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Abstract

The @mputer simulation of simple and complex electrolyte solutions is a powerful tool for
understanding thieehaviorof ions in various environments, ranging from fundamental studies to
practical applications. In these simulations, computational models mimbet@iorof ions in
solution by considering their interactions with solvent molecules and other ions. Classical
molecular dynamics simulations are often used for simple electrolyte solUtise simulations
provide insights into ion solvation, paignetc In contrast, simulating complex electrolyte
solutions, such aseawater requires moreeffort. By elucidating the microscopic details of
electrolyte solutions, computer simulatiaraaid inthedesignof new materialsheoptimization

of industrial processes, apdovide fundamentadvanesin fields as diverse aslectrochemistry

geochemistryand biophysics.

This thesis is divided into two main parts. The first part involvesitimellaion of simple ionic
solutions and the development of a classical force field for alkali metal nitrate and alkaline earth
nitrate aqueous solutions. We adjust the charges on N aton@of the nitrate ion, along with
Lennard ones par ametb eptirsize thé modeaiwk th¢n)est the parameters by
determinng Kirkwood-Buff Integrals(KBIs) for a series of alkali and alkaline earth metal nitrates

at various concentrationsn water and comparing thento their experimental KBIs. Good

agreement between the simulated and experimental KBIs was observed.

The second part of the thesis deals with more complex electrolyte solutions. We simulate 2 M pure

alkali chloride agueous solutions, together with mixtwéeswo 1 M alkali chloride agqueous



solutions both placed between Au plates. The Au layers were either charged or uncharged. We
couldidentify the preference of the different alkali metal ions for the charged Au plates that varies
with the charge on the platéghe twomaincompeting factors were the loss of the solvation shell
and the effect of ion pair formatiamthe bulk solution. We also simulated a second set of complex
electrolyte solutions. We compare and contrast the properties of regular seRe@df=a water,
andDeadSea water using Kirkwood Buff theory approach. This was achieved by separating the
KBIs into thermodynamic and charge neutralization contributions, which represents a new

approach for the comparison of electrolyte solutions.
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couldidentify the preference of the different alkali metal ions for the charged Au plates that varies
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Chapter1-I nt roducti on

1.1. History of Computational Chemistry

Computer simulation plays a vital role in the developmefitemistry. Understanding molecular
structures and dynamics to molecular docking, drug delivery, and predicting the properties of
complex systems often involve computer simulations. Indeed, nowarntagputer simulation is

often intertwined with experimental studies. In the 199@&n Pople developed a method to
predict the approximate electronic structures
devel opment of computational model s i n guant
developmentofdenst y f uncti onal theory6 r éDuengasendart he N
period (1959), the first molecular dynamics simulation of simple gases was performed by Alder

and Wainright In 2013, the Nobel Prize in Chemistry was awarded to Martin Karplus, Michael
Levitt, and Arieh Warshel 6f or the devel opme
s y s t %Thay.eétablished the method of combining quantum mechanics with molecular
mechanics (QM/MM).The development of QM/MM methods has allowed scientists to model

large systems computationally

TIMELINE OF COMPUTER SIMULATION IN CHEMISTRY

1960519605 1960519705 19705-1980s 198051990s 1990520005 2000s-Present

Quantum

mechanics/
molecular
mechanics

Figure 1.1.Timeline of computer simulation in Chemistry



In practice, different types of computer simulation methods are used depending on the various

aspects of Chemistry being studfed.

1.

Molecular Dynamics (MD) simulatiéris used for studying the dynamics of molecules,
understanding thermodynamic properties, and modeling biomolecular systems. It has
applications in material science, biochemistry, and biophysics.

Monte Carlo (MC) simulatiohin chemistry samples and generates representations of
system configurations under certain thermodynamic conditions. It is useful for studying
phase transition and several other thermodynamic properties.

Quantum mechanical calculations and density functional theory ED&FE) used to
calculate electronic structures and predict molecular properties.

Metadynamic$and other enhanced sampling approaches are used for sampling rare events
and studying reaction pathways, transition states, conformational changes, etc.

Hybrid methods such as QM/M® QM/MD, and ab initio MB! combine the strength of

different techniques and help us to simulate complex molecular systems.

This thesis focuses on Molecular Dynamics simulation and its application to study electrolyte

solutions.

1.2.Molecular dynamicssimulation

1.2.1.Basics ofmolecular dynamicssimulation

Molecular Dynamics (MD) simulation is a very useful tool for studying the dynamic behavior of

atoms and molecules. Classical MD approaches treat only the atoms (not electrons) in a system

and are popular for studying biological systems, as well as othkcatns in Material Science,



Chemistry, Physics, Engineering, etc. A simple MD simulation algorithm scheme is provided

below.

Define system and initial
coordinates

Choose potential energy function

(Force field)
Calculate forces based on current j
position J

Solve Newton’s equations of motion
over time while updating positions

Save trajectory (velocity and
position) at chosen time intervals

Figure 1.2. MD simulation algorithm

As shown in Figure 1.2, the first step in an MD simulation is to define the system of interest.
Depending on what kind of MD simulation one wants to perform, the model system can be a united
atom, all atom, or a mix of both. In the united atom approacipaian hydrogen atoms are
considered as part of the atoms they are bonded to (usually a carbon atom). Initial coordinates can
be generated based on experimental data such as crystal or NMR structures, or by assuming
random initial positions. Random initigklocities are generated in the same manner. Then, the
interaction energies and forces between the atoms have to be determined. These energies are

generated from a collection of equations and parameters collectively known as a force field (a



detailed description of a force field will be given later). The MD simulation method involves
solving Newtonds equations of motion iterati\
forces are recalculated at each point in time, resulting in trajeet(positions as a function of

time) for each particle in the system. To do this accurately, numerical integration methods such as
velocity-verlet or leapfrog, etc., are us€dThe trajectories are saved at a chosen time interval,

and the simulation time is extended as needed.

1.2.2. Role otlassicalmechanics inmolecular dynamicssimulation

Classical molecular dynamics simulations are based on clasgchhnics. Atoms are considered
to be hard spheres that foll ow Newtonds equat
F=ma (1.2)
whereF is the force on an atormis the atom mass, ards the acceleration in a given direction
(x, yor2). The force in a particular directidt is related to the potential energy by,
F.= dU/dx 1.2)

with similar equations for the other directions. Consequently,

vV=— (1. 3)

a=— =— (1. 4)

as veVodist yt h(e ti me derivativa ofs tthe @gadgnet ideen
the velocity. Eaquadwitcoms vEd3 adgebtadcally for

than two atoms. However, solving numerically



Vi =V @tF(r)/m (1.5)

ha=r v, (1.6)
where, at is the time step between stiegind step+1. The initial configuration is then updated to
a new one, new forces are then determined, and the whole process is repeated until the desired

simulation time is reached.
1.2.3. Timestep anatonstraints

The total MD simulation time is divided into small discrete timesteps. The timestep determines
the time between recalculating the forces on each atom required due to the movement of the atoms.
The timestemlepends on the properties of the system. It is usually on the order of femtoseconds
(10%°s). If the timestep is too small, the computational time required for a given simulation time
will be longer, and the simulation will become inefficient. If the timestep is too long, important
aspects of the dynamics will be missed. One approach to sectiea timestep is to use constraint
algorithmsto maintain any bond lengths at a fixed value thereby removing the fastest degrees of
motions. The equations of moti@me then modified to use constraints using algorithms such as

SETTLE, SHAKE, LINCS, eté?®

1.2.4. Conservation oknergy andapplication of a thermostat andbarostat

The total energy of a system is given by the Hamiltorit§n (

2

H:'a";—'mU (1.7)



where the first term is the kinetic enerd$),(and the second is the total potential energy (U). If

these two energies do not depend explicitly on time then,

BH _ 1. 8
n ( )

Hence the total energy of the system remains constangnergy is conserved. However, in
practice it is often observed that the total energy increases slowly due to numerical errors
(approximations). Specific measures must then be taken to keep the energy fixed and/or ensure a
reasonable temperature is ab&l. Furthermore, the final pressure is difficult to control as it
depends strongly on the simulation density and quality of the force field. Additional approaches
have been developew control the pessure and temperature of an MD simulation. This is
necessary for comparison to experiments that are often performed at constant pressure (P) and/or

constant temperature (T).

Algorithms used to maintain a specific T are referred to as thermbbtéiEhere are two ways to

apply thermostats: velocity randomizing and velocity scaiif§xamples of the former include

the Andersen® and Stochastic dynamics algorithmsyhile examples of the latter include the
Berendsenr? V-rescalé’! and NoséHoover algorithmng223Maintaining a fixed system pressure

is achieved by using a barostat®?° The most popular examples are the Bererndsend
ParrinelloRahmani* barostats. The Berendsen barostat keeps the pressure fixed by scaling the box
vectors and thereby changing coordinates. The ParRallonan barostat allows each unit vector

of the unit cell to vary independently, resulting in a change of both the marsizshap¥.



1.2.5. Timeaverages andensembles

The state of a microscopic system comprising N atoms can be described by 3N positions and 3N
momenta. Together, these make a 6N dimensional space called phase space. In an MD simulation,
the position and momenta of each atom change with time. Each ppimise space corresponds

to a specific combination of position and momenta of the atoms in the system. These points are
represented bil. A property of the system, suchAgfor example, the potential energy), depends

on Q. With time, 0 es A(N.al hegra@oscopc rprbpersy f thi aystem is then

expressed as the time average of the corresponding microscopic property such that,

. tbs;
Aw= A& 0/ @) Gim §=A (9) dt (1.9)
|t is often wuseful to remove time dependence
mechani cs, known as the Ergodic hypothesis.

computer simulation with ensembilstiavwadr amgech at
According to this hypothesis, ti me averages ¢c
ensemble is a collection of systems corresport
macroscopic properti esur(es)uc hT haess ev oploui met sa nadr et ed

nor mal i zed pr oh@DbTihe teyn sdei nsbtirei bauvteAaamgre b e rwrtihtet

as,
Abbs:Aenéé:A()re@) (110)
G
Each point in phase swia)Ae nlbasnad i dafd ecnaenh abcew e
introduced, which is the sikm @aJesro tkiheo want aatse st
functi on. Thus,



I ens = Wend B/ Q. (1.11)

Quns = A Wend ® (1.12)

AR FAIWE ) &Wel ) (1.13)

The partition functioQensi S r el ated to thermodynamic potent

Yens= I'nQens ( 1 - 14)

In MD simulation, there are four commonly used ensembles:
1. Microcanonical ensemble (NVE)
2. Canonical ensemble (NVT)
3. Isothermallsobaric ensemble (NPT)

4. Grand Canonical or Gibbs ensemtd¥®1)

where N is the number of atoms, V is the volu
t he t empeeriast urhee, caredni c al potential. The prope
constant i n that ensembl e.i nMDansyi noufl atth eo n& b acvae
although simul ations i n the Grand Canonical

insertion/deletion of mol ecul es.

1.2.6. Steps in anolecular dynamicssimulation

A typical MD simulation involves three main stages: energy minimization, equilibration, and

production.



1.2.6.1. Energy Minimization

Energy minimization involves relaxing the initial atonpositions to reduce steric clashes or
unfavourable interactions in the system. It is mainly done using the steepest descent or the
conjugate gradient method. These methods iteratively adjust the atomic positions to reduce the
energy of the system until atdolerance value of potential energy is reached. Different constraints

can also be applied to maintain the molecular geometry.

1.2.6.2. Equilibration

In this step, the system is brought into equilibrium, in the chosen thermodynamic ensemble, by
performing molecular dynamics and monitoring the energy, pressure, and other properties of the
system until they no longer change with time. A thermostat ardtadican be applied during this

stage.

1.2.6.3. Production

Production is the final step of an MD simulation. The simulation is extended to a specific time,
and data is collected. This step also mainttiesonditions based on the chosen ensemble. As
this is a dynamic process, a trajectory is produced, which describes the motion of the molecules

over time. This trajectory is then analyzed to study the properties of the system.



