. We attribute this weakened correlation beyond the interface to the charged water cluster 

formed around the excess proton that interrupts the interfacial density field, which in turn 

influences the location and shape of the WCI. Due to its dependence on the coordinates of the CEC 

of the hydrated excess proton, the WCI has difficulty disentangling the interfacial thermodynamics 

of the excess proton from the influence on the surface curvaturs induced by the excess proton itself. 

This work reaffirms the likelihood that the hydrated excess proton has an affinity for the air-water 

interface no matter how that interface is defined – a result that is consistent with the original 

prediction made in sixteen years ago3 and now supported by a significant body of experimental 

results, include two very recent studies.11-12 
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CHAPTER 3 

INTERFACIAL SOLVATION AND SLOW TRANSPORT OF HYDRATED EXCESS 

PROTONS IN THE NON-IONIC REVERSE MICELLES 

Reproduced from Li, Z., & Voth, G. A. (2020). Physical Chemistry Chemical Physics, 22(19), 

10753-10763.with permission from the PCCP Owner Societies. 

3.1 Introduction 

Proton transport (PT) in confined regions occurs in systems ranging from proton 

exchange membranes1-6 to various biological systems (see, e.g., Refs7-11) Our previous studies on 

interfacial hydrated excess protons12-16 predict that the PT process is significantly different in 

interfacial systems compared to how it behaves in the bulk. An interfacial preference for the 

hydrated excess proton (hydronium-like cation) was predicted as early as 2004.12 Our prior study 

of lipid bilayer interfaces15 also revealed that excess protons tend to form a distorted Zundel 

cation in the interfacial region. In a related study, Wolf et al.17 also modeled that excess protons 

exhibit interface affinity near the DMPC membrane. Moreover, Zhang et al.18 found from ab 

initio MD simulation that  a hydrated excess proton tends to locate near an apolar hydrophobic 

interface, consistent with our earlier predictions.12-15 These findings point to the importance of 

understanding the behavior and interfacial effects of hydrated protons in confined and interfacial 

systems. 

     Reverse micelles are amphiphilic structures that spontaneously form when surfactants are 

dissolved into non-polar solvents. A nanoscale water pool forms, which is surrounded by the 

hydrophilic head groups of the surfactant molecules. This resulting confinement alters both the 
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structural and dynamical properties of the water pool compared to more conventional (e.g., bulk) 

systems. The thermodynamic and spectroscopic properties of reverse micelle systems have been 

studied with a variety of experimental techniques, including IR and Raman spectroscopy,19-20 

NMR,21 fluorescence probe,22-23 etc. These efforts help to reveal the microscopic details of the 

confined water pool in a reverse micelle, which is usually portrayed as a roughly spherical shape 

that can be divided into two regions: (1) the interfacial region, in which both rotational and 

translational motions of water molecules are known to be largely immobilized; and (2) the central 

region, where the confinement effect is less severe and water molecules behave somewhat similar 

to the bulk system. However, the existence and nature of both regions depends on the size of the 

micellar water pool under consideration. In cases where the micellar water pools size is relatively 

small, the central region can be incomplete or even absent; in such instances all water molecules 

in the pool exhibit interfacial traits. 

     Recent work by Van der Loop et al.24 applied GHz dielectric relaxation spectroscopy to 

non-ionic reverse micelle systems, which has provided further experimental evidence of the altered 

PT behavior in reverse micelles. They attributed this phenomenon to a collective slowing down of 

water dynamics. Earlier theoretical studies on reverse micelles25-26 and nanometer-scale water 

droplets27 suggest that the interfacial solvation of the hydrated excess proton is responsible for 

slow proton diffusion. Based on what is already known about the interfacial affinity of excess 

proton,12, 15, 17-18 our present study was designed to examine the behavior of PT in reverse micelles 

with neutral head groups. More specifically, we investigated the solvation and transport of 

hydrated excess proton dissolved in micellar water pools of various sizes encapsulated by non-

ionic surfactant molecules.  
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The rest of the chapter is organized as follows: Section 3.2 describes the methods we used 

in our simulations, as well as details about our simulation system setup. Section 3.3 describes our 

findings about the equilibrium structure of reverse micelles, micellar solvation of the excess 

protons, and slow proton transport of those micellar excess proton. The chapter concludes with a 

discussion of the analysis we employed to understand the slow transport of hydrated excess proton, 

a review of our findings, and closing observations in Section 3.4. 

3.2 Methodology 

Igepal CO-520 surfactant was used to construct the reverse micelles, which contain ether 

and hydroxyl oxygen atoms in their hydrophilic head groups. Hereafter, the hydroxyl group 

oxygen will be referred to as OHyx and ether oxygen atoms as OEther. The structure of the 

surfactant is show in Figure 3.1. The pKb of the head group in Igepal surfactants is found to be ~16 

to 18, making it unlikely for excess proton to protonate the head group. Further, based on 

experimental results28-29 and earlier simulations of methanol-water mixtures,30 the presence of 

protonated alcohol oxygen is negligible compared to hydronium cations (H3O
+) and therefore can 

be safely disregarded.  

 

Figure 3.1 Structure of Igepal CO-520 surfactant molecule. Note that oxygen atoms in the 

hydroxyl group will be referred to as OHyx; and ether oxygen atoms will be referred to as OEther. 

 

Reverse micelles of four sizes were constructed corresponding to the diameters of the water 

pool: 1nm, 2nm, 4nm, and 6nm. Experimentally, a ratio w0 = [H2O]/[surfactant] is generally used 

to provide an estimate of the size of the water pool in the reverse micelles. In our setup, the number 
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of water molecules in each system was determined with the desired volume of the water pool and 

bulk water density at 298K. The number of surfactant molecules encapsulating the water pool was 

initially estimated from w0 and then adjusted by examining the trajectories from classical MD 

simulations. The remainder of the simulation box was filled with cyclohexane molecules at a bulk 

density of 298K. Detailed compositions and final w0 values for the reverse micelle systems can be 

found in Table 3.1. We defined the initial configurations of each systems using the  PACKMOL31 

software package. The general Amber force field (GAFF)32 was used to describe cyclohexane and 

surfactant molecules with RESP charges obtained via ab initio calculations carried out by R.E.D. 

server.33-36 The LAMMPS MD software37 and an anharmonic water model aSPC/Fw38 were 

utilized for all simulations. The reverse micelles were first equilibrated with classical MD 

simulation for 5 ns in the constant NPT ensemble at 298K and 1 atm, and then another 5 ns in the 

constant NVT ensemble at 298K. Then, the water molecule closest to the center of mass (COM) of 

the water pool was replaced with a hydronium cation and a chloride anion, after which MS-RMD 

was applied in the NVE ensemble. For each micellar size, 5 statistically independent simulations 

were conducted, which resulted in a total of 15 ns of trajectories.  

Table 3.1 Compositions of Reverse Micelle Systems 

 

 

Water Pool Diameter Number of Water Number of Surfactant w0 

1nm 15 15 1.0 

2nm 118 52 2.3 

4nm 994 208 4.8 

6nm 3186 468 6.8 
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3.3 Results and Discussion 

3.3.1 Equilibrium Structure of Reverse Micelles 

We first looked at specific intrinsic structural properties of these confined environments, 

which we surmised may impact the solvation of the excess proton charge. Recall that a reverse 

micelle represents an inhomogeneous environment, with a water pool surrounded by the 

hydrophilic head groups of surfactant molecules. For this inhomogeneous system, we applied a 

local density profile function to describe how the density varied as a function of distance from a 

reference point. With the center of mass of the water pool as the reference point, the local density 

of a species was defined as:26 

𝜌𝐶𝑂𝑀−𝛼 =
1

4𝜋𝑟2
〈∑ 𝛿(|𝑟𝑖

𝛼 − 𝑅𝐶𝑂𝑀| − 𝑟)

𝑁

𝑖=1

〉 (3.1) 

in which 𝑅𝐶𝑂𝑀 is the COM coordinate, 𝑟𝑖
𝛼 denotes the coordinate of site 𝛼 on the i-th molecule.   

Figure 3.2 presents the local density profile of water oxygen (OW), OHyx, and OEther. 

Note that the OW plot uses the left y-axis and the surfactant atoms (OHyx and OEther) use the 

right y-axis. In each figure, the vertical black dashed line indicates the location of the Gibbs 

dividing surface (GDS), which represents an idealized, zero-volume plane to separate two phases. 

The GDS utilizes the local density of the target species and is defined as the surface where the 

local density is half of the bulk density. For this study, we decide the GDS locates at where local 

water density is 0.016 Å-3, half of the number density of bulk water at 298K (0.032 Å-3). For our 

reverse micelles, atoms in the surfactant hydrophilic head group (OHyx and OEther) both reached 

a significant local density at the GDS, which means the interface was a mixture of water molecules 
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and surfactant head groups, which is important since the head groups can play a role in interfacial 

excess proton behavior. 

