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ABSTRACT

Water is the quintessential hydrogen-bonded system, exhibiting exotic and anomalous prop-

erties with application in fields varying from biophysics to planetary science to molecular

engineering for energy technologies. In this dissertation, we examine aqueous solutions of sol-

vated ions in bulk water and “extreme conditions” corresponding to nanoconfinement and

elevated pressure/temperature. We apply first principles molecular dynamics simulations

based on density functional theory to analyze in detail both structural alterations to water

at these conditions as well as more subtle and intrinsically quantum mechanical quantities,

including Raman and infrared spectra, ionic conductivity, and molecular polarizabilities.

Understanding how water is modified by the presence of ions is crucial to the solvation

properties involved in biophysical processes as well as a range of energy applications, for

example photoelectrochemical cells. While the effect of ions on nearby water molecules is

relatively well understood, alterations to water beyond the first solvation shell due to ion

presence remains controversial, with disagreement in both computational and experimen-

tal literature. We present a systematic first-principles molecular dynamics study of alkali

cations in water (Li+, Na+ and K+). Our use of statistically robust sampling of trajec-

tories allows constraint of error bars on several critical structural and dielectric properties.

Our simulations support the view that the water structure is only modified locally by the

presence of cations. We found that molecular polarizabilities are fingerprints of hydrogen

bonding modifications, which occur at most up to the second solvation shell for all cations in

bulk water. In addition, we apply our simulations of solvated K+ to isotopic fractionation of

potassium, finding that equilibrium fractionation between aqueous K+ and K-bearing clay

minerals is insufficient to explain the observed K heavy isotope enrichment in seawater or

river waters.

Perturbations to aqueous solutions by confining media have been the focus of numerous

studies, finding application in a wide range of green technologies. Yet several open questions

remain, including the extent to which nanoconfinement modifies the structural and dielectric
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properties of water, and what the additional effect of solvated ions is at these conditions. In

this thesis we carried out a first-principles molecular dynamics study of pure water and LiCl

and KCl solutions under confinement within carbon nanotubes (CNT) of small diameter (1.1-

1.5 nm). Under confinement we found that the overall value of the molecular polarizability

of water molecules near the surface is determined by the balance of two effects, that are

quantitatively different in CNT of different radii: the presence of broken hydrogen bonds at

the surface leads to a decrease of the polarizabilities of water molecules, while the interaction

with the CNT enhances polarizabilities. Interestingly the reductions of dipole moments of

interfacial water molecules under confinement is instead driven only by changes in the water

structure and not by interfacial interactions. As expected, confinement effects on water

molecular polarizabilities and dipole moments are more pronounced in the case of the 1.1

nm CNT.

The phase diagram of water at extreme conditions plays a critical role in earth and plan-

etary science, yet remains poorly understood. We carried out a first principles investigation

of the water at high temperature, between 11 and 20 GPa - a region where numerous con-

troversial results have been reported over the past three decades. Our results are consistent

with the recent estimates of the water melting line below 1000 K, and show that on the

1000 K isotherm the liquid is rapidly dissociating and recombining through a bi-molecular

mechanism. We found that short-lived ionic species act as charge carriers giving rise to

an ionic conductivity that at 11 and 20 GPa is six and seven orders of magnitude larger,

respectively, than at ambient conditions. Conductivity calculations were performed entirely

from first principles, with no a-priori assumptions on the nature of charge carriers. Despite

frequent dissociative events, we observed that hydrogen bonding persists at high pressure,

up to at least 20 GPa. Our computed Raman spectra, which are in excellent agreement with

experiment, show no distinctive signatures of the hydronium and hydroxide ions present in

our simulations. Instead, we found that infrared spectra are sensitive probes of molecular

dissociation, exhibiting a broad band below the OH stretching mode ascribable to vibrations
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of complex ions.

Given that most real geochemical fluids are mixtures of water and various impurities,

we also studied the properties of ion solvation at high pressure and temperature. We em-

ploy first principles molecular dynamics to study the structure, diffusion, and vibrational

properties of the solutions. We find that the solvation of ions at these conditions brings no

new vibrational signatures in Raman and infrared spectra of the liquid despite considerable

changes to solvation shells. We also compute the changes induced by ions to the dielectric

constant of the liquid water, and find that pure water is an upper bound on the dielectric

constant of the solutions. We compute the ionic conductivity at the same conditions, finding

that there is a moderate increase in the conductivity of water due to the ions, despite no sig-

nificant changes to global molecular dissociation. Furthermore, we employed state-of-the-art

molecular cluster recognition patterning, and found no significant differences among various

solutions with monovalent ions at these conditions. Our results indicate that the effect of

monovalent ions over a broad range of size on the structure of water at these conditions is

minimal. Dissociative water is remarkably resilient to the effect of ions solvation, even at

relatively high concentrations.
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CHAPTER 1

INTRODUCTION

1.1 Aims

Water is the essential building block of life, a key constituent of planetary interiors, and a

crucial component of numerous energy technologies. Though it may appear simple on first

glance as a ubiquitous binary compound, water is in no way typical. Its properties continue

to surprise and confound across a range of disciplines. The quest to understand water has

been a primary motivator and benchmark of numerous experimental apparatuses as well as

theoretical and algorithmic methods [202, 95]. The hallmark of water is the intermolecular

hydrogen bond. Hydrogen bonding in water leads to a local tetrahedrality in water molecules,

and is believed to be fundamentally connected to most of water’s anomalous and exceptional

properties.

Water exhibits physical anomalies including unusually high viscosity and surface tension.

It exhibits exceptional phase anomalies, being the most abundant substance on Earth and

only material commonly found in solid, liquid, and gaseous phases. It exists in a broad variety

of both crystalline and amorphous structures, with 18 known crystalline phases. Water has

unusually high melting, boiling, and critical points. It exhibits numerous anomalies in its

density. Gaseous water is extremely light, while liquid water is denser than expected, and

solid water is less dense than the liquid. Many ecological and oceanographic processes

are a result of ice’s low density combined with water’s density maximum, with contraction

upon heating ice, and expansion on freezing water. Both the dielectric constant of water

and its specific heat capacity are exceptionally high. There is a growing consensus that

many low-temperature anomalies in water may be attributed to a highly unusual liquid-

liquid critical point [59]. Several reviews have been written specifically to document water’s

unusual properties [12, 31].

While the characteristics even of pure water near ambient conditions are so anomalous
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as to require active research, altering the chemical environment of water through ion solva-

tion, confinement, or elevated pressure and temperature further complicates the properties

of water. For decades, there has been debate about the effect of ions on the properties of

water. Both experimental and computational studies have differed on whether ions have long

or short range effect on the properties of water, as well as which quantities may manifest

such effects [165, 108]. The large-scale disruption of water structure is much more certain

in the case of nanoconfined water, where the hydrogen bond network of water is restrained

by the “extreme condition” of physical confinement. While many recent studies have begun

to describe the significant consequences of nanoconfinement, including novel exotic phases,

alterations to diffusive properties, and anisotropies in dielectric properties, a comprehensive

understanding of confined water is still lacking [42]. The combination of ion solvation and

nanoconfinement is even less well understood, despite being crucial to the molecular engi-

neering of technologies ranging from water desalination to supercapacitors [72, 254]. Finally,

the effect of thermodynamic extreme conditions on the properties of water are still poorly

understood. Water under pressure has critical roles in planetary physics. From a terrestrial

viewpoint, ice VII is understood to exist in cold subducting tectonic slabs, bearing large

reservoirs of water into the mantle, with immense impact geochemistry [24]. Recent studies

have further developed our understanding of deep water in verifying stable hydrous minerals

in the deep earth [182]. Of particular importance is the geochemical transport of dissolved

carbon, with water as a transport medium [128]. The presence of water at extreme con-

ditions is also crucial to understanding geochemistry and magnetic fields of other planets

[117] [37]. Similar to the case of nanoconfinement, the understanding of the effect of ions on

water at extreme thermodynamic conditions is particularly lacking, though it is crucial to

any modeling of real geochemical systems.

Each of these perturbations to pure water at ambient pressure and temperature comes

with its own unique challenges from an experimental point of view. Ion solvation in water

is a complicated phenomenon that must be characterized to capture both the sensitive lo-
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cal perturbations and potentially longer ranging effect. Nanoconfined systems raise obvious

experimental challenges to in situ examination of water due to the presence of a confining

barrier. At extreme thermodynamic conditions, experiments are very challenging due the

difficulty of experiments capable of reaching both high pressure and temperature. Further-

more, at these conditions, aqueous solutions are highly corrosive and react harmfully with

experimental apparatuses. The combination of the complicated behavior of water at these

conditions and the difficulties of probing it naturally lends motivation to take up computer

simulations, where many of the experimental difficulties may be overcome.

While an abundance of work has been performed to address these problems using classical

simulations, the nature of sensitive changes to the electronic properties of water, complicated

interfacial physics, and dissociative molecular properties all benefit from the use of first

principles simulations, which is built up from fundamental quantum mechanical laws. In

this thesis, we approach all of these problems with the tools of first principles simulations.

While ion solvation, nanoconfinement, and thermodynamic extremes are very physically

distinct scenarios, all are fundamentally connected to the question of how alterations to the

hydrogen bond network of water affect the properties of water. The purpose of this thesis is

to employ first principles simulations to understand the effects of these conditions and even

draw comparisons across such various chemical and thermodynamic environments.

1.2 Structure of Thesis

• Chapter 2 presents an overview of the state of the art in understanding of water at the

conditions explored in this thesis. It explores first the understanding of pure water at ambient

conditions, with summaries of the current challenges both in experimental and computational

approaches. The chapter will also explain broadly the strategies towards modelling the

atomic interactions of water both from classical simulations and first-principles models. It

will also summarize the current understanding and challenges in solvation of ions in water,

water under nanoconfinement, and water at extreme thermodynamic conditions. The chapter
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will motivate the necessity of first principles modeling to fully understand water at these

extreme conditions.

• Chapter 3 presents the theoretical background on which this thesis rests. It intro-

duces density functional theory and first-principles molecular dynamics, in addition to the

various choices of approximation that are made in the theoretical framework. This chapter

also includes theoretical background on various computational tools deployed in the paper,

including calculation of Raman and Infrared spectra, molecular polarizabilities, and ionic

conductivity.

• Chapter 4 presents the application of first-principles molecular dynamics simulations

to study structural and dynamical properties of ambient water at ambient conditions with

the solvation of various monovalent (Li+, K+, Cl−) ions. In particular, we investigate the

effect of ion solvation and hydrogen bonding. The chapter presents the effect of ion solvation

on dielectric properties of water, including the dipole moment and molecular polarizabilities.

The chapter also includes the application of the simulations of aqueous K+ solution to the

study of isotopic fractionation.

• Chapter 5 turns from the examination of ions in bulk water to study the effects of

nanoconfinement. Water is studied under confinement at two carbon nanotube diameters

(1.1 and 1.5 nm). In addition, the chapter also presents analysis on the effect of ion solvation

combined with confinement in the 1.1 nm nanotube geometry. The effect of confinement

and ion solvation under confinement is analyzed in terms of structure as well as dielectric

properties and band gaps. Comparisons are made to the groundwork established in Chapter

4 for ion solutions in bulk water.

• Chapter 6 is devoted to the properties of pure water at extreme thermodynamic con-

ditions. We present an analysis of structure and diffusion to characterize water behavior in

three crucial and controversial areas of water’s phase diagram corresponding to molecular

liquid, ionic liquid, and quenched/amorphous solid phases. We compute vibrational spectra,

including Raman and infrared spectra, of water at these conditions, and compare our first-
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principles results to experimental data. Finally, we compute the ionic conductivity of water

at these conditions using a fully first-principles method, and use our results to explain the

molecular origins of experimentally measured conductivity increases.

• Chapter 7 presents an extension of the work on pure water to study the effects of ion

solvation (Li+, K+, Cl−, NaCl) on water at high pressure and temperature. Here we present

detailed analysis of alterations of solvation shell properties due to high pressure/tempareture.

We analyze the effects of ion solvation on dipole moments and molecular polarizability. In

this chapter we also present results on the modifications to both the ionic conductivity and

the dielectric constant of water due to ion solvation. We also compute free energies to further

characterize the effect of ions on water at these conditions.

Finally the work is summarized in the Conclusion chapter, which also includes perspective

on future work.
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CHAPTER 2

STATE OF THE ART IN UNDERSTANDING WATER

2.1 Introduction

In this chapter, we present a broad overview of the understanding of water at the conditions

relevant to this work. This chapter will include both experimental and computational results,

with a focus on the understanding of the physics of water itself. We leave deeper discussions

of simulation theory to the Chapter 3.

In section 2.2, we focus on the understanding of water at ambient conditions, with both

pure water and simple solutions. We discuss the controversy in discerning the local vs. global

properties of ion effects on water. In section 2.3, we describe water under nanoconfinement,

and survey the current understanding. Finally, in section 2.4 we discuss aqueous solutions

at extreme thermodynamic conditions.

2.2 Water at ambient conditions

We begin by introducing the current understanding of water at ambient conditions, including

both pure water and simple aqueous ion solutions.

2.2.1 Pure water

Water is the essential to vast amounts of biological, geological, and technological processes.

While in each of these processes water interacts with solutes and interfaces, the basis for

studying these more complicated scenarios begins with an understanding of pure water. At

stake in the study of pure water is the very broad question of how molecular structure affects

macroscopic properties. Pure water exhibits many peculiar macroscopic properties, as has

already been described. These include “universal solvent” characteristic, high surface ten-

sion, high boiling/melting points, high viscosity, increased density upon melting, decreased

6



viscosity under pressure, and a density maximum at 4°C, to name a few [30]. Most of the

anomalous properties of water find their origin in the properties of hydrogen bonding in

water.

The hydrogen bond is an attractive intermolecular interaction in which an electropositive

hydrogen atom resides between two electronegative species (oxygen atoms, in the case of

water), bringing them closer together. The hydrogen bond in water is a weak bond, being

limited to roughly one twentieth the strength of the covalent O-H bond. Nevertheless, it

persists with a lifetime of roughly 1 ps at ambient conditions despite thermal fluctuations

of the liquid. On this timescale, hydrogen bonds of the liquid are constantly breaking

and reforming according to the orientations of individual water molecules. The connection

between this fluctuating hydrogen bond network and the extraordinary properties water at

ambient conditions has been an active area of research for many years [136, 256]. However, to

begin to unravel the macroscopic properties of the hydrogen-bonded liquid, we must begin at

the molecular scale. The most fundamental understanding of the water molecule is quantum

mechanical. An H2O molecule may be understood by solving the Schrodinger equation for

its 10 constituent electrons, which results in the covalent bonding of two hydrogen atoms

and one oxygen atom. The molecular orbitals are sp3 hybridized, leading to a tetrahedral

structure with two bond pairs and two lone pairs [30]. The hallmark hydrogen bonds of the

liquid phase form between positively charged hydrogen atoms, and the lone pair electrons of

acceptor oxygen atoms.

Despite the conceptual simplicity, the understanding of the hydrogen bond, and even basic

questions of water structure are still debated [202]. Recently, experimental methods including

X-ray absorption and emission spectroscopy have challenged the view of water as a simple

tetrahedral liquid [282, 269]. Such conclusions were disputed by various experimental studies

[247, 210, 82] and several first principles studies have also weighed in on the interpretation

[207, 190]. Additional experimental work in pure water is being driven by breakthroughs

in neutron scattering and wide-angle X-ray diffraction, which now are able to shed light on
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structure at the level of density inhomogeneity and fluctuations [246]. Furthermore, new

methods in ultrafast nonlinear vibrational spectroscopy have pointed to interesting results

that hydrogen bonding with OD are stronger than hydrogen bonding with OH [152], casting

some uncertainty on studies that use isotopic substitution in water.

Major challenges lie in unambiguously characterizing atomic-scale fluctuations in water.

Current experimental approaches such as time-resolved spectroscopy and diffraction mea-

surements may be able to resolve picosecond scale changes, but often rely on interpretation

through models that often cannot describe many details of liquid water with quantitative ac-

curacy [47]. Thus there is still great need for development and synergy between experimental

and computational studies on even basic properties of water.

2.2.2 Simple Aqueous Solutions

While the behavior of pure water is complex and controversial in its own right, the addition

of solutes to water leads to further puzzles. We here examine the addition of simple ions or

salts to water, which has been an active areas of research for decades [165, 108]. However,

the effect of perturbations due to ions on the structure and electronic properties of water

is not yet fully understood. While there is more agreement on the way that ions modify

the structure of water within the first solvation shell of ions, the effect of ions outside the

first solvation shell is more controversial [245, 197]. Here too, experiment has made great

strides in deploying tools useful for characterizing such changes, including photoelectron

spectroscopy, X-ray absorption spectroscopy, X-ray emission spectroscopy, resonant inelastic

X-ray scattering, and X-ray Raman scattering [202, 240, 233]. Yet an unified understanding

of water properties in ion solutions is still lacking, both from experimental and computational

points of view.

Recently, several experiments concluded, contrary to previous studies [101, 138, 186, 165],

that the effect of dissolved salts on the structure of water is rather weak, possibly just con-

fined to the first solvation shells. For example, a femtosecond infrared (fs-IR) spectroscopy
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study [188] established that the rotational dynamics of water molecules outside the first sol-

vation shells of ions was unchanged compared to that of bulk water. These conclusions were

supported by X-ray absorption spectroscopy and Raman scattering studies [181, 126] that

found only local effect of ions even despite very high ion concentrations. These conclusions

were bolstered by molecular dynamics simulations [248] that explained the changes of to the

Raman spectra by a direct interaction of water molecules with ions that excluded long-range

effects.

On the other hand, a recent terahertz dielectric relaxation study coupled to fs-IR spec-

troscopy, showed that in some cases, long-range effects of ions on water structure were

present, due to cooperativity in ion solvation [267]. Specifically, they observed a slow down

of the reorientational dynamics of the solvent in aqueous Na2SO4 and MgSO4 solutions,

arising due to locking of water molecules between the ions. These results were disputed

by molecular dynamics studies by analyzing water reorientational dynamics [253]. They es-

tablished that slowing down of water dynamics occurs in concentrated solutions regardless

of the nature of the salt, although their findings failed to explain dielectric spectroscopy

results [267]. Supporting these results, dielectric relaxation studies by Kondoh et al. [137]

suggested that even monovalent salts may have an effect beyond the first solvation shell,

based on analysis of fast-relaxation contribution to the dielectric spectrum. In particular,

they found that cations, including Li+, Na+, and K+, induced faster dynamics on water

molecules outside the first solvation shell.

The dielectric relaxation studies [137] were consistent with the neutron diffraction studies

by Soper and co-workers [249, 160, 161] on NaCl and KCl, who suggested that the effect of

ions on water resembles that of applied pressure and extends well outside the first solvation

shell. O’Brien et al. [189] arrived at a similar conclusion by analyzing the infrared photodis-

sociation spectra of a series of ions in gas-phase water clusters. Finally, recent measurements

of femtosecond elastic second harmonic scattering intensities from pure water and solutions

of salts by Chen et. al [48] have shown that ions affect the orientational correlation of water
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molecules in the range of > 5 nm even at micromolar concentrations.

Unfortunately, similar to experiments, computer simulations do not provide a fully consis-

tent picture of the structure of solutions of salts. For example, simulations of Chandrasekhar

and Jorgensen [43] found an increase in the number of hydrogen bonds in the second solvation

shell of Na+ but reverted the conclusion after revision of the empirical potential representing

ion-water interactions [44]. Kim et al. [131, 130] determined that CsI salt slows down the

diffusion of water molecules compared to pure water, hence drawing conclusions opposite to

experiments [180]. These results were confirmed for several water models including polariz-

able SWM4-DP [143] and AMOEBA [219]. However, Kann and Skinner [127] argued that

the empirical potential for ions adopted by Kim et al. is incorrect and proposed a simple

force field which yields a diffusion coefficient in agreement with experiments [180]. Ding et

al.[63] took a different approach, using ab initio molecular dynamics, and determined that

simulations with the revPBE functional correctly predict faster diffusion of water in CsI

solutions compared to pure water, although the numerical accuracy of diffusion coefficients

determined with limited simulation data remains to be addressed. In Ref. [63], no change

of the structure of water was reported, a result based on the analysis of dipole moments of

water molecules, in agreement with that of Boero and co-workers [231, 123]. White et al.

