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1
Chapter 1

Introduction

Humankind has long been captivated by lightning - the cascading white streak that
runs across the dark sky. From ancient beliefs that cast it as a divine instrument [1]
to Benjamin Franklin’s kite experiment [2], lightning has played a defining role in
mankind’s development. Fundamentally, lightning is a powerful electric discharge
that ionizes the air around to create plasma. Just as the mastery of fire once
reshaped the trajectory of human advancement, progress in plasma science is
enabling scientists to leverage its power in ways that could transform modern
society.

1.1 What is Plasma?

Plasma is described as the fourth state of matter, with other states of matter being
solid, liquid, and gas. It is generated when energy is applied to the gas phase,
inducing ionization of the gas phase (see Figure 1.1). The electrons produced
during the ionization process can collide with neutral gas molecules, initiating a
cascade of chemical reactions, including ionizations, dissociations, and excitations.
These collisions generate free electrons, ions, neutral species, radicals, excited
species, electromagnetic fields, radiation (E(UV)/VIS), and heat [4, 5]. In this
thesis, the electromagnetic fields, radiation and heat are referred to as physical
properties of plasma and the chemical species that are generated are referred to
as chemical properties of plasma. Plasma occurs naturally in phenomena such as
the Sun [6], lightning [7], and auroras [8], and is widely utilized in technological
applications such as materials processing (such as etching, deposition, and surface
modification) [9], fluorescent lighting [10], high-voltage switchgear [11], and various
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Solid Liquid Gas Plasma

Figure 1.1: Representation of the different states of matter. In this figure,
a solid is transformed into a liquid upon the addition of energy, and with
further energy addition, the liquid transforms into a gas. Plasma is produced
by supplying energy (thermal or electrical) to the gas phase to form an ionized
gas phase consisting of charged and neutral species, radicals, and excited
species. In the figure, the grey spheres represent the charge-neutral particles
that constitute the solid, liquid and gas phases. The red and blue spheres
represent the cations and electrons, respectively, produced upon the addition
of energy to the gas phase. This figure is adapted from Ref. [3].

life-science applications such as wound healing [12], cancer treatment [13], and the
promotion of plant growth [14].

1.2 Non-Thermal Plasma

Plasma contains electrons, ions and neutral gas particles. Considering a Maxwellian
distribution for the velocities of electrons, ions, and neutrals, each of these
components can have different corresponding temperatures, Te (for electrons), Ti
(for ions), and Tg (for neutral gas particles). Plasmas can be broadly categorized
into Thermal Plasma (TP) and Non-Thermal Plasma (NTP) based on the
temperatures of the components (Te, Ti, Tg) [15] (see Figure 1.2). In thermal
plasmas, the applied external energy ionizes the gas phase so that Ti ≈ Te ≈ Tg >
103 K [16]. This is also called an equilibrium plasma, as the different components
have approximately the same temperature. In contrast, in NTP, electrons are
selectively excited and accelerated, while momentum transfer to ions and neutral
species is minimized. For NTP, Ti ≈ Tg ≈ 300 K - 1000 K and Te > 104 K [3, 16].
Because the different components have temperatures that are not equal, NTP is
also referred to as non-equilibrium plasmas. It is also called cold plasma, as the
ions and neutral gas particles, which are the dominant components in terms of
number densities compared to electrons, are close to ambient temperature [17].
Since the temperatures of the heavy species (ions and neutral gas particles) in
NTP are closer to ambient temperature compared to TP, NTP allows for lower
thermal impact on the interacting matter (for example, silicon wafers for plasma

2
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1.2. Non-Thermal Plasma

Non-thermal (NT) Plasma Thermal Plasma

T i
≈ T g

T e
<<

T i
≈ T e ≈ T g 103 K<<≈ 300 - 103 K

104 K

Figure 1.2: Two categories of plasma, thermal plasma and non-thermal
plasma. In thermal plasma, the temperatures of electrons (Te), ions (Ti), and
neutral gas particles (Tg) are approximately the same, typically of the order of
103 K. In sharp contrast, non-thermal plasma is characterized by an electron
temperature (Te) of the order of 104 K, while the ion and gas temperatures
(Ti and Tg) are much lower and approximately equal (300 - 1000 K). In this
figure, the color transitions from blue to red as Ti and Tg increase. This figure
is adapted from Ref. [3].

etching [18, 19], organic matter for plasma medicine applications [20]) compared
to TP, while maintaining high reactivity (due to both the physical and chemical
properties of plasma) [3]. Due to the minimal thermal impact of NTP on the
interacting matter, NTP has applications ranging from materials processing [21]
to biomedicine [20] and environmental remediation [22]. Historically, prior to the
1990s, the use of NTP in the commercial sector was largely confined to industries
focused on integrated circuit development and polymer surface treatment [23].
The emergence of clinically oriented plasma technologies, such as kINPen®MED
for chronic wound treatment [24], Canady Helios Cold Plasma [25] system for
cancer therapy, and Prism Plasma for dermatological treatments [26], ushered in
the broad integration of non-thermal plasma (NTP) into the field of biomedicine.

3
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(a) (b) (c)

Figure 1.3: Representation of different types of plasma-liquid systems. (a)
Example of direct discharge in liquid, where the plasma is initiated and
sustained within the liquid medium, (b) gas phase plasma with liquid electrode,
where the physical and chemical components of plasma produced in the gas
phase are transferred into the liquid phase after passing through the gas–liquid
interface, (c) gas phase plasma with dispersed liquid phase, which is an example
of multiphase plasmas. Due to the large surface-to-volume ratio of dispersed
liquid droplets, the mass transfer of reactive plasma species into the droplets
is significantly enhanced. In this figure, the liquid is shown in blue, the plasma
in pink, the dielectric in brown, and the metal electrodes in black. This figure
is adapted from Ref. [4].

1.3 Plasma interactions with liquid

Typically, for the life science applications of NTP, plasma comes into contact with
a liquid layer [27, 28]. At the reactor level, there are several configurations in
which the plasma comes in contact with the liquid medium. These configurations
can be broadly categorized as follows (see also Figure 1.3) [4]:

1. Direct liquid phase discharges

2. Gas phase plasmas producing reactivity in the liquid

3. Multiphase plasmas

These plasma-liquid reactors, as a whole, come in different configurations and
voltage sources. While some sources are nanosecond-pulsed and use DC voltages
for generating plasma, other sources could be AC excitation at 50–60 Hz, up to
GHz-range microwave excitation [4]. Additionally, there can be different types of
feed gas (the gas that is to be ionized). Noble gases such as He or Ar, ambient air,

4
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Plasma

Interface

Bulk liquid

H3O+  

H2O2  
NO2

-  
NO3
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H2O  O, NO, NO2 , HNO2 , 
HNO3 , H2O2 ... 

O, NO, NO2 , HNO2 , HNO3 , H2O2 ... 

OH, O, H  
e-

(aq)

H2O  

H2 , O2  
electrolysis

mass transfer

Figure 1.4: Schematic representation of the various mechanisms and reactive
species present in the plasma gas phase, the liquid phase, and at the gas–liquid
interface. The physical and chemical components of plasma come into contact
with the liquid phase through the interface separating the plasma and liquid
phases. This figure is adapted from Ref. [4].

and O2 and N2 containing gas mixtures are a few of the examples of feed gases. In
this thesis, we focus on the gas-phase plasmas producing reactivity in the liquid
reactor type. However, the results could also be useful for the multiphase plasma
reactor type, as mass transfer of plasma species into the liquid droplets is involved
in this reactor type. Upon contact with the liquid, the plasma delivers all of its
components to the liquid medium (both the physical and chemical components of
plasma) (see Figure 1.4). To understand how plasma impacts the surface under
treatment, it is important to investigate the magnitude of the electromagnetic field
delivered to the liquid, which species are generated, and their flux as a function of
time and space in both the gas and liquid phases.

1.4 Plasma-liquid interactions for life science
applications

Plasma-liquid interactions can play a major role in life science applications such as
wound healing [29], dentistry [30], wastewater treatment [31, 32], and promoting
plant growth and health [33]. In such applications, plasmas are created in O2-N2

gas mixtures, ambient air, O2-N2 gas mixtures with inert gases. The plasma
created in the above-mentioned feed gas can create reactive oxygen and nitrogen
species (RONS) in the gas phase, including, but not limited to, H2O2, NO, NO2,
HNO2, HNO3 and OH [3] (see Figure 1.5). RONS exhibit both antimicrobial

5
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Figure 1.5: Illustration of a gas phase plasma injecting physical and chemical
components of plasma (reactive oxygen and nitrogen species (RONS) along
with the electrons and electromagnetic radiation) into the liquid phase. In
this example, plasma is generated in air using a high voltage source (labelled
as ‘HV’ in the figure).
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properties (H2O2, O3, OH) [33] and nutritional properties (NO−
2 , NO−

3 , NO) [34]
that make RONS vital for the life science applications of NTP. For such life
science applications, non-thermal plasmas are operated at ambient conditions
(atmospheric pressure and room temperature). In these life science applications,
RONS, together with plasma physics, interact (oxidation reactions) with biological
matter, such as microorganisms and mammalian cells [35]. However, it is widely
recognized that plasma chemistry plays a more dominant role in biological effects
(cell apoptosis, wound healing) than plasma physics [36]. Consequently, a detailed
understanding of the plasma chemistry (species generated in the gas and liquid
phases, the concentration of species in both phases, the chemical reactions the
species undergo in both phases, and the interaction of the species with organic
matter) is essential [37–39].

1.5 Computational approaches to study
plasma-liquid interactions

Experimental techniques can be used to characterize electromagnetic fields and
species fluxes in both the gas and liquid phases. However, the investigation of
plasma–liquid systems presents several inherent challenges. First, the plasma
and liquid phases are strongly coupled, such that changes in one phase alter the
state of the other phase. For example, when the pH of the liquid changes (due
to aqueous phase chemical reactions), the electrical conductivity of the liquid
changes, which in turn affects the electromagnetic field in the system [40]. Second,
even at fixed operating conditions, such as fixed feed gas, voltage source, and
reactor configuration, the properties of both the plasma and liquid phases (e.g.,
pH, electrical conductivity) evolve constantly over time [4]. Third, continuous
plasma exposure induces temporal modifications of the surface and bulk liquid
properties (such as electrical conductivity) [4, 41].

Computational approaches provide a complementary framework to experiments
by providing information on the physical and chemical properties of plasma.
Continuum level (fluid) and particle models are used to describe the gas phase
(properties such as densities of plasma species, charge distribution, and electric
field). These models provide properties such as particle velocity, fields, and
chemical properties (concentration of species) as a function of time and space,
which can be used to determine the flux and dosage of species delivered to the
target substrate [42]. State-of-the-art models, which consider the entire gas and
liquid phases, are fluid-type to the best of our knowledge [43–48]. These models
are referred to as plasma-fluid models. In these models, a series of nonlinear partial
differential equations that account for the conservation of mass, momentum, and
energy coupled to the Poisson equation is considered [49]. Such models provide
information about the physical and chemical properties of plasma, either only as

7
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a function of time (0D) [50], or as a function of time and space (1D [43, 44], 2D
[45–47], and 3D [48, 51]). In continuum models of plasma-liquid reactors, the Henry
coefficient is an essential parameter for predicting the mass transfer of the species
from the gas phase to the liquid phase. Henry coefficient is the proportionality
constant in Henry’s law, which states that the amount of gas dissolved in the liquid
phase at equilibrium is proportional to the partial pressure of the gas [52]. The
Henry coefficient and diffusion coefficients are used to incorporate the transport
of species from the gas phase to the liquid phase.

1.6 Transport of reactive species to the liquid phase

Plasma fluid models are used to study the plasma-liquid systems at the reactor
level [46]. In these models, mass transfer of the species from the gas phase to
the liquid phase is quantified with Henry coefficients, and the spatial distribution
of the species is determined using diffusion coefficients. However, experimental
Henry coefficients for RONS are scarce. A few reasons for the data scarcity include
chemical reactions of the species, low solubility leading to concentrations below the
detection limits of measurement sensors, and the sensitivity of Henry coefficients
to properties such as the salt concentration of the liquid and temperature [52].
Existing experimental measurements are also subject to uncertainties that can
affect the predictive power of plasma fluid models [53]. In this work, we focussed
on providing the Henry coefficients and diffusion coefficients for RONS. We also
provide models of RONS that can later be used to study their interactions or their
impact on biological molecules. In this thesis, the liquid considered is water, as in
most life science applications, the liquid phase consists predominantly of water.
Nevertheless, this procedure can be extended to other types of liquids (such as
saline solutions, which we have investigated in Chapter 7 of this thesis). The
transport properties of RONS in water were computed using molecular simulation
techniques.

1.6.1 Molecular Simulations

Molecular simulation is a computational technique that allows for the computation
of properties of a system by simulating the behaviour of constituent atoms
and molecules using physics-based principles, such as Newtonian mechanics and
Boltzmann statistics [54, 55]. It serves as a bridge between the microscopic length
and time scales and the system-level properties. Molecular simulations typically
operate on length scales on the order of nanometers and time scales on the order
of nanoseconds [54]. To access larger spatial and temporal regimes, higher-level
computational approaches, such as continuum or plasma fluid models, should be
used [42]. Molecular simulations are a natural choice for computing the coefficients

8
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describing the mass transport and diffusion. This is because diffusion is inherently
a molecular-scale (∼ nm, ∼ ns) phenomenon [56], and determining the Henry
coefficient requires extrapolation to the limit of infinite dilution [52], both of
which can be accurately addressed using molecular simulation methods [54]. The
molecular simulations in this work use classical force fields to characterize the
interaction between the constituent molecules.

Classical force fields are a collection of analytical functions and the associated
parameters that describe the intramolecular and intermolecular interactions of the
molecules [57]. These force fields are termed "classical" as the functional forms in
these force fields are predefined and do not change during simulations. The choice
of classical force fields is motivated by their ability to provide an optimal balance
between statistical reliability, accessible system sizes, and computational efficiency,
particularly in comparison with ab initio methods or machine-learned force field
approaches [58, 59]. These characteristics make the classical force fields well-suited
for evaluating thermodynamic and transport properties of the species considered
in this work. In the rest of the thesis, the term "force fields" will be used to refer
to classical force fields. To investigate the properties (solubility and diffusion)
of RONS, we need interaction potentials that describe the interaction of RONS
with other molecules of the same type, for RONS with water, and water-water
interactions. For water-water interactions, there are water force fields available
in the literature, such as the TIP3P [60], TIP4P/2005 [61], and TIP5P-E [62, 63]
models [64]. These models are well-validated and tested. However, this is not
the case for the RONS, as we do not have accurate force fields for all RONS to
accurately characterize the RONS-RONS or RONS-water interactions. These force
fields are important because the Henry coefficients and diffusion coefficients are
severely impacted by the quality of the force field used to describe the RONS. To
determine the suitability of the force field, it is verified whether the force field has
been previously validated against relevant experimental data. If such validation
exists, the force field is used to compute relevant thermodynamic and transport
properties, such as the Henry and diffusion coefficients. In the absence of prior
validation, a systematic validation of the force field is performed, in which selected
properties are computed and compared to corresponding experimental data. In
this work, experimental thermodynamic properties, such as liquid phase densities
and the vapor-liquid equilibrium (where vapor and liquid phases of species are in
thermodynamic equilibrium) properties, were used to compare with the computed
properties. In the absence of any experimental data for the species, ab initio
quantum mechanical calculations are performed, and the interaction potential is
fitted to the energy surfaces obtained from the quantum mechanical calculations
(see Figure 1.6).
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Is the force �eld 
validated with relevant

properties?

Yes Compute properties 
of interest

No

Compute and compare 
properties with 

experimental data 
and/or QM calculations

Are these 
in agreement?

No

Develop new 
force �eld

Start

Yes

Figure 1.6: Workflow for the validation and development of force fields for
reactive oxygen and nitrogen species. The procedure begins by determining
whether the available force field for the species in the literature has been
validated with respect to relevant experimental properties. If validation exists,
the force field can be used to compute the properties of interest. If the
validation does not exist, key thermodynamic properties, such as densities,
are computed and compared with corresponding experimental data. Results
obtained from quantum mechanical calculations can also be used to validate
the force field. This comparison determines whether the force field can be used
for further computations or whether the development and parametrization of
a new force field are required.
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1.6.2 Computing the equilibrium of chemical reactions

Classical force field-based molecular simulations are not without challenges.
Chemical reactions, which also play a crucial role in life science applications, cannot
be adequately described using a classical force field alone, as bond dissociations are
not explicitly represented within such frameworks. The equilibrium of chemical
reactions can be investigated in the reaction ensemble [65–67]. The reaction
ensemble is used to determine the chemical reaction equilibrium by integrating
ideal gas behaviour with changes arising from interactions of the reactants with a
disruptive medium (in this case, the liquid). In addition to the force fields, the
reaction ensemble requires the isolated molecule partition functions of the species
(qtotal) involved [68]. qtotal is the sum over all energy states of an isolated molecule,
and its logarithm is proportional to the Gibbs energy of formation [54, 69]. It
is important to note that the isolated molecule partition functions are assumed
not to depend on the medium, an assumption that is generally valid in most
cases [70]. Given the isolated molecule partition functions of the species and the
force fields that describe the interactions of the species, one can compute the
equilibrium constants (K) of the reactions in which the species are involved. It
should be noted that the methodology used in this thesis enables the investigation
of chemical reaction equilibrium, but not the kinetics of the chemical reaction.
Investigating reaction kinetics requires the resolution of reaction pathways and the
computation of associated energy barriers, which can be achieved with ab initio
quantum mechanical calculations.

1.7 What is investigated in this thesis?

In general, reactive oxygen and nitrogen species (RONS) can be classified according
to the occupancy of their outer electron shell (whether it is complete or incomplete)
and their net charge, as molecules (HNO2, H2O2, and N2O4), radicals (NO2, NO
and O), or ions (NO−

2 , NO−
3 , and H3O+). In this thesis, a selection of species from

each category was investigated (see Figure 1.7). In addition, the electronic spin
states (which depend on the arrangement of electrons in the energy levels) of the
species play a major role in determining their interactions with water (diffusion and
solubility). We investigated the differences in the interaction for atomic oxygen,
O, in its triplet state, O(3P) (has two unpaired electrons that are parallel in its
outer shell) and in its singlet state, O(1D) (all the electrons in the outer shell are
paired) and quantified the differences in the diffusion and Henry coefficients.

The RONS were further classified based on whether the species undergoes
hydrolysis or not. For species, such as H2O2 and NO that do not react with water,
the Henry coefficients (Hcp

s ) and self-diffusion coefficients (D) are computed using
molecular simulations (see Figure 1.8). For H2O2, two different force fields were
available in the literature to represent the species. We computed the interaction
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Figure 1.7: List of species investigated in this work, categorized according to
whether the species undergo hydrolysis. The species that undergo hydrolysis
includes, HNO2 (HNO2 + H2O ⇌ NO2

– + H3O+), N2O4 (N2O4 + 2 H2O ⇌
HNO2 + NO3

– + H3O+), NO2 (2 NO2 + 2 H2O ⇌ HNO2 + NO3
– + H3O+)

and NO−
2 . Note that the hydrolysis reaction of NO−

2 (NO−
2 + H2O ⇌ HNO2 +

OH– ) is not included in this work as it is not a thermodynamically favourable
reaction at ambient conditions (∼ 298 K and 1 bar) studied in this work [69].
The species are further classified as molecules (closed-shell, charge-neutral
species), radicals (charge-neutral species containing an unpaired electron) and
ions (closed-shell charged species). Plasma generates atomic oxygen (O) in
different spin states, the ground (O(3P)) and excited states (O(1D)), which
were also investigated in this work.
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Does the
species undergo 

hydrolysis?

No

Find list of all 
species involved 
in the reactions

Repeat for all the 
species involved

Compute     and 
aqueous phase 

composition

Yes

Start

Compute H

K  

HCompute     and D

Calculate q
total

Figure 1.8: Workflow for computing thermodynamic and transport properties
of a species. If the species does not undergo hydrolysis to form reaction
products, the Henry coefficients (Hcp

s ) and self-diffusion coefficients (D) are
computed using molecular simulation techniques. If the species undergoes
hydrolysis, all the species that are involved in the reactions are identified,
the Henry coefficients are computed, and the isolated molecular partition
functions (qtotal) of each species are calculated using analytical functions
which are described in Chapter 2. These quantities are used to determine the
equilibrium constants of the reaction (K) and the aqueous phase compositions.
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of H2O2 with different water models and investigated which combination of force
fields predicts transport and thermodynamic properties in better agreement with
the experiments. In the case of NO, for which no sufficiently accurate force field
was available, we developed a new force field validated with the experimental
vapor-liquid-equilibrium (VLE) properties of NO. We needed to take into account
the chemical dimerization of NO at the VLE temperatures [71, 72]. To represent
the dimerization reaction in the vapor and liquid phases, we used the reaction
ensemble with the isolated molecule partition function of NO and its dimer, (NO)2.
The newly developed force field was used to predict the interaction behaviour of
NO in water. Plasma generates atomic oxygen in the ground and excited states.
Since electronic spin states are not explicitly considered in a classical force field,
state-specific force fields were developed for atomic oxygen based on ab initio
quantum mechanical calculations. Using these newly developed force fields, values
of Hcp

s and D for atomic oxygen in water are computed.
For species that undergo hydrolysis reactions, all species involved in the

hydrolysis process and subsequent reactions are first identified. For each of
these species, the Henry constant and isolated molecule particle function (qtotal)
are computed. Upon completion of this procedure for all the relevant species in the
reactions, the equilibrium constants of the reactions (K) and the resulting aqueous
phase composition are determined (see Figure 1.8). We considered NO2 as an
example of a species that undergoes hydrolysis. We provide a model that considers
NO2 and its dimer N2O4 in the gas phase. The gas-phase composition is evaluated
as a function of temperature and pressure. The aqueous-phase composition for a
given gas-phase composition was computed. To determine the aqueous speciation
resulting from NO2 hydrolysis, all relevant reactions associated with its hydrolysis
were considered. For each species of the reaction, a force field is required, using
which the solubility of each species is computed. We also required the isolated
molecule partition function of each of the species involved in the reaction. We
combined these data and built a model to compute the equilibrium constants of
the reaction and the composition of the liquid phase as a function of temperature
and pressure.

1.8 Scope and outline of this thesis

This thesis is organized as follows. The methodologies used to compute the
thermodynamic properties and parameters of the reactive oxygen and nitrogen
species are explained in Chapter 2. A brief discussion of the algorithms, ensembles
and molecular simulation methods is presented in this chapter.

In Chapter 3, existing force fields for H2O2 in the literature, those developed
by Cordeiro [73] and Orabi & English [74], were validated by reproducing the
experimental anhydrous H2O2 densities. The pure densities of H2O2 computed
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using the Orabi force field were in excellent agreement with the experimental
densities for a temperature range of 253 K to 353 K. The thermodynamic and
transport properties (densities, viscosities, and self-diffusion coefficients) of aqueous
solutions of H2O2 were computed for the entire composition range (H2O2 mole
fractions of 0–1.0) at 298 K and 1 bar. Four different water models were used,
namely, TIP3P [60], mTIP3P [75], TIP4P/2005 [61], and TIP5P-E [62, 63], in
combination with the force fields for H2O2. Among the combinations, the Orabi
FF - TIP4P/2005 combination predicted the aqueous densities, viscosities and
self-diffusion coefficients of aqueous H2O2 solutions in good agreement with the
corresponding experimental values. However, due to the anomalous attraction
between the water molecules and the H2O2 molecules, as confirmed by the radial
distribution functions, the viscosities of the H2O2 - TIP5P-E systems were much
higher than the experimental values. This led to very small values for the
self-diffusion coefficients of H2O2 and water molecules. Additionally, we computed
the excess chemical potentials of H2O2 in water and thereby the Henry coefficients
of H2O2. The Cordeiro force field, in combination with the TIP3P and mTIP3P
water force fields, was observed to predict Henry coefficients within the range of
experimental values.

In Chapter 4, a new force field was developed for the reactive NO-(NO)2
system. The new force field accurately reproduces the vapor-liquid equilibrium
(VLE) properties of the NO-(NO)2 system, including, coexistence vapor-liquid
densities, dimer mole fractions in liquid phase, saturated vapor pressures, and
heats of vaporization, in excellent agreement with the experimental values for
the temperature range 120 K - 170 K. The VLE properties of the pure NO and
(NO)2 system were compared with the properties predicted using existing force
fields for NO, those developed by Lachet et al. [76] and Zhou et al. [77]. For the
pure NO system, the VLE properties predicted using the new force field were in
good agreement with those predicted using the Lachet FF. However, there was
a large deviation between the predictions with the newly developed force field
and the Zhou FF. This discrepancy can be attributed to the omission of dimer
formation at the boiling point of NO in the work of Zhou and co-workers, which
corresponds to the temperature at which the Zhou FF was validated with respect
to the experimental values of density and heat of vaporization. For pure (NO)2,
deviations of the predicted VLE properties using the new force field with those
computed with the Lachet FF were quantified. We also performed a sensitivity
analysis to investigate the effects of L-J parameters (σ and ϵ/kB of NO and (NO)2
) as well as the atomization energy of (NO)2, D0,(NO)2 , on the VLE properties
of the reactive NO-(NO)2 system. The results indicate that the VLE properties
are affected by both the L-J parameters as well as the atomization energy, which
is in sharp contrast with the NO2-N2O4 system, where the VLE is dominated
by qtotal. This difference could be attributed to the higher atomization energy of
N2O4 compared to (NO)2.
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In Chapter 5, thermodynamic and transport properties of NO in water are
presented. The Saji FF, which was developed in Chapter 4, was used to model
NO. The self-diffusion coefficients of NO in water for three different concentrations
of the solute for temperatures ranging from 273 - 333 K were computed and
were found to be in good agreement with the experimental values. The Henry
coefficient of NO was also computed for the same temperature range and was
compared with the experimental data at 298 K. The predicted values were found
to be in agreement with experiments. Nitrous and nitric acids are formed upon
the hydrolysis of NO2. Nitrous acid can further undergo ionization reaction to
form nitrate and hydronium ions, and it may also disproportionate to form nitric
acid, nitric oxide and water. To analyze the chemical equilibrium of the above
reactions, the CASpy solver [68], a chemical reaction equilibrium solver, was
modified to handle arbitrary constraints in chemical reaction equilibria. NO2

dimerizes to form N2O4, and therefore, the gas phase composition at different
pressures and temperatures is calculated using the gas phase equilibrium constant.
The calculations show that the dimer concentration in the gas phase increases
with increasing pressure and decreasing temperature. The hydrolysis reaction of
NO2 was found to be an exothermic reaction as the equilibrium of the reaction
shifts to the reactant side with an increase in temperature. Consequently, the pH
of the system decreases with increasing pressure and increases with increasing
temperature. A brief discussion on the importance of accurate data for parameters
such as the atomization energy for determining the reaction equilibrium is also
provided in this chapter.

In Chapter 6, state-specific force fields were parameterized to describe the
interaction between atomic oxygen and water on the triplet and singlet energy
surfaces. Using the newly developed force fields, the self-diffusion coefficients and
Henry coefficients of the atomic oxygen were computed for the temperature range
of 273 - 333 K. On the triplet energy surfaces, the ground state exhibit the highest
values of D and Hcp

s , while on the singlet energy surfaces, the first excited state,
showed the highest values. We also performed a systematic analysis to identify
the influence of individual L-J parameters (σ and ϵ/kB) on D and Hcp

s . This
was performed by varying the values of σ and ϵ/kB for a charge-neutral particle
in water at temperatures in the range 300 - 350 K. The results indicate that
the self-diffusion coefficients are more sensitive to the particle size (σ), while the
Henry coefficients are more sensitive to the strength of the interaction with water
(ϵ/kB). Additionally, it was observed that the dissolution process changes from
endothermic to exothermic once the solute-solvent interactions become stronger
than the solvent-solvent interactions.

In Chapter 7, a systematic analysis was performed to identify the influence
of salt concentrations on D and Hcp

s of RONS in water. The D and Hcp
s were

computed for charge-neutral particle in water, parameterized by varying values
of σ and ϵ/kB at a temperature of 300 K and a pressure of 1 bar. The results
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indicate that D decreases with increasing salt concentrations (a ca. 12% decrease
on average was observed for an increase in molality of 1.00 m). An increase in salt
concentrations leads to a decrease in the values of Hcp

s (ca. 22% decrease for a
1.00 m increase in salt concentration). This indicates a salting-out effect for the
charge-neutral particles. Key conclusions and outlook are also presented in the
thesis.

The methodologies used in this work allow modeling of the plasma–water
system by incorporating diffusion coefficients, Henry coefficients, and chemical
reaction equilibrium constants.
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Chapter 2

Theoretical Framework

In this chapter, the fundamental principles underlying molecular simulation
techniques, such as Monte Carlo and Molecular Dynamics, are introduced, followed
by a description of the algorithms used. This chapter also provides a concise
overview of the force fields and the statistical ensembles used in the simulations.
Finally, the thermodynamic and transport properties computed using these
techniques are outlined. For more information on the simulation techniques,
we would like to refer the reader to Refs. [54, 55, 78].

2.1 Force Fields

To compute the properties of a molecular system, it is necessary to characterize the
interactions between the molecules within the system. While quantum mechanical
methods can provide highly accurate interaction potentials, these methods are
computationally expensive for large systems (> 100 atoms). For these large
systems, the interactions are typically represented using functional forms. A force
field consists of a set of functions together with associated parameters that describe
both the bonded and non-bonded interactions of the molecules in the system.

The potential energy functions that describe the bonded interactions (i.e
interactions formed by a chemical bond) within a molecule (Ubonded) consist, for
example, of functions that define the bond stretching (Ubond), angle bending
(Ubend), and dihedral torsion (Udihedral) potentials. Additional potential energy
functions can also be incorporated within a force field. A comprehensive review
of such terms can be found in Ref. [79]. Figure 2.1 shows an illustration of these
bonded interactions.
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Bonds Angles Dihedrals

Electrosta�cs Lennard-Jones

Force field

van der Waals

Figure 2.1: Bonded and non-bonded interactions of a molecule that together
constitute its force field. In this figure, the bonded interactions include
bond stretching, angle bending, and dihedral torsion, while the non-bonded
interactions comprise electrostatics and van der Waals interactions. These
interactions can also be categorized as intramolecular or intermolecular
interactions. Bonded interactions are always intramolecular, whereas
non-bonded interactions can be either intermolecular or intramolecular.
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σ ε/kB

(b)

(a)

σ21/6

Figure 2.2: (a) The Lennard-Jones potential (ULJ) and (b) the corresponding
force (FLJ = −∇ULJ ) for two identical single-site particles characterized by σ
= 1 Å and ϵ/kB = 120 K (∼ 1 kJ/mol), as a function of the intermolecular
separation (r) as the particles approach one another.
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Non-bonded interactions are interactions of atoms that are not formed by a
chemical bond but interact via van der Waals or electrostatic interactions. The
Lennard-Jones (L-J) potential is a commonly used potential energy function that
is used to model the van der Waals interactions between atoms.

ELJ = 4ϵij

[(
σij
rij

)12

−
(
σij
rij

)6
]
. (2.1)

Here, ϵ represents the depth of the potential well, σ represents the distance at
which the particle-particle interaction energy equals zero and rij is the distance
between atoms i and j. The L-J potential consists of both attractive and repulsive
terms. While the attractive part (where FLJ > 0) represents the van der Waals
interactions, the repulsive part (FLJ < 0) is an empirical approximation that
denotes the repulsive force arising from Pauli’s exclusion principle [80]. The
mixing rules for the L-J parameters for two dissimilar non-bonded atoms are given
by either Lorentz-Berthelot mixing rules [81]

σij =
σi + σj

2
(2.2)

ϵij =
√
ϵiϵj (2.3)

or by the geometric average [55]

σij =
√
σiσj (2.4)

ϵij =
√
ϵiϵj . (2.5)

As computing the non-bonded interactions is a computationally expensive task,
the non-bonded interaction potentials are truncated at a cutoff distance. Thus,
the non-bonded interactions are calculated only for atoms that lie within the
cutoff radius. The energy contribution of particles outside the cutoff radius can
be approximated by analytic tail corrections of the form [54]

Etail correction
LJ =

1

2

∑
i,j

16πNiNjϵij
V

(
σ12
ij

9R9
c

−
σ6
ij

3R3
c

)
(2.6)

where, Ni, Nj is the number of atoms of type i and j, respectively, ϵi,j and σi,j
are the L-J parameters for the interaction between atoms of type i and j, V is the
volume of the simulation box, and Rc is the cutoff radius. The energy correction
term in Equation 2.6 is specific to the Lennard–Jones potential. Alternative
interaction potentials require different functional forms for the corresponding tail
correction.
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The electrostatic interactions are modelled by the Coulombic potential energy
function

Eelectrostatic =
1

4πϵo

qiqj
rij

, (2.7)

where ϵo is the permittivity in vacuum, q represents the atomic partial charges and
rij is the distance between atoms i and j. The Coulombic potential converges as 1

r .
A potential that decays as 1/rn in a d-dimensional space is conditionally convergent
if n < d [55]. Conditional convergent implies that the result of the summation
depends on the order of summation. Since the Coulombic potential converges as 1

r ,
it is conditionally convergent in two and three-dimensional systems. In contrast,
the Lennard–Jones potential decays with an attractive term proportional to r−6,
for which the exponent of r exceeds the spatial dimensionality in a 3D system
(n = 6 > d = 3), and therefore is absolutely convergent [55]. Note that the L-J
potential also has a repulsive term with n = 12, which is much larger than the
value of d for a 3D system. Therefore, unlike the Lennard-Jones potential, the
Coloumbic potential has a range larger than the common cutoff radius used in
simulations (∼ 9 − 12 Å) and therefore would miss part of the interactions if
only the interactions within the cutoff were computed [54]. Moreover, truncating
Coloumbic interactions would lead to spurious dipole moments and non-physical
rearrangement of molecules, which leads to artificial peaks in the radial distribution
functions [82, 83].

2.1.1 Ewald summation

To overcome the problem of conditional convergence of Coloumbic interactions,
Ewald summations can be used in molecular simulation techniques. Ewald
summation overcomes the issue of conditional convergence by subtracting and
adding a diffuse charge distribution (ρG) around a point charge [54]. The point
charges in the system can be described using Dirac delta functions, that is centered
on an atom site

ρi(r) =
n∑

i=1

qiδ(r − ri). (2.8)

The diffuse charge distribution, ρG, is given by

ρGi (r) =
n∑

i=1

qi

(α
π

) 3
2

e−α(r−ri)2 (2.9)

where qi is the point charge on the atom on site i and α is the width of the
Gaussian distribution. The subtraction and addition of ρG from the point charges
leads to

ρi(r) = (ρi(r)− ρGi (r)) + ρGi (r). (2.10)
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Figure 2.3: Schematic representation of the Ewald method in which a diffuse
charge distribution, ρG, is subtracted from and added to the point charges
(described by Dirac delta functions), ρ (see Equation 2.10). The electrostatic
potential experienced by a particle is decomposed into three contributions, (1)
potential due to diffuse charge distribution (computed in reciprocal space),
(2) potential due to a set of point charges, each paired with a neutralizing
counter-charge distribution (computed in real space), and (3) the self-correction
term which is to correct the over-counting of the interaction of a particle with
its own neutralizing counter-charge distribution. This figure is adapted from
Ref. [54].
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Figure 2.4: Plot of the error function and the complementary error function.

The total Coulombic potential energy Ue from the charge density given in
Equation 2.10 can be written as [54, 57]

Ue = Ue, real + Ue, reciprocal − Ue, self. (2.11)

Here, Ue, real and Ue, reciprocal are the Coulombic potential energies due to
(ρi(r) − ρGi (r)) and ρGi (r), respectively. Ue, self is the term for the correction
of self-interaction between the charge distribution centred at a point charge qi and
the point charge qi. Ue, real is computed in the real space within the cutoff radius
and is given by

Ue,real =
1

4πϵo

n∑
i<j

qiqjerfc(
√
αrij)

rij
. (2.12)

where erfc(x) is the complement of erf(x), i.e.,

erfc(x) = 1− erf(x). (2.13)

erf(x) is the error function and is defined as

erf(x) =
2√
π

ˆ x

0

e−t2 dt. (2.14)

A plot of the error function and the complementary error function is shown in
Figure 2.4. Unlike 1

r , Ue,real in Equation 2.12 can be easily truncated at 9 - 12 Å,
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Figure 2.5: erfc(r)
r as a function of r. This figure also contains plots for 1

r ,
erfc(0.5r)

r , and erfc(1.5r)
r as a function of r. This figure illustrates that erfc(r)

r
decays to zero at large values of r.

provided that α is chosen wisely. This can be seen from Figure 2.5. Ue, reciprocal is
computed in the reciprocal space and is given by

Ue,reciprocal =
1

4πϵo

2π

V

∑
k ̸=0

1

k2
|ρ(k)|2e−k2/4α

 , (2.15)

where k = (2π/L)l, L being the length of the cubic box, and l = (lx, ly, lz) are the
lattice vectors in the reciprocal space. The correction term, Ue, self, is given by

Ue,self =
1

4πϵo

((α
π

) 1
2

n∑
i=1

q2i

)
. (2.16)

Substituting Equations 2.12, 2.15 and 2.16 in Equation 2.11, one obtains

Ue =
1

4πϵo

 n∑
i<j

qiqjerfc(
√
αrij)

rij
+

2π

V

∑
k ̸=0

1

k2
|ρ(k)|2e−k2/4α −

(α
π

) 1
2

n∑
i=1

q2i

 .

(2.17)
From Equation 2.9 it is evident that a higher value of α would lead to a narrower

Gaussian charge distribution. This would lead to a more efficient screening of the
point charge and faster convergence in real space. However, in the reciprocal space,
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a narrower Gaussian distribution (due to high values of α) would require more
number of k-vectors (Nk) for the computation of the reciprocal space component
of the Coloumbic potential. In contrast, a lower α, means a lower Nk in the
reciprocal space, but lead to slower convergence in real space. Therefore, there
exists a trade-off between α and Nk [55]. As a first guess one can choose α = 3.2

Rc
and k = 8 [79].