1.2.7. Periodicbhoundary condition

An essential part of the MD simulation is building the system. For the simulation of esfagte
system, the system is represented by a virtual box, such as a cubic box. That means the system is
limited by the box6s s uroscapicsysemofdmoleaulasrodatoms e s .
can be present. For example, at room temperature, 1 L of water contains3BzlEtules,

among which up to ten layers of water molecules can interact with the surface. This includes
around 2x1& water moleculegonly 0.00006% of the total number of water molecuté3)he

current MD simulations can only incorporate a few million molecules. In that case, the wall
boundary assumption causes an exaggeration of surface effects. It occurs because of the larger
ratio of the surface atoms to the total number of atoms. InasiMulation, this can cause several
artifacts. The use of periodic boundary condition (PBC) was introduced to solve this problem. The
PBC concept assumes that a simulation box is surrounded by an infinite number of similar
imaginary boxes or images in #tiree dimensions. The surface of the simulation boxes is open.
When a patrticle leaves the system from one side, another similar particle, or an image of the
particle, enters from the other side. Figure 1.3 demonstrates the application of PBC in a 2D
systen.?® The main simulation box is shown to be surrounded by its imaginary replicas. The
minimum image convention is applied, i.e., any particle interacts with its nearest image as
determined by the PBC. A coff distance is set beyond which the interactionshatecalculated.

It is done so that a particle does not see or interact with its replica twice. The contributions from
molecules beyond the coff radius are not calculated. It is acceptable for the bonded interactions,
as those are sher@nge interactios. But for norbonded interactions, this process is inaccurate.
Non-bonded interactions are lomgnge forces that still have a significant contribution at a larger

distance. The Coulombic interaction, which is the interaction between charged (and polar)
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particles, is treated using the Ewald metho@ihis method computes the interaction between all
charged patrticles in the simulation box and the particles in their periodic images without the use

of cutoffs.

I I N
@ ‘//Q‘O;‘J ““0;: ‘//0

§_ Gig Ciq e

Figure 1.3. A main simulation box surrounded by its replicas applyingPBC?°

The Ewald method splits the electrostatic potential into two contributions. Therahge
contribution is treated in real space, while the toagge contribution is calculated in reciprocal
space or kspace. Although this method gives very accurateltest can be computationally
expensive. An improvement of this method is Particle Mesh Ewald (FMEPME, the charge
is distributed on a mesh. This method eliminates the need to us&s;uhereby eliminating

artifacts generated by coffs.
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1.2.8. Advantages and limitations ofmolecular dynamicssimulation

MD simulation is a powerful todlor research at the atomic and molecular levels for several
complex systems. Like any other theoretical or experimental procedure, it has advantages and
limitations 2°
The advantages are:
i. It only requires atomic and intermolecular parameters for simulation.
ii.  Temperature and pressure effects can be included and studied.
iii.  Complex systems, such as polymers, proteins, and many other biomolecules, can be studied
at the atomic level.
iv.  MD simulations can predict various thermodynamic properties, structural characteristics,
and dynamic behavior.
v. MD simulations allow observation of molecular processes intmeal, which may be

challenging to study experimentally.

Limitations of MD simulation include:
i.  Time and size scales: MD simulation can be computationally expensive for large systems
and long simulation times. Even with powerful computational resources, 2idegoinds
is the longest simulation length achievéd.
il. Force field accuracy: The accuracy of MD simulation depends on the accuracy of the force
field. Force fields are inherently approximate as they only estimate the forces between

atoms/molecules when calculating the potential energy.
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Dependence on classical mechanics: MD simulation follows the rules of classical
mechanics, neglecting quantum effects. Chemical bond breaking or formation, presence of
hydrogen bonds, etc., cannot be simulated using MD alone.

Hardware: Computer hardware is crucial in running MD simulations. GPUs are used
extensively to reduce computational time. However, parallelization with multiple GPUs

still needs to be solved.

1.2.9. Applications of molecular dynamics simulation

Molecular dynamics is a powerful computational tool with applications in chemistry,

biochemistry, physics, material science, etc. Some notable applications are listed below.

Biomolecular systems: MD simulations are used to study the structure and dynamics of
biomolecular systems. Protein folding, protégand interactions, lipid bilayers,
membrane proteins, enzyroatalysts, etc., can be analyzed using MD simulation. Cellular
processes, such as ion transport through ion channels, can be studied using MD simulation.
Material science: Mechanical properties of materials, such as strength, elasticity,
deformation behavior, etc., can be studied using MD simulations.

Polymers: Conformation of polymers, phase transitions, and other mechanical properties
of polymers are studied using MD simulations.

Electrochemistry: MD simulations are used to study the properties of ions and molecules
in electrolytic systems. It provides information about the electrochemical processes.

Drug design and discovery: MD simulations can predict the binding affinity of drug

molecules to their targets, thus playing a crucial role in drug design and discovery.
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vi.  MD simulations have applications in supramolecular chemistry, environmental chemistry,
nanotechnology, and many other parts of chemistry.
vii.  Experiment validation: MD simulations are used to validate structures obtained from X

ray crystallography, cryelectron microscopy, etc.

1.2.10. Molecular dynamics software

Many software packages are widely available and used by the scientific community for MD
simulation. Some of the most common ones and their primary applications are given below.
i. GROMACS (GROningen MAchine for Chemical Simulatiohs) Biomolecular
simulations, small organic molecules, materials science.

i. AMBER (Assisted Model Building with Energy Refineméft) Biomolecular systems,
other macromolecules.

ii. CHARMM (Chemistry at HARvard Macromolecular Mechantés)Biomolecular
simulation, complex molecular systems.

iv.  NAMD (Not Another Molecular Dynamics progra#ff) Biomolecular simulation,
simulation on largescale systems, highly parallelizable.

v. LAMMPS (Largescale Atomic/Molecular Massively Parallel Simulatér)Materials
simulation, polymers, biological systems, granular materials.

vi.  Desmond® Drug discovery and development

vii.  OpenMM'’: General MD simulations, highly customizable.
viii.  Schrodinger Suite: Drug discovery, quantum mechanics/molecular mechanics (QM/MM)
simulation.
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Due to its unrivaled speed, performatoemtric optimization, and application in biomolecular and

materials science, GROMACS is our choice of software.

1.3. Force fields for molecular dynamics simulation

The accuracy of MD simulations or molecular mechanics (MM) methods is highly dependent on
the accuracy of the force field. A force field is a set of parameters and equations describing the
potential energy of a system. The central assumption of any MMoohitihe BorrOppenheimer
approximation. This approximation allows the separation of nuclear motion and electronic motion.
Due to their lightveight, the electrons move much faster than the nuclei of a molecule and rapidly
adjust to any changes in the taicThe electrons are supposed to be in their electronic ground
state at each nuclear configuration. Therefore, the energy of a system can be written as a function

of the nuclear coordinates onfy.

According to classical mechanics, the total energy is divided intdemas: kinetic energy and
potential energy. Kinetic energK) can be calculated easily using the atoms' magsa(d
velocity ),
L1
K = =
a 2

mv (1.15)

The potential energyl) is the sum of bonded and nrbonded terms for classical pairwise additive
force fields,

U (r) :U bond U U‘ dihedral U %

improper

U+ U . (1.16)

angle electrostatic Wi
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The first four terms are the bonded, and the last two are théaraded terms. The energy is
written as a function of the atomic coordinates. There are several different ways of representing

each term of equation 1.16. The most common ones are givem belo

.1
Ubond = a Ekb(r _rO)Z

bond

L1
Uangle: a Ekq(q - @2
angle
u = a k[l €os(/ -g]

proper
dihedral torsion

1 (1.17)
Uimproper: a _kf(f -{)2

dihedral improper 2

%8s 6 & B
U= 4€€e— 6 - Tz (B
& T ore g
4
U = LR
electrostatic Iaj4p @rre

In the above equationg, is the bond force constant amgis the equilibrium bond lengthk, is
the angle constant ang) is the equilibrium angle. For the proper dihedral tdgms the force
constant,nis the multiplicity, f is the dihedral angle and is the phase shift. In the improper
dihedral termk, is the improper dihedral constant afgis the equilibrium improper dihedral.

The last two terms are the nbonded terms. The first is van der Waals (vdw) contribution and
the second is the electrostatic interaction. For the vdw termetermines interaction strength
between the two atoms amd represents the size parameter or contact distance between the two
atoms. For the last terig and g; are partial atomic charges on the atorasdj, while g, is the

permittivity of vacuum,e. is the relative permittivity of the system, ands the distance between

two atomsA visual representation of the different interactions is given in Figuré® 1.4.
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Figure 1.4. Schematic representation of the (a) bond, (b) angle, (pjoper torsion, (d)

improper-dihedral angle, (e) van der Waals interaction, and (f) electrostatic interactio#?’

The parameters for each of these terms can be obtained from either simulation or experiment. The

value ofr,, g, and f, can be obtained fror{-ray crystallography data, whil,, k, andk, are

often obtained from spectroscopic (IR, NMR) data. There is little experimental data available for

determiningk, ,n andd. Therefore, these are taken from quantum mechanical (QM) calculations.

The charges on the atoms are not known, so those are usually taken from gas phase QM
calculations, and then scaled to include polarization effects that occur in the condensed phase
(egpecially for polar solvents). Equation of state data can be used to detesrmamee of the van

der Waals interaction equation. Usualsy, and g, are known for the interaction between pairs

of i atoms. The interatomic van der Waals interactions between pairanofj molecules are
calculated using the combination rules. Different force fields use different combination rules. The
two most common ones are Loreigerthelot or arithmetic combination rules and the geometric

combination rules. The arithmetic combinatiofesare giverby,
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2 (1.18)

e =, .6 €

ij i

while the geometric combination rules are given by,

Si TN F S

€ =4 i€ €

(1.19)

Ii

There are several force fields available specializing in different types of systems. Some examples
of common force fields with their application areas are given below.
i.  AMBER“’: Proteins, nucleic acids, small organic molecules
i. CHARMM*: Proteins, nucleic acids, lipids, carbohydrates
ii.  GROMOS? Biomolecules, organic compounds
iv. KBFF and KBFF20*** Biomolecules, materials
v. OPLS®: Organic compounds, peptides, proteins
vi. COMPASS® Organic compounds, polymers, materials
vii. LAMMPS Force Field¥: Biomolecules, materials, polymer
vii.  ReaxFF3 Reactive systems, combustion reactions, chemical transformation
iXx.  MARTINI“®% Coarsegrained simulations for large biomolecular systems

Xx. AMOEBA?®? Polarizable force field
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1.4. Building a force field

1.4.1. A historical background

Although the first molecular mechanics calculations were done in the®t9#sficant progress

in force field (FF) development was not maaheil after computers became available in the 1960s.

The pioneers in this area were Shenior Lifson (Weizmann Institute, Israel), Harold Scheraga
(Cornell University, USA), and Norman Allinger (Wayne State and University of Georgia,
USA) .28 The first FF was built to reproduce the structure, properties, and vibrational spectra of
some organic molecules in 1988Later, in the miell970s, the first atomistic simulation of
protein?? the first coarsegrained modet? and the first QM/MM? simulations were performed.

After that, the area of FF development became consistent. FF development has been a massive

area of research since then.

An important part of FF development is deciding whether to include polarization in an explicit
manner or notPolarization effects in molecular dynamics simulationslve changes in the
distribution of charges within molecules or materials thayoccur during the simulatiodue to
changes in the external electric fields surrounding molectifesse effects play an important role

in accurately modeling atomic and molecular interactions, especially in cases where nearby
chargessuch as polar moleculekd water, are preseot external electric fields cause charge
redistribution.There are different methods for accounting for the effects of polarizability in a
simulation. In a polarizable force field, this is done by adding explicitly polarizable sites or
allowing atomic charges to fluctuate>® All atom polarizable force fields capture the effects of

polarizability well, but these are computationally expensive. In apoterizable force field, the

19



charges are scaled to produce effective fixed charges, which attempt to implicitly capture the
polarization effect’ However, this method may not capture the important electronic structural

details of the system.

Other approximations can be used to enhance the computational efficiency of MD simulations and
therefore extend the approach to larger system sizes. A technique to simulate asoatgon
system without the large computational cost was developed by Ruad8ranghton: coarse
grained molecular dynamics (CGME#)The CGMD equations of motion are derived directly from
finite temperature MD through a statisticalarsegrainingprocedure, so they agree with MD as
the mesh size is reduced to the atomic scehe. use of efficient CGMD allows for atomistic
simulation of significantly larger systems compared to MD al@®@MD models consist of
interacting mass poin{€G beads)hatcorrespond to a group of atoms inaamisticsimulation

of the same system. They can thus be vieagdelativelylow-resolutionmodels,compared to

more detailecdtomistic modelsThe challenge i€GMD lies in determining the appropriate level

of detail to capture the essential chemistry of the system while still simplifying it enough to make

computations tractable.

1.4.2. Force field development process

Some basic steps are involved in generating a new force field. The steps are describet below.