 

Figure 3.2 Local density profiles with COM of water pool as center of different micellar sizes: (a) 

diameter=1nm, (b) d=2nm, (c) d=4nm, and (d) d=6nm. OW: oxygen atom water molecule; OHyx: 

hydroxyl oxygen in surfactant head group; OEther: ether oxygen in surfactant head group 

 

For the two larger reverse micelles (d=4nm, d=6nm), we noted that the water local density near 

the COM of the water pool reached bulk water density, which indicates the presence of both a 

central bulk-like phase and an interfacial phase in these two larger reverse micelles. However, the 

density of water decreased quite rapidly with increasing distance from the COM. In the case of the 

two smaller reverse micelles (d=1nm, d=2nm), the central density did not reach bulk water density. 
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Accordingly, the absence or incompleteness of a bulk region in a smaller micellar water pool may 

lead to structural and dynamic differences of the water molecules, which could impact the behavior 

of excess proton.  

 

Figure 3.3 Local density profiles with pivot oxygen (O*) as center of different micellar sizes: (a) 

diameter=1nm, (b) d=2nm, (c) d=4nm and (d) d=6nm. OW: oxygen atom water molecule, OHyx: 

hydroxyl oxygen in surfactant head group, OEther: ether oxygen in surfactant head group 

 

3.3.2 Micellar Solvation of Hydrated Excess Protons 

The hydrated excess proton is usually described as two limiting structures: a Zundel cation, 

H5O2
+, and the Eigen cation, H9O4

+. In bulk water, it has been proposed that the excess proton 
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migrates through the hydrogen bond network from one water molecule to another, in an Eigen-

Zundel-Eigen sequence. In confined systems such as reverse micelles, it is important to recognize 

the underlying impact of inhomogeneity, as well as the interfacial effect on the PT process. The 

relatively low water density near the interface is highly likely to impact the hydrogen bond network 

in the interfacial region, which in turn affects the PT process. In MS-RMD, the location of the 

excess protonic center of excess charge (CEC) can be defined by: 

𝒓𝐶𝐸𝐶 = ∑ 𝑐𝑖
2

𝑁

𝑖=1

𝒓𝐶𝑂𝐶
𝑖  (3.2) 

in which 𝒓𝐶𝑂𝐶
𝑖  is the center of charge of the hydronium cation in the i-th MS-RMD basis eigenstate. 

The eigenstate with the largest 𝑐𝑖 is known as the “pivot” state, and the hydronium oxygen in such 

a state is known as the pivot oxygen (hereafter referred to O*). Figure 3.3 shows a density profile 

depicting the solvation structure of the hydrated excess proton cation with O* as the reference 

point. In all four reverse micelle systems, the OW plots present two peaks, representing the first 

and the second shell of the hydronium-like cation (the core of the hydrated excess proton structure). 

In Figure 3.3(a), the oxygen atoms in the surfactant head group (OHyx and OEther) contribute 

considerably to the formation of the second solvation shell. With increasing micellar water pool 

size, the contribution of the surfactant head group to the second solvation shell diminishes. Based 

on the data presented in Figures 3.2 and 3.3, there is a strong interaction between the hydronium-

like cation core and the surfactant in the smaller reverse micelles, suggesting that the hydrated 

excess proton is located near the interface. As micellar size increases and the water pool becomes 

more bulk-like, the interaction between the hydronium and the surfactant molecules weakens.  
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To further verify the binding between the excess proton and the interface, we examined the 

probability density function (PDF) of the distance between the excess proton CEC and the COM 

of the water pool (see Figure 3.4). The colored lines in this figure depict the PDF, while the vertical 

dashed lines depict the GDS of the micellar water pool. For all four reverse micelles, the PDF peak 

was observed to be more distant from the COM and nearer the GDS, indicating that the center of 

excess charge (i.e., the hydrated excess proton) has a tendency to move away from the center of 

the water pool and reside near the interface, even for non-ionic surfactants. With increasing 

micellar size, the PDF shows a wider distribution, with the peak moving left and away from the 

GDS, indicating a weaker binding between the hydrated excess proton and the interface.  

 

Figure 3.4 Probability density of hydrated excess proton CEC (y-axis) corresponding to the 

distance to COM (x-axis) in four reverse micelle systems. The dashed vertical line is the Gibbs 

Dividing Surface (GDS). 
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Furthermore, Figure 3.5 provides a 3D visualization of CEC probability density for each 

system during one independent simulation run of 3 ns, where each data point is a CEC coordinate 

relative to COM at one time step and is color-coded according to the probability density of the 

CEC through the entire time series. The blue dot represents the COM and the black wireframe 

represents the GDS. As shown in Figure 3.5, the hydrated excess proton CEC density accumulates 

mostly away from the COM and near the interface radially, which is consistent with results 

provided in Figure 3.4. The CEC also tends to be laterally trapped in a certain region of the 

interface, leaving much of the interfacial phase unvisited.  

 

Figure 3.5 3D visualization of CEC probability density over a 3-ns time period for all four reverse 

micelles systems: d= 1 nm, d= 2 nm, d= 4 nm, and d=6 nm. The hydrated excess proton CEC 

coordinates are relative to the COM and are color-coded according to the local density of CEC 

across the entire time series. The blue dot denotes the origin (COM coordinate), and the black 

wireframe denotes the GDS. 
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Based on results presented in Figures 3.4 and 3.5, we conclude that the excess proton in 

the reverse micelles is localized near the interfacial region, both radially and laterally. Moreover, 

the binding between the excess proton and the interface was found to decrease with increasing 

micellar diameter. 

3.3.3 Proton Transport in Reverse Micelles 

  Having established the nature of micellar solvation of the hydrated excess protons, we then 

examined the underlying dynamical characteristics that contribute to the PT process in the reverse 

micelles.  First, we calculated the diffusive behavior of the hydrated excess proton and the water 

molecules in reverse micelle. In bulk systems, the diffusion of a species can be described with the 

usual Einstein relation: 

〈𝑟2〉𝑡→∞ = 6𝐷𝑡 (3.3) 

in which 𝐷 is the diffusion coefficient and 〈𝑟2〉 is the mean squared displacement (MSD) of the 

species, assuming the origin of all trajectories is taken to be zero. The Einstein relation describes 

a linear relation between the MSD and time. However, in confined systems there is often not a 

linear relation between the MSD and time, but instead a power law relation (see., e.g., ref39 for the 

case of proton exchange membranes): 

〈𝑟2〉 = 6𝐷𝛼𝑡𝛼 (3.4) 

where 0 < 𝛼 < 1 for sub-diffusivity and 𝐷𝛼 is a parameter with the same units as the diffusive 

coefficient. Figure 3.6 depicts the MSD of water oxygen and the excess proton CEC in each of the 

four reverse micelle systems. The parameters of sub-diffusivity (𝛼 and 𝐷𝛼) of water and CEC were 

obtained with least square fitting according to Equation (3.4) and shown in Table 3.2. The micellar 
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diffusion of water and excess proton shows to be slower compared to the bulk system. For our 

study, we observed a clear trend that with increasing water pool size, both the diffusivity of the 

water and hydrated excess proton CEC increased, as expected. The slowing down of the relaxation 

rate of water in reverse micelles has in fact been widely confirmed via various experimental 

approaches including pulsed NMR,40 fluorescent spectroscopy,41-43 dielectric measurements,44-45 

as well as by computational approaches.46-47  

 

Figure 3.6 Mean squared displacement of oxygen in (a) water, and (b) hydrated excess proton 

CEC in four reverse micelle systems, plotted in log-log scale. 

 

The diffusion of excess proton represents the collective outcome of the vehicular motion 

of hydronium cations (H3O
+) and the Grotthuss hopping of protons from one water molecule to 

another; accordingly, the vehicular motion of excess proton should be strongly correlated with the 

water diffusion. For instance, with increasing micellar diameter and reduced effective interaction 

between the excess proton and the interface, the diffusion of the excess proton increases. Slow 

diffusion of interfacial water slows the diffusion of the excess proton once it reaches the interface 

and helps to trap the proton. Moreover, it has been shown that the rearrangement of  the hydrogen 
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bond network as a whole plays a key role in long-range structural diffusion,49-50 which in turn is 

correlated with water diffusion. The simultaneous slowing down of the diffusive motion of water 

molecules and the hydrated proton CEC is consistent with the correlation mentioned above.  