2.1.2 Periodic Boundary Conditions

Molecular simulations are used to predict the bulk behaviour of the systems.
However, the finite number of molecules contained within a simulation cell
is, in general, insufficient to fully represent macroscopic bulk conditions. In
a three-dimensional system, the fraction of molecules at or near the surface
scales as N−1/3 (where N is the total number of molecules) [54], implying that
surface effects are disproportionately large for small systems. However, it is not
computationally feasible to use large simulation cells as the computational time
would be prohibitive. Therefore, to simulate bulk phase behaviour, one needs
periodic boundary conditions (PBC). In this approach, the finite simulation cell
containing the system of interest is replicated in all spatial directions to form an
infinite periodic lattice of identical cells. When a particle moves in the central
cell, all its replicas also move identically in their respective cells. When a particle
moves out of a cell, its replica will move into the cell, keeping the number of
particles constant. In this setup, the particles in the simulation cell can also
interact with particles in the other replica simulation cells. To avoid multiple
interactions between a pair of particles (for computational efficiency), the minimum
image convention is adopted, where only the interaction is considered for which
the interatomic distance is minimum (see Figure 2.6) [54, 57].

However, using PBC can create artificial correlations between the simulation
cell and its replicas, which are not present in the macroscopic bulk system. Such
artifacts can be minimized by using a sufficiently large simulation cell. The
adequacy of a given system size is commonly assessed through validation studies.
Although densities and viscosities exhibit limited finite-size effects, self-diffusion
coefficients are influenced by the size of the simulation box and are corrected for
their finite-size effects [84, 85]. Only at very low densities, computed values of η
depend on the system size [86].

2.2 Ensembles

In a classical formulation, the dynamic state of a particle is described by its
position and momentum coordinates. Therefore, a total of 6 coordinates are
needed to describe the state of a particle, 3 each for position and momentum. For
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a

b1

b2

Figure 2.6: A two-dimensional representation of the periodic boundary
conditions in which the central simulation cell is replicated in all directions to
generate an infinite periodic lattice. The dashed box illustrates the minimum
image convention applied to a particle ‘a’ in the central simulation cell. The
minimum image convention is used to avoid multiple interactions between
a pair of particles. The minimum image convention implies that the cutoff
(Rc) must be smaller than half the box size in each direction. In this figure,
particle ‘a’ interacts with ‘b2’ instead of ‘b1’ as ‘b2’ is the nearest (in terms of
distance) image to ‘a’.

28



2

2.2. Ensembles

a system of N particles, 6N coordinates are needed to describe the system. This
6N dimensional space is called the phase space. A point in this phase space is
called a microstate. A macrostate describes the macroscopic properties of the
system such as the internal energy, temperature, pressure, etc. These macroscopic
properties can be achieved by different combinations of the microstates. The
collection of the microstates that obey the macroscopic constraints of the system
is defined as an ensemble. The statistical averages of the ensemble are used to
calculate observable thermodynamic quantities such as temperature, pressure, etc.
A brief description of the ensembles used in this work is provided in the subsections
below. For more detailed information, the reader is referred to Refs. [54, 55].

2.2.1 Statistical Ensembles

Canonical Ensemble

In the canonical ensemble, the number of molecules (N), the volume (V ), and
the temperature (T ) are fixed. The partition function Q for the NVT ensemble is
written as

Q =
1

N ! h3N

ˆ ˆ
exp

[
−βH(rN ,pN )

]
drN dpN , (2.18)

where H is the Hamiltonian of the system and N is the number of particles. h is
Planck’s constant and h3N is the volume of a microstate. For a N particle system,
rN is defined as {rN = r1, r2,...rN} and pN is defined as {pN = p1, p2,...pN}.
The classical limit is defined when Λ << d. Here, Λ is the de Broglie wavelength
given by Λ = h√

2πMkBT
and d is the average interatomic distance between the

particles. M is the sum of the masses of all atoms in the molecule, and T is the
temperature. In the classical limit, one can separate the integrals over momenta
and space and evaluate the integrals separately. It can be shown that once the
integration over momenta is calculated, Equation 2.18 simplifies to [54]

Q =
1

N ! Λ3N

ˆ
exp

[
−βU(rN )

]
drN , (2.19)

where U is the potential energy of the system that does not depend on the momenta.
Using a coordinate vector of the atoms in the system scaled by the inverse length
of the simulation box, s (s = r/L), one can write the partition function for the
NVT ensemble as [54]

QNVT =
V N

Λ3NN !

ˆ
dsNexp

[
−βU(sN

]
), (2.20)

where V is the volume of the simulation box, N is the number of molecules, U is
the potential energy of the configuration sN . Note that due to the rescaling of
the coordinate vector with the inverse of the length of the simulation box, L, the
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potential energy of the system, U , is also a function of the volume of the simulation
box, V , along with the scaled coordinate vectors (s). However, for convenience, U
is written as a function of s only and V is omitted as an argument for U . N is
defined as the probability density of finding a microstate in the phase space. N
is required to obtain the ensemble average of a quantity A which is given by

<A> =

´
dsNN (sN )A(sN )´

dsNN (sN )
=

´
dsNN (sN )A(sN )

Q
. (2.21)

For the NVT ensemble:

N (sN , T ) ∝ exp
[
−βU(sN )

]
. (2.22)

In the NVT ensemble, the fluctuating property is the potential energy of the
system, U .

Isobaric-Isothermal Ensemble

In the isobaric-isothermal ensemble, the number of molecules (N), the external
pressure (P ), and the temperature (T ) are fixed. The partition function for the
NPT ensemble is given by [54]

QNPT =
βP

Λ3NN !

ˆ
dV V Nexp [−βPV ]

ˆ
dsNexp

[
−βU(sN )

]
), (2.23)

where P is the external pressure on the system. All other variables have the same
definition as in the NVT ensemble partition function. For the NPT ensemble,

N (sN , N, V, T ) ∝ V Nexp [−βPV ] exp
[
−βU(sN

]
. (2.24)

In the NPT ensemble, the fluctuating properties are U (potential energy of the
system) and V (volume of the simulation box). One can also treat the logarithm
of the volume (ln(V )) as the fluctuating property instead of V . The partition
function then becomes [54]

QNPT =
βP

Λ3NN !

ˆ
d(lnV )V N+1exp [−βPV ]

ˆ
dsNexp

[
−βU(sN )

]
), (2.25)

and the corresponding probability density is

N (sN , N, lnV, T ) ∝ V N+1exp [−βPV ] exp
[
−βU(sN

]
. (2.26)

Gibbs Ensemble

The Gibbs ensemble describes two phases (vapor and liquid) that are in equilibrium
with each other [87]. In this ensemble, the system contains two simulation boxes
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that represent the vapor and liquid phases. These boxes can exchange molecules
with the condition that the total number of molecules (N) in the two boxes remains
fixed. For the NVT version of the Gibbs ensemble, the total volume (V ) of two
boxes is also fixed. As in the earlier ensembles, the temperature T is also fixed. In
this work, the NVT version of the Gibbs ensemble is used. The partition function
of a single-component NVT version of the Gibbs ensemble is given by [54]

QGE,NVT =
N∑

n1=0

1

V Λ3Nn1!(N − n1)!

ˆ
dV1V n1

1 (V − V1)
N−n1×

ˆ
dsn1exp[−βU1(s

n1)]

ˆ
dsN−n1exp[−βU2(s

(N−n1))].

(2.27)

Here, n1 and N − n1 are the number of molecules in simulation boxes 1 and
2, respectively. Similarly, V1 and V − V1 are the volumes of simulation boxes 1
and 2, respectively. U1 and U2 are the total potential energies in boxes 1 and 2,
respectively. The probability density for the Gibbs ensemble is given by

N (sn1 , sN−n1 , N, n1, V, V1, T ) ∝
V n1
1 (V − V1)

N−n1

n1!(N − n1)!

× exp
[
−β(U(sn1) + U(sN−n1))

]
.

(2.28)

The fluctuating properties in the NVT version of the Gibbs ensemble are the
number of molecules (n) of each box, the volume (V ) of each box and the potential
energies (U) of each box.

Reaction Ensemble

The reaction ensemble allows for the calculation of thermodynamic properties
of a chemically reactive system. In this ensemble, the total number of atoms is
conserved. The partition function of the reaction ensemble in the constant volume
version is given by [54]

QRxMC,NVT =
∞∑

N1=0

· · ·
∞∑

NS=0

exp

[
S∑

i=1

(βµiNi +Niln
V qi
Λ3
i

− lnNi!)

]

×
ˆ

dsNexp[−βU(sN )].

(2.29)

where, V qi
Λ3

i
is the ideal gas partition function of species i. Note that qi is the

isolated molecule partition function of species i excluding the translation partition
function ( V

Λ3
i
) of the species. µi and Ni are the chemical potential and number

31



2

Chapter 2. Theoretical Framework

of molecules of species i, and S is the total number of species. The probability
density for the reaction ensemble (NVT version) is given by

N (sN , N, T ) ∝ exp

[
S∑

i=1

(βµiNi +Niln
V qi
Λ3
i

− lnNi!)− βU(sN )

]
. (2.30)

In the NVT version reaction ensemble, U and the number of molecules of each
species are the fluctuating properties. It should be noted that this ensemble allows
for the investigation of the thermodynamic equilibrium of the system and not the
kinetics of the reaction involved.

2.3 Monte Carlo Method

In the previous section, the partition function Q of different ensembles were
discussed. In principle, one can calculate thermodynamic properties if Q is
known using Equation 2.21. However, Q contains multidimensional integrals
with the number of independent coordinates equal to N × d, where N is the
number of molecules and d is the dimension of the system. Such evaluations are
computationally intractable using the numerical methods available. For example,
consider evaluating the N × d dimensional integrand numerically on a mesh of
points containing m equidistant points along a coordinate axis. For a 3-dimensional
(d) system with 100 molecules (N) evaluated at a modest resolution of 10 (m)
equidistant points along each axis, it would require evaluating the integrand at
mNd points. This corresponds to 10300 points, rendering numerical integration
infeasible [54].

Monte Carlo is a stochastic method to compute multidimensional integrals. For
example, in Figure 2.7, the area of the circle is computed by generating random
points within a square and observing what fraction of the points fall within the
boundary of the circle. However, as seen in Equation 2.19, Q is dependent on the
Boltzmann factor, exp[−βU ], and is non-negligible only in small regions of the
phase space. This is due to numerous configurations in phase space in which atoms
are in close proximity, resulting in U >> 0. Consequently, the corresponding
Boltzmann factor, exp[−βU ], becomes very small. Therefore, it would be inefficient
and challenging to evaluate the partition function by direct numerical integration.

The Metropolis algorithm provides a systematic procedure for sampling
configurations with non-negligible Boltzmann weights. Such a sampling is called
importance sampling [54]. Rather than exploring configuration space uniformly, the
algorithm preferentially visits states that contribute significantly to equilibrium
averages, i.e., microstates where exp[−βU ] is not vanishing. The Metropolis
Monte Carlo technique creates a series of configurations that converges to the
desired equilibrium probability distribution, which depends on the thermodynamic
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Figure 2.7: Computing area of a circle with unit radius using Monte Carlo
method. The area of the circle is computed by generating N random points
within a square centred at (0,0) and with a side length of 2 units. All the
random points that have an Euclidean distance from the origin less than unity
are considered to be within a circle. In this figure, the blue dots and red dots
represent the random points inside and outside the circle, respectively. The
ratio of the area of the circle to that of the square is then approximated by
the ratio of the number of points falling inside the circle to the total number
of sampled points, N . This probabilistic estimate converges to the exact value
as N becomes large. In this figure, 5000 random points are used to compute
the area of the unit circle. A total of 3926 points out of the 5000 points lie
inside the circle, resulting in a computed area of 3.1408 for the circle with unit
radius. Note that this approach will fail if the circle is much smaller than the
square.
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particle 
displacement

Figure 2.8: Illustration of the trial moves in the canonical ensemble, where
the number of particles (N), volume of the simulation box (V ) and the
temperature (T ) of the system remain constant, and the fluctuating quantity
is the potential energy (U) of the system. The particle displacement is the
trial move that samples the fluctuating quantity U in the system. In the figure,
the dotted circle represents the position of the particle prior to the particle
displacement trial move.

ensemble. For example, in the canonical (NVT) ensemble, the target distribution is
the Boltzmann distribution. The sequence of configurations (or states) generated
forms a Markov chain. The defining property of a Markov chain is that the
probability of generating a new state depends only on the current state and is
independent of the prior history. Therefore, it is termed memory-less. To create the
series of configurations, a set of trial moves that sample the fluctuating properties
in the ensemble is needed.

For the NVT ensemble, which has the potential energy of the system as the
fluctuating quantity, particle displacement trial moves sample the configurational
energy. The particle displacement trial moves include translational and rotational
trial moves. For the NPT ensemble, which has volume along with the potential
energy as the fluctuating quantities, both the particle displacement and volume
change trial moves are included. For the NVT version of the Gibbs ensemble,
the trial moves include particle displacements, volume exchanges, and particle
exchanges between boxes 1 and 2 to sample the fluctuating quantities associated
with this ensemble. Similarly, for the reaction ensemble, trial moves that
convert reactants to reaction products and vice versa, along with the particle
displacement trial moves are included, thereby incorporating both configurational
and compositional changes.

The acceptance criterion for trial moves is constructed so that the ensemble of
sampled configurations converges to the desired equilibrium probability distribution,
which depends on the thermodynamic ensemble employed. This means that system
states are visited with a probability proportional to N . One of the requirements
for trial moves is that the transition probability from the old state ‘o’ to the
new state ‘n’ (π(o → n)) should be such that once equilibrium is established,
the underlying probability to be in a certain system state is not destroyed. This
requires π(o → n) to obey global balance. Global balance condition requires the
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volume 
change

particle 
displacement

Figure 2.9: Illustration of the trial moves in an isobaric-isothermal ensemble,
where the number of particles (N), pressure (P ) and the temperature (T ) of the
system remain constant. The particle displacements and volume change trial
moves sample the fluctuating quantities U and V of the system, respectively.
Note that even though the volume of the simulation box changes, sN remains
constant during volume changes. In the figure, the dotted circle represents
the position of the particle prior to the particle displacement trial move.
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particle 
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volume 
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particle 
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Figure 2.10: Illustration of the trial moves in the NVT version of the Gibbs
ensemble, where the total number of particles in both simulation boxes (Nt),
the sum of the volumes of the simulation boxes (V ) and the temperature
(T ) of the system remain constant. The fluctuating quantities, U1, U2, V1,
V2, and the number of particles in each box (n1 and n2) are sampled by the
corresponding trial moves, that is, particle displacements, volume exchanges,
and particle exchanges, respectively. In the figure, the dotted circles represent
the position of the particles prior to the particle displacement trial move.
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reaction 
trial move

particle 
displacement

Figure 2.11: Illustration of the trial moves in the constant volume version
of the reaction ensemble, where the number of atoms (Na), volume of the
simulation box (V ) and the temperature of the system remain constant. The
fluctuating properties are the potential energy of the system, U , and the
stoichiometric composition, which are sampled by the particle displacement
trial moves and reaction trial moves (reactants to reaction products and vice
versa), respectively. In the figure, the dotted circles represent the position of
the particles prior to the particle displacement trial move.
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Figure 2.12: Illustration of global balance and detailed balance. In the global
balance condition (Equations 2.31 and 2.32), the probability flux out of the
old state ‘o’ to other new states ‘n’ should be equal to the total probability
flux from all other ‘n’ states to ‘o’. In contrast, the detailed balance condition
(Equation 2.33) requires that the probability flux between any pair of states
be equal.

probability flux out of the old state ‘o’ to other new states ‘n’ to be equal to the
total probability flux from all other ‘n’ states to ‘o’. That is

N (o)×
m∑
i=1

π(o → ni) =

m∑
i=1

N (ni)× π(ni → o). (2.31)

Here N (i) is the a priori probability density of finding the system in state i and
m is the number of new states ‘n’ in the system (see Figure 2.12). Note that for
simplicity, we consider discrete states.

π(o → n) can be written as α(o → n) × acc(o → n), where α(o → n) is the
probability of attempting a trial move from state ‘o’ to state ‘n’, and acc(o → n)
is the probability of accepting the trial move from state ‘o’ to ‘n’. Equation 2.31
can therefore be written as.

N (o)×
m∑
i=1

α(o → ni)× acc(o → ni) =
m∑
i=1

N (ni)× α(ni → o)× acc(ni → o).

(2.32)
It is convenient to impose a stricter condition called detailed balance. Detailed

balance requires the probability flux between any pair of states to be equal. This
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condition guarantees that, at equilibrium, the probability flux between any pair of
states is equal. The detailed balance condition is given by

N (o)× α(o → n)× acc(o → n) = N (n)× α(n → o)× acc(n → o). (2.33)

If Equation 2.33 is satisfied, then Equation 2.31 necessary follows. Note that the
strict detailed balance is not necessary in MC simulation, but it simplifies the
computation [88]. Another condition π(o → n) must obey is to be ergodic. This
requires every accessible part in the configuration space to be reached from a
given point in the configuration space using a finite number of Monte Carlo trial
moves. However, the presence of high energy barriers may cause the simulation to
be quasi-ergodic, thereby hindering adequate sampling of configurational space.
Such cases would require the introduction of techniques to facilitate accessibility
to the high-energy states (low probability to visit) in the configurational space
(for example, see Section 2.3.1).

In the Metropolis scheme of Ref. [54], α(i → j) is taken to be symmetric.
Equation 2.33 can then be written as

N (n)
N (o)

=
acc(o → n)
acc(n → o)

. (2.34)

The choice of the acceptance rule by Metropolis et al. [54] was

acc(o → n) =
N (n)

N (o)
if N (n) < N (o)

= 1 if N (n) ≥ N (o).

(2.35)

which can be written in compact form as

acc(o → n) = min
(
1,

N (n)
N (o)

)
. (2.36)

Sampling using the above criteria creates a list of configurations that obey the
desired probability distribution.

Equation 2.21 shows how to find the ensemble average of a property. Since
importance sampling of the Metropolis algorithm generates states that follow the
probability distribution (N ) corresponding to the ensemble, the ensemble average
of a property A (such as density) can be computed using an unweighted average

⟨A⟩ = lim
m→∞

1

m

m∑
i=1

A(i) =

´
dsNN (sN )A(sN )

Q
. (2.37)

Here, m is the number of states in the Markov chain generated by the Metropolis
algorithm, and A(i) is the value of quantity A for state i. The average of the
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property A computed using the Metropolis algorithm is equal to the ensemble
average of A computed using Equation 2.21. This procedure enables the
computation of thermodynamic properties, including densities [89, 90], excess
chemical potentials [91], heat capacities [92, 93], and other related thermodynamic
properties.

2.3.1 Continuous Fractional Component Monte Carlo method
The computation of properties (such as excess chemical potentials) in the different
ensembles discussed in Section 2.2.1 involves particle insertion and deletion trial
moves. In highly dense systems, particle insertion attempts frequently fail due to
overlaps with neighbouring particles, resulting in very low acceptance probabilities.
The Continuous Fractional Component (CFC) Monte Carlo method [94–97]
addresses this limitation by enabling the gradual insertion of molecules into
the system, thereby significantly improving sampling efficiency in high-density
regimes. These particle transfers are performed using "fractional molecules". Each
fractional molecule is assigned a continuous fractional parameter, λ (λ ∈ [0, 1]).
λ = 0 indicates no interactions between the fractional molecule and the rest of
the system (i.e., fractional molecules act as ideal gas molecules). λ = 1 represents
"whole molecules" and full interactions between fractional molecules and other
molecules in the system. A collection of one or more fractional molecules is called a
fractional group [68, 98]. In the Brick-CFCMC software [97–99], fractional groups
must be charge neutral to maintain the overall charge neutrality of the system.

In the CFCMC ensembles, an additional fluctuating quantity (λ of a fractional
molecule) is introduced along with the fluctuating quantities described in
Section 2.2.1. Therefore, one should include the trial moves to sample the
"λ space". The expanded ensembles (referred to as CFC Ensembles) and the
probability density (N ) required for acceptance criteria of the new trial moves
are discussed in the following section.

2.3.2 CFC Ensembles

Canonical Ensemble

For a CFC NVT ensemble, the partition function is given by [99]

QNVT,CFC =
V N+1

Λ3(N+1)N !

ˆ 1

0

dλ

ˆ
dsN exp

[
−βU

(
sN
)]

×
ˆ

dsfrac exp
[
−βUfrac

(
sfrac, s

N , λ
)] (2.38)

where Ufrac is the potential energy of the fractional molecule, U is the total potential
energy minus Ufrac, sfrac is the scaled coordinate vector of the fractional molecule
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and λ is the continuous coupling parameter. The corresponding probability density
is

N (sN , sfrac, λ, T ) ∝ exp
[
−β(U(sN ) + Ufrac(s

N , sfrac, λ))
]
. (2.39)

Isobaric-Isothermal Ensemble

The partition function for CFC NPT ensemble is given by [99]

QNPT,CFC =
βP

Λ3(N+1)N !

ˆ 1

0

dλ

ˆ
dV V N+1 exp [−βPV ]

×
ˆ

dsN exp
[
−βU

(
sN
)]ˆ

dsfrac exp
[
−βUfrac

(
sfrac, s

N , λ
)] (2.40)

where P is the imposed external pressure. All other variables have the same
definition as in 2.3.2. N for the NPT ensemble is given by

N (sN , sfrac, λ,N, V, T ) ∝
V N+1exp [−βPV ] exp

[
−βU(sN )

]
exp

[
−βUfrac(s

N , sfrac, λ)
]
.

(2.41)

Gibbs Ensemble

The partition function of a CFC Gibbs Ensemble in the NVT version is by [99, 100]

QGE,NVT,CFC =
1

Λ3(N+1)N !

2∑
i=1

N∑
n1=0

N !

n1! (N − n1)!

ˆ 1

0

dλ

×
ˆ V

0

dV1V
n1+δi1
1 (V − V1)

N−n1+δi2

×
ˆ

dsn1 exp [−βU1 (s
n1)]

×
ˆ

dsN−n1 exp
[
−βU2

(
sN−n1

)]
×
(
δi1

ˆ
dsfrac exp [−βUfrac,1 ( sfrac, s

n1 , λ)]

+δi2

ˆ
dsfrac exp

[
−βUfrac,2

(
sfrac, s

N−n1 , λ
)])

.

(2.42)

Here, δij is used to indicate if the fractional molecule is in box 1 (if i = j = 1) or
in box 2 (if i = j = 2). All other variables have the same definitions as those used
in Sections 2.2.1 and 2.3.2. N for the NVT Gibbs ensemble is given by
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N (sn1 , sN−n1 , sifrac, λ,N, n1, V, V1, T, i) ∝
V n1+δi1
1 (V − V1)

N−n1+δi2

n1!(N − n1)!
× exp

[
−β(U1(s

n1) + U2(s
N−n1))

]
×(δi1 exp [−β(Ufrac,1(sfrac, s

n1 , λ)] + δi2 exp
[
−β(Ufrac,2(sfrac, s

N−n1 , λ)
]
).
(2.43)

Reaction Ensemble

The partition function of a CFC Reactive Ensemble in the NVT version is given
by [99]

QRxMC,V,CFC =

∞∑
N1=0

· · ·
∞∑

NS=0

1∑
δ=0

ˆ 1

0

dλ

× exp

[
R∑
i=1

βµi (Ni + δνi) + (Ni + δνi) ln

(
V qi
Λ3
i

)
− lnNi!

]

× exp

[
S∑

i=R+1

βµi (Ni + (1− δ)νi) + (Ni + (1− δ)νi) ln

(
V qi
Λ3
i

)
− lnNi!

]

×
ˆ

dsN exp
[
−βU

(
sN
)]ˆ

dsNfrac
frac exp

[
−βUfrac

(
sNfrac
frac , sN , λ, δ

)]
.

(2.44)

Here, components 1 to R are considered reactants, and components R+1 to S are
reaction products. δ value is 1 for fractional molecules of reactant products and 0
for fractional molecules of reactants. All other variables have the same definitions
as used in Sections 2.2.1 and 2.3.2. The corresponding probability density is given
by

N (sN , sNfrac
frac , N,Nfrac, λ, δ, T ) ∝

exp

[
R∑
i=1

(βµi(Ni + δνi) + (Ni + δνi)ln
V qi
Λ3
i

− lnNi!)

]

× exp

[
S∑

i=R+1

(βµi(Ni + (1− δ)νi) + (Ni + (1− δ)νi)ln
V qi
Λ3
i

− lnNi!)

]
× exp

[
−βU(sN )

]
exp

[
−βUfrac

(
sNfrac
frac , sN , λ, δ

)]
.

(2.45)

Using the newly defined probability densities (N ) for each expanded CFC
ensemble and Equation 2.36, the acceptance criteria for trial moves in the respective
CFC ensembles can be derived.
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Figure 2.13: Weightfunction, W , as a function of coupling parameter, λ, for
a fractional molecule of water in TIP3P water system is shown. The evolution
of W (λ) with the successive Monte Carlo cycles is illustrated. Here, a total of
100 bins are used.

Wang-Landau algorithm

To increase the efficiency of particle transfers, λ is biased with a weight
function (W (λ)) using the Wang-Landau algorithm [101]. This ensures a smooth
observed probability distribution of λ. The Boltzmann average of any property (A)
is then computed using [100]

⟨A⟩ = ⟨ A exp[−W (λ)]⟩biased

⟨exp[−W (λ)]⟩biased
. (2.46)

To implement the Wang-Landau algorithm, a histogram (W ) is constructed
with a series of bins (usually 100) to store the values of the weight function
corresponding to a value of λ. A second histogram (H), with an identical binning
scheme, is used to store the number of visits to a particular bin. In the absence of
a pre-defined weight function, both W and H are initialized to zero. If an initial
weight function is provided, it is used to initialize W . When a trial move proposes
a change to a particular value of λ, the W of the bin corresponding to the λ is
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updated according to

W (λ) =W (λ)− Fmod, (2.47)

where Fmod is a user-defined input that updates the values of W . Simultaneously,
H is updated according to

H(λ) = H(λ) + 1. (2.48)

The histogram (H) is considered flat when the difference between its maximum
and minimum bin counts falls below the product of the flatness criterion (Fc)
(specified as “Flatc” in Brick-CFCMC) and the average number of visits per bin.
Upon satisfying this flatness condition, H is reset to zero, Fmod is reduced by a
factor of Fred (user-defined input) and W is shifted by subtracting its minimum
value to prevent numerical overflow. This iterative procedure is repeated until
Fmod falls below a given threshold (usually 10−6) [99].

2.4 Isolated Molecule Partition Function

The isolated molecular partition (qtotal) is the sum over all possible energy levels of
an isolated molecule. It provides a bridging link between the molecular level and
macroscopic level properties. qtotal is required to compute the chemical potentials
and reaction equilibrium constants. The isolated molecular partition function is
given by [99]

qtotal(V, T ) = qtrans(V, T )qvib(T )qrot(T )qelec(T ). (2.49)

The translational partition function, qtrans, is given by [99]

qtrans(V, T ) =
V

Λ3
, (2.50)

wherein Λ is the thermal de Broglie wavelength of the molecule, Λ = h√
2πMkBT

.
Here, h is the Planck constant, M is the sum of the masses of all atoms in the
molecule, T is the temperature, and V is the volume. In Brick-CFCMC, a reference
state of V = V0 = 1 Å3 is used for qtrans [68, 99].

The vibrational partition function, qvib, considering the vibrational ground
state energy as the zero of the vibrational energy, is calculated using [99]

qvib(T ) =
α∏

i=1

1

1− exp
[
−Θvib,i

T

] , (2.51)

in which i runs from 1 to α, where α is the number of vibrational degrees of
freedom. For a linear molecule, α = 3n − 5 and for a non-linear molecule, α
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= 3n − 6, where n is the number of atoms in the molecule. Θvib,i =
hνi

kB
is the

characteristic vibrational temperature corresponding to the ith normal mode with
vibrational frequency, νi.

The energy levels (ϵJ) of a diatomic molecule, under the rigid-rotor
approximation is given by [99]

ϵJ =
h2J(J + 1)

8π2I
, (2.52)

where J is the rotational quantum number, I is the principal moment of inertia.
The energy level corresponding to J = 0 is chosen as the zero of the rotational
energy for the calculation of the rotational partition function, qrot. The rotational
constant of an axis, X, is related to the moment of inertia of that axis, I, by
I = h

8π2X . For a diatomic molecule, qrot is given by [99]

qrot(T ) =
T

σrotΘrot
, (2.53)

where Θrot = h2

8π2IkB
is the characteristic rotational temperature. σrot is

the rotational symmetry number of the molecule, which is the number of
indistinguishable configurations the molecule can be brought into by rotation about
its centre of mass [102]. The rotational partition function, qrot, for non-linear
polyatomic species, is calculated using [99]

qrot(T ) =

√
π

σrot

(
T 3

Θrot,AΘrot,BΘrot,C

)1/2

, (2.54)

where, σrot is the rotational symmetry number, Θrot,A, Θrot,B and Θrot,C are the
characteristic rotational temperatures corresponding to the principal moments of
inertia, IA, IB and IC, respectively.

Finally, the electronic partition function, qelec, is calculated using [99]

qelec(T ) = ge1 exp
[
D0

kBT

]
(2.55)

where ge1 is the degeneracy of the electronic ground state. D0 is the atomization
energy of the molecule which is defined as the difference between the enthalpy
of formation of the molecule and the sum of the enthalpies of formation of the
dissociated atoms which constituted the molecule [99]. The energy of the infinitely
dissociated atoms at the ground electronic state is taken as the zero of the electronic
energy.
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2.5 Molecular Dynamics

The ergodicity hypothesis states that for an ergodic system, the time average of a
property is equal to the ensemble average [54]. That is

⟨A⟩time =

´ t
0
A(τ)dτ

t
= ⟨A⟩ (2.56)

where t is the total simulation time and A(τ) is the value of property A at time
τ . This allows the computation of a property by generating a single trajectory
through the phase space that visits the relevant states (for example, those states
with non-negligible Boltzmann factors in NVT ensemble) for an ensemble.

Molecular Dynamics is a simulation technique that is used to study the time
evolution of a system by generating such trajectories. In sharp contrast to Monte
Carlo methods, where the system evolves through stochastic trial moves, Molecular
Dynamics determines the system trajectory by numerically integrating Newton’s
equations of motion as a function of time. In this approach, the force acting
on each particle in the system is computed, and the positions and velocities of
the particles are propagated in time accordingly. One of the algorithms used to
integrate the equations of motion is the Velocity-Verlet algorithm [103], which is
given by the following equations

r(t+∆t) = r(t) + v(t)∆t+
f(t)
m

∆t2 (2.57)

v(t+∆t) = v(t) +
f(t+∆t) + f(t)

2m
∆t. (2.58)

Here r and v are the position and velocity vectors of the particle, respectively. f is
the force acting on the particle and ∆t is the time step. Another algorithm used in
this work is the Leap-Frog algorithm. The positions and velocities are updated by

r(t+∆t) = r(t) + v
(
t+

∆t

2

)
∆t (2.59)

v
(
t+

∆t

2

)
= v

(
t− ∆t

2

)
+

f(t)
m

∆t. (2.60)

The integration time step, ∆t must be sufficiently small to accurately resolve the
changes in interparticle interaction between each time step. Otherwise, numerical
instability might appear [104]. Therefore, ∆t is determined by the steepness of
the interaction potential. Additionally, ∆t must be able to resolve the fastest
vibrations in the system.

Note that the trajectories of the system through the phase space are highly
sensitive to the initial conditions. Trajectories that are initially infinitesimally
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close diverge exponentially with time. This sensitivity of the trajectories to initial
conditions, which causes the trajectories to diverge, is the Lyapunov instability [54].
The source of divergence could be integration errors and rounding errors associated
with finite computer precision. Therefore, in MD simulations, one is not interested
in individual trajectories but in generating states representative of the desired
ensemble and computing statistical averages of the corresponding properties. In this
regard, MD simulations are different from predicting the trajectory of a rocket or
satellite in space, where accurate determination of a specific trajectory is essential,
despite both systems being governed by Newton’s equations of motion [54].

Molecular dynamics simulations enable the computation of both thermodynamic
properties, such as densities, as well as transport properties, including viscosities
and self-diffusion coefficients. The natural ensemble of a Molecular Dynamics
simulation is the microcanonical ensemble (constant N , V , and E). For the
NVT and NPT ensembles, thermostats and barostats are required to ensure
that the states visited in the trajectories reflect the probability distribution (N )
corresponding to these ensembles.

2.5.1 Thermostats and Barostats

The systems studied in this work are investigated at constant temperatures. To
maintain a system at a constant temperature, thermostats are required. The role
of the thermostat is not only limited to maintaining a constant temperature, but
also in ensuring that the time-averaged properties of the system are in accordance
with the canonical ensemble average defined by the Boltzmann distribution. For
example, the specific heat at constant volume is obtained from the fluctuations
of energy of the system. Thus, if a thermostat does not reproduce the statistical
variance of the energy of the system, thermodynamic properties such as the specific
heat at constant volume cannot be reproduced, even if the simulation is maintained
at the desired temperature.

The Nosé-Hoover thermostat couples the system to an artificial heat bath
using a fictitious degree of freedom, s. With the addition of the new coordinate,
s, the Hamiltonian of the system is modified by adding the following terms to
the existing Hamiltonian, LkBT ln(s) + M

2 ṡ
2. Here L is an adjustable parameter

and M is an effective mass associated with the variable s. Nosé showed that with
the correct choice of parameter L, the ensemble averages reduces to the canonical
averages [54].

To maintain a constant pressure, the volume of the system is considered as a
dynamic variable. The Parinello-Rahman and Nosé-Hoover barostats were used in
this thesis, the details of which can be found in Ref. [54].
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Figure 2.14: Constraining the bond length d of a diatomic molecule. At
time t, the bond length of the molecule is d. Without applying constraints,
numerical integration of the equations of motion would result in an updated
bond length d′ at time t+∆t. Upon applying constraints, the bond length at
time t+∆t is restored to d. Adapted from Ref. [57].
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2.5.2 Constraints

The fast vibrations in a system are usually constrained so that larger time steps
(∆t) can be used during an MD simulation run. Consider a diatomic molecule
whose bond length is to be constrained to a length d. Without any constraining
forces, the numerical integration of the equations of motion would result in the
distance between the two atoms of the diatomic molecule being d′. A potential
energy function (σ = λ(d2 − (x2 − x1)

2)) can be defined, which goes to zero when
the distance between the two atoms in the molecule is equal to the equilibrium
bond length, d. Note that λ is a variable. The corresponding force of σ can
be taken as the constraining force G (G = − 1

2
∇σ). With the constraint force

G, the equations of motion would lead to the new positions of the atoms of
the diatomic molecule. Constraining the new distance between the atoms would
lead to a quadratic equation in λ. Solving the quadratic equation for λ yields
the value of λ required to constrain the bond length to d. However, solving
for multiple constraints (which is usually the case of an MD simulation) entails
matrix inversions, which are computationally expensive. This issue can be avoided
by using an iterative procedure (such as the one used by the SHAKE [105] or
LINCS [106] algorithms) to determine the constraint coefficients [57].

2.6 Computed Properties

This section provides a brief overview of the properties evaluated in this
thesis. These properties are broadly classified into thermodynamic and transport
properties. Thermodynamic properties are state properties that depend on the
macroscopic state variables such as temperature, pressure, and composition.
These properties are time-independent. Density and excess chemical potential
are examples of thermodynamic properties. In contrast, transport properties
characterize the time-dependent mass or momentum flux within a system, such as
the diffusion coefficient and viscosity.

2.6.1 Excess chemical potential

The excess chemical potential can be computed from the Boltzmann sampled
probability distribution of λ by the following equation in CFCMC [99]

µex
i = −kBT ln

[
p(λ = 1)

p(λ = 0)

]
, (2.61)

where p(λ=1) and p(λ=0) are the Boltzmann sampled probability distributions of
λ at 1 and 0, respectively, kB is the Boltzmann constant, and T is the absolute
temperature. For large and/or strongly polar molecules, µex is computed using
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thermodynamic integration. In this method, values of
〈
∂U
∂λ

〉
are computed from a

series of independent simulations at different fixed values of λ for λ ∈ [0, 1]. Here,
U is the total potential energy of the system. µex is then computed by integrating〈
∂U
∂λ

〉
µex
i =

ˆ 1

0

〈
∂U

∂λ

〉
dλ. (2.62)

2.6.2 Henry Coefficients
The excess chemical potential at infinite dilution (µex,∞) can be used to determine
the Henry volatility coefficient (Kpx

v ) by [107].

Kpx
v = ρ kBT exp

[(
µex,∞

kBT

)]
, (2.63)

where ρ is the number density of the solvent. Kpx
v is in units of [Pa]. The definition

of the Henry law constants is according to Sander [52]. The Henry coefficient (Hcp
s )

in units of [mol/m3 Pa] can be obtained using the following conversion:

Hcp
s ≈ ρH2O

MH2OK
px
v
, (2.64)

in which ρH2O is the density of the solvent (water), and MH2O is the molar mass
of water [52]. The Henry coefficient (Hcp

s ) will have the SI units only if ρ, kB, T ,
and M are in SI units.

2.6.3 Self-diffusion Coefficients and Viscosities
Self-diffusion coefficient (DMD,i) of a species i is calculated from the mean-squared
displacements of all the molecules of species i.