1. Selecting the function to model the system energy: How to describe intramolecular

interactions, whet her to add polarization

eqguations to use, etc., needs to be determined first.
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2. Choose the data set required to determine all the parameters needed in the previously

selected functionsuch as equilibrium bond lengths obtained fromayx or neutron
diffraction, force constants from vibrational spectroscopy, heats of sublimation or
vaporization, densities, etc. Use ab initio or quantum calculations when experimental data
are scarce.

Parameter optimizatioWhena large number of parameters areolved, they are often
refined in stages as most of them are interconnected, meaning that a change in one value
may affect some other parameter. Therefore, optimization becomes an iterative procedure.
An alternative approach igsing a leassquares fitting to determine the entire set of
parameters that best agreigh the input informationA new and attractive approach is the
force-matching method, which directly providdse potential energsurface derived from

QM calculations.

Validation of force fieldit is essentiato validate the final set of parameters by computing

the properties of systems that were not used in the parametrization process.

1.4.3. Difficulties of current force field development processes

Developing a FF is not a trivial job. Several underlying challenges make this task complex and

time-consuming. Some of the difficulties encountered during the process of FF development

include:

1.

2.

The scarcity of experimental data.
No standard way géarameterization is known.
Trying to mimic condensed phase polarization by simply scaling charges does not work.

For example, water ithe gaseous phase will be less polarized than in the conduresssl
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Thus, it will polarize the other polanoleculesn the system more than tigaseous phase.
Therefore, the chargespplicable in the gaseous phase do not work forctmlensed

phase.

Recently, our group has employed KirkweBdff theory in an attempt to increase the quantity of
relevant condensed phase data that can be used to develop accurate FF parameters. These
Kirkwood-Buff-derived force fields involve a focus on the development of improved partial

atomic charges as well as the changes to the Lediomes (LJ) parametens ( and [ )

1.5. Kirkwood-Buff theory

1.5.1. Introduction to Kirkwood-Buff theory

First published in 195by John G. Kirkwood and Frank P. BuKirkwood-Buff (KB) theory is

an exact statistical mechanics theory that relates solution structure (a microscopic property) to the
solution thermodynamics& macroscopic propey}.?® KB theory uses properties of the grand
canoni cal ensembl e, where the chemical potent
to describe the thermodynamics of open, sep@n and closed systems. The central part of the

KB theoryis the KB integrals (KBI). The KBIs are defined as,
G,,=G ,,4pfig () H ridr (1.20)
0

whegoes the radial distribution function (RDF)

Uanfiflseparated rbyThedKBEI anepresents the net aff
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system. A positive KBI value indicates the n

indi cates the net i nteraction i s not favor abl

It is crucial to calculate the RDFs correctly as their integral is required to calculate the KBIs. In
statistical mechanics, the RDF is defined as the change in local density of a species surrounding
another species in the system, with respect to distaroeother words, it is the probability of
finding a particular species at a distancéom a reference species. A visual representation
depicting the concept behind RDF is provided in Figure 1.5. In Figure 1.5, the red particle is the

reference specie$he RDF determines the number of other species between r and r + dr.

Figure 1.5. lllustration of an RDF 62

Although KB theory was published in 1951, it was not until 1977 that it became famous after Ben

Naim published an inversion of the KB thedf{During the 1950s, there was no experimental way
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of calculating RDFs, and even the computers were not advanced enough to provide examples. In
1977, BeANaim used experimental data to calculate experimental KBI values. In 2003, the Smith
Group started to used KB theory and the KB inversion techniqueltbabnew force field (KBFF)

for urea and waté No other computational studies in previous literature displayed the correct
urea and water mixture behavior. In the KBFF modbilaid charge distributiothat reproduced

the KBIs accurately over a range of concentrations was discov&sed result, the solution
thermodynamics, including the activity of urea, were wetcribed. The model also reproduced
other physical properties, such #® density, diffusion constants, and compressibility. In
agreement with experimental data, the model showeddittie> urea selbhggregation. The ideal
nature of urea mixtures on a molar activity scale seemed to result from a balance between water
water and ure&ater interactions, with a smaller ureeea interaction. Although initially
developed for use with SPCikater, the new model performed equally well with the SPC and

TIP3P water models.

1.5.3. Advantages and disadvantages of KirkwoeBuff theory

There are certain advantages and disadvantages associated with using KB theory for FF
development. The advantages ¥re:
i. Itis an exact statistical mechanical theory, meaning no approximations are involved.
ii. It applies to any solution mixture containing any number of components, as long as those
are miscible.
iii. It can be applied to molecules of any size and complexity.

iv.  Pairwise additivity of interactions is not assumed in this theory.
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v. Itis well suited for computational studies.

Some disadvantages of using a KB theory approach include:
I.  Longer simulations and larger system sizes are required to obtain KBIs.
ii. RDFs of open systems are required to calculate KBIs. But typically, RDFs of closed and
finite systems are obtained from simulations. Therefore, further corrections are freeded.

iii.  For macromolecules that are too large, difficulties may arise.

1.5.3. Inversion of KB theory

In 1977, Arieh BerNaim suggested a new approach to using KB theory. Instagingf KBIs to
describe thermodynamic properties, he proposed to use experimental thermodynamic properties to
extract experimental KBI¥ This approach provides valuable information about the mixing

behavior of solutionsThe KB inversion equation for a binary solution is expressed as,

Gt 16 7 RT ki 2 LAY (1.21)

X% % (Wl K),

where, d, , is the Kronecker deltas , is the number densitR is the ideal gas constafitjs the
temperaturek; is the isothermal compressibilitx, i s t he mol e f r aogtisi on of
the mole fractWVaandVodr e hpea rstpieacli eso Ibar vol umes ¢
Finally, (u6 77 w,)- . is the derivative of the chemical potentidlhus, we need to know only

three pieces ofexperimental datathe isothermal compressibility, partial molar volume as a

function of composition, ané derivative of chemical potential (activity) as a function of
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composition.Using these threeomposition dependemialues in equation 1.2ive can obtain

KBIs as a function of composition

1.6. Kirkwood-Buff theory developed force field (KBFF)

As mentioned in section 1.5.ih, 2003 the Smith Groupised the KB theory arttie KB inversion
technique to build a new force fiefldBFF) for urea and water mixtufé Since thenatremendous
amountofwork has beeperformedo developmproved KBFF model for a series of small solutes
The most recent work was published in 2021, which descrilmanpleteFF for peptides and
proteins. The FF was named KBFF2@he method of development of KBFF models is illustrated

in Figure 1.6.

Experimental Data:
Activity Coefficients, Simulation:
Partial Molar Volume, Radial Distribution

[sothermal Function
Compressibility

Compare

Reparametrize:
KBI Reproduced? Partial charge, LJ

Parameters (o, €)

Figure 1.6. Flowchart for the method of development of KBFF
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1.6.1. Extracting KBIs from experimental data

The first step for developing a KBFF model is to obtain KBIs from the corresponding experimental
data. We need isothermal compressibility, partial molar volume or density as a function of
composition, and the chemical potential (activiyg)a function of compositiod.he isothermal

compressibility data is often not available. In that case, the isothermal compressibility can be

assumed to be,
/(T:A'%k+2/.?2 (1.22)
where 1 represents the solvent and 2 represents the s/oflluts.the compressibility of the pure

solvent andk?2 is the compressibility of the pure solute. represents the volume fraction.

Fortunately, the quality of the compressibility data does not significantly affect the final KBI
values. The general method for obtaining partial molar volumes (PMVSs) is to fit the demsig/ v
composition data. If density data is unavailable, then the density of pure solute crystal and pure
solvent density can be used to determine the PMV, which is then assumed to be independent of
compositior?” The most important data is the activity d&tdt can be obtained from phase
equilibria or osmotic pressure studies. For systems that have low solubility, the activity data might
be limited or not available at all. In that case, those systems cannot be studied using KBFF

approach.
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1.6.3.0Obtaining KBIs from MD simulations

KB theory is set wup in the Grand Canoni cal En
Therefore, particle numbers can fluctuate to keep the chemical potential constant. It is challenging
to perform MD simulations in an open system. Most MD simulations are done in the Gibbs

Ensemble (NPT constant). In that case, the equation for the KBI can be modffied to,
G,,=4pfj10 () AIridr (1.23)

whereR is the integration distance. The integration distance&sézbe large enough that no
Astructured remains in the RDF, but small eno

bath for the smaller open system definedRby

Using LJ parameters (U0, ¢¥) and partial charge
can be performed, the RDFs can then be generated and integrated to give KBI values. An example
of the conversion of RDFs into KBIs is given in the Figure*d The top panel shows simulated

RDFs for an Nmethylacetamide (NMA) and water system. The bottom panel shows

corresponding KBIs.
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Figure 1.7. Simulated RDFs and its conversion to KBI& for NMA+water system at 313K

and 1 bar. In the bottom panel, each line of the same color represents different time averages

Another method of calculating KBIs was established by Hill and Scfif@They investigated

the finitesize scaling of small nonperiodic systems embedded in a large periodic reservoir. The
reservoir was simulated in the grand canoni cal
properties were extracted by considering tlaisg of the small system properties with the system

size. Both methods described above have advantages and limitations. However, the common
problem in both processes is ambiguity in determining the KBI analysis region. Ploetz et al. have
provided a goodamparison of the results from both proces8&hey generally agree for large

system sizes.
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1.64. Comparing experimental and simulated results and validating FFs

Once the KBIs are obtaindbm the MD simulation, they can be used to compare them with the
experimental KBIs and calculate other thermodynamic properties using equatiand @mpare
them to their experimental valudhe PM\k and an activity derivative are given by,

1+r 1 (Gzz 'Glz)

V =
! h
V. :l+ Iy (Gll 'Glz)
2
h (1.24)
h: { + 2/ +1 G(G‘ll G-EZ 2619
_apina, 0 _ 1

.~ O
gplnrc P 1 +5(G22 Glz)

for binary mixtures.

1.7. KBFF for aqueous alkali and alkaline earth nitrates

Alkali and alkaline earth nitrates are interesting materials to study because of their wide range of
applications in chemistry, biology, therapeutics, environmental science, industry, etc. In previous
studies by our group parameters for alkali metal akaliak earth metal ions were developed as

a part of KBFF.1:"2Those ions were paired with halide ions. To make the KBFF applicable in a
wide range of computational studies, one needs parameters for all commonly available ions and
molecules. In the current thesis, the development of a nitrate ion FF, compatibéxigfiing

KBFF models is discussed. Although the nitrate ion has an overall chardetbk partial charges

on N and O atoms are unknown. Al so

, the LJ p:

interaction between the solute and solvent ions, havéeen published yet. These issues make
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the task of modeling nitrate ions difficult. For instance, in a recent study an alkali nitrate FF was
developed? But, after testing, it showed significant aggregation for kKN@lecules at 1 m
concentration. In our research, we have extensively tested different partial charges on N and O
atoms and different LJ parameters in an attempt to obtain the correct interaction between solvent
and ions. The values obtained are then deafgainst other physical properties to validate the
results. Ultimately, we successfully built a FF for aqueous alkali and alkaline earth nitrate

solutions.

1.8. Studying the effects of local electroneutrality on mixed electrolyte systems

Electroneutrality is a fundamental principle in electrochemistry. lessentialin studying
electrolytes and their behavior in batteries, fuel cells, electrochemicaletelldn most cases, a
mixture of electrolytes is used in electrochemical systems. A naturally occurring system like
seawater is also a mixture of multiple electrolytes. Electroneutrality affects the properties of
solutions, such as charge neutrality,icomobility, pH, solubility of salts, conductivity, osmotic

pressure, etc. More details about this will be given in chapter 4.