[283] arrived at a similar conclusion based on the analysis of hydrogen bonding and structure

of water outside the first solvation shell of Na+. A recent first-principles study by Gaiduk

et al. [85], based on statistically robust molecular dynamics trajectories of NaCl solutions,

found that while Cl− anions have weak structure-breaking effects beyond the second solva-

tion shell of water, the Na+ cation has negligible structure-making effects beyond the first

shell.

2.3 Water under nanoconfinement

While the extent of the perturbation of ions on water structure is controversial, there is

little doubt that the nanoconfinement of water has significant disruption on the structure
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of water. Given that water may be confined by geometries so small as to only fit a single

water molecule, we may rightly regard nanoconfinement as a type of “extreme condition”

on the properties of water. Here we deal primarily with phenomena of water in cylindrical

confinement. Cylindrical confinement is generally interesting, as it is an ideal model system

for the properties of inhomogeneous water in biological, geological, and even nanostructures

designed and synthesized through molecular engineering [260]. The prototypical cylindrical

confining medium is the carbon nanotube (CNT), first reported by Iijima in 1991 [120],

which exhibit walls composed of a hexagonal lattice of carbon atoms and diameters ranging

from less than one nanometer to several micrometers in length. Despite a certain degree

of hydrophobicity of CNTs, it has been well established that CNTs spontaneously fill with

water, and allow for uninterrupted flow [159, 71].

Many interesting and unusual behaviours of water have been reported under confinement,

including enhanced diffusion[159, 14], elevated proton conductivity[163], the formation of

one-dimensional water chains [278], square ice phases [133, 46], and diameter-dependent

elevated phase transition temperatures [260, 214, 2]. Several recent studies of confined water

have found anomalous and anisotropic dielectric properties [292, 289, 212, 220, 230, 83,

178]. The remarkable properties of confined water have led to proposals for using CNTs

in water filtration and desalination technologies, as single molecule sensors, supercapacitors,

and model biological systems [254, 42]. While many classical simulations have been employed

[211, 109, 178] to better understand such phenomena, first-principles simulations of water

confined at the nanoscale are still relatively rare [49, 278, 140, 241]. In particular, the effect

of confinement on the molecular polarizability of water remains an open question, and it is

crucial to understanding the behaviour of water at surfaces [284, 34, 134, 179].

Additionally, very few studies exist at the first principles level of theory that combine

nanonconfinement of water with ion effects [204, 72]. Under nanoconfinement, the distinction

between ion solvation shells and the rest of the fluid may become uncertain, increasing the

likelihood of strong electro-osmotic and diffusio-osmotic coupling effects, which can become
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dominant in narrow confinement geometries [28, 162]. Confined ion solvation properties are

also crucial to engineering ion selectivity in nanofluidic devices [226, 227].

2.4 Water at High Pressure and Temperature

While nanoconfinement may be regarded as an extreme condition due to its distortion of

water from bulk structure by means of physical confinement, the elevation of pressure and

temperature (P=10-20 GPa, T=1000 K) also constitutes an extreme condition applied to

bulk water. In such extreme thermodynamic conditions, liquid water exhibits significant

molecular dissociation, the properties of which are still being understood. Furthermore, high

temperatures and pressures transform water into a plethora of different phases that vary sig-

nificantly in state, proton ordering, crystal structure, conductivity, and density. Establishing

the phase diagram of water at extreme conditions and understanding its fundamental physics

is essential to answering fundamental questions about our planet and other geophysical sys-

tems. Resolving these large gaps in our understanding of the phase diagram will determine

if and how pure and mixed water may exist in reservoirs in our own planet as well as others.

These questions directly impact our understanding of planetary formation, magnetic fields,

volcanic activity, and the global carbon cycel.

Water under pressure has a critical role in planetary physics. From a terrestrial viewpoint,

high pressure ice is thought to exist in cold, subducting tectonic slabs, bearing large reservoirs

of water with immense impact on fields from geochemical transport of materials to seismicity

and vulcanism [24]. Recent studies have further developed our understanding of deep water

in verifying stable hydrous silicate minerals in the deep earth [182]. Of particular importance

is the geochemical transport of dissolved carbon, with water as a transport medium [128].

Thus deep water and its properties have large effect on the global water and carbon cycles,

critical for accurate climate modelling. The presence of water at extreme conditions is also

crucial to understanding the planetary physics and consequent origin of strong magnetic fields

of other planets such as Saturn, Uranus, and Neptune [117, 37]. On a more fundamental
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level, studying water at high pressure and temperature amounts to studying the effect of

extreme thermodynamics conditions on the quintessential hydrogen bonded system.

High pressure/temperature (P/T) conditions are extremely difficult to achieve experi-

mentally, and even more so with water. Protons are too small to be probed with the usual

tool of x-ray diffraction and neutron scattering has only very recently been developed to

useful form at these conditions [102]. Most current understanding of water’s phase diagram

comes from a number of both static and shock high-pressure experimental studies focus-

ing on various vibrational spectroscopies, conductivity measurements and a few classical

simulations. Given the experimental challenges and theoretical shortcomings of classical

simulations, ab initio simulations are a uniquely effective tool to study the many puzzles of

high P/T water.

The phase diagram of water is both complicated and controversial. Melting lines of the ice

VII phase differ by more than 600 K and several gigapascals between different experimental

methods. “Plastic ice” phases have very recently been proposed in regions of the phase

diagram that are debated to be either liquid or solid [261, 8]. Experimentalists have defended

three markedly different locations for the triple point of liquid phase, ice VII, and superionic

water [68]. Fig. 2.1 is reproduced from [175], and shows the a collection of literature on

the phase diagram of water in this part of phase space. All lines in the figure come from

digitizations of phase boundaries as defined in the listed reports, which are described in the

caption along with the method used to establish the transition.

Due to its relevance to planetary science, much effort has gone into understanding the

chemical behavior of water near the melting line of ice VII as well as the location of the

melting line itself. Existing experimental research has utilized Raman spectra [98, 151, 150],

Brillouin spectra [4], electrical conductivity, [187], and visual observation [235, 234]. Exper-

imental studies focusing on Raman spectra of solid ice VII and other high pressure water

phases have reported inconsistent conclusions as they track anomalous Raman peak activity

[286, 112]. Indeed, the analysis of in situ Raman spectra has been a particular challenge,
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Figure 2.1: Water phase diagram near the predicted triple point between the ionic liquid,
the insulating solid ice, and superionic ice; Figure reproduced from Millot. et al [175]. Static
compression experiments used refractive index changes [56], x-ray diffraction [65, 74, 150],
Raman spectroscopy [150, 98], Brillouin spectroscopy [4] or visual observations [235, 234] to
identify melting. Ice phase boundaries from Raman spectroscopy [98, 208], x-ray diffraction
[255] or laser-based calorimetry [132]. Molecular dynamics simulation predictions for melting
and solid to superionic transitions [37, 238, 218, 81]. Shock-compressionstates (Hugoniot)
starting with ambient liquid water lies within the ionic liquid field. Starting with ice VII
allows us to reach the predicted stability domain of superionic ices at lower temperatures.
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especially with the technical difficulties of laser heating and temperature gradients [99, 132].

Furthermore, within certain pressure ranges, the O-H stretching modes are obscured by

Raman intensity coming from the diamond anvil apparatus itself [150].

Due to experimental challenges, there are a very limited number of experimental Raman

spectra of high P/T water, even less of which are liquid phase. Pressures and temperatures

in the ranges of hundreds of kelvin and several gigapascals cause disruptive reactions between

gasket, water, and the metal used for laser heating. In view of the experimental challenges

both in set-up and interpretation, simulations can prove vital to making sense of physics

of the systems. While classical simulations, (MD simulations with empirical potentials),

can certainly be powerful, they often miss out on key information only available from a full

quantum treatment of electrons, available through the tools of density functional theory. The

ab initio simulation studies of high P/T water so far have been few in number and ultimately

inconclusive in their resolution of the experimental discrepancies [238, 237, 236]. A two-

phase melting study was in close agreement with the higher melt lines, and in disagreement

with the majority of Raman-based experiments [238]. A different study came in agreement

with earlier experiments suggesting fluid water’s change from hydrogen-bond dominated to

dissociation-dominated near these conditions (P=12-30 GPa and T=600-2000 K), although

it differed in dissociation mechanism [236, 114].

Applying first principles simulation to the computation of vibrational spectra is still

quite rare, with just one notable study relating to water at extreme conditions, in which

Raman spectra were computed from ab initio molecular dynamics for high P/T ice phases

[209]. Our own studies involve longer simulations and focus on liquid phase vibrational

spectra. We compute polarizabilities through density functional perturbation theory, in

an implementation that has already been applied to water at ambient conditions [275]. A

similar method was recently applied to ambient and supercritical water, albeit at much

lower P/T conditions [121]. Our method allows the computation of valuable data that is

impossible to isolate experimentally, such as intermolecular vs. intramolecular contributions
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to spectra. Given that these molecular interactions may have cancelling effects, crucial

information may be lost in one-shot experimental Raman spectra. Such decompositions are

key to understanding the very vibrational modes whose interpretation causes discrepancies

among experiments on the phase diagram.

2.5 Water at Thermodynamic Extremes with Ions

The properties of pure water at extreme thermodynamic conditions continue to be elusive,

and the situation may be further complicated with the addition of solutes to water. Such

mixed solutions at thermodynamic extremes are interesting firstly from a fundamental point

of view. As discussed earlier, there exist significant controversies in the understanding of

aqueous ion solutions even at ambient conditions. The effect of high pressure and tempera-

ture may significantly change the answers to the basic questions of local vs global effects due

to ions, or which computable/measurable quantities might be fingerprints of ion effects. Fur-

thermore, any real geochemical systems with water involve mixed aqueous fluids; pure water

is rarely found in nature, much less in the interiors of planets. The addition of ions to water

may affect mineral solubility at these conditions. Despite the need to understanding wa-

ter/ion solutions at these conditions, many questions remain, and first principles simulations

are rare.

One of the properties most crucial to geochemical modeling is the dielectric constant of

water, which is the ratio of water’s permititivity to that of vacuum. Until recently, a lack of

experimental constraints on the dielectric constant of water even at lower-crustal conditions

(above 0.5 GPa) had limited the study of water-rock interactions. Large differences existed

in the extrapolation of models calibrated only at low pressures and temperatures[259]. A

significant advance came recently from the study of Pan et al., who used first-principles

molecular dynamics simulations to yield robust constraints on the dielectric constant of

water at high pressure and temperature [193]. Nevertheless, the understanding of the effect
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of ions on water’s dielectric constant at these conditions remains poorly understood.

While there are no direct measurements of the dielectric constant in mixed fluids at

conditions relevant to the lower crust and mantle, there are some computational studies that

have predicted that the addition of components such as CO2 and NaCl modifies the dielectric

constant with moderate reductions. At deep crust conditions (0.5-1.5 GPa), Galvez et al.

derive the dielectric constant of mixed C-O-H fluids from classical electrostatic modeling.

The dielectric constant of the fluid mixture is about 22% lower than that of pure H2O at 0.5

GPa, but only 4% lower at 1.5 GPa [89]. Foustoukos et al., used a similar approach to study

H2O-NaCl, using a simple empirical model based on the solubility of quartz in H2O-NaCl

brines [73]. Their results indicate that, for a 22 wt% NaCl solution, the dielectric constant

of the mixed fluid is similar to that in a graphite-saturated C–O–H fluid.

The distribution of aqueous fluids in the earth has been investigated using magnetotelluric

measurements of electrical conductivity in the Earth’s crust. Highly conductive zones have

been reported in the middle portion of the Earth’s crust, and subduction zones [173, 119,

164]. The understanding of these conductivity zones, however, must properly take into

consideration the effects of elevated temperature and pressure on the fluid conductivity [228].

Nevertheless, atomistic modeling of water in these conditions is difficult due to dissociation,

and we know of no first principles studies that have addressed the question of conductivity

of mixed water-ion solutions at high pressure/temperature.

While the effect of ions in aqueous solutions on dielectric constants and conductivities

may have the most implication for geochemical models, many other fundamental questions

have not been explored at these conditions. Such questions begin with the basic properties

of solvation structure of ions in a dissociative liquid. They also include the effect on more

subtle properties like the molecular polarizability. Finally, they include questions of the

nature of vibrational spectra of ions in dissociative water, and whether the addition of such

ions at these conditions may show signatures that are neither present in bulk ion solutions

or pure water at high pressure/temperature.
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CHAPTER 3

THEORETICAL BACKGROUND AND MODELS

3.1 Introduction

In this chapter, we present the theoretical background on which this dissertation is based,

including both the theories of modeling water as well as the strategy that we employed: first

principles simulation.

In section 3.2, we focus on various structural models of water. Here we begin with

describing general approaches to modelling water. We then discuss molecular dynamics and

classical potentials for water. Afterwards, we introduce density functional theory and its

application to first principles molecular dynamics. In section 3.3, we describe the theory of

vibrational spectroscopy, including infrared and Raman spectra. In section 3.4 we turn to

describe the ionic conductivity, and how it is computed from first principles.

3.2 Structural Models of Water

As discussed in the previous chapter, experimental work has been invaluable in understanding

all properties of water and aqueous solutions across a range of conditions. Measurements

of bulk water properties including vibrational spectra, heat capacities, enthalpies, electrical

conductivity, and phase transition have been the foundations of our understanding of water.

However, a complete understanding of the molecular behavior of water requires theories

and computational methods that both faithfully reproduce and interpret measurements and

make experimentally verifiable predictions. While in this thesis we focus on first principles

molecular dynamics, we first briefly survey existing models of water, a topic which has has

already been thoroughly reviewed [19, 69, 75, 76, 77, 30, 62, 50].

Water has variably been modelled at levels of detail ranging from a primitive solvation

medium to full quantum mechanical detail of electronic structure. The earliest attempts
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of describing water models may be attributed to W. C. Roentgen in 1892, who proposed

water to be a mixture of low and high density fluids [222]. Later, in 1933, Bernal and

Fowler suggested that the electronegativity of oxygen and the tetrahedrality of water due to

electrostatic forces may be the cause of many of the extraordinary properties of the liquid

[22]. This recognition was the basis on which early classical models of water were built. Pople

extended the idea in describing a point-charge model for tetrahedral water molecules [206].

Nevertheless, the realistic modelling of water only accelerated when meaningful physical

models were coupled with the increases in computing power during the latter half of the

20th century.

3.2.1 Classical Molecular Dynamics

Hydrogen bonds continuously break and reform in water, leading to a fundamentally dy-

namical chemical system. The understanding of such a sensitive dynamical system calls for

computational tools that may access both detailed time propagation of molecular properties

as well as collective averages in time and space.

Molecular dynamics (MD) is such a computational technique used to model the time

evolution of an atomic or molecular system. Molecular dynamics requires the calculation of

forces from a potential energy surface. These forces are used to solve the Newton equation

of motion and are applied to atoms over a discrete timestep, yielding updated positions.

This process is repeated regular intervals, allowing for the propagation of the MD trajectory

in time. MD trajectories find vast application across physics and chemistry, where they

are used to investigate the structural and dynamical properties of broad classes of systems.

The positions and velocities of any atom in the course of a molecular dynamics algorithm

are given, e.g. by using the Verlet algorithm [274] used to integrate Newton’s equation of

motion:
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−
∂E(Rj)

∂Ri
= miR̈i (3.1)

where E(Rj) is the total energy of the system and mi and R̈i are the mass and acceler-

ation of the ith nuclei, respectively. Naturally, the challenge in the MD approach is in the

calculation of E(Rj), the driving potential of the molecular dynamics.

In the 1970s, classical molecular dynamics modelling of water began to emerge, where

the driving potential was generated with semiempirical methods. Rahman and Stillinger

performed pioneering simulations on a model based on tetrahedral arrangements of charges

centered on a Lennard-Jones site [213]. Later evolution of this model into the ST2 model

had considerable success in interpreting the structure of liquid work [252]. Since then, many

other computationally efficient classical potentials have been developed for the study of

water. One class of such potentials is simple point charge (SPC) water [21], where three

positively charged hydrogen sites are counteracted by a negatively charged oxygen. Another

are the transferable intermolecular potential (TIP) models [125] which have become standard

workhorses alongside SPC models. Many more rigid water potentials have emerged, with

variations in the number and type of the interaction sites (e.g. TIP3P, TIP4P, TIP5P). A

major limitation of many classical potentials is the neglect of electronic effects such as po-

larization and polarizability. Extensive work has been made to compensate for this whether

by correction factors in the SPC/E model [20] or more sophisticated polarizable potentials

where effective charge distributions are effected by the environment [50]. A significant de-

velopment in modeling of classical potentials has been the emergence of one such polarizable

potential, namely MB-pol. The MB-pol functional form includes one body terms as well

as explicit two and three body terms from dimer and trimer interaction energies at the

CCSD(T) level of theory [9, 10]. It has been shown to have excellent accuracy for several
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structural, thermodynamic, and dynamic properties of water [217].

Most classical potentials are subject to key drawbacks due to their semiemperical foun-

dations. As many potentials are uniquely fitted to specific chemical system or environment,

they lack transferability to new contexts. Furthermore, in many cases missing electronic

polarizability limits the type of questions one may study with classical potentials. In this

thesis, we show that molecular polarizability is crucial to all systems of interest, as we are

studying solvation chemistry, nanoconfined environments, and water at extreme conditions.

While some classical potentials have been used with varying levels of success to describe ion

solvation and even nanoconfinement, most classical potentials have no means to break and

reform bonds, making them unsuitable to describe water in our high P/T regime of interest,

where molecules are highly dissociative. Given these limitations, a more accurate method

that accounts for electronic degrees of freedom is needed.

3.2.2 First Principles Molecular Dynamics

An entirely different route to compute an energy term in Eq. 3.2.1 that drives molecu-

lar dynamics is the so-called “ab initio” approach. The seminal contribution of Car and

Parinello was to apply density functional theory to drive molecular dynamics [35], which is

the primary tool of the rest of this thesis. Here, the potential energy surface of the water

is computed “on the fly” through means of quantum mechanical calculations. In density

functional theory, instead of computing all wavefunctions of all electrons and nuclei in a

given system, we only explicitly deal with the electron density and, within the Kohn-Sham

formulation, with single particle orbitals. We also employ the Born–Oppenheimer approx-

imation, where atomic nuclei are classical particles while the electronic wave functions are

computed quantum mechanically. Here we further lay the theoretical groundwork of first

principles molecular dynamics in further detail.
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Density Functional Theory

Density functional theory (DFT) exactly describes ground state properties of a quantum

mechanical system using only the electron density n(r), instead of the many-body wave-

function. The theoretical foundation for modern DFT results was laid by the theorems of

Hohenberg and Kohn [113], in 1964. These theorems state the following:

1. For any system of interacting particles in an external potential Vext(r), the potential

Vext(r) is determined uniquely, modulo a constant, by the ground state electronic density,

n(r). Thus n(r) uniquely determines all properties of the system.

2. The total energy of an interacting electronic gas is a unique functional of the electron

density. The ground state energy is the variational global minimum of this unique functional

E[n].

These state that ground and excited state properties of a system of interacting electrons

under an external potential may be derived from the ground state charge density of the

system, hence eliminating the need to evaluate explicitly the many-body wavefunction; the

energy of the interacting electronic system is a unique functional of its charge density.

In 1965, Kohn and Sham introduced the casting of DFT that enabled the broad prolif-

eration of the theory in electronic structure calculations [135]. A system of NE interact-

ing electrons is mapped onto a fictitious system of non-interacting electrons with the same

electron density. The wavefunction of the non-interacting system is a Slater determinant

constructed from the orbitals of the individual non-interacting electrons ψv, which are ob-

tained by self-consistently solving a set of Schrödinger-like equations called the Kohn-Sham

equations. The ground state density of N non-interacting electrons is defined as:

n(r) =
∑
v

2|ψv(r)|2, (3.2)

where the summation runs over occupied states, and ψv(r) are single particle wavefunc-
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tions. The kinetic energy of the system is

T0 = −1

2

∑
v

〈ψv|∇2|ψv〉 (3.3)

The Hartree energy, defined as the classical electrostatic energy of a system with electron

density n(r) is:

EH [n] =
1

2

∫
drdr′

n(r)n(r′)
|r− r′|

(3.4)

The Kohn-Sham approach splits the HK functionals into the sum of T0, EH , and the

exchange correlation (XC) energy Exc, which is an unknown term:

F [n] = T0 + EH [n] + Exc[n]. (3.5)

Applying the second HK theorem, we obtain the Euler equation:

δT0

δn(r)
+ VKS(r) = µ (3.6)

where µ is the Lagrange multiplier accounting for the constraint on total number of

electrons, and VKS is defined as:

VKS(r) =
δEH [n]

δn(r)
+
δExc[n]

δn(r)
+ Vext(r) = VH(r) + Vxc(r) + Vext(r) (3.7)
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Equation 3.6 is the same as that used to describe a system of non-interacting electrons

subject to an effective potential, VKS(r). Thus, we can define the Hamiltonian of an auxiliary

non-interacting system as the following:

HKS =
1

2
∇2 + VKS(r). (3.8)

The corresponding Schrodinger equation of the non-interacting system is:

HKSψi(r) = εiψi(r), (3.9)

which is the Kohn-Sham equation. Eq. 3.9 is to be solved self-consistently, and the eigen-

values and eigenfunctions of the equation are Kohn-Sham energies and orbitals.