DMD,i = lim
t→∞

1

2t

1

3Ni

〈
Ni∑
j=1

(rj,i(t)− rj,i(0))2
〉
. (2.65)

Here, t is the correlation time, Ni is the number of molecules of species i, and rj,i
is the position vector of jth molecule of species i. The self-diffusion coefficient of
a particle can be influenced by the hydrodynamic interaction with its periodic
images, and these interactions are system-size dependent [85]. In this thesis, the
self-diffusion coefficients were corrected for finite-size effects with the Yeh-Hummer
equation [85, 108]

D = DMD +
kBTξ

6πηL
, (2.66)

where D is the self-diffusion coefficient calculated with the finite-size effects
corrections. kB is the Boltzmann constant, T is the absolute temperature (in

50



2

2.6. Computed Properties

Kelvin), ξ is a dimensionless number which is equal to 2.837 for a cubic simulation
box, L is the length of the cubic simulation box, and η is the viscosity of the
system.

The viscosities are calculated from the auto-correlation function of all the
components of the traceless stress tensor (P os

αβ) [109]

η = lim
t→∞

1

20 t

V

kBT

〈∑
αβ

(ˆ t

0

P os
αβ(t

′)dt′
)2
〉
, (2.67)

where V is the volume of the system. In Equation 2.67, P os
αβ is given by

P os
αβ =

Pαβ + Pβα

2
− δαβ

(
1

3

∑
k

Pkk

)
, (2.68)

where δαβ is the Kronecker delta. Viscosities usually do not depend on the system
size, unless the density is very low [85, 86].

51



2



3

Chapter 3

Computing solubility and
thermodynamic properties of H2O2

in water

This chapter is based on the following publication: T. H. G. Saji, J. M.
Vicent-Luna, T. J. H. Vlugt, S. Calero and B. Bagheri, Computing solubility and
thermodynamic properties of H2O2 in water, Journal of Molecular Liquids, 401,
124530 (2024).
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Overview

Hydrogen peroxide plays a key role in many environmental and industrial chemical
processes. We performed classical Molecular Dynamics and Continuous Fractional
Component Monte Carlo simulations to calculate thermodynamic properties of
H2O2 in aqueous solutions. The quality of the available force fields for H2O2

developed by Orabi & English (Journal of Chemical Theory and Computation,
2018, 14, 2808-2821), and by Cordeiro (Biochimica et Biophysica Acta (BBA) -
Biomembranes, 2014, 1838, 438-444) was systematically evaluated. To assess which
water force field is suitable for predicting properties of H2O2 in aqueous solutions,
four widely used water force fields were used, namely the TIP3P, TIP4P/2005,
TIP5P-E, and a modified TIP3P force field. While the computed densities of pure
H2O2 in the temperature range of 253 - 353 K using the force field by Orabi &
English are in excellent agreement with experimental results, the densities using
the force field by Cordeiro are underestimated by 3%. The TIP4P/2005 force
field in combination with the H2O2 force field developed by Orabi & English can
predict the densities of H2O2 aqueous solution for the whole range of H2O2 mole
fractions in very good agreement with experimental results. The TIP4P/2005
force field in combination with either of the H2O2 force fields can predict the
viscosities of H2O2 aqueous solutions for the whole range of H2O2 mole fractions
in reasonably good agreement with experimental results. The computed diffusion
coefficients for H2O2 and water molecules using the TIP4P/2005 force field with
either of the H2O2 force fields are almost constant for the whole range of H2O2

mole fractions. Hydrogen bond analysis showed a steady increase in the number
of hydrogen bonds with the solute concentrations in H2O2 aqueous solutions for
all combinations except for the Cordeiro-TIP5P-E and Orabi-TIP5P-E systems,
which showed a minimum at intermediate concentrations. The Cordeiro force field
for H2O2 in combination with either of the water force fields can predict the Henry
coefficients of H2O2 in water in better agreement with experimental values than
the force field by Orabi & English.
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3.1 Introduction

Hydrogen peroxide, H2O2, has attracted considerable interest as it plays a key
role in the oxidative chemistry of the troposphere. It can be found both in
the gas and in the aqueous phase [110, 111], and has several industrial [112],
environmental [113], and biological [114] applications. The recombination of
hydroperoxyl (HO2) radicals is the most important chemical pathway leading to
the production of H2O2 in the troposphere [115–117]. Subsequently, H2O2 can lead
to the acidification of clouds, rain, and fog by oxidizing SO2 and converting it into
H2SO4 (and to a less extent oxidizing NO2 and converting it into HNO3) [118–122].
H2O2 also serves as a reservoir of HOx radicals that are key oxidants in controlling
the self-cleaning of the atmosphere [123–125].

H2O2 was first synthesized by Thenard [126] by the reaction of barium peroxide
with nitric acids in 1818 and is now considered an important reagent of green
chemistry since it decomposes to water and oxygen as the only reaction products.
This feature makes H2O2 an environmentally friendly oxidizing agent for a wide
range of applications such as pulp and paper bleaching, textile applications,
detergent applications, disinfectant applications, wastewater treatment, and
chemical oxidation processes [127, 128]. It could also serve as a liquid fuel,
an alternative to H2 and O2, in a fuel cell [129–131].

H2O2 is currently produced on an industrial scale with the anthraquinone
oxidation (AO) process in which hydrogen, atmospheric oxygen, and an
anthraquinone derivative (typically 2-alkyl-anthraquinone) are used with the
latter acting as a reaction carrier [127, 128]. The ubiquitous AO process involves
multiple steps which require significant energy input and generates waste. In
addition, the transport, storage, and handling of bulk H2O2 involve hazards as it
is irritating to nose and eyes, and high concentration of H2O2 is explosive [132].
Other methods for large-scale production of H2O2 include partial oxidation
of primary or secondary alcohols, and electrochemical methods [133]. Novel
alternatives are under investigation such as direct synthesis of H2O2 from O2

and H2 using a variety of catalysts like alumina, silica, carbon, solvents (e.g.,
water) [134, 135], photocatalytic reactions over semiconductors where reactive
oxygen-based species (e.g., OH•, O2−, and H2O2) are formed at the surface of
semiconductor oxides under UV irradiation [136]. An alternative technology to
produce H2O2 is to use low temperature (or non-thermal) plasmas [137, 138]
which allows H2O2 production at ambient temperatures and pressures [139–143].
This enables direct delivery of H2O2 to different substrates; even to heat sensitive
substrates such as living tissues. The latter has led to biomedical applications of
low temperature plasmas [4]. For such applications, it is important to know which
mechanisms determine the uptake of plasma products (e.g., H2O2) in the liquid
around the cells and what is the concentration of plasma products in the aqueous
phase. For this, information on the solubility and thermodynamic properties of
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the molecule are necessary so that this can be leveraged into macroscopic plasma
fluid models [47] to predict the final concentration of H2O2 in the liquid phase.
Little information is available on the solubility and thermodynamic properties of
H2O2 in aqueous solutions. The scarcity of this data is especially relevant when
temperature and/or pressure changes. The motivation of this work is to provide
such data for H2O2 using molecular simulations.

Due to the pivotal role of H2O2 in many chemical processes, many experimental
and computational studies have been conducted to investigate its properties. The
crystal structure of H2O2 was investigated using diffraction methods or Raman
spectroscopy in Refs. [144–148]. Other experimental studies have investigated
its densities [149], viscosities [150], vibrational spectra [145, 151–154], vapor
pressures [155] and other thermodynamic properties [156]. In addition, densities,
freezing points, and vapor pressures of aqueous H2O2 solutions were investigated
experimentally in Refs. [149, 157–159].

Various computational studies have been carried out which shed light on
structural properties of H2O2 monomers as well as its clusters, torsional
barrier energies, and vibrational-rotational energy levels [160–164] using quantum
mechanical approaches. Structure and dynamics of H2O2 in water were also
investigated using quantum mechanical methods in Refs. [165–167].

In this work, we use force field based Molecular Dynamics (MD) and Continuous
Fractional Component Monte Carlo (CFCMC) simulations with the purpose of
obtaining solubilities and thermodynamic properties of H2O2 in water, for the
first time, in a systematic manner such that the quality of the available force
fields for H2O2 are assessed. Given the complete miscibility of H2O2 in water at
all concentrations, it is both practical and insightful to explore the properties of
H2O2 aqueous solutions at varying mole fractions. This allows for a comprehensive
understanding of the behaviour of the solution at different concentrations.

Although several force fields are available for H2O2 [168–171], only a few of
these have been parameterized with respect to the interactions between both
H2O2 - H2O2 and H2O2 - H2O. One is the ABEEM/MM, the atom-bond
electronegativity equalization fluctuating charge molecular force field [172, 173],
which is computationally very expensive due to its complex potential energy
functional form [172, 173]. A simple additive potential model for H2O2 was
proposed by Orabi & English [74] which was parameterized to account for
interactions of H2O2 with itself and with water. The model was calibrated
with regard to the experimental density and heat of vaporization of pure liquid
H2O2 at 0° C, and it was able to reproduce the experimental diffusion coefficient
at 0° C and the heat capacity at 25° C of liquid H2O2. With a combination of
the modified TIP3P water force field [75], the H2O2 force field could predict the
experimental hydration free energies and densities of aqueous H2O2 solutions [74].
Another force field parametrization is from the work of Cordeiro [73], wherein the
bonded interactions were obtained from ab initio quantum calculations [161, 174],

56



3

3.1. Introduction

and the Lennard-Jones parameters and partial charges were modified to reproduce
the properties of pure liquid H2O2 and its hydration free energy. This force field
was used to study the distribution, mobility and residence times of H2O2 at the
interface of water and phospholipid biomembranes. In addition, there is another
parametrization in the paper by Vácha et al. [171] in which the behaviour of
H2O2 at the air-water interface was investigated. The force field by Vácha et
al. [171] only includes electrostatic and van der Waals interactions which were
calibrated against the experimental hydration energies of H2O2. H2O2 exhibits
internal cis-trans rotation with an energy barrier of about 4.6 kJ/mol [175, 176].
This is about 2 kBT (kB is the Boltzmann constant and T is the temperature)
at room temperature. A realistic model of hydrogen peroxide should incorporate
the energy barrier for the internal cis-trans rotation of the molecule. This is the
case for the force field by Orabi & English [74] and the force field by Cordeiro [73].
The force field by Vácha et al. [171] does not allow this rotation to occur.

In this chapter, we evaluate the quality of the force fields which were developed
by Cordeiro [73], and Orabi & English [74] for predicting the thermodynamic
properties of H2O2 in aqueous solutions. We exclude the force field by Vácha
et al. [171] from our study as it is unable to capture the internal rotation that
takes place in H2O2 at ambient conditions. We compute the densities of pure
H2O2 for a range of temperatures (253 K to 353 K), and compare the results
with experimental values. In addition, we compute densities, viscosities, and
self-diffusion coefficients of H2O2 and water in aqueous solutions of H2O2 for the
whole range of H2O2 mole fractions at ambient temperatures and pressures.

To evaluate which water force field is suitable for predicting properties of
aqueous solutions of H2O2, we use four different widely used water force fields:
TIP3P [60, 75], TIP5P-E [177], TIP4P/2005 [61], and a modified version of
TIP3P (mTIP3P) [75] that was used in the original work by Orabi & English [74].
The TIP3P [60, 75] force field is able to predict the densities and heats of
vaporization of water at ambient conditions, it performs better in calculating
the specific heats of water [177], and it also predicts the excess chemical potential
of water in better agreement with the experimental values compared to TIP4P/2005
and TIP5P-E [178]. TIP5P-E can capture the thermal conductivities of water [177]
and its maximum density near 4°C [62]. TIP4P/2005 [61, 179] can predict the
densities and self-diffusion coefficients of water with commendable accuracy [61].
The results are compared with experimental values. Finally, we compute the Henry
coefficients of H2O2 in water at 300 K and 1 bar.

The rest of this chapter is organized as follows. In Section 3.2, details of the
force fields which were developed by Cordeiro [73], and Orabi & English [74] are
provided, and the MD and CFCMC simulations are described. The results are
presented and discussed in Section 3.3. Finally, concluding remarks are presented
in Section 3.4.
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Table 3.1: Potential energy functions for force fields developed by
Cordeiro [73], and Orabi & English [74]. Ebonds, Eangles, Edihedrals, EvdW, and
Eelectrostatic represent the stretching, bending, torsional, van der Waals and
electrostatic energies, respectively. The definition of parameters is explained
in the text (see section 3.2.1). The parameters are provided in Tables A.1 and
A.2 of Appendix A.

Force field Cordeiro [73] Orabi & English [74]
Ebonds

1
4kb(b

2 − b0
2)2 1

2kb(b− b0)
2

Eangle
1
2kθ(cos θ − cos θ0)

2 1
2kθ(θ − θ0)

2

Edihedrals
∑5

n=0 Cn(cosψ)
n kϕ(1 + cos 2ϕ− δ)

EvdW 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] 4ϵij [(

σij

rij
)12 − (

σij

rij
)6]

Eelectrostatic
1

4πϵo

qiqj
rij

1
4πϵo

qiqj
rij

3.2 Methodology

3.2.1 Force Fields
The force fields developed by Cordeiro [73] and Orabi & English [74] for H2O2

both use potential energy functions for bonded interactions (i.e., bonds, angles,
and dihedrals) as well as non-bonded interactions, including van der Waals (vdW)
and electrostatic interactions. The total potential energy (E total) is given by

Etotal = Ebonds + Eangles + Edihedrals + EvdW + Eelectrostatic, (3.1)

where Ebonds, Eangles, Edihedrals, EvdW, and Eelectrostatic are presented in Table 3.1
for both force fields. The bonded interaction parameters (Ebonds, Eangles, and
Edihedrals) listed in Table 3.1 have the following definitions: b is the bond distance,
θ is the bond angle, ϕ is the dihedral angle, δ is the multiplicity factor, and ψ is the
supplementary angle of ϕ. kb, kθ, kϕ are the force constants of the bond stretching,
angle vibration, and dihedral potentials. b0 and θ0 represent the bond distance and
bond angle, respectively, at which the corresponding potential functions equal zero.
Cn with n ranging from 0 to 5 represents the coefficients for the Ryckaert-Bellemans
dihedral potential [180]. q represents the atomic partial charges of the electrostatic
energy (Eelectrostatic) term. A Lennard-Jones (L-J) potential is used for the
long-range van der Waals interactions, in which σ represents the distance at which
the particle-particle interaction energy is zero, and ϵ represents the depth of
the potential well. The mixing rules for the L-J parameters for two dissimilar
non-bonded atoms are given by Lorentz-Berthelot (see Equations 2.2 and 2.3) for
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the force field by Orabi & English and geometric average (see Equations 2.4 and 2.5)
for the force field by Cordeiro. The values of these parameters are provided (using
the GROMACS convention) in Table A.1 and Table A.2 of Appendix A for both
force fields. The cutoff radius for Lennard-Jones and Coulombic interactions
was set to 9 Å. The Particle-Mesh-Ewald [181, 182] method was used to treat
long-range electrostatic interactions. Long-range tail corrections were applied to
both energies and pressures [54].

We use three different rigid water force fields in this chapter, namely TIP3P [60,
75], TIP4P/2005 [61], and TIP5P-E [62, 63]. We also use a modified TIP3P water
force field (mTIP3P) [75] which was used in the work by Orabi & English [74]. In
the remainder of this chapter, the force field developed by Cordeiro [73] is referred
to as “Cordeiro” and the force field developed by Orabi & English [74] is referred
to as “Orabi”.

3.2.2 MD simulations

All-atom Molecular Dynamics (MD) simulation of anhydrous H2O2 for a range
of temperatures from 253 K to 353 K, and H2O2 aqueous solutions for various
mole fractions of H2O2 in the range from 0 to 1.0 at 298 K, were performed
using the GROningen MAchine for Chemical Simulations (GROMACS) version
2022.4 [183–187]. Each system was prepared in a simulation box with an initial
length of 27.6 Å, containing 500 molecules. A snapshot of a simulation box
containing 250 H2O2 molecules and 250 H2O molecules is shown in Figure 3.1.

After energy minimization using the steepest descent algorithm followed
by a conjugate gradient algorithm, the MD simulations were run for 100 ps
in the constant number of atoms/molecules, volume and temperature (NVT)
ensemble. The simulations were then continued in the constant number of
atoms/molecules, pressure and temperature (NPT) ensemble for 25 ns. For
calculating the viscosities and self-diffusivities, the simulations were continued
in the NVT ensemble for another 20 ns. The temperature was kept fixed by the
Nosé-Hoover thermostat [188]. The Parinello-Rahman barostat [189] with a time
constant of 1 ps and compressibility of 4.5 × 10−5 bar−1 was used to keep the
pressure at 1 bar. In all simulations, Newton’s equations of motion were integrated
with a leap-frog algorithm [190] with a time step of 2 fs. Periodic boundary
conditions were applied in all Cartesian directions. The parallel linear constraint
solver (P-LINCS) [106, 191] was used to constrain the O−H bonds in the H2O2

molecule. In this way, the fastest degree of freedom in H2O2 (O−H vibrations), is
removed which allows to safely use 2 fs time step in our MD simulations.
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Figure 3.1: A snapshot of a simulation box containing 250 H2O2 (red and
white spheres represent oxygen and hydrogen atoms, respectively) and 250 H2O
molecules (green spheres), generated by the Visual Molecular Dynamic (VMD)
software [192].

3.2.3 MC simulations

Continuous Fractional Component Monte Carlo (CFCMC) simulations [95–97]
using the open-source Brick-CFCMC software [97–99] were performed in the
isothermal-isobaric (NPT) ensemble to compute the excess chemical potentials
(µex) from which the Henry coefficients (Hcp

s ) were calculated. CFCMC simulations
contained 300 water molecules in a cubic simulation box with initial dimensions of
21 Å. A single fractional molecule of H2O2 was introduced to calculate its excess
chemical potential. The cutoff radius for the intermolecular L-J and Coulombic
interactions was set to 9 Å. The Ewald summation [193] method was used for
calculating electrostatic interactions. Long-range tail corrections were applied to
the L-J potential. Periodic boundary conditions were applied in all directions.

For CFCMC simulations, 1,000 initialization cycles were carried out followed
by 5 × 106 equilibration cycles and 5 × 106 production cycles. One cycle refers
to N number of trial moves, where N is the total number of molecules. Trial
moves were selected with the following probabilities: 32% translation trial moves,
22% rotation trial moves, 1% volume changes, 5% each of bending and torsion
trial moves, 25% λ changes, and 10% hybrid trial moves that combined swap and
identity change trial moves [99]. Three independent simulations were performed
for each combination of water force field and H2O2 force field to obtain an average
value and the standard deviation for the Henry coefficients.
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3.3 Results and Discussion

3.3.1 Densities

The densities of anhydrous H2O2 for a temperature range of 253 K to 353 K (in
steps of 20 K) for both the Orabi and Cordeiro force fields are plotted in Figure 3.2.
We used the gmx density tool to compute the average density of each system. The
experimental values are shown in black circles [149]. The melting point and boiling
point of H2O2 are reported as 272.74 K and 423.15 K, respectively [194]. While
the Cordeiro force field underestimates the densities of anhydrous H2O2 by about
3% compared to the experimental values, the densities of anhydrous H2O2 using
the Orabi force field are in excellent agreement with the experimental values.

Next, we evaluate which water force field is suitable for predicting the densities
of H2O2 aqueous solutions. To this end, we modelled systems of H2O2 aqueous
solutions for the whole range of H2O2 mole fractions (0 to 1.0) at T = 298 K and
1 bar using the Orabi or Cordeiro force fields in combination with four different
water force fields: TIP3P, TIP4P/2005, TIP5P-E, and the modified TIP3P water
force field (mTIP3P) which was used in the work by Orabi & English [74]. The
choice of temperature at 298 K and pressure at 1 bar was motivated by the
availability of experimental results by which we could validate our models. The
results as a function of the H2O2 mole fraction are shown in Figure 3.3. The
experimental values [157] are added for comparison.

The densities of pure water (i.e., a mole fraction of zero), using the four
water force fields are in good agreement with the reported data at 298 K and
1 bar [61, 195]. The Orabi force field for H2O2 in combination with the TIP4P/2005
water force field or mTIP3P water force field predicts the densities of the aqueous
solutions in good agreement (ca. 0.6%) with the experimental values [157]. The
predicted values for densities of solutions using the TIP5P-E water force field in
combination with the Orabi or Cordeiro force fields at low and high concentrations
of H2O2 are in good agreement with the experimental values. At intermediate
concentrations (0.4 - 0.6 mole fractions), however, the TIP5P-E in combination
with the Orabi or Cordeiro force fields overestimates the densities of solutions
by 2% and 5%, respectively. The TIP3P water force field in combination with
the Orabi force field underestimates the densities of the solutions by 2%. The
Cordeiro-TIP3P and Cordeiro-mTIP3P models underestimate the densities by 3%
at intermediate concentrations. The Cordeiro force field in combination with the
TIP4P/2005 water force field also underestimates the densities of the solution with
a more pronounced effect at higher mole fractions of H2O2 (≥ 0.5, by 3%).

We conclude that the Orabi force field is a better force field than the Cordeiro
force field for predicting the densities of pure H2O2 in the temperature range of
253 - 353 K. In addition, the TIP4P/2005 or the mTIP3P force field in combination
with the Orabi force field predicts the densities of H2O2 aqueous solutions for
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Figure 3.2: Densities of anhydrous H2O2 at various temperatures using
the Cordeiro [73] and Orabi [74] force fields at 1 bar with the experimental
values [149]. Error bars are estimated based on the standard deviation and
are much smaller than the symbols used in the figure.

the whole range of mole fractions (0 - 1.0) in very good agreement with the
experimental values.

3.3.2 Viscosities

The viscosities were calculated by a non-equilibrium molecular dynamics (NEMD)
method, available within GROMACS. For a Newtonian liquid, an applied external
force induces a velocity gradient in the system, according to the Navier-Stokes
equation. From the constitutive relation between the response strain rate and
applied shear stress, we can determine the viscosity of the liquid [196]. We used
an amplitude of 0.02 nm/ps2 for the acceleration profile. The viscosities of H2O2
aqueous solutions for various H2O2 mole fractions (0 to 1.0) at T = 293 K were
computed. Figure 3.4 shows the values of viscosity using the Orabi (a) and Cordeiro
(b) force fields in combination with the TIP3P, mTIP3P and TIP4P/2005 force
fields. The results including the TIP5P-E water force field are shown in Figure A.1
of Appendix A. The standard deviation is used to estimate error bars. The
experimental values at 293 K are included for comparison [150]. The viscosities of
pure water (i.e., mole fraction = 0) are in good agreement with the computed values
using the TIP3P, mTIP3P, TIP4P/2005, and TIP5P-E force fields [197]. The
experimental value of the viscosity of pure H2O2 at 293 K is 1.25 mPa s [150]. The
computed value is 1.36 mPa s by using the Orabi force field, and it is 1.34 mPa s by
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Figure 3.3: Densities of H2O2 aqueous solution for various mole fractions of
H2O2 at T = 298 K and 1 bar using the (a) Orabi [74] and (b) Cordeiro [73]
force fields in combination with the TIP3P [60], mTIP3P [75], TIP4P/2005 [61]
and TIP5P-E [62, 63] water force fields. Experimental values [157] are added
for comparison. Error bars are estimated based on the standard deviation and
are much smaller than the symbols used in the figure.
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Figure 3.4: Viscosities of H2O2 aqueous solution for various mole fractions
of H2O2 at 293 K for the (a) Orabi [74] and (b) Cordeiro [73] force fields in
combination with the TIP3P [60], mTIP3P [75] and TIP4P/2005 [61]. The
results including the TIP5P-E water force field are shown in Figure A.1 of
Appendix A. Error bars are estimated based on the standard deviation. The
experimental values [150] at 293 K are added for comparison.
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using the Cordeiro force field. The combination of the Orabi force field with the
mTIP3P or TIP4P/2005 underestimates the viscosities of H2O2 aqueous solutions
for mole fractions up to 0.9. The Orabi-TIP3P model underestimates the values up
to a mole fraction of 0.8, above which it slightly overestimates. The combination
of the Cordeiro force field with the mTIP3P or TIP3P or TIP4P/2005 water force
fields follows a similar trend. The Cordeiro-mTIP3P and Cordeiro-TIP3P models
underestimate the viscosities up to a mole fraction of 0.8, above which it slightly
overestimates. The Cordeiro-TIP4P/2005 model, however, underestimates the
values of viscosities by 7% up to a mole fraction of 0.5 while it overestimates by
ca. 5% for H2O2 mole fractions higher than 0.8. Contrary to the other water
force fields, the TIP5P-E water force field in combination with either the Orabi or
Cordeiro force fields predicts a relatively high peak in viscosity at the intermediate
mole fractions (mole fraction of 0.5), see Figure A.1 of Appendix A. This may
be due to structural changes which the TIP5P-E water force field induces in the
system. This is addressed in Section 3.3.4 using radial distribution functions. We
conclude that the TIP4P/2005 water force field in combination with the Orabi
force field or the Cordeiro force field predicts the viscosities of H2O2 aqueous
solutions in better agreement with the experimental values.

3.3.3 Self-diffusion coefficients

Self-diffusion coefficients were calculated from the mean-squared displacements
(MSD) and were corrected for finite-size effects with the Yeh-Hummer equation [85,
108]

D = DMD +
kBTξ

6πηL
, (3.2)

where D and DMD denote the diffusion coefficient calculated with and without
the finite-size effects corrections, respectively. kB is the Boltzmann constant, T is
the absolute temperature (in K), ξ is a dimensionless number which for a cubic
simulation box is equal to 2.837, L is the length of the cubic simulation box, and
η is the computed viscosity of the system. We used the gmx msd tool to obtain
the MSD as a function of time. DMD is obtained by fitting the MSD to

⟨r2⟩MSD = 2dDMDt, (3.3)

where d = 3 is the dimension of the system. The self-diffusion coefficients were
calculated from 1 ns to 20 ns NVT trajectories. Figure A.3 of Appendix A shows
an example of MSD versus time on a logarithmic scale.

Figure 3.5 shows the self-diffusion coefficients of H2O2 and water in aqueous
H2O2 solutions for the whole range of hydrogen peroxide mole fractions (0 to 1.0).
The results, including the TIP5P-E water force field, are shown in Figure A.2 of
Appendix A. The self-diffusion coefficients of pure water (i.e., mole fraction=0)
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(a)

(b)

Figure 3.5: Self-diffusion coefficients of water molecules and H2O2 molecules
in H2O2 aqueous solutions for different mole fractions of H2O2 at 298 K using
the (a) Orabi [74] and (b) Cordeiro [73] force fields in combination with the
TIP3P [60], mTIP3P [75], and TIP4P/2005 [61] water force fields. The results
including the TIP5P-E water force field are shown in Figure A.2 of Appendix
A. Error bars are estimated based on the standard deviation and are much
smaller than the symbols used in the figure.
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for the four water force fields are in good agreement with the values reported in
Refs. [61, 62, 198]. The TIP5P-E and TIP4P/2005 water force fields predict the
value of the self-diffusion coefficient in better agreement with the experimental
value (2.3 × 10−9 m2/s [199]).

The self-diffusion coefficients of both the water and the H2O2 molecules decrease
monotonically by increasing the mole fraction of H2O2 using the Orabi-TIP3P
or Orabi-mTIP3P models. There is a similar trend for the Cordeiro-TIP3P and
Cordeiro-mTIP3P models. The TIP4P/2005 water force field in combination with
either the Orabi force field or the Cordeiro force field predicts a relatively constant
self-diffusion coefficient for both water and H2O2 for the whole range of mole
fractions. This is in agreement with a recent experimental study [142] where it was
concluded that the self-diffusion coefficients of H2O2 in solutions are insensitive to
its concentration. The TIP5P-E water force field in combination with either the
Orabi or Cordeiro force fields predicts a minimum at a mole fraction of 0.5 for the
self-diffusion coefficients of both water and H2O2. This is correlated with its very
high value of viscosities (see Figure A.1 of Appendix A).

3.3.4 Radial Distribution Functions

In Sections 3.3.2 and 3.3.3, we concluded that the TIP5P-E water force field in
combination with either the Orabi force field or the Cordeiro force field for H2O2

does not predict viscosities of H2O2 aqueous solutions, and thereby self-diffusion
coefficients of H2O2 in aqueous solution, well. To identify the reason behind,
structural properties of H2O2 aqueous solution at various mole fractions were
investigated using the radial distribution functions (RDF), and hydrogen bonding
pattern were explored. Note that there are 4 atom types in each system: hydrogen
of water (Hw), oxygen of water (Ow), hydrogen of H2O2 (Hp), and oxygen of
H2O2 (Op).

The RDFs for Ow and Hw in pure water using the mTIP3P, TIP5P-E and
TIP4P/2005 water force fields are shown in Figure 3.6 (a). The results show
a first peak at approximately 0.18 nm, and a second peak at approximately
0.32 nm. The peak heights slightly differ between the water force fields with the
TIP4P/2005 predicting a higher value followed by the TIP5P-E, and then the
mTIP3P predicting a smaller value.

The respective RDFs in H2O2 aqueous solutions using the Orabi force field in
combination with the three water force fields for systems with mole fractions of 0.1,
0.5, and 0.9 are also shown in Figure 3.6 (b, c, d). The RDFs for Ow and Hw for
systems using the Cordeiro force field in combination with the mTIP3P, TIP5P-E,
and TIP4P/2005 are shown in Figure A.4 of Appendix A. In the system with a mole
fraction of 0.1, the position of the peaks is independent of the water force fields. As
the mole fraction of H2O2 is increased to 0.5 and 0.9, the position of the peaks does
not change in systems where the mTIP3P or TIP4P/2005 force field is used. In the
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systems where the TIP5P-E water force field is used, however, the RDF changes:
the height of the peaks become smaller and an additional structural correlation
appears in the system with a mole fraction of 0.5. This additional correlation
between the water molecules persists till 0.8 nm, whereas for the systems in which
the mTIP3P or TIP4P/2005 is used, the structural correlation persists only till
0.6 nm. In the Orabi-TIP5P-E system with a mole fraction 0.9, the first two peaks
disappear. A similar trend can be observed for the combinations involving the
Cordeiro force field with the mTIP3P, TIP5P-E, and TIP4P/2005 water force
fields (see Figure A.4 of Appendix A). In the Cordeiro-TIP5P-E combination
with a mole fraction of 0.5, however, the structural correlation between the water
molecules is stronger than that of the corresponding Orabi-TIP5P-E combination.
This can be seen from a more prominent peak after 0.4 nm compared to the other
models.
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Figure 3.6: Radial distribution functions (RDFs) as a function of radial
distance, r [nm], for Ow (O of water) - Hw (H of water) for H2O2 aqueous
solutions with x = 0.1 (b), x = 0.5 (c), and x = 0.9 (d) at 298 K and 1 bar using
the Orabi force field in combination with the mTIP3P [75], TIP5P-E [62, 63],
and TIP4P/2005 [61] water force fields, where x is the mole fraction of H2O2.
The RDF for pure water is plotted in (a).
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Figure 3.7: Radial distribution functions (RDFs) as a function of radial
distance, r [nm], for Op (O of H2O2) - Hp (H of H2O2) for H2O2 aqueous
solutions with x = 0.1 (b), x = 0.5 (c), and x = 0.9 (d) at 298 K and 1
bar using the Orabi [74] force field in combination with the mTIP3P [75],
TIP5P-E [62, 63], and TIP4P/2005 [61] water force fields, where x is the mole
fraction of H2O2. The first peak (at ca. 0.19 nm) was removed to distinguish
the differences between the combinations clearly. The RDF for pure H2O2 is
plotted in (d) using the Orabi force field and the Cordeiro force field.
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Figure 3.8: Radial distribution functions (RDFs) as a function of radial
distance, r [nm], for Op (O of H2O2) and Hw (H of water) (a - c), Ow (O
of water) and Op (O of H2O2) (d - f), and Ow (O of water) and Hp (H of
H2O2) (g - i) for systems using the mTIP3P [75], TIP5P-E [62, 63], and
TIP4P/2005 [61] water force fields in combination with the Orabi force field
for x = 0.1, x = 0.5, and x = 0.9 at 298 K and 1 bar, where x is the mole
fraction of H2O2.
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The RDFs for Op and Hp in H2O2 aqueous solution with mole fractions of 0.1,
0.5 and 0.9 using the Orabi force field in combination with the three water force
fields are shown in Figure 3.7 (a, b, c). Similarly, the respective RDFs using the
Cordeiro force field in combination with the three water force fields are shown in
Figure A.5 of Appendix A. The RDF of Op and Hp in pure H2O2 using the Orabi
and the Cordeiro force fields are also shown in Figure 3.7 (d). The first peak in
the RDF has a large amplitude, therefore we removed it to be able to distinguish
the differences between the systems more clearly (see Figure A.6 of Appendix A).
RDFs of the system at a mole fraction of 0.9 are almost identical using the three
different water force fields with a second peak at 0.37 nm. By decreasing the mole
fraction of H2O2 to 0.5, and 0.1, the RDFs remain the same for the systems in
which the mTIP3P-E or the TIP4P/2005 is used. For the system in which the
TIP5P-E water force field is used, however, the RDF changes drastically. This is
also the case with the Cordeiro-TIP5P-E model. The RDF for pure H2O2 using
the Orabi force field is almost identical as the system using the Cordeiro force
field.

The RDFs for Op and Hw, Op and Ow, and Ow and Hp using the Orabi force
field with the three water force fields (mTIP3P, TIP4P/2005, and TIP5P-E) for
solutions with mole fractions of 0.1, 0.5 and 0.9, are shown in Figure 3.8. Likewise,
RDFs with the Cordeiro force field and the water force fields are shown in Figure A.7
of Appendix A. In systems where the mTIP3P and TIP4P/2005 water force fields
were used, RDFs have the same structure in which the position of the first peak
is in good agreement with X-ray measurements on crystals of H2O2·2H2O [200]
and simulation results [74]. On the contrary, the structural properties in systems
where the TIP5P-E force field was used, have changed. A comparable effect can
be seen in Figure A.7 of Appendix A where the Cordeiro-TIP5P-E combination is
used.

The number of water molecules in the micro and first solvation shells of H2O2
molecule were obtained by integrating up to the first and second minima of the
RDF for Op - Ow, respectively. The results are shown in Table A.3 and A.4 of
Appendix A. Orabi & English [74] reported 3.0 and 9.4 water molecules in the
micro and first solvation shells, respectively, for a single peroxide molecule in
500 water molecules using the mTIP3P water force field. Authors in Ref. [165]
report 6.0 water molecules in the first solvation shell of H2O2 using a hybrid
quantum-classical simulation. According to our results, the number of water
molecules in the first solvation shell at mole fractions of 0.1 and 0.9 are lower
for systems where the TIP5P-E water force field is used. At a mole fraction of
0.5, however, the number of water molecules in the first solvation shell slightly
increases.
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3.3.5 Hydrogen Bond Analysis

The number of hydrogen bonds (calculated as the summation of hydrogen bonds
between H2O2 - H2O2, H2O2 - water and water - water) per H2O2 molecule for
combinations of the Orabi and Cordeiro force fields with the water force fields is
shown in Figure 3.9. We used the geometric criterion for hydrogen bonds proposed
in Ref. [201]. Accordingly, a hydrogen bond is identified when the angle formed
by the hydrogen, the acceptor, and donor atoms is below 30°, with the distance
between the acceptor and donor atoms to be less than 0.36 nm. The geometric
criterion is depicted in Figure A.8 of Appendix A. The number of hydrogen bonds
for both the Orabi and Cordeiro force fields in combination with the TIP4P/2005,
TIP3P and mTIP3P water force fields exhibit a steady increase until a mole
fraction of 0.9. Existing literature indicates the existence of about 4 hydrogen
bonds between hydrogen peroxide and water molecules [165, 167]. For pure H2O2
systems, the number of hydrogen bonds sharply decreases to about 5 for both
the Orabi and Cordeiro systems. The Orabi-TIP5P-E and Cordeiro-TIP5P-E
combinations are however different compared to the others. These combinations
indicate a minimum in the number of hydrogen bonds at a mole fraction of 0.4
(around 3 hydrogen bonds for Orabi-TIP5P-E and 2 for Cordeiro-TIP5P-E). This
minima for the number of hydrogen bonds at the intermediate concentrations for
both these systems are concurrent with the high viscosities and low diffusion seen
in Figures A.1 and A.2 of Appendix A.

Analysis of the RDFs, solvation shells, and the number of hydrogen bonds of
the TIP5P-E systems indicate a variation in the arrangement of water molecules
around a H2O2 molecule. We attribute this to the presence of the two dummy
atoms representing the lone electron pairs of the oxygen atom of the water molecule
in the TIP5P-E water force field. This is in agreement with the work by Nutt
& Smith [202] who compared the performance of three water force fields, TIP5P,
TIP4P, and mTIP3P in providing a reliable description for protein solvation in
water. These authors concluded that TIP5P behaves differently from TIP4P and
mTIP3P as the RDFs between the hydrogen of the protein and oxygen of water for
their protein-TIP5P system exhibit a shift in the peak position and peak heights,
similar to the RDFs in our systems (see Figure 3.8 (g-i) ). This anomalous behavior
of TIP5P was attributed to the presence of the two dummy atoms representing
the lone electron pairs of the oxygen atom of the water molecule in TIP5P. As
we observed the same trend in our aqueous systems of H2O2, we conclude that
the combination of the TIP5P-E water force field and either of the H2O2 force
fields induce stronger interactions between the water molecules and H2O2 due to
the presence of the two dummy atoms representing the lone electron pairs of the
oxygen atom of the water molecule using the TIP5P-E water force field. This leads
to the incongruity of the viscosities and self-diffusion coefficients of the TIP5P-E
systems compared to the other systems.
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Figure 3.9: Number of hydrogen bonds per H2O2 molecule for systems
with various mole fractions of H2O2 at T = 298 K and 1 bar using the (a)
Orabi [74] and (b) Cordeiro [73] force fields in combination with the TIP3P [60],
mTIP3P [75], TIP4P/2005 [61] and TIP5P-E [62, 63] water force fields.
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Table 3.2: Excess chemical potentials (µex), the Henry volatility
coefficient (Kpx

v ), and the Henry coefficient (Hcp
s ), using the Orabi and

the Cordeiro force fields in combination with the TIP4P/2005, TIP3P, and
mTIP3P water force fields. Errors are estimated using standard deviations of
independent simulations.