Table 3.2 Fitted parameters of sub-diffusivity for water oxygen and hydrated excess proton (CEC) 

in each reverse micelle. 

 d=1nm d=2nm d=4nm d=6nm bulk38, 48 

αOW 0.76 0.77 0.82 0.87 1.0 

DαOW (Å2/ps) 0.042 0.10 0.25 0.30 0.23 

αCEC 0.50 0.73 0.74 0.74 1.0 

DαCEC (Å2/ps) 0.047 0.13 0.55 0.69 0.43 

 

     It is also valuable to evaluate the rate of proton hopping in reverse micelles. Using the MS-

RMD framework, proton hopping events can be identified by observing the identity change of the 

pivot hydronium in the dynamic algorithm. Specifically, two types of proton hopping can be 

observed: (1) oscillatory shuttling, during which the excess proton hops back and forth between 

the pivot hydronium cation and a water molecule in its first solvation shell; and (2) Grotthuss 

shuttling, during which the proton hops first and then on to a third water molecule instead of 

hopping back to its donor. Grotthuss shuttling should be considered as the primary contributor to 

the mobility of excess proton. Accordingly, we utilized a “forward hop” accumulation function to 

evaluate the rate of Grotthuss shuttling. The forward hop equation is given as: 
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ℎ(𝑡) = ℎ(𝑡 − 1) + 𝛿ℎ(𝑡) 

ℎ(0) = 0 

(3.5) 

in which 𝑡 is the time step, ℎ is the accumulated hopping. The increment 𝛿ℎ(𝑡) is 0 if there is no 

proton hop, 1 if the proton hops to a new receptor, and -1 if it hops back to the previous donor. To 

clarify the definition of “previous donor”, we consider a scenario in which the pivot hydronium 

identity follows this sequence: 1-2-3-2-3. The 𝛿ℎ(𝑡) for each step will be: +1, +1, -1, +1, which is 

based on the fact that when the proton hops from 3 back to 2, the “previous donor” of water 2 

becomes water 1 again. This function distinguishes the aforementioned two shuttling events. This 

type of accumulation function measures the topological distance between hydronium at time 0 and 

at time 𝑡 in terms of the number of proton hops. 

 

Figure 3.7 Forward excess proton hop function calculated from an MD trajectory from each 

reverse micelle system and a bulk water system. 

 

Figure 3.7 depicts the forward proton hop function for each of the four reverse micelle 

systems and the bulk water system. In a water pool as small as 1nm in diameter, there is no bulk-
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like region in the pool, and all water molecules are interfacial. Moreover, the almost flat forward 

hop function indicates that the interfacial environment has greatly impeded the proton hopping. 

With increasing micellar size, however, the proton hopping rate increases accordingly. Keeping in 

mind that the solvation environment of the excess proton becomes more bulk-like with increasing 

micellar size, Figure 3.7 provides direct evidence of the low proton hopping rate of the interfacial 

excess protons. Both proton transport components—the vehicular motion of the hydronium cation 

and Grotthuss proton hopping—clearly become slower in reverse micelle systems, as a result of 

the slow PT near the interface which makes it difficult for hydrated excess protons to move back 

to bulk-like regions once they reach the interface. This explanation for the slowed hydrated proton 

diffusion differs from that of Van der Loop et al.,24 who assumed the excess proton would not be 

at the interface. 

 

3.3.4 Discussion on Slow Micellar Proton Hopping 

In this section, we add additional insight to the low proton hopping rate in reverse micelles. 

One possible factor for this behavior is the difference in structural properties of the hydronium-

like complex. To define a hydronium complex, one must first locate the pivot or “core” hydronium 

cation. For every water molecule in its first solvation shell, 𝛿 as defined in is calculated as: 

𝛿 = |𝑑𝑂∗𝐻 − 𝑑𝑂𝑊𝐻| (3.6) 

in which 𝑑𝑂∗𝐻 is the distance between the shared hydrogen atom and the hydronium oxygen, and 

𝑑𝑂𝑊𝐻 is the distance between the shared hydrogen atom and the water oxygen. The water molecule 

with the minimal 𝛿 was identified as the “special pair”51 of the hydronium cation. Between the 

hydronium cation and its “special pair”, a Zundel-like complex could be identified.  
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Figure 3.8 Three characteristics used to describe the structure of the hydronium-like complex. (a) 

𝒅𝑶𝑶, the distance between the two oxygen atoms; (b) 𝝓, the angle between the dipole moment of 

the hydronium cation and water molecule; (c) 𝜽, the angle between the dipole moment of the 

hydronium cation and its relative coordinate vector to the COM of the water pool. 

 

We then introduced two characteristics to describe the structural properties of such 

hydronium-like complexes: (1) 𝑑𝑂𝑂, the distance between the two oxygen atoms, and (2) 𝜙, the 

angle between the dipole moment of the hydronium cation (𝜇𝐻𝑌𝐷) and the dipole moment of water 

molecule (𝜇𝑊𝐴𝑇 ). Both 𝑑𝑂𝑂  and 𝜙  represent inherent structural properties of the hydronium 

complex. We also defined 𝜃 as the angle between the dipole moment of the hydronium cation and 

its relative coordinate vector to the COM of the water pool. The angle 𝜃 is an external property 

that describes the orientation relationship between the hydronium cation and the interface. A small 

𝜃 means the dipole moment of the hydronium cation is pointing radially outwards from the water 

pool and perpendicular to the interface; therefore, a 𝜃 close to 90° indicates that the dipole moment 

is parallel to the interface, while a 𝜃 close to 180° indicates that it points radially inwards toward 

the water pool. These characteristics are illustrated in Figure 3.8.  
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Figure 3.9 Probability density of characteristics for structural properties of hydronium-like 

complexes. (a) 𝒅𝑶𝑶 of reverse micelles and bulk system; (b) ϕ of reverse micelles and bulk system; 

(c) θ of reverse micelles. 

 

For each reverse micelle system, the probability density distribution for every characteristic 

described above was calculated from the simulation trajectories. In Figure 3.9, the results from the 

four reverse micelle systems are depicted and compared with corresponding data from the bulk 

system (if applicable). First, we observed only minor differences in 𝑑𝑂𝑂  between the d=1nm 

micelle and the remaining systems, as shown in Figure 3.9(a). Second, a relatively larger distortion 

regarding the angle between two dipole moments was observed, as indicated in Figure 3.9(b). 

Specifically, in the d=1nm reverse micelle, the average angle between the dipole moments was 

significantly smaller than that of the bulk system. The structural distortion of hydronium 

complexes in smaller micellar water pools may be a result of low water density in the interfacial 
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region, as well as the participation of surfactant head groups in the solvation shells of the 

hydronium. It is possible that the slightly distorted structure of the hydronium complex interrupts 

the local hydrogen bond (HB) network near the excess proton and hinders the PT process in smaller 

reverse micelles. Next, as shown in Figure 3.9(c), we observed that 𝜃 is a rather distinct structural 

property across the four reverse micelle systems. With increasing micellar size, the mode of 

probability density distribution of 𝜃  increased, with the distribution widening. This finding 

indicates that (1) the orientation of the hydronium dipole moment evolves from radial to lateral, 

and (2) re-orientation becomes relatively free with increasing micellar size. It should also be noted 

that a locked re-arrangement of the hydronium dipole exerted a negative impact on the 

delocalization of the excess proton and hindered the relaxation of the hydrogen bonds nearby. 

Furthermore, it is likely that low interfacial water density and the participation of non-

reactive surfactant head groups in the solvation environment of the hydronium-like cation slowed 

down proton hopping. As discussed in an earlier section of this paper, the excess proton resides in 

the interfacial region of the micellar water pool where the water density is lower and is mixed with 

surfactant head groups. The difficulty for the hydronium cation to locate water molecules and form 

a complete HB network hinders the excess proton from hopping. The low interfacial water density 

may also contribute to the locked dipole orientation of the hydronium cation, which can be 

attributed to a difficulty in breaking an existing HB network to form a new one.  

We next investigated the overall dynamics of the HB network of all water molecules in 

micellar water pools. In this report, the hydrogen bonds are identified according to specific 

geometric criteria: a hydrogen bond is recognized when the distance between donor oxygen and 
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acceptor oxygen is within 3.0 Å and the O-H-O angle is between 160° and 180°. Accordingly, we 

used a time correlation function52 to evaluate the relaxation time of the hydrogen bonds: 

𝐶𝐻𝐵(𝑡) =
〈ℎ(0) ⋅ ℎ(𝑡)〉

〈ℎ〉
 (3.7) 

in which ℎ(𝑡) is 1 if the tagged hydrogen bond exists at time 𝑡 and 0 if it does not. The 〈… 〉 symbol 

denotes averaging over all atom pairs feasible for hydrogen bonding and over the entire simulation 

trajectory. This correlation function 𝐶𝐻𝐵(𝑡) describes the probability that a certain HB remains 

intact after a certain amount of time 𝑡, disregarding possible HB breakage during interim times. 