Ab initio molecular dynamics (AIMD) unifies molecular dynamics with the fully quan-

tum level electronic characterizations by using density functional theory to compute the force

on each atom at each individual timestep. In AIMD simulations, the Kohn-Sham energy

EKS(Rj) is computed by solving the Kohn-Sham equations (Eq. 3.9), at each time step.

Here, the evaluation of the force term is carried out by virtue of the Hellmann-Feynman the-

orem [169]. Thus AIMD provides a fully ab initio framework by which to propagate an MD

trajectory. Relative to classical molecular dynamics, AIMD has much higher computational

cost but higher accuracy for a range of systems, configurations, bonding patterns, and phys-

ical phenomena. AIMD simulations also allow for the calculation of quantities like dipole

moments and polarizabilities, which are needed to compute ab initio vibrational spectra.

As mentioned above, the exact form of the XC functional is unknown, and approxi-

mate functionals are used in practical implementations of DFT. The most commonly used
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approximations are the local and semi-local approximations which assume that the exchange-

correlation energy depends only locally and semi-locally on the electron density. The Local

Density Approximation (LDA) [38, 201] for the exchange correlation energy is written as:

ELDAxc =

∫
drn(r)εLDAxc (n(r)) (3.10)

where εLDAxc (n(r)) is the exchange-correlation energy per electron of a homogeneous elec-

tron gas with density n. More sophisticated approximations, such as the generalized gradient

approximation (GGA), include the gradient of the electron density in the XC functional:

EGGAxc =

∫
drn(r)εGGAxc ((n(r)),∇(n(r)) (3.11)

Commonly used GGA functionals include BLYP [16] and PBE [199]. These two func-

tionals have been widely used for simulations of water and aqueous solutions and provide a

reasonable description of their structural and vibrational properties [95, 58], although sim-

ulations are run at artificially elevated temperatures (e.g. 400 K) to match the structural

properties measured in liquid at 300 K [58]. Functional development remains an active area

of research in first principles modeling of water. The so-called hybrid density functionals

include a fraction of the Hartree-Fock exchange energy [200, 17, 111]. The van der Waals

functionals [144, 64, 268] include a accounting of long-range dispersion interactions. Finally,

the meta-GGA functionals [18, 41, 262] involve a kinetic energy density term. The Strongly

Constrained and Appropriately Normed (SCAN) meta-GGA exchange-correlation functional
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[257] has been applied to water, reporting accurate structural and density characteristics at

330K [47, 141]. In yet another approach, recently water was modeled with a dielectric de-

pendent hybrid (DDH) functional, where the fraction of exact exchange is set equal to the

inverse of the high-frequency dielectric constant of the liquid. The DDH water was shown

to have excellent properties of structure and density, as well as good agreement in dielectric

properties [86]. We refer to the excellent review of Gillan et al.[95] for a comprehensive

analysis of density functional theory modeling of water.

While certainly a considerable challenge, the exchange correlation functional is not the

only hurdle towards successful modeling of water. The effect of statistical averages has

been often neglected in first principles simulations of water, with recent studies pointing

to the importance of multiple independent trajectory sampling in order to accurately cap-

ture uncertainty on most computed quantities [58, 141]. The question of statistics remains

difficult, as first principles simulations are exceedingly expensive computationally relative

to classical simulations. Another important consideration in first principles water modeling

is the quantum nature of protons in water [39, 166]. Recent studies have explored includ-

ing nuclear quantum effects using ring-polymer methods combined with multiple time-step

scheme [167, 232, 168]. NQEs have been shown to effect structure, dynamics, and vibrational

properties of water, notably causing red-shifting in vibrational spectroscopy [106, 191].

3.3 Vibrational Spectroscopy

Since the vibrational frequencies of a water molecule are particularly sensitive to the sur-

rounding environment, vibrational spectroscopy is a powerful tool for characterizing both

molecular structure and dynamics of aqueous systems from the gas to the condensed phases.

In this section we will explore the theoretical bases of infrared spectroscopy, which is based on

the absorption of infrared radiation, and Raman spectroscopy, which is based on the inelastic

scattering of light. In general, vibrational spectra may be computed either by diagonalizing

the dynamical matrix to obtain normal modes or by computing time correlation functions
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(TCF)[174]. Given the limitations of the former for disordered systems such as aqueous so-

lutions, in this thesis we compute spectra with the latter. Any vibrational spectra calculated

from AIMD are based on the Fourier transform of certain autocorrelation functions: power

spectra use the particle velocities, IR spectra rely on dipole moments and Raman spectra

are obtained from molecular polarizabilities.

3.3.1 Maximally Localized Wannier Functions

For both infrared and Raman spectra as well as our calculations of ionic conductivity, it

is necessary to introduce the idea of maximally localized Wannier functions (MLWF) [280,

171]. Wannier functions are orthonormal localized functions that span the same space as

the eigenstates of a band or group of bands. Maximally localized Wannier functions, or

localized molecular orbitals, use a small number of functions to describe electronic states. By

the unitary transformation of the Kohn–Sham orbitals, the MLWF method yields localized

Wannier orbitals whose positions (the Wannier function centers) may be interpreted as the

location of electron pairs. Thus, MLWFs provide a simple and intuitive tool for qualitatively

studying bonding. The position of the nth MLWF, wn is defined as:

r0
n,i =

Li
2π

Im ln 〈wn|e
i2πLi

ri|wn〉, (3.12)

where Li is the ith cell dimension, and the Wannier functions wn are obtained by applying

a unitary transformation to the occupied Kohn-Sham eigenstates (See Eq. 3.2.2) so as to

minimize the total spread [170, 105].

The Γ point formulation of the MLWF approach is used to compute dipole moments of

molecules in condensed phases [242]. MLWFs may be assigned to individual molecules based

on distance criteria, allowing for calculations of molecular dipole moments. Similarly, the

total dipole moment M(t) is calculated by summing over all ionic charges and MLWFs of

the system [266]. In the case of water, this amounts to:
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M(t) = e ·
NH∑
i=1

~RHi (t) + 6e ·
NO∑
i=1

~ROi (t)− 2e ·
NMLWF∑
i=1

~RMLWF
i (t), (3.13)

where e is the elementary charge, ~RO(t) and ~RH(t) are the coordinates of oxygen and

hydrogen atoms, respectively, and ~RMLWF(t) are the coordinates of the center of a maximally

localized Wannier function. The summations run over all species of the simulation cell.

3.3.2 Infrared Spectroscopy

A given molecular vibration is considered “infrared active” if its charge distribution changes

during the vibration [183]. Put differently, infrared spectroscopy detects changes to the

sample dipole moment, M. In the literature, there exist two methods to compute the dipole

moment under periodic boundary conditions: the Berry phase approach to polarization [221]

and the maximally localized Wannier function scheme [170, 244, 243], which we employ here.

The infrared intensity is:

A(ω) ∝ 2πω2β

3cV

∫
dte−iωt〈M(0)M(t)〉

=
2πβ

3cV

∫
dte−iωt〈Ṁ(0)Ṁ(t)〉

(3.14)

where M(t) is defined from Eq. 3.13. The correlation function in Eq. 3.14 is classical,

requiring a quantum correction factor to approximate the quantum time correlation function

[11]. Here we used the so-called harmonic prefactor, which has been shown to satisfy the

fluctuation-dissipation theorem and detailed balance [215].
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3.3.3 Raman Spectroscopy

The dipole moment, connected to infrared spectroscopy, measures anisotropy of a charge

distribution. In contrast, the polarizability, connected to Raman spectroscopy, is the ability

of a molecule to alter its charge distribution under external electric fields. The calculation

of polarizability (α =
dM

dE
) is more computationally intensive than the calculation of the

dipole moment.

In this thesis, we use Density Functional Perturbation Theory (DFPT) [15] which is a

linear response method for studying a system’s response of a system to external perturba-

tions. Here we only discuss DFPT for homogeneous electric field perturbations. Given the

Kohn-Sham equations (Eq. 3.9) where HKS is the one-electron Kohn-Sham Hamiltonian

and ψv is the vth occupied Kohn-Sham orbital with eigenvalue εv, the response to an external

perturbation may be written with Sternheimer equation [251, 158]:

(HKS − εv)P̂c|∆ψv〉 = −P̂c∆VKS |ψv〉, (3.15)

where P̂c is the projector onto the unoccupied Kohn-Sham orbitals: P̂c =
∑+∞
c=1 |ψc〉〈ψc| =

1−
∑Norb
v=1 |ψv〉〈ψv|, Norb is the number of occupied Kohn-Sham orbitals, and ∆VKS is the

perturbation to the Kohn-Sham potential. If the perturbation comes from a macroscopic

electric field E, the perturbation potential is written as

∆KS = eE · r + ∆VH + ∆Vxc, (3.16)

where e is the elementary charge, r is the position operator, and ∆VH and ∆Vxc are
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perturbations to the Hartree and exchange-correlation potentials, respectively. After solving

the Sternheimer equation (Eq. 3.15), we can compute the change in electronic density:

∆n = 2

Norb∑
v=1

ψ∗v(r)∆ψv(r) + c.c. (3.17)

The induced dipole moment of the system under the perturbing field is given by:

∆M = −e

∫
Ω

r∆ndr, (3.18)

where Ω is the volume of the system. The polarizability tensor, α is defined as:

∆M = αE, (3.19)

In our calculations, an electric field is applied along each Cartesian axis and the elements

of the polarizability tensor α are obtained by dividing the corresponding component of the

sample dipole moment by the electric field strength.

As described above, in a periodic system, the ground state maximally localized Wannier

functions (MLWF), wn, may be obtained by applying a unitary transformation u to the

eigenstates of the Kohn-Sham Hamiltonian. We project the system polarizability tensor α

onto MLWFs [170] in order to define effective polarizabilities:
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α =

Norb∑
j=1

αeff
j , (3.20)

where αeff
j is the effective polarizability corresponding to the jth MLWF.

Isotropic and anisotropic Raman spectra are defined as:

Riso(ω) ∝ ~ω
kbT

∫
dte−iωt〈ᾱ(0)ᾱ(t)〉 (3.21)

Raniso(ω) ∝ ~ω
kbT

∫
dte−iωt〈 2

15
Trβ(0)β(t)〉 (3.22)

In equations 3.21 and 3.22, ω is the frequency, Tr is the trace, and ᾱ and β are the isotropic

and anisotropic components of the polarizability tensor, α: ᾱ =
1

3
Trα and β = α−ᾱI, where

I is the identity tensor. Unpolarized Raman spectra are computed as Runpol = Riso+
7

4Raniso

[154].

In the case of water, there are four MLWFs associated with each water molecule, corre-

sponding to two covalent bonds pairs (BP), and two lone pairs (LP). The effective molecular

polarizability of the ith water molecule is:

αeff
i = αeff

i,BP1 + αeff
i,BP2 + αeff

i,LP1 + αeff
i,LP2 (3.23)

The induced dipole ∆Mi of the ith molecule is therefore:
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∆Mi = αeff
i E (3.24)

We cast the expression of the Raman intensities (Eq. 3.21, 3.22) in terms of effective

molecular polarizability:

Riso(ω) ∝ ~ω
kbT

∫
dte−iωt〈

∑
i,j

ᾱeff
i (0)ᾱeff

j (t)〉 (3.25)

Raniso(ω) ∝ ~ω
kbT

∫
dte−iωt〈 2

15
Tr
∑
i,j

βeff
i (0)βeff

j (t)〉 (3.26)

Where ᾱeff =
1

3
Trαeff and βeff = αeff− ᾱeffI, and I is the identity tensor. Tr denotes the

trace operator. By separating i = j and i 6= j terms of the summation, we may obtain the

intramolecular and intermolecular contributions to the Raman intensity, respectively.

3.4 Molecular Polarizability

The effective molecular polarizability, αeff
i , that is used to compute Raman spectra in Eq.

3.25 and 3.26, is computed from the projections of total polarization onto molecules, thus

containing environmental effects. It is different than the intrinsic molecular polarizability,

αi, which depends only on the electronic structure of the molecule. For the purpose of

comparing water molecules under different environments as they are studied in this thesis,

it is therefore more appropriate to consider the intrinsic polarizability αi.

Following others [110, 229, 32, 177], we define the molecular polarizabilities, αi, of the

ith water molecule as:
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∆Mi = αiE
loc
i (3.27)

where ∆Mi is the induced dipole of the ith molecule given in Eq 3.24 and Eloc
i is the local

electric field acting on the ith molecule. Importantly, note that Eloc
i contains the contribution

of both the applied field and the field induced by the induced dipole ∆Mj(j 6= i) of all

other molecules in the system via dipole-induced dipole (DID) interactions. While higher

multipolar contributions may also affect Eloc
i , the DID interactions tend to dominate [270].

The evaluation of the DID interaction tensor has been previously carried out with Ewald

summation techniques [275, 3, 142, 184]. In this work we used the method developed by Pan

et al. [195] to compute the intrinsic water molecular polarizability αi, using the electron

polarization density of the whole system. The calculated αi includes multipolar interactions

at all orders.

3.5 Ionic Conductivity

We compute the ionic conductivity σ within linear response, using the Green-Kubo formalism

[174]:

σ =
1

3kbTV

∫ ∞
0
〈Ṁ(0)Ṁ(t)〉dt, (3.28)

Where kb is Boltzmann’s constant, T is the temperature, V is the cell volume, M is

from Eq. 3.13 and the angled brackets indicate the average over time origins. Instead of

evaluating the integral of the correlation function of the total dipole moment derivative, we

may equivalently employ the Einstein relation:
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σ = lim
t→∞

1

6tkbTV
〈[M(t)−M(0)]2〉 (3.29)

While the equations for computing the ionic conductivity are straightforward, we em-

phasize that a fully ab initio representation of M is computationally demanding, with most

studies in literature resorting to a-priori definitions of effective charges [52, 172, 79, 97]. It

is our explicit computation of the MLWFs in Eq. 3.13 that allows for the evaluation of

M entirely from first principles. The ionic conductivity, similar to quantities such as the

shear viscosity, is based on the time correlation function of a collective quantity. In general,

such quantities have much greater statistical noise than self quantities such as the diffusion

coefficient for which statistics are increased by the number of particles [52].
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CHAPTER 4

SIMPLE AQUEOUS SOLUTIONS AT AMBIENT CONDITIONS

Reproduced in part from V. Rozsa, T. A. Pham, and G. Galli, J. Chem. Phys. 152, 124501

(2020), with the permission of AIP Publishing.

4.1 Introduction

The chemistry of water and aqueous salt solutions have been active areas of research for

decades [165, 108]. However, the effect of ions on the structure and electronic properties of

water is not yet fully understood. While the way ions modify the structure of water within the

first solvation shell of ions is well established, the effect of ions outside the first solvation shell

is more controversial [245, 197]. Some experimental studies, including dielectric relaxation

[137] and neutron diffraction [160] measurements, support the view in which ions significantly

affect global water properties, such as diffusion, viscosity, and hydrogen bonding [165, 225].

Other experiments employing X-ray absorption spectroscopy [181], fs-IR [188] and terahertz

spectroscopy [84] point instead at negligible global effects of ions on the surrounding liquid.

Such discrepancies have motivated numerous simulation studies, however even first-

principles simulations have differed in their assessment of the global effect of salt properties.

In this chapter, we present first principles simulations of bulk water and three hydrated

cations: Li+, Na+, and K+. In order to analyze trends in structural and dielectric properties

with statistically significant trajectories, we chose a semi-local functional (PBE [198]), which

is computationally less expensive than, e.g. hybrid functionals, and an elevated temperature

(400 K) to model the structural properties of water at ambient conditions [239]. Motivated by

the necessity of multiple independent trajectories to resolve statistical uncertainty[58, 141],

we computed 10 independent trajectories with a total trajectory time of ∼0.45 ns for each

bulk cation solution. The total simulation time of the calculations reported here amounts

to ∼1.4 ns, which was possible to span using a relatively simple functional as PBE, but it
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would have been prohibitively difficult to obtain with more sophisticated density functionals.

In this chapter we present an analysis of hydrogen bonding changes in the presence of ions

and we relate structural changes to variations of dielectric properties, in particular molecular

polarizabilities, which we find to be key fingerprints to understand water modifications both

in the presence of ions.

In section 4.2, we discuss the computational methods in our simulations of bulk aqueous

solutions. In section 4.3, we present the results and analysis of our statistically robust sim-

ulations of solvated ion solutions. In section 4.4, we describe the application of our aqueous

K+ simulations to a study of isotopic fractionation. In section 4.5 we offer conclusions.

4.2 Computational Methods

The bulk salt solutions were modeled by periodic cubic cells consisting of a single ion and

63 water molecules, with the excess charge compensated by a uniform background charge.

For all the models, the size of the cell was chosen to yield the experimental density of liquid

water under ambient conditions. The salt concentration corresponds to 0.87 M.

Our first-principles simulations were carried out using Born–Oppenheimer molecular dy-

namics simulations with the Qbox code [104, 1], with the interatomic forces derived from

density functional theory (DFT) with the Perdew, Burke, and Ernzerhof (PBE) [198] ap-

proximation for the exchange-correlation energy functional. The interaction between valence

electrons and ionic cores was represented by norm-conserving pseudopotentials [107], and the

electronic wave functions were expanded in a plane-wave basis set truncated at a cutoff en-

ergy of 85 Ry. All hydrogen atoms were replaced with deuterium to maximize the allowable

time step, which was chosen to be 10 au. We note that the PBE functional was employed in

this work as we are mainly interested in trends among the ions, and the use of this functional

allows for statistically robust simulations at a manageable computational cost [58, 85].

We equilibrated the bulk solutions at a constant temperature of T = 400 K for at least 10

ps. An elevated temperature was chosen, as use of the PBE approximation is known to yield
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(a) (b)

Figure 4.1: Oxygen-ion radial distribution functions (a) and ion coordination numbers (b)
of bulk aqueous solutions.

an overstructured liquid at ambient conditions, and the use of a simulation temperature of

∼400 K was shown to recover the experimental liquid structure and water diffusion coefficient

at T = 300 K[239]. Statistics were collected over 45 ps for each microcanonical simulation

of the bulk solutions, for which we propagated 10 independent trajectories for each cation

and one trajectory for Cl−.

4.3 Statistically robust simulations of solvated ion solutions

4.3.1 Structure and Hydrogen Bonding

We begin by examining the solvation properties of the ions in the bulk solutions using the

radial distribution functions (RDF) between the solvated ions and oxygen atoms of water

molecules (Fig. 4.1). As expected, the position of the RDF first maximum follows the ion

size: Li+ < Na+ < K+ < Cl−, yielding a value of 1.97, 2.44, 2.81 and 3.10 Å for Li+,

Na+, K+, and Cl−, respectively. We also report in Fig. 4.1 the average oxygen coordination

number in the first ion solvation shell, for which we obtained values of 4.0, 5.2, 6.8, and 6.0

for Li+, Na+, K+, and Cl−, respectively. Overall, these results are consistent with those of

several previous first principles simulations [204, 88, 13, 290] as well as with experimental
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(a) (b) (c)

Figure 4.2: Oxygen-oxygen (a) and oxygen-hydrogen (b, c) radial distribution functions
(RDF) for bulk water solutions. (b) shows the covalent bond peak, while (c) shows the
second and third peaks of the O-H RDF.

studies [96, 55]. We also found that oxygen-oxygen and oxygen-hydrogen RDFs (Fig. 4.2)

of all solutions do not show any notable change relative to the corresponding ones of pure

water, pointing to minor effects of the ions on the structure of water at the concentration

considered here.