Model µex/[K] Kpx
v /[Pa] Hcp

s /[mol/m3 Pa]
Orabi - TIP4P/2005 −3734± 30 512± 52 109± 11

Orabi - TIP3P −3836± 27 365± 32 153± 14
Orabi - mTIP3P −3963± 14 239± 11 232± 11

Cordeiro - TIP4P/2005 −4142± 32 132± 14 424± 46
Cordeiro - TIP3P −4392± 58 58± 11 989± 190

Cordeiro - mTIP3P −4487± 57 42± 7 1357± 275

3.3.6 Henry Coefficients

The Henry coefficients were computed for H2O2 in water using the Orabi and
Cordeiro force fields in combination with the various water force fields. It should
be noted that we have not further considered the TIP5P-E water force field for
the solubility calculations as it has been ascertained from the earlier sections
that neither the Cordeiro nor Orabi force fields in combination with the TIP5P-E
water force field could accurately predict the densities, viscosities and self-diffusion
coefficients of H2O2 aqueous systems. The results of the solubility calculations
are provided in Table 3.2. The reported experimental values range from 670
to 1400 [mol/m3 Pa] [203–206]. It is evident that the Cordeiro force field in
combination with the TIP3P or mTIP3P water force fields predicts the Henry
constants that are within the range of the reported experimental values.

3.4 Conclusions

We performed MD and CFCMC simulations to study thermodynamic properties of
aqueous solutions of H2O2. The quality of the available force fields of H2O2,
Cordeiro [73] and Orabi [74], was evaluated by comparing the results with
experiments. The densities of pure H2O2 computed using the Orabi force field are
in excellent agreement with the experimental values for the temperature range
of 253 K to 353 K. The Cordeiro force field underestimates the densities of pure
H2O2 by 3%. We computed densities, viscosities, and self-diffusion coefficients
of H2O2 in aqueous solutions for the whole range of mole fractions of H2O2 (0
to 1.0) at ambient temperatures and pressures using four widely used water
force fields: TIP3P, mTIP3P, TIP4P/2005, and TIP5P-E. The results show
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that the TIP4P/2005 water force field in combination with the Orabi force field
can predict the densities of H2O2 aqueous solution in excellent agreement with
experimental values. Both the Orabi and Cordeiro force fields in combination with
the TIP4P/2005 water force field predict the viscosities of H2O2 in reasonable
agreement with experimental results. The TIP5P-E water force field leads to a very
high value (maximum) for viscosity of H2O2 aqueous solutions at a mole fraction of
0.5, and thereby a very small value (minimum) for self-diffusion coefficient of H2O2

and water. The TIP4P/2005 force field in combination with either of the Orabi or
Cordeiro force fields predicts a relatively constant diffusion coefficient for the whole
range of H2O2 mole fractions that is in agreement with a recent experimental
study [142]. Analysis of the RDFs, solvation shells, and the number of hydrogen
bonds of the TIP5P-E systems indicate a variation in the arrangement of water
molecules around a H2O2 molecule. We attribute this to the presence of the two
dummy atoms representing the lone electron pairs of the oxygen atom of the water
molecule in the TIP5P-E water force field, which leads to a stronger interaction
between water molecules and H2O2 molecules and therefore a deviation in the
dynamic properties (viscosities and self-diffusion coefficients) of these systems.
Finally, we computed the Henry coefficients of H2O2 in water. The values using
the Cordeiro force field in combination with either of the TIP3P or mTIP3P
water force fields are within the range of experimental values. The quantitative
data presented in this work can be used by macroscopic plasma fluid models to
determine the uptake of H2O2 from the gas phase plasma by liquid [47] or to
interpret and complement experimental findings [33].
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Chapter 4

Predictive force field for Nitric
Oxide and its dimer

This chapter is based on the following publication: T. H. G. Saji, T. J. H.
Vlugt, S. Calero and B. Bagheri, Modeling nitric oxide and its dimer: force field
development and thermodynamics of dimerization, Physical Chemistry Chemical
Physics, 27, 13662 (2025).
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Overview

Nitric Oxide, NO, is a free radical that forms dimers, (NO)2, at its vapor-liquid
coexisting temperatures. In this chapter, we developed an all-atom force field for
NO and (NO)2. To assess the performance of this force field, we computed the
vapor-liquid equilibrium (VLE) properties of the reactive NO-(NO)2 system, as
well as those of pure NO and pure (NO)2, using Continuous Fractional Component
Monte Carlo (CFCMC) simulations. We then compared the results with the
available experimental data and predictions from two previously developed force
fields. For the reactive NO-(NO)2 system, we performed CFCMC simulations in
the reactive Gibbs ensemble in which the formation of NO dimers, 2 NO⇌(NO)2, is
considered. The predicted coexistence vapor-liquid densities, dimer mole fractions
in the liquid phase, saturated vapor pressures, and heats of vaporization using our
force field in the temperature range 120 K to 170 K are in excellent agreement with
experimental values. In addition, we conducted a systematic parameter study to
analyze the sensitivity of the new force field parameters and the isolated molecule
partition functions of (NO)2 on the VLE properties of the reactive NO-(NO)2
system. The results indicate that the VLE properties of the reactive NO-(NO)2
system are affected by both the force field parameters of the involved species as
well as the isolated molecule partition functions of (NO)2.
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Figure 4.1: Experimental values for bond distances and angles of NO and
its dimer, (NO)2 [207, 208]. The blue and red spheres represent N and O
atoms, respectively. The visualization is created using the Visual Molecular
Dynamics (VMD) software [192].

4.1 Introduction

Electric gas discharge plasmas generated in O2 and N2 containing gases are sources
of producing considerable amount of nitric oxide (NO) radicals [209, 210]. The
molecule NO serves as a precursor for production of other reactive nitrogen species
such as nitrogen dioxide (NO2), dinitrogen trioxide (N2O3), dinitrogen tetraoxide
(N2O4), nitrites (NO−

2 ), nitrates (NO−
3 ), peroxynitrite (ONOO−), peroxynitrous

acid (ONOOH), and others, either directly in the gas phase plasma or upon
absorption in aqueous solutions [33, 211]. NO and its byproducts play a key
role in plasma processing of liquids and biological materials for applications in
biomedicine [34, 212, 213] and agriculture [214–216]. Biomedical applications
of plasmas are based on the selective delivery of reactive oxygen and nitrogen
species to living tissues for the treatment of chronic wounds and skin infections,
and in oncology [217, 218]. In plasma-agriculture, a specific mixture of reactive
oxygen and nitrogen species, directly or dissolved in water, is used as fertilizer
and/or pesticide for the growth of plants [219–221]. For these applications, it is
crucial to quantify the amount of plasma species that are absorbed by aqueous
solutions from the gas phase plasmas. Macroscopic models of plasma-liquid systems
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are commonly used to predict the densities of species in the gas phase plasma
and in the aqueous phase [43, 44, 46, 47, 50]. In these models, the transfer of
plasma species from the gas phase into aqueous solutions is incorporated using
solubility coefficients of individual species. The solubility coefficients of individual
plasma species are commonly used to interpret experimental findings [33, 211].
Experimental solubility coefficients, however, are only available for a few species
and solutions, and with limited accuracy. This limits the predictive power of
macroscopic models in determining the concentrations of plasma species in the
aqueous phase [4]. Molecular simulations are a natural choice to compute the
solubility coefficients of plasma species. We aim to use force field-based molecular
simulations to compute the solubility coefficients of NO species. It is important to
note that the accuracy of force field-based molecular simulations depends on the
quality of the force fields used to describe the solute species in the gas phase, the
properties of aqueous solutions, and their interactions (see Chapter 3). To the best
of our knowledge, there are no all-atom force field parameters for NO that can
predict its vapor-liquid-equilibrium (VLE) properties in agreement with available
experimental results. This motivated us to first develop a predictive all-atom force
field for NO. In a future study, we plan to focus on interaction mechanisms of NO
species with aqueous solutions and computing its solubility coefficients.

NO has an unpaired electron in the molecular orbital π∗ that is delocalized
between the N and O atoms [222]. NO tends to make dimers, trimers, and higher
order oligomers with itself; the extend of which depends on temperature and
pressure [71, 72]. Kohler [223] reported that in the liquid phase, the existence
of dimers is predominant, while the gas phase is mostly comprised of monomers.
Marinakis et al. [72] also reported that the liquid phase consists predominantly
of dimers, but the presence of higher oligomers may also be possible. The mole
fraction of dimers in the liquid phase decreases with increasing temperature as
studied by Walsh et al. [224], Kohler [223], and Marinakis et al. [72]. According
to Smith & Johnston, [225] the mole fraction of dimers in the liquid phase in the
temperature range of 110 - 120 K, is in the range of 0.95 - 0.91. High-level quantum
mechanical calculations indicate that the planar cis-ONNO configuration is the
most stable form of the NO dimer, with the non-planar trans-ONNO lying about
50 kJ/mol higher in energy [226, 227]. However, Marinakis et al., [72] suggested
that non-planar NO dimers may still be present in the liquid phase. Therefore, the
development of force field parameters for NO should account for dimer formation
in the liquid phase.

Several force fields are available for NO [72, 76, 77, 228–230]. The formation
of NO dimers was considered in the force fields developed by Kohler [228],
Hirschfelder [229], and Lachet et al. [76] using a single-site model for NO and
a two-site model for (NO)2. The force field developed by Lachet et al. [76]
can predict the experimental thermodynamic and transport properties of the
reactive NO-(NO)2 system better than the force fields developed by Kohler [228]
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and Hirschfelder [229], as shown in the original paper by Lachet et al. [76]. As
atomistic information is lacking in the force field developed by Lachet et al., [76]
due to the treatment of NO as a single-site model, this force field is not suitable for
applications where the atomistic information of the N and O atoms in NO molecules
is needed. [72] The force fields for NO developed by Marinakis et al. [72], Yang et
al. [230], and Zhou et al. [77] are of all-atom type. In the work by Marinakis et
al., [72] the formation of NO dimer was implemented using additional attractive and
repulsive Gaussian potential terms on top of van der Waals interactions, making
it less compatible with widely used molecular simulation packages. Moreover, the
transferability of the Gaussian potential to other systems, such as mixtures with
water, is not well understood. For example, it remains unclear which mixing rules
should be applied in such cases. The force field developed by Yang et al. [230] for
NO does not take dimer formation into account. Furthermore, this model consists
of a 9-6 Lennard-Jones potential with a sixth-order combination law, which is
not readily implemented in all popular simulation engines. The force field for NO
developed by Zhou et al. [77] only takes into account the non-bonded (electrostatic
and van der Waals) interactions of the molecule. This force field was optimized
to reproduce the experimental density and enthalpy of vaporization of liquid NO
at its boiling point. However, it does not take into account the tendency of NO
monomers to dimerize (i.e., no dimers are formed in the model). Therefore, this
force field is incapable of reproducing the experimental (NO)2 mole fraction in the
liquid phase.

In this chapter, we developed an all-atom force field for NO and its dimer, (NO)2,
which include 12-6 Lennard-Jones and Coulombic potential energy functions. We
assumed that NO exists only as monomers and dimers, and dimers exist in a planar
cis-ONNO configuration [226]. We computed the VLE properties of the reactive
NO-(NO)2 system (e.g., coexistence densities, dimer mole fractions in liquid
phase, saturated vapor pressures, and heats of vaporization) using Continuous
Fractional Component Monte Carlo (CFCMC) simulations in the reactive Gibbs
ensemble [65–67, 231–233]. The VLE properties of the reactive NO-(NO)2 system
computed using our force field parameters are in excellent agreement with the
experimental values. The performance of our newly optimized force field is also
compared with two existing force fields, Lachet et al. [76] and Zhou et al., [77]
that have been used extensively [234–237].

The rest of the chapter is organized as follows. The CFCMC simulations
are described in Section 4.2. In Section 4.3, the details of the new force field
parameters are provided. The isolated molecule partition functions for NO and
(NO)2 are discussed in Section 4.4. The validation of the new force field with the
experimental VLE properties and the comparison of the force field with existing
NO force fields is investigated in Section 4.5. In Section 4.5 the sensitivity of the
VLE properties on the isolated molecule partition functions of the dimer and the
Lennard-Jones potential parameters is discussed. Finally, concluding remarks are
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provided in Section 5.4.

4.2 Methodology

CFCMC simulations [95–97] using the open-source Brick-CFCMC software [97–
99] were used to assess the validity of our force field parameters for NO and
(NO)2 compared to experimental findings. We performed a series of systematic
CFCMC simulations in the reactive Gibbs ensemble (RGE) [65–67, 231–233] at
constant temperature, number of atoms, and volume, to reproduce the experimental
vapor-liquid coexistence densities, coexistence pressures, dimer mole fractions,
and heats of vaporization of the reactive NO-(NO)2 system for the temperature
range of 121.5 K to 165 K. From these, the critical temperature, density, and
pressure of the system were calculated. RGE is a combination of the Gibbs
ensemble (GE), [100, 238] which consists of two simulation boxes, one for each of the
vapor and liquid phases to model the VLE, and the reaction ensemble, [66, 231, 233]
which in our case models the following equilibrium reaction

2 NO ⇌ (NO)2 · (4.1)

We also performed CFCMC simulations in the single-component Gibbs
ensemble (GE) [87, 239] at constant temperature, number of molecules, and volume
to compare the performance of our force field with the force fields developed by
Lachet et al. [76] and Zhou et al. [77] To do this, we computed the coexistence
densities and pressures of pure NO for the temperature range 120 K to 170 K and
pure (NO)2 for the temperature range 120K to 300 K.

For the RGE, there are two sets of fractional groups; [100] (1) fractional group
for individual components/molecules involved in the system for molecule transfers
and (2) fractional group for reactions. The contributions of fractional components
are not taken into account when computing the ensemble averages [100].

The fractional group for molecule transfers facilitates molecule transfers between
the vapor and liquid simulation boxes. The reactive NO-(NO)2 system contains
two such fractional groups, one each for NO and (NO)2. As mentioned earlier,
the strength of the interactions of the molecules in these group are modulated by
their corresponding λ values (λGibbs,NO and λGibbs,(NO)2). There are three trial
moves associated with the fractional molecules for molecule transfers [100, 240]:
(1) attempts to change the value of λGibbs; (2) attempts to transfer a fractional
molecule from one simulation box to another; (3) attempts to convert a fractional
molecule in a box to a “whole” molecule, and simultaneously, transform a “whole”
molecule in the other box into a fractional molecule.

For the NO-(NO)2 system, the fractional group for reactions contains fractional
molecules of either the reactants (2NO) or the reaction products (NO)2. The
interactions of these molecules with the other molecules in the simulation is
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modulated by the parameter, λreaction. One fractional group for reactions was
added each to the liquid and vapor simulation boxes. The trial moves associated
with the fractional molecules in this group are [241]: (1) attempts to change the
value of λreaction; (2) attempts to convert the fractional molecules of reactant to
fractional molecules of reaction product, or vice-versa; (3) attempts to convert the
fractional molecules of the reactant (or the reaction product) in a box to “whole”
molecules of the reaction product (or the reactant), and simultaneously, transform
“whole” molecules of the reaction product (or the reactant) to fractional molecules
of reactant (or the reaction product).

The GE simulation of unreactive NO and (NO)2 systems contains the fractional
group for molecule transfers and not the fractional group for reactions. In addition
to the trial moves associated with the fractional molecules present in the RGE and
the GE simulations, both the simulation setups have thermalization trial moves
(molecule translations, rotations and volume changes). Since the molecules in the
simulation are rigid, the sampling of the intramolecular degrees of freedom are not
considered.

The simulation in the RGE is considered equilibrated when a combined phase
equilibrium and chemical equilibrium is achieved. The two simulation boxes in
this ensemble can exchange molecules and volume until the two phases reach
phase equilibrium. Phase equilibrium is achieved when the liquid and vapor
chemical potentials, µ, of individual species are equal (µNO, liquid = µNO, vapor and
µ(NO)2, liquid = µ(NO)2, vapor). The chemical potential in the phase x (liquid or
vapor) for the component i (NO or (NO)2) is given by [100]

µx,i = −kBT ln
[

Vx
Λ3
i (Nx,i + 1)

]
− kBT ln

[
px,i(λGibbs,i = 1)

px,i(λGibbs,i = 0)

]
,

(4.2)

where kB is the Boltzmann constant, T is the temperature, Vx is the volume
of the simulation box that represents phase x, Λi is the thermal de Broglie
wavelength of component i, Nx,i is the number of molecules of component i in phase
x. px,i(λGibbs, i = 1) and px,i(λGibbs, i = 0) are the probabilities that λGibbs, i
(coupling parameter of fractional molecule for molecule transfers for component
i) are 1 and 0, respectively, in phase x. Chemical equilibrium is attained when
2µNO, liquid = µ(NO)2, liquid and 2µNO, vapor = µ(NO)2, vapor [242, 243]. For a system
containing S components in phase x, where components 1 to R are reactants and
R+1 to S are reaction products, the chemical potentials of the components follow
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the relations [99, 233]

R∑
i=1

νiµi,x = −kBT ln

〈
R∏
i=1

(
qi

Λ3
i ρi,x

)νi

〉

−kBT ln
[
pi,x(λreaction,x = 1)

pi,x(λreaction,x = 0)

]
,

(4.3)

S∑
i=R+1

νiµi,x = −kBT ln

〈
S∏

i=R+1

(
qi

Λ3
i ρi,x

)νi

〉

−kBT ln
[
pi,x(λreaction,x = 1)

pi,x(λreaction,x = 0)

]
,

(4.4)

where, qi is the isolated molecular partition function (excluding the translational
part) of component i, νi is the stoichiometric coefficient of component i in the
reaction, ρi,x is the number density of the species i in phase x. pi(λreaction, x = 1)
and pi(λreaction, x = 0) are the probabilities that λreaction, x (coupling parameter
of fractional group for reactions for phase x) approaches 1 and 0, respectively, for
component i.

For a two-component system such as NO-(NO)2, which follows the reaction in
Equation 4.1, Equations 4.3 and 4.4 simplify to

νiµi,x = −kBT ln
[

qi
Λ3
i ρi,x

]νi

− kBT ln
[
pi,x(λreaction, x = 1)

pi,x(λreaction, x = 0)

]
,

(4.5)

where i are the components NO and (NO)2. From Equations 4.3 - 4.5 it is
clear that to perform CFCMC simulations in the RGE, partition functions of the
isolated molecules involved in the reaction are required. More discussion about
the partition functions of NO and (NO)2 are given in Section 4.4. The simulation
in the GE is equilibrated when there is equilibrium between the vapor and liquid
phases (phase equilibrium).

The critical temperatures and densities were obtained by fitting the liquid and
vapor phase densities to the law of rectilinear diameters [244]

ρl + ρg

2
= ρc +A(T − Tc), (4.6)

ρl − ρg = B(T − Tc)
β , (4.7)

where ρl and ρg correspond to the density of liquid and vapor phases, respectively,
along the VLE curve, ρc is the critical density, and Tc is the critical temperature.
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A and B are system dependent fitting parameters. For the RGE, β is selected as
the value that corresponds to the maximum of the coefficient of determination (R2)
for the linear regression fit of (ρl−ρg

ρ0
)

1
β versus temperature [242], where ρ0 is an

arbitrary number density which is set to 1 Å−3. In the single-component GE, β is
taken as 0.32 [54].

To compute the coexistence pressures of the RGE and the GE systems, a series
of NPT simulations for vapor phase were performed to match the vapor phase
densities of the RGE and the GE. The P-T saturation points were fitted to a
correlation of the form [241]

Psat(T ) = A exp
[
−B
T

]
, (4.8)

where A and B are system-dependent fitting parameters. The critical saturated
vapor pressure, Pc, was obtained by extrapolating the above correlation to Tc.

The molar heat of vaporization was calculated as the difference between the
average molar enthalpy of the vapor and liquid simulation boxes of the RGE [76]

∆hvap = hvapor − hliquid, (4.9)

where ∆hvap is the molar heat of vaporization and hliquid, hvapor are the true
molar enthalpies of the liquid and vapor simulation boxes, respectively. True molar
enthalpy (hx) is defined as [245]

hx =
Hx∑
i ni,x

(4.10)

where Hx is the total enthalpy in phase x (liquid or vapor) and ni,x is the number
of moles of component i (NO or (NO)2) in phase x. For the calculation of the
molar heat of vaporization, the internal energies and volumes were obtained from
RGE calculations and the saturated pressures were obtained from a series of NPT
simulations. The total true molar enthalpy is taken as the sum of hliquid and hgas.

For all simulations in the RGE, 103 initialization cycles were performed followed
by an equilibration of 8 × 106 cycles. This was followed by 5 independent
production runs of 3 × 106 cycles, each. Note that one cycle refers to N number of
trial moves, where N is the total number of molecules present in the system. The
error bars are computed from the standard deviation of 5 independent production
runs. The initial system size for the simulations in the RGE was a total of 400
molecules for temperatures below 140 K and 500 molecules for temperatures
above 140 K. The trial moves were selected with the following probabilities:
thermalization trial moves (which includes both translations and rotations) (69 %),
particle exchanges (15 %), volume trial moves (1 %) and reaction trial moves (15 %).
For the GE simulations, 103 initialization cycles were performed followed by an
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equilibration of 8 × 106 cycles and a production run of 8 × 106 cycles. The error
bars for the GE simulations are computed from the standard deviation of 5 blocks
into which the production run was divided. The trial moves were selected with
the following probabilities: thermalization trial moves (84%), particle exchanges
(15 %) and volume trial moves (1 %). Periodic boundary conditions were considered
in all directions for both the RGE and the GE.

4.3 Force Fields

The structures of NO and (NO)2 were considered rigid according to the
corresponding experimental geometries [207, 208] (see Figure 4.1). We considered
two terms in the total potential energy function (Etotal), electrostatic interactions
(Eelectrostatic) and van der Waals interactions (EvdW),

Etotal = Eelectrostatic + EvdW. (4.11)

For the electrostatic interactions, the Coulombic potential energy function is
considered

Eelectrostatic =
1

4πϵo

qiqj
rij

, (4.12)

where q represents the atomic partial charges, rij is the distance separating the
charges, and ϵo is the permittivity of vacuum. The atomic partial charges of NO
were obtained from the ratio between the experimental dipole moment [246] and
the experimental bond length of NO [207]. The partial charges on the atoms of
(NO)2 were taken to be the same as that of NO. For the van der Waals interactions,
the 12-6 Lennard-Jones (L-J) potential energy function is considered

EvdW = 4ϵij

[(
σij
rij

)12

−
(
σij
rij

)6
]
, (4.13)

where σ represents the distance at which the particle-particle interaction energy is
zero, and ϵ represents the depth of the potential well. The Lorentz-Berthelot [81]
mixing rules were used for the L-J parameters of two dissimilar non-bonded
atoms, σij =

σi+σj

2 , ϵij =
√
ϵiϵj . A cutoff radius of 10 Å was used for both the

Lennard-Jones and Coulombic interactions. The Ewald summation method [181,
182] was used to treat long-range Coulombic interactions. The energies and
pressures of the simulations were corrected with long-range tail corrections for the
L-J interactions [54]. After numerous trials of varying the σ and ϵ parameters (110
combinations were tested in total), we arrived at the values provided in Table 4.1.
These parameters are referred to as the New FF in the rest of this chapter. A
detailed discussion on the sensitivity analysis of the New FF parameters is provided
in Section 4.5.3.
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Table 4.1: Our new force field parameters for NO and (NO)2 molecules which
are referred to as New FF in the text.

Atoms ϵ/kB/[K] σ/[Å] q/[e]
NO

N 48.50 3.09 0.0288
O 56.29 2.94 −0.0288

(NO)2
N 47.00 3.02 0.0288
O 54.52 2.87 −0.0288

Lachet et al. [76] treat NO as a single L-J sphere with the 12-6 potential
function. To model (NO)2, two NO L-J sites separated by a distance of 2.237 Å
were used. The individual L-J parameters for each NO site in the dimer are
considered to be the same as those for the monomer. The L-J parameters of the
force field developed by Lachet et al. [76] are listed in Table B.9 of Appendix B.
Lachet et al. [76] neglect electrostatic interactions in their models of NO and (NO)2.
The cutoff for the L-J potential was taken as half the length of the simulation box,
and interactions beyond the cutoff distance were considered using the long-range
tail correction. [54] The force fields for NO and (NO)2 developed by Lachet et
al. [76] are referred to as Lachet FF in the rest of the chapter.

In the work by Zhou et al. [77], NO is modeled as a two-site rigid body with
partial charges and 12-6 L-J potential on both sites. In their model, the N and O
atoms of NO are separated by a distance of 1.15 Å. The Lorentz-Berthelot mixing
rules [81] were used for the L-J parameters of two dissimilar nonbonded atoms.
The L-J parameters and partial charges taken from the work by Zhou et al. [77]
are listed in Table B.9 of Appendix B and are referred to as Zhou FF in the rest
of this chapter. Zhou et al. [77] did not parameterize a force field for (NO)2.

4.4 Isolated Molecular Partition Functions

As explained in Section 4.2, to calculate the chemical potential of a component in a
reaction, the isolated molecular partition function, qtotal(V, T ), of that component
is needed (see Equation 4.5). We calculated the isolated molecular partition
functions of NO and (NO)2 according to [99] (see Section 2.4)

qtotal(V, T ) = qtrans(V, T )qvib(T )qrot(T )qelec(T ). (4.14)

The values of the vibrational frequencies and rotational constants required to
calculate the isolated molecular partition functions of NO and (NO)2 are given in
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Tables B.2 and B.3 of Appendix B. The rotational symmetry number (σrot) for
both NO and (NO)2 is equal to 1. The degeneracies of the electronic ground state
(ge1) for NO and (NO)2 are 2 and 1, respectively. The value of D0 for NO was
calculated from the enthalpies of formation of NO, N and O, which were obtained
from the JANAF tables [247]; D0,NO = 629.82 kJ/mol. The atomization energy of
(NO)2, D0,(NO)2 , was not readily available in the JANAF tables, [247] but can be
calculated by

D0,(NO)2 = 2D0,NO + BDE(NO)2 , (4.15)

where BDE(NO)2 is the bond dissociation energy of (NO)2, which is the energy
required to break the N-N bond of (NO)2.

The values of BDE(NO)2 reported in literature, depending on the accuracy
of the theoretical method or experimental technique used, are in the range of
7.64 to 13.8 kJ/mol [208, 227, 231, 248–252]. Due to the large variations in the
values of BDE(NO)2 reported in literature, an approach used by Turner et al. [252]
and Johnson et al. [231] was to adjust the value of BDE(NO)2 to reproduce the
experimental dimer mole fraction in the liquid phase. With this approach, Turner
et al. [252] obtained a value of BDE(NO)2= 10.9 kJ/mol and Johnson et al. [231]
achieved a value of BDE(NO)2= 13.6 kJ/mol. In our work, we also varied the value
of BDE(NO)2 between 7.64 and 13.8 kJ/mol to predict the mole fractions of dimer
in the liquid phase as well as the VLE properties of the reactive NO-(NO)2 system
in agreement the available data. After numerous iterations, we obtained a value of
BDE(NO)2= 13.06 kJ/mol which corresponds to a value of D0,(NO)2= 1269 kJ/mol.

The isolated molecular partition functions of NO and (NO)2 were calculated
according to Equation 4.14 for temperatures ranging from 121.5K to 165K. A
correlation was fitted to the respective isolated molecular partition functions,
which is given by

ln
[
qV0
Λ3

]
NO =

75396.84

T
+ 11.26, (4.16)

ln
[
qV0
Λ3

]
(NO)2 =

152020.74

T
+ 19.42, (4.17)

where q is the isolated molecule partition function excluding the translational
contribution.

4.5 Results and Discussion

The validation of the New FF with the experimental VLE properties of the reactive
NO-(NO)2 system is discussed in Section 4.5.1. The performance of the New FF
compared to the Lachet FF and Zhou FF in predicting the VLE properties of pure
NO and pure (NO)2 are discussed in Section 4.5.2. Finally, the dependence of the
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Figure 4.2: Vapor-liquid coexistence densities of the NO-(NO)2 system
predicted using the New FF as a function of temperature (red circles). Error
bars for the New FF are estimated based on the standard deviation of 5
independent simulations and are much smaller than the symbols used in the
figure. The orthobaric densities obtained using the Lachet FF [76] (green
triangles) along with the experimental liquid densities [253] (black line) are
added for comparison. The experimental critical point (black square) is also
shown in the figure.

VLE of the reactive NO-(NO)2 system on the D0,(NO)2 and L-J parameters (σ
and ϵ) is investigated in Section 4.5.3.

4.5.1 Reactive NO-(NO)2 systems

Coexistence Densities

The coexistence densities of the liquid and vapor phases were computed at ten
different temperatures ranging from 121.5 K to 165 K using the New FF and
the Lachet FF. The results are presented in Figure 4.2 along with the available
experimental data [253]. The raw data are available in Table B.5 of Appendix B.
The average absolute deviation between the liquid densities calculated using the
New FF and the experimental liquid densities is 2.32 kg/m3 (0.2 %). Our results
using the Lachet FF are also in agreement with those presented in the original
paper by Lachet et al. [76]. The Lachet FF overestimates the liquid densities at
lower temperatures (120 K to 140 K) and underestimates the liquid densities at
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Table 4.2: Critical temperatures (Tc), densities (ρc), and pressures (Pc)
calculated using the New FF and the Lachet FF [76]. Errors (written
as subscripts) are estimated using standard deviations of 5 independent
simulations. Experimental values [253] are added for comparison.

Tc/[K] ρc/[kg/m3] Pc/[MPa]
New FF 182.510.54 489.591.52 6.240.15

Lachet FF [76] 174.03 466.60 6.37
Experimental [253] 180.15 517.35 6.48

higher temperatures (>140 K). The average absolute deviation between the liquid
densities calculated using the Lachet FF and the experimental liquid densities is
36.89 kg/m3 (3.3 %) which is much larger than that calculated using the New FF.

The predicted critical temperature (Tc), density (ρc), and pressure (Pc) using
the New FF and Lachet FF are presented in Table 4.2 along with experimental
data [253]. The predicted critical density using the New FF is 489.59 kg/m3 which
is within 27.76 kg/m3 (5.4 %) of the experimental value. The critical temperature
predicted using the New FF is 182.51 K which has a deviation of 1.3% from
the experimental critical temperature. The critical density and temperature
predicted by the Lachet FF deviate from the experimental values by 9.8% and
3.4 %, respectively.

Dimer mole fractions

The mole fraction of (NO)2 in the liquid phase of the NO-(NO)2 system obtained
using the New FF and the Lachet FF is presented in Figure 4.3. The raw data are
presented in Table B.6. The experimental values, in the temperature range from
110 K to 120 K, are taken from the work of Smith & Johnston [225]. Walsh et
al. [224] used a modified Wertheim’s association theory and Kohler [223] used
the theory of corresponding states of mixture to theoretically estimate the dimer
mole fractions in the liquid phase. The data from both works are presented in
Figure 4.3 for comparison.

At 110 K, the predicted (NO)2 mole fraction using the New FF is 0.92, while the
corresponding experimental value is 0.95. The mole fraction of dimers predicted
using the New FF monotonically decreases with increasing temperature. (NO)2
mole fraction obtained using the New FF is in better agreement with the estimate
values of Walsh et al. [224] for the temperature range (121.5 K to 165 K). The
dimer mole fractions predicted using the Lachet FF is in better agreement with
the estimates by Kohler [223]. We note that our calculations using the Lachet FF
are in agreement with those presented in the original work by Lachet et al. [76]. In
the vapor phase, monomers have a more dominant presence for the temperature
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Figure 4.3: Dimer mole fractions in the NO-(NO)2 liquid phase, which is at
coexistence with the vapor phase, predicted using the New FF (red circles)
as well as the Lachet FF [76] (green triangles) as a function of temperature.
Error bars for the New FF are estimated based on the standard deviation of
5 independent simulations and are much smaller than the symbols used in
the figure. The experimental mole fractions (black squares) from 110 K to
120 K [225] and extrapolated estimates of Walsh et al. [224] and Kohler [223]
from 120 K to 170 K are added for comparison.

range 121.5 K to 165 K. The presence of dimers increases as the temperature
increases, although slightly (see Table B.6 of Appendix B). At 121.5 K, the New
FF predicts a dimer mole fraction of 6 %, whereas the Lachet FF predicts a dimer
mole fraction of 0.4 %. One reason for the lower mole fraction of (NO)2 predicted
in the work of Lachet et al. [76] compared to our work using the New FF could be
attributed to the differences between the standard chemical potential, µ0 (defined
as µ0 = −kBT ln

[
qV0

Λ3

]
[233, 242]) of (NO)2 and 2NO. The differences between

the standard chemical potential of (NO)2 and 2NO used in the work of Lachet
et al. favor more NO molecules in the system [76, 254].

Coexistence Pressures

In Figure 4.4, the inverse temperature dependence of the coexistence pressures of
the NO-(NO)2 system predicted using the New FF and the Lachet FF are presented
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Figure 4.4: Inverse temperature dependence of the coexistence pressures of
the NO-(NO)2 system predicted using the New FF (red circles) and the Lachet
FF [76] (green triangles), in logarithmic scale. Error bars for the New FF are
computed based on the standard deviation and are smaller than the symbols
used in the figure. Experimental data [253] for the coexistence pressures is
represented by the black line.

on a logarithmic scale. The experimental values are also added for comparison.
The average absolute deviations between the computed vapor pressures using the
New FF and the experimental vapor pressures is 15 %. The corresponding value for
Lachet FF is 17 %. Higher values of vapor pressures predicted using the Lachet FF
compared to the New FF could be traced back to the different isolated molecular
partition functions used in Lachet et al. [76] compared to our work; or alternatively
the differences between the standard chemical potential (µ0 = −kBT ln

[
qV0

Λ3

]
) of

(NO)2 and 2 NO used in Lachet et al. [76] compared to our work, which leads
to differences in compositions. The isolated molecular partition functions in the
work of Lachet et al. [76] favor more NO molecules in both the vapor and liquid
simulation boxes compared to our systems. This leads to higher vapor pressures
for Lachet et al. [76]. The critical pressure is obtained by extrapolating the vapor
pressure curve to the critical temperature using Equation 4.8. The critical pressure
using the New FF is 6.24MPa (3.9% deviation from the experimental critical
pressure) and that predicted using the Lachet FF is 6.37MPa (1.7% deviation
from the experimental value). See Table 4.2.
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Figure 4.5: Heat of vaporization versus temperature for the reactive
NO-(NO)2 system obtained using the New FF (red circles) and the Lachet
FF [76] (green triangles). Error bars for the New FF are computed based on
the standard deviation of 5 independent simulations and are much smaller
than the symbols used in the figure. Experimental values [253] (black line)
are added for comparison.

Heats of Vaporization

The temperature dependence of the heats of vaporization for the system containing
NO and its dimer predicted using the New FF and the Lachet FF is shown
in Figure 4.5 (see Equation 4.9). The experimental values are also shown for
comparison. The results using the New FF are in good agreement with the
experimental vaporization enthalpies. The average absolute deviation between
the experimental enthalpies of vaporization and those predicted by the New FF
is 0.46 kJ/mol (4.4%). This value for the Lachet FF is 0.82 kJ/mol (8%). The
Lachet force field overestimates the heats of vaporization at lower temperatures
(120 K and 130 K) and underestimates at higher temperatures (150 K and 160 K).
At 140 K the Lachet FF is in good agreement with the experimental value.
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4.5.2 Non-reactive pure NO and pure (NO)2 systems

Properties of pure NO

The coexistence densities of pure (unreactive) NO computed using the New FF,
the Lachet FF, and the force field developed by Zhou et al. [77] (Zhou FF), as a
function of temperature, are shown in Figure 4.6. The saturated vapor pressures of
pure NO for temperatures between 120 K and 160 K computed using these three
force fields are shown in Figure 4.7. The predicted critical densities, temperatures
and pressures of pure NO are shown in Table B.10 of Appendix B. The vapor
phase densities of pure NO using the Lachet FF are in excellent agreement with
the vapor phase densities computed using the New FF. The liquid densities of NO
using the New FF are higher than those computed using the Lachet FF for the
entire temperature range of 120 K to 160 K. The differences between the liquid
densities of NO calculated using the Lachet FF and the New FF are reduced as
the temperature reaches the critical temperature (168.20 K for Lachet FF and
167.34 K for the New FF). The vapor densities computed using the Zhou FF are
much lower (on average 99%) than those calculated using the Lachet FF and
the New FF, while the liquid densities predicted using the Zhou FF are much
higher (on average 48%) than the densities of the other two force fields. This
is because the Zhou FF was optimized to reproduce the experimental density of
liquid NO-(NO)2 without taking the presence of dimer (NO)2 into account. The
values of the L-J energy parameter ϵ of N and O in the Zhou FF are also higher
(by 68%) than the New FF (see Table B.9 of Appendix B) which leads to lower
vapor phase densities, as higher ϵ contributes to higher intermolecular interactions
in the liquid, making it difficult for molecules to move to the vapor phase. This is
evident in Figure 4.7, where the saturated vapor pressures (Psat) of the Zhou FF
are lower, showing a difference of ca. 4 MPa at 160 K, compared to the New FF
and the Lachet FF. The critical saturated vapor pressure (Pc) of the Zhou FF is
larger than that of the New FF and Lachet FF as the critical temperature (Tc) of
the Zhou FF is higher compared to the other two force fields. The New FF and
the Lachet FF have comparable values of Psat as their vapor phase densities have
similar values (see Figure 4.6). The values of Pc of the New FF and the Lachet
FF differ only by 0.18 MPa.