The associated relaxation time of the 𝐶𝐻𝐵(𝑡) function describes the structural relaxation of the 

hydrogen bond network. The autocorrelation of HBs in the bulk system can be fit with an 

exponential decay:53  

𝐶𝐻𝐵(𝑡) = 𝑎 exp (−
𝑡

𝜏
) (3.8) 

However, the micellar HB autocorrelation functions are clearly not exponential and can be very 

well fit with a bi-exponential decay such that:  

𝐶𝐻𝐵(𝑡) = 𝑎1 exp (−
𝑡

𝜏1
) + 𝑎2 exp(−

𝑡

𝜏2
) (3.9) 

in which 𝜏1 < 𝜏2. The bi-exponential decay behavior of hydrogen bonding in micellar water pools 

indicates that there was a second process proceeding simultaneously alongside the normal 

structural relaxation of the HB network. The results of 𝐶𝐻𝐵(𝑡) and the fitted plots for the four 

reverse micelle systems and bulk water system are shown in Figure 3.10. The fitted parameters are 

listed in Table 3.3.  
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Figure 3.10 𝑪𝑯𝑩(𝒕) of d=1nm, d=2nm, d=4nm and d=6nm reverse micelle systems and bulk 

system. Original simulation results are indicated by crosses, and fitted bi-exponential figures are 

depicted as solid lines. 

 

Table 3.3 Parameters of the exponential/bi-exponential decay of 𝑪𝑯𝑩(𝒕) in the reverse micelles 

and bulk systems 

 

 𝑎1 𝜏1
 𝑎2 𝜏2 

d=1nm 0.12 29.1 0.61 485.9 

d=2nm 0.30 23.9 0.23 134.7 

d=4nm 0.36 8.1 0.12 84.5 

d=6nm 0.38 6.9 0.09 78.1 

bulk (MS-RMD5) 0.43 3.78 - - 
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We note that the 𝜏 values we obtained for the bulk system are comparable with previous 

results.54 For the four reverse micelle systems investigated in this study, it should also be noted 

that with increasing micellar size, both 𝜏1  and 𝜏2  decreased accordingly, indicating a faster 

relaxation for both processes, as expected. Thus, we assume that the shorter 𝜏1 represents a short-

range relaxation process of the HB, while the longer 𝜏2  correlates to the long-range micellar 

diffusion of HB pairs (i.e., water molecules and hydronium-like hydrated proton cations). The size 

effects of short-range HB relaxation can be attributed to the slow relaxation of micellar water. 

With increasing micellar size, the water pool becomes more bulk-like, and the rate of water 

relaxation intensifies. As a result, the short-range relaxation of HB also increases. Conversely, we 

assume that the size effect of long-range HB relaxation is a result of slow micellar water diffusion, 

as described in Section 3.3.2 and shown in Figure 3.6(a). Spectroscopic research efforts conducted 

by Fayer et al.55-56 revealed similar size effect, relating the overall slower orientation relaxation in 

micellar water pools of smaller and intermediate sizes to the slow water dynamics of the interfacial 

water shell. In short, immobilized micellar interfacial water40-47 slows the relaxation of hydrogen 

bonding, thus promoting its greater stability after a certain amount of time. 

3.4 Conclusions 

Non-ionic aqueous reverse micelles are valuable for studying confined aqueous systems. 

In this work, we performed MS-RMD simulations of one hydrated excess proton in non-ionic 

reverse micelles of four varying sizes, with the goal of determining the general impact on the 

behavior of the excess proton posed by the confinement in these micelles. Our simulations present 

a microscopic analysis of micellar water pool behavior consistent with prior research efforts.19-22 

In our reverse micelles, the hydrated excess proton remains near the interface and also interacts 
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with surfactant head groups, which participates in the formation of a second solvation shell. The 

hydrated excess proton is found to be localized both radially and laterally near the interface. 

  This investigation also confirmed that proton transport is slow in reverse micelles, which 

we ascribe to both the slow vehicular motion of hydronium-like cations and a lower proton 

Grotthuss hopping rate. The former tendency is also connected to the slow diffusion of interfacial 

water, which is consistent with previous theoretical46-47 and experimental40-45 findings. To further 

elucidate the impact of the low proton hopping rate, we analyzed the structure of the hydronium-

like complex. The resulting data confirmed that slow proton hopping occurs as a result of both the 

enhanced interfacial solvation of the excess hydrated proton and the immobilization of the 

interfacial water. Low water density in the interfacial region (i.e., where the hydrated excess proton 

resides) makes it difficult for an excess proton to form a complete HB network around it, thus 

hindering the proton hopping.  Moreover, the orientation of the hydronium is locked because of 

the difficulty in rearranging the existing HB network and forming a new one. For the overall HB 

network, we observed a bi-exponential decay of the micellar HB autocorrelation function 

involving (a) short-range HB relaxation, and (b) long-range micellar solvation of HB pairs. The 

two relaxation times, 𝜏1  and 𝜏2 , both showed a monotonic decreasing trend with increasing 

micellar size. In particular, we can attribute micellar water relaxation to the short-range 𝜏1, and 

micellar HB pair diffusion to the long-range 𝜏2. With increasing micellar size, the hydrated excess 

proton more easily leaves from the interface and the surrounding solvation environment becomes 

less interface-like and more bulk-like, thus decreasing the relaxation time for both processes.  

In the future, it will be interesting to explore how other surfactants could impact 

confinement effects on proton transport. For instance, Rosenfeld and Schmuttenmaer57 reported 
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that the properties of a given surfactant will impact the hydrogen bond network among water 

molecules, which in turn may influence the PT process. Another potentially interesting direction 

for a future study would be to construct a set of reverse micelles with increasing diameter, such 

that the behavior of excess proton may eventually conforms to proton behavior in the bulk system. 

The downside of such an investigation is that it can be expensive and time-consuming to conduct 

all-atom molecular dynamics simulation on such large systems because of the large number of 

atoms in surfactants and solvent molecules. One possible way to overcome this hurdle is to 

construct coarse-grained (CG) reverse micelle systems using a recently developed “Ultra-CG” 

method in which the CG interactions are dependent on the local environment via “states” inside 

the CG sitesa.58 As can be seen from a recent study examining their performance in complex 

interfacial systems,59 this Ultra-CG approach is expected to distinguish the different environments 

of micelle molecules and provide significantly more accurate structural correlations. 
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CHAPTER 4 

PROTONATED WATER CLUSTERS IN ACETONITRILE 

4.1 Introduction 

  In comparison to Zundel or Eigen cations, which serve as limiting solvation structures, the 

hydrated excess proton forms more complex solvation configurations in actuality. For example, in 

their investigation of proton transport in liquid water in the 1990s, Tuckerman et al.1-2 implemented 

ab initio molecular dynamics (AIMD) simulations to investigate the process of proton transport in 

liquid water, confirming the presence of a “special pair” (SP) between the hydronium and nearby 

water molecules. Later, researchers applied MD (molecular dynamics) simulations to confirm that 

the three-fold symmetry of the Eigen cation is broken due to the distortion introduced by the special 

pair, thus forming a “distorted Eigen cation.” Also, the SP was found to switch among the three 

water molecules in the first solvation shell on a timescale of tens of femtoseconds.3-5 This process, 

which is known as the “special pair dance,” suggests that the primary solvation structure of excess 

proton in water is a distorted Eigen cation, in which the central hydronium constantly breaks and 

forms SPs with one of the three water molecules within its first solvation shell. 

In recent years, experimentalists have employed non-linear spectroscopy to enhance our 

understanding of the behavior of hydrated excess protons.6-11 For example, Elsaesser et al.7-8 

applied ultrafast 2-dimensional infrared (2D-IR) spectroscopy to study acid-water and acetonitrile-

acid-water mixtures, concluding that  the Zundel motif is the predominant solvation motif of excess 

proton in water. In particular, in their earlier work in 20178, Elsaesser et al. prepared a acetonitrile-

acid-water mixture with stoichiometric control (at a proton-water ratio of 1:3.5), suggesting it as a 

Zundel cation solution whose spectroscopic data could be used for comparison against bulk acid 
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solutions. More recently, it was amended that in acetonitrile, the predominant Zundel cation 

(H5O2
+) strongly interacts with a close-by water molecule and forms a trimer unit (H7O3

+), while 

preserving the Zundel cation without persistent proton localization.7 However, considering that the 

dipole moment of acetonitrile is much larger than water (3.4 D vs 1.8 D),12 the protonated water 

clusters in acetonitrile occupy a significantly different solvation environment in comparison to 

bulk water. Furthermore, minimizing the free energy of a system usually means maximizing the 

entropy, which implies potential existence of more than one type of protonated clusters. It is 

important to examine the validity using an acetonitrile-acid-water system as a benchmark system 

of a “Zundel cation solution.” 

In this study, we investigate the structures, dynamics, and thermodynamics of protonated 

water clusters solvated in acetonitrile. This paper is organized as follows: Section 4.2 provides a 

detailed description of the simulation methods we employed. Section 4.3 presents the results of 

the free energy calculations on different solvation species, the data findings for selected structures 

using Quantum Theory of Atoms in Molecules (QTAIM) analysis, as well as the topological and 

dynamical properties of selected species in acetonitrile. Final remarks regarding the analysis of the 

solvation structures and dynamics of hydrated excess proton in acetonitrile are presented in Section 

4.4. 