To better understand ion effects on the water structure, we investigated hydrogen bonding

of the salt solutions. The subtleties of ion effects on hydrogen bonding require attention to

statistical uncertainty. We used 10 independent trajectories for each cation solution to obtain

statistically robust results with error bars on hydrogen bond averages, which were computed

using the Student’s T-test for 95% confidence intervals, as in earlier studies [85, 58]. Here, two

water molecules were considered to be hydrogen bonded if their oxygen-oxygen separation

was less than 3.35 �A while the O...OH angle was equal to or less than 30°[156]. The average

hydrogen bond per water molecule in the first and second solvation shells of the ions are

shown in Fig. 4.3, and are compared to the results obtained for liquid water using the

PBE400 data set [58]. Our results clearly show a substantial suppression of hydrogen bonds

in the first solvation shell for all the cations, with the extent of the reduction decreasing

with the ion size: Li+ < Na+ < K+. In addition, we found that the presence of the cations

leads to a weak enhancement in the number of hydrogen bonds in the second solvation shell

relative to pure liquid water. However, beyond the second shell, our results show that the

hydrogen bonds of none of cation solutions differ from those of liquid water. Our findings
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Figure 4.3: Number of hydrogen bonds per molecule in bulk solutions as a function of solva-
tion shells. “Bulk” refers to the region outside the second solvation shell. The boundaries of
the 95% confidence interval for pure water (dotted horizontal line) were computed using the
PBE400 pure water data set[58]. The inset shows a closer view of the data for the second
shell and bulk regions.

are consistent with the results reported by Gaiduk et al. [85] for Na+, and indicate that the

effect of all cations on the water structure is rather localized.

In addition to the analysis of hydrogen bonds, we investigated the diffusion coefficient

of water in the presence of the ions, which was computed from the oxygen mean-squared

displacement. We find that the presence of cations does not affect water diffusion in a statis-

tically significant manner (See Table 4.1 for specific values) at the concentration considered

here, consistent with our hydrogen bonding analysis.

4.3.2 Dipole Moments and Molecular Polarizabilities

We now turn to examine ion effects on the dielectric properties of water molecules. In

particular, the dipole moments of water molecules in the solutions were computed using

maximally localized Wannier functions [280, 170, 105], and their average values are shown in
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Solution D [O] (x10-5 cm2/s)
Pure Water 1.95(27)
w/ Li+ 1.90(30)
w/ Na+ 2.21(34)
w/ K+ 2.43(39)

Table 4.1: Diffusion coefficient of oxygen for bulk ion solutions. The standard deviation of
the average diffusion coefficients of 10 independent trajectories is given in parentheses. Data
for bulk water comes from the PBE400 data set [58].

Figure 4.4: Left panel: The molecular dipole moments of water molecules in the bulk aqueous
solutions. Right panel: The molecular dipole moments of water molecules in the confined
solutions. “Ion SS” and “Cation SS” denote water molecules within the first solvation shell
of the ion/cation, while “Non SS” denotes all water molecules outside the first solvation shell
of the ions. In the abscissa: “W” denotes pure water.

Fig. 4.4 (left panel). We find that, for all the ions other than Li+, the water molecules in the

first ion solvation shell yield an average dipole moment reduced by at most ∼0.15 D, i.e., less

than 10% relative to the rest of the liquid. In contrast, water molecules in the first solvation

shell of Li+ exhibit a relatively weak enhancement of the dipole moment by ∼0.04 D. Most

importantly, we found that ion effects on the water dipole moment are negligible beyond the

first solvation shell, consistent with a previous study by Gaiduk et al., where the authors

concluded that water dipole moment is insensitive to the long-range effects introduced by

the solute (see Fig. 4.5). Our results are also in agreement with a previous first-principles

study [123], which similarly concluded that the effect of ions on the dipole moment of water

molecules is confined to the first solvation shell for aqueous solutions with the same cations,

at a similar concentration.
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(a) (b)

Figure 4.5: (S3) Molecular dipole moment distributions of bulk aqueous solutions for (a) the
molecules outside the ion solvation shell (non-SS) and (b) molecules within the first solvation
shell (SS).

The study of Ref. [85] on NaCl has shown that the molecular polarizability of water

molecules is a useful fingerprint of ion effects. We investigate here whether this conclusion

is general and applies to all alkali halide cations. In Ref. [85], an effective molecular polar-

izability (αeff
i ) of water molecules was employed, which is defined through the polarization

Pi of the ith molecule as Pi = αeff
i E, where E is an applied (external) electric field. In this

work, we instead employed the intrinsic water molecular polarizability αi, which is related

to the total polarization through the local field Eloc acting on the molecule: Pi = αiEloc,

where Eloc = E–Eenv, and Eenv is the field induced by the polarization Pj(j 6=i) of the rest

of the system on the ith molecule via multipolar interactions. More specifically, we used the

method developed by Pan et al. [195] to compute Eenv and thus the calculated αi includes

multipolar interactions at all orders. A comparison of αi and α
eff
i for water is given in Fig.

4.6, where we found that αi has lower values and narrower distributions; however the rela-

tive ordering of the projections over molecular axes is the same for both quantities. For the

purpose of comparing water molecules under different environments, it is more appropriate

to consider the intrinsic polarizability. Indeed, in the definition of intrinsic polarizabilities,

induced fields from the environment are subtracted (Eenv) and hence polarizabilities under

different environments can be directly compared. In addition, we emphasize that the use of
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Figure 4.6: Comparison of the molecular polarizability, αi, and the effective molecular po-
larizability, αeff

i , for pure water. “Bis” indicates the component of molecular polarizability
that bisects the HOH angle; “PIP” indicates the component perpendicular to Bis in the
molecular plane; “POP” indicates the component perpendicular and out of the molecular
plane.

the method introduced in Ref. [195] enables the inclusion of not only dipolar but also all the

multi-polar effects in the calculation of the polarizability at the DFT level of theory.

Our results for the average molecular polarizabilities (ᾱi =
1

3
Tr(αi)) of bulk ionic solu-

tions using 140 snapshots extracted equally spaced in time from our simulations are reported

in Fig. 4.7 (left panel). Snapshots used for the calculations were extracted from the entire

trajectories, with at least ∼0.24 ps interval in between. We note that results obtained with

80 and 140 snapshots were indistinguishable. In particular, we compared the average water

molecular polarizability in the first ion solvation shell (SS) to all molecules outside the first

solvation shell (defined as non-SS) for all ion solutions. We found that the average ᾱi of the

first SS is smaller than that of non-SS for all cations, following the ion size trend Li+ < Na+

< K+. The most significant change in polarizabilities between SS and non-SS was obtained

for Li+, with ∼6% difference, whereas Na+ and K+ yield a more modest difference of ∼2%

and ∼1%, respectively. Our result indicates that the trend of ᾱi among the cations is con-
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Figure 4.7: Left panel: Average molecular polarizability, ᾱi, of water molecules in the bulk
solutions. Right panel: Average molecular polarizability, ᾱi, of water molecules in the con-
fined solutions. “Ion SS” and “Cation SS” denote water molecules within the first solvation
shell of the ion/cation, while “Non SS” denotes all water molecules outside the first solvation
shell of the ions. In the abscissa: “W” denotes pure water.

sistent with that found for the number of hydrogen bonds (Fig. 4.3). In addition, consistent

with Ref. [85], we found that the cations and Cl− have different effect on the polarizability

of water. The perturbation induced on the water structure by the cations is local, whereas

that of Cl− can extend beyond the second solvation shell, leading to an overall reduction in

the water polarizability (Figure 4.7, left panel). We therefore expect that introducing Cl−

to the solutions would slightly reduce the overall polarizability of water molecules in the

solution.

In addition to the average water molecular polarizability, we investigated the component

of αi in the direction perpendicular to and out of the molecular plane (αPOP
i ), which has

been shown to be the most affected by the hydrogen bonding environment, and even sensitive

to changes outside the second solvation shell of sodium. [85]. We show the long-range effect

of ions on αPOP
i in Fig. 4.8, where “bulk” refers to all water molecules outside the second

solvation shells of ions. We found that both ᾱi (see Fig. 4.9) and αPOP
i show the same

trend as a function of ion type. Importantly, we found that αPOP
i of water molecules outside

the second ion solvation shell is different relative to the corresponding average value in pure

water, outside statistical error bars. Our results indicate that polarizabilities are sensitive
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Figure 4.8: Perpendicular out-of-plane (POP) dimension of molecular polarizability (αPOP
i )

for bulk solutions. “Ion SS” denotes molecules within the first solvation shell of the ions,
while “Bulk” denotes molecules outside the second solvation shell of the ions. In the abscissa:
“W” denotes pure water.

to changes induced by ions even beyond the second ion solvation shell of the liquid. Hence,

we confirm and generalize the findings of Gaiduk et al., who found that polarizabilities are

fingerprints of long-range effects in the case of Na+, though in Ref. [85] only values of αeff
i

were computed, in contrast to intrinsic polarizabilities in this work.

4.4 Equilibrium Isotopic Fractionations of Potassium in Minerals

and Water

Reproduced in part with permission from H. Zeng, V. Rozsa, NX Nie, Z. Zhang, T.A. Pham,

G. Galli and N. Dauphas, ACS Earth Space Chem. 2019, 3, 11, 2601-2612, (2019). Copyright

2019 American Chemical Society.

4.4.1 Introduction

Having analyzed in detail the effect of ions on water in several aqueous solutions, we turn to

a different application of these simulations to a problem of geophysical relevance: isotopic
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Figure 4.9: (S4) Average molecular polarizability, ᾱi, of water molecules in the bulk solutions.
In the abscissa: “W” denotes pure water. “Ion SS” denotes molecules within the first
solvation shell of the ions, while “Bulk” denotes molecules outside the second solvation shell
of the ions.

fractionation of potassium in water. Potassium is a moderately volatile, lithophile element

that is present in relatively high abundance in the ocean [148], Earth’s crust [148, 281, 224],

bulk silicate Earth (BSE) [36, 258], and in the solar system [7, 100, 153]. Understanding how

K isotopes are fractionated at equilibrium between vapor and condensed phases is important

for understanding why planetary bodies are depleted in these moderately volatile elements.

The isotopic compositions of K could help trace continental weathering and reverse weath-

ering in marine sediments, which both influence climate processes. Thanks to improvements

in purification protocols and multi-collector inductively coupled plasma mass spectrometry,

the isotopic composition of K (expressed using the 41K/39K ratio) can now be measured

with a precision of ∼0.1‰ [277, 276, 45, 115, 147, 196, 116], spurring wide interest in K

isotopes, which have now been used to study weathering [216, 145], seafloor alteration [196],

and volatile element depletion in planetary materials [118, 5, 263, 277]. Potassium isotopic

compositions are reported as the per mil (‰) deviation (41K) of the ratio of two potassium

stable isotopes 41K (6.730%) and 39K (93.258%), relative to the inferred composition of the
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mantle or the NIST standard reference material 3141a. K isotopic variations are thought to

follow the laws of mass-dependent fractionation, meaning that the relative deviations in the

40K/39K ratio are approximately half those of the 41K/39K ratio (δ40K= δ41 K/2)[23, 272].

Despite progress made in measuring the isotopic compositions of K, understanding the

cause of the isotopic variations for those elements in natural systems can be challenging,

partly due to an insufficient theoretical understanding of how equilibrium and kinetic pro-

cesses control the fractionations of K isotopes. More work is needed to understand how the

isotopic compositions of Rb and K are fractionated at equilibrium between different miner-

als, gaseous species, and water. These fractionations are critical for interpreting the origin of

K isotopic variations in low-temperature aqueous systems and planetary/nebular processes

that involved the volatilization of K. Because equilibrium fractionation properties are highly

sensitive to coordination numbers and to nearest neighbor distances, we used first-principle

molecular dynamics (FPMD) to study hydrated K+, capturing many instantaneous config-

urations of the fully hydrated K+, in contrast to a cluster approach where static hydrated

configurations are considered.

Our results suggest that (a) equilibrium fractionation between K-bearing clays (illite)

and seawater could be a significant source of oceanic 41K enrichment and (b) the bond

strengths of Rb and K are similar, so equilibrium processes are expected to impart correlated

isotopic fractionations to Rb and K that differ from kinetic processes, providing a means of

distinguishing between equilibrium and kinetic processes in nature.

4.4.2 Equilibrium Fractionation

Isotopic fractionation is defined as the relative partitioning of heavier and lighter isotopes

between two coexisting phases in a natural system. Equilibrium isotope fractionation for an

element X between two phases A and B (αA-B) can be calculated using the rpfr (or β-factor)

of each phase[23, 272, 26]
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αA−B =
(X ′/X)A

(X ′/X)B
=
βA

βB
(4.1)

whereX, X ′ refer to the abundances of two isotopes of an element. The rpfr can be calculated

from [26]

β =

3N∏
i=1

∏
q

νi
ν′i
× e−hνq,i/2kT

1− e−hνq,i/kT
× 1− e

−hν′q,i/kT

e
−hν′q,i/2kT

1/n·Nq

(4.2)

where N is the total number of atoms in the unit cell, νq,i and ν′q,i are the frequencies of

vibrational mode i for two isotopes at a given wavevector q, Nq is the total number of q-

vectors, and n is the number of isotopic sites in the unit cell. When measured experimentally,

equilibrium isotopic fractionation (in ‰) between two phases is expressed as

∆A−B(‰) = 1000 lnαA−B = 1000(ln βA − ln βB) (4.3)

To good approximation, one can write 1000 ln β as a polynomial expansion in even powers

of the inverse of the temperature [57, 205]

1000 ln β =
A1

T 2
+
A2

T 4
+
A3

T 6
(4.4)
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where A1, A2, A3 are constants that depend on the mineral/phase considered. The coefficient

of the first-order term, which always dominates the rpfr, especially at high temperatures

(>200K), can be rewritten as

A1 = 1000

(
1

M ′
− 1

M

)
~2

8k2
F (4.5)

where ~ is the reduced Planck constant, k is the Boltzmann’s constant, M ′ and M are

the masses of the two isotopes, and 〈F〉 is the mean force constant of the K or Rb bonds

(equivalent to the spring constant of a harmonic spring), which can be calculated from the

partial phonon density of states (PDOS, g(E))[57]

F =
M

~2

∫ +∞

0
E2g(E)dE (4.6)

At high temperature for 39/41K, eq 4.4.2 can be written as

1000 ln βK ' 5500
〈F 〉
T 2

(4.7)
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4.4.3 FPMD of Potassium in Water

We carried out FPMD of aqueous K+ as described in Section 4.3, using the Perdew, Burke,

and Ernzerhof (PBE) exchange correlation functional [199]. This relatively simple functional

was chosen as it was reported that there is no significant difference in rpfr calculated from

PBE and van der Waals functionals [67]. We used the same functional for minerals and

hydrated potassium, to facilitate comparing fractionation factors for different systems and

to take advantage of cancellation of errors. We considered configurations of solvated K+

from 20 uncorrelated snapshots over the entire trajectory.

In addition to the hydrated K+ simulations, several minerals were studied, including or-

thoclase (KAlSi3O8), microcline (KAlSi3O8), albite (NaAlSi3O8), anorthite (CaAl2Si2O8),

muscovite (KAl3Si3O12H2), illite (KAl2Si4O11F), phlogopite (KAlSi3Mg3O12H2), and sylvite

(KCl). A visualization of the mineral structures as well as the aqueous K+ systems is given in

Fig. 4.10. Structural relaxation and phonon calculations were carried out with the Quantum

ESPRESSO code[93]. Phonon calculations were performed for each structure using density

functional perturbation theory [15]. Further details of the solid phase calculations are given

in Ref [288].

We calculated the rpfr for aqueous K+ by extracting 20 snapshots for rpfr convergence

with respect to number of snapshots) from MD trajectories, and performed phonon calcula-

tions on the relaxed snapshot structures, to use a consistent approach for the liquid and the

minerals. In PDOS calculated for aqueous K+, we can clearly see couplings to the H-O-H

bending and O-H stretching modes at higher frequency (Fig. 4.11).

The calculated rpfr of aqueous K+ shows some variability (see error bars in Fig. 4.12

across different snapshots due to dynamical changes in the coordination environment of K+.

In our FPMD simulation we found that the coordination number of K+ varies from 4 to

10 between snapshots, with an average coordination number of 6.7. We averaged the rpfr

obtained from 20 snapshots uniformly spaced in time, whose average coordination number,

7.2, is comparable to that obtained over the whole trajectory. Similar to the results of Ducher
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Figure 4.10: Structures of minerals and aqueous K+. Albite, anorthite, microcline, and or-
thoclase share the feldspar structure. Red represents O, white represents H, green represents
Cl, dark blue represents Si, light blue represents Al, purple represents K, brown represents
Mg, and grey represents F.

Figure 4.11: Phonon density of states (PDOS) for aqueous K+. The full spectrum in log-
arithm scale shows higher frequency couplings to the H–O–H bending and O–H stretching
modes.
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Figure 4.12: Temperature dependence of 1000 ln β for K. The error bars are the standard
errors of the mean value for aqueous K+.

et al. for solvated Zn, we found little correlation between rpfr and coordination numbers

(R2=0.05), so the small difference between the average over the selected samples and whole

trajectory should have an insignificant impact on the computed rpfr [67]. We also assume

that the dependence of phonon frequencies on temperature is weak, and use the computed

phonon frequencies across all temperatures.

4.4.4 Mineral/Water Fractionation: Comparison with Experiments

While the database of K isotope measurements of sediments and products of weathering is

rapidly expanding[45, 115, 216], the rpfr of K+ in aqueous media has not been studied. The

most relevant data that we can compare our calculations with are the experimental results

from W. Li et al., who studied equilibrium isotopic fractionation of K between soluble K-salts

and their saturated solutions, a proxy for aqueous K+[147]. W. Li et al. found indistinguish-

able K fractionation between sylvite and aqueous K+. One concern with such experiments
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is that achieving equilibrium between phases at room temperature can be difficult. Our

calculated rpfr indicates that sylvite and aqueous K+ have indistinguishable fractionation at

room temperature, given the current analytical precision on δ41 K measurements (∼0.1‰).

Our results thus agree well with the experimental results of W. Li et al. One potential

concern is that W. Li et al. used saturated sylvite solution while in our calculation K+ is

not saturated. However, we do not expect the concentration to have a significant impact

based on the study by Wang et al.[279], which shows that an increase in the simulation

concentration of Mg2+ from 1 Mg in 50 H2O to 1 Mg in 30 H2O only increases the rpfr of

Mg by ∼3%.

4.4.5 Mineral/Water Fractionation: Implications

Wang et al. reported a K isotopic fractionation between seawater and the BSE of δ41Kocean–BSE

= +0.6‰[276]. The residence time of K is on the order of 10 Myr, indicating that although

only a handful of measurements were reported, they are likely representative of Earth’s

oceans as a whole because the ocean mixing timescale is only around 1 kyr[51]. The heavy

isotope enrichment in seawater most likely involve K isotopic fractionation (kinetic or equi-

librium) between solvated K+ and minerals, either during terrestrial weathering[139, 61] or

due to uptake in silicate minerals in sediments and hydrothermal systems[27, 250, 139]. Li, S.

et al. evaluated the global mass-balance of K in the oceans using δ41K values of the sources

and sinks as inputs[145]. They found that potassium dissolved in river waters seems to be

shifted in its δ41K value by +0.55 pm 0.29‰ relative to the clay fraction in the same rivers,

and globally, the δ41K value of rivers is 0.22 ± 0.04‰, which is shifted by ∼+0.3‰ relative

to the BSE, which has a δ41K value of ∼ -0.52.(18,25,38) The riverine δ41K value is low rela-

tive to the seawater value of ∼+0.06 ± 0.10‰[146], which corresponds to a seawater-riverine

run off difference in δ41K values of +0.28 ± 0.11‰. There is insufficient data available at

present to evaluate what processes affect K isotopes on a global scale, which is important if

one wants to transfer knowledge of the present terrestrial cycle to the geological record.
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Our calculation of the K isotopic fractionation between solvated K+ and illite allows us

to partially address this question. At a temperature of 25 °C relevant to weathering at the

surface of continents, we calculate an equilibrium δ41K fractionation between water and illite

of +0.24‰. At a higher temperature of 100 °C relevant to hydrothermal systems or smectite-

illite conversion in sediments (50–100 °C), we calculate a fractionation of +0.16‰. The K

inputs in the oceans comprise (1) continental weathering and (2) mid ocean ridge hydrother-

mal fluxes. The sinks that remove K from the oceans are (1) the formation of K-bearing

authigenic clays and ion exchange during sediment diagenesis and (2) low temperature basalt

alteration. Given the elevated temperatures involved in hydrothermal systems, it is unlikely

that the hydrothermal flux has a δ41K value higher than seawater to balance the low δ41K

value of the rivers. To explain the elevated δ41K value of seawater relative to the sources

(rivers and mid ocean ridges), there must therefore be a negative fractionation between the

K sinks and seawater (δ41Ksinks – δ41Kseawater < 0). Li, S. et al. estimated that the iso-

topic fractionation between sediments (formation of authigenic clays and ion exchange) and

seawater must be 0.6 to 0.3‰[145]. The equilibrium fractionation that we calculate between

illite and solvated K+ is 0.24‰, which could explain the seawater value if the 0.3‰ shift

between sediment and seawater was the correct number or would be insufficient if the shift

was actually 0.6‰ (but it could still contribute to half of the overall shift). Further work is

clearly needed to better constrain the global geochemical cycle of K. In particular, combining

K and Rb isotopic analyses could provide new insights into these processes.