Properties of pure (NO)2

Figure 4.8 shows the vapor and liquid densities of pure (unreactive) (NO)2 as a
function of temperature computed using the Lachet FF and the New FF. The
saturated vapor pressures of pure (NO)2 as a function of the temperature computed
using the New FF and Lachet FF are shown in Figure 4.9. Note that the results
for the Zhou FF is not included as there are no force field parameters for (NO)2
in the original work of Zhou et al. [77].
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Figure 4.6: Coexisting vapor and liquid densities of pure (unreactive) NO
using the New FF (red circles), the Zhou FF [77] (blue squares) and the Lachet
FF [76] (green triangles). Error bars are estimated based on the standard
deviation of 5 blocks into which the production run was divided and are much
smaller than the symbols used in the figure. The critical points of both the
New FF and Lachet FF are indicated in the figure. The critical points of the
Zhou FF are not shown in the figure, but they are listed in Table B.10 of
Appendix B.

The predicted critical temperatures, densities, and pressures are listed in
Table B.10 of Appendix B. The predicted critical temperature, Tc, using the New
FF is 243.78 K which is smaller than the predicted critical temperature using the
Lachet FF (298.37 K). The critical densities (ρc) predicted by the two force fields
are in agreement (454.28 kg/m3 for the New FF and 449.95 kg/m3 for the Lachet
FF).

The saturated vapor pressures calculated using the Lachet FF and the New
FF are shown in Figure 4.9. Psat values computed using the Lachet FF are
smaller (on average by 77.2 %) than the Psat values computed using the New FF
in the temperature range of 125 K to 225 K. However, the Pc computed using
the Lachet FF is larger than the Pc calculated using the New FF by 0.8 MPa.
This is attributed to the larger Tc predicted by the Lachet FF compared to the Tc
predicted by the New FF (see Table B.10 of Appendix B).
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Figure 4.7: Inverse temperature dependence of the saturated vapor pressures
of pure NO using the New FF (red circles), the Zhou FF [77] (blue squares)
and the Lachet FF [76] (green triangles), on logarithmic scale. Error bars for
the New FF are computed based on the standard deviation and are smaller
than the symbols used in the figure.

4.5.3 Sensitivity Analysis

The VLE properties of the reactive NO-(NO)2 system are sensitive to the
atomization energy of (NO)2 (D0,(NO)2) and the L-J parameters, σ and ϵ of
NO and (NO)2. We performed a series of simulations to systematically analyze the
dependence of the VLE properties of the reactive NO-(NO)2 system on D0,(NO)2
and L-J parameters, and hence reflect upon the uniqueness of our new force field
parameters. These simulations and their main results are discussed below.

Effect of D0,(NO)2 on VLE properties of reactive NO-(NO)2 system

In the first series of simulations, we considered three values for D0,(NO)2 which
correspond to three values of BDE(NO)2 that are within the range of the
reported experimental and theoretical values for BDE(NO)2 in the literature
(7.64 - 13.8 kJ/mol) [208, 226, 248–251, 255, 256]. These values are listed in
Table B.11 of Appendix B. D0,(NO)2=1269 kJ/mol is the value with which the VLE
properties could be computed in agreement with experiments (see Section 4.5.1).
In these simulations, the L-J parameters and the partial charges are fixed as in
Table 4.1. These simulations are performed in the reactive Gibbs ensemble.

96



4

4.5. Results and Discussion

0 200 400 600 800 1000 1200 1400
Density / [kg/m3]

125

150

175

200

225

250

275

300
Te

m
pe

ra
tu

re
 / 

[K
]

Lachet FF
New FF

Figure 4.8: Coexisting vapor and liquid densities of pure (NO)2 using the
New FF (red circles) and the Lachet FF [76] (green triangles). Error bars
are estimated based on the standard deviation of 5 blocks into which the
production run was divided and are much smaller than the symbols used in
the figure. The critical points are also shown in the figure.

The vapor-liquid coexistence densities and (NO)2 mole fractions in the liquid
phase of the reactive NO-(NO)2 system for these four values of D0,(NO)2 are shown
in Figures B.2 and B.3 of Appendix B, respectively. Even though the values of
D0,(NO)2 are only different by 4 kJ/mol (difference between the highest and lowest
value in the set), the differences in the corresponding dimer mole fractions in the
liquid phase is significant (56 % difference in the mole fractions at 160 K between
the systems with the highest and lowest value of D0,(NO)2). Moreover, higher
values of D0,(NO)2 tend to have more negative slopes for the liquid densities (see
Figure B.2 of Appendix B). This could be attributed to the presence of more dimer
species in the liquid phase. This results in a higher critical temperature compared
to the systems with lower values of D0,(NO)2 (see Table B.11 of Appendix B).

Effect of L-J parameters on VLE properties of reactive NO-(NO)2 system

In a second series of simulations, the values of D0,(NO)2=1269 kJ/mol and partial
charges (see Table 4.1) are fixed, while twelve different combinations of L-J
parameters are considered. In each combination, the L-J parameters (σ or ϵ) of
NO and/or (NO)2 are varied by ± 10% compared to the respective parameters
of the New FF. These parameters are labeled FF-a to FF-l: σ(NO)2 in FF-a (b),
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Figure 4.9: Inverse temperature dependence of the saturated vapor pressures
of pure (NO)2 using the New FF (red circles) and the Lachet FF [76] (green
triangles), on logarithmic scale. Error bars for the New FF are computed
based on the standard deviation.

ϵ(NO)2 in FF-c (d), σNO in FF-e (f), ϵNO in FF-g (h), σNO and σ(NO)2 in FF-i (j),
and ϵNO and ϵ(NO)2 in FF-k (l), are varied by −10% (10%). These parameters are
shown in Table B.12 of Appendix B. These simulations are also performed in the
reactive Gibbs ensemble.

The coexistence densities, dimer mole fractions in the liquid phase, coexistence
pressures, heats of vaporization, and total enthalpies of the reactive NO-(NO)2
system were computed using FF-a to FF-l and are shown in Figures B.4 - B.9 of
Appendix B.

An increase in the L-J parameters of (NO)2, σ(NO)2 (FF-b) or ϵ(NO)2 (FF-d), or
NO, σNO (FF-f) or ϵNO (FF-h), results in an increase in the mole fraction of that
species, (NO)2 (see Figures B.4 and B.5 of Appendix B) or NO (see Figures B.6
and B.7 of Appendix B), in the liquid phase of the system. Increasing the values
of the L-J parameters of a species makes it energetically favorable to increase the
concentration of that species in the system. This can be seen by comparing two
simple L-J systems that differ in the values of the L-J parameters, as shown in
Figure B.10 of Appendix B (two systems with the same value of σ but different
values of ϵ) and Figure B.11 of Appendix B (two systems with the same value of ϵ
but different values of σ). With an increase in σ or ϵ, the area of the attractive
potential L-J increases. Therefore, with the increase in the values of the L-J
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parameters (σ or ϵ) of NO or (NO)2, it becomes energetically favorable to increase
the concentration of NO or (NO)2 in the NO-(NO)2 system.

The increase in the mole fraction of (NO)2 or NO affects the VLE properties
of the reactive system, including the total enthalpies of the system. An increase in
the dimer mole fraction lowers the total enthalpy of the system; see Figures B.4,
B.5, B.6 and B.7 of Appendix B. This is supported by the exothermic nature
of dimer formation, which causes heat dissipation, and thereby, reduction of the
total enthalpy of the system. However, an increase in monomer concentrations
increases the total enthalpy of the system. This scenario may be supported by the
endothermic nature of N-N bond dissociation between two NO entities in (NO)2),
which leads to an increase in the total enthalpy of the system. The dimer mole
fractions in the liquid phase when the L-J parameters of NO and (NO)2 (σ in
FF-i (j) and ϵ in FF-k (l) are simultaneously varied by ±10% compared to the New
FF, follow a similar trend as when only the L-J parameters of (NO)2 is varied
(σ(NO)2 in FF-a (b) and ϵ(NO)2 in FF-c (d)); see Figures B.8 and B.9 of Appendix
B. This could be because the liquid phase is predominantly composed of dimers.

Although we demonstrated that the VLE properties of the reactive NO-(NO)2
system depends on both D0,(NO)2 (or subsequently BDE(NO)2) and the L-J
parameters of NO and (NO)2 species, this may not be the case for all the reactive
systems. An example is a reactive NO2-N2O4 system. The VLE properties of
reactive NO2-N2O4 are almost exclusively affected by the values of BDEN2O4 and
not by the values of L-J parameter as can be inferred by the work of Polat et
al. [242]. As explained by Johnson et al., [231], the values of BDE determine the
association strength of a fluid. A fluid is weakly (strongly) associating if the value
of BDE is small (large) [231]. The concluded value of BDE for (NO)2 in our study
is 13.06 kJ/mol (i.e., D0,(NO)2=1269 kJ/mol), which is much smaller than value
of BDE for N2O4 (∼50 kJ/mol) [241]. Accordingly, NO2-N2O4 fluid is a more
strongly associating fluid than NO-(NO)2 fluid. Therefore, the dependence of
the VLE properties of a reactive fluid on the values of L-J parameters may be
determined by the association strength of that fluid.

4.6 Conclusions

Our force field is capable of predicting the VLE properties of the reactive NO-(NO)2
system (i.e., coexistence vapor-liquid densities, dimer mole fractions in liquid phase,
saturated vapor pressures, and heats of vaporization) in excellent agreement with
experimental values for the temperature range 120K to 170K. For pure NO, the
predicted VLE properties using our force field parameters agree well with those
using the Lachet FF. However, there are large deviations between the predictions
using the Zhou FF and predictions using our force field parameters or the Lachet
FF. The Zhou FF was developed to reproduce the experimental density and heat
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of vaporization of NO at its boiling point without considering the formation of a
dimer at this temperature. This may be the reason for the large deviations of the
VLE properties of pure NO predicted by the Zhou FF from those predicted by
the New FF and Lachet FF. For pure (NO)2, the liquid densities using the Lachet
FF are larger (on average, by 11%) than the predictions using our force field
parameters. The Lachet FF predicts smaller saturated vapor pressures (on average
ca. 80 %) compared to our force field. We also performed a systematic parameter
study to analyze the impact of individual L-J parameters (σ and ϵ of NO and
(NO)2 ) as well as the atomization energy of (NO)2, D0,(NO)2 , or alternatively
the bond dissociation energy of (NO)2, BDE(NO)2 , on the VLE properties of
the reactive NO-(NO)2 system. Our results show that the VLE properties of
the reactive NO-(NO)2 system are affected by both the L-J parameters and the
atomization energy of the NO dimer. This is in contrast to a previously studied
reactive NO2-N2O4 system where the VLE properties are mainly affected by the
atomization energy of NO2 dimer. This can be attributed to the association
strength of reactive fluids. A fluid is weakly (strongly) associating if the value of
BDE is small (large). The concluded value of the BDE for (NO)2 in our study
is 13.06 kJ/mol, which is much smaller than the BDE of N2O4 (∼50 kJ/mol).
Accordingly, the NO2-N2O4 fluid is a more strongly associating fluid than the
NO-(NO)2 fluid. Therefore, the VLE properties of reactive NO-(NO)2 system are
affected by both L-J parameters and the atomization energy of the dimer, while
the VLE properties of reactive NO2-N2O4 are only affected by the atomization
energy of the dimer.
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This chapter is based on the following publication: T. H. G. Saji, T. J.
H. Vlugt, S. Calero and B. Bagheri, Coupling Solvation Thermodynamics and
Chemical Speciation: A Simulation-Based Approach to NOx Uptake in Aqueous
Environments, Journal of Chemical Theory and Computation, 22, 528 (2026).
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Overview

We present a simulation-based framework to characterize the solvation and
aqueous-phase reactivity of nitric oxide (NO) and nitrogen dioxide (NO2) in water.
Using Continuous Fractional Component Monte Carlo (CFCMC) simulations,
we compute Henry coefficients and chemical potentials of NO and NO2, while
Molecular Dynamics (MD) simulations provide diffusion coefficients for NO.
The results for NO are quantitatively in agreement with the experimental data
when using the Saji force field. For NO2, we model the chemical equilibrium
involving hydrolysis and acid-base reactions that generate HNO2, HNO3, NO−

2 ,
NO−

3 , and H3O+. By combining the chemical potentials obtained via CFCMC
with a thermodynamic equilibrium model, we resolve the temperature- and
pressure-dependent speciation and pH of the system. The model captures a
transition from nitrous to nitric species with increasing temperature and predicts
ionic distributions and pH shifts under varying NOx gas fluxes. This work
provides a transferable methodology to connect molecular simulations with chemical
speciation in reactive aqueous systems.
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5.1 Introduction

Investigating plasma-water systems presents significant challenges due to their
highly dynamic and coupled nature. Even for a fixed feed gas, power source,
system geometry, and initial liquid properties, the plasma and liquid continuously
evolve over time, influencing each other. This interplay makes experimental
diagnostics of plasma-water systems extremely challenging [4]. Computational
studies of plasma-water systems can provide valuable information by predicting
and analyzing the formation of reactive species in the gas-phase plasma and
its transport to the liquid phase [43–47, 50, 257]. Ideally, one would aim for a
comprehensive, time- and space-resolved model that couples gas-phase plasma
dynamics with liquid-phase chemistry. Such a model could predict the formation
of species in both phases and their dependence on system parameters such as
voltage, frequency, and waveform of the applied electrical power [4]. Achieving this
requires a multiscale computational platform, as contrasting regimes of physics and
chemistry hold on each side of the plasma-water interface. The classical behavior of
electrons dominates in the gas-phase plasma, whereas quantum effects govern the
interactions in the liquid phase. These two phases also have dramatically different
electron densities as well as characteristic length and time scales [258]. Common
computational approaches to plasma-water systems focus on a specific aspect of the
system under certain assumptions, often using continuum models [43–47, 50, 257].

In these models, liquid properties are treated implicitly, or phenomenological
parameters such as Henry coefficients are used to model the transport of species
into the aqueous phase. As such parameters are known only for a limited set of
species and conditions, the predictive power of continuum models of plasma-water
systems remains limited. Molecular simulations are a natural choice for computing
quantities such as solubility coefficients for plasma species.

In this work, we focus on modelling the absorption of nitric oxide (NO) and
nitrogen dioxide (NO2) into water using force field-based molecular simulations.
NO and NO2 are key species as part of the reactive nitrogen species (RNS) produced
in the gas phase plasma [259–263], which have biological significance [217, 218].

NO is a hydrophobic species with low solubility in water and is absorbed by
water without undergoing reactions. We therefore consider system (a) in Figure 5.1
where NO in the gas phase is in physical equilibrium with NO in the liquid phase.
We use Continuous Fractional Component Monte Carlo (CFCMC) simulations [94,
96, 97] to compute excess chemical potentials and consequently Henry coefficients of
NO at temperatures ranging from 273 K to 333 K. Furthermore, we use Molecular
Dynamics (MD) simulations to calculate the self-diffusion coefficients of NO in
water containing mole fractions of 0.005, 0.015, 0.025 NO at temperatures ranging
from 273 K to 333 K. We use our previously developed force field for NO (see
Chapter 4) in combination with the TIP3P force field [60] to compute Henry
coefficients and with the TIP4P/2005 [61] to calculate self-diffusion coefficients.
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 2NO2             N2O4     (R1) 

2NO2 + 2H2O            HNO2 + NO3- +  H3O+       (R2)             

HNO2 + H2O             NO2- +  H3O+                                      (R3)              

3HNO2             NO3- +  H3O+ + 2NO         (R4)              

Gas phase Absorption

 NO   

Gas phase

Aqueous phase

Absorption

 NO   

(a)

(b)

H2O

Aqueous phase

Figure 5.1: Schematic representation of (a) absorption of NO in water and
(b) absorption of NO2 and N2O4 in water with the subsequent equilibrium
reactions involved.
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By comparing the results with the experimental values [264–268] we reflect on
the verification and validity of our force field for NO in combination with the
TIP3P [60] and the TIP4P/2005 [61] force fields for water.

NO2 undergoes a dimerization reaction at ambient conditions and forms N2O4

in the gas phase. Furthermore, NO2 undergoes chemical reactions with water. We
consider system (b) in Figure 5.1 in which the dimerization reaction occurs in the
gas phase (i.e., reaction R1). NO2 and N2O4 are in physical equilibrium with their
counterparts in the aqueous phase. Upon absorption of NO2 in water, a hydrolysis
reaction occurs to form nitrous acid (HNO2) and nitric acid (HNO3) [269–273]
through reaction R2. Since HNO3 is a strong acid [274], we assume the complete
dissociation of HNO3 in water to give nitrate (NO−

3 ) and hydronium (H3O+) ions.
We incorporate the partial dissociation of HNO2 to form nitrite ions (NO−

2 ) and
H3O+ through reaction R3 because HNO2 is a relatively weak acid compared to
HNO3. HNO2 can also dissociate to form HNO3, H2O, and NO through reaction
R4.

Note that we do not include the evaporation of water into the gas phase, as we
study the system at temperatures in the range of 273 K to 333 K, which is well
below the boiling point of water. In addition, we do not include the dissociation
of NO2 to form NO and O2 in the gas phase, as this reaction is not favorable at
the temperatures and pressures we consider in this work [271, 275]. Since our
study focuses on the thermodynamic equilibrium of the system, transient species
such as N2O3 or its isomer ONONO [271] are not considered, as these species are
thermodynamically unstable.

We use CFCMC simulations [95–97] to compute the excess chemical potentials
and, consequently, the Henry coefficients of the species involved. We calculate
the isolated molecule partition functions of these species and therefore the
standard-state ideal gas chemical potential. Finally, using these data, we determine
the chemical composition (i.e., speciations) at a given gas-phase composition at
total gas pressures ranging from 10−7 kPa to 102 kPa and at temperatures ranging
from 273 K to 333 K using the CASpy chemical reaction equilibrium solver [68].
We provide information on how the properties of water are altered when a specific
flux of NO2 and N2O4 species reaches the interface.

The data generated in this chapter have potential applications in continuum
simulations of plasma-water systems, where data on plasma species is currently
limited. The impact of this chapter extends beyond plasma technology, as NOx
species play key roles in numerous chemical processes in both nature and industry.
Examples include atmospheric chemistry, where NOx species are produced by
lightning in air [276, 277], aerosol chemistry [278], gas separation and purification
processes in industrial applications [279].

The rest of the chapter is organized as follows. The methods are described
in Section 5.2. We discuss the results of the NO-water system (system (a) in
Figure 5.1) in Section 5.3.1 and those of the NO2-water system (system (b) in
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Figure 5.1) in Section 5.3.2. We compare our results with the available data in the
literature where possible. Finally, concluding remarks are presented in Section 5.4.

5.2 Methodology

5.2.1 Force Fields
In this work, all the species studied were modelled using all-atom classical
non-polarizable force fields. The Coulombic potential energy function is
considered for the electrostatic interactions, and the 12-6 Lennard-Jones (LJ)
potential energy function is considered for the van der Waals interactions. The
Lorentz-Berthelot [81] mixing rules were used for the vdW interactions of unlike
atoms. A cutoff radius of 12.5 Å was used for both the Lennard-Jones and
Coulombic interactions. The Ewald summation method [181, 182] was used to
treat long-range Coulombic interactions. The energies and pressures were corrected
with long-range tail corrections for the LJ interactions [54].

For NO, we used our previously developed force field (Saji FF) (see Chapter 4),
where NO is considered as a rigid molecule. The partial charges and the LJ
parameters are presented in Table C.8 of Appendix C. The force fields for NO2

and its dimer N2O4 were taken from the work of Bourasseau et al. [280]. NO2 is
treated as a rigid molecule. N2O4 is also treated as a rigid molecule except for
the torsion about the N−N bond [241]. The torsion potential coefficients, partial
charges, and the LJ parameters are provided in Tables C.1 and C.2 of Appendix
C, respectively. For H3O+ ions, the force field developed by Noroozi et al. [281]
was used where the H3O+ is considered to be a rigid ion.

The parameters of the potential energy functions of H3O+ are provided in
Table C.3 of Appendix C. For HNO2, NO−

2 , and NO−
3 , the force fields developed

by Cordeiro et al. [282] are used. In the original work by Cordeiro et al. [282], the
bending potential energy functions of HNO2, NO−

2 , and NO−
3 are described using

the cosine-based angle potential function, which is of the form

Ebend(θ) =
1

2
kθ (cos(θ)− cos(θ0))

2
, (5.1)

where θ is the bond angle and kθ is the force constant. Since the software that
is used to perform the CFCMC simulations in this work (Brick-CFCMC [97–99])
does not support the above bending potential, the cosine-based angle potential
was fitted to the harmonic angle potential, which is of the form

Ebend(θ) =
1

2
k (θ − θ0)

2
, (5.2)

where θ is the bond angle and k is the force constant of the harmonic angle
potential. The force constant in the harmonic potential (k) is related to the force
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constant in the cosine-based potential (kθ)

k = kθ sin2(θ0). (5.3)

The parameters and coefficients of the potential energy functions of NO−
2 , NO−

3

and HNO2 are provided in Tables C.4 - C.7 of Appendix C. Figure C.10 of Appendix
C shows a comparison of the harmonic and cosine-based angle potential functions
for HNO2 molecule. At room temperature (300 K), the thermal energy (kBT ) is
approximately 2.5 kJ/mol. The deviation between the cosine-based potential and
its harmonic approximation becomes significant only at energies above 200 kJ/mol,
which corresponds to angular changes far larger than those sampled under thermal
fluctuations in our simulations. Therefore, within the energy range relevant to
our study, the harmonic approximation accurately reproduces the cosine-based
potential. We note that in the original force field for NO−

3 developed by Cordeiro et
al. [282], an improper dihedral term is defined with an equilibrium angle of 0°,
restricting the molecule to the planar geometry. In our simulations, the NO−

3

molecule is treated as a rigid body, which inherently fixes its internal geometry
including planarity. As a result, the explicit inclusion of an improper dihedral
term becomes redundant and is therefore neglected in our simulations.

The two water models used in this chapter are the TIP3P [60] and
TIP4P/2005 [61] models. In Chapter 3, we showed that the TIP3P could predict
the solubility of H2O2 molecule, which is also a plasma species, and the TIP4P/2005
could predict the self-diffusion coefficients of H2O2 molecule in good agreement
with the experimental values. We therefore used the TIP3P water model to
calculate the Henry coefficients and the TIP4P/2005 to study the diffusion of NO
in water. The interaction of all solutes with water in the NO2-water system is
modelled using the TIP3P water model.

5.2.2 MD Simulations
Molecular Dynamics (MD) simulations were performed using the open-source
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [283].
The equations of motion are integrated with the Velocity-Verlet [54] algorithm,
with a time step of 2 fs. Each system contained 1000 molecules in a simulation
box of length 31 Å. The system is energy minimized using the conjugate
gradient algorithm [284], which is then followed by equilibration in the NPT
ensemble for 10 ns. This is followed by an equilibration in the constant
number of atoms/molecules, volume and temperature (NVT) ensemble for 5 ns.
The production runs of 20 ns in the NVT ensemble were used to calculate
thermodynamic properties such as viscosities and self-diffusivities using the
OCTP [109] plugin in LAMMPS. The Nosé-Hoover thermostat [54, 188, 285]
(with a coupling constant of 0.1 ps) and barostat (coupling constant of 1 ps) are
used to keep the temperatures and pressure constant. Periodic boundary conditions
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were applied in all directions. The SHAKE algorithm is used to constrain the NO
bond.

The self-diffusion coefficient (DMD) is calculated from the mean-squared
displacement of all molecules of species of interest [109]

DMD = lim
t→∞

1

2t

1

3Ni

〈
Ni∑
j=1

(rj,i(t)− rj,i(0))2
〉

(5.4)

where t is the correlation time, Ni is the number of molecules of species i, and rj,i
is the position vector of jth molecule of species i. The viscosities are calculated
from the auto-correlation function of all the components of the traceless stress
tensor (see Equation 2.67) [109]. The self-diffusion coefficients were corrected for
finite-size effects with the Yeh-Hummer equation (see Equation 2.66) [85, 108]

D = DMD +
kBTξ

6πηL
. (5.5)

Three independent simulation runs were performed to obtain statistics, where
each production run is divided into 2 blocks, giving 6 independent production
blocks in total. The error bars are computed from the standard deviation of the 6
independent production blocks.

5.2.3 MC Simulations

Continuous Fractional Component Monte Carlo (CFCMC) simulations [95–97]
using the open-source Brick-CFCMC software [97–99] were performed in the
constant number of atoms/molecules, pressure and temperature (NPT) ensemble.
In CFCMC simulations, fractional molecules (compared to the “whole” molecules)
are introduced within the simulation system. The interactions of these fractional
molecules are scaled using a continuous coupling parameter λ, the value of which
ranges from 0 to 1. λ = 0 corresponds to the fractional molecule that acts as an
ideal gas molecule and has no interactions with the other molecules of the system.
λ = 1 means the fractional molecule is a whole molecule and has full interactions
with the other molecules in the system. To ensure a flat observed probability
distribution of λ, a bias is introduced using the Wang-Landau algorithm [101].
This biases the coupling parameter λ with a weight function W (λ), thus ensuring
the sampling issues due to energy barriers in λ space are not encountered. We used
100 bins to obtain a histogram for λ values and their probability of occurrence
p(λ). The Boltzmann average of an observable (A) is calculated using [100]

⟨A⟩ = ⟨A exp[−W (λ)]⟩biased

⟨exp[−W (λ)]⟩biased
. (5.6)
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The excess chemical potential (µex) is the difference between the total chemical
potential and the ideal gas chemical potential of a molecule (see Chapter 3). For
small and/or weakly polar molecules, such as NO, NO2, N2O4 and H2O, µex can
be calculated from the ratio of the Boltzmann sampled probability distribution,
p(λ) at λ = 0 and λ = 1.

µex
i = −kBT ln

[
p(λ = 1)

p(λ = 0)

]
. (5.7)

Here, kB is the Boltzmann constant and T is the absolute temperature. For large
and/or strongly polar molecules, such as NO−

2 , NO−
3 and H3O+, W (λ) can be large

(> 100 kBT ), making it difficult to obtain a flat observed probability distribution
of λ, resulting in large uncertainties while computing µex

i using Equation 5.7.
Thermodynamic integration is a viable alternative to compute µex of large and/or
strongly polar molecules as it does not require sampling of the full λ space with
equal probability [98]. Instead, values of

〈
∂U
∂λ

〉
are computed from a series of

independent simulations at different fixed values of λ for λ ∈ [0, 1]. Here, U is the
total potential energy of the system. µex is then computed by integrating

〈
∂U
∂λ

〉
µex
i =

ˆ 1

0

〈
∂U

∂λ

〉
dλ. (5.8)

We note that thermodynamic integration is computationally more expensive than
CFCMC simulations to compute µex. Therefore, we only use the thermodynamic
integration method to compute µex of large and/or strongly polar species. As
shown by Polat et al. [98], both methods produce statistically equivalent results
for small and neutral species. Consequently, for such systems we use CFCMC to
calculate µex with accuracy comparable to thermodynamic integration but at a
significantly reduced computational cost. To maintain charge neutrality of the
system, ionic species (an anion and a cation) are combined to form a fractional
group [68, 99] such that the total charge within the fractional group is zero.

The Henry volatility coefficient (Kpx
v ) in units of [Pa] is obtained from the

excess chemical potential using [107]

Kpx
v = ρ kBT exp

[
µex,∞

kBT

]
, (5.9)

where ρ is the number density of the solvent. The Henry coefficient (Hcp
s ) in units

of [mol/m3 Pa] is obtained using the following conversion: Hcp
s ≈ ρH2O

MH2OKpx
v

in
which ρH2O is the density of water, and MH2O is the molar mass of water [52].
The Henry coefficient (Hcp

s ) will have SI units only if ρ, kB, T , and M are in SI
units.

For Henry coefficient calculations, 5× 106 equilibration cycles were performed.
5 independent production runs of 3×106 cycles were performed to obtain statistics.
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Note that one cycle refers to N number of trial moves, where N is the total number
of molecules. The error bars were calculated from the standard deviation of the 5
independent production runs.

5.2.4 Calculating Speciations

In this section, we describe the procedure by which we calculate the mole fraction
of H2O, NO2, NO−

2 , N2O4, HNO2, NO−
3 , H3O+, and NO in the aqueous phase for

the NO2-water system.
The equilibrium constant of the dimerization reaction R1 in the gas phase is

defined as Kp =

[
PN2O4

P0

P 2
NO2

]
, wherein PNO2 and PN2O4 are the partial pressures

of NO2 and N2O4, respectively. P0 = ρ0 kB T , where ρ0 is the reference number
density taken as 1 molecule Å−3. In Appendix C, we show that Kp can be written
as follows

Kp = exp

[
µ0

N2O4
− 2µ0

NO2

−RT

]
, (5.10)

where µ0
N2O4

and µ0
NO2

are standard state ideal gas chemical potential of N2O4

and NO2 molecules. R is the ideal gas constant. The composition of the gas phase
for a particular total gas pressure (Ptotal) and temperature (T ) can be calculated
using the following relation

N2
N2O4

+NN2O4
NNO2

−
N2

NO2
V0PtotalKp

kBT
= 0, (5.11)

where NN2O4
and NNO2

are the number of molecules of N2O4 and NO2, in the gas
phase, respectively. V0 equals 1 Å3. The derivation of Equation 5.11 is presented
in Appendix C. The composition of the gas phase at total gas pressures ranging
from 10−7 kPa to 102 kPa and different temperatures (273, 298, 313, and 333 K)
is listed in Table C.10 of Appendix C. These values are in good agreement with
reported values in the literature [241, 286].

We calculate the mole fraction of the six species in the aqueous phase such that
the conservation of total charge and mass is satisfied via the following relations,
whose derivations are provided in Appendix C,

NH2O + 2NNO−
3
−NNO +NNO−

2
= 0,

NNO−
3
− 2NNO −NHNO2

−NNO−
2

= 0,

NNO−
3
+NNO−

2
−NH3O+ = 0, (5.12)

and the equilibrium of the reactions R2 - R4 (see Figure 5.1) is attained via the
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following relation
Nspecies∑

i=1

νi,jµi = 0, (5.13)

where Ni indicates the number of a particular species i, Nspecies is the total number
of species involved (solutes and solvent) involved in the chemical reaction j, νi,j
is the stoichiometric coefficient of the species i in the reaction j, and µi is the
chemical potential of the species i. Note that the stoichiometric coefficients of
the reaction products are considered positive, whereas those of the reactants are
considered negative. We added a new functionality to the CASpy solver that
allows users to define an arbitrary constraint for mass balances.

The chemical potential of a solute i, µi, using the ideal gas reference state, as
used in Brick-CFCMC [68, 99], is

µi = µ0
i +RT ln

[
ρi
ρ0

]
+ µex

i , (5.14)

where µ0
i is the standard state ideal gas chemical potential of solute i, as defined in

the Brick-CFCMC software [68, 99], R is the ideal gas constant, T is the absolute
temperature, ρi is the number density of solute i, ρ0 is the reference number
density, taken as 1 molecule Å−3. µex

i is the excess chemical potential of the solute
i in the solvent, which is computed using Equations 5.7 or 5.8.

The chemical potential of the solvent (µs), as used in Brick-CFCMC [68, 99],
is calculated using the ideal gas reference state

µs = µ0
s +RT ln

[
ρpure

ρ0

]
+ µex

s −RT

[
1−Xs

Xs

]
, (5.15)

where µ0
s is the standard state ideal gas chemical potential of the solvent, ρpure

is the number density of the pure solvent, Xs is the mole fraction of the solvent
in the solution, and µex

s is the excess chemical potential of the solvent, which is
computed using Equation 5.7. The fourth term, RT

[
1−Xs
Xs

]
, originates from the

Gibbs-Duhem equation [287]. The value of this term is small as the mole fraction
of the solvent (Xs) is close to unity.

By substituting Equations 5.14 and 5.15 in Equation 5.13, and with some
rearrangement, the following relation is obtained for each reaction j [68]

Nspecies∏
i=1

X
νi,j
i = exp

−Nspecies∑
i=1

νi,j(µ
0
i + µex

i )

RT

×

exp

[
−νs,j ln

(
ρpure

ρ0

)]
×

exp

[
νs,j

(
1−Xs

Xs

)][
V ρ0∑Nspecies

i=1 Ni

]νtot-s, j

X
νs,j
s ,

(5.16)
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where νs,j is the stoichiometric coefficient of the solvent in reaction j, Ni is the
number of molecules of species i, and νtot-s,j is the sum of stoichiometric coefficients
of the solutes (all species except solvent) involved in reaction j. The left-hand side
of Equation 5.16 is the equilibrium constant of reaction j, Kj . The value of Kj

can be exponentially large or exponentially small, therefore its natural logarithm
ln[K] is often reported in the literature.

Equations 5.12 and 5.16 are solved using an iterative procedure which is
implemented in the open-source Python solver, CASpy [68]. To estimate the
uncertainties of the ln[K] and mole fractions of species, we performed an
error-propagation analysis based on Monte Carlo sampling. For each of the
eight species, values of µex were selected from Gaussian distributions whose means
and standard deviations were taken from the computed values of µex (see Table 5.3).
These sampled values of µex were used as input to CASpy, which then computed
the corresponding ln[K] and mole fraction of species. A total of 20,000 Monte
Carlo samples were generated. The resulting probability distribution of ln[K]
and mole fractions of species were binned into histograms, to which Gaussian
functions were fitted. The means and standard deviations obtained from these
fitted Gaussian distributions were taken as the final uncertainties in ln[K] and
mole fractions of species. This procedure was repeated for all four temperatures
(273, 298, 313, and 333 K) in this chapter. The probability distributions as a
function of ln[K] and mole fraction of species at 273 K at a total gas pressure
of 101 kPa are shown as histograms in Figures C.14 and C.15 of Appendix C,
respectively. The corresponding fits to a Gaussian distribution are also shown.
The means and standard deviations of the mole fractions of species obtained using
error propagation analysis at 273 K and at a total gas pressure of 101 kPa are
listed in Table C.17 of Appendix C.

The standard state ideal gas chemical potential, µ0
i , is calculated using the

isolated molecule partition function (qtotal) of the species i using the relation

µ0
i = −kBT ln

[
qV0
Λ3

]
, (5.17)

where q is the isolated molecule partition function of the system excluding the
translation partition function, qtotal = qV0

Λ3 where Λ is the thermal de Broglie
wavelength of the species and V0 = 1 Å3 is a reference state for the translational
part of the isolated molecule partition function in Brick-CFCMC software. The
isolated molecule partition function is described extensively in Chapter 2 and in
Refs. [68, 99]. The required inputs to calculate the isolated molecule partition
function of H2O, NO−

2 , NO−
3 , HNO2, and H3O+ are obtained from the JANAF

tables [247] and the NIST database [288], and are presented in Table C.9 of
Appendix C. To calculate the electronic contribution to the isolated molecule
partition function of each species, atomization energy of that species is required.
The atomization energy of the nitrate ions (D0,NO−

3
) is not readily available and
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Table 5.1: Correlation function for the isolated molecule partition function
ln
[
qV0

Λ3

]
in the form of A

T + B for H2O, NO−
2 , NO−

3 , HNO2, and H3O+.
Here T is the temperature, and A and B are constants. The input data for
calculating the isolated molecule partition function are obtained from the
JANAF tables [247] and the NIST database [288], and are listed in Table C.9
of Appendix C.

H2O NO−
2 NO−

3 HNO2 H3O+

A 109485.30 157645.91 171511.92 149658.54 36727.67

B 11.11 15.35 17.66 18.36 11.57

is calculated using the following equation

D0,NO−
3
= D0,NO3

+ E.A(NO3), (5.18)

where D0,NO3
and E.A(NO3) are the atomization energy and electron affinity of

NO3 molecules, respectively. E.A(NO3) is taken as 3.09 eV [289]. We calculated
the value of ln

[
qV0

Λ3

]
as a function of temperature by writing it in the form of

A
T + B. The values of parameters A and B for H2O, NO−

2 , NO−
3 , HNO2, and

H3O+ are listed in Table 5.1. For NO species, the isolated molecule partition
function is calculated using the parameters A and B provided in Chapter 4. For
NO2 and N2O4 the parameters A and B provided by Lasala et al. [241] are used.
The values of the standard-state ideal gas chemical potential, µ0, for H2O, NO2,
N2O4, HNO2, NO−

2 , NO−
3 , H3O+, and NO at 273 K, 298 K, 313 K, and 333 K

are listed in Table 5.2.

5.3 Results and Discussion

5.3.1 NO - water

Self-diffusion coefficients

The self-diffusion coefficients of NO for three different mole fractions of NO in water
(0.005, 0.015, 0.025) at temperatures ranging from 273−333 K, were computed and
are shown in Figure 5.2. DNO increases with temperature for all the concentrations
of NO. At a given temperature, values of DNO for different concentrations of NO
are close to each other (average difference of 4%). The computed values of DNO
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Table 5.2: Values of the standard state ideal gas chemical potential, µ0(as
defined in the Brick-CFCMC software [68, 99]), in units of [kJ/mol] for the
species studied in this work for different temperatures. The calculated values
of µ0 are in agreement with available literature data (µ0

H3O+, 313 K = -338.21
kJ/mol [68]) within the chemical accuracy. These values are obtained using
the input data presented in Table C.9 of Appendix C.

T/[K] H2O NO2 N2O4 HNO2 NO−
2 NO−

3 H3O+ NO

273 -935.51 -959.95 -1953.21 -1286.02 -1345.23 -1465.89 -331.63 -652.41

298 -937.79 -963.36 -1958.03 -1289.79 -1348.72 -1469.72 -334.02 -654.75

313 -939.18 -965.40 -1960.93 -1292.09 -1350.84 -1472.05 -335.47 -656.15

333 -941.06 -968.13 -1964.79 -1295.20 -1353.70 -1475.21 -337.44 -658.02

are in excellent agreement with experimental values (Malinski et al. [266] at 298 K
and Zacharia & Deen [265] at 310 K). The self-diffusion coefficients of water for
these systems for the temperature range of 273 K - 333 K are shown in Figure C.8
of Appendix C, and are in good agreement with the self-diffusion coefficients
of TIP4P/2005 water model. The viscosities of NO-water systems at different
temperatures are given in Figure C.9 of Appendix C. The systems with different
mole fractions of NO have comparable viscosities as TIP4P/2005 water model for
the temperature range of 273 K - 333 K.