4.2 Methodology 

Three different simulation methods were employed in our study: DFT-based AIMD, 

QTAIM, and the Multistate Empirical Valence Bond (MS-EVB) method.13-17 The following 

sections describe the simulation setups and the methodological approaches adopted for data 

collection. 
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4.2.1 AIMD Umbrella Sampling Simulations 

Taking into account the complexity of the system and the constant change of bonding 

topology in protonated water clusters, DFT-based AIMD was employed to describe acetonitrile-

acid-water systems. In order to determine the structural configuration and the size of protonated 

water clusters in acetonitrile, the umbrella sampling method was employed to facilitate the change 

in cluster sizes (i.e., the number of water molecules in each cluster) and an ergodic sampling of 

cluster species. 

The initial configuration of the simulation box, comprised of 1 hydronium cation (H3O
+), 

3 water molecules, 1 iodine anion and 95 acetonitrile molecules, periodic in all directions, was 

generated by the PACKMOL program.18 The system was then equilibrated in an NPT ensemble 

(P=1.0 atm and T=298 K) with classical MD simulations for 5 ns using the LAMMPS19 software 

package. The equilibrated configuration was then used as the initial configuration for subsequent 

AIMD umbrella sampling simulations. The coordination number of all water/hydronium oxygen 

atoms, adopted as the collective variable (CV) for the umbrella sampling, is define as: 

𝐶 = ∑
1 − (

𝑟𝑖𝑗 − 𝑑0

𝑟0
)

6

1 − (
𝑟𝑖𝑗 − 𝑑0

𝑟0
)

12

𝑖,𝑗∈𝑂

 (4.1) 

where 𝑑0 and 𝑟0 were set at 2.5 Å and 3.0 Å, respectively.  In a system of 4 water/hydronium 

oxygen atoms, the CV has a lower limit of 0.0 (water molecules scattering into monomers) and an 

upper limit of 6.0 (water molecules aggregating into a tetramer). Based on this range, 25 evenly 

spaced windows (0.25 coordination number units apart) were set up between CV values of 0.0 and 

6.0.  The force constant of the restraining potential was 5.0 kcal/mol/Å2. The DFT-based AIMD 
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simulations were then performed on each of the windows. The BLYP exchange-correlation 

functional20-21 was employed with Goedecker-Teter-Hutter (GTH) pseudopotentials22 and a 

TZV2P basis set. In order to account for the dispersion corrections, both the original D3 Grimme 

dispersion interaction23 with “zero-damping” (henceforth referred to as D3(0)) and D3 with 

Becke–Johnson damping (D3BJ)24 were used in separate simulations. For the D3BJ simulations, 

a total of 360 ps of production trajectories was acquired180 ps of production trajectories was 

obtained  with D3(0). All AIMD simulations were carried out with the Quickstep module in 

CP2K25 and using the PLUMED enhanced sampling package.26-27 

4.2.2 QTAIM Analysis 

To analyze hydrogen bond (HB) strength in the protonated water clusters, snapshots of four 

cluster configurations (provided in Section 3) were extracted from the production trajectories. 

Cluster geometries were optimized with the BLYP-D3BJ/def2-TZVPP level of theory using the 

Gaussian 16 program package.24, 28-32 For comparison with other levels of theory, structures were 

also optimized using “zero-damped” BLYP-D3(0) and the range-separated hybrid CAM-B3LYP-

D3BJ functional, both with the def2-TZVPP basis set.29, 33-37 Relative zero-point corrected energies 

were compared with CCSD(T)/def2-TZVPP single-point calculations performed on MP2/def2-

TZVPP optimized structures, with the MP2 frequencies used for the zero-point corrections 

(denoted as CCSD(T)//MP2).38-42 All structures were verified to be local minima by frequency 

calculations and thermochemical properties were obtained within the rigid rotor ∕ harmonic 

oscillator approximation. HBs in each level of theory were quantified using the categorization of 

critical points in the electron density known as the Quantum Theory of Atoms in Molecules 

(QTAIM), as implemented in the Multiwfn computational chemistry package.43  
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A recent study on the analysis of the strengths of the hydrogen bonds in protonated 

tetrapeptides corroborates the following procedure for QTAIM assessment of HBs.44  First, the 

Poincaré–Hopf theorem holds for each QTAIM critical point map, fulfilling a necessary condition 

for all critical points to be found. The presence of HBs was confirmed via three criteria: the bond 

path, the density at the bond critical point (bcp, the second order saddle point in electron density 

along the hydrogen bond), and the Laplacian of the density at the bcp. Only bond paths connecting 

hydrogen to nitrogen or oxygen were considered to be HBs. Furthermore, only bond paths with 

bcp charge densities within a window of 0.002–0.034 a.u., and bcp Laplacians within a window 

of 0.024–0.139 a.u., were considered as HBs, in accordance with parameters defined by Koch and 

Popelier.45 Lastly, the ceilings on the two numerical parameters were removed when considering 

interactions with the solvated proton, due to the increased strength and covalent-like characteristics 

of its interactions in comparison to those of traditional HBs. In practice, all intermolecular bond 

paths connecting hydrogens to heavy atoms passed the two numerical tests and were considered 

as HBs. To determine the relative strengths of HBs, the potential energy density, V(r), at the bcp 

was used. While the experimental electron densities suggest a possible correlation between HB 

energies and the value of V(r),46 the gross values of V(r) value at each bcp is reported to avoid any 

possible system-dependent effects within the aforementioned conversion.  

4.2.3 MS-EVB Umbrella Sampling Simulations 

To provide a supplementary dataset, MS-EVB umbrella sampling simulations were 

performed using the same simulation system and methodologies described in Section 4.2.1. The 

MS-EVB method was developed to account for changes in bonding topology during proton 

transport, without incurring the full computational cost of AIMD simulations. Within the MS-EVB 
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framework, the state of the system is described as a linear combination of “basis states,” |𝑖⟩, each 

of which delineates a possible bonding topology of the system. The basis states are then coupled 

with each other via off-diagonal elements in a Hamiltonian-like matrix and the ground-state 

eigenvector is calculated on-the-fly during the simulation. The ground-state eigenvector facilitates 

a realistic description of the hydration structure of the excess proton and yields the population of 

each basis state population, which are then adopted for the calculation of atomistic forces through 

Hellman-Feynman theorem. A detailed description of the MS-EVB framework can be found in the 

literature.47-48 

 

Figure 4.1 Free energy profiles of protonated water cluster species calculated from (a) 

BLYP+D3(0) AIMD trajectories, (b) BLYP+D3BJ AIMD trajectories, and (c) MS-EVB 3.2 

trajectories. The species, in the order of the x-axis of the figures, are 1) naked hydronium, 2) 
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classical Zundel cation, 3) H7O3
+ with excess charge located in middle, 4) H7O3

+ with excess 

charge at the edge, 5) classical Eigen cation, 6) Eigen cation with excess charge at the edge, 7) 

four-water chain with excess charge in middle, and 8) four-water chain with excess charge at the 

edge. 

 

The present study employs the MS-EVB 3.2 model, the details and parameters of which 

can be found in a prior publication.17 For the present MS-EVB simulations of the protonated water 

clusters in acetonitrile, the simulation box was kept identical to the one described in Section 4.2.1. 

The simulations were carried out with a modified version49-50 of the LAMMPS MD software,19 

and long-range electrostatic interactions were calculated using the particle-particle-particle-mesh 

(PPPM) method with the relative error set to 10−6. All simulations were conducted in a constant 

NVE ensemble.  For each window, a total of 5 ns of production trajectories was acquired. 

4.3 Results and Discussions 

4.3.1 Free Energy Profiles of Protonated Water Cluster Species  

Eight possible protonated water cluster species were identified based on the size (number 

of molecules) in the cluster and the location of the pivot oxygen, which is defined as the oxygen 

atom most closely bound to three surrounding hydrogen atoms. The free energy profiles for these 

species are shown in Figure 4.1. Note that the free energies given by D3(0) and D3BJ trajectories 

are qualitatively consistent, indicating that the primary solvation species (the one with highest 

probability and lowest free energy) is Species 5, an H9O4
+ cluster with the pivot oxygen in the 

center, i.e., an Eigen cation.  The second most predominant species is H7O3
+ with the charge 

localized in the middle of the three water molecules (Species 3). The free-energy difference 

between Species 3 and its variant Species 4 was found to be about 1 kcal/mol, indicating that the 

excess charge is more likely to localize in the middle than on one of the terminal water molecules. 
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If Species 3 were indeed a Zundel cation that interacts closely with an additional water molecule, 

the excess proton should be found on the central and the terminal water molecules with equal 

likelihood due to the delocalization of the excess charge. Therefore, the populations in Specie 3 

and 4 should become indistinguishable. However, this outcome was not found to be the case. Other 

solvation species, e.g., four-water chains (Species 7) and naked Zundel cations (Species 2), were 

also found to be present with lower probabilities. A visual inspection of the trajectories indicated 

that the extra water molecules absent in the protonated water clusters were biased away by the 

applied umbrella potentials, as intended. 