4.5 Conclusions

In summary, we investigated the effect of ions on the structural and dielectric properties

of water by carrying out first principles molecular dynamics simulations of several solutions

containing alkali ions and alkali halides. In the case of bulk water we found that Li+ and K+

have a local effect on the water structure, and that molecular polarizabilities are fingerprints

of hydrogen bond changes, generalizing the findings reported by Gaiduk et al. [85] in the case
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of Na+. We also computed diffusion coefficients of water, finding no cations to affect water

diffusion in a statistically significant manner at the concentration considered here (0.87 M).

This is consistent with the picture that emerged from hydrogen-bonding analysis, showing

that none of the cations studied here are global structure maker/breakers, and all have a

similar effect on the structure of water. Our work provides a set of statistically robust

reference data on ion solvation in pure water for future studies using more sophisticated

exchange-correlation functionals beyond the PBE approximation.

We also reported a thorough first-principles study of equilibrium fractionation properties

of aqueous K+ and K in common K-bearing minerals using DFT and FPMD, to provide

a framework for interpreting the isotopic variations documented in natural systems for K.

In water, we did not find a clear correlation between the strength of the K bonds and the

coordination number. The mean force constant of K bonds in water is ∼25 N/m. This falls

within the range of force constant values calculated by us and others for K-bearing minerals.

Based on the computed rpfr, we obtained the equilibrium K isotopic fractionation between

aqueous K+ and illite, taken as a proxy mineral for clays. At 25 °C, the fractionation is

+0.24 ‰, suggesting that equilibrium fractionation between aqueous K+ and K-bearing

clay minerals is most likely insufficient to explain the observed K heavy isotope enrichment

in seawater or river waters. Instead, this heavy K isotope enrichment could partly reflect

kinetic isotopic fractionation associated with diffusive transport or unidirectional chemical

reactions.
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CHAPTER 5

DIELECTRIC PROPERTIES OF CONFINED AQUEOUS

SOLUTIONS

Reproduced in part from V. Rozsa, T. A. Pham, and G. Galli, J. Chem. Phys. 152, 124501

(2020), with the permission of AIP Publishing.

5.1 Introduction

While we find the effect of solvation of ions to be rather local and primarily detectable at

longer distances in the molecular polarizability, the nanoscale confinement of water may be

expected to significantly perturb water properties. Nanoconfined water of water has already

been shown to cause many interesting and exotic changes to water properties, including

including enhanced diffusion[159, 14], elevated proton conductivity[163], the formation of

one-dimensional water chains [278], square ice phases [133, 46], and diameter-dependent el-

evated phase transition temperatures [260, 214, 2]. While many classical simulations have

been employed [211, 109, 178] to better understand such phenomena, first-principles simula-

tions of aqueous solutions confined at the nanoscale are still relatively rare [49, 278, 140, 241].

In this work, we present analysis of simulations in water and LiCl and KCl solutions under

confinement within carbon nanotubes (CNTs) of small diameter (1.1–1.5 nm). In particular,

we examine how the molecular polarizabilities are altered by confinement and ion solvation

under confinement, having been established as a good fingerprint of ion perturbations in

bulk water.

In section 5.2, we discuss he computational methods in our simulations of nanoconfined

aqueous solutions. In section 5.3, we present the results and analysis of our confined simula-

tions. In Section 5.4 we present conclusions about the dielectric properties under confinement

and their relation to ion solvation properties.
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5.2 Computational Methods

We considered water confined in carbon nanotubes (CNTs) with two different diameters,

including 1.5 nm and 1.1 nm, that correspond to the (19×0) and (14×0) semiconducting

CNTs. Specifically, the liquid confined in CNTs was modelled using supercells of dimension

a = b = 21.17 �A, c = 17.0 �A, and a = b = 17.25 �A, c =25.56 �A, respectively. Our simulation

model contained 54 water molecules for the 1.5 nm CNT, whereas 34 water molecules were

included for the 1.1 nm CNT. We also considered confined salt solutions in the 1.1 CNT, using

a supercell that contained one cation-anion pair and 32 water molecules. The concentration

for the confined solutions is higher than in the bulk: 1.63 M, but it can still be considered

close to a dilute limit case. The number of water molecules was chosen so as to obtain the

experimental equilibrium density of water at ambient conditions. In particular, we estimated

the thickness of the exclusion volume present at the interface between water and CNT wall

to be ∼2 Å [49]. This thickness was employed to determine the number of molecules needed

to fill up the tubes in order to obtain a density of ∼1 g/cm3. All samples were equilibrated

for 100 ps using the SPC/E classical potentials for water molecules, and the final structure

was then used as input for the first-principles simulations. For the salt solutions under

confinement, the initial configurations were obtained by replacing two water molecules with

one cation and one anion.

Our first-principles simulations were carried out using Born–Oppenheimer molecular dy-

namics simulations with the Qbox code [104, 1], with the interatomic forces derived from

density functional theory (DFT) with the Perdew, Burke, and Ernzerhof (PBE) [198] ap-

proximation for the exchange-correlation energy functional. The interaction between valence

electrons and ionic cores was represented by norm-conserving pseudopotentials [107], and the

electronic wave functions were expanded in a plane-wave basis set truncated at a cutoff en-

ergy of 85 Ry. All hydrogen atoms were replaced with deuterium to maximize the allowable

time step, which was chosen to be 10 au. We note that the PBE functional was employed

in this work as we are mainly interested in qualitative effects of confinement, and the use of
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this functional allows for reasonable structure at manageable computational cost [58, 204].

We equilibrated confined solutions at a constant temperature of T = 400 K for at least 10

ps. An elevated temperature was chosen, as use of the PBE approximation is known to yield

an overstructured liquid at ambient conditions, and the use of a simulation temperature of

∼400 K was shown to recover the experimental liquid structure and water diffusion coefficient

at T = 300 K[239]. We ran single 25 ps simulations for the confined solutions due to their

higher computational cost.

5.3 Results and Discussion

5.3.1 Choice of CNT Diameters

We now turn to discuss the perturbation to water induced by confinement. In particular,

we examined liquid water and salt solutions confined in carbon nanotubes with the diameter

of 1.1 nm. This specific diameter was chosen due to a unique balance between permeability

and salt rejection, making it the “Goldilocks diameter” for desalination applications [266].

In addition, it has been shown that 1.1 nm CNTs exhibit a pronounced local minimum in the

diameter-dependent diffusion [14] and anomalous phase transitions [2]. For comparison, we

also considered liquid water confined in a 1.5 nm CNT; as we show below, water molecules can

be effectively considered all interfacial in the 1.1 nm CNT, whereas a demarcation between

interior and interfacial water molecules may be made in the 1.5 nm CNT. In this regard, the

use of 1.1 nm and 1.5 nm CNTs provides proper models for understanding surface effects

under confinement [49, 140].

5.3.2 Confined Water

Our initial examination of the structure of water confined in the CNTs was based on the radial

density distribution function. As expected, we find that water molecules do not occupy the

central region of the 1.1 nm CNT, and therefore all water molecules can be considered to be
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Figure 5.1: (S5) Radial density distributions for (a) oxgyen and hydrogen in all solutions in
1.1 nm nanutubes, (b) all species in (LiCl)aq. 1.1 nm solution, (c) all species in (KCl)aq. 1.1
nm solution, (d) all species in water confined in the 1.5 nm nanotube.

interfacial in this geometry (Fig. 5.1). This is in contrast to the 1.5 nm CNT, which exhibits

both well-defined interior and interfacial water layers. A rendering of the two nanotube

configurations showing these properties is given given in Fig. 5.2. In addition, we found a

strong preferential alignment of water molecules inside in the 1.1 nm CNT, as indicated by

the (20◦) maximum in the dipole-dipole angle distribution function (Fig. 5.4). We found

some preferential alignment of water molecules in the larger CNT as well, however the effect

is less pronounced. Finally, over the time scale of our simulations, we found no evidence of

the square ice formation at the ambient conditions, consistent with previous reports [49].

The average water dipole moments of the confined systems, as obtained by averaging

over 100 snapshots, are shown in Fig. 4.4, right panel. We found that water molecules

under confinement exhibit reduced molecular dipole moments relative to the bulk value,
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Figure 5.2: (S6) The 1.1 nm diameter CNT (left) and 1.5 nm diameter CNT (right) systems.
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Figure 5.3: (S7) The dipole-dipole angle distributions for confined aqueous solutions as well
as pure bulk water.
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(a) (b)

Figure 5.4: (S8) Molecular dipole moment distributions of all confined aqueous solutions for
(a) the molecules outside ion solvation shells (non-SS) and molecules of pure water for 1.1
and 1.5 nm nanotubes and (b) molecules within the first solvation shell (SS) in the 1.1 nm
nanotube.

with a greater reduction in the smaller tube (9% and 7%, for 1.1 nm and 1.5 nm CNTs

respectively). A better understanding of this reduction may be inferred from Fig. 5.5 (left

panel), where we present the radial dependence of the water dipole moment, which is shown

to decrease as a function of the distance from the tube center. In particular, we found that

dipole moments of water molecules in the interior of the 1.5 nm CNT remain close to those

of bulk water, while the molecules belonging to the interfacial region exhibit a monotonic

reduction of their dipole moment, as a function of the distance from the interface. In the case

of the 1.1 nm CNT, all molecules are interfacial and exhibit a significant reduction of their

dipole moment at all distances from the interface, except for a limited number of molecules

residing the closest to the center of the CNT. Overall, our results for confined liquid water

are consistent with those of Ref. [49].

Interestingly, we found that the changes of the molecular polarizability of water molecules

under confinement are more complex than those of the dipole moment. We found that the

average water polarizability in the 1.1 nm CNT, where all water molecules are interfacial, is

enhanced by ∼3% relative to the bulk value, whereas the average water polarizability in the

1.5 nm CNT is unchanged relative to bulk (Fig. 4.7, right panel). The radial dependence
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Figure 5.5: Left panel: The radial dependence of molecular dipole moments of water
molecules in confined aqueous solutions. Right panel: The radial dependence of the average
molecular polarizability of water molecules in confined aqueous solutions. All distances are
measured along the nanotube axis, from the tube center, and distance on the abscissa are
the results of a histogram with bins of width 0.5 �A.

of the molecular polarizabilities is shown in Fig. 5.5 (right panel), where all systems exhibit

enhancement at the interface. Molecular polarizability in the 1.5 nm CNT is being balanced

between lower interior polarizabilities (by ∼15% relative to bulk) and enhanced ones (by

∼23% relative to bulk) in the interfacial region.

To further understand the change in the water molecular polarizability under confine-

ment, we considered the cartesian components of αi: α
XX
i , αYY

i , and αZZ
i , where X, Y and Z

denote the axes of the simulation cell (Fig. 5.6). We found that αZZ
i is primarily responsible

for the reduction of ᾱi in the interior of the 1.5 nm CNT as well as the enhancement in the

interfacial region; specifically, αZZ
i increases by ∼88% between interior and interfacial water

molecules, compared to a value of ∼14% obtained for the other components. In addition, our

results show that while αZZi is the most affected component in the 1.1 nm CNT as well, the

anisotropy between the three polarizability components is much weaker than for the 1.5 nm

CNT.

In order to investigate the reasons for the enhancement of αi near the interface, we

computed dipole moments and molecular polarizabilities in the presence and absence of

the confining CNT, for the same exact configurations obtained from simulations where the
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(a)
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Figure 5.6: (S9) Radial dependencies of molecular polarizability decomposed into system
coordinates for (a) 1.5 nm confined water, (b) 1.1 nm confined water, (c) (LiCl)aq. 1.1 nm
solution, and (d) (KCl)aq. 1.1 nm solution. For better visualization of trends, (a) is plotted
with a larger range of αi than (b-d).
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Figure 5.7: (S10) Dipole moments of water molecules in the confined solutions. The points
in the unshaded region are reproduced from Fig. 4.4, while the data in the shaded region
correspond to the same solutions, where dipole moments were computed without the nan-
otube present. “Cation SS” and “Cl− SS” denote water molecules within the first solvation
shell of the cation and chloride, while “Non SS” denotes all water molecules outside the first
solvation shell of the ions. In the abscissa: “W” denotes pure water.

CNTs are present. We found that the dipole moments are unchanged by the presence of

the confining surface (see Fig. 5.7), indicating that the reductions of dipole moments under

confinement are driven by changes in the water structure, i.e. broken hydrogen bonds, and

not by interfacial effects. The results for molecular polarizability are given in Fig. 5.8,

showing significant reductions of ∼0.1 �A3 in all solutions when the CNT is absent: molecular

polarizabilities are reduced by ∼6-7% relative to bulk values. These results indicate that

the variation in the water polarizability confined in a CNT is due to competing structural

and interfacial effects. In particular, the polarizability decreases relative to bulk water, due

to broken hydrogen bonds at the interface; such a decrease is counterbalanced by that of

the interaction with the confining surface, which is responsible for a polarizability increase.

In the 1.1 nm CNT case, where all water molecules are at the interface, the effect due to

the interaction with the CNT is dominant, leading to an overall increase of the molecular

polarizability in confinement. In the 1.5 nm CNT case, the balance of interfacial and broken

hydrogen bond effects lead to the same average polarizability as in the bulk.

Overall, our findings on water dipole moment and polarizabilities point to important

effects of nanoconfinement on the electronic properties of liquid water. These results are
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Figure 5.8: Average molecular polarizability, ᾱi, of water molecules in confined solutions.
The points in the unshaded region are reproduced from Fig. 4.7, while the data in the shaded
region correspond to the same solutions, where polarizabilities were computed in the absence
of the CNT. “Cation SS” and “Cl− SS” denote water molecules within the first solvation
shell of the cation and chloride, while “Non SS” denotes all water molecules outside the first
solvation shell of the ions. In the abscissa: “W” denotes pure water.

further corroborated by investigating the band gap of confined liquid. In particular, we

obtained a value of 3.87 (0.06) eV and 3.88 (0.04) eV for water confined in the 1.1 nm and

1.5 nm CNTs, respectively, by using 200 water snapshots extracted from the simulations.

Here, the numbers reported in parentheses are limits of the 95% confidence error using the

Student’s T-test. The band gaps under confinement are reduced by less than 10% relative

to that of bulk water, consistent with other studies that found reductions of the water’s

band gap at the surface of the liquid[87]. We note that the absolute value of the computed

gaps largely underestimates experimental values due to the limitation of the PBE functional;

however we expect to obtain the same trends at higher levels of theory. [203, 90] Finally,

we found that the gaps obtained using the whole systems, inclusive of the tube, yielded

an additional reduction due to the hybridization between water and carbon states, and to

carbon states falling in the gap of the liquid.
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5.3.3 Confined ion solutions

We now turn to examine the combined effects induced by the presence of solvated ions and

confinement on water by examining LiCl and KCl solutions in the 1.1 nm CNT. We found that

Li+ resides closest to the tube center, followed by K+ and Cl− (see Fig. 5.1). In addition,

we found clear evidence of ion disruption to the dipolar orientations of liquid water reported

in the previous section. In particular, we found that the dipole-dipole angle distribution

of both confined salt solutions has a reduced intensity at low angles (e.g. higher dipolar

alignment) relative to pure water. The presence of ions also decreases the hydrogen bond

lifetime in the confined solutions (Fig. 5.9). These results are consistent with experimental

X-ray diffraction studies by Ohba et al. [185], who attributed increased intermolecular water

distances and weakened hydrogen bonding of NaCl solutions in 2 nm diameter CNTs to

the disruption introduced by the solvated ions. Our findings are also supported by recent

classical MD simulations on Na+, K+, and Cl− ion solutions confined in CNTs of diameters

up to ∼1 nm [109], which found disruptions to the hydrogen bond structure across all ions.

The confinement of pure water at 1.1 nm caused a reduction of the average dipole moment

by ∼9% relative to the bulk. We find that this reduction is enhanced by the presence of

solvated ions, as the dipole moment of water molecules outside the first cation solvation

shell is reduced by ∼13% and ∼12% relative to pure bulk for the LiCl and KCl solutions,

respectively. This is consistent with the structural modifications leading to smaller dipolar

alignments and disrupted hydrogen bonding due to the ions. Similarly, while ᾱi of pure

water at 1.1 nm was enhanced by ∼3% relative to bulk water, in the LiCl and KCl solutions

polarizabilities were both enhanced ∼4%. These results show that at the concentration

considered here, the solvation of ions moderately amplifies the effects of confinement on

dipole moments and molecular polarizabilities. Furthermore, given the similar effects found

for LiCl and KCl, these results suggest minimal effects of the cation identity (e.g. Li+ vs

K+) past the first solvation shell, consistent with our findings for the bulk solutions. Our

results also show that the effect of counterions on the water structure is more complex under

65



0 2 4 6 8 10
Time (ps)

0.0

0.2

0.4

0.6

0.8

1.0

C
H

B
(t

)

Water, 1.1 nm

Water, 1.5 nm

(LiCl)
aq.

 1.1 nm 

(KCl)
aq.

 1.1 nm

Bulk Water

Figure 5.9: (S11) The hydrogen bond existence correlation functions for confined ion so-
lutions (solid lines) and bulk water (dashed lines). Here, CHB(t) is the hydrogen bond

existence correlation function,
〈h(t)h(0)〉
〈h〉

, where h is 1 when a tagged species in the system

is hydrogen-bonded or 0 if it is not.

confinement. While the introduction of Cl− in the bulk solutions reduces the polarizability

of water molecules, we do not observe any reduction in the case of confined solutions.

Notably, we find that the Li+ solvation shell is structurally resilient under confinement,

maintaining a tight tetrahedral coordination. The structural resilience of the confined Li+

solvation shell was recently reported by using experimental XRD [129], finding that the

hydration number of Li+ in 2 nm CNT to be much more bulk-like than that of larger

cations. We also found that the water dipole moment in the Li+ solvation shell (see Fig.

4.4, right panel) under confinement is similar to the bulk; specifically, the water dipole

moment is enhanced in the first solvation shell relative to the rest of the liquid. Likewise,

the qualitative behavior of the polarizability of the Li+ solvation shell molecules (see Fig. 4.7,

right panel) is similar to that of the bulk: ᾱi is suppressed relative to its non-SS counterpart.

In the case of K+ and Cl− under confinement, we find that K+ and Cl− are desolvated

relative to the bulk. In particular, the oxygen coordination of K+ decreases from 6.8 in the
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bulk to 5.4. under confinement, whereas that of Cl− decreases from 6.0 to 4.7 and 5.5 in

the KCl and LiCl solutions, respectively. In contrast to Li+, for these larger ions, we found

no difference in the dipole moment between water inside and outside the first ion solvation

shell. This differs from their corresponding bulk behavior, where water dipole moments in

the K+ and Cl− solvation shell are reduced relative to the bulk value. Similarly, the ᾱi of

water molecules in the first solvation shell of K+ is indistinguishable from that of non-SS

water molecules, again in contrast to the bulk behavior. Collectively, we found that water

molecules in the solvation shell of Li+ preserve their bulk patterns due to the rigidity of the

ion solvation, whereas those belonging to the solvation shell of larger ions, do not.