Local electroneutrality refers to the balance of charges within a small localized region of an
electrolyte solution. It plays a huge role in the formation and properties of ion atmosphere.
Depending on the components of the solution, ion atmospheresawadlldifferent structures and
properties. For example, ion atmospheres and local electroneutrality effects near a charged surface
will differ from an uncharged solution. Also, depending on their size, charge, and concentration,

different ions contribute dérently toward local electroneutrality. In this thesis, we have examined
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the contribution of different species in solution towards local electroneutrality. We have tested two
types of mixed electrolyte systems. Mixed electrolytes with a common ion near a charged surface

and seawater, and also a mixture of multiple ionic species

1.9. Organization of the dissertation

This thesis is centered around inorganic ionic solutions. In Chapter 2, KB theory is applied to build
a FF for agueous alkali metal nitrate. Different partial charges on the N and O atoms of the nitrate
ion are tested, and LJ parameters are optimizedttornod FF that reproduces several properties

of aqueous alkali metal nitrate solution. Chapter 3 discusses the process of building a FF for
agueous alkaline earth metal nitrates. Magnesium nitrate, Calcium nitrate, and Strontium nitrate
are chosen for theF optimization process. Barium nitrate could not be studied due to its low
solubility in water. In Chapter 4, we investigate how local electroneutrality affects the properties
of mixed electrolytes with a common ion near a charged surface. We have alkadieshlorides

as the system of interest, as KBFF already has all the parameters available for alkali metals and
chloride ions. In Chapter 5, we have studiedrble of local electroneutrality in seawater. We

have chosen three types of seawater (starskawateeadSea brine, an®RedSea brine). Some

of the ions have very low concentrations in seawater. Hence, large systemequered,and

longer simulations were needed to be performed to provide statistically meaningful results. These
made the simulations computationally expensive. Chapter 6 comprises a conclusion and future

directions.
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Chapter2-A Ki r kBwothfeé odey | foeg diee | chgd ®® u s

a kaltirsateti ons

2.1. Introduction

Alkali metal nitrates are ubiquitous in nature and the chemical industry. They are used as oxidizing
agents, fertilizers, common reagents in chemistry labs, etc. Due to their oxidizing properties, they
are also used in pyrotechnics and fireworks. Amongathkali metal (Li, Na, K, Rb, and Cs)
nitrates, NaN®@and KNG are the commercially most importaNaNQs is used as a preservative

in the food industry. KN®is used as a nitrogenous fertilizer, providing potassium and nitrogen,
essential nutrients for @ht growth. KNQ@ is also used in heat transfer fluids as it can absorb and
transfer heat effectively, thereby making it suitable for some industrial applications. Alkali metal
nitrates are used in rocket propellants as a cleaner and more envirdnemelty alternative @
chlorinecontaining oxidant$s. Some alkali nitrates also find applications in the pharmaceutical
industry. Nitrate anion is biologically very importaMitrates provide essentiahutrients for

plants, but excessive amounts can lead to significant water quality proldeats as
eutrophicatiorf Inorganic nitrate and nitrite can be found in the body or consumed through food.
When these compounds are metabolized in the body, they produce nitric oxide (NO) and other
nitrogen oxides that are biologically active. This pathway is becoming recogniaedraportant
regulator of blood flow, cellular signalling, energy production, and the body's response to low
oxygen levelghypoxia)® Nitrate stimulates the synthesis of proteins, DNA, and RNrate

plays the most critical role in the nitrogen cycle. The nitrogen cycle involves the transformation of
nitrogen between different living and ntiving forms in the environmerftSome bacteria can

reduce nitrate ions to nitrogen gas, using nitrate reductase enzyme, thereby releasing nitrogen into
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the atmospheréMost of the reactions of nitrate ions occur in an aqueous environment, and all the

alkali metal nitrates are highly soluble in water.

The importance of nitrates has fuelled a desire to understand their solution properties. Where
experimental data iscarce,the use of computer simulation has been beneficial. However,
computer simulation studies are sensitive to the models employed. Bul&Rgnodel for an
electrolyte solution such as aqueous nitrate can be difficult due to the intricate interplay between
ions and solvent moleculeSeveral factors need to be considered. In most cases, the partial atomic
charges associated with the atbnome from gaphase quantum mechanics (QM) simulations.
However, it is not always the most accurate to use the partial atomic charges obtained directly
from QM as the polarization of nitrate in solution due to the presence of polar solvent molecules
andother ions will be significant. Performing a simulation with an explicitly polarizable model
increases the computational cost tremendously. Hence, there is a need to develop simpler models
that include polarization effects in terms of effective fixed phaiomic charges thereby reducing

the computational cost.

Alkali metal nitrates can be used as a probe to develop a nitrate force field (FF) for bi@odical
othersystemsSeveral nitrate FFs have been published over the years. Borodin et al. published a
polarizable and nepolarizable FF for nitrates based on alkyl nitr&té€e et al. studied ion
pairing in lithium, sodium, and potassium nitrate solutions by using an electronic continuum
correction® In two separate works, Ni et al. and Fantauzzo et al. built a FF for alkali metal nitrates
that can be used for the molten and crystallized forms, respectivéRecently, Schaefer et al.

published a FF for alkali nitrate aqueous solutigrEhey adopted models from the literature and
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made no adjustmentdpwever, our initial tests found that their FF only worked for low, less than

1 m concentrations. In another recent study, Trejos et al. parameterized nitrate ions as an extension
to the Madrid2019 FF¥1° They used nitrate ion charges from gdmse quantum chemical
calculations and then scaled those by a factor of 0.85 to mimic polarization .effeetd.J
parameters were also taken fromthe same $ftld. h e i nt e r aj@tnig)defweenghe ms ( G
counterions were adjusted by comparing the experimental properties, such as viscosity and

diffusion constant of alkali nitrate aqueous solution with the simulated data.

Our group harecenly published a FF fothe simulation of classic#liological systems such as
peptides and proteineamed KBFF2@%°andalsoa KirkwoodBuff (KB) theoryderived FF for
aqueous alkali halides.In this work, we have adapted the alkali metal parameters from the
previously published article and scaled the Lerwdantes (LJ) parameters between the cation and
nitrate oxyger(referred to as ON) to build a FF for alkali metal nitrates, wii@ompatible with

the KBFF20models Our approach to building a FF for alkali nitrate heavily relies on the
Kirkwood-Buff theory of solutiong! The KBIs for aqueous alkali metal nitrates were used for the
target data. Validation of the FF was performed by calculating properties such as the first shell
coordination number, dielectric decrement, and surface tenslerhave used the SPC/E water
model, which was also used to build KBFF20 for compatibilityour knowledge, this is the first

Kirkwood-Buff theory-based alkali metal nitrate FF that has been developed.
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2.2. Methods

2.2.1. Kirkwood Buff Analysis of Experimental Data

The KBIs can be extracted froexperimental data usingBéhai més KB i n®¥Eorsi on
a binary solution of a solute (2) in a solvent (1) there are three KBIs corresponding to the solute
solute, solutesolvent and solvergolvent distributions. The three composition dependent KBIs

can be obtained from the KBI inversion equatidn,

At 16 5 RY o ket o LEAE 1Y) (2.1)

XX X (W m ),

whered, , is the Kronecker delta; is the number densitys, , is the KBI, Ris the gas constant,
Tis the temperaturek; is the compressibilityx is the mole fraction)V is the partial molar
volume, and(ub 77 w,) is the derivative of the chemical potential (related to the corresponding

activity coefficient).

To perform the inversion one requires three independent pieces of thermodynamics data: one
partial molar volume, the isothermal compressibility, and one derivative of the chemical potential
(activity coefficient). The second partial molar volume and therathemical potential derivatives

are related bgq 2.2,and the Gibb€£uhem equation, respectively.

/’1\71+6\724 (2. 2)

Theisothermal compressibility data for solution mixtures is often not available. In that case, the

isothermal compressibility can be assumed to follow,

/(T:A'%k+2/$2 (2.3)
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where k?l is the compressibility of the pure solveﬂﬁ is the compressibility of the pure solute,

and,/ represents the volume fraction. The general method for obtaining the partial molar volumes

is to fit the density @rsuscomposition data. If the density data is unavailable, then the density of

pure solute crystal and pure solvent density can be used as the PMV, and is then independent of

compositior?® Neither of these approximations signifidgraffectsthe resulting KBls. The most

critical data for obtaining accurate KBIs is the activity dath.can be obtained from phase

equilibria or osmotic pressure studies. A table with references for the aciéfficient and

density data used in this study is given in Table 2.1.

Compou Activi Densit Temp ( Pressld
Coef fi Refere (bar)
Refere
LiI!O 24 25 208 -
NaNSO 24 26 598 1
KN%) 24 26 293 1
RbNSO 24 27 598 1
Cs NO 2 27 208 1

Table 2.1. References for activity coefficient and density data for aqueous alkali metal nitrate

solutions. The data for RbNOs and CsNQs correspond to thepure crystals
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Both the activity coefficient and the density datastbe fitted with relevant equations to provide
data at the same composition. T h)ewithesgltumaldlity on f or

(m) is given by,

Ing. :T ANl a,m) aHr ( 2.

-1.178/m
+am

The equation for fitting the density (d) with salt molality (m) is given by,

d=0.997054m gm° am ( ).

In both the equations,, a,, anda, are separate sets of fitting parameters. We obtain these fitting

parameters by running our-hrouse codes. An example of our fits to the activity coefficient and

density data for an aqueous Ki§blutions is given in Figure 2.1.

! T T T T T T T

u  Expdata

— Fit

0.8}

=06t

1.05
04}

0.2 L : L - - . 1 . |
3 >

m{mol/kg) m(nu_!lﬂ.gl

Figure 2.1. An example of the experimental and fitted data for the activity coefficient (left)

and density (right) of aqueous KNQ solutionsas function of salt molality.
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2.2.2. Parameterization of nitrate ion and alkali metal ions

Parameters for all the alkali metal ions were developed in the previous work of oufbaodp,

were added to the KBFF20 force fiégftl®The LJ parameters (0 and [)
from the previous work. The nitrate ion was parameterized through several steps. To test different
parameter changes, we selected KN© the test salt. The water model used was SPGdEhe
consistent with the KBFF20. We used the bonded (bond length and angle) parameters provided in
the literature® First, we tried to parameterize the partial charges on the N and O atoms of the
nitrate anion. We tested charges from experimental papers, quantum calculations, and guessed
charges. A list of the charges tested and the corresponding KBI values obténethailation

are given in Table 2.2. However, we found that the charges did not affect the KBI values
significantly and so we decided to stick to the charge from a combined experimental and theoretical
study?® The norbonded parameters for ON were taken from KBFF20 and then scaled to obtain
the proper contact distances between ator@N\;l ON-OW, N-H, and NOW, as determined in a
recent AIMD simulation of the nitrate icfi The details of the final parameters used for the atoms

in nitrate ion are given in Table 2.3.
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-0. 7 0.1 -80
0.1 -0. 3 -7 6
+0.926 -0. 642 -8 2
1.0 0 65
+1. 4 -0. 8 -8 8
+ 2 -1 17
+0. 65 -0. 55 -8 3
+0. 20 -0. 40 -85

Table 2.2. Charges tested on N and O atoms of the nitrate iofExperimental KNO3 G22=

+173 cn¥/mol (at 2m)

N +0. 65 0.3201 0.5620

ON -0. 55 0.3465 0.6047

Table 2.3. Final nitrate ion charges and LJ parameters (afteroptimization)
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The LJ 0 parameter was already setiniitni aKiBFIFR2 O
parameter was taken from KBFF20. However, this provided relatively poor agreement with the
experiment al KBI s . Hence, we used a simple sc
to generate the correct KBIs. This approach has beerbe$a in our studies of alkali halid&s.

The initial and final values of the LJ parameters are provided in Table 2.4. To calculate LJ

interaction between unlike atoms a geometric combination rule was used.

Catio GG m) f(k J/ mo ONCati ONCat i
(origi (origi f(kJ/ mo scal.

(scal facto

Li 0. 251 0.7 0.195 0. 2
N a 0.291 0. 32 0.219 0.5
K 0.340 0.13 0.196 0.7
Rb 0.3514 0.15 0.240 0.8
Cs 0.378 0.06t 0.178 0.9

Table 2.4. Initial and final alkali metal LJ parameters and the scaling factors between

different cations and the nitrate oxygen (ON)

2.2.3. Molecular Dynamics Simulation Details

All the molecular dynamics simulations were performed using GROMACS 2019.5 sofivigre.
nm cubic simulation boxes were used. Random initial configuration of 1m, 2m, 3m, and 4m alkali

nitrate aqueous solutions were generated using custade Fortran code. The SPC/E water
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model was usetf. The system was maintained at isothermal isobaric condition (NPT ensemble).
The temperature was ma i-Hodver thermodtat®arrin@l®RAHmaru s i n g
pressure coupling was used to keep the pressure atThar nitrate iorbonds were constrained

using the LINCS algorithrand the water bonds were constrained using SETTLE algottPfm

A 2 fs time step was used to integrate the equations of motion. The particle mesh Ewald (PME)
was used to model electrostatic interactions with a 1 nrof€distance for real space calculation

and a 1 nm cuoff distance for the van der Waals interacti®’ The steepest descent method was
used for three (1006tep each) energy minimization processes, followed by 1 ns equilibration. All
the production runs were 50 ns long, except for the calculation of surface tensions, for which a 100
ns long run was perfored. In the production run, the first 10 ns were further discarded as part of
the equilibration process, and the rest of the 40 ns were divided into chunks of 10 ns to perform

analysis. In the production runs configurations were saved every 1 ps.