The free energy profile calculated from MS-EVB trajectories shows generally consistent 

results compared to AIMD simulations, albeit favoring four-water chains (Specie 7 and 8) over 

three-water clusters, possibly due to the inability of explicit charge transfer to acetonitrile in the 

current EVB model.17  

 

4.3.2 QTAIM Analysis on Selected Structures  

4.3.2.1 Benchmarks of Different Levels of Quantum Mechanics Methods 

We first benchmark different levels of quantum mechanics for the water + acetonitrile 

system. Two structures (as shown in Figure 4.2), one straight-on hydrogen bonding (A), another 

with two weak contacts (B), were tested using the methodology discussed in the main paper. All 

geometries presented here were obtained with counterpoise corrections for BSSE using the def2-

TZVPP basis set (very similar to the CP2K TZV2P basis set) in Gaussian 16. Two types of 

damping for the Grimme D3 dispersion corrections were utilized: Becke–Johnson damping 
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(damping dispersion to a parameterized constant at short interatomic distances, D3BJ) and “zero-

damping” (damping to 0 at short interatomic distances, D3(0)).  

 

Figure 4.2 MP2 optimized structures of H2O paired with acetonitrile. 

 

Hydrogen bond lengths were measured between hydrogen and heavy atom and shown in 

Table 4.1. H---N for structure A, H---N and H---C for structure B, donor-hydrogen-acceptor angle 

reported in degrees. The BLYP-D3(0) minimum structure for B displays nearly equal lengths for 

both hydrogen bond contacts, whereas every other method favors a shorter N---H distance by ~0.15 

to 0.3 Angstroms. Starting from multiple structures, BLYP-D3(0) converges to this structure and 

BLYP-D3BJ always converges to a shorter N---H bond length, even when both start from the 

other’s optimized structure. 

 

Table 4.1 Hydrogen bond distances (Å) and angles (º) 

Method A: d(H---N) // ∠OHN B: d(H---N) // ∠OHN A: d(H---O) // ∠CHO 

BLYP-D3(0) 2.08 // 176.4 2.57 // 135.2 2.58 // 123.4 

BLYP-D3BJ 2.08 // 176.3 2.42 // 140.5 2.72 // 119.4 

CAM-B3LYP-D3BJ 2.05 // 177.5 2.40 // 137.8 2.61 // 120.1 
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MP2 2.10 // 176.5 2.43 // 137.6 2.68 // 119.5 

 

Table 4.2 Complexation energies (kcal/mol) for each structure and their difference. 

Method A B A – B 

BLYP-D3(0) −4.63 −4.91 0.28 

BLYP-D3BJ −4.69 −4.58 −0.11 

CAM-B3LYP-D3BJ −5.22 −5.17 −0.05 

MP2 −4.46 −4.42 −0.04 

CCSD(T)//MP2 −4.29 −4.24 −0.05 

 

 

Figure 4.3 Structures selected for QTAIM analysis with labeled HBs.  
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The energy of the two complexes were calculated and shown in Table 4.2 (reported in 

kcal/mol, A – B difference reported in 3rd column, calculated using the counterpoise corrections 

and the supramolecular approach). CCSD(T) complexation energies obtained with MP2 

geometries, as described in the text. The BLYP-D3(0) energy difference is abnormal; all other 

methods slightly favor structure A over structure B. Without counterpoise corrections (not 

reported), this trend is less uniform; however, BLYP-D3(0) still predicts a much larger (2-3 

times) energy difference between the two structures. These abnormal results point to BLYP-

D3BJ as a better match to higher levels of theory than BLYP-D3(0), and thus better suited for 

dynamics calculations. 

4.3.2.2 Results of QTAIM on Protonated Water Clusters 

In order to evaluate HB strengths, four representative structures were selected from the 

production run trajectories and optimized for subsequent QTAIM analysis. The purpose of the 

electronic structure and QTAIM analyses were two-fold: to characterize the two possible major 

H7O3
+ clusters with an associated acetonitrile, and to benchmark the DFT method (BLYP-D3(0) 

or BLYP-D3BJ) results used in AIMD against higher levels of theory. In particular, we considered 

the results of the CCSD(T) method (obtained from single-point energy calculations on the MP2 

optimized geometries, referred to as CCSD(T)//MP2) and the range-separated hybrid functional 

CAM-B3LYP-D3BJ as references.  

The selected structures are depicted in Figure 4.3. The fully water clusters shown in Figure 

4.3 are either Eigen or “solvated Zundel” cations.  The “AN” clusters are analogous to the water 

clusters with one molecule replaced by an acetonitrile to form acetonitrile + H7O3
+ cations. Table 

4.3 provides the zero-point corrected energy differences between the Eigen and Zundel protonated 
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water clusters, as well as the differences between the equivalent AN clusters. For all examined 

levels of theory, the Eigen cluster was found to be lower in energy than that of the solvated Zundel 

for both water and AN clusters. However, CCSD(T) results suggest that the inclusion of 

acetonitrile increases the favorability of the Eigen over that of the solvated Zundel topology by 1 

kcal/mol. This difference decreases slightly from CCSD(T) to CAM-B3LYP-D3BJ to BLYP-

D3BJ. Meanwhile, the BLYP-D3(0) results display an opposite trend, whereby the energy 

difference is expected to decrease with an associated acetonitrile. This deviation from the higher 

levels of theory likely arises from short-term repulsive effects associated with the decrease of the 

dispersion term to zero at short distances, which could potentially play a role in AIMD 

trajectories.24 Due to its closer adherence to higher levels of theory, BLYP-D3BJ was used for all 

analysis going forward over BLYP-D3(0).   

Table 4.3 Energy differences between clusters, obtained as described in methods. 

E (kcal/mol) CCSD(T)//MP2 CAM-B3LYP-D3BJ BLYP-D3BJ BLYP-D3(0) 

W: SZ – E 2.50 2.01 1.69 2.33 

AN: AN-SZ – AN-E 3.56 2.79 2.25 1.75 

AN – W: 1.06 0.78 0.56 –0.58 

 

Table 4.4 lists the BLYP-D3BJ HB parameters for each cluster shown in Figure 4.3. In 

considering the HB bond lengths, there is minimal difference between the Eigen water cluster and 

AN-Eigen, with the HB associated with acetonitrile only slightly decreasing in length. This 

analysis also bears out when considering the potential energy density obtained at the bcp, which 
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is a more robust indicator of hydrogen bond strength than length.44, 46 Clearly, “AN-Eigen” is an 

Eigen cation with one water replaced by acetonitrile that only slightly perturbs the overall charge 

distribution, length, and hydrogen bond strength. The acetonitrile molecule in an AN-Eigen 

structure behaves like a water molecule (this is further discussed in Section 4.3.4), making the 

H7O3
+ cluster more of a AN-substituted Eigen cation as opposed to a Zundel cation.  

Table 4.4 BLYP-D3BJ HB bond lengths (Å, hydrogen to acceptor distance) and bcp potential 

energy density (a.u) for each structure. Values involving the solvated proton in the Zundel clusters 

are bolded. 

Structure 

Hydrogen Bond 

A B C D 

Eigen 1.55//−0.069 1.55//−0.069 1.55//−0.069 
 

AN-Eigen 1.58//−0.064 1.57//−0.067 1.57//−0.065 
 

SZ 1.57//−0.064 1.21//−0.263 1.22//−0.248 1.55//−0.061 

AN-SZ 1.55//−0.069 1.12//−0.407 1.32//−0.156 1.64//−0.051 

 

Comparing hydrogen bonds B and C in structures SZ and AN-SZ suggests that the 

acetonitrile at the edge of a Zundel-like H7O3
+ cluster induces a noticeable structural change, 

shifting the excess charge towards the edge. This localization of excess charge towards the edges 

was not observed in the free energy profiles described in Section 4.3.1; we attribute this 

observation to the fact that in a bulk acetonitrile solvation environment, acetonitrile molecules can 

coordinate the H7O3
+ cluster from both sides and balance the competition of the excess charge. 

However, the preferred energetics of the AN-Eigen cluster over the AN-SZ is unlikely to change 
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with increased solvation, making the identity of the experimentally observed H7O3
+ cluster most 

probably AN-Eigen as opposed to AN-SZ.  