Henry coefficients

The computed values of µex of NO for the temperature range 273 K - 333 K are listed
in Table 5.3. Henry coefficients for NO (calculated from µex) for the temperature
range 273 K to 333 K are shown in Figure 5.3. The Henry coefficients for NO
(HNO) decreases from 1.7 ×10−5 mol/m3 Pa at 273 K to 1.45 ×10−5 mol/m3 Pa at
298 K and remains approximately constant from 298 K to 333 K. The experimental
values of HNO at 298 K from the work of Zacharia and William [265], Zafiriou
and McFarland [267], and Komiyama and Inoue [268], are also shown in the figure.
The computed HNO at 298 K is within the range of the reported experimental
values.

From the above results, we conclude that the force field which we developed
for NO in Chapter 4, combined with the TIP4P/2005 [61] and TIP3P water
models [60] predicts the thermodynamic properties of NO in water in excellent
agreement with experimental values. The computed values of µex of NO are used
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Figure 5.2: Self-diffusion coefficients of NO in NO-water systems for different
mole fractions of NO (XNO) in water (XNO = 0.005, 0.015, 0.025) at different
temperatures using the Saji et al. force field model (see Chapter 4) and the
TIP4P/2005 [61] water model. Error bars are estimated based on the standard
deviation of 6 production blocks, and are much smaller than the symbols used in
the figure. The experimental self-diffusion coefficients obtained from the work
of Wise & Houghton [264], Zacharia & Deen [265], and Malinski et al. [266]
are shown in black symbols.

in the next section for calculating the solubility of NO2 in water and its speciation.

5.3.2 NO2 - water

The values of µex for H2O, NO2, N2O4, HNO2, NO−
3 + H3O+, and NO at 273 K,

298 K, 313 K, and 333 K are presented in Table 5.3. Note that µex of NO−
3 + H3O+

is calculated in a single simulation taking NO−
3 and H3O+ as a single fractional

group to maintain charge neutrality. The µex of NO−
2 + H3O+ is not calculated

because the equilibrium constant required for the reaction R3 was taken from [290].
µex of all species increases with increasing temperature. NO and NO2 have positive
values of µex while all other species have negative values of µex. This indicates that
NO and NO2 are less hydrophilic compared to other species present in the system.
The values of the Henry coefficients, Hcp

s , for H2O, NO2, N2O4, HNO2, and NO at
different temperatures are presented in Table 5.4. A higher value of Hcp

s indicates
a higher solubility in water and therefore a higher hydrophilicity of the species.
Species that are more hydrophilic (more negative values of µex) have a higher
value of Hcp

s . The computed value of Hcp
s for NO2 differs by a factor of 2 to 3
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Figure 5.3: Henry coefficients for NO in water for temperatures ranging from
273 K to 333 K using the Saji et al. force field (see Chapter 4) and TIP3P
water model [60]. Error bars are estimated based on the standard deviation
of 5 independent production runs. Experimental Henry coefficient of NO in
water at 298 K is added for comparison [265, 267, 268].

Table 5.3: Computed values of µex for the species studied in this work
using the TIP3P water model [60] for different temperatures in units of
kJ/mol. The standard deviations are given in subscripts. The computed
values of µex are in agreement with available literature data (µex

H2O,298 K =
-26.11 kJ/mol [281]). Note that the µex of NO−

3 + H3O+ is computed from 3
independent simulations taking NO−

3 and H3O+ as a single fractional group
to maintain charge neutrality. µex of NO−

2 + H3O+ is not computed as the
equilibrium constant required for the reaction HNO2(aq)+H2O(l) ⇌ NO−

2 (aq)+
H3O+

(aq) were taken from Ref [290].

T/[K] H2O NO2 N2O4 HNO2 NO−
3 + H3O+ NO

273 -26.970.07 4.980.06 -6.20.1 -16.00.2 -751.20.1 7.430.09

298 -25.660.09 6.170.08 -5.30.1 -14.90.3 -745.00.2 8.290.05

313 -24.910.05 6.680.04 -4.50.1 -14.20.2 -740.70.2 8.660.03

333 -23.990.04 7.300.06 -3.20.1 -13.60.1 -735.90.2 9.030.04
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Table 5.4: Computed values of Henry coefficients (Hcp
s ) in units of

mol/(m3 Pa) for the species studied in this work using the TIP3P water
model [60] for different temperatures. The standard deviations are given in
subscripts.

T/[K] H2O / [101] NO2 / [10−5] N2O4 / [10−3] HNO2 / [10−1] NO/ [10−5]

273 6.20.2 4.90.1 8.71 5.10.4 1.700.07

298 1.260.04 3.430.07 3.20.3 1.70.2 1.450.03

313 0.560.02 3.050.06 2.20.3 0.930.07 1.440.02

333 0.220.003 2.750.06 1.260.06 0.510.02 1.480.02

Table 5.5: Values of ln[K] for reactions R2, R3, and R4 at different
temperatures. Note that ln[K] for reactions R2 and R4 were computed using
CASpy while for reaction R3, the values of ln[K] were taken from [290]. The
evaluation of the uncertainties in ln[K] for reactions R2 and R4 is discussed
in Section 5.2.4.

ln[K] 273 K 298 K 313 K 333 K

R2 3.70.1 1.40.2 0.00.1 -1.380.08

R3 -11.986 -11.599 -11.396 -11.154

R4 -26.30.3 -25.90.4 -25.70.2 -25.40.1
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Figure 5.4: The mole fractions of species in the aqueous phase as a function
of total gas pressure (Ptotal) at 298 K.
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Figure 5.5: The mole fractions of species in the aqueous phase as a function
of temperature at total gas pressure (Ptotal) of 10−6 kPa.
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Figure 5.6: The mole fractions of species in the aqueous phase as a function
of temperature at total gas pressure (Ptotal) of 102 kPa.
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Figure 5.7: The sum of the mole fractions of nitrogen-containing species
in the aqueous phase (XN-total) as a function of total gas pressure (Ptotal) at
273 K, 298 K, 313 K and 333 K.
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compared to the existing experimental values (6.9 ×10−5 - 1.2 ×10−4 mol/m3 Pa
at 298 K) [268, 291, 292], while that of HNO2 also differs by a factor of 2 − 3
with experimental values (3.7 ×10−1 - 4.8 ×10−1 mol/m3 Pa at 298 K) [293–295].
The value of Hcp

s of N2O4 is lower than the experimental values [268, 296] by an
order of magnitude (1.4 ×10−3 - 3.1 ×10−3 mol/m3 Pa at 298 K). It should be
noted that experimental measurement of Hcp

s for species that react with water is
inherently difficult, as gas-liquid systems may not be maintained at equilibrium
during measurement [294].

The values of ln[K] of the reactions R2 and R4 at 273, 298, 313, and 333 K
are calculated using the procedure described in Section 5.2.4 and are presented in
Table 5.5. Since the HNO2 dissociation to form nitrite and hydronium ions is well
studied and documented, we calculated the value of ln[K] for reaction R3 using
the reported value of pKa in literature, where pKa is the negative logarithm to
the base ten of the acid dissociation constant (Ka). We used a value of 3.29 [269]
for the pKa of HNO2. The relation between ln[K] and pKa is

ln[K] = −ln[10] pKa − ln[55.55]. (5.19)

The derivation of Equation 5.19 is presented in Appendix C. The values of ln[K]
of reactions R3 and R4 increase with increasing temperature, indicating more
formation of reaction products with increasing temperature. The value of ln[K]
of reaction R2 decreases with increasing temperature, leading to lower formation
of reaction products with increasing temperature. This shows that reaction R2
is an exothermic reaction, which is in agreement with existing experimental and
computational works [271, 273].

The gas phase equilibrium constant (Kp) determines the gas phase composition
of the system. The number of NO2 and N2O4 molecules in the gas phase as a
function of total gas pressure (Ptotal) and temperature (T ) are calculated using
Equation 5.11, and are presented in Table C.10 of Appendix C. Note that the
total gas pressure (Ptotal) in our system is the sum of the partial pressures of
NO2 (PNO2

) and N2O4 (PN2O4
). For a given Ptotal, the concentration of NO2 in

the gas phase increases and the dimer concentration decreases with increasing
temperature. In contrast, increasing Ptotal at a given temperature leads to a higher
dimer concentration and a lower concentration of NO2.

The speciations in the aqueous phase of the system are determined by the
composition of the gas phase and the values of ln[K] of the reactions in the aqueous
phase. The speciations in the aqueous phase of the system at different pressures
and temperatures are presented in Figures 5.4, 5.5, and 5.6.

The mole fractions of the species as a function of Ptotal at 298 K are shown
in Figure 5.4. The mole fractions of the species as a function of Ptotal at 273 K,
313 K and 333 K are presented in Figures C.11, C.11 and C.11 of Appendix C,
respectively. The mole fractions of the species are also listed in Tables C.11 - C.14
of Appendix C. The aqueous concentrations of all species, except water, increase
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by increasing Ptotal from 10−7 to 102 kPa. The concentration of water decreases
with increasing Ptotal as the increase of the concentration of NO2 in the system
leads to the equilibrium of reaction R2 being shifted further towards the reaction
products, and therefore a lower concentration of water. Nitrate (NO−

3 ) and nitrite
(NO−

2 ) ions have similar concentrations until 10−3 kPa, after which the difference in
concentrations increases with increasing pressure. The concentration of hydronium
ions (H3O+) is equal to the sum of the concentrations of NO−

3 and NO−
2 to satisfy

the charge neutrality of the system. The concentration of nitrous acid (HNO2)
has a steady increase with Ptotal. The concentration of nitric oxide (NO) also
has a steady increase with Ptotal until 10−2 kPa, after which the increase in the
concentration tapers off.

The equilibrium of reaction R4 is shifted to the reactant side as the value
of ln[K] for reaction R4 is much negative (values of ln[K] range from -26.26 at
273 K to -25.41 at 333 K). This is in agreement with the work of Menezes &
Popowicz [271] who reported that the dissociation reaction of HNO2 to form NO−

3 ,
H3O+ and NO, is not thermodynamically favorable below 400 K.

The pH of the system decreases with increasing pressure as a result of the
increase in the presence of nitric and nitrous acids. Figures 5.5 and 5.6 show the
mole fractions of species in the aqueous phase as a function of temperature at
a total gas pressure (Ptotal) of 10−6 kPa and 102 kPa, respectively. The data is
listed in Tables C.15 and C.16 of Appendix C. The concentrations of the species
in the aqueous phase decrease with increasing temperature, except for water. The
concentration of water increases because with increasing temperature, the ln[K] of
reaction R2 decreases, indicating a shift in the reaction equilibrium to the reactant
side.

A shift of the equilibrium reaction of R2 towards the reactant side should
translate to more NO2 concentration in the aqueous phase. The decreasing
solubility of nitrogen dioxide with increasing temperature leads to an overall
decrease in the aqueous concentration of the species with temperature, especially
at lower values of Ptotal (< 10 kPa). At higher Ptotal (≥ 10 kPa), there is an
increased presence of NO2 dimers (N2O4) in the solution (as also reported in
experimental works [291]), which tend to dissociate with increasing temperature,
therefore increasing the NO2 aqueous concentration with increasing temperature
(see Table C.16 of Appendix C). The concentration of nitrite ions increases with
temperature at Ptotal greater than 0.1 kPa.

The ratio between the mole fractions of NO−
2 and HNO2 in the aqueous phase,

X
NO−

2

XHNO2
, depends on the values of ln[K] of reaction R3. ln[K] of reaction R3

becomes more positive with increasing temperature. Therefore, it is expected to

have an increase in
X

NO−
2

XHNO2
with increasing temperature.

X
NO−

2

XHNO2
increases from

3.75×101 at 273 K to 1.06×102 at 298 K for Ptotal of 10−6 kPa. However, by
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increasing pressure to 102 kPa,
X

NO−
2

XHNO2
only increases from 3.83×10−3 at 273 K to

8.07×10−3 at 298 K. This is because the equilibrium of reaction R2 shifts towards
the reaction products with an increase in the pressure (more NO2 concentration),
leading to a higher mole fraction of HNO2. Figure 5.7 shows the total nitrogen
content (XN-total) present in the system as a function of the total pressure for four
different temperatures. XN-total increases with increasing pressure and decreases
with increasing temperature.

We would like to emphasize the importance of accurate data for parameters
such as the atomization energy (D0) of the species. The atomization energy of a
species contributes considerably to the determination of the chemical equilibrium
of the reaction. The chemical accuracy of ab initio calculations, which are used
to determine the value of D0 of species, is 4.184 kJ/mol [297]. This variance
in the atomization energy contributes to differences in the reaction equilibrium
constant. For example, we varied the atomization energy of NO within the chemical
precision, and we found that ln[K] is different by 3.2 ln[K] points for reaction
R4. The different values of atomization energies that are used in different studies
ultimately lead to different results. Another important parameter is the value of
the electron affinity of NO3, which is used to calculate the atomization energy
of NO−

3 . Although we have used a value of 3.09 eV, the reported values in the
literature vary from 2.48 eV [289] to 3.94 eV [298]. Therefore, depending on the
values of the atomization energies and electron affinities of the species, the reaction
equilibrium could shift towards reactants or the reaction products.

5.4 Conclusions

We studied the interaction of NO and NO2 with water. NO was modelled using the
Saji FF, and the thermodynamic properties were computed using MD and CFCMC
simulations. The self-diffusion coefficients of NO in water were calculated in water
containing mole fractions of 0.005, 0.015, and 0.025 NO at temperatures ranging
from 273 K - 333 K. The values of self-diffusion coefficients are in good agreement
with the experimental values. The Henry coefficient of NO was computed for
temperatures ranging from 273 K - 333 K. Experimental values are only available
at 298 K, and the computed Henry coefficient at 298 K is in agreement with
the experimental ones. The interaction of NO2 in water is characterized by
the initial hydrolysis of NO2 to form nitrous and nitric acids, the subsequent
ionization reaction of nitrous acid to form nitrate and hydronium ions and the
disproportionation reaction of nitrous acid to form nitric acid, nitric oxide and
water. We modified the CASpy solver, a chemical reaction equilibrium solver,
to handle arbitrary constraints in chemical reaction equilibria, to study this
interaction. The values of µex of the species involved in the reactions are required
as input in CASpy, and were computed using CFCMC simulations. Since NO2
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dimerizes to form N2O4, the gas phase composition at different pressures and
temperatures must be calculated using the gas phase equilibrium constant. The
calculation shows that the concentration of N2O4 in the gas phase increases with
increasing pressure and decreases with increasing temperature. The equilibrium
of reaction for the hydrolysis of NO2 in water shifts to the reactant side with an
increase in temperature, indicating that this reaction is an exothermic reaction.
The composition in the aqueous phase as a function of pressure is computed.
All species except water have an increase in their aqueous concentrations with
increasing pressure, while that of water decreases. The pH of the system decreases
with increasing pressure as the amount of nitrous and nitric acids increases.
The speciations as a function of temperature are also computed. The aqueous
concentrations of all species other than water decrease with increasing temperature.
At higher pressures, the concentrations of NO2 and NO−

2 also increases with
increasing temperature. The ratio between the aqueous mole fractions of NO−

2

and HNO2 increases with increasing temperature as the equilibrium of reaction
R3 shifts towards the reaction products with an increase in temperature. We also
discussed the importance of accurate data for parameters such as the atomization
energy for calculating the reaction equilibrium.
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This chapter is based on the following publication: T. H. G. Saji, T. J.
H. Vlugt, S. Calero and B. Bagheri, Predicting Absorption and Diffusion of
Plasma-Generated O(3P), O(1D), and Other RONS in Aqueous Environments
Using Molecular Simulations, Journal of Physical Chemistry B, 130, 4792 (2026).
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Overview

We study the interactions of plasma-generated Reactive Oxygen and Nitrogen
Species (RONS) with water due to their importance for applications in health
and agriculture. Atomic oxygen, a key RONS, is produced by plasma in both
its triplet ground state, O(3P) and its singlet excited state, O(1D). Experimental
studies indicate that when plasma interacts with water, atomic oxygen can
remain sufficiently stable to enter the aqueous phase. Recent measurements
show that ground-state oxygen atoms can persist for tens of microseconds
and penetrate hundreds of micrometres into the aqueous phase. However,
quantitative data on the solubility and diffusion of atomic oxygen remain scarce.
This is likely due to limitations in experimental diagnostics and the challenges
that the complex electronic structure of atomic oxygen presents to modelling
approaches. To overcome these challenges, we developed state-specific force
fields to model the interactions of O(3P) and O(1D) with water to account for
quantum-state-dependent interactions. Using these force fields, we provide the
first estimates of temperature- and quantum-state-dependent self-diffusion and
Henry coefficients of atomic oxygen in aqueous environments. Building upon these
results, we propose a general framework to estimate the solubility and diffusion
of other plasma-generated charge-neutral RONS in water by representing each
species as a charge-neutral Lennard-Jones particle. The influence of particle
size, solute-solvent interaction strength, and temperature on the transport and
thermodynamic properties of RONS was systematically investigated. This approach
enables the estimation of the Henry coefficients and the diffusion coefficients of
RONS in water based on particle size, solute-solvent interactions, and temperature.
These estimates provide key parameters for device-level plasma-liquid simulations
and offer molecular-scale insight for interpreting experimental findings.
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6.1 Introduction

Plasma-liquid interactions have become an active research area due to their
central role in applications spanning health care, agriculture, and environmental
remediation [4, 299]. Electric gas discharge plasmas generated in N2- or
O2-containing gas mixtures produce a rich cocktail of reactive oxygen and nitrogen
species (RONS), including hydrogen peroxide (H2O2), hydroxyl radical (OH•),
hydroperoxyl radical (HO•

2), atomic oxygen (O•), molecular oxygen in the singlet
delta state O2(1∆g), nitrous acid (HNO2), nitric acid (HNO3), nitric oxide
(NO•), nitrogen dioxide (NO•

2), dinitrogen tetroxide (N2O4), and many others [33].
Many of these species possess disinfective or nutritive properties [33, 300, 301].
Upon contact with a liquid, the reactivity carried by the gas-phase plasma is
transferred into the liquid phase, leading to a wide range of chemical pathways [302].
Experiments have shown that plasma-generated RONS exist in the aqueous
phase over a wide range of timescales. Short-lived radicals and excited species
persist for sub-microseconds, while more stable species survive for milliseconds
or longer [303, 304]. This makes plasma technology a promising tool for
sustainable agriculture and biomedical applications. In biomedicine, RONS can
be selectively delivered to tissues to treat chronic wounds, skin infections, and
certain cancers [34, 212, 305–307]. In agriculture, specific mixtures of RONS,
applied directly or dissolved in water, can act as fertilizers or pesticides to enhance
plant growth [219–221]. For these applications, controlling and quantifying the
composition of RONS in the aqueous phase is crucial.

The aqueous phase chemistry depends on multiple factors, including
the properties of the plasma device (e.g., feed gas composition and power
characteristics), the properties of the liquid phase, and environmental conditions
such as pressure and temperature [4]. Computational simulations at the
device-level [43–47, 50, 257] provide a complementary approach to predict the
composition of the aqueous phase, but the accuracy is limited by the scarcity
of essential data, such as reaction rates and solubility coefficients. Molecular
simulations offer a natural way to calculate these parameters for plasma-generated
species.

We have previously investigated the interactions of H2O2, NO•, NO•
2, N2O4,

HNO2, HNO3, NO−
2 , and NO−

3 with water and predicted their solubility coefficients
using molecular simulations [308–310]. In this work, we first focus on calculating the
solubility and diffusion of atomic oxygen (O•) in water. We then propose a general
approach to predict these properties for other plasma-generated charge-neutral
species. For convenience, the bullet used to indicate radicals is omitted in the
remainder of the chapter.

Plasma sources generate atomic oxygen in the ground triplet state, O(3P),
or the excited singlet state, O(1D) [311, 312]. Atomic oxygen has increasingly
been identified as a key player in plasma chemistry and in a range of biomedical
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applications [313–317]. Experiments have shown that atomic oxygen can persist
during transfer from the gas-phase plasma into the aqueous phase [306, 318, 319,
319]. Recently, Myers et al. [304] reported experimental measurements of the
Henry coefficient of ground-state oxygen atoms in water, concluding that oxygen
atoms persist for tens of microseconds in water and can penetrate hundreds of
micrometers into the aqueous phase [304]. The authors also estimated the diffusion
of ground-state oxygen atoms in water at 328 K using DFT-based molecular
dynamics simulations and indicated the presence of uncertainties in DFT-based
estimates [304]. The latter has motivated us to conduct a comprehensive and
systematic study of the transport and thermodynamic properties of atomic oxygen
in aqueous environments.

Accurate modeling of atomic oxygen in aqueous environments is a challenge
because of its complex electronic structure and open shell character. Atomic
oxygen has an electronic configuration of 1s2 2s2 2p4. It has fifteen microstates
associated with the quantum states 3P, 1D and 1S. Nine microstates correspond to
3P2,1,0, five correspond to 1D2, and one corresponds to 1S0. According to Hund’s
rules, the ground state is 3P2. Spin–orbit coupling lifts the degeneracy of the
triplet state, with the 3P1 and 3P0 levels lying approximately 1.89 kJ/mol, and
2.71 kJ/mol higher above the ground level, respectively. The 1D2 and 1S0 states lie
significantly higher, at about 189.82 kJ/mol and 404.25 kJ/mol above the ground
state [320–323].

Earlier theoretical and experimental research on atomic oxygen-water
interactions focused mainly on the possible formation of oxywater species as
structural isomers of hydrogen peroxide, H2O2 [160, 324–336]. Recent studies have
investigated the interaction between atomic oxygen and water in the context of
plasma-liquid systems. Yusupov et al. [337] used ReaxFF molecular dynamics
simulations and predicted the formation of two OH radicals by hydrogen abstraction
from water. Verlackt et al. [338] applied DFTB-based molecular dynamics to
singlet oxygen interacting with water and reported the formation of oxywater,
which remained stable for approximately 10 ps. Xu et al. [339] used DFT-based
molecular dynamics and identified oxywater as an intermediate in the reaction
between singlet oxygen and water, ultimately leading to the formation of H2O2.
Suijker & Bagheri [323] examined the interactions between atomic oxygen and a
single water molecule using high-level quantum mechanical calculations (at the
level of CASSCF and CCSD(T)) without spin-orbit corrections. The results show
that the 3P2, 3P1, and 3P0 triplet states split upon interaction with a water
molecule. The highest excited energy surface exhibits a fully repulsive character,
while the first and lowest-energy surfaces display shallow potential wells of about
1.37 kJ/mol and 2.41 kJ/mol below the total energy of a triplet oxygen atom and
a water molecule, which could be a numerical artifact. The five microstates of the
1D2 energy surface also split: four are repulsive (two of which remain degenerate),
while one exhibits an attractive potential well with a depth of approximately
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114-149 kJ/mol below the total energy of a singlet oxygen atom and a water
molecule. It was concluded that atomic oxygen and a single water molecule do
not form a stable complex on any of the triplet energy surfaces. Only on one
of the singlet energy surfaces does the interaction lead to the formation of an
oxywater species. The authors also investigated the transition of singlet oxywater
to hydrogen peroxide via a (1,2)-hydrogen shift and predicted the corresponding
reaction rates. Furthermore, the study showed that the singlet oxywater species
become more stable when an implicit solvent model of water was included in their
calculations [323].

Due to the high computational cost of ab initio quantum mechanical
calculations, we use force field-based molecular simulations to estimate the solubility
and diffusion of atomic oxygen in water. Several interaction pathways exist for
atomic oxygen and water. In this work, we focus on pathways that do not involve
chemical reactions, for which a force field description is appropriate. The force
field parameters that describe the interaction between atomic oxygen and water
molecules are extracted from the energy surfaces of Suijker & Bagheri [323] by
representing each energy surface with a 12-6 Lennard-Jones (L-J) potential. Using
these state-specific force fields, we are able to capture the dependence of the
oxygen-water interaction on the quantum state of atomic oxygen. To identify each
state and the corresponding force field parameter set, we adopt the C2v naming
convention used by Suijker & Bagheri [323] for convenience. In this scheme, the
ground triplet energy surface is labeled 3B1(1), the first excited triplet state is
3B2(1), and the second excited triplet state is 3A2(1). For the singlet energy
surfaces, 1A1(1) is excluded, as it involves a reactive interaction that leads to
oxywater formation. The other four excited singlet states are 1B1(1), 1B2(1),
1 A1(2), and 1 A2(1) with 1 A1(2) and 1 A2(1) being degenerate. A similar approach
was used by Du et al. [340], who developed state-specific force field parameters
for the OH radical interacting with water based on energy surfaces calculated for
different quantum states of the OH radical.

As discussed above for atomic oxygen, its interaction with water depends on
its quantum state and involves multiple energy surfaces. Similar considerations
may apply to other plasma-produced species that interact with water, as different
quantum states can give rise to distinct energy surfaces. The shape and depth
of these energy surfaces depend on the accuracy of the quantum mechanical
methods used. To obtain an overall understanding of the solubility and diffusion of
plasma-generated species, we model each species, whether a radical or a molecule, as
a charge-neutral particle. The interaction of this particle with water is represented
using a 12-6 L-J potential, in the same manner as applied to atomic oxygen. We
systematically vary the size of the particle and the strength of its interaction with
water and calculate the corresponding solubility and diffusion coefficients at three
different temperatures (300, 325 and 350 K). This approach allows us to estimate
how the solubility and diffusion of plasma species depend on the strength of the
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particle-water interaction, the particle size, and temperature.
The data generated in this work provide essential input for continuum-scale

simulations of plasma-liquid systems and aid the interpretation of experimental
results, where reliable transport and thermodynamic parameters for
plasma-generated RONS are scarce. The impact of this study extends beyond
plasma science and technology. This is due to the central role of RONS in numerous
natural and industrial chemical and physical processes, including atmospheric and
aerosol chemistry [341].

6.2 Methodology

6.2.1 Force Fields

Atomic Oxygen in water

In this work, we represent the interaction of O(3P) and O(1D) with H2O using

a 12-6 L-J potential, 4ϵij

[(
σij

rij

)12
−
(

σij

rij

)6]
, where σ represents the distance

at which the particle-particle interaction energy is zero, and ϵ represents the
depth of the potential well. The L-J parameters are determined by fitting this
functional form to the energy surfaces computed by Suijker & Bagheri, [323]
who calculated the potential energy curves for an oxygen atom approaching the
oxygen of a water molecule, starting at a distance of 10.0Å. The calculations
were performed using the Complete Active Space Self-Consistent Field method
with 10 active electrons in 8 orbitals, (10,8)CASSCF, followed by the strongly
contracted N-Electron Valence State Perturbation Theory (SC-NEVPT2) [342–
344]. The inclusion of SC-NEVPT2 introduces dynamical correlations to the
energies via perturbations. The correlation-consistent polarized valence triple-zeta,
cc-pVTZ, basis set of Dunning and coworkers [345, 346] was used. The molecular
complex has C2v symmetry at all positions of the potential energy curve. At each
position, the geometry of H2O was kept fixed, with all atoms constrained to lie
in one plane. All calculations were performed using the software ORCA [347]
version 5.0.4. The potential energy curves were compared to available results
in the literature. A detailed discussion of this comparison is provided in the
work by Suijker & Bagheri [323]. A discussion on advantages and limitations
of CASSCF, SC-NEVPT2, and other methods are well described in quantum
chemistry textbooks [348] and ORCA [347] manual. We note that, in this work,
the 12-6 L-J functional form is used to represent the interaction of O(3P) or O(1D)
with H2O on the potential energy surfaces that exhibit a purely repulsive character.
These potential energy curves include the three triplet surfaces of 3 A2(1), 3 B2(1),
and 3 B1(1) for the interaction of O(3P) with H2O and the four (out of 5) singlet
surfaces of 1 A1(2), 1 A2(1), 1 B1(1), and 1 B2(1) for the interaction of O(1D) with
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H2O. The singlet 1A1(1) energy surface was deliberately omitted as it exhibits
an attractive potential well with a depth of approximately 114-149 kJ/mol below
the total energy of a singlet oxygen atom and a water molecule, indicating the
formation of a chemically bonded complex. On the triplet energy surfaces, the
first excited state, 3B2(1), and the lowest-energy state, 3B1(1), exhibit shallow
potential wells of approximately 1.37 kJ/mol and 2.41 kJ/mol, below the total
energy of a triplet oxygen atom and a water molecule, respectively. As discussed
in the work by Suijker & Bagheri [323], these shallow minima may arise from basis
set superposition error (BSSE) and could therefore be numerical artifacts. Even
if the shallow wells on the 3B2(1) and 3B1(1) surfaces are not purely numerical
artifacts, their depths (1-2.5 kJ/mol) remain far below the strength of a typical
chemical bond, as these are of the order of the chemical accuracy. Therefore,
fitting each of these triplet energy curves with a L-J functional form is a reasonable
and physically justified approximation. The choice of L-J potential to represent
the various energy surfaces is to maintain a simple consistent functional form for
all the different energy surfaces. The L-J potentials describing the interaction of
O(3P) with H2O on the energy surfaces 3 A2(1), 3 B1(1), and 3 B2(1) are shown in
Figures D.1, D.2 and D.3 of Appendix D. For each potential energy surface, the
total energy of the system at an oxygen-oxygen distance of 10.0 Å was taken as the
reference energy. The fit was performed for the range 1.1 Å to 10 Å, however, only
a part of the curve is shown to clearly illustrate the differences between the fitted
function and the quantum chemistry data. The corresponding L-J parameters for
the interaction between O (from O(3P)) and Ow (the oxygen atom of H2O) are
provided in Table D.1 of Appendix D. Similarly, the energy surfaces for O(1D)
interacting with H2O on the energy surfaces 1 A1(2), 1 A2(1), 1 B1(1), and 1 B2(1),
along with their fitted L-J potentials, are shown in Figures D.4, D.5, D.6 and
D.7 of Appendix D, and the associated L-J parameters are listed in Table D.1 of
Appendix D. Note that the 1 A1(2) and 1 A2(1) energy surfaces are degenerate and
yield identical L-J parameters. Therefore, 1 A2(1) energy surface is excluded from
the analysis of the following sections. The TIP3P [60] force field for water is used
to compute the excess chemical potential, µex, and the Henry solubility coefficients,
Hcp

s . The TIP4P/2005 [61] water model is used to calculate the self-diffusion
coefficients of O(3P) and O(1D).

L-J particle in water

To obtain a comprehensive understanding of the solubility and diffusion of
plasma-generated species in water, we modeled each species, a radical or a
molecule, as a charge-neutral particle. The interaction between this particle
and water molecules was described using a standard 12-6 L-J potential. To
systematically explore how particle size, particle interaction strength, and
temperature influence self-diffusion coefficients (D), excess chemical potentials
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(µex), and Henry coefficients (Hcp
s ), we performed a parameter study. We used

five different values of ϵ/kB (21.59 K - 167.22 K) and five different values of σ
(2.83 Å - 3.83 Å) to represent the interaction of the particle with water at three
different temperatures (300, 325, and 350 K). The TIP4P/2005 [61] force field
for water is used to compute all thermodynamic properties of the L-J particle in
water.

For all simulations, a cutoff radius of 12 Å was used for both L-J and Coulombic
interactions. The Ewald summation method [181, 182] was used to treat long-range
Coulombic interactions. The energies and pressures were corrected with long-range
tail corrections for the L-J interactions [54].

6.2.2 Monte Carlo Simulations

Continuous Fractional Component Monte Carlo (CFCMC) simulations [95–97]
using the open-source Brick-CFCMC software [97–99] were performed in the
NPT ensemble to compute the excess chemical potentials (µex) and subsequently
the Henry coefficients (Hcp

s ). In CFCMC simulations, fractional molecules are
incorporated whose interactions are scaled using a continuous coupling parameter
λ. The value of λ ranges from 0 to 1, where λ = 0 corresponds to the fractional
molecules behaving as ideal gas molecules with no interactions with the rest of
the system, and λ = 1 represents “whole” molecules that have full interaction with
the other molecules in the system. The excess chemical potential is computed as:

µex
i = −kBT ln

p(λ = 1)

p(λ = 0)
, (6.1)

where p(λ=1) and p(λ=0) are the Boltzmann sampled probability distributions of
λ at 1 and 0, respectively, kB is the Boltzmann constant and T is the absolute
temperature [99]. The Henry volatility coefficient Kpx

v in units of [Pa] is obtained
by using

Kpx
v = ρ kBT exp

[
µex,∞

kBT

]
, (6.2)

where ρ is the number density of the solvent. The Henry coefficient (Hcp
s ) in units

of [mol/m3 Pa] can be obtained from Kpx
v using Hcp

s ≈ ρH2O

MH2OKpx
v

in which ρH2O

is the density of water and MH2O is the molar mass of water [52]. The Henry
coefficient (Hcp

s ) will have SI units only if ρ, kB, T , and M are in SI units. For
more methodological details, the reader is referred to our previous works [308–310].

For computing µex and Hcp
s of atomic oxygen, O, a fractional atom of O was

placed in a cubic box with 500 water molecules. The values of µex and Hcp
s of the

L-J particle were also computed by placing a fractional particle in a cubic box
containing 500 water molecules. For all CFCMC simulations 5× 106 equilibration
cycles were carried out, followed by 5 × 106 production cycles. Here, one cycle
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refers to N number of trial moves, where N is the total number of molecules. Error
bars were calculated from the standard deviations obtained from five independent
production runs.

6.2.3 Molecular Dynamics Simulations

Molecular Dynamics (MD) simulations were performed using the open-source
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [283]
in the NPT ensemble. The Velocity-Verlet algorithm was used to integrate the
equations of motion [54]. A time step of 2 fs was used. To compute the self-diffusion
coefficient (D) of O, systems containing 995 water molecules and 5 O atoms were
simulated. To determine D for the plasma particle in water, systems containing
999 water molecules and 1 plasma particle were used. In both cases, the workflow
described in Ref [349] was followed. The Nosé-Hoover thermostat [54, 188, 285]
(with a coupling constant of 0.1 ps) and barostat (coupling constant of 1 ps) were
used to keep the temperatures and pressure constant. The self-diffusion coefficients
were corrected for finite-size effects with the Yeh-Hummer equation [85, 108]. For
more details on the computation of self-diffusion coefficients, the reader is referred
to our previous works [308, 310]. Periodic boundary conditions were applied in
all directions. To obtain statistics, three independent simulations were performed.
Each production run of the simulation was further divided into two blocks, giving
six independent production blocks in total. The reported error bars correspond to
the standard deviations of the values obtained from the six production blocks.

6.3 Results and Discussion

6.3.1 Atomic Oxygen in water

The self-diffusion coefficients of O(3P) in water using force fields fitted to the
3 B1(1), 3 B2(1), and 3 A2(1) energy surfaces computed by Suijker & Bagheri [323]
at temperatures in the range of 273 - 333 K are shown in Figure 6.1. Similarly,
the self-diffusion coefficients of O(1D) in water at 273 - 333 K using force fields
fitted to the 1 B1(1), 1 B2(1), and 1 A1(2) energy surfaces computed by Suijker &
Bagheri [323] are shown in Figure 6.2. The corresponding numerical values are
listed in Table D.2 of Appendix D. For both O(3P) and O(1D), the self-diffusion
coefficients increase with increasing temperature.

For O(3P), D associated with the 3 B1(1) energy surface has the highest values,
while that associated with the 3A2(1) energy surface has the lowest values. A
similar trend is observed for the singlet states, where D associated with the 1 B1(1)
energy surface has the highest values, while that associated with the 1A1(2)
energy surface has the lowest values. In both cases, the force fields for the energy
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Figure 6.1: Self-diffusion coefficients of O(3P) in water at 273 - 333 K
using force fields fitted to the 3B1(1), 3B2(1), and 3A2(1) energy surfaces
computed by Suijker & Bagheri [323]. The water model used is the TIP4P/2005
model [61]. Error bars are estimated based on the standard deviation of 6
production blocks.
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Figure 6.2: Self-diffusion coefficients of O(1D) in water at 273 - 333 K
using force fields fitted to the 1B1(1), 1B2(1), and 1A1(2) energy surfaces
computed by Suijker & Bagheri [323]. The water model used is the TIP4P/2005
model [61]. Error bars are estimated based on the standard deviation of 6
production blocks, and are much smaller than the symbols used in the figure.
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Figure 6.3: Henry coefficients of O(3P) in water at 273 - 333 K in logarithmic
scale using force fields fitted to the 3 B1(1), 3 B2(1), and 3 A2(1) energy surfaces
computed by Suijker & Bagheri [323]. The water model used is the TIP3P
model [60]. Error bars are estimated based on the standard deviation of 5
production blocks, and are much smaller than the symbols used in the figure.

surfaces characterized by a higher value of ϵ/kB and a lower value of σ yield higher
self-diffusion coefficients.

The Henry coefficients (Hcp
s ) of O(3P) at 273 - 333 K in logarithmic scale using

force fields fitted to the 3B1(1), 3B2(1), and 3A2(1) energy surfaces computed
by Suijker & Bagheri [323] are shown in Figure 6.3. The corresponding results
for O(1D) obtained from force fields fitted to the 1B1(1), 1B2(1), and 1A1(2)
energy surfaces computed by Suijker & Bagheri [323] are shown in Figure 6.4. In
Figure 6.3, Hcp

s associated with the 3B1(1) and 3 B2(1) energy surfaces decrease
with temperature, while that derived from the 3A2(1) energy surface increases
with temperature. A similar trend is observed in Figure 6.4, where the values
of Hcp

s associated with the 1B1(1) and 1B2(1) energy surfaces decrease with
temperature, while Hcp

s corresponding to the 1 A1(2) energy surface increase with
temperature. This behaviour can be explained by the van ’t Hoff equation for the
temperature dependence of the Henry coefficients [52]

(ln[Hcp
s ])(1/T ) =

−∆solH

R
, (6.3)

where ∆solH is the enthalpy of dissolution of the species and R is the gas
constant [52]. If −∆solH is negative, the dissolution is endothermic, and the
dissolution process is exothermic if ∆solH > 0.
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Figure 6.4: Henry coefficients for O(1D) in water at 273 - 333 K in logarithmic
scale using force fields fitted to 1B1(1), 1B2(1), and 1A1(2) energy surfaces
computed by Suijker & Bagheri [323]. The water model used is the TIP3P
model [60]. Error bars are estimated based on the standard deviation of 5
production blocks, and are much smaller than the symbols used in the figure.