5.4 Conclusions

We found that under confinement, two competing effects influence the value of the polar-

izability of water molecules: we observed a reduction due to broken hydrogen bonds, and

an enhancement caused by the interaction of water molecules with the CNT interface. The

latter dominates in the narrow CNT (1.1 nm) where all water molecules are interfacial, re-

sulting in ∼3% enhancement in the molecular polarizability relative to bulk water. In the

wider CNT (1.5 nm) that contains both interior and interfacial water molecules, the broken

hydrogen bonds and interfacial effects offset each other, yielding a total polarizability un-

changed from that of the bulk. We also note that, under confinement, the polarizability of

water molecules is highly anisotropic, with enhancements and reductions observed primarily

in the component of the polarizability along the nanotube axis. The effect of confinement

also led to a small reduction of band gaps for both CNTs. We found that ion solvation leads

to a slight amplification of confinement effects on water molecular polarizabilities and dipole

moments in the 1.1 nm CNT. Several trends observed for properties of ion solvation in the

bulk were found to be the same under confinement, including the local effect of cations. In

addition, we found that the Li+ solvation shell is structurally resilient under confinement,

with similar modifications of water dipole moments and polarizabilities in the ion solvation
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shell as in the bulk. In contrast, the larger cation K+ is desolvated under confinement and

does not maintain the bulk trends in ion solvation shell dipole moments and polarizabilities.

Overall, our findings demonstrate the sensitivity of molecular polarizability to the per-

turbation introduced by both solvated ions and confinement on liquid water. Our results

highlight the importance of the inclusion of polarizability for realistic simulations of wa-

ter in complex environments, and may assist with parameterization of future interatomic

potentials.

68



CHAPTER 6

AB INITIO SPECTROSCOPY AND IONIC CONDUCTIVITY

OF WATER UNDER EARTH MANTLE CONDITIONS

Reproduced in part from V. Rozsa, D. Pan, F. Giberti, and G. Galli, Proc. Nat. Acad. Sci.

USA, 115 (27) 6952-6957, (2018).

6.1 Introduction

Water at extreme conditions plays a critical role in earth and planetary science. For exam-

ple, ice has been proposed to exist in cold, subducting tectonic slabs at 10-20 GPa, bearing

large reservoirs of water with immense impact on terrestrial geochemistry [24]. In addition,

recent studies supported the existence of stable hydrous silicate minerals in the deep earth

[182], and of local aqueous pockets in the upper mantle [271] where water is an important

medium to transport oxidized carbon [128, 192]. At the fundamental level, high pressure

and temperature create complex changes in the bonding and structural properties of water,

eventually leading to dissociation, and many of these changes remain poorly characterized.

One of the reasons stems from experimental difficulties in probing the liquid at extreme

conditions, including water’s reaction with metals present in the experimental apparatus,

high corrosiveness of the liquid, and other limitations of current high-pressure experimental

techniques. Available measurements of water at extreme conditions are mostly limited to

vibrational spectroscopy and conductivity, obtained in static and shock-wave high pressure

experiments. On the theoretical side, spectroscopic signatures and ionic transport may not

be studied with simple classical simulations, due to the presence of complex dissociation

processes. Hence, their investigation calls for the use of quantum mechanical calculations,

which are usually rather demanding from a computational standpoint. To this date there

have been few ab initio simulations of high pressure water encompassing structural, vibra-

tional and transport properties (e.g. ionic conduction); for example no vibrational spectra
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Liquid 

Solid 

Figure 6.1: The phase diagram of water at high pressure (P) and temperature (T). All points
are experimental data, marking the ice VII/liquid transition unless otherwise specified. Other
points mark the proposed ice VII/solid (S/S), solid/liquid (S/L), solid/amorphous (S/A),
and amorphous/liquid (A/L) transitions. Proposed triple points (TP) of ice VII, liquid,
and ice X phase are marked as squares. The (P,T) conditions investigated in this work are
marked with yellow stars.

have been computed for the fluid close to the ice VII melting line, and water conductivity

has been investigated primarily at conditions well above 20 GPa. [37, 97, 79, 78].

Overall the water phase diagram at high pressure is still poorly known, with many con-

troversial results present in the literature, e.g. regarding the location of the melting line in

the region of 10-50 GPa (see Fig. 6.1). A number of experimental studies [65, 74, 98, 66]

indicate the presence of a melting line near 700 K at 20 GPa, almost 400 K lower than previ-

ously reported[235, 238]; however, the most recent measurements proved to be inconclusive

in fully resolving the discrepancy[4]. In addition, three markedly different locations for the

triple point of the liquid, ice VII, and ice X have been proposed in the literature[68], differing

by 500 K and 10 GPa. The structural and dynamical properties of the fluid close to melting

are also not well established, with ongoing debates on many fronts, including the existence

of plastic ice phases close to the ice VII melting line [261, 8], the molecular or dissociative
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nature of water [122] and the primary mechanism of ionic conduction [78, 60]. Some studies

suggested a unimolecular dissociation process [114, 97, 285, 80, 99], H2O H+ + OH–

occurring above 10 GPa and 1000 K, while others pointed at the existence of bi-molecular

dissociation [237, 98, 79], i.e. 2 H2O H3O+ + OH– similar to low pressure, with some

experiments being unable to corroborate either mechanism[151]. Likewise the interpretation

of vibrational spectra [98, 114] of high pressure water remains controversial.

To shed light on the water phase diagram between 10 and 20 GPa, we carried out a

series of ab initio simulations aimed at characterizing the structure of the fluid, its vibra-

tional spectra and the mechanism of ionic conduction. We focused on three specific (P, T)

conditions, including one (11 GPa and 1000 K) where the system is believed to be a fluid

according to all experiments, and for which measured Raman spectra are available, and

another condition (20 GPa and 1000 K) characterized as either solid or liquid by different

measurements. We also considered an amorphous phase, quenched from the liquid (16 GPa,

500 K), to compare vibrational signatures of fluid and disordered solid water in a similar

pressure range. We computed ab initio molecular dynamics trajectories of length ∼240 ps

at each of the (P, T) conditions. Our results are consistent with the most recent estimates

[98, 66] of the location of the water melting line between 11 and 20 GPa; our simulations

provide a detailed microscopic picture of the fluid, including dissociation mechanisms, and

the origin of its high conductivity above 10 GPa.

In section 6.2, we discuss he computational methods in our simulations of high P/T

aqueous solutions. In section 6.3, we present the results and analysis of our simulations,

including structure/diffusion analysis, various vibrational spectra, and ionic conductivity

calculations. We offer conclusions in section 6.4.

6.2 Computational Methods

We performed ab initio MD simulations in the Born–Oppenheimer approximation with the

PBE exchange-correlation functional [198] and the Qbox code [1]. The choice of the PBE

71



functional was motivated by the good agreement with experiment found for the fluid equation

of state at high pressure [192, 193, 194].

We used norm-conserving pseudopotentials [273] (http://fpmd.ucdavis.edu/potentials/),

with a plane wave basis set and kinetic energy cutoff of 85 Ry, which was increased to 220

Ry for pressure calculations. The densities of water were 1.57 g/cm3 and 1.86 g/cm3, com-

puted at 1000 K to correspond to pressures of 11 and 20 GPa, respectively. Our simulation

supercell was cubic, with 64 water molecules. Molecular dipole moments were calculated

using maximally localized Wannier function centers[280, 103]. Temperature was controlled

with the stochastic velocity rescaling method [33]. Simulation timesteps were 5 au (0.121

fs), while the thermostat time was 121 fs. In the interest of computational time, the full

computation of DFPT-based polarizabilities was performed every 25 MD steps. Trajectories

were collected for ∼240 ps at each pressure, after initial equilibration of ∼10 ps.

6.3 Results and Discussion

6.3.1 Structure and Diffusion

We first determined whether water is solid or liquid at the conditions chosen in our study by

computing diffusion coefficients from the mean squared displacement of oxygen and hydrogen

(see Fig. 6.2A and Table 6.1). We found that at 1000 K, both at 11 and 20 GPa, water is a

liquid. Hence our results are consistent with the melting line reported by Lin, et al [151] but

not with studies which classified water as solid at these conditions, where the system was

suggested to be either in the ice VII [235] structure or adopt a new, unspecified crystalline

phase [234]. We found that the quenched phase at 16 GPa/500 K is instead non-diffusive

and we classified it as solid-like. A summary of the thermodynamic conditions and computed

diffusion coefficients is given in Table 6.1.

At 20 GPa/1000 K, we found that hydrogen diffuses twice as fast as oxygen. Clear

evidence of the dissociation processes occurring in the liquid emerges from the analysis
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ρ (g/cm3) T (K) P (GPa) DO (cm2/sec) DH(cm2/sec)

1.57 1020 ± 50 11 ± 1 ∼9x10−5 ∼9x10−5

1.86 1020 ± 51 20 ± 1 ∼3x10−5 ∼7x10−5

1.86 510 ± 25 16 ± 1 nondiffusive nondiffusive

Table 6.1: Density (ρ), computed temperature (T), pressure (P) and oxygen (DO) and
hydrogen (DH) diffusion coefficients for three first principles molecular dynamics trajectories.
Averages were computed over 240 ps.

of radial distribution functions (RDF), e.g. a significant intensity of the O-H RDF (Fig.

6.2B) near its first minimum. Further evidence of molecular dissociation is in the RDF

between oxygen atoms and maximally localized Wannier function centers (Fig. 6.2C). The

latter represent centers of charge in the system. There are four centers associated to an

intact water molecule, with two lone pairs and two bond pairs located within O-H covalent

bonds. The non-negligible intensity in correspondence of the minimum between lone and

bond pair distributions is a signature of proton transfer. We directly observed dissociation

and proton transfer events in our simulation, with frequent creation of short-lived (¡ 10 fs)

ionic products of bi-molecular dissociation events, consistent with earlier studies [237, 40].

While the most commonly observed ionic species are simple hydronium and hydroxide (6.3A),

we also detected the formation of larger transient ionic species, as defined by simple distance

cutoffs. Many of them are “Zundel” (H5O +
2 ) ions (Fig. 6.3B). Our observations of transient

multimolecular ionic species differ from the hypothesis of unimolecular dissociation, which

would imply the existence of free protons [114, 97, 285, 80].

Interestingly, at both 11 and 20 GPa the fluid exhibits a distinct second coordination

shell in the O-H RDF. This indicates that intermolecular hydrogen bonding persists at these

conditions, despite molecular dissociation and proton transfer events. The location of the

second peak of the O-H distribution is sensitive to pressure, varying from 1.75 Å at 11 GPa

to 1.62 Å at 20 GPa. In contrast, the maxima of the first coordination shell are in similar

locations at both pressures, confirming the insensitivity of water’s first coordination shell to

compression, as noted by other authors [29].
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A C B 

Figure 6.2: A) The mean squared displacement of oxygen/hydrogen at 11 GPa/1000 K, 20
GPa/1000 K, and 16 GPa/500 K. B) The Oxygen-Hydrogen radial distribution functions.
C) The Oxygen-MLWF radial distribution functions.

6.3.2 Ionic species and Ionic Lifetimes

We analyzed the presence of ionic species in compressed water as a function of time for the

∼11 and ∼20 GPa trajectories (see Table 6.1). Ionic species were defined using criteria based

on hydrogen bonding analysis. We defined a hydrogen and an oxygen atom as hydrogen

bonded when the distance between them is less than the second minimum of the OH radial

distribution function (RDF) and the deviation of the O – H...O angle from a straight line is

< 30◦[155]. Here O – H denotes a covalent bond and H...O an hydrogen bond. Using this

definition, we constructed the hydrogen bond network of each snapshot of our trajectories,

and then mapped the network onto a graph, with oxygens as vertexes and hydrogen bonds

as direct connections between pairs of vertexes.

In this framework, a hydronium ion, composed of three hydrogens and a central oxygen,

was identified as a chemical species donating three hydrogen bonds to its vicinal neighbors.

A hydroxide ion, composed of one hydrogen and one oxygen, was identified as a chemical

species donating one hydrogen bond while accepting three or more hydrogen bonds. This

strategy has also been used to identify constituent ions in water at ambient conditions [94].

The variation of the number of hydronium and hydroxide species over two short trajec-

tories at 11 and 20 GPa is plotted in Fig. 6.4, where the number of the two species has been

represented in different quadrants for clarity. The formation of H3O+ and OH− is clearly

74



B A 

C D 

Figure 6.3: Snapshots of configurations extracted from molecular dynamics trajectories at 20
GPa and 1000 K, showing short-lived ionic species. Color coding of ionic species is based on
a distance cutoff corresponding to the first minimum of the O-H radial distribution function.
Hydroxide ions are shown in green. A) A hydronium (yellow) /hydroxide pair, formed
after a bi-molecular dissociation event B) A Zundel-like H5O +

2 species (cyan) with a nearby
hydroxide C) A H7O +

3 species (dark blue) with a nearby hydroxide D) A H7O –
4 species

(blue) and an hydroxide ion.
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Figure 6.4: Number of ionic species along a short 11 (A) and 20 (B) GPa trajectory (see
text for definition of hydronium and hydroxide ions).

correlated, indicating that dissociation occurs as a bimolecular process. Fig. 6.4 shows a

larger concentration of hydroxide and hydronium ions at 20 than at 11 GPa; the same trend

was found over the entire trajectory. Thus we found that hydronium and hydroxide ions are

formed in a highly correlated fashion

We also investigated whether “free hydrogens” were present in our simulations. For each

hydrogen, at each step we calculated its coordination number with respect to oxygen. A

hydrogen was considered “free” if its coordination was 0, i.e. no oxygen was present within

a distance equal to the first minimum of the OH RDF. Then, for each free hydrogen, we

counted the number of contiguous snapshots over which the hydrogen persists as a free

species. We defined the lifetime, τ , of the free hydrogen as the time an hydrogen atom

spends as a free species. We constructed an histogram of all computed τ . By normalizing

the histogram with respect to the total number of snapshots and total number of hydrogens,

we obtained the probability, at a given time step, to observe a free hydrogen with a lifetime

τ . Fig. 6.5 displays the computed probabilities for two choices of cutoff distances for a 3 ps

portion of the 20 GPa trajectory containing dissociation events. We found extremely small

values of τ (<0.3 fs) with very low probabilities (< 2x10−5). Hence our results show that
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Figure 6.5: Probability to observe a free hydrogen as a function of lifetime τ (see text for
definition) over a 3 ps trajectory at 20 GPa, 1000 K. We show results for two cutoff distances:
1.25 Å, corresponding to the first minimum of the O-H RDF, and a cutoff 4% percent smaller.

free hydrogens are fleeting species, with no evidence of long-lived free hydrogens arising from

unimolecular dissociation.

In spite of its simplicity, the method adopted here to define free protons (using a cutoff

distance) clearly indicates that isolated hydrogen ions are transient species, consistent with

a bi-molecular dissociation mechanism. These rapid dissociation events occur in the liquid

at both 11 and 20 GPa, with frequency increasing with pressure (see Fig. 6.4), consistent

with the trend observed in RDFs.

6.3.3 Ionic Conductivity

In order to understand whether the short-lived hydronium, hydroxide, and more complex

ions (see Fig. 6.3) found in our simulation act as charge carriers, we computed the ionic
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conductivity of the fluid. Along the shock Hugoniot, the conductivity of water has been

shown to rapidly increase by several orders of magnitude under pressure, before reaching a

plateau on the order of 10 (Ωcm)−1 above 30 GPa [176]. This increase has been interpreted

as the result of increasing dissociation of water molecules [79], although the nature of the

ionic species responsible for conduction was not determined and the ability of ionic species

present in the fluid to effectively carry charge has been questioned in the literature [114, 60].

We computed ionic conductivities directly from first principles, without resorting to a-

priori definitions of ionic charges, e.g. geometric partitioning, [172][79], Mulliken [97] or

Born effective charges [78]. Avoiding approximate definitions of charges is key for obtaining

unbiased and predictive results for ionic conductivities. We computed σ through Eq. 3.28.

Instead of directly evaluating the integral of the correlation function of the total dipole

moment derivative, we employed the Einstein relation, according to Eq. 3.29.

In order to minimize statistical errors in the evaluation of Eq. 3.29, we partitioned the

trajectories over which M(t) was computed into many separate portions of length 10 ps.

The results are shown in Fig. 6.6, where we also display the time progression of the average.

As reported in the main text, we obtain σ ∼ 1 (Ωcm)−1 at 11 ±1 GPa, 1000 K, and σ ∼ 10

(Ωcm)−1 at 20 ±1 GPa, 1000 K. We note that the values of the conductivity computed over

the 10 ps segments exhibited a standard deviation of the mean of 0.3 (Ωcm)−1 at 11 GPa,

1000 K, and 1.0 (Ωcm)−1 at 20 GPa, 1000 K. A comparison of the averages over partitions

at both conditions is presented in Fig. 6.7, clearly displaying the higher conductivity of the

water at 20 GPa. We also computed the ionic conductivities from the directly analogous

method of Green-Kubo integration of Eq. 3.28 and report full consistency in our results

(Figs. 6.8, 6.9.

Our estimates of σ are compared to other experimental [107, 176] and computational

[97, 79] studies on the conductivity of water along the principal Hugoniot in Fig. 6.10.

In Table 6.2 we also present the data corresponding to Fig. 6.10, including temperatures.

While temperatures were not reported in Refs. [176] and [79], we obtained temperatures
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Figure 6.6: Time-averaged mean squared displacement of the total dipole moment M as a
function of separation time for multiple partitioned segments of length 10 ps from a 240 ps
trajectory at 11 GPa and 1000K (A) and 20 GPa and 1000 K (B). The average over segments
for 11 GPa and 1000 K is reported as a thick black curve, yielding σ ∼ 1 (Ωcm)−1. Similarly,
the average over segments for 20 GPa and 1000 K is reported as a thick red curve, yielding
σ ∼ 10 (Ωcm)−1.

in both cases from closely related publications by the same authors. To the best of our

knowledge this is the first study to compute the ionic conductivity of water entirely from

first principles utilizing maximally localized Wannier functions. An equivalent approach

employed by Cavazzoni, et. al [37] used the Berry Phase method at 30 to 300 GPa and 300

to 7000 K.

In order to minimize error arising from statistical noise [6], we obtained estimates of σ

by partitioning the total trajectory over which M(t) was computed into shorter portions (of

10 ps each) and computing the ionic conductivity as an average (see Figs. 6.6 and 6.8). We

obtain an estimate of σ ∼ 1 (Ωcm)−1 at 11 ±1 GPa, 1000 K, and σ ∼ 10 (Ωcm)−1 at 20

±1 GPa, 1000 K. We report these values emphasizing their orders of magnitude, as multiple

additional trajectories would be required for a more precise determination.