 

4.3.3 Measurements of Charge Delocalization 

 To further explicate the nature of the excess proton defect in protonated water clusters in 

acetonitrile, we developed two measurements for evaluating the magnitude of excess charge 

delocalization: 𝛿 and 𝐷𝑂∗𝑂. 𝛿 is calculated as: 

𝛿 = |𝑑𝑂∗𝐻 − 𝑑𝑂𝑊𝐻| (4.2) 

in which 𝑑𝑂∗𝐻 is the distance between the shared hydrogen atom and the hydronium oxygen, and 

𝑑𝑂𝑊𝐻 is the distance between the shared hydrogen atom and the water oxygen atom. Note that 

both the shared hydrogen atom and the water oxygen belong to the special pair of the hydronium. 

A smaller 𝛿 (close to 0.0) indicates that the charge is shared between two water molecules and the 

hydrated excess proton is more geometrically Zundel-like. For this study, the SP was identified as 

the water molecule in the first solvation shell with the smallest 𝛿 value. Additionally, 𝐷𝑂∗𝑂  is 

defined as the distance between the hydronium oxygen atom and the SP oxygen atom. Our 

potential of mean force (PMF) calculations for both measurements are presented in Figure 4.4. 

As indicated in Figure 4.4(a), the global minimum of 𝛿  PMF is located at 𝛿 = 0.34 , 

indicating that the excess proton is mostly localized in the acetonitrile-acid-water system and, 

overall, is Eigen-like. The global minimum of 𝐷𝑂∗𝑂 PMF located at 𝐷𝑂∗𝑂 = 2.47Å is consistent 

with the findings of Elsaesser et al.,7 who reported the shortest O···O distance of H9O4
+. This 
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outcome further validates our conclusion (see Section 4.3.1) that the predominant solvation species 

in acetonitrile is an H9O4
+ Eigen cation, rather than a Zundel cation. 

 

Figure 4.4 (a) PMF of 𝜹, global minimum at 0.34; (b) PMF of 𝑫𝑶∗𝑶, global minimum at 2.47 Å 

 

4.3.4 Structural Analysis of H7O3
+ and H9O4

+ Clusters  

 To better understand the structural properties of the two primary solvation species, H9O4
+ 

and H7O3
+, we calculated the O*-O (hydronium-water) distance distribution functions of H9O4

+ 

and H7O3
+ clusters using plain BLYP-D3BJ trajectories. The distance distribution function is 

defined as follows: 

𝜌𝑂∗−𝑂(𝑟) =
1

4𝜋𝑟2
〈∑ 𝛿(|𝒓𝒊 − 𝒓𝑶∗| − 𝑟)

𝑖∈𝑂

〉 (4.3) 

The distance distribution function is similar to the radial distribution function (RDF) but 

not normalized by the average density of the distribution species and should be preferred over RDF 

due to inhomogeneous environments in acetonitrile-acid-water systems. Accordingly, BLYP-

D3BJ simulations were set up and equilibrated in the same manner as the aforementioned BLYP-
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D3BJ umbrella-sampling simulations, but with two notable differences. First, the simulation boxes 

contained the 95 acetonitrile molecules, 1 iodine anion, and 1 protonated water cluster of interest 

(H9O4
+ / H7O3

+); second, no bias potential was applied. For both clusters, 50 ps of production 

trajectories were acquired. No conformation change was observed during the simulation and the 

clusters remained intact. 

 

Figure 4.5 Overall and decomposed O*-O distance distribution functions of H7O3
+ and H9O4

+. 

The inset figure in the right panel presents overall and decomposed O*-O RDF in bulk water from 

a recent preprint.51 

 

Figure 4.5 provides the overall and decomposed O*-O distance distribution functions of 

H7O3
+ and H9O4

+. The solid black line O1 denotes the total distributions.  O1x, O1y and O1z are 

the closest (i.e., the SP), second closest and third closest oxygen atoms to the hydronium oxygen, 

respectively. The red line N denotes the distribution of the N atom from the closest acetonitrile 

molecule to O*. In the plot for H7O3
+ (Fig 4.5, left), the black dashed line O1+N denotes the 

summed distribution of the two O atoms and the closest N atom. In both clusters, the total O1 

distributions can be decomposed into separate and distinct sub-distributions, indicating the 
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structural impact on protonated water clusters introduced by the presence of the SP. Furthermore, 

since the O1+N distribution and the O1x-O1y-N sub-distributions in H7O3
+ are similar to the O1 

and O1x-O1y-O1z distributions in H9O4
+, we can conclude that for the H7O3

+ clusters, the closest 

acetonitrile molecule plays a role similar to O1z for the H9O4
+ clusters. This observation further 

validates our conclusions presented in Section 4.3.2 that the H7O3
+ cluster is an AN-substituted 

distorted Eigen cation, rather than a Zundel cation with one extra water molecule. 

Elsaesser et al.16 stated that the Eigen/Zundel cutoff of 𝐷𝑂∗𝑂 should be set at 2.7 Å. They 

also pointed out that species with a 𝐷𝑂∗𝑂 smaller than 2.7 Å should be classified as Zundel-type. 

However, based on our recent findings,51 this cutoff is in general too aggressive. The inset figure 

in the right panel of Figure 4.5 shows total and decomposed RDFs of O*-O in bulk water, 

calculated from trajectories obtained via  Experiment Directed Simulation52for Ab Initio Molecular 

Dynamics(EDS-AIMD).53 The RDFs for the bulk system and the distance distribution functions 

of H9O4
+ are similar, indicating that the H9O4

+ cluster in acetonitrile resembles an Eigen cation in 

bulk water and preserves the bulk structural properties.  However, if we apply a cutoff of 2.7 Å, 

under almost no circumstance can an Eigen cation be identified, either in bulk water or in 

protonated water clusters in acetonitrile. 

4.3.5 Special Pair Lifetimes and Anisotropy  

We calculated the continuous correlation function for the special pair (O1x) in H7O3
+ and 

H9O4
+ in acetonitrile using the BLYP-D3BJ trajectories introduced above and the following 

equation: 
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𝐶1(𝑡) =
⟨ℎ(0)ℎ(𝑡)⟩

 ⟨ℎ(0)⟩
 (4.4) 

where ℎ(𝑡) = 1 for continuous segments in the trajectory where the identity of O1x remains the 

same and ℎ(𝑡) = 0 otherwise; the bra-kets denote both an ensemble average and a time average. 

The plots of 𝐶1(𝑡)  are presented in Figure 4.6(a). By integrating the continuous correlation 

functions, we calculated the SP lifetimes in H7O3
+ and H9O4

+ to be 39.0 fs and 16.1 fs, respectively. 

Note that the SP lifetime for H9O4
+ was found to be comparable to that of excess proton in bulk 

water (15.7 fs).51 When considered in tandem with our structural analysis results (Section 4.3.4), 

we conclude that the primary protonated water cluster species in acetonitrile, H9O4
+, preserves 

both structural and dynamical properties of the distorted Eigen cations in bulk water. The SP 

lifetime for H7O3
+ in acetonitrile was found to be noticeably longer than that of H9O4

+ and bulk 

Eigen cation.  This finding is not surprising as there is one less water molecule in the cluster for 

SP presence. If the H7O3
+ were truly a Zundel cation, observation of a shorter SP lifetime would 

be expected, since the excess proton would be rattling between two water molecules rapidly, 

exchanging the identity of hydronium and SP. 

 

Figure 4.6 (a) Continuous correlation function 𝑪𝟏(𝒕) of H7O3
+ and H9O4

+ in acetonitrile. (b) 

Anisotropy decay function 𝑪𝟐(𝒕) of H7O3
+ and H9O4

+ 
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We next investigated the anisotropy of the special pairs in these water clusters. The 

anisotropy calculation was defined with the following equation: 

𝐶2(𝑡) =
⟨𝑃2(�̂�(𝑡)�̂�(0))⟩

 ⟨𝑃2(�̂�(0)�̂�(0))⟩
 (4.5) 

in which �̂�  is the unit vector along O*-O axis of the special pair, and 𝑃2  denotes the second 

Legendre polynomial. Anisotropy decays, calculated for both acetonitrile H7O3
+ and H9O4

+, are 

shown in Figure 4.6(b). In one of our recent studies on the excess proton in bulk water, we 

established that anisotropy decay is a combination of three processes: 1) the special pair dance, 2) 

the diffusive rotation of the protonated water cluster, and 3) the contribution of proton transport.51 

However, given the absence of proton transport in the isolated water clusters, bi-exponential fit 

(𝑎1 exp(−𝑡/𝜏1) + 𝑎2 exp (−
𝑡

𝜏2
) + 𝐶) was applied to account for the first two processes. The fit 

results are shown in Table 4.5. The shorter timescale of tens of femtoseconds corresponds to the 

special pair dance. The SP dance timescale for the protonated water cluster H9O4
+ was found to be 

comparable to that of bulk. Conversely, the analogous data for H7O3
+ was noted to be much longer, 

which is consistent with the aforementioned SP lifetime results. The longer process corresponds 

to the diffusive rotation of the protonated water clusters, which tends to be significantly slower in 

clusters in acetonitrile than in bulk water. This difference can be understood in terms of the strong 

polarity of acetonitrile molecules, as well as by considering the strong interaction of acetonitrile 

molecules to the water clusters (see Section 4.3.2). We also point out that the diffusive rotation 

process of an H7O3
+ cluster is noticeably slower in comparison to H9O4

+, which can be explained 

by the fact that H7O3
+ is a distorted Eigen cation with one water substituted by an acetonitrile 

molecule (as shown in Figure 4.5 right panel). The diffusive rotation process of H7O3
+ is hampered 

by the heavier acetonitrile molecule closely associated in the cluster structure. 
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Table 4.5 Bi-exponential fit results of SP anisotropy decay in H7O3
+, H9O4

+ and bulk water. 