Figures D.8 and D.9 of Appendix D show the Henry coefficients of O(3P)
and O(1D) as a function of the inverse temperature. The Hcp

s associated with
the 3A2(1) and 1A1(2) energy surfaces exhibit a negative slope compared to
the other energy surfaces. This indicates a positive ∆solH and consequently, an
endothermic dissolution. These results indicate that the interaction of O(3P) on
the 3A2(1) energy surface and O(1D) on the 1A1(2) energy surface with water
are comparatively weaker. This interpretation is consistent with the lower depths
of the L-J wells (ϵ/kB) of the force fields associated with the 3A2(1) and 1 A1(2)
(4.2 K and 6 K, respectively), which reflect a weaker interaction between the
atomic oxygen in these energy surfaces and water relative to the other energy
surfaces. Hcp

s associated with 3B1(1) energy surface exceeds that of 3B2(1), a
trend attributable to the higher ϵ/kB and a lower σ of the force field of 3B1(1)
compared to that of 3 B2(1). Similarly, force field corresponding to 1 B1(1) energy
surface has a higher ϵ/kB and a lower σ than that of 1 B2(1), and therefore, yields
a higher value of Hcp

s . However, the specific roles of the individual L-J parameters
(ϵ/kB and σ) in determining the thermodynamic properties of these systems are
yet to be elucidated.

In a recent study, Myers et al. [304] demonstrated that solvated O(3P) atoms
can be imaged in liquid water using a femtosecond laser for two-photon absorption
laser-induced fluorescence (fs-TALIF). The authors reported that O(3P) atoms
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exhibit chemical lifetimes of at least tens of microseconds in water and, aided
by plasma-induced flow, can penetrate several hundred micrometres into the
liquid. The authors used DFT-based MD simulations and predicted a value of
1.5 × 10−9 m2/s for the diffusion coefficient of O(3P) in water at 328 K. This
diffusion coefficient was then used to estimate the collisional quenching rate and
the corresponding effective branching ratio, which enabled an estimation of the
density of O(3P) in water. Using the latter with the measurements of the density
of O(3P) in the gas phase, a dimensionless Henry coefficient of approximately 10
was inferred for O(3P) at a plasma-effluent temperature of 350K [304]. In our
work, we obtain a dimensionless Henry coefficient of approximately 13.8 for the
ground 3B1(1) state of O(3P) at 333 K, which is in good agreement with the
estimated value of Myers et al. [304]. We also predict a self-diffusion coefficient of
9.3× 10−9 m2/s for the ground 3 B1(1) state of O(3P) at 333 K, which is slightly
higher than the value predicted by Myers et al. [304].

6.3.2 L-J particle in water

As shown in the previous section, the interactions between different quantum
states of atomic oxygen and water lead to distinct L-J parameters (ϵ/kB and σ),
which in turn affect the Henry coefficients (Hcp

s ) and self-diffusion coefficients
(D). Motivated by these findings, and considering that other plasma species
may also exist in different quantum states with varying interaction energies, we
systematically investigated how these differences influence Henry coefficients and
self-diffusion coefficients. This provides the community with estimated values
for other species. In Figure 6.5, the self-diffusion coefficients of L-J particle in
water are plotted as a function of ϵ/kB for different σ at 300 K. The numerical
data are given in Tables D.5 - D.9 of Appendix D. In general, D decreases as
ϵ/kB increases. This could be ascribed to the increased interaction between the
L-J particle and the water molecules, which decreases the mobility, and hence
the self-diffusion coefficients. However, the slope of D as a function of ϵ/kB
becomes less negative with increasing ϵ/kB, indicating a decreasing sensitivity
of D to the interaction strength at higher values of ϵ/kB. D also decreases with
increasing σ, which is shown in Figure 6.6, where D as a function of σ is plotted
for different values of ϵ/kB. This could be ascribed to the decrease in mobility as
a result of the increasing size of the L-J particle. This leads to a decrease in D.
The self-diffusion coefficients as a function of σ−1 are plotted in Figure D.10 of
Appendix D, which also highlights the above trend. A comparison of Figures 6.5
and 6.6 shows that changes in σ have a more profound effect on D than changes in
ϵ/kB. Consequently, the higher values of D of 3 B1(1) and 1 B1(1), compared to the
other energy surfaces, could be primarily attributed to their lower values of σ than
to their lower values of ϵ/kB. The temperature dependence of the self-diffusion
coefficients on temperature is presented in Figures D.11 and D.12 of Appendix D,
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Figure 6.5: Self-diffusion coefficients of L-J particle in water as a function
of ϵ/kB for different values of σ at 300 K. The water model used is the
TIP4P/2005 model [61]. Numbers in the legend represent values of σ. Error
bars are estimated based on the standard deviation of 6 production blocks.

where D as a function of ϵ/kB and σ, are plotted, respectively, for three different
temperatures (300-350 K). As expected, D increases with temperature. Consistent
with previous observations, the values of D become largely independent with
higher values of ϵ/kB. This is evident at all three temperatures investigated. In
contrast, D decreases steadily with increasing σ for all temperatures.

The excess chemical potentials (µex) as a function of ϵ/kB for L-J particle
of different σ at 300 K are presented in Figure 6.7. The data is presented in
Tables D.10 - D.14 of Appendix D. A positive value of µex indicates that repulsive
interactions dominate, whereas a negative value of µex signifies that attractive
interactions are dominant. µex decreases with increasing ϵ/kB, indicating that
the L-J particle becomes more hydrophilic as the interaction strength of the L-J
particle with water molecules increases (increase in ϵ/kB). Figure D.13 of Appendix
D shows that µex increases with increasing σ, reflecting a reduced affinity of the
L-J particle for the water molecules as the size of the particle increases. This
behaviour could be attributed to the steric effects caused by the increase in the
excluded volume associated with larger σ values. The effect of temperature on
µex is shown in Figures D.14 and D.15 of Appendix D, where µex as a function of
ϵ/kB and σ, are plotted respectively, for three temperatures between 300 and 350
K. In both cases, µex shifts to higher values with increasing temperature.

As discussed in Section 6.2.2, Hcp
s varies inversely with the exponential of µex.
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Figure 6.6: Self-diffusion coefficients of L-J particle in water as a function of σ
for different values of ϵ/kB at 300 K. The water model used is the TIP4P/2005
model [61]. Numbers in the legend represent values of ϵ/kB. Error bars are
estimated based on the standard deviation of 6 production blocks.
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Figure 6.7: Excess chemical potentials of L-J particle as a function of ϵ/kB
for different values of σ at 300 K. The water model used is the TIP4P/2005
model [61]. Numbers in the legend represent values of σ. Error bars are
estimated based on the standard deviation of 5 production blocks.
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Figure 6.8: Henry coefficients of L-J particle in water as a function of ϵ/kB
for different values of σ at 300 K in logarithmic scale. The water model used
is the TIP4P/2005 model [61]. Numbers in the legend represent values of σ.
Error bars are estimated based on the standard deviation of 5 production
blocks.
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Figure 6.9: Henry coefficients of L-J particle in water as a function of ϵ/kB
in logarithmic scale for the value of σ = 3.33 Å at different temperatures
(300-350 K). The water model used is the TIP4P/2005 model [61]. Error bars
are estimated based on the standard deviation of 5 production blocks.
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Therefore, Hcp
s is expected to increase with increasing ϵ/kB and decreasing σ. This

trend is evident in Figure 6.8 (and Figure D.16 of Appendix D), where the Henry
coefficients (Hcp

s ) are shown as a function of ϵ/kB (σ) for L-J particle of different
σ (ϵ/kB) at 300 K. A comparison of Figures 6.8, D.16 and Tables D.15 - D.19
indicates that ϵ/kB has a more profound effect on Hcp

s compared to σ. Therefore,
the higher values of Hcp

s of 3B1(1) and 1B1(1), compared to the other energy
surfaces, arise primarily due to their higher values of ϵ/kB than their lower
values of σ. From the work of Lachet et al.[76], the following L-J parameters
for nitric oxide (NO), modeled as a single interaction site, can be obtained:
ϵNO/kB = 130 K, σNO = 3.40 Å. Combining these values with the corresponding
parameters for water (ϵH2O/kB and σH2O for the TIP4P/2005 water model) using
the Lorentz-Berthelot [81] mixing rules, the following values can be obtained for the
interaction strength of NO particle with water: ϵ/kB = 110.08 K and σ = 3.28 Å.
From Figure 6.8, these parameters correspond to a Henry coefficient for NO,
Hcp

NO ≈ 1.3× 10−5 mol/m3 Pa. This value is in good agreement with experimental
data (1.3 - 2.3 ×10−5 mol/m3 Pa ) reported in the literature [265, 267, 268]. It is
also consistent with our previous computational results for the Henry coefficient
of NO reported in Ref. [308]. Performing such an analysis for other species would
be possible, provided that suitable single-site force fields are available.

Figure 6.9 presents Hcp
s as a function of ϵ/kB for three different temperatures.

For L-J particles in TIP4P/2005 water, the solute-solvent interactions become
stronger than the solvent-solvent interactions at ϵ/kB > 93.20 K. Up to this value,
Hcp

s increases with temperature, indicating that the dissolution of the sphere
in water is an endothermic process and that the L-J sphere is hydrophobic
in nature. However, when ϵ/kB is greater than 93.20 K, Hcp

s decreases
with temperature, signifying a transition to exothermic dissolution and the
correspondingly hydrophilic nature of the L-J sphere.

6.4 Conclusions

We parameterized state-specific force fields to describe the interaction between
atomic oxygen and water on the triplet and singlet energy surfaces and computed
the self-diffusion and Henry coefficients over the temperature range of 273 - 333 K.
On the triplet energy surfaces, the ground state 3 B1(1) yielded the highest values
of D and Hcp

s . On the singlet energy surfaces, the first excited state, 1B1(1),
exhibited the highest values. The lowest-lying singlet energy surface for atomic
oxygen interacting with water was excluded, as it involves in a chemical reaction
leading to the formation of a singlet oxywater species. Force field users are advised
to identify the relevant quantum state of the atomic oxygen for their specific
application and to use the corresponding parameter values listed in Table D.1
of Appendix D. To identify the influence of individual L-J parameters (σ and
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ϵ/kB) on D and Hcp
s , we systematically varied the values of σ and ϵ/kB for a

charge-neutral particle in water at temperatures between 300 and 350 K. Our
analysis shows that the self-diffusion coefficients are governed by the particle size
(σ), while the Henry coefficients are more sensitive to the strength of the interaction
with water (ϵ/kB). Finally, we find that the dissolution process changes from
endothermic to exothermic once the solute-solvent interactions become stronger
than the solvent-solvent interactions. These findings provide key parameters
essential for macroscopic simulations of plasma-liquid systems and for interpreting
experimental observations.
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This chapter is based on the following publication: T. H. G. Saji, T. J. H. Vlugt,
S. Calero and B. Bagheri, Predicting Absorption and Diffusion of Plasma-Generated
RONS in Electrolytic Solutions, manuscript in preparation.
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Overview

Reactive oxygen and nitrogen species (RONS) generated by electric gas discharge
plasmas in O2 or N2 containing gas mixtures have disinfectant and nutritive
properties that have life science applications. In these applications, the RONS come
in contact with a liquid environment. In this chapter, we consider an electrolytic
solution, composed of water and NaCl, to mimic the liquid environment. Each
RONS is modelled as a charge-neutral L-J particle. We used the TIP4P/2005
water models. The Madrid-2019 force fields were used to model the the aqueous
NaCl solution. We investigate the effects of solute particle size and interaction
strength on the self-diffusion coefficients (D) and Henry coefficients (Hcp

s ) of the
solute for varying NaCl concentrations. Our results indicate that for a 1.00 m
increase in salt molality, D decreases by ca. 12% on average. The corresponding
changes in the excess chemical potential (which is needed to compute Hcp

s ) and
Hcp

s are ca. 19% increase and ca. 22% decrease, respectively. The decrease in the
Henry coefficient as salt concentration increases suggests a salting-out effect for
the charge-neutral L-J particles.
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7.1 Introduction

Electric gas discharge plasmas generated in O2- or N2-containing gas mixtures
produce reactive oxygen and nitrogen species (RONS) [4, 138]. These species
exhibit disinfectant and nutritive properties [33, 300, 301] that have various
applications in life sciences, including biomedicine and agriculture [34, 212, 219–
221, 305–307]. In these applications, the RONS generated in the gas phase
come in contact with a liquid medium [302]. In the previous chapters of this
thesis, the coefficients governing mass transport, namely the diffusion coefficient
(D) and Henry coefficient (Hcp

s ), were described considering pure water as the
liquid medium. However, in life science applications, the aqueous phase is rarely
composed of pure water and often contains dissolved salts [350–353]. Therefore, in
this chapter, we extend our investigations to understand the impact of salt with
various concentrations on D and Hcp

s .
Sakti et al. [354] observed that D of water molecules and ions decrease

with increasing salt (sodium trifluoromethanesulfonate) concentration. Peng
& Wan [355] investigated the effect of salt concentrations on the Hcp

s of volatile
organic compounds such as benzene and toluene. These authors found that
Hcp

s decreases with increasing NaCl concentration, indicating a salting-out effect.
Görgényi et al. [356] analyzed the salting-out effect of different Li+, Na+, K+,
NH+

4 and Mg2+ salts on chloroform, benzene, chlorobenzene and anisole in water.
These authors observed a decrease in the values of Hcp

s for the organic probes in
salt water compared to in pure water. However, to the best of our knowledge, a
systematic study of how solute particle size and interaction strength influence both
the diffusion coefficients and Henry coefficients for varying salt concentrations has
not yet been performed.

In this chapter, we investigated the effects of salt concentrations on D and Hcp
s

of RONS with different sizes and interaction strength (attractive potential energy
between solute and water molecules). We used NaCl as the salt in our study
because NaCl is the dominant salt in extracellular fluid [357]. The extracellular
fluid roughly contains 0.9 wt% NaCl [358]. This corresponds to a molality of
0.15 m. In this chapter, molality of salt is defined as

[
molsalt

kg solvent

]
We considered

four different salt concentrations (0.00 m, 0.33 m, 0.67 m, and 1.00 m). As in
Chapter 6, RONS are represented as charge-neutral particles with varying L-J
parameters (σ and ϵ/kB).

145



7

Chapter 7. Absorption and Diffusion of Plasma-Generated RONS in Electrolytic Solutions

7.2 Methodology

7.2.1 Force Fields

To obtain an understanding of the effects of salt concentrations on the solubility
and diffusion of plasma-generated species in water, we modelled each species,
a radical or a molecule, as a charge-neutral particle. The particle size, particle
interaction strength, and salt concentrations (molalities) were systematically varied
to study their influence on self-diffusion coefficients (D), excess chemical potentials
(µex), and Henry coefficients (Hcp

s ). As in Chapter 6, for studying the self-diffusion
coefficients, we used five different values of ϵ/kB (21.59 K - 167.22 K) and five
different values of σ (2.83 Å - 3.83 Å) to represent the interaction of the particle
with water for four different molalities (0.00 m, 0.33 m, 0.67 m, and 1.00 m).
For the analysis of excess chemical potentials (µex) and Henry coefficients (Hcp

s ),
five different values of ϵ/kB (21.59 K - 167.22 K), four different values of σ
(2.83 Å - 3.58 Å) and four different molalities (0.00 m, 0.33 m, 0.67 m, and 1.00 m)
were used. The water is modelled using the TIP4P/2005 model [61]. The Na+ and
Cl− Madrid-2019 force fields were used to model the aqueous NaCl solution [359].
This force field uses scaled charges for ions, with monovalent ions using a charge
of 0.85 e for accurate description of thermodynamic and transport properties of
aqueous solution [360]. The force field parameters used in this work are given
in Table E.1 of Appendix E. A cut-off radius of 12 Å was used for both L-J and
Coulombic interactions. The Ewald summation method [181, 182] was used to
treat long-range Coulombic interactions. The energies and pressures were corrected
with long-range tail corrections for the L-J interactions [54].

7.2.2 Molecular Dynamics Simulation

Molecular Dynamics (MD) simulations were performed using the open-source
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [283].
The MD simulations were used to compute D and were performed in the NPT
ensemble. The equations of motion were integrated using the Velocity-Verlet
algorithm [54]. A time step of 2 fs was used. The MD simulations contained 500
water molecules and 1 L-J particle. The varying salt concentrations were modelled
using a varying number of Na+ and Cl− ions, which are given in Table E.2 of
Appendix E. The Nosé-Hoover thermostat [54, 188, 285] (with a coupling constant
of 0.1 ps) and barostat (coupling constant of 1 ps) were used. D was corrected for
finite-size effects using computed viscosities according to Equation 2.66. Periodic
boundary conditions were applied in all directions. To obtain statistics, two
independent simulations were performed. Each simulation production run (20 ns)
was further divided into two blocks, yielding a total of four independent production
blocks. The reported error bars correspond to the standard deviations of the values
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obtained from the four production blocks. All MD simulations were performed at
300 K and 1 bar.

7.2.3 CFCMC Simulations

Continuous Fractional Component Monte Carlo (CFCMC) simulations [95–97]
using the open-source Brick-CFCMC software [97–99] in the NPT ensemble
were performed to compute the excess chemical potentials (µex) and the Henry
coefficients (Hcp

s ). More details regarding the CFCMC simulations can be found
in Section 2.3.1 of this thesis. The excess chemical potential and Henry coefficients
are computed using Equations 2.61 and 2.64. The simulation was performed
with the same number of molecules for each species as in the corresponding MD
simulation system. Trial moves included translation, rotation, volume change
trial moves, along with λ change, and hybrid trial moves that combined swap
and identity change trial moves [99]. 5 × 106 equilibration cycles were carried
out, followed by 5× 106 production cycles. Error bars were calculated from the
standard deviations obtained from four independent production runs. All CFCMC
simulations were performed at 300 K and 1 bar.

7.3 Results and Discussion

7.3.1 Self-Diffusion Coefficients

In Figure 7.1, the self-diffusion coefficients of L-J particles in water are plotted as
a function of particle size, σ, for different salt concentrations at a ϵ/kB value of
118.24 K. The corresponding numerical data are provided in Tables E.8 - E.12 of
Appendix E. D as a function of ϵ/kB for different salt concentrations at a σ value
of 3.08 Å is shown in Figure 7.2, and the corresponding numerical data is given in
Tables E.8 - E.12 of Appendix E.

The viscosities required for the finite size effect correction of D are given
in Tables E.3 - E.7 of Appendix E. The viscosity increases with increasing salt
concentration, as seen in Ref. [361]. On average (where the average is computed
from systems represented by varying values of σ (2.83 Å - 3.83 Å) and ϵ/kB
(21.59 K - 167.22 K)), the viscosity increases by 16.96% for an increase in molality
of 1.00 m.

Consistent with the observations reported in the previous chapter, D decreases
as σ and ϵ/kB increase. An increase in salt concentrations leads to a decrease in
the values of D. On average, considering systems represented by varying values of
σ (2.83 Å - 3.83 Å) and ϵ/kB (21.59 K - 167.22 K)), D decreases by ca. 12% for an
increase in molality of 1.00 m. This is a result of the decreased mobility of the L-J
particle resulting from the increasing salt concentration in the simulation system.
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Figure 7.1: Self-diffusion coefficients of L-J particle in water as a function of
particle size, σ for different salt concentrations at a ϵ/kB value of 118.24 K.
The water model used is the TIP4P/2005 model [61]. Numbers in the legend
represent values of salt molalities (m). Error bars are estimated based on the
standard deviation of 4 production blocks.
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Figure 7.2: Self-diffusion coefficients of L-J particle in water as a function of
ϵ/kB for different salt concentrations at a σ value of 3.08 Å. The water model
used is the TIP4P/2005 model [61]. Numbers in the legend represent values of
salt molalities (m). Error bars are estimated based on the standard deviation
of 4 production blocks.

7.3.2 Excess Chemical Potentials

The excess chemical potentials (µex) as a function of function of particle size, σ,
for different salt concentrations at a ϵ/kB value of 118.24 K is shown in Figure 7.3.
The corresponding numerical data is given in Tables E.13 - E.16 of Appendix
E. µex as a function of for different salt concentrations at a σ value of 3.08 Å is
shown in Figure 7.4, the numerical data for which is given Tables E.13 - E.16 of
Appendix E. In line with the observations from the previous chapter, µex becomes
increasingly positive with increasing values of σ, whereas it becomes less positive
with increasing values of ϵ/kB. In general, an increase in salt concentrations leads
to an increase in the values of µex. On average, across systems characterized by
values of σ (2.83 Å - 3.58 Å) and ϵ/kB (21.59 K - 167.22 K)), µex increases by ca.
19% for an increase in molality of 1.00 m.

7.3.3 Henry coefficients

The Henry coefficients (Hcp
s ) as a function of particle size, σ, for different salt

concentrations at a ϵ/kB value of 118.24 K are shown in Figure 7.5. The
corresponding numerical data are listed in Tables E.17 - E.20 of Appendix E. Hcp

s

as a function of ϵ/kB for different salt concentrations at a σ value of 3.08 Å is
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Figure 7.3: Excess chemical potentials of L-J particle as a function of σ for
different salt concentrations at a ϵ/kB value of 118.24 K. The water model
used is the TIP4P/2005 model [61]. Numbers in the legend represent values of
salt molalities (m). Error bars are estimated based on the standard deviation
of 4 production blocks.
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Figure 7.4: Excess chemical potentials of L-J particle as a function of ϵ/kB
for different salt concentrations at a σ value of 3.08 Å. The water model used
is the TIP4P/2005 model [61]. Numbers in the legend represent values of salt
molalities (m). Error bars are estimated based on the standard deviation of 4
production blocks.
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Figure 7.5: Henry coefficients of L-J particle in water as a function of σ for
different salt concentrations at a ϵ/kB value of 118.24 K in logarithmic scale.
The water model used is the TIP4P/2005 model [61]. Numbers in the legend
represent values of salt molalities (m). Error bars are estimated based on the
standard deviation of 4 production blocks.
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Figure 7.6: Henry coefficients of L-J particle in water as a function of ϵ/kB
for different salt concentrations at a σ value of 3.08 Å in logarithmic scale.
The water model used is the TIP4P/2005 model [61]. Numbers in the legend
represent values of salt molalities (m). Error bars are estimated based on the
standard deviation of 4 production blocks.
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shown in Figure 7.6, the numerical data for which is provided in Tables E.17 - E.20
of Appendix E. Consistent with the results in Chapter 6, Hcp

s decreases with
increasing values of σ and increases with increasing values of ϵ/kB. In general,
an increase in salt concentrations leads to a decrease in the values of Hcp

s . On
average, for systems characterized by varying values of σ (2.83 Å - 3.58 Å) and
ϵ/kB (21.59 K - 167.22 K)), Hcp

s decreases by ca. 22% for an increase in molality
of 1.00 m. This is an indication of the salting-out effect, wherein the solubility of
a solute decreases with increasing salt concentration in the aqueous phase [362].

7.4 Conclusions

We performed a systematic analysis to identify the influence of salt concentrations
on D and Hcp

s . The values of D and Hcp
s were computed for a charge-neutral

particle in water characterized by varying values of σ and ϵ/kB at a temperature
of 300 K and a pressure of 1 bar. We identified that D decreases with increasing
salt concentrations (a ca. 12% decrease on average was observed for an increase in
molality of 1.00 m). In contrast, µex (which is required to compute Hcp

s ), becomes
increasingly positive with increase in salt concentration. On average, a ca. 19%
increase in the values of µex was observed for an increase in molality by 1.00 m.
Consequently, an increase in salt concentrations leads to a decrease in the values of
Hcp

s (ca. 22% decrease for a 1.00 m increase in salt concentration). This indicates
a salting-out effect for the charge-neutral particles. These findings are key to
understanding the effects of salt concentrations on the mass transport of reactive
species from gas phase to liquid phase.
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In this thesis, the Henry coefficients and self-diffusion coefficients of reactive oxygen
and nitrogen species were computed using the Continuous Fractional Component
Monte Carlo and Molecular Dynamics techniques, respectively, in order to study
the aqueous phase composition during plasma application. Additionally, the
aqueous phase reactions were investigated using the CASpy solver, which is a
chemical reaction equilibrium solver. We established a transferable methodology
to characterize solvation and aqueous phase reactivity of the reactive oxygen
and nitrogen species (RONS). The RONS were broadly classified based on their
reactivity with water and the availability of an accurate force field to represent
the species. In Chapter 3, the H2O2 molecule, which does not react with water
to form new species and has accurate force fields available, is investigated. Nitric
oxide, which does not react with water, but does not have an accurate all-atom
force field, is analyzed in Chapter 4. In Chapter 5, the NO2 radical is investigated,
which reacts with water and has an accurate force field representing the species.
Chapter 6 presents newly parameterized state-specific force fields for the interaction
of atomic oxygen with water. In Chapter 7, the effect of solute particle size and
interaction strength on the diffusion and Henry coefficients of the solute for varying
salt concentrations is investigated.

We identified that TIP4P/2005 water force fields could predict the transport
properties of water [363] and aqueous solutions of H2O2 in better agreement
with experiments than the TIP3P water model. TIP3P, however, could predict
the excess chemical potentials of water in better agreement with experimental
values [68], compared to the TIP4P/2005 water model. The TIP5P-E water model
was found to have anomalous interactions with the solute, increasing the viscosity
of the aqueous H2O2 solutions and thereby decreasing the self-diffusion coefficients
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of H2O2 and water in the aqueous H2O2 solutions.
During the development of a new force field for the reactive NO-(NO)2 system,

we found that the atomization energies play a crucial role in determining the
dimer mole fractions and therefore the VLE properties of the system. However,
there are large variations (∼ 6 kJ/mol) in the values of bond (N-N) dissociation
energies of (NO)2 reported in the literature. This translates to a variation in the
atomization energy of (NO)2, which in turn significantly affect the VLE properties
of the NO-(NO)2 system. This highlights the need for an accurate computation of
the quantum mechanical data of molecules to obtain an accurate description of the
VLE properties. We also observed that the mole fraction of the dimer depended
on the L-J parameters (σ and ϵ/kB) of the species involved in the reactive system
(in this case NO and (NO)2). Increasing the values of the L-J parameters of a
species was found to be energetically favorable for increasing the concentration of
the species in the system. This could be attributed to an increase in intermolecular
attraction, as indicated by the increase in the area of the L-J attractive potential
with increasing values of L-J parameters.

The equilibrium of chemical reactions is strongly influenced by the atomization
energies of the species involved. Varying the atomization energy of, for example,
NO in reaction R4 of Chapter 5 led to a difference of 3.2 ln[K] points. This
underscores the importance of accurately computing the quantum-chemical
properties of the species to accurately predict chemical reaction equilibria. Another
important quantum-chemical property is the electron affinity of the species. The
electron affinity of NO3 is used to calculate the atomization energy of NO−

3 (see
Equation 5.18). Consequently, accurate computation of the electron affinities is
essential for reliable prediction of chemical reaction equilibria.

With the newly determined values of the input parameters obtained in this
work, it is essential to systematically evaluate their influence on the predictions
of plasma–fluid models. The incorporation of updated Henry coefficients
and transport coefficients may alter predicted species fluxes and interfacial
mass-transfer, thereby affecting the aqueous-phase composition. For example,
in Chapter 7 we identified a ca. 22 % decrease in the Henry coefficients with
a 1.00 m increase in the salt concentration. However, such variations in Henry
coefficients arising from changes in salt concentration are not accounted for in
all plasma–liquid models. Therefore, a rigorous sensitivity analysis is required
to quantify how variations in these parameters propagate through the coupled
plasma–liquid modeling framework and influence key observables. More broadly,
plasma–water interactions are governed by numerous interdependent operating
and material parameters, including applied voltage, excitation frequency, gas
identity and composition, pressure, temperature, and interfacial properties. Each
of these factors will influence plasma chemistry, species generation, transport
across the gas–liquid interface, solvation dynamics, and subsequent aqueous-phase
reactions. A key question is whether it is possible to identify the dominant
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parameters or combinations of parameters that have the largest influence on
the resulting aqueous-phase composition. Addressing this challenge requires
systematic sensitivity analysis and an uncertainty quantification framework.
By incorporating sensitivity analysis and uncertainty quantification within the
plasma–fluid modelling workflow, one can prioritize important parameters and
enhance the robustness and reliability of predictions for application-specific
plasma–liquid systems.
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Non-thermal plasma (NTP) generated in air or O2-N2 mixtures with inert gases
produces a cocktail of reactive oxygen and nitrogen species (RONS) that have
applications in environmental remediation, biomedical engineering, and agriculture.
For these diverse applications, the overarching objective is to enable end users to
design plasma systems that deliver a targeted aqueous-phase chemical composition
tailored to specific application requirements. Achieving this objective requires a
comprehensive understanding of plasma–water interactions.

In this thesis, we focussed on establishing a simulation-based framework
to characterize the solvation and aqueous-phase reactivity of plasma-generated
RONS. In addition, we determined key input parameters, such as Henry
coefficients (for solubility and mass transfer) and self-diffusion coefficients (for
mass transport by diffusion), for RONS. These coefficients are essential for the
accurate implementation of plasma–fluid models of plasma-water reactors. For
RONS that undergo hydrolysis, the equilibrium of the chemical reactions was
computed. We started with examining the predictive capability of the force fields
available for H2O2, which is a RONS. Two force fields for H2O2 were available in
the literature, those developed by Cordeiro (Biochimica et Biophysica Acta (BBA)
- Biomembranes, 2014, 1838, 438-444) (Cordeiro FF) and Orabi & English (Journal
of Chemical Theory and Computation, 2018, 14, 2808-2821) (Orabi FF). The
predicted densities of anhydrous H2O2 using Orabi FF showed excellent agreement
with the experimental values over the temperature range of 253 K to 353 K. The
thermodynamic and transport properties of aqueous H2O2 solutions were computed.
Four water force fields, namely, TIP3P, mTIP3P, TIP4P/2005, and TIP5P-E, were
used to model water. The TIP4P/2005 water force field in combination with the
Orabi FF provided the most accurate predictions of the properties of aqueous H2O2
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solutions relative to the experimental values. The Cordeiro FF in combination with
either the TIP3P or mTIP3P water force fields predicted the Henry coefficients of
H2O2 within the range of experimental values. Another important RONS is nitric
oxide (NO). However, there are no accurate all-atom force fields for NO. To develop
a new force field for NO, we used the vapor-liquid-equilibrium (VLE) properties
of this species. Since NO dimerizes at the VLE temperatures, we considered the
reactive NO-(NO)2 system. The new force field developed accurately reproduces
the VLE properties of the reactive NO-(NO)2 system (i.e., coexistence vapor-liquid
densities, dimer mole fractions in liquid phase, saturated vapor pressures, and
heats of vaporization) in excellent agreement with experimental values for the
temperature range 120 K to 170 K. It was also observed that the VLE properties of
the reactive NO-(NO)2 system are affected by both the Lennard-Jones parameters
(σ and ϵ/kB) of NO and (NO)2 and the atomization energy (D0,(NO)2) of the NO
dimer. This behaviour is in sharp contrast to the NO2-N2O4 system, where the
bond dissociation energy of the dimer is much higher than that of (NO)2 and
therefore the VLE of NO2-N2O4 is dominated by the isolated molecule partition
function. We investigated the interaction of NO with water using the newly
developed force field for NO, the Saji FF. The values of self-diffusion coefficients
(D) and Henry coefficients (Hcp

s ) were in agreement with experimental values.
We also examined the interaction of NO2 with water. From literature, it was
observed that NO2 upon hydrolysis forms nitrous and nitric acids. Subsequently,
nitrous acid undergoes ionization and disproportionation reactions. To study the
different reactions, we modified the CASpy solver (Journal of Chemical Theory
and Computation, 2023, 19, 2616–2629), a chemical reaction equilibrium solver,
to handle arbitrary constraints in chemical reaction equilibria. We calculated the
gas phase composition of NO2 and its dimer, N2O4, as a function of pressure
and temperature and found that the concentration of N2O4 in the gas phase
increases with increasing pressure and decreases with increasing temperature.
The hydrolysis of NO2 was found to be an exothermic reaction, and the pH
of the system decreases with increasing pressure and increases with increasing
temperature. We parameterized state-specific force fields for the interaction of
atomic oxygen with water on the triplet and singlet energy surfaces. Using these
new force fields, we computed the self-diffusion and Henry coefficients for the
temperature range of 273 - 333 K. It was observed that on the triplet energy
surfaces, the ground state yielded the highest values of D and Hcp

s , while on the
singlet energy surfaces, the first excited state exhibited the highest values. From a
systematic study on the influence of individual L-J parameters (σ and ϵ/kB) on D
and Hcp

s , we found that the self-diffusion coefficients are governed by the particle
size (σ), while the Henry coefficients are influenced more by the strength of the
interaction with water (ϵ/kB). The results presented here represent a significant
step toward understanding the aqueous-phase chemistry occurring during plasma
application, achieved by computing the mass-transfer and transport coefficients,
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as well as the equilibrium constants of the chemical reactions involving RONS in
the liquid phase.
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Samenvatting

Niet-thermisch plasma (NTP) dat wordt gegenereerd in lucht of in mengsels
van O2 en N2 met inerte gassen, produceert een mix van reactieve zuurstof-
en stikstofverbindingen (RONS) die toepassingen vinden in milieusanering,
biomedische techniek en landbouw. Voor deze uiteenlopende toepassingen is
het overkoepelende doel om eindgebruikers in staat te stellen plasmasystemen
te ontwerpen die een gerichte chemische samenstelling in de waterfase opleveren,
afgestemd op de specifieke eisen van de toepassing. Om deze doelstelling te
bereiken is een grondig begrip van de interacties tussen plasma en water vereist.

In dit proefschrift hebben we ons gericht op het opzetten van een op simulatie
gebaseerd raamwerk om de solvatatie en de reactiviteit in de waterfase van
door plasma gegenereerde RONS te karakteriseren. Daarnaast hebben we
belangrijke invoerparameters voor RONS bepaald, zoals Henry-coëfficiënten (voor
oplosbaarheid en massaoverdracht) en zelfdiffusiecoëfficiënten (voor massatransport
door diffusie). Deze coëfficiënten zijn essentieel voor de nauwkeurige
implementatie van plasma-vloeistofmodellen van plasma-waterreactoren. Voor
RONS die hydrolyse ondergaan, werd het evenwicht van de chemische
reacties berekend. We zijn begonnen met het onderzoeken van het
voorspellend vermogen van de krachtvelden die beschikbaar zijn voor H2O2,
een RONS. In de literatuur waren twee krachtvelden voor H2O2 beschikbaar,
namelijk die ontwikkeld door Cordeiro (Biochimica et Biophysica Acta
(BBA) - Biomembranes, 2014, 1838, 438-444) (Cordeiro FF) en Orabi
English (Journal of Chemical Theory and Computation, 2018, 14, 2808-2821)
(Orabi FF). De voorspelde dichtheden van watervrij H2O2 met behulp van
Orabi FF kwamen uitstekend overeen met de experimentele waarden over
het temperatuurbereik van 253 K tot 353 K. De thermodynamische en
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transporteigenschappen van waterige H2O2-oplossingen werden berekend. Voor
het modelleren van water werden vier waterkrachtvelden gebruikt, namelijk
TIP3P, mTIP3P, TIP4P/2005 en TIP5P-E. Het TIP4P/2005-waterkrachtveld
leverde in combinatie met de Orabi FF de meest nauwkeurige voorspellingen
op van de eigenschappen van waterige H2O2-oplossingen ten opzichte van de
experimentele waarden. De Cordeiro FF voorspelde in combinatie met het
TIP3P- of het mTIP3P-waterkrachtveld de Henry-coëfficiënten van H2O2 binnen
het bereik van de experimentele waarden. Een andere belangrijke RONS is
stikstofmonoxide (NO). Er bestaan echter geen nauwkeurige all-atom-krachtvelden
voor NO. Om een nieuw krachtveld voor NO te ontwikkelen, hebben we
gebruikgemaakt van de damp-vloeistof-evenwichtseigenschappen (VLE) van deze
stof. Aangezien NO bij de VLE-temperaturen dimeriseert, hebben we het
reactieve NO-(NO)2-systeem in aanmerking genomen. Het nieuw ontwikkelde
krachtveld geeft de VLE-eigenschappen van het reactieve NO-(NO)2-systeem
(d.w.z. coëxistentiedichtheden van damp en vloeistof, molfracties van dimeren in
de vloeibare fase, verzadigde dampdrukken en verdampingswarmten) nauwkeurig
weer, in uitstekende overeenstemming met experimentele waarden voor het
temperatuurbereik van 120K tot 170K. Er werd ook waargenomen dat de
VLE-eigenschappen van het reactieve NO-(NO)2-systeem worden beïnvloed door
zowel de Lennard-Jones-parameters (σ en ϵ/kB) van NO als van (NO)2 en de
atomisatie-energie (D0,(NO)2) van het NO-dimeer. Dit gedrag staat in schril
contrast met het NO2-N2O4-systeem, waar de bindingsdissociatie-energie van het
dimeer veel hoger is dan die van (NO)2 en de VLE van NO2-N2O4 daarom wordt
gedomineerd door de partitie-functie van het geïsoleerde molecuul. We hebben de
interactie van NO met water onderzocht met behulp van het nieuw ontwikkelde
krachtveld voor NO, het Saji FF. De waarden van de zelfdiffusiecoëfficiënten
(D) en Henry-coëfficiënten (Hcp

s ) kwamen overeen met de experimentele waarden.
We hebben ook de interactie van NO2 met water onderzocht. Uit de literatuur
bleek dat NO2 bij hydrolyse salpeterigzuur en salpeterzuur vormt. Vervolgens
ondergaat salpeterigzuur ionisatie- en disproportioneringsreacties. Om de
verschillende reacties te bestuderen, hebben we de CASpy-solver (Journal of
Chemical Theory and Computation, 2023, 19, 2616–2629), een solver voor
chemische reactie-evenwichten, aangepast om willekeurige beperkingen in chemische
reactie-evenwichten te kunnen verwerken. We hebben de samenstelling in de gasfase
van NO2 en zijn dimeer, N2O4, berekend als functie van druk en temperatuur
en vastgesteld dat de concentratie van N2O4 in de gasfase toeneemt bij stijgende
druk en afneemt bij stijgende temperatuur. De hydrolyse van NO2 bleek een
exotherme reactie te zijn, en de pH van het systeem daalt bij toenemende
druk en stijgt bij toenemende temperatuur. We hebben toestandsspecifieke
krachtvelden geparametriseerd voor de interactie tussen atomair zuurstof en
water op de triplet- en singlet-energieoppervlakken. Met behulp van deze nieuwe
krachtvelden hebben we de zelfdiffusie- en Henry-coëfficiënten berekend voor
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het temperatuurbereik van 273 - 333 K. Er werd waargenomen dat op de
triplet-energieoppervlakken de grondtoestand de hoogste waarden van D en Hcp

s

opleverde, terwijl op de singlet-energieoppervlakken de eerste aangeslagen toestand
de hoogste waarden vertoonde. Uit een systematische studie naar de invloed van
afzonderlijke L-J-parameters (σ en ϵ/kB) op D en Hcp

s , hebben we vastgesteld dat
de zelfdiffusiecoëfficiënten worden bepaald door de deeltjesgrootte (σ), terwijl de
Henry-coëfficiënten meer worden beïnvloed door de sterkte van de interactie met
water (ϵ/kB). De hier gepresenteerde resultaten vormen een belangrijke stap in de
richting van een beter begrip van de chemie in de waterfase die plaatsvindt tijdens
plasmatoepassing, verkregen door de berekening van de massaoverdrachts- en
transportcoëfficiënten, evenals de evenwichtsconstanten van de chemische reacties
waarbij RONS in de vloeibare fase betrokken zijn.
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APPENDIX A

Table A.1: Parameters of potential energy functions corresponding to
bond-stretching, bond-bending, torsional, van der Waals and electrostatic
energies developed by Cordeiro [73] for H2O2.