The values of σ obtained at 11 and 20 GPa along the 1000 K isotherm are six and

seven orders of magnitude higher than at ambient conditions, respectively [149]. Fig. 6.10

shows how these estimates compare to previous experimental and computational reports of
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Figure 6.7: Comparison of the averages of time-averaged mean squared displacement of the
total dipole moment M as a function of separation time for multiple partitioned segments
of length 10 ps at 11 GPa and 1000 K and 20 GPa and 1000 K. The average over segments
for 11 GPa, 1000 K is reported as a black curve (σ ∼ 1 (Ωcm)−1) while the average over
segments for 20 GPa, 1000 K is reported as a red curve (σ ∼ 10 (Ωcm)−1)

A B

Figure 6.8: Green-Kubo integral values for σ from multiple partitioned segments of length
10 ps from a 240 ps trajectory at 11 GPa and 1000K (A) and 20 GPa and 1000 K (B). The
average over segments for 11 GPa and 1000 K is reported as a thick black curve, yielding σ
∼ 1 (Ωcm)−1. Similarly, the average over segments for 20 GPa and 1000 K is reported as a
thick red curve, yielding σ ∼ 10 (Ωcm)−1.
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Study P (GPa) T (K) σ ((Ωcm)−1)

Hamann et al. [107] 5.4 547 0.00076
8.3 731 0.04
12.1 991 0.56
16.7 1326 2.3
21.9 1710 7.1

Mitchell et al. [176] 28.0 1790 14
35.0 2200 28
46.0 3030 19
47.0 3090 18
59.0 3810 29

Goldman et al. [97] 18.2 ± 0.2 791 ± 7 6.0 ± 2
26.5 ± 0.4 1167 ± 4 7.2 ± 3
42.0 ± 0.3 1995 ± 8 7.9 ± 3
53.8 ± 0.3 2744 ± 10 11.2 ± 4
67.8 ± 0.2 3654 ± 6 11.1 ± 4

French et al. [79] 14.8 1010 2 ± 1
23.5 1550 11 ± 4
30.9 2000 25 ± 7
46.8 3010 47 ± 10
62.9 4040 122 ± 26

This study 11 ± 1 1020 ± 50 ∼1
20 ± 1 1020 ± 51 ∼10

Table 6.2: Pressure (P), temperature (T), and conductivity (σ) of water along the principal
Hugoniot, as displayed in Fig. 6.10. Temperatures for Mitchell et al. [176] were obtained
from the same group’s later study, reported in Ref. [157]. Temperatures for French et al.
[79] were obtained from the same group’s earlier study, reported in Ref. [80].
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Figure 6.9: Comparison of the averages of Green-Kubo integrals for multiple partitioned
segments of length 10 ps at 11 GPa and 1000 K and 20 GPa and 1000 K. The average over
segments for 11 GPa, 1000 K is reported as a black curve (σ ∼ 1 (Ωcm)−1) while the average
over segments for 20 GPa, 1000 K is reported as a red curve (σ ∼ 10 (Ωcm)−1)

water’s ionic conductivity along the principle Hugoniot. We note that our data are on the

1000 K isotherm, while the Hugoniot includes temperatures such as 990 K at 12 GPa, and

1710 K at 22 GPa [107]; a full comparison of data from Fig. 6.10, including temperatures,

is presented in Table 6.2. Our finding of an order of magnitude increase in conductivity

between 11 and 20 GPa is consistent with experimental reports of orders of magnitude

increases in conductivity along the Hugoniot, which were attributed to autoionization of

water[107, 176]. Our estimates of σ are also consistent with computational results obtained

using approximations based on Mulliken charges (σ = 6 ±2 (Ωcm)−1 at 18.2 ±0.2 GPa, 790

K)[97]. They are also consistent with other computational results, which computed σ using

a generalized Einstein formulation for diffusion coefficients of unbound protons (σ = 2 ± 1

(Ωcm)−1 at ∼15 GPa, 1010 K, and σ = 11 ± 4 (Ωcm)−1 at ∼24 GPa, 1550 K)[79]. Unlike

both of these computational studies, we emphasize that our estimates required no a-priori

assumptions about the effective charge transported. Our findings indicate that the large
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Figure 6.10: The ionic conductivities of water as a function of pressure, along the principal
Hugoniot. Hamann et al. [107] and Mitchell et al. [176] reported experimental shock studies.
Goldman et al. [97] reported a computational study of shocked water, using Mulliken charges,
and French et al. [79] reported a computational study using diffusion coefficients of free
protons. Temperatures for all data points are presented in Table 6.2
.

increase in conductivity near the melting line is related to the existence of the short-lived

and fast-recombining hydroxide/hydronium and more complex ionic species that are effective

charge carriers.

A strong argument against bi-molecular dissociation at high pressure, originally raised in

Ref. [114], is the lack of a spectroscopic signature of hydronium in measured Raman spectra,

near the O-H stretching peak at 2900 cm−1. It was later suggested that the missing signature

could be due to the short lifetime of hydronium ions, leading to a broad peak, difficult to

identify [237]. In order to address this controversy, we computed the Raman spectra of

water at 11 and 20 GPa, explicitly searching for vibrational signatures of the short-lived

ionic species identified from the analysis of our MD trajectories.
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Figure 6.11: A) Computed unpolarized Raman spectrum at 11 GPa, 1000 K compared to
experiment [98, 151]. B) The unpolarized Raman spectrum at 20 GPa, 1000 K compared
to experiment [98, 150]. C) Computed unpolarized Raman spectrum of amorphous water
at 16 GPa, 500 K compared to the experimental spectrum of ice VII [150]. D) Computed
unpolarized Raman spectra at 11 GPa, 1000 K compared to the vibrational density of states.

6.3.4 Raman Spectra

Raman spectra were computed as the Fourier transforms of the time correlation function

of the system’s polarizabilities, obtained from density functional perturbation theory [15],

as implemented in the Qbox code[275, 1]. Here we focus on unpolarized Raman spectra,

for which measurements are available [114, 98, 151, 150]. Isotropic and anisotropic Raman

spectra were computed using Eqs. 3.21 and 3.22. We cast the expression of the Raman in-

tensities in terms of effective molecular polarizability using Eqs. 3.25 and 3.26 By separating

i = j and i 6= j terms of the summation, we obtain the intramolecular and intermolecular

contributions to the Raman intensity, respectively. Additional details are given in Section

3.3.3.

Our results in the O-H stretching region are compared to experiment in Fig. 6.11 and

show good agreement. The low frequency part of the spectrum was omitted since the mea-

sured one is featureless. Our simulations reproduce two key trends observed under pressure:

the considerable decrease in the O-H mode intensity (Fig. 6.12A, B), and a redshift of 70

cm−1 between 11 and 20 GPa at 1000 K. This comparison represents a crucial validation

of the model of the fluid derived in our ab initio simulations. We note that the computed

spectra reported in Fig. 6.11 and Fig. 6.12A, B represent the first available Raman spectra

of high pressure water over the full 0-3000 cm−1 range, as experimental limitations prevent
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Figure 6.12: A) Computed unpolarized Raman spectrum at 11 GPa, 1000 K with inter-
and intra-molecular components. B) Unpolarized Raman spectrum at 20 GPa, 1000 K with
decomposition into intramolecular (red) and intermolecular (green) spectra. Both A) and
B) are normalized for intensity comparison. C) Computed infrared spectra under different
P,T conditions. Note the broad continuum intensity in the mid-IR region.

the measurement of frequencies between 800 cm−1 and 2200 cm−1.

Previous computational studies have simply used the vibrational density of states (VDOS),

as an approximation of the Raman spectrum [98]. Figure 4D shows that the VDOS repro-

duces the qualitative shape of the O-H vibrational stretching mode. However it differs from

the Raman spectrum in the position of the maximum - the Raman peak is redshifted by

about 50 cm−1 relative to the VDOS. In addition, the VDOS spectrum exhibits a peak near

1600 cm−1, as well as prominent low frequency collective modes. Neither of these modes are

Raman active and do not appear in the unpolarized spectrum.

Having validated our results with experiments, we proceeded to analyze them in detail.

In agreement with the report of Ref. [114], we found no specific signature associated to

hydronium ions, indicating that Raman spectra are not a good probe for these species in

the liquid, where however they are present, as discussed above. We also observed the same

asymmetry in the O-H stretching peak as reported experimentally [114]; by using a simple

decomposition of the signal into two Gaussians, Holmes et al. attributed the lower- and

higher-frequency shoulders of the stretching peak to hydrogen- and non-hydrogen bonded

water molecules, respectively. In order to analyze the nature of this asymmetry, we de-

composed the total spectrum into inter- and intra-molecular components; we followed the
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procedure of Wan et al. [275] and used MLWFs to define effective molecular polarizabilies

in the fluid. We found that the lower and higher frequency shoulders of the asymmetric

peak correspond to inter- and intra-molecular contributions, respectively (Fig. 6.12A, B);

this finding is consistent with experimental reports. However we found that the intensity

of the low frequency shoulder relative to the total peak at 11 and 20 GPa is similar; this

finding is contrary to the experimental claim that the lower frequency contribution (from

hydrogen bonding) is substantially weakened between 11 and 20 GPa along the Hugoniot.

The persistence of hydrogen bonding at high pressure was also observed in the analysis of

the pair correlation functions (see Fig. 6.2).

The described asymmetry in the O-H stretching Raman peak has been used as a crucial

fingerprint of melting. For example, large changes in such asymmetry combined with the

absence of a low frequency translational mode have been used to identify melting of ice VII

[151, 150]. The computed spectra at 11 and 20 GPa confirm these qualitative properties of

the liquid phase. However the absence of low frequency modes should not be interpreted

as a sufficient indication that the system is liquid. Fig. 6.11C presents a spectrum of the

non-diffusive quenched phase at 16 GPa and 500 K, together with the experimental ice VII

Raman spectra from Lin et. al [150]. Though both the simulated and experimental sample

are non-diffusive, they display markedly different spectra. The quenched phase exhibits

neither a low frequency lattice mode nor a heavy asymmetry of the O-H stretching peak.

We present this case as a cautionary example that amorphous phases may display Raman

features usually assigned to liquid.

6.3.5 Infrared Spectroscopy

We computed the infrared spectra intensity, A(ω), in terms of the time derivative of the

sample dipole moment [265], as outlined in Section 3.3.2 and Eq. 3.14. We showed above

that computed Raman spectra, similar to experimental ones, present no clear signatures of

the short-lived dissociating species effectively present in our simulations. Instead we found
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that such signatures are present in infrared spectra shown in Fig. 6.12C. The computed IR

spectra display clear OH stretching modes centered near 3100 cm−1, but unlike the Raman

spectra, they also display a considerable intensity below the OH mode.

Such intensity is enhanced with pressure: we observed a roughly twofold increase in the

background IR intensity in the mid IR region (400 cm−1 to 2500 cm−1) with increasing

pressure from 11 to 20 GPa along the isotherm. From an analysis of our MD trajectories,

we could detect the presence of transient Zundel ions in the high pressure fluids, which are

expected to be responsible, at least in part, for the broad IR band below the OH stretching

peak, consistent with the hypothesis of Ref. [121]. We note that a broad, mid-IR continuum

absorbance was also observed in a number of aqueous systems at ambient conditions, from

protonated clusters [124] to bulk acidic solutions [264, 25, 54]. An ultrafast 2D IR study of

the excess protons in aqueous hydrochloric solutions [264] ascribed the broad-band intensity

to vibrational modes of the Zundel and Eigen ions. This view is consistent with that of a

recent study using femtosecond spectroscopy to precisely probe the vibrational signatures of

the Zundel ions in a HClO4 solution [53].

6.4 Conclusions

In summary, we have investigated water under pressure at 11 and 20 GPa, along the 1000

K isotherm, using ab initio molecular dynamics. We have characterized the properties of

the fluid by computing structural properties, ionic conductivities, Raman and IR vibrational

spectra, and we have identified dissociation mechanisms from a detailed analysis of computed

trajectories. Our results are consistent with the estimate of the ice VII melting line proposed

by Lin et al. [151], with a melting temperature below 1000 K at 20 GPa. We found that

along the 1000 K isotherm, liquid water is a rather complex fluid, exhibiting rapid molecular

dissociation events occurring via a bi-molecular mechanism. The short-lived hydroxide,

hydronium, and more complex ions present in the fluid are responsible for a conductivity

which, at 11 and 20 GPa, is six and seven orders of magnitude larger than at ambient
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conditions, respectively. We emphasize that the conductivity calculations reported in our

work were conducted fully from first principles, without any a-priori assumption on charge

carriers or ad-hoc definition of charges. In spite of frequent dissociation and re-association

events occurring under pressure, hydrogen bonds persists in the fluid at least up to 20 GPa.

Interestingly, while vibrational signatures of hydroxide and hydronium ions are not present

in unpolarized Raman spectra, as observed experimentally, they can be identified in IR

spectra at frequencies lower than those of the OH stretching band. The absence of Raman

signatures of hydronium ions led to past suggestions of unimolecular dissociation in water at

high P, at variance with what we observed in our simulations where free protons are transient

species with lifetimes below 0.3 fs. We expect that our computed Raman and IR spectra,

reported also for a quenched amorphous phase, will serve as guidance for future experiments.

Finally, the interpretation of the depth dependence of the electrical conductivity in the

mantle transition zone as measured by magnetotellurics is still controversial, and linked to

the effect of water on mantle minerals [287]. Our findings on the high conductivity of water

and the dissociation mechanism found in the liquid at (P, T) conditions relevant to the

mantle transition zone may guide future models of water in mantle geochemistry.
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CHAPTER 7

PROPERTIES OF SIMPLE ION SOLVATION AT

THERMODYNAMIC EXTREMES

7.1 Introduction

While our study on pure water is essential to build a complete understanding at conditions

of 10-20 GPa and 1000 K, pure water without impurities, ions, or various minerals, is rarely

found in isolation in any geochemically relevant environment. Aqueous ion and salt solutions

play a key role in many processes in the Earth’s mantle, including geochemical processes such

as metasomatism, magma in subduction zones, and the Earth’s deep water and carbon cycles.

These fluids have many impurities, with properties dependent on the ionic concentration.

Despite the key role of ions in water in determining the properties of the Earths mantle, still

much is unknown about the molecular level properties of such solutions, including the effect

on ion solvation shells, the effect on conductivity, and the effect on dielectric constants.

At lower crustal pressure and temperatures, the presence of Na and Cl dissolved in

water are thought to greatly increase the electrical conductivity of aqueous fluids while

substantially decreasing the activity of water and increasing the solubility of several crustal

rocks. However, first principles simulations have rarely been used to study water at these

conditions. A recent study from our group studied the association of oppositely charged

ions (ion-pairing) as a first step in the nucleation process of salts, which ultimately affects

the conductivity of saline solution [291]. A thorough examination of ionic conductivity in

aqueous ion solutions at these conditions is lacking. Another crucial quantity is the dielectric

constant, which is intimately connected to mineral solubility properties [193]. The dielectric

constant measures the ability of a solvent to shield oppositely charged ions in the solution

from electrostatic attractions to each other. In light of this, the dielectric constant of water

at elevated pressures and temperatures is a crucial input into various geochemical models

such as the Deep Earth Water model[259]. Similar to the conductivity, the behavior of the
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dielectric constant under the effect of ions in aqueous solutions has not been studied.

In our study, we shed light on the ionic conductivity and dielectric constant with the

application of first principles molecular dynamics. As we were interested in understanding

the properties of aqueous ion solutions in part of water’s P/T space that is unambiguously

liquid state, we chose to focus on the 1.57 g/cm3 density at 1000 K, which corresponded to

11 GPa for pure water. We examined high pressure ion solvation in water for several ions,

including Li, K, Cl, and NaCl. While these ions are geochemically relevant in their own

right, they also provide a means to systematically examine the effect of ion size in water

these conditions. Furthermore, given our extensive analysis of monovalent cations described

in Chapter 3, there is a solid basis for comparison of effects between ambient and high

pressure/temperature conditions.

In section 7.2, we discuss he computational methods in our simulations of aqueous so-

lutions at high P/T. In section 7.3, we present the results and analysis of our simulations,

including analysis of vibrational spectra, dielectric constants, and ionic conductivities. In

Section 7.4 we present conclusions.

7.2 Computational Methods

Our computational approach for the high pressure aqueous ion solutions was very similar to

that used for pure water, as described in Chapter 6 and Ref. [223]. We again performed

ab initio MD simulations in the Born–Oppenheimer approximation with the PBE exchange-

correlation functional [198] and the Qbox code [1]. The choice of the PBE functional was

motivated by the previously discussed good agreement with experiment found for the fluid

equation of state at high pressure as well as for direct comparison to our earlier work on

pure water.

We used norm-conserving pseudopotentials [273] (http://fpmd.ucdavis.edu/potentials/),

with a plane wave basis set and kinetic energy cutoff of 60 Ry. The bulk salt solutions for

ions Li+, K+, and Cl−, were modeled by periodic cubic cells consisting of a single ion and 63
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water molecules, with the excess charge compensated by a uniform background charge. The

salt concentration corresponds to 0.87 M. The densities of water were 1.57 g/cm3, computed

at 1000 K to correspond to pressures of 11 GPa. We found that in the K+ solution, the

pressure was lower (6 GPa) at this density. We also ran simulations of ion solutions of water

in larger cells, consisting of 127 water molecules and one a single ion, consisting of a single

ion: Li+, K+, with the excess charge again compensated by a uniform background charge.

The salt concentration in this case corresponds to 0.44 M. We also performed simulations

of 126 water molecules with two ions, Na+ and Cl−, both in the cell. All ion solutions

in the smaller cells were initialized from the end point of the earlier pure water trajectory,

where one water molecule was replaced with an ion. For the larger cells, we equilibrated 127

molecules with the single ions for 10 ns using the SPC/E potential.

We controlled the temperature with the stochastic velocity rescaling method [33]. Simu-

lation timesteps were 10 au (0.121 fs), while the thermostat time was 121 fs. In the interest

of computational time, the full computation of DFPT-based polarizabilities was performed

every 25 MD steps. Trajectories were collected for ∼150 ps and ∼60 ps for the small and

large simulation cells, respectively, after initial equilibration of ∼10 ps.

7.3 Results and Discussion

7.3.1 Modifications to ion solvation shells

We begin by inspecting the ion solvation shells under high pressure/temperature conditions.

First we note that the solution with Li+ contains a unique and new molecular species:

HxLiO2 (x=2:4) 7.1A, B. The HxLiO2 complex is long-lived, with a lifetime on the order of

10s of picoseconds. The existence and longevity of the HxLiO2 complex is consistent in both

the small and large simulation cells. It exhibits the Li+ atom bound to two flanking oxygen

atoms, each of which engages with the same dissociation and proton hopping as the rest of

the fluid, with the total complex varying from two four hydrogens. As far as we are aware,
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Figure 7.1: A) Lithium ion complex H2LiO2 B) Lithium ion complex H4LiO2 (x=2:4) C)
K+ ion solvation shell D) Cl− Ion Solvation shell. In C and D, the color highlights all oxygen
atoms within the first ion solvation shell, rather than a chemical bond.

this is the first prediction of such a new and long-lived ionic complex in aqueous solution at

these conditions. On the other hand, the larger ions including K+ and Cl− exhibit no such

bonding with oxygen (7.1C, D). In contrast, they maintain very large and rapidly exchanging

solvation shells, similar to the behavior at ambient conditions.

Next we examine the solvation properties of the ions in the high pressure solutions us-

ing the radial distribution functions between the solvated ions and oxygen atoms of water

molecules (Fig. 7.2A). At ambient conditions, we had found that the position of the RDF

first maximum follows the ion size: Li+ < Na+ < K+ < Cl−, yielding a value of 1.97, 2.44,

2.81 and 3.10 Å for Li+, Na+, K+, and Cl−, respectively. Here we find that the trend in ion
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Figure 7.2: A) The O-ion radial distribution function of all high pressure ion solutions.
Dotted lines indicate the reference at ambient conditions. B) The ion coordination number
distributions. Dotted lines indicate the reference at ambient conditions.

solvation shells is very similar. The positions of the RDF first maximum follow the ion size,

yielding values of 1.25, 2.71, and 3.0 Å for Li+ < K+ < and Cl− respectively. Thus, the

effect of the extreme conditions is greater on the lithium solvation shell, which is reduced by

0.7 Å, than the larger ions, which are only reduced by about 0.1 Å.

We also examine the average oxygen coordination number of the ions, which is reported

in Fig. 7.2B. We find that the coordination number in the first ion solvation shell changes

significantly for all ions. In the Li+ solution, we observe a decrease from 4 at ambient

conditions to 2 at high pressure/temperature. This change in coordination is consistent with

the observation of the new HxLiO2 (x=2:4) complex, where the first coordination shell is

simply the new oxygen atoms that are bonded to to the Li+ atom. We find coordination

numbers of 14.2, 16.1 for K+, Cl−, respectively. These are increases of 8 and 10, respectively

from the behavior at ambient conditions. Thus, for the larger ions, the change in the position

of the first ion solvation is minimally affected despite a very large increase in coordination.

We also found that oxygen-oxygen and oxygen-hydrogen RDFs (Fig. 7.3) of all solutions do

not show any notable change relative to the corresponding ones of pure water, pointing to
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Figure 7.3: A) The O-O radial distribution function of all high pressure ion solutions. B)
The O-H radial distribution function of all high pressure ion solutions.

minimal effects of the ions on the global structure of water at the concentration considered

here. This result is consistent with the behavior of ion solutions at ambient conditions,

where ion solutions also did not affect the global structure of water (Fig. 4.2. Finally, we

also computed the pair distribution function between oxygen and the MLWF centers in the

high pressure solutions, showing our result in Fig. 7.4, and again indicating no noticeable

differences among ions and pure water at these conditions. Given that the first peak minimum

of the O-H RDF as well as the O-M MLWF are key signatures of molecular dissociation, we

notably find that that the extent of dissociation is consistent among all ion solutions.

7.3.2 Vibrational Spectra

While we found some differences in local solvation shell properties, our structural analysis

found no meaningful differences on the global structure of water at these conditions among

ion solutions. We move from structural analysis to examine dynamical and spectroscopic

properties of the liquids.