Species a1 τ1 (fs) a2 τ2 (ps) C 

H7O3
+ 0.77 67 0.23 6.39 0.02 

H9O4
+ 0.86 20 0.14 4.51 0.004 

Bulk51 0.68 28 0.32 0.29 0.06 

 

4.4 Conclusions 

This study incorporated DFT-based AIMD, QTAIM, and MS-EVB methodologies to 

investigate the thermodynamics, structural, and dynamical properties of protonated water clusters 

solvated in acetonitrile. Based on data from AIMD umbrella sampling simulations, we identified 

H9O4
+ and H7O3

+ as the first- and second-most dominant species of protonated water clusters in 

acetonitrile. Using structural and dynamical analysis results obtained from plain AIMD 

trajectories, we found that the primary solvation species in acetonitrile, H9O4
+, resembles the 

distorted Eigen cations in bulk water with respect to their consistent structural and dynamical 

properties. Additionally, the QTAIM data analysis (Section 4.3.2), the distance distribution 

function (Section 4.3.4) and anisotropy decay (Section 4.3.5) results combined establish that the 

secondary solvation species, H7O3
+, is an acetonitrile-substituted distorted Eigen cation. The PMFs 

for charge delocalization measurements, presented in Section 4.3.3, also confirm that in these 

protonated water clusters in acetonitrile the excess charge is localized and Eigen-like. The heavier 

and more polar acetonitrile molecules interact strongly with the water molecules and slow down 

the diffusive movements of the clusters. The findings from this investigation demonstrate that even 
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with stoichiometric control, an acetonitrile-acid-water system is more complex than a “Zundel 

cation solution” and can contain a multitude of species with predominant Eigen-like protonated 

water clusters. 
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CHAPTER 5 

CONCLUDING REMARKS 

A series of work have been done in the effort to understand the behaviors of hydrated 

excess proton in complex aqueous systems.  

In CHAPTER 2, we employed both the MS-EVB method and DFT-based AIMD to 

investigate the interfacial behavior of a hydrated excess proton with respect to two different 

definitions of interfaces. As detailed herein, the GDI and WCI afforded similar results 

demonstrating that the excess proton tends to reside at the interface for either CV; moreover, our 

EVB 3.2 and AIMD results are broadly consistent with one another. A composite 2D PMF 

constructed from the two CV definitions of interface showed a high degree of good correlation 

between the results of two CVs, with that correlation somewhat weakening when the excess proton 

moves near and past the interface. We attribute this weakened correlation beyond the interface to 

the charged water cluster formed around the excess proton that interrupts the interfacial density 

field, which in turn influences the location and shape of the WCI. Due to its dependence on the 

coordinates of the CEC of the hydrated excess proton, the WCI has difficulty disentangling the 

interfacial thermodynamics of the excess proton from the influence on the surface curvaturs 

induced by the excess proton itself. This work reaffirms the likelihood that the hydrated excess 

proton has an affinity for the air-water interface no matter how that interface is defined – a result 

that is consistent with the original prediction made in sixteen years ago and now supported by a 

significant body of experimental results, include two very recent studies.  

In CHAPTER 3, we performed MS-RMD simulations of one hydrated excess proton in 

non-ionic reverse micelles of four varying sizes, with the goal of determining the general impact 

on the behavior of the excess proton posed by the confinement in these micelles. Our simulations 
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present a microscopic analysis of micellar water pool behavior consistent with prior research 

efforts. In our reverse micelles, the hydrated excess proton remains near the interface and interacts 

with surfactant head groups, which participates in the formation of a second solvation shell. The 

hydrated excess proton is found to be localized both radially and laterally near the interface. This 

investigation also confirmed that proton transport is slow in reverse micelles, which we ascribe to 

both the slow vehicular motion of hydronium-like cations and a lower proton Grotthuss hopping 

rate. The former tendency is also connected to the slow diffusion of interfacial water, which is 

consistent with previous theoretical and experimental findings. To further elucidate the impact of 

the low proton hopping rate, we analyzed the structure of the hydronium-like complex. The 

resulting data confirmed that slow proton hopping occurs as a result of both the enhanced 

interfacial solvation of the excess hydrated proton and the immobilization of the interfacial water. 

Low water density in the interfacial region (i.e., where the hydrated excess proton resides) makes 

it difficult for an excess proton to form a complete HB network around it, thus hindering the proton 

hopping. Moreover, the orientation of the hydronium is locked because of the difficulty in 

rearranging the existing HB network and forming a new one. For the overall HB network, we 

observed a bi-exponential decay of the micellar HB autocorrelation function involving (a) short-

range HB relaxation, and (b) long-range micellar solvation of HB pairs. The two relaxation times, 

𝜏1 and 𝜏2, both showed a monotonic decreasing trend with increasing micellar size. In particular, 

we can attribute micellar water relaxation to the short-range 𝜏1, and micellar HB pair diffusion to 

the long-range 𝜏2. With increasing micellar size, the hydrated excess proton more easily leaves 

from the interface and the surrounding solvation environment becomes less interface-like and more 

bulk-like, thus decreasing the relaxation time for both processes.  
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In CHAPTER 4, we incorporated DFT-based AIMD, QTAIM, and MS-EVB 

methodologies to investigate the thermodynamics, structural, and dynamical properties of 

protonated water clusters solvated in acetonitrile. Based on data from AIMD umbrella sampling 

simulations, we identified H9O4
+ and H7O3

+ as the first- and second-most dominant species of 

protonated water clusters in acetonitrile. Using structural and dynamical analysis results obtained 

from plain AIMD trajectories, we found that the primary solvation species in acetonitrile, H9O4
+, 

resembles the distorted Eigen cations in bulk water with respect to their consistent structural and 

dynamical properties. Additionally, the QTAIM data analysis, the distance distribution function, 

and anisotropy decay results combined establish that the secondary solvation species, H7O3
+, is an 

acetonitrile-substituted distorted Eigen cation. The PMFs for charge delocalization measurements 

also confirm that in these protonated water clusters in acetonitrile the excess charge is localized 

and Eigen-like. The heavier and more polar acetonitrile molecules interact strongly with the water 

molecules and slow down the diffusive movements of the clusters. The findings from this 

investigation demonstrate that even with stoichiometric control, an acetonitrile-acid-water system 

is more complex than a “Zundel cation solution” and can contain a multitude of species with 

predominant Eigen-like protonated water clusters. 

Throughout these projects, we observed some common behaviors of hydrated excess 

protons in heterogeneous, complex aqueous systems. The dynamics of the excess proton is 

stagnated near the hydrophobic phase (surfactant, vacuum or interface in general) – the proton 

hopping rate is decreased, the vehicular diffusion of the hydronium is slowed, the orientation of 

the hydronium is locked that the lone pair points towards the hydrophobic phase and rearrangement 

of the local hydrogen bond network is limited. These behaviors are a result of the amphiphilic 

property of the hydronium – the lone pair on the oxygen atom interacts with the hydrophobic phase, 
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thus hindering the excess proton from hopping away, which in turn slows the diffusion of the 

excess proton and limits the dynamics of HB network. Furthermore, we see that regardless of the 

solvation environment, certain features of the hydrated excess proton persist: the consistent 

structures of the hydronium and its first solvation shell and the special pair dance. We observe 

even in scattered small, protonated water clusters that the hydronium still performs the special pair 

dance when there are only one or two water molecules in its first solvation shell. The primary 

solvation motif remains an Eigen cation, even when there is no access to a complete solvation 

shell.  

Looking forward, based on what I have investigated and discovered, one may embark on 

several directions to gain a better knowledge of the hydrated excess protons. One may further 

investigate the amphiphilic property of the hydronium cations, about the nature, the limit and the 

possible applications of such property, in a variety of systems like proton exchange membranes or 

biological systems. As we have established the primary solvation motif of the hydrated excess 

proton, one may also investigate the possible limit of this finding and see if there can be a carefully 

designed chemical environment where the primary solvation motif become a Zundel cation – In 

that case, one may acquire spectroscopic data of a Zundel cation solution as a reference and further 

our understanding of hydrated Zundel cations from an experimental point of view. 

 

 

 