For the analysis process, a custemitten Fortran code was used to calculate a center of mass
radial distribution functions (RDFs), which were then integrated to obtain KB integrals (KBI). The
simulated KBIs were compared to the experimentally determi€ils. Adjustments to LJ
parameters were made to get the simulated KBI value closer to the experimental value to optimize

theforcefield.

53



2.3. Results and Discussion
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Figure 2.2. Simulated RDFs as a function of distanceand the corresponding KBIs as a
function of integration distance for 2m KNGOs (2) in aqueous (1) solutiorobtained from

different simulation times.

SampleRDFsand integrated KBIs fadifferent species i2m KNG; solution are given in Figure

2.2. In this figure and all the following figures, 1 represents solvent, and 2 represents solute. In
Figure 2.2, the lefside panel shows RDFs of solvesalvent, solvensolute, and solutsolute
systems. All the RDFs convexgo 1, as particle densighouldequal the bulk density after a
certain distance. The rigistde panel of Figure 2@ntains théntegrated KBI values with respect

to integrationdistance R, in nm. The dfferent colored lines in the rigigide panel represent
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different time chunksThe data suggest that convergence with time has been achieved, as there is
no systematic drift in the data, although different -aubrages do show some statistical
fluctuations. We decided to average the integrated KBI values between 1.2 to 1.5 teimttheb

final KBIs. This distance was chosen as the RDF data displayed no sthegtarel 1.5 nipwhile

a larger distance may result in too small a particle bath.
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Figure 2.3. Site-site RDFs between water and nitrate ionfor a series of metal nitrates at

2m concentrations. The AIMD points correspond to the position and height of the first

peak obtained for a single nitrate ion in watert®
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The sitesite RDFs corresponding to the interactions between water and nitrate ion atoms are
shown in Figure 2.3. The reference values were taken from an AIMD calcifati@an be seen

in the figure that RDFs are not significantly affected by the choice of ¢c#tiepeak position does

not change, the height changes slightlgnce, choosing one system as a test system to establish
the force field parameters is an acceptable technique. In Figure 2.3,-fthearid NOW
interactions and contact ion distances were reproduced almost perfectly. Thus, we focused on
obtaining the caect interactions and contact distances between H to nitrate oxygen and OW to
nitrate oxygen. We stablished a new atom type ON, giving a reasonable contact distance and
interaction strength (height of the RDF contact peak) value. It should be noted that getting both
contact distance and interaction strength correct was not always achievable. esttherete
conducted using the new atom type ON for the nitrate oxygen. Details of the final atom type ON

parameters are provided in Table 2.2.

The primary goal of our method of force field development is reproducing the experimental KBIs.
This ensures a reasonable balance between the different distributions. Thesaabetesolute
solvent, and solvergolvent KBIs before and after adjustmeatghe force field parameters, are
given in Figures 2.4, 2.5, and 2.6, respectively. The KBI values vary from negative to very high
(almost infinite) positive values at low salt concentrations. A positive KBI value indicates a net
attraction between the twspecies, and a negative value suggestsrepulsion. At lower
concentrations, KBI values can reach almost infinity to maintain electroneutrality. This property
is obeyed in all our KBI plots. It should be noted that the experimental data does not have an error
bar even though there are certaintyoes in the experimental data. This is because experimental

data for each alkali nitrate molecule has been taken from a single source. In all of the KBIs before
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the FF optimization, no differences were observed for the different metals. We were able to
differentiate between the metals after optimization and the experimental trends were reproduced

for most of them.
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Figure 2.4. Solute-solute KBIs for aqueous metal nitrate solutionsbefore (left) and after

(right) optimization of the force field parameters. Lines: Experiment, SymbolsSimulation.

As the cation size increases from Li < Na < K < Rb < Cs, the charge density on the respective ion
decreases from Li > Na > K > Rb > Cs. Im®redifficult for smaller cations with higher charge
densities to lose their solvation shellsd formcontact ion pairs. Thus, the KBI values are higher

for the larger cations. In Figure 2.4, the lines for KNfDd RbNQ stop at 3m and 2m, as there

were no experimental activity data available beyond that. The 4#X@NaNQ KBls show good
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agreement with the experiment after optimization. The KNRbDNG;, and CsN®@ KBIs show

good agreement with the experiment at 2m concentration.
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Figure 2.5. Solute-solvent KBIs for agueous metal nitrate solutionsbefore (left) and after

(right) optimization of the force field parameters. Lines: Experiment, Symbols: Simulation

Figure 2.5 shows the soluselvent KBIs before and after optimizing the FF. LiNg&d NaNQ
show good agreement with the experimental yalirereas KN@, RbNGs, and CsN@follow the
trend with their experimental value, although the disagreement increases with salt concentration.

The exact reasons for these deviations are unknown.
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Figure 2.6. Solventsolvent KBIs for aqueous metal nitrate solutionsoefore (left) and after

(right) optimization of the force field parameters. Lines: Experiment, Symbols: Simulation

Figure 2.6 shows the solvestlvent KBIs before and after the optimization of the FF. A similar
situation to the soluteolvent KBIs was observed in the solwsotvent KBIs The LiINO3z and
NaNQ; datashow good agreement with the experimental \vgludnereas thKNO3z, RoNG;, and

CsNOs only follow the trend with their experimental value.
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After establishing the force field parameters, we have tested the force field by calculating values
of properties not included in the parameterization process and compared those to their
experimental values. One of the interesting features of electrohdesffect their properties is

the degree of contact ion pairing that occurs between the cation and anion. To explore this we have
calculated first shell coordination numbers (C.N.) of the alkali nitrates (eldiamsing the

following equation,

n(r’)=4p /fjg(r)rzdr (2.5)
In equation 2.5n(r") is the coordination number; is the number density, and g(r) is the RDF

between the cation and the nitrogen atom of the niaraitan.
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Figure 2.7. RDFs between alkali metal ion and nitrate nitrogen atom for 2m concentrations

of agueousalkali metal nitrate solutions.
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The corresponding RDFS are displayed in Figure 2.7 fif$tepeak in the RDF plots represents

the formation of the contact ion pair. In the case of LiN@e first peak is very small, indicating

that LFNOs ion pairs are not formed. This makes sense, as Li has a very high charge density due
to its smaller size and does not want to lose its solvation shell to form an ion pair with#he NO
anion. As the metal ion size increases;pair formation can be observed. In the case of NaNO

the split in the peak is due to ttveo different ways of nitrate iorsppoachingtowards Na3 The
simulated first shell C.N. for NaNnatches well with the experimental value. The experimental
C.N. was only available for NaNG As the size of the alkali metal ions increases, the solvation

energy decreases, and the C.N. increases. The trend was established using our force field, as seen

in Table 2.5.
Al kal i Exp. Sim. (lntegr Ref
Di st(amn
Li - 0.001 0. 32 )
N a 0. 30 0. 27 0. 32 oy
K - 0.97 0. 47 )
Rb - 1.04 0. 48 T
Cs - 1.009 0.50 T

Table 2.5. The experimental and simulated coordination number of alkali nitrates
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Figure 2.8 shows the dielectric decremest ( £) of the alkali nitrate aqueous solution, where
is the dielectric constant of the salt solution @)ds the dielectric constant of pure SPC/E wéler.

The dielectric constants were determined using the equation,

A\ 2
eﬂ+q7m dM &
3k, T \Y;

(2.6)

where M is the total dipole moment of the solvent molecules in the systemieldwric constant
of the salt solution decreases with an increase in salt concen®&4fiois. behavior is observed in

Figure 2.8.
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Figure 2.8. Dielectric decrements of aqueous alkali nitrate solution (lines: ex{?, symbols:

KBFF)
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Another property that can be simulated and obtained experimentally is the surface tension of the
liquid/vapor interface. The system setup to simulate the surface tension of the aqueous alkali nitrate

solutions is shown in Figure 2.9.

Figure 2.9. The system setup for the simulation of surface tensisrof the aqueous salt

solutions Approximate dimensions arex =10 nm, y =10 nmand z = 30 nm.

In Figure 2.9. the salt solution occupies the central 10x10x£0egion. The simulation box was
elongated in the-direction from both sides of the central salt solution so that the length of the box
was 30 nm in the-direction, and the rest of the space beside the central salt solution was filled
with vacuum. This w&s done to create a liquid/vapor surface of the solution to calculate surface
tension. The simulation was performed in a Canonical ensemble (NVT). The simulation length
was 100 ns. All other simulation details were the same as given in the methods Shetsanface

tension of the salt solutions was then calculated using equation 2.7.

1
E é( P (2.7)

é
¢
In the equation 2.7.¢g is the surface tension of the solution,is the box length in-girection,

<Pw>, <Ry>, and<P,>> represents the average of the pressure tensor elements in the direction
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given in the subscripts. The surface tension of SPC/E waj¢m(as calculated to be 71.97 mN/m.

The surface tension of the salt solution increases with increasing concerffratentrend was

observed in ousimulations with almost quantitative agreement with experiment.
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Figure 2.10. Changesin surface tension with concentration formetal nitrate salt solutions

(lines: exp# symbols: KBFF).
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Figure 2.11. Snapshots fom the simulation of 2m aqueous KNQ after removing the water
molecules The left side is the image obtained from the KBFF, and the right side image is
from simulating the FF given by Schaefer et at> Aggregation of the 2m KNG salt solution

is evident in theright-hand side image

A direct comparison of the new KBFF models developed here with a recently published force field
by Schaefer et al. for aqueous alkali nitrate solutions was perfdéiieée performed simulations

of aqueous alkali nitrate solutions with the force field developed by Schaefer et al. using all the
conditions given in their research article. Our results indicateaggregation of salt solutions
usingtheir force fieldfor all alkali nitratedbeyond 1m concentratioin contrast, KBFF does not

show any aggregation, in agreement with the KBIs suggested by our analysis of the experimental

data. A snapshot of the simulations of both the force fields for 2mz:{&@ven in Figure2.11.
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The large KBI values for the force field by Schaefer et al. provided in Table 2.6. also indicates

significant ion aggregation.

KB I Exp. Ve KBFF Schafer
( ¢’mo | ( ¢’mmo | ( ¢’mo |
G,, 173 155 >2809 8 (
G,, 37 42 <2668
G, , 15 15 >232

Table 2.6. The experimental and simulated KBI values forKBFF and the force field by

Schaefer et al.

2.4. Conclusion

We have developed a new force field for alkali nitrates in this work. Nitrate ion parameters, such
as the charges on each atom and the LJ parameters, were adjusted to reproduce the KBIs.
Parameters for the alkali metals were taken from previous work bgroup, and then their
interaction with nitrate oxygen was scaled. The force field was validated by calculating the
dielectric decrement and surface tension as a function of salt concentration. Comparison with a
recently published force field showed sigraint improvement and indicated that accurate force

field behavior cannot always be obtained by traditional routes. The transferability of the current

force field to alkaline earth metal nitrates will be tested in our future work.
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Chapter 3-A iKr k wB o thfe odey | foegdiee| chgd ®® u s

a kadar niht rsat asi on

3.1. Introduction:

Divalent alkaline earth metals are of considerable interest due to their presence in nature and
biological systems. Due to their high charge density and cleiseltl electronic structure, the
hydration properties of the alkaline earth metals are easgdacpr Thus, theséons offera unique
opportunity to investigate the effects of ion size hpdration behavior of divalent metal ions on
DNA-ion binding® In biology, alkaline earth metals are essential for physiological functions,
contributing to bone integrity, nerve signaling, and enzyme activatidfhese metalalsoplay

crucial roles in various industrial processes as fundamental elements in alloys, catalysts, and
manufacturing techniqués Moreover, in environmental remediation and water treatment,
compounds derived from alkaline earth metaks used taddress water hardness and counteract
acidic condition$. Additionally, alkaline earth metals feature prominently in sectors like
healthcare, agriculture, construction, and technology, showcasing their indispensable contributions

to advancing and sustaining life on our plafh&t.

Alkaline earth metal nitrates, compounds derived from alkaline earth metals like calcium,
magnesium, strontium, and barium combined with nitrate ions, play a crucial role across numerous
applications due to their versatile properties. These nitratesdinificance in fields ranging from
chemistry and agriculture to healthcare and industrial proc&sEesy serve as essential chemical

reagents for various synthesis and analytical procedtihesgriculture, calcium and magnesium
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nitratesare vital fertilizers, providing essential nutrients for plant growth and improving crop
yields!* Additionally, alkaline earth metal nitrates arsedin flame testdo identify metal ions

and pyrotechnic formulationgo producevibrant colors in fireworks displays. In healthcare,
strontium nitrate has been explored for its potential in treating osteoporosis, highlighting the
importance of alkaline earth metal nitrates in medicinal applicatiofisesecompounds play a
pivotal role in advancing technology, agriculture, and healthcare, underscoring their multifaceted

importance in modern society.