We computed the mean squared displacements of all ion solutions, and present the reuslts

in Fig. 7.5. In this case, we plot all oxygen and hydrogen atom displacements across all
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Figure 7.4: A) The O-MLWF radial distribution function of all high pressure ion solutions.

Figure 7.5: The mean squared displacement of all oxygen, hydrogen, and ions in the high
pressure ion solutions, at 11 GPa, 1000 K. Oxygen and Hydrogen lines are not distinguished
among ion solutions, and also contain data from pure water at these conditions.
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ion solutions as well as pure water at these conditions without distinctions. While we do

not have the statistical robustness that we employed in Chapter. 3 for diffusive analysis of

bulk ambient water diffusion, it is clear that the range of MSD curves among the various

ion solutions falls well within the level of variance that was found for multiple independent

trajectories in the bulk simulations. Thus, our simulations show no evidence that any of the

ion solutions exhibit global bulk water diffusion that is altered from the pure case. This is

again, an instance of minimal effect of ions on water at these conditions, and a consistency

with properties in the bulk. Additionally, we found all ion diffusions to diffuse slower than

their surrounding water, despite very different solvation shells; the K+ and Cl− cases diffuse

with large, floppy, and rapid exchange in the first solvaiton shell, while the Li+ solvation

shell essentially diffuses as a well-defined molecule.

In search of discriminating features among the ion solutions, we next turn to analysis of

the vibrational spectra of the fluids. We computed the infrared spectra, and here we followed

the same procedure as outline in Chapter 6 for the pure water simulations. Infrared spectra

were computed as the Fourier transforms of the sample dipole moment, as computed using

MLWFs. Our results are shown in Fig. 7.6A, where we compare all ion solutions to the

infrared spectra of pure water at these same conditions, as reported in Ref. [223]. We note

that there are no essential differences in either location of peak centers of the O-H stretching

and bending modes or the relative intensity of peaks between all ion solutions and pure water.

The same continuum frequency that was identified as a signature of the dissociative fluid in

the study of pure water is present here in all aqueous solutions. The first-peak minimum

of the OH rdf marks molecular dissociation, and is unchanged between ion solutions, as

shown in Fig 7.1B. The similarity of the indistinguishable dissociation signatures and the

indistinguishable infrared continuum further strengthens the connections between the two

and our identification of the continuum as a signature of dissociative water [223]. While

there may be small differences in the low-frequency collective modes, overall we emphasize

that the introduction of a range of ions does not exhibit any new vibrational signatures in the
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Figure 7.6: A) The infrared spectra and B) unpolarized Raman spectra of high pressure ion
solutions.

infrared spectrum. We also computed the unpolarized Raman spectra, again following the

earlier procedure, where spectra were computed from the correlation function of the system’s

polarizabilities [15]. Our results are shown in Fig. 7.6B, where again there are neither any

new vibrational signatures nor differences among the ion solutions.

Our results from infrared and Raman spectra are particularly interesting when compared

to the simple vibrational density of states (VDOS) that is computed for the ion solutions

simply from the velocites of the atomic species. In Fig. 7.7A, we again note no differences

among ionic solutions in the VDOS. However, in 7.7B we decompose the spectrum of the

Li+ solution into its constituent atomic contributions. We find that the vibrational modes

of the Li+ ion itself actually mirror the qualitative shape of the overall water spectra, but

at damped frequencies. The behavior of the Li+ spectrum may be attributed to its bonding

with the two flanking oxygens in the new HxLiO2 (x=2:4) species. Thus, our results indicate

that despite the presence of new vibrational modes in the fluid (e.g., at 2000 cm−1), neither

infrared nor Raman spectroscopy detect the change, which is entirely masked by the other

water molecules in the cell.

97



A B

Figure 7.7: A) The total vibrational density of states (VDOS) spectra and B) VDOS break-
down by atom type for the Li+ solution

7.3.3 Molecular Polarizability

Given the success of the molecular polarizabilities in identifiying perturbations to water

structure due to ions and confinement, as described in Chap. 4 and 5, we again use the

method of Ref. [195] to now examine molecular polarizability of aqueous solutions at high

P/T. We present our results in Fig. 7.8, where we show a reference of bulk ion results on

the left (white) and the high pressure results on the right (blue). A first observation is that

all of the molecular polarizabilities under high pressure and temperature are reduced by

∼10% relative to the bulk values. This result is consistent with the result of Pan et al. for

pure water [195], and extends the trend to ion solutions as well. We also note that there is

qualitative agreement between the ambient and high P/T conditions on the relative relation

of solvation shells relative to the rest non-solvation shell contributions. Our results on

molecular polarizability indicate that while there is an overall reduction relative to ambient

conditions, many of the ion trends are remarkably resilient under high pressure/temperature.
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Figure 7.8: The molecular polarizability of ambient ion solutions (white background) com-
pared to high pressure ion solutions (blue background)

7.3.4 Enhancements of Ionic Conductivity

The electrical conductivity of aqueous ion solutions is of particular relevance to the high

pressure regime. In Chapter 6, we computed the ionic conductivity of pure water at 11 GPa

and 20 GPa along the 1000 isotherm, confirming and explaining from first principles the

elevated conductivity of dissociative water [223]. Here we turn to compute the conductivity

in the solutions with water. Our results are given in Fig. 7.9, where we plot the squared

displacement of the sample total dipole moment, whose slope is proportional to the ionic

conductivity. Here we take advantage of analyzing simulations at two cell conditions - one

with 63 water molecules, and one with 127 water molecules. The values of σ for the smaller

simulation cells were 2.5 (0.2), 8.8 (0.5), and 9.0 (0.5) for the L+, K+, and Cl− solutions

respectively. In the larger simulation cells, the values of σ were 3.8 (0.6), 4.2 (0.6), and 3.8

(0.6) for the Li+, K+, and NaCl solutions, respectively. Here, the uncertainties in the values

of σ were computed using the cepstral analysis method, which was recently introduced to

compute thermal conductivities from optimally short trajectories [70]. Our findings on σ

indicate potentially large variations with simulation cell, in addition to the basic difficulty
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Figure 7.9: Comparison of the averages of time-averaged mean squared displacement of the
total dipole moment M as a function of separation time for multiple partitioned segments of
length 10 ps at 11 GPa and 1000 ion solutions. Solid lines indicate solutions in the smaller
water boxes (63 water molecules), while dashed lines indicate solutions in larger water boxes
(127 water molecules).

of good convergence of such a highly collective quantity [52]. A firm result of our analysis

is that the conductivity of pure water is a lower limit of the ionic conductivity of the ion

solutions. All solutions with ions increase the conductivity of the fluid, though the exact

ordering of ions is difficult to determine because of the finite size effect. No enhancement is

greater than a factor of 9, and the lower conductivities in the larger cells suggest that the

enhancement of the solutions may be closer to a factor of 4 relative to pure water. This result

is fundamentally interesting because the enhanced conductivity in pure solutions between 11

and 20 GPa was linked to the increase in dissociative water [223]. In the case of ions, we have

demonstrated from structural analysis that there is not an induced additional dissociation

due to the ions. Thus, the enhancement of conductivity has a different source than increased

dissociation, which we speculate may be related to the increased exchange of water molecules

in the solvation shells of the ions relative to the rest of the fluid.
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7.3.5 Reductions of Dielectric Constant

The dielectric constant is a measure of the ability of a solvent to shield oppositely charged

ions in the solution from electrostatic attractions to each other, and is crucially linked to

geochemical models that determine solubility of minerals [259]. However, the effect of ions

on the dielectric constant of water in these dissociative conditions is unknown. We next

present our results on the dielectric constant of aqueous ion solutions at extreme conditions.

Our results are given in Fig. 7.10A and B, which give values of ε0 for the small and

large simulation cells, respectively. In Fig. 7.10A, the trajectory for pure water comes

from our earlier work (Ref. [223]), for which we did not report ε0 at the time. First, we

note that our computed value of ε0 for pure water is 39, which is full agreement with the

earlier pioneering study of Pan et al, (Ref. [193]). The result there was computed using 128

water molecules at the same density and temperature. The correspondence with our value

using only 64 molecules indicates that finite size effects on the dielectric constant of water

at these conditions may be relatively modest, though the convergence time of the quantity

is considerably longer for the smaller simulation cells (150 ps vs 30 ps). The aqueous ion

solutions in the smaller simulation cells are also presented in Fig. 7.10A, where we see that

no ion solutions exhibit values of ε0 greater than that of pure water. Interestingly, it is

the smaller Li+ cation that has a larger effect on ε0 than K+, which appears to have no

effect on the surrounding water. The ordering of ε0 in the ion solutions, based on the last

25 ps of the converged quantity, is K+ > Li+ > Cl−. Here, ε0 of aqueous K+ solution is

nearly identical to the pure water. Li+ and Cl− solutions yield 5% and 10% reductions,

respectively. In order to test the robustness of this result, we also examined the dielectric

constant of Li+ and K+ in larger simulation cells, with 127 solvating water molecules. The

results, given in Fig. 7.10B are compared to the earlier computed value from Ref. [193],

which was computed at the same simulation cell size. Our results for the larger cells are

consistent with the trends from smaller cells, as we find that K+ solution is unaltered relative

to bulk water, while Li+ solution is reduced, in this case by 10%. The NaCl solution, for
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which we do not have a counterpart at the smaller simulation size, appears to take longer to

converge relative to the single monovalent ions. The reductions to ε0 in the NaCl solution

are 10%. The primary conclusion of our calculation on dielectric constants is that ε0 of pure

water is as an upper bound on ε0 in solvated ion solutions. The exact extent of the reduction

is difficult to quantify with certainty, but appears to be no more than 10%.

To the best of our understanding, ε0 of water in aqueous ion solutions has not been

computed at these conditions. Our result is particular relevant to the Helgeson-Kirkham-

Flowers model for aqueous speciation, which requires Gibbs free energy of formation of an

aqueous species, based on the Born function for the average Gibbs energy of solvation,

∆Ḡs,j = ωj(
1

ε0
− 1) (7.1)

where ωj is the electrostatic Born parameter for the ion j, and ε0 is the static dielectric

constant of the solvating water. Our finding that ε0 of pure water is an upper bound of

aqueous monovalent ion solutions at high pressure and temperature, in turn implies a lower

bound on ∆Ḡs,j , that may be helpful in parameterizing geochemical models such as the

Deep Earth Water (DEW) model by giving bounds on the extended term of the Debye-

Hückel equation [259].

7.3.6 Free energies and clustering

Given that no structural or spectroscopic signatures were found to be distinct from pure wa-

ter at these cases, despite meaningful changes to ionic conductivity and dielectric constant,

we chose to further interrogate the structure of water at these conditions. We chose to em-

ploy the Probabilistic Analysis of Molecular Motifs (PAMM) algorithm, which is a machine

learning unsupervised clustering method for postprocessing atomic trajecotories and finding
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Figure 7.10: A) The static dielectric constant in 63 H2O moleculescells and B) 127 H2O
molecule cells.

similarities in structural motifs [91]. The first steps in the application of PAMM are the

identification of groups of atoms that should be tested for recurring patterns and the choice

of structural parameters that describe the arrangement of atoms within each group. Given

our study of water, an approach which focused on the presence of hydrogen bonding (HB)

may well interrogate the local structure of water and any changes due to ions. We selected

a parameter space defined by triplets of atoms, where on atomic species is considered as

the HB donor D, one is considered as the acceptor A and hydrogen atoms that complete

the HB triplet. The geometry of each of these groups is completely determined by the

three distances: d(A−D), d(A−H),and d(D−H). As has been previously done in the case of

studying water [91], we use combinations of these distances, namely, the proton-transfer co-

ordinate ν=d(D−H)−d(A−H), the symmetric stretch coordinate µ=d(D−H)+d(A−H), and

the acceptor-donor distance r=d(A−D) as the group descriptors. We computed these (ν, µ,

r) triplets for each D-H-A group present in each snapshot extracted from the simulations,

thereby obtaining the training data set that we used to run PAMM.

Before examining any clustered motifs that emerge from the training of the data, we first

take advantage of the new coordinate system in order to compute free energies surfaces along
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Figure 7.11: Comparison of the free energy surfaces of O-H-O triplets in water at A) 11
GPa, 1000 K and B) 20 GPa, 1000 K

A B C

Figure 7.12: Comparison of the free energies across each variable axis for O-H-O triplets in
solutions at high P/T water conditions, as defined in text.

the described variables, based on histograms of the frequency of visitation in phase space.

The results for the pure water at 11 GPa and 20 GPa from Ch. 6 are given in Fig. 7.11,

where a clear difference is seen in the free energy barrier of dissociation, which is lowered at

higher pressure. This information is presented in 1-dimensional decompositions for all high

pressure solutions in Fig. 7.12. We note that in all cases, there are noticeable differences

in the free energy of the 20 GPa case relative to the 11 GPa cases. However in none of

the various ion solutions across all dimensions is there a difference in free energy relative to

the pure water. This is further evidence of the resilience of water to alterations from ion

perturbation at high P/T, especially in the regime associated with hydrogen bonding.
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Figure 7.13: Molecular motif clusters found in the 11 GPa, 1000 K pure water, using the
PAMM method. A) side view of the cluster phase space B) top view onto the µ and ν axes.

The clustering that emerges from the PAMM training is visualized in Fig. 7.13. While

many clusters emerge in the high P/T regime, the clusters associated with hydrogen bond-

ing in this coordinate space are those represented by orange and white coloring in the figure

(clusters 5 and 8), which correspond to hydrogen bond accepting and hydrogen bond donat-

ing configurations. The symmetry of the motif clustering found here over the proton transfer

coordinate, ν is maintained across all ion solutions where the clustering was applied. This

is strong evidence that the local nature of the hydrogen bonding is still persisting in the

similarly symmetric pattern also exhibited at ambient conditions. Most importantly, in our

PAMM analysis across ion solutions, we did not find qualitatively different clusters in the

O-H-O coordinate system in the hydrogen bonding regime. This again is evidence of the

resilience of water to ion effects.

7.4 Conclusions

We presented detailed analysis of how the structure of solvation shells is altered by high P/T.

Global water structure in O-O and O-H RDFs are unaffected by ions. O-MLWF structure
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is also unaffected by ions. On the other hand, ion solvation shells are very different between

different solutions. Li+ forms a long-lived complex, HxLiO2 (x=2:4), while K+ and Cl−

form no new bonds with waters. The Li+ solvation shell collapses to 2 coordination because

of the new arrangement, while the larger ions are greatly increased by 7 to 8. MSD shows

slow diffusion among all ions, with indistinguishable effect on global oxygen and hydrogen.

Furthermore, dissociation free energy analysis also supported the view of little ion effects.

Thus despite large changes in solvation shell environment, the effect on water properties

(structure and diffusion) is remarkably similar to ions at ambient conditions. Similarly,

vibrational spectra (Raman/IR) show no new active modes as signatures of ions or high

P/T ionic species despite new vibrational signatures in the VDOS spectrum of Li+ solution.

At high P/T, even when identifying new species (HxLiO2 (x=2:4)), the vibrational spectra

of water is very resilient to ion effects.

The extent to which we found ion effects in aqueous solutions at these conditions was all

in intrinsically quantum mechanical properties. The molecular polarizabilities of ion solu-

tions are reduced across the board, with Li+ SS exhibiting much greater relative reduction

than in bulk. Molecular polarizability continues to be sensitive to perturbations. Besides

the reductions to αi caused by pressure, it is notable that the effect of ions on total polar-

izability is virtually identical to the behavior at ambient conditions. Again, this speaks to

the resilience of water to ion effects even at extreme conditions. We found that the dielec-

tric constant of pure water is an upper limit for solvated ion solutions at these conditions.

Furthermore, the ionic conductivity, now well-constrained with cepstral analysis method, is

enhanced in high P/T solutions by a factor of 4 at most.

Advanced machine-learned clustering algorithms did not return an obvious source of

the enhancement in conductivity from average structural considerations. H-bond clustering

analysis indicates that there are no unique alterations to clustering in the H-bonding regime

of any of the ion solutions.
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CHAPTER 8

CONCLUSIONS AND OUTLOOK

In this dissertation, we examined aqueous solutions of solvated ions in bulk water and “ex-

treme conditions” corresponding to nanoconfinement and elevated pressure/temperature.

We applied first principles molecular dynamics simulations based on density functional the-

ory to analyze both structural alterations to water at these conditions as well as quantum

mechanical quantities, including Raman and infrared spectra, ionic conductivity, and molec-

ular polarizabilities.

We found in our study of alkali cations in water (Li+, Na+ and K+) that the water

structure is only modified locally by the presence of cations. A significant conclusion was a

generalization that molecular polarizabilities are fingerprints of hydrogen bonding modifica-

tions, which occur at most up to the second solvation shell for all cations in bulk water. We

also applied our simulations of solvated K+ to isotopic fractionation of potassium. In our

study of confined aqueous solutions, we studied pure water and LiCl and KCl solutions under

confinement within carbon nanotubes (CNT) of small diameter (1.1-1.5 nm). We concluded

that the molecular polarizability is a much more sensitive probe of water perturbations than,

e.g., the molecular dipole moment. The molecular polarizability of water molecules near the

surface is determined by the balance of two effects: the presence of broken hydrogen bonds

at the surface leads to a decrease of the polarizabilities of water molecules, while the inter-

action with the CNT enhances polarizabilities. The confinement effects on water molecular

polarizabilities and dipole moments are more pronounced in the case of the 1.1 nm CNT,

and were further amplified by the presence of ions.

Our examination of water at extreme thermodynamic conditions began with a study of

pure water between 11 and 20 GPa. Our results support lower estimates of the ice VII

melting line in this region. We found that liquid water in this regime is rapidly dissociating

and recombining and forming exotic short-lived ionic species, which are sufficient to support

the experimentally measured increase in conductivity, contrary to some arguments in the
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literature. Ionic conductivity calculations were performed entirely from first principles, with

no a-priori assumptions on the nature of charge carriers. Finally, we also computed the first

ab initio Raman spectra, which are in excellent agreement with experiment, however show

no distinctive signatures of dissociation. Rather, we found that the infrared spectra are more

useful to this end, with a broad continuum intensity associated with increased dissociation in

water. Our extension of this study to water with ions was the first to characterize basic ion

solvation properties at these conditions, notably finding new long-lived ionic species in Li+

solution. Nevertheless, we found essentially no alterations to any structural or free energetic

characteristics of water due to the ion presence. In this way, water even in such a highly

dissociative state displayed remarkable resilience in its similarity in ion effects to ambient

conditions. We did, however, find moderate reductions to the dielectric constant as well as

enhancements to the ionic conductivity, which might be attributed to dynamical properties

of the fluid.

A central question in the study of condensed matter is to determine which quantities are

sensitive probes of chemical environments and therefore worth measuring or computing in

various systems. Across our various studies, the molecular polarizability has emerged as a

very effective means to track alterations to water structure, from ion solvation to confinement,

to high pressure/temperature. Experimentally, the molecular polarizability is only known

with certainty in the gas phase [92]. In the condensed phase, the molecular polarizability is

typically estimated from the refraction index, along employing the Lorentz-Lorenz relation.

Our results should inspire further studies on water in various environments to focus on this

quantity both experimentally and computationally.

Our results also point towards a remarkable resilience of water across various extreme

conditions. Even with such large changes as total disruption of hydrogen bonding combined

with interfacial effects in a carbon nanotube, the alterations to the dipole moments and

polarizabilities were modest. Similarly, the changes of polarizability due to extreme condi-

tions were also modest, with the addition of no spectroscopically distinct changes despite
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the dissociative state or addition of ions. The point was further strengthened in that even at

extremely high pressure and temperature, most of the properties of ion solvation were either

directly analogous to bulk solvation or only moderately modified. Our results demonstrate

a broad resilience of water’s hydrogen bonding network over a range of extreme conditions.

Some very interesting and clear extensions of our work would be firstly to study other ions

at these conditions. We chose to focus on monovalent ions in part due to their simplicity as a

means to understand ion size trends. Divalent ions might exhibit a very different balance of

properties both under confinement and thermodynamic extremes. Another clear extension

of our work would be more comprehensive studies under various confining environments,

geometries, and materials in order to test the generality of our results for systems under

confinement. Finally, the study of several carbon and silicate compounds mixed with water

at conditions relevant to the Earth mantle would be very important for geochemical modeling.
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