Nitrate salts of most alkaline earth metals {MdgCa*, and St) have high solubility in water

Thus, there is plenty of experimental data available. However, due to their high charge density,
the water residence time in the first $d%I vati
¥ The es ti me | eandgdiffibult o sttaimcamputationdy.drhegsimulations of
hundreds of nanosecontiave difficulty captuing the contact ion pair formation of the metal
nitrates, making the simulations difficult. Consequemtitgper modeling of iofpairingof alkaline

earth cations with the nitrate ionsaueoussolutions is not easily found in the literatu@ne
significant work was done by Yadav and Chanldrhey used the parameters for alkaline earth
metals and the nitrate ion from two previous wdfk&.They performed Electronic Continuum
Correction (ECCY¥ to generate a nepolarizable force field and compared it with an explicitly
polarizable force field simulation. Their ECC force field was able to reproduce experimental
coordination numbers for Mg(N§R, Ca(NQ)2, and Sr(NQ): at relatively higher concentrations

(>3m).
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In this work we have established an alkaline earth metal nitnate field. This is an extension of

our alkali nitrate force field discussed in Chapter 2. By using a similar approach as provided in
Chapter 2 one can have some confidence that the new models are compatible with our previous
models. We take the force liileparameters for alkaline earth metals from a previously published
work of our groug® Our nitrate model is the same as described in Chapter 2. We have
subsequently scaled the Lenndahes (LJ) parameters between the alkaline earth metal cation
and the nitrate oxygen (ON). The SPC/E water model was used to also make this force field

compdible with the KBFF2G*2°

3.2. Methods

3.2.1. Kirkwood Buff Analysis of the Experimental Data

The Kirkwood Buff (KB) analysis of the experimental data involves the same approach as used in
Chapter 2. Below is a table with references for the experimental activity coefficient and density

data for Mg, Ca, and Sr nitrate salts.
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Compou Activ Densi Temperi Press

Coeffi Referce ( K)

Ref er ¢
Mg ( O 26 27 298 -
Ca ( MO 28 28 298 -
Sr (aNO 26 27 208 _

Table 3.1. References for the activitycoefficients and the density data for alkaline earth

nitrates

We could not study Be(N§p due to its covalent nature and lithaown chemistry?® Ba(NGs)2
was excluded from the study due to its low solubility in wftgihe activity coefficient and the
density data were fitted using the polynomial equations provided in Chapter 2 to obtain the

experimental KB integrals (KBIs). These KBIs were used as data to optimize FF for alkaline earth

nitrates.

3.2.2.Parameterization of nitrate ion and alkaline earth metal ions

Parameters for the nitrate ion were taken from Chapter 2. The nitrate ion parameters are given in
Table 3.2 Alkaline earth metal ion parameters were developed in a previous work of our group
and then added to KBFF28°The LJ & parameter was alneady

earthmetal cations. Theni t i al LJ f parameter was taken

mul tiplying with a scaling f acrépmduce(@sgrimemtalt h
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KBIs. The initial and final values of the LJ parameters are provided in Babl&o calculate¢he

LJ interaction between unlike atoms, tteometric combination rule wisenused.

At om Charge G( nm) f( kJ/ mc
N +0. 65 0.320!: 0. 562(
ON -0. 55 0. 346¢ 0.604"°

Table 3.2. Nitrate ion charges and LJparameters taken from Chapter 2

Cati o G nm) ¢(kJIJ/ m f(kJIJ/ m ONCat.
(origi (origi (scal scal.i
fact o

(s)
Mg 0.269 0.750 0. 084 0.12H5
Ca 0.317 0.470 0.133 0.25
Sr 0.327 0.500 0.206 0. 3745

Table 3.3. Initial and final alkaline earth metal LJ parameters and the scaling factors

3.2.3. Molecular Dynamics Simulation Details

All the molecular dynamics (MD) simulation details were the same as in Chapter 2. The initial
random configuration generation for 1m, 2m, 3m, and 4m alkaline earth nitrate aqueous solution
was generated using custanade Fortran code. After the MD simutatj further data analysis

was also performed using Fortran codes.
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3.3. Results and Discussion

Our initial studies focused on the cation to nitrate oxygen scaling factor and whether that can be
used to reproduce both the KBIs and the degree of contact ion pairing. Theosygem RDFs

for all three systemaredisplayed in Figure 3.1. The contact ion pair peak is missing for Mg nitrate
while it is present for both Ca and Sr nitrate solutions becoming more substantial as the metal size
increases and the desolvation penalty is reduced. Integration of thesepRBEes the ionon

KBIs and coordinabn numbers listed in Table 3.4. Both the KBIs and coordination numbers are

in reasonable agreement with experiment at this concentration. This provides some confidence in

the current approach and the also the distributions illustrated in Figure 3.1.

10

o =y - — s -

g(r)
n
[
[
|

r(nm)

Figure 3.1. Cation to N rdfs for agueous2m metal nitrate solutions.

79



Mg ( B0 114 116 0.020: 19 0.00

Ca ( MO 58 82 0.D7 2: 1o 0.10

St (MO 9 25 0.D3 4. 1o 0.30

Table 3.4. Experimental and simulated KBIs andcoordination numbers for 2m aqueous Mg,

Ca, and Sr nitrate solutions
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Figure 3.2. Solutesolute KBIs for aqueous alkaline earth nitrate solutions (lines: exp,

symbols: simulation)

The solutesolute KBIs from simulation and experiment are displayed in Figure 3.2 as a function
of salt molality. For Mg(N@)2, the KBIs were well reproduced for the whole concentration range,
while for Ca(NQ)2t he KBl s gave good results at 02 m

concentrations the experimental trend between the different cations was reproduced.
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Figure 3.3. Solventsolute KBIs for aqueous alkaline earth nitrate solutions (lines: exp,

symbols: simulation)

In Figure 33, thecorrecttrends in the KBIs were maintained up to 2m concentration for

Magnesium and Calcium nitraté&hile, for Mg(NGs)2, the trend was maintained for the whole
concentration rangd.he reason for the differenciessunclear.The water residence time

surroundingthe Mg§i ons is rel at i v e9Syp, thathagnodyfamit0 ns to 1
interaction between water molecules andMgns appears to be captured quite well even if the

exchange of waters is infrequent.
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Figure 3.4. Solventsolvent KBIs for aqueousalkaline earth nitrate systems (lines: exp,

symbols: simulation)

The solvenssolvent KBIs are provided in Figure 3.4. At lower concentrations (1m), the solvent
solvent KBIs were quite well reproduced. As the concentration increased, a positive deviation from
the experimental data was observed, except for the Mg@féN& 4m concentration, where a
negative deviation was observed. Comparison of all three sets of KBl data suggest that the
properties of Sr(Ng)> agueous solutions cannot be predicted as accurately as those of g(NO

and Ca(NQ@)2 aqueous solutions, especially at higher concentrations.
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The surface tension of the Ca(®&aqueous solution was calculated at different concentrations.
Only Ca(NQ)2 was studied as it appears the surface tension changes for the other two nitrate
solutions is unavailable. Chapter 2 describes the simulation process. Salts that are soluble in water
increase the water's surface tension due to surface exctidiba.trend was reproduced in our

simulations. However, the effect was owstimated with our model.

_— Ca(NO3)3 %

Ys.n]u(il:]n-Y[’lll'CW;llC|'(]nNhn)

! | ! | ! | ! |
(% 0.5 1 1.5 2

m(mol/kg)

Figure 3.5. Change in surface tension with concentration forCalcium Nitrate solutions

(lines: exp3? symbols: KBFF).
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3.4.Conclusions

In this chapter, we have described the development of an aqueous alkaline earth nitrate force field.
We have taken the nitrate model from aqueous alkali nitrates (chapter 2) and adapted it for the
agueous alkaline earth nitrates by scalirggLJ parameters between the alkaline earth metal cation
and the nitrate oxygen (ONJDhis process wassufficient to fully reproduce characteristics of all

the aqueous alkaline earth nitrate solutions over all concentrations. However, the results for Mg
nitrate are very reasonable and the results for the other metal nitrates at lower concentrations were
also more acceptable. The lack of aqueous alkaline earth nitrate FFs in the literature has already
suggested that it is not easy to model these compounds. Different methods may need to be

developed in order to build a FF for these compounds.
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Chapter4-Sel ecti ve binding of alkal:@

sur faces

4.1.Introduction:

An electrolyte near a charged surface is ubiquitous in Chemistry. There has been extensive
research on single electrolytes near a charged surface, compared teleckedytes, despite the

fact that mixed electrolytes are more prevalent in nature and technology. The study of mixed
electrolytes can provide valuable insights into the behavior of complex systems. By examining the
interactions between different ions @&nsolution, scientists can gain a better understanding of
fundamental principles such as chemical equilibria, thermodynamics, and kinetics. These
principles are essential for advancing knowledge in various fields of Chemistry. Mixed electrolytes
are cruciadin Chemistry for many reasons. It is possible to manipulate and adjust various properties
such as conductivity, viscosity, solubility, and chemical reactivity by mixing electrolytes. This is
particularly important in industrial processes where-fimgng these properties can optimize
efficiency and productivity. Mixed electrolytes are important in many electrochemical
applications, such as batteries, fuel cells, and supercapacitors. Mixing different electrolytes can
help control ion transport, which isnportant for device function. For example, in battery
electrolytes, mixing different salts enhances conductivity while maintaining stafSilitry.
analytical chemistry and sensor applications, mixed electrolytes can be used to create selective ion
sensors. By carefully choosing the combination of electrolytesspissible to design sensors that

respond specifically t@pecificions, enabling accurate detection and quantification of target
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species in complex mixtureBue to all of these applications, theoretical interest has also grown

in the area of mixed electrolytes since the beginning of tle&itury> 3

In Computational Chemistry, simulating mixed electrolytes near a charged surface is complex yet
crucial. Using a Mont&€arlo simulation process, Lamperski and Outhwaite showed that better
modelling of the electrolyte mixtures and the charged surfaceugeddqo get closer agreement

with experiment? Co-ion and ion competition effects close to a charged and uncharged solid
hydrophobic surface were simulated by Lima et lal.their simulation, they used a polarizable
model to include the emn effect in the theory of the ionic dispersion potential. Schmickler et al.
have used molecular dynamics simulation to study the approach of alkali metal ions toward an
electrode surfee!® They simulated each alkali halide individually near a gold electrode and
described their structummaking or breaking properties. An excellent perspective on the effects of
cations on the metal/water interface and the selectivity of electrocatalyticspesoaas recently

given by Waegele et &f.

Our study aims to simulate mixed electrolytes with a common ion near a charged gold electrode.
We have selected the relatively simpler but widely applicable alkali metal chlorides as the
electrolyte choice. In a mixture of ions of different sizes and ehdegsities, the structure of the
electrodeelectrolyte interface becomes much more complicated. Knowing how different ions
approach a charged electrode in a mixture of electrolytes could be groundbreaking in
electrochemical applications such as batte@e® of the problems in the field is the quantification

of the ion effects. While the surfagan distribution functions are often of interest, these vary with

distance and hence the exact features that might be relevant are sometimes unclear. Here, we use
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the KirkwoodBuff theory of solutions to help quantify the charge neutralization and interactions

of various ions with a negatively charged electrode.

4.2. Methods

The MD simulations were conducted using the GROMACS 2019.5 software paéisthe
simulations were performed using the KBFF20 force fllthgether with the SPC/E water
model® Figure 4.1 provides a snapshot of the simulation box, illustrating the setup. The box size
was (9.2288 x 8.9914 x 44.1627) hiniThe system consisted of six layers of Au (111) on both
sides, with the aqueous mixed electrolyte solution sandwiched between the innermost layers of
Au. The Au LJ parameter§S(=0. 26 29 n m a)were chosed to providd an assentially
repulsive plate. The aqueous solution was either 2M pure MCI (M = Li/ Na/ K/ Rb/ Cs) or a mixture
oflM Mo6oClI + 1M Nacl (M6= Li/ K/ Rb/ Cs). To

direction?® the box was extended by 14.7209 nm on both sides of the box alorgxise z

Figure 4.1. A snapshot of the simulation setup where aqueous 2M MCI solution is
sandwiched between six layers of Au(111) on both sidéghe box has an extended vacuum

region on both sidesA fixed charge is applied to the inner layer of Au atoms.
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The system was maintainednder constant NVT conditions (Canonicahsemble). The
temperature was mai nt aiHooeed theamosta3 AllObindsuveeie n g a
constrained using thR@ETTLE algorithm?* The Au layers were frozen in space using the freeze
group option in the mdp filéA 2 fs time step was used to integrate the equations of motion. The
particle mesh Ewald (PME) was used to model electrostatic interactions with a 1 -ofifi cut
distance for real space calculation and a 1 nroffutistance for the van der Waals interactiéh

For all the simulation procedures, an equal and opposite charge of 0/0.25/0.5&a¢rapplied

on the innermost layers of the Au plates on both sifles.steepest descent method was used for
three (1006step each) energy minimization processes, followed by 1 ns equilibratiotine
production runs wer@00ns long In the production run, the fir@0 ns were further discarded as
part of the equilibration process, and the rest of8thh@s were divided into chunks 20 ns to

performa simple erroaralysis. In the production run, configurations were saved ev@pg.l

As we were concerned about the behavior of cations near a charged surface, we picked the negative
side of the Au layers to perform analysis. The accumulation of the cations is supposed to take place
near the negatively charged surface. The data were adabging customvritten FORTRAN

code. The radial distribution functions (RDF) and the Kirkw@&adf Integrals (KBI) were

calculated with respect to the surface of the innermost Au layers.
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Figure 4.2. The top panel shows surfac®W distribution functions at three different charge
densi t),iaad the(bdttom panel shows the corresponding KBlsas a function of
integration distance for the aqueous2M LINO 3 system All other systems showedvery

similar results.
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We are primarily interested in the (integrated) cation distributions from the surface (S). These are

given by,
Gs, = AffUs{ 2 4] d: (4.1)
0

whereA s the surface area of the plate. However, due to the subtraction of unity, the value of these
integrals depends on the origin. While the z coordinate of Au atoms closest to the solvent is a
logical choice, we have taken the approach used in vapor/lgjuidies where the solvent
distribution is subtracted from the solute distribution in order to relate the results to thermodynamic
quantities® Figure 4.2 shows the-GW RDFs and KBls for different charges. The KBI values
were taken based on the linear region of the KBI plot. Essentially the same results were obtained
for all the salts in this study. The@WN KBIs obtained werel3, -12, and-8 L/mol for zero,
medium, and large charge density simulations. The Au su@&¢E€SW) KBI values were
subtracted from the original KBIs, and the value obtained was divided by the area of the Au surface

(9.2288 x 8.9914) nfnThe relation is provided in equai 4.1,

DGsx HAGox Gsw)/ A (4.2)

Consequently, the final KBI values had a unit of Lrimoh? and are independent of an origin

outside the solvent and the exact surface area used in the simulations.

97



4.3. Results and Discussion

The simulations performed contained either aqueous 2M pure MCI (M = Li/ Na/ K/ Rb/ Cs) or a
mi xture of aqueous of 1M NaCcCl with 1M MO6CI (1

KBIs for different charge densities for an aqueous 2M LiCl solwiegiven in Figure 4.3.
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Figure 4.3. Distribution functions (left) and KBIs (right) for an agueous 2MLICI solution

with respect to the Au surface at different chargealensities.

As shown in Figure 4.3, the KBI values for Li and Cl were negative at zero charge, indicating the
depletion of ions near the Au surface compared to water. They were also equal in magnitude, which

is expected due to charge neutrality away from the neuwtri@ce. .As the negative charge on the
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surface increased, the KBI values for the Li ions increased, and the KBI values for the Cl ions
became slightly more negative. Similar behavior was observed in the case of other 2M aqueous
MCI solutions. When a single electrolyte is present between th#ates and equal and opposite
charges are applied on the innermost layers of the Au plates, the negative ions will move towards
the positively charged Au layer and \igersa. Similar results were obtained for other 2M salt

solutions as shown in Figuresi4o 4.7.
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Figure 4.4. Distribution function s (left) and KBIs (right) for an aqueous 2M NacCl solution

with respect to the Au surface at different chargelensities.
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Figure 4.5. Distribution function s (left) and KBIs (right) for an aqueous 2M KCI solution

with respect to the Au surface at different chargelensities.
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Figure 4.6. Distribution function s (left) and KBIs (right) for an aqueous 2M RbCI solution

with respect to the Au surface at different chargalensities.
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Figure 4.7. Distribution function s (left) and KBIs (right) for an aqueous 2M CsCI solution

with respect to the Au surface at different chargalensities.

The overall results for the KBIs are summarized in Figure™h8.higher the KBI, the higher the

attraction with the surface.
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Figure 4.8. A bar graph showing the KBI values for metal and chlorides ions in 2M aqueous

MCI (M = Li/ Na/ K/ Rb/Cs) solutions at uncharged and charged Au surfaces

Figure 4.8 shows that in the absence of any charge, the KBI values of bottMyld@& Cl (G-

ci) with respect to the Au surface are the same. In the presence of the negative medium charge
density, theGsm KBI is less negative than ti8sci as metal ions are required to neutralize the
surfacen the presence of the large negative charge densitysthdecomes even more positive,

and theGsc| becomes even more negative. Thus, as the surface charge starts to become negative
there is the expected accumitibn of metals and depletion of chlorides near the surface. However,
the trends do not appear to be systematic. Here, sodium is the most excluded cation, while lithium

appears to favor association with the surface. This does not follow the expectedaszdion
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desolvation penalties (see later discussion) which would suggest cesium should display the largest

association.

Interesting results were obtained in the case of the mixed salt solutions. Here, we have chosen
NacCl as the reference safthis studyhelps toquantify the preferences displayed by the different
ionsin various electrolyte mixture3.he ion distributions and corresponding KBIs are displayed

in Figures 4.9 to 4.12As shown in Figure 4.8, the KBI values for all the components of the mixed
salt were negative before any charge was applied. Upon application of the negative charge, the CI
ions were depleted from the Au surface, whereas more Li ions were present neastivéace

than Na ions in the LiCI/NaCl mixed electrolyte system. The RDFs also illustrate the same
conclusion. This system displays aari@reference for Lithium over Sodium in neutralization of

the surface charge. Comparison with the distributions from other salt mixtures indicates that
Sodium is always the most excluded cati®milar observations have appeared in previous

simulation studies, although the exact reasons for this are nottiear.
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and 1M NacCl solutionwith respect to the Au surfaceat different charge densities.
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Figure 4.12. Distribution function s (left) and KBIs (right) for an aqueousmixture of 1M

CsCl and 1M NacCl solution with respect to the Au surfaceat different charge densities.
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Figure 4.13. A bar graph showing KBI values of metal and chloride ions in a mixture of

aqueous 1M NacCl + 1M M6CI (M6 = Lil/ K/ .Rb/ Cs)

Figure 4.13 shows a similar picture to Figure 4.12 but for the mixture of salts. The behavior of the
common chloride ions is the same as in Figure 4.12. Meanwhile, the two metals compete to get
near the negatively charged surface. It appears that thaoaddit NaCl has increased the

interaction of all the all cations with the surface. Hence, it seems clear that manipulation of the
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relative bulk electrolyte concentrations could be used to manipulate the surface adsorption of

different ions.

To investigate this effect further we have considered several properties of the salt solutions that
might be involved. Besides the charge on the plate, two competing effects could contribute towards
the depletion or accumulation of different cations nieamniegatively charged Au surface. The first

is the strength of the water solvation shell surrounding the ions. The stronger the water molecules
are held the less likely the cation is to interact, at least directly, with the charged surface. This

would fava Cs association over Li. The second is ion pair formation in the solution. The more ion

pairs a solution has the less free cations are available to neutralize the surface charge.

We performed simulations of the bulk (no surface) electrolytes and converted the cation to water
distribution to a potential of mean force (PMF) via, W(r) RT In g(r). As we know from the
literature, negative PMF values indicate attraction between tmepanent$®?’ We also
determined the degree of ion pairing in these solutions. The PMFs and ion pairing RDFs are
displayed in Figure 4.14. There were no differences between the pure 2M and mixed 1M/1M
results The depth of the first minimum in the PMF and the number of ion pegdisplayed in

Table4.1.
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Li ClI -6. 88 0.002
Na Cl -5.56 0. 22
KClI 4. 55 0. 38
Rb Cl -3.51 0.47
Cs ClI 3. 44 0.63

Table 4.1. The PMF first minima depth and ion pairing in 2M salts in between Au plates

The values were plotted against theQVicoordination number in Figure 4.15. There is a strong
(almost linear) inverse correlation between the binding free energy of the first shell waters and the

degree of ion pairing in the solution.
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from simulations of aqueous 2m and 1m+1m metal chloride solutions.
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Figure 4.15. The M-OW first shell PMF energy (W) vs M-CI coordination number (n)

obtained from simulations of aqueous 2m metal chloride solutions.

4.4. A special case for a mixture of 1M LiCl + 1M NaCl agueous solution

In Figure 4.15, we can see that thedlicoordination number is close to zero. Based on this
observation, it was possible to introduce a certain percentageGifian pairs in the aqueous
mixture of 1M LiCl and 1M NaCl and study whether{pair formaton or loss of solvation shell

effect dominates the presence of metal ions near a charged Au surface. We introduced 25% and
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50% LiCl ion pairs in the mix of 1M LIiCl + 1M NaCl aqueous solution and repeated our

simulations. The ion pairs were formed by applying a bmtstraintbetween a certain number

of Li* ionsandClI ions. The results of the simulations are given in Figure 4.16.

Na Li cl
3
i i T — 0%LiCl | ]
25k B | — 25%LiCl| |
: 50%LiCl
2 —

05—

Figure 4.16. Surface-Na, SurfaceLi, and Surface-Cl distribution functions for aqueous1M

NaCl + 1M LiCl solutions obtained after constraining0%, 25%, and 50% of the Li-Cl ion
pair at the highest charge density

Figure 4.16 indicates only small differences in thide&and SCl RDFs in the presence of different

percentages of ECI ion pairs in the aqueous mixture. For theiRDFs, the presence of {Gl

ion pairs significantly decreases the peak heights, whiegmnsihe attraction between the charged
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Au plate and the Li ions decreases. Thus, between the two competing forces (loss of solvation shell
and formation of an ion pair), the ion pair formation has a larger effect on the movement of metal
ions toward the charged Au surface. When n€Lion par is present in the system, more Li ions

are present near the charged Au surface than Na ions, even though their desolvation free energy is

greater.

4.5. Conclusions

We have simulated aqueous 2M pure salts and a 1M + 1M mix of salts near planar charged and
uncharged Au surfaces. We calculated RDFs, KBIs, PMFs, and coordination numbers for each
system. The simulations indicate that surface to cation distributions caarijgulated by varying

the bulk electrolyte composition. Using the current mo8eldium ions were always the most
excludedcation. In this study, we have taken a closer look at Li ions progressing toward Au
electrodes in the presence and absence ofeatrielfield. In an aqueous solution, the formation

of ion pairs and loss of solvation shell waters are the two competing forces that govern the
movement of Li ions toward the Au electrode. By varying the percentage of ion pairs in the
solution, it was pasible to study the two competing effecktence, Li prefers charged surface
because it has a low tendency for ion pairing, and therefore a higher percentage of Li ions are
available for charge neutralization. In this study we have assume that the salfidtits are
realistic. The effect of the force field also needs to be considered. Different force field parameters

might produce slightly different results.
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5.1. Introduction

Seawater is a dynamic chemical mixture that interacts constantly with the land, the atmosphere,
and living organisms. Seawater isin essentiabomponentin many chemtal processeand is
significant due to its rich composition and diverse array of dissolved substances. The complex
mixture of salts, minerals, gases, and organic matter in seawater serves as a reservoir of elements
crucial for various chemical processes and reactibhs.composition of seawater also plays a
crucial role in understanding oceanic ecosystems, climate dynamics, and even the origin of life.
Seawater provides essential elements for biochemieatioas and serves as a medium for
chemical transportation and transformatithDue to its composition, seawater's properties vary
from pure water. Its pH is slightly alkalifeCompared to pure water, the seawater density,
viscosity, surface tension, and boiling point are higher, and the freezing point is® [dtver.
complex nature of seawater makes its Chemistry complex. Millero has published an excellent

review on the properties of seawater.

Seawater plays a significant role in modern technology across various industries and applications.
Desalination technologies, such as reverse osmosis and distillation, are used to extract freshwater
from seawater, which helps to address water scarcitgssisuarid regions and provides a vital
resource for agriculture, industry, and municipal UiSeawater is used as a coolant in thermal

power plants and industrial proces&dss abundance of dissolved minerals and salts makes it an
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essential resource for extracting valuable resources such as magnesium, lithium, and bromine
through processes such as evaporation ponds and electtBfifsBeawater's unique chemical
composition also supports innovative applications in materials science. For example, it is used to

develop corrosiomesistant coatings and biomimetic structures inspired by marine orgadisms.

Seawater is a complex solution of substanmesarily ions, inwater!* To completely understand

the physical chemistry of seawater on a molecular Jévisl necessary to know and understand

the physical chemistry and structure electrolyte solutions. The calculations of activity
coefficients using th®itzerequatiors have been used for a long time to calculate properties of
seawater, such as activity coefficients of the components, concentration of individual ions, pH,
density, compressibility, heat capacity, enthalpy,*&t¢.However, molecular simulation studies
regarding the properties of seawater are scarce in the literature. Zhang et al. performed the first
study of the free energies of salts in water under pressure using classical molecular dynamics
simulation?® Nayar et al. published a review on calculating the thermophysical properties of
seawater and software implementation of the correlations developed in thé’izgren et al.
recently simulated the thermodynamic, dynamic, interfacial, and structural properties of
seawatet? However, the accurate simulation of the properties of seawater is hindered by the
guality of force fields available for the ionic components, together with the large system sizes

required to simulate ions at relatively low concentrations with statigticedaningful accuracy.

Previously, Lund et al. used Monte Carlo simulations to calculate activity coefficients of different

inorganic salts in seawat&.However, no study has been published that calculates the ion

distributions in seawater. The inorganic ions Gla’, SQ%, Mg?*, C&*, K*, and Br comprise
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99% of all sea salts by weigHtThus, we focus on these seven ions. We simulate regular seawater,
as well as Red Sea brine and Dead Sea brine, due to their unique and different nature than regular

seawater. We use KB theory to calculate KBIs and compare the three sea waters.

5.2. Methods

5.2.1. Systentetup

We used oucustommade FORTRAN code to generate a 15x15x15 cabic simulation box

filled with arandom arrangement ofspecific number of water molecules and ioAse number

of ions to be filled in each system was determined using the concentrations of each component
providedinthebooR Act i vity Coefficients in EIl|3%Tader ol yt e
5.1 shows the number of ions and water molecules in the three sybtgmge simulatedThe

ionic strength of the three systems was calculated to be 0.7, 7.0, and 5.0 M for the seawater, Red

Sea, and Dead Sea, respectively.
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Species # in # in # in g g TR
Sea (mol/ (mol/ (mol/
Seawa (RSW) Sea
( SW) (DSW)
N a 968 1035 3364 0.5 5 1.6
Mgz+ 110 84 3016 0. 05 0. 04 1.5
ci* 22 294 812 0.01 0.14 0.4
K" 22 147 348 0.01 0.07 0.17
cl 1122 1121 1125 0.55 5.5 5.5
S@Z' 6 6 21 - 0. 32 0.01 -
BT - - 116 - - 0.05
Water 111071 1059¢ 10609¢ 55 52 52

Table 5.1. Number and concentration of ions and water molecules in each system (seawater,

Red Sea, and Dead Sea)

5.2.2. Molecular Dynamics Simulation Details

All the simulations were done using GROMACS 2019.5 softwawe used the KBFF20 force
field to model our systerf:>*The SQ? ion parameters were taken from the previous work of our

group member (Shin Suh, unpublishe@ihe SPC/E water model was us€dhe system was
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maintained at isothermal isobaric condition (NPT ensemble). The temperature was maintained at
300K u s i n gHoaver termoktat. ParrinelloRahman pressure coupling was used to keep

the pressure at 1 b#rAll bonds were constrained using the SETTLE algoritfit 2 fs time step

was used to integrate the equations of motion. The particle mesh Ewald (PME) was used to model
electrostatic interactions with a 1 nm-@it distance for real space calculation and a 1 nroffut
distance for the van der Waals interacsiff The steepest descent method was used for three
(1000step each) energy minimization processes, followed by 1 ns equilibration. All the production
runs were2 s ¢ong.After analysis othe production run, the fir&0ns were further discarded

as part of the equilibration process, and the rest di388ns were divided into chunks 600ns

to perform analysis. In the production run, configurations were saved Ed@rgs. A separate

100 ns simulation with the implicit solvent model was performed,ikgegll other conditions the

same, to determine the necessity of simulations with the explicit solvent model. In the implicit
solvent model , al | the solvent mol ecules are
all electrostatic interactionsjaking the simulations faster and computationally less expensive, but
more approximate. For the analysis process, a custaten Fortran code was used to calculate

a center of mass RDF, which was then integrated to obtain KB)s (G

5.3. Results and Discussion

Figure 5.1 shows the cati@mion RDFs for simulation using the implicit and explicit solvent
models. The corresponding catioation and aniomnion RDFs are provided in the Appendix.
The final ionion distributions are clearly different with the implisiblvent approach providing
distributions which lack much of the structure indicated by the presence of explicit solvent

molecules. Most noticeable are the differences for divalent cations and anions. Here, the explicit
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solvent simulations do not show any contact ion pair formation, unlike the implicit solvent
simulations, but rather a strong solvent separated ion pair peak. Such features are the reason we
prefer to study solutes in explicit solvents.
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Figure 5.1. The cationranion RDFsobtained from simulations of seawater using the implicit

and explicit solvent modes.
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The results of these simulations are dependent on the quality of the force field used. Our group has
performed simulations of all the possible combinations of salts in the three seawseliaion

except for MgS@*+*? To test whether the current FF correctly reproduced the interactions
between the ions in the three systems, we compared Heni&DFs of the three seawater systems

with the RDFs from our group's previous work.

In this work, we performed 100 simulations of aqueous 1m and 2m Mg@@ions, using the

same conditions as described in the Methods Section, and extracted the corresponding KBIs. To
compare with the experimental KBIs we performed the KB inversion, as illustrated in Chapter 2,
using the experimental activity coefficierttken from Robinson & Stokéd The experimental
density data were unavailable, so we used the pure crystal density ofs¥fgB@ results are

shown in Figures 5.2 and 5.3.
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Figure 5.2. The RDFs between Mg and the sulfate sulfur (S)btained from simulations of

seawater, Red Sewater, and 1m and 2m aqueous MgS&solutions

Figure 5.2 compares the RDFs of seawater and the Red Sea system with 1m and 2m aqueous
MgSQs solutions. The differences in peak heights are due to the different concentrations of the
simulated systems. The RDFS from the 1m and 2m Mg$8lems were then integrated to give

the corresponding KBIsThe results are shown in Figure 5.3. The figure shoeesonable
agreement between the simulated and experimental KBIs for aqueous;Mig$nclusion, we

have significant confidence that the models reproduce the properties of the various salts composing
seawater when studied in isolation. As these models were all developed in the same manner we

have some confidence that our simulatioha complex mixture of the salts will also be accurate.
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Figure 5.3. The simulated (symbols) and experimental (lines) KBIs of aqueous Mg30O

solutions as a function ofconcentrations

The catioranion RDFs of all three systems are shown in Figure 5.4. The corresponding KBIs for
the catioranion, catiorcation and aniomnion distributions from all three systems are provided
in the Appendix. The RDF shapes and positions match the restlts literature welf!42 The

difference between the heights of the peaks occurs due to differences in the concentration of ions

in the three systems.
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Figure 5.4. The cation-anion RDFsfrom simulations of seawater, Red Sewater, and Dead

Seawater solutions.

The RDFs were integrated to obtail'®(cm®/mol) according to the usuakpression,
G, =4pfig () 4] rdr (5.1)
0

whereg; is the radial distribution function (RDF) between two spediesidj, in the system.
Chapter 1 describes more details about KB theory. The resubkb@mm in Figure 5.5. It is clear

that the KBIs from the seawater simulation are significantly larger in magnitude than those from
the Red Sea and Dead Sea simulations. However, much of this is due to the lower ionic strength

of the seawater simulationswas now indicate.
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In a separate ongoing project (Ploetz, Smyers and Smith, submitted), our group has observed that
the ionion KBIs can be decomposed into two contributions: one contribution due to charge
neutralization (G°N) and the other a thermodynamic contributiop't¢s Furthermore, the charge

neutralization is simply related to the total ionic strength of the solution. The relevant egjuation

are,
c_:‘lj:qjCN _\‘qTH
cN G g
CN= 23 5.2
1 2| ( )
-
2 i
whelis the total mol ar jfiionitche trmuembgers dbehnest ibtbya, s
on ionlt was also concluded that the charge

thermodynamics as provided by KB theory.

In the currensimulations the total KBI values are dominated by the charge neutralization term,
especially for the seawater system. In Figure 5.6 we present the thermodynamic contributions to
the KBIs obtained after subtractind"&from the total KBIs. This produces more similar results

for comparison. The exceptions are the divalent cation and anion combinations. Here, the KBIs
remain much larger for the seawater system. This suggest a prominent role for these interactions

in detemining the thermodynamics of the sobuts.
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obtained from simulations ofseawater, Red Sewater, and Dead Seavater systems

The change in ioion G™ values with the total ionic strength) of the three systems is shown in
Figure 5.7 Figure 5.7 shows that the specific KBIs that dominate the thermodynamic contribution
G™ at lower ionic strengths. Larger thermodynamic contributions to the KBIs are evident in the
case of doubleharged ion combinations, such as®§04 and C&*-SQ:>. This result matches

the data shown in the bar graphs in Figure &rfel Figure 5.6. The change with ionic strength
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probably suggests that at higher total ion concentrations the competition from monovalent ions

comes into play.
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Figure 5.7. Changes inthe thermodynamic contribution to the cation-anion KBIs (G™) with

ionic strength (mol/cmq) obtained from simulations of different sea waters.

5.4. Conclusions

In this chapter, we have simulated a set of three saltwater systems. These simulations are
computationally intensive due to the low concentrations, and therefore large system sizes, required

for many of the ions. We have compared and contrasted threeofygesmwvater: regular seawater,
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Red Sea water, and Dead Sea water, from the KB theory point of view. We have also split the total
KBI (G*®) values into charge neutralization{¥and thermodynamic contributions'(®, which

is an entirely new approach. Significant differences were found between the three systems,
especially between divalent anions and cations. Further work is required to fully understand the

meaning of these findings.
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Chapter6- Conc |l sasnidlohuDig ect i ons

This thesiswas split into two parts. The first pai€hapters2 and 3)focuses on simulating and
developing a force field for simple ionic solutions, particularly alkali metal nitrate and alkaline
earth nitrate aqueous solutions. Validation against experimental dataedsipood agreementn

the second part, more complex systemese explored, including simulations of alkali chloride
agueous solutions between charged or uncharged Au ([8feapter 4andthree types of seawater
(Chapter 5) Distinct preferencs of different alkali metal ions towards charged Au plateas
observed A novel approactof splitting KirkwoodBuff Integralsin charge neutralization and

thermodynamic termaas introduced fothe seawater analysis

The biggest challenge with FF development is its transferability to other systems. The nitrate ion
FF can be tested for compatibility with biomolecular systems as it is inviriibe synthesis of
protein, DNA, and RNA. Nitrate ions hawmassive applicability in agriculture, industry,
environmental management, energy storage, medicin@thadscientific researchreas. Testing

our FF with those systems is the ultimate goal. One simple idea is to study a series of protein
crystals that are known to coimtdhe nitrate anion from crystallography to see if simulations with

our FFs maintains the integrity of the nitrate binding.

The alkali halide simulations between the Au plates are preliminary stidiesan be further
extended to other complex systems, such as different electrolytes and/or more complicated (larger)
ions.Insteadof the Au platedifferent kinds of surfacesuch as carbon nanostructures, other metal

surfacesandbiological compoundscan be simulated. The metallic aterbonaceousubstances
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have applicability in electrochemical systems like batteries, fuel cells etc.préferenceof
electrolytes towards the plates/electrode surfaces is an active area of research. In biological
systemsion transport can be simulateand preferential binding of the ions with the protein

surfaces can be studied.

The seawater simulations were comphbixe to the presence of multiple ions and their low
concentrationsOur models appear teproducethe chemical properties geawateralthough a
deeper comparison is still required to confirm this as fact. The same approachesapplied to
other complex aqueous electrolytic systebwth natural and manmade. The effects of different
conditions such as temperature, pressure, etc.atsobe studied, which is vital in environmental

science, marine sciencsg.
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Appendix Figure A.1. The cation-cation RDFs of simulations ofseawater
using the implicit and explicit solvent model
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Appendix Figure A.2. The cation-anion KBIs with distance for the seawater syster
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