Parameter Functional form Units Value
bOH

1
4
kb(b

2 − b0
2)2 [nm] 0.0981

kb(OH)
1
4
kb(b

2 − b0
2)2 [kJ/mol/nm4] 2.306× 107

bOO
1
4
kb(b

2 − b0
2)2 [nm] 0.1443

kb(OO)
1
4
kb(b

2 − b0
2)2 [kJ/mol/nm4] 6.47× 106

θHOO
1
2
kθ(cos θ − cos θ0)

2 [deg] 100.36
kθ(HOO)

1
2
kθ(cos θ − cos θ0)

2 [kJ/mol/deg2] 524.48

C0

∑5
n=0 Cn(cosψ)

n – 1.995
C1

∑5
n=0 Cn(cosψ)

n – -10.727
C2

∑5
n=0 Cn(cosψ)

n – 15.226
C3

∑5
n=0 Cn(cosψ)

n – -2.244
C4

∑5
n=0 Cn(cosψ)

n – 0.258
C5

∑5
n=0 Cn(cosψ)

n – 0.000

ϵO 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] [kJ/mol] 0.743

σO 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] [nm] 0.303

ϵH 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] [kJ/mol] 0.000

σH 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] [nm] 0.000

qO
1

4πϵo

qiqj
rij

[e] -0.42
qH

1
4πϵo

qiqj
rij

[e] 0.42
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Table A.2: Parameters of potential energy functions corresponding to the
bond-stretching, bond-bending, torsional, van der Waals, and electrostatic
energies developed by Orabi & English [74] for H2O2.

Parameter Functional form Units Value
bOH

1
2
kb(b− b0)

2 [nm] 0.0963
kb(OH)

1
2
kb(b− b0)

2 [kJ/mol/nm2] 435973
bOO

1
2
kb(b− b0)

2 [nm] 0.1442
kb(OO)

1
2
kb(b− b0)

2 [kJ/mol/nm2] 238906

θHOO
1
2
kθ(θ − θ0)

2 [deg] 99.92
kθ(HOO)

1
2
kθ(θ − θ0)

2 [kJ/mol/rad2] 505.426

δ kϕ(1 + cos 2ϕ− δ) [deg] 0.0
kϕ(HOOH) kϕ(1 + cos 2ϕ− δ) [kJ/mol] 8.452

ϵO 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] [kJ/mol] 0.853

σO 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] [nm] 0.298

ϵH 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] [kJ/mol] 0.192

σH 4ϵij [(
σij

rij
)12 − (

σij

rij
)6] [nm] 0.039

qO
1

4πϵo

qiqj
rij

[e] -0.41
qH

1
4πϵo

qiqj
rij

[e] 0.41
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Figure A.1: Viscosities of aqueous H2O2 solutions for various mole fractions
of H2O2 at 293 K and 1 bar for the (a) Orabi [74] and (b) Cordeiro [73] force
fields in combination with the TIP3P [60], mTIP3P [75], TIP4P/2005 [61]
and TIP5P-E [62, 63] force fields for water. Error bars are estimated based
on the standard deviation. The experimental values [150] at 293 K and 1 bar
are added for comparison.
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Figure A.2: Self-diffusion coefficients of water molecules and H2O2 molecules
in aqueous solutions of H2O2 for different mole fractions of H2O2 at 298 K
using the (a) Orabi [74] and (b) Cordeiro [73] force fields in combination with
the TIP3P [60], mTIP3P [75], TIP4P/2005 [61] and TIP5P-E [62, 63] water
force fields. Error bars are estimated based on the standard deviation and are
much smaller than the symbols used in the figure.
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Figure A.3: Natural logarithm of the dimensionless mean square displacement
(ln(MSD)) versus ln(t/t0) (t stands for time and t0 = 1 ns) for H2O2 in H2O2

aqueous solution for a H2O2 mole fraction of 0.5 using the Orabi - TIP4P/2005
force field combination. The simulation was run for 20 ns in the NVT ensemble
from which 1 ns to 20 ns trajectory was used for calculating the self-diffusion
coefficients.

Table A.3: The number of water molecules in the micro solvation shells of
H2O2 in aqueous solutions for H2O2 mole fractions of 0.1, 0.5 and 0.9 for
the Orabi and Cordeiro force fields in combination with the TIP4P/2005 [61],
TIP5P-E [62, 63], TIP3P [60, 75] and mTIP3P [75] water force fields. The
results are calculated by integrating the RDF for Op - Ow up to the first
minimum (rmin,x ), where x is the mole fraction of H2O2 in the system.

Model 0.1 rmin,0.1/[nm] 0.5 rmin,0.5/[nm] 0.9 rmin,0.9/[nm]
Orabi - TIP4P/2005 2 0.31 1.26 0.31 0.25 0.31
Orabi - TIP5P-E 1.04 0.28 0.88 0.28 0.12 0.28
Orabi - TIP3P 2.09 0.31 1.17 0.31 0.24 0.31
Orabi - mTIP3P 2.49 0.31 1.39 0.32 0.29 0.32

Cordeiro - TIP4P/2005 1.77 0.3 1.15 0.31 0.23 0.31
Cordeiro - TIP5P-E 1.05 0.27 0.86 0.27 0.12 0.27
Cordeiro - TIP3P 2.17 0.31 1.06 0.3 0.24 0.31
Cordeiro - mTIP3P 2.26 0.31 0.98 0.3 0.22 0.31

170



A

APPENDIX A

Figure A.4: Radial distribution functions (RDFs) as a function of radial
distance, r [nm], for Ow (O of water) - Hw (H of water) for H2O2 aqueous
solutions with x = 0.1 (b), x = 0.5 (c), and x = 0.9 (d), where x is the mole
fraction of H2O2, at 298 K and 1 bar using the Cordeiro [73] force field in
combination with the mTIP3P [75], TIP5P-E [62, 63], and TIP4P/2005 [61]
water force fields. The RDF for pure water is plotted in (a).
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Figure A.5: Radial distribution functions (RDFs) as a function of radial
distance, r [nm], for Op (O of H2O2) - Hp (H of H2O2) for H2O2 aqueous
solutions with x = 0.1 (b), x = 0.5 (c), and x = 0.9 (d), where x is the mole
fraction of H2O2, at 298 K and 1 bar using the Cordeiro [73] force field in
combination with the mTIP3P [75], TIP5P-E [62, 63], and TIP4P/2005 [61]
water force fields. The first peak (at ca. 0.19 nm) was removed to distinguish
the differences between the combinations clearly. The RDF for pure H2O2 is
plotted in (d) using the Orabi force field and the Cordeiro force field.
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(a)

(d)

(b)

(c)

Figure A.6: Radial distribution functions (RDFs) as a function of radial
distance, r [nm], for Op (O of H2O2) - Hp (H of H2O2) for H2O2 aqueous
solutions with x = 0.1 (a), x = 0.5 (b), and x = 0.9 (c), where x is the mole
fraction of H2O2, at 298 K and 1 bar using the Orabi [74] (left) and Cordeiro [73]
(right) force fields in combination with the mTIP3P [75], TIP5P-E [62, 63],
and TIP4P/2005 [61] water force fields. The RDF for pure H2O2 is plotted in
(d) using the Cordeiro force field and the Orabi force field.
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x = 0.5

x = 0.5
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Figure A.7: Radial distribution functions (RDFs) as a function of radial
distance, r [nm], for Op (O of H2O2) and Hw (H of water) (a - c), Ow (O
of water) and Op (O of H2O2) (d - f), and Ow (O of water) and Hp (H of
H2O2) (g - i) for systems using the mTIP3P [75], TIP5P-E [62, 63], and
TIP4P/2005 [61] water force fields in combination with the Cordeiro [73] force
field for x = 0.1, x = 0.5, and x = 0.9 at 298 K and 1 bar, where x is the mole
fraction of H2O2.
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Figure A.8: (a) Schematic representation of the hydrogen bonding around a
H2O2 molecule in a 0.5 mole fraction Orabi-TIP4P/2005 system. The micro
solvation shell and the first solvation shell for a H2O2 are shown. See Table A.3
and Table A.4 for the radius where the micro solvation shell (rmin,0.5 = 0.31 nm)
and first solvation shell (rmin,0.5 = 0.4nm) are defined. Hydrogen bonding
between two H2O2 molecules is represented with red dashed lines, while the
hydrogen bonding between a H2O2 and a water molecule is shown with a
blue dashed line. Green dashed lines represent hydrogen bonding between two
water molecules. The number of hydrogen bonds per H2O2 molecule for a
0.5 mole fraction Orabi-TIP4P/2005 system is ca. 6, as seen in Figure 3.9.
(b) The geometric criterion used for identifying hydrogen bonding between
H2O2 - H2O2, H2O2 - water and water - water.
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Table A.4: The number of water molecules in the first solvation shells of
H2O2 in aqueous solutions for H2O2 mole fractions of 0.1, 0.5 and 0.9 for
the Orabi and Cordeiro force fields in combination with the TIP4P/2005 [61],
TIP5P-E [62, 63], TIP3P [60, 75] and mTIP3P [75] water force fields. The
results are calculated by integrating the RDF for Op - Ow up to the second
minimum (rmin,x ), where x is the mole fraction of H2O2 in the system.

Model 0.1 rmin,0.1/[nm] 0.5 rmin,0.5/[nm] 0.9 rmin,0.9/[nm]
Orabi - TIP4P/2005 6.9 0.4 3.28 0.4 0.62 0.39
Orabi - TIP5P-E 5.89 0.38 4.24 0.39 0.58 0.37
Orabi - TIP3P 6.37 0.39 3.67 0.4 0.66 0.4
Orabi - mTIP3P 6.82 0.39 3.53 0.39 0.72 0.41

Cordeiro - TIP4P/2005 5.6 0.38 3.21 0.39 0.71 0.41
Cordeiro - TIP5P-E 5.07 0.36 4.32 0.38 0.55 0.37
Cordeiro - TIP3P 5.56 0.38 3.55 0.4 0.73 0.42
Cordeiro - mTIP3P 5.55 0.38 3.59 0.4 0.68 0.4
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Table B.1: Experimental values for structural properties of NO and
(NO)2 [207, 208].

Structural
properties

Experimental [207, 208]

NO
r(NO)/Å 1.151

(NO)2
r(NN)/Å 2.263
r(NO)/Å 1.152
∠ ONO/° 97.120
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Figure B.1: Vapor-liquid coexistence densities (see Table 4.2) of the reactive
NO-(NO)2 system predicted using the New FF as a function of temperature
(red circles). The extrapolated vapor-liquid coexistence densities obtained by
fitting the liquid and vapor phase densities to the law of rectilinear diameters
(Equations 4.6 and 4.7) are also shown (red stars). The coexistence temperature
is also listed in Table 4.2.
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Table B.2: Experimental vibrational frequencies of NO and (NO)2 [208, 255,
364].

Vibrational frequencies/[cm−1] Experimental [208, 255, 364]

NO
ν1 1904.2

(NO)2
ν1 1868
ν2 239
ν3 135
ν4 117
ν5 1789
ν6 429

Table B.3: Experimental rotational constants of NO and (NO)2 [365].

Rotational constants/[cm−1] Experimental [365]

NO
B 1.67195

(NO)2
A 0.86159
B 0.18728
C 0.15363

179



B

APPENDIX B

Table B.4: ln( qV0

Λ3 ) of NO and (NO)2 as a function of temperature.

Temperature
/[K]

ln( qV0
Λ3 )NO/[-] ln( qV0

Λ3 )(NO)2/[-]

121.5 631.82 1270.67
125 614.44 1235.59
130 591.23 1188.80
135 569.75 1145.50
140 549.79 1105.25
145 531.23 1067.84
150 513.89 1032.86
155 497.68 1000.20
160 482.49 969.55
165 468.19 940.76

Table B.5: Coexistence densities of the reactive NO-(NO)2 system as
a function of temperature, computed using the New FF (see Table 4.1).
Experimental liquid densities [253] are listed for comparison. The subscripts
show the standard deviations computed from the results of the 5 independent
production runs.

Temperature
/[K]

ρgas

/[kg/m3]
ρliquid

/[kg/m3]
ρliquid-Expt.

/[kg/m3]

121.5 3.310.1 1280.301.0 1280.27
125 4.610.1 1263.040.8 1263.23
130 7.040.2 1236.860.6 1237.83
135 10.840.1 1208.250.9 1211.01
140 15.400.1 1179.971.0 1182.50
145 22.010.4 1147.750.7 1151.92
150 29.360.5 1114.701.4 1118.78
155 39.220.6 1076.790.7 1082.32
160 54.200.6 1039.231.5 1041.36
165 69.851.2 994.660.4 993.86
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Table B.6: (NO)2 mole fractions (χ) in gas and liquid of the reactive
NO-(NO)2 system as a function of temperature, computed using the New
FF (see Table 4.1). The errors are within 1% of the reported values.
Experimental (NO)2 mole fractions [224, 225] are listed for comparison. Note
that the experimental data for 110 K and 115 K are obtained from Smith &
Johnston [225]. Data from 121.5 K to 165 K are extrapolated values obtained
from Refs. [224, 252] using the WebPlotDigitizer tool [366].

Temperature
/[K]

χ(NO)2gas χ(NO)2 liquid χ(NO)2 liquid-Expt.

110 0.05 0.92 0.95
115 0.06 0.89 —

121.5 0.06 0.86 —
125 0.06 0.83 —
130 0.07 0.80 0.85
135 0.07 0.75 —
140 0.07 0.72 0.76
145 0.07 0.67 —
150 0.08 0.63 0.65
155 0.08 0.58 —
160 0.08 0.53 0.53
165 0.08 0.48 —

Table B.7: Saturated vapor pressures of the reactive NO-(NO)2 system
computed using the New FF (see Table 4.1). The standard deviations are
given as subscripts. Experimental values [253] are listed for comparison.

Temperature
/[K]

P sat

/[MPa]
P sat-Expt.

/[MPa]

121.5 0.090.01 0.10
125 0.130.01 —
130 0.220.009 0.26
135 0.350.02 —
140 0.540.02 0.59
145 0.790.02 —
150 1.120.01 1.35
155 1.510.02 —
160 2.000.03 2.60
165 2.650.04 —
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Table B.8: Average number of NO (NNO) and (NO)2 (N(NO)2) molecules
and volumes (V ) in the vapor and liquid simulation boxes of the reactive
NO-(NO)2 system computed at different temperatures using the New FF. The
standard deviations are given in subscripts.

T/[K] NNO, liquid N(NO)2, liquid NNO, vapor N(NO)2, vapor Vliquid/[Å3] Vvapor/[Å3]

121.5 552 3341 3.60.1 0.230.02 2826418 6340818

125 651 328.40.8 5.10.1 0.340.02 2859015 6308315

130 821 318.70.8 7.70.2 0.540.03 2908410 6258910

135 941 288.40.7 3.930.08 0.300.01 2775518 2109418

140 1101 279.50.7 5.360.09 0.410.02 2834921 2049921

145 131.40.9 267.50.5 7.40.1 0.590.02 2904310 1980610

150 1512 254.80.9 12.80.1 1.030.02 2962935 2573935

155 168.90.7 230.90.4 20.80.3 1.730.05 2929726 3125926

160 2011 227.70.8 15.60.2 1.390.03 3161530 1723430

165 241.50.9 223.30.6 27.00.3 2.460.06 3458013 2301013

Table B.9: Force field parameters developed for the NO molecule by Zhou et
al. [77] (Zhou FF) and Lachet et al. [76] (Lachet FF).

Species ϵ/[K] σ/[Å] q/[e]

Zhou FF N 79.50 3.014 0.0288
O 96.94 2.875 −0.0288

Lachet FF NO 130.00 3.40 ¯
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Table B.10: Critical temperatures (T c), densities (ρc), and pressures (P c)
for pure NO and pure (NO)2 computed using our newly developed force field
(New FF) as well as the force fields developed by Zhou et al. [77] and Lachet
et al. [76].

NO T c/[K] ρc/[kg/m3] P c/[MPa]

New FF 167.34 414.82 5.49

Zhou FF 277.15 427.23 8.66

Lachet FF 168.20 400.27 5.31

(NO)2 T c/[K] ρc/[kg/m3] P c/[MPa]

New FF 243.78 454.28 4.51

Lachet FF 298.37 449.95 5.31
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Figure B.2: Vapor-liquid coexistence densities of the reactive NO-(NO)2
system for various values of D0,(NO)2 using the New FF.
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Figure B.3: Dimer mole fractions in the liquid phase of the reactive NO-(NO)2
system for various values of D0,(NO)2 using the New FF.

Table B.11: Critical temperatures (Tc) and densities (ρc) for various values of
D0,(NO)2 which were used to study the sensitivity of the VLE properties of the
reactive NO-(NO)2 system to the atomization energy of (NO)2. L-J parameters
and partial charges are taken from the New FF. D0,(NO)2 = 1269 kJ/mol (in
bold) is the value with which the VLE properties can be obtained in excellent
agreement with experiments.

D0,(NO)2/[kJ/mol] Tc/[K] ρc/[kg/m3]

1267.64 175.94 472.85
1269 182.51 489.59

1269.64 182.26 500.81
1271.64 194.94 500.83
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Table B.12: List of the force field parameters used to study the sensitivity of
VLE properties to the L-J parameters, σ and ϵ, of NO and/or (NO)2. The New
FF is also included for comparison. In each combination, the L-J parameters of
NO and/or (NO)2 are varied by ±10% compared to the respective parameters
of the New FF. The different combination compared to the New FF is shown
in bold. ϵ/kB is in units of Kelvin and σ is in units of Å.

ϵ
kB

N-N2O2 σN-N2O2
ϵ
kB

O-N2O2 σO-N2O2
ϵ
kB

N-NO σN-NO
ϵ
kB

O-NO σO-NO

FF-a 47.00 2.72 54.52 2.58 48.50 3.09 56.29 2.94
FF-b 47.00 3.32 54.52 3.16 48.50 3.09 56.29 2.94

FF-c 42.30 3.02 49.07 2.87 48.50 3.09 56.29 2.94
FF-d 51.70 3.02 59.97 2.87 48.50 3.09 56.29 2.94

FF-e 47.00 3.02 54.52 2.87 48.50 2.78 56.29 2.65
FF-f 47.00 3.02 54.52 2.87 48.50 3.40 56.29 3.23

FF-g 47.00 3.02 54.52 2.87 43.65 3.09 50.66 2.94
FF-h 47.00 3.02 54.52 2.87 53.35 3.09 61.92 2.94

FF-i 47.00 2.72 54.52 2.58 48.50 2.78 56.29 2.65
FF-j 47.00 3.32 54.52 3.16 48.50 3.40 56.29 3.23

FF-k 42.30 3.02 49.07 2.87 43.65 3.09 50.66 2.94
FF-l 51.70 3.02 59.97 2.87 53.35 3.09 61.92 2.94

New FF 47.00 3.02 54.52 2.87 48.50 3.09 56.29 2.94
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Table B.13: Critical temperatures (Tc) and densities (ρc) for the force field
parameters listed in Table B.12, which were used to study the sensitivity of
the VLE properties on σ and ϵ parameters.

Tc/[K] ρc/[kg/m3]

FF-a 177.90 460.42
FF-b 189.86 463.39

FF-c 178.57 452.20
FF-d 190.54 523.43

FF-e 182.68 562.30
FF-f 184.56 368.04

FF-g 178.91 519.04
FF-h 190.60 447.92

FF-i 176.85 597.30
FF-j 188.48 406.17

FF-k 173.47 484.92
FF-l 189.97 495.64

New FF 182.51 489.59
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Figure B.4: Orthobaric coexistence densities (top left), (NO)2 mole fractions
in the liquid phase (top right), inverse temperature dependence of the saturated
vapor pressures (centre left), heats of vaporization (centre right), and total
true molar enthalpies (bottom centre) of the reactive NO-(NO)2 system using
FF-a (green diamonds), the New FF (blue squares), and FF-b (red circles).
Refer to Table B.12 for the values of the parameters in FF-a and FF-b.
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Figure B.5: Orthobaric coexistence densities (top left), (NO)2 mole fractions
in the liquid phase (top right), inverse temperature dependence of the saturated
vapor pressures (centre left), heats of vaporization (centre right), and total
true molar enthalpies (bottom centre) of the reactive NO-(NO)2 system using
FF-c (green diamonds), the New FF (blue squares), and FF-d (red circles).
Refer to Table B.12 for the values of the parameters in FF-c and FF-d.
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Figure B.6: Orthobaric coexistence densities (top left), (NO)2 mole fractions
in the liquid phase (top right), inverse temperature dependence of the saturated
vapor pressures (centre left), heats of vaporization (centre right), and total
true molar enthalpies (bottom centre) of the reactive NO-(NO)2 system using
FF-e (green diamonds), the New FF (blue squares), and FF-f (red circles).
Refer to Table B.12 for the values of the parameters in FF-e and FF-f.
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Figure B.7: Orthobaric coexistence densities (top left), (NO)2 mole fractions
in the liquid phase (top right), inverse temperature dependence of the saturated
vapor pressures (centre left), heats of vaporization (centre right), and total
true molar enthalpies (bottom centre) of the reactive NO-(NO)2 system using
FF-g (green diamonds), the New FF (blue squares), and FF-h (red circles).
Refer to Table B.12 for the values of the parameters in FF-g and FF-h.
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Figure B.8: Orthobaric coexistence densities (top left), (NO)2 mole fractions
in the liquid phase (top right), inverse temperature dependence of the saturated
vapor pressures (centre left), heats of vaporization (centre right), and total
true molar enthalpies (bottom centre) of the reactive NO-(NO)2 system using
FF-i (green diamonds), the New FF (blue squares), and FF-j (red circles).
Refer to Table B.12 for the values of the parameters in FF-i and FF-j.
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Figure B.9: Orthobaric coexistence densities (top left), (NO)2 mole fractions
in the liquid phase (top right), inverse temperature dependence of the saturated
vapor pressures (centre left), heats of vaporization (centre right), and total
true molar enthalpies (bottom centre) of the reactive NO-(NO)2 system using
FF-k (green diamonds), the New FF (blue squares), and FF-l (red circles).
Refer to Table B.12 for the values of the parameters in FF-k and FF-l.
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Figure B.10: Lennard-Jones potential energy for two single-bead particles
with different values of ϵ/kB (139.76 K and 419.27 K) and identical value of σ
(1.5 Å).
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Figure B.11: Lennard-Jones potential energy for two single-bead particles
with different values of σ (1.5 Å and 4.5 Å) and identical value of ϵ/kB (139.76
K).
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Appendix C- Supporting data for
Chapter 5

1.203 Å

θONO =133.8˚

O

N
O

Figure C.1: Schematic representation of the NO2 molecule, showing its
bond lengths and angle. Note that the NO2 molecule is considered rigid and
therefore the bond lengths and angle are kept fixed at the equilibrium values.
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θONN =112.6˚

1.797 Å

1.188 Å

N

O
N

O

O

O

φONON

Figure C.2: Schematic representation of the N2O4 molecule, showing its
bond lengths, angles, and dihedral. Note that the bond lengths and angles of
N2O4 are kept fixed at the equilibrium values.

Table C.1: Parameters of potential energy functions corresponding to van
der Waals and electrostatic energies developed by Bourasseau et al. [280] for
NO2.

Parameter Functional form Units Value

ϵN/kB 4ϵij

[(
σij

rij

)12
−

(
σij

rij

)6
]

[K] 50.36

σN 4ϵij

[(
σij
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)12
−

(
σij

rij

)6
]

[Å] 3.24

ϵO/kB 4ϵij
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σij
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)12
−

(
σij
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)6
]

[K] 62.51

σO 4ϵij

[(
σij
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)12
−

(
σij
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)6
]

[Å] 2.93

qN
1

4πϵo

qiqj
rij

[e] 0.146

qO
1

4πϵo

qiqj
rij

[e] -0.073
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Table C.2: Parameters of potential energy functions corresponding to
torsional, van der Waals and electrostatic energies developed by Bourasseau et
al. [280] for N2O4.

Parameter Functional form Units Value

c0/kB c0 + c1(1 + cosϕ) + c2(1− cos2ϕ) + c3(1 + cos3ϕ) [K] -40.046

c1/kB c0 + c1(1 + cosϕ) + c2(1− cos2ϕ) + c3(1 + cos3ϕ) [K] -9.196

c2/kB c0 + c1(1 + cosϕ) + c2(1− cos2ϕ) + c3(1 + cos3ϕ) [K] 1826.432

c3/kB c0 + c1(1 + cosϕ) + c2(1− cos2ϕ) + c3(1 + cos3ϕ) [K] 10.335

ϵN/kB 4ϵij

[(
σij

rij

)12
−

(
σij

rij

)6
]

[K] 50.36

σN 4ϵij
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σij
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σij

rij

)6
]

[Å] 3.24
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σij
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σij
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)6
]

[K] 62.51
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[Å] 2.93

qN
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4πϵo
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[e] -0.294
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θ HOH 
=120˚

O

H
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Figure C.3: Schematic representation of the H3O+ ion, showing its bond
lengths and angles. Note that H3O+ is considered rigid, therefore the bond
lengths and angles are kept fixed at the equilibrium values.

Table C.3: Parameters of potential energy functions corresponding to van der
Waals and electrostatic energies developed by Noroozi et al. [281] for H3O+.

Parameter Functional form Units Value

ϵH/kB 4ϵij

[(
σij

rij

)12
−

(
σij

rij

)6
]

[K] 1.00

σH 4ϵij

[(
σij
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)12
−

(
σij
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)6
]

[Å] 1.00
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σij

rij

)12
−

(
σij

rij

)6
]

[K] 76.54

σO 4ϵij

[(
σij

rij

)12
−

(
σij

rij

)6
]

[Å] 3.15

qH
1

4πϵo

qiqj
rij

[e] 0.7599
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[e] -1.2797
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1.254 Å

θ ONO 
=116.8˚

N

O
O

Figure C.4: Schematic representation of the NO−
2 ion, showing its bond

lengths and angles. Note that the bond lengths of NO−
2 are kept fixed at their

equilibrium values.

Table C.4: Parameters of potential energy functions corresponding to bending,
van der Waals and electrostatic energies developed by Cordeiro et al. [282] for
NO−

2 .

Parameter Functional form Units Value

θONO
1
2
k(θ − θ0)2 [deg] 116.80

kθ(ONO)/kB 1
2
k(θ − θ0)2 [K/deg2] 119847.30

ϵN/kB 4ϵij

[(
σij
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(
σij
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)6
]
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σN 4ϵij
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rij
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rij

[e] -0.70
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1.268 Å

θ ONO 
=120˚

N

O
O

O

Figure C.5: Schematic representation of the NO−
3 ion, showing its bond

lengths and angles (θONO). Note that the bond lengths of NO−
3 are kept fixed

at their equilibrium values.

Table C.5: Parameters of potential energy functions corresponding to bending,
van der Waals and electrostatic energies developed by Cordeiro et al. [282] for
NO−

3 . Note that the improper torsion for NO−
3 are neglected in this work as

these potentials are not implemented in Brick-CFCMC.

Parameter Functional form Units Value

θONO
1
2
k(θ − θ0)2 [deg] 120.00

kθ(ONO)/kB 1
2
k(θ − θ0)2 [K/deg2] 105751.64

ϵN/kB 4ϵij

[(
σij

rij
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σij

rij
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]

[K] 76.78
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1.201 Å

θ ONO 
=111.58˚

1.404 Å 0.985 Å

θ NOH 
=102.98˚

N

O H
O

ΨONOH

Figure C.6: Schematic representation of the HNO2 molecule, showing its
bond lengths, angles, and dihedrals (ψONOH). Note that the bond lengths of
HNO2 molecule are kept fixed at their equilibrium values.

Table C.6: Parameters of potential energy functions corresponding to bending
and torsional energies developed by Cordeiro et al. [282] for HNO2.

Parameter Functional form Units Value

θONO
1
2
k(θ − θ0)2 [deg] 111.58

kθ(ONO)/kB 1
2
k(θ − θ0)2 [K/deg2] 176678.39

θNOH
1
2
k(θ − θ0)2 [deg] 102.98

kθ(NOH)/kB 1
2
k(θ − θ0)2 [K/deg2] 65147.46

p0/kB
∑5

i=0 pi(cosψ)
i [K] 4638

p1/kB
∑5

i=0 pi(cosψ)
i [K] -706.8

p2/kB
∑5

i0=0 pi(cosψ)
i [K] -4544.4

p3/kB
∑5

i=0 pi(cosψ)
i [K] 613.2

p4/kB
∑5

i=0 pi(cosψ)
i [K] 0.00

p5/kB
∑5

i=0 pi(cosψ)
i [K] 0.00
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Table C.7: Parameters of potential energy functions corresponding to van
der Waals and electrostatic energies developed by Cordeiro et al. [282] for
HNO2.

Parameter Functional form Units Value

ϵH/kB 4ϵij
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1.151 Å

N
O

Figure C.7: Schematic representation of the NO molecule, showing its bond
length. Note that the bond length of NO is kept fixed at its equilibrium value.

Table C.8: Parameters of potential energy functions corresponding to van
der Waals and electrostatic energies developed by Saji et al. (see Chapter 4)
for NO.

Parameter Functional form Units Value

ϵN/kB 4ϵij

[(
σij
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σij

rij
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]

[K] 48.50

σN 4ϵij
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[Å] 3.09
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rij
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rij

[e] -0.0288
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Table C.9: Inputs required to calculate the isolated molecule partition
function of involved species using the Brick-CFCMC software [68, 99]. The
inputs are obtained from the JANAF tables [247] and the NIST database.
For detailed expressions of the isolated molecule partition functions, refer
to Chapter 2 and Polat et al. [68] Note that the isolated molecule partition
functions for NO2 and N2O4 were computed from the correlation functions
provided by Lasala et al. [241], while the isolated molecule partition function
of NO was computed from the correlation function provided in Chapter 4 (see
Equation 4.16 and 4.17).

H2O NO−
2 NO−

3 HNO2 H3O+

Atomization energy/[kJ/mol] 917.80 1314.52 1431.87 1253.02 312.88

Electronic Degeneracy 1 1 1 1 1

Rotational Temperatures/[K] 40.11 5.50 0.64 4.46 15.96
20.88 0.65 0.64 0.60 15.96
13.36 0.58 0.32 0.53 9.23

Symmetry Number 2 2 3 1 3

Vibrational Temperatures/[K] 5261.62 1900.06 1509.97 5170.70 5412.29
2294.85 1079.58 1194.73 2442.76 1511.41
5404.06 1756.11 1972.03 1814.79 5570.62

1034.96 1143.60 2231.13
1972.03 861.30 5570.63
1034.96 782.09 2231.13
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Table C.10: Number of N2O4 molecules per NO2 molecule in the ideal gas
phase as a function of the total pressure in the gas phase (Ptotal) for different
temperatures. These values are in excellent agreement with the computational
values reported in the literature [241, 286].

Ptotal /[kPa] 273 K 298 K 313 K 333 K

1× 10−7 6.27× 10−8 7.49× 10−9 2.47× 10−9 6.50× 10−10

1× 10−6 6.27× 10−7 7.49× 10−8 2.47× 10−8 6.50× 10−9

1× 10−5 6.27× 10−6 7.49× 10−7 2.47× 10−7 6.50× 10−8

1× 10−4 6.27× 10−5 7.49× 10−6 2.47× 10−6 6.50× 10−7

1× 10−3 6.27× 10−4 7.49× 10−5 2.47× 10−5 6.50× 10−6

1× 10−2 6.24× 10−3 7.48× 10−4 2.47× 10−4 6.50× 10−5

1× 10−1 5.92× 10−2 7.43× 10−3 2.47× 10−3 6.50× 10−4

1× 100 4.37× 10−1 7.00× 10−2 2.41× 10−2 6.46× 10−3

1× 101 2.05× 100 4.99× 10−1 2.05× 10−1 6.13× 10−2

1× 102 7.44× 100 2.28× 100 1.15× 100 4.49× 10−1
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Obtaining ln[K] from pKa

The values of ln[K] reported in this work are within the CASpy software
convention [68], K = KCASpy, and are calculated using

ln[K] = ln[KCASpy] = −ln[10]pKa − ln[55.55], (C.1)

where pKa = −log10[Ka] =
−ln[Ka]
ln[10] in which Ka is the unitless acid dissociation

constant [290], Ka =
K′

a
C0 . K ′

a is the acid dissociation constant in units of [mol
L ] and

C0 is a constant equal to 1 mol/L. We introduce these two definitions of the acid
dissociation constant because, in the literature, values are reported either in units
of [mol

L ] or as unitless quantities. Here, we present the derivation of Equation C.1
using reaction R3 as an example.

The acid dissociation constant, Ka, for reaction R3, HNO2(aq)+H2O(l) ⇌
NO−

2 (aq)+ H3O+
(aq) is given by

Ka =
aNO−

2
aH3O+

aHNO2
aH2O

, (C.2)

where aY = [Y ]
′

C0 is the activity of a particular species Y (HNO2, H2O, NO−
2 ,

and H3O+). [Y ]
′

is the concentration of Y in units of [mol/L]. The activity of
water (aH2O) is taken as one [367, 368] in dilute aqueous solutions (aH2O = 1).
By substituting aY into Equation C.2, Ka can be written in terms of a unitless
concentration [Y ]

Ka =
[NO−

2 ][H3O+]

[HNO2]
. (C.3)

By defining ctotal as the sum of the unitless concentration of all the species
in the system, ctotal = [NO−

2 ] + [H3O+] + [HNO2] + [H2O], and by dividing the
numerator and denominator of Equation C.3 by ctotal, Ka can be written in terms
of the mole fraction XY = [Y ]

ctotal
as

Ka =
XNO−

2
XH3O+

XHNO2

ctotal. (C.4)

The convention used in the CASpy software is that the equilibrium constant of
reaction R3 is

KCASpy =
XNO−

2
XH3O+

XHNO2
XH2O

(C.5)

and therefore KCASpy can be written in terms of Ka by the following equation
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KCASpy =
Ka

XH2O ctotal
. (C.6)

Taking the natural logarithm of Equation C.6 and substituting XH2O ≈ 1 and ctotal
≈ [H2O] (which are valid for weak acids such as HNO2), the following equation
can be obtained

ln[KCASpy] = ln[Ka]− ln[H2O]. (C.7)

Using the equation for the acid dissociation constant pKa = −log10[Ka] =
−ln[Ka]
ln[10]

and substituting it in Equation C.7, one obtains

ln[KCASpy] = −ln[10]pKa − ln[H2O]. (C.8)

[H2O] equals [H2O]′

C0 in which [H2O]′ is approximately 55.55 mol/L. Therefore, the
following equation can be obtained

ln[KCASpy] = −ln[10]pKa − ln[55.55]. (C.9)

Calculating Mass Balances

In this section, we compute the mass balances for reactions R2, R3 and R4 in the
main text. The mass balance for reaction R1 in the gas phase is not included,
as there is a mass transfer from the infinite gas phase to the liquid phase when
the total pressure and the composition of the gas phase are imposed. Let λ2, λ3
and λ4 be the extent of reactions for reactions R2, R3 and R4 in the main text,
respectively. It should be noted that λ2, λ3 and λ4 are different from the coupling
parameter (λ) from the CFCMC algorithm [95–97] introduced in Section 2.3.1.
Considering the sources and sinks of each species, the net amount of each species
can be written as

H2O∗ = −2λ2 − λ3, (C.10)

HNO∗
2 = λ2 − λ3 − 3λ4, (C.11)

NO− ∗
3 = λ2 + λ4, (C.12)

NO− ∗
2 = λ3, (C.13)

H3O+ ∗ = λ2 + λ3 + λ4, (C.14)
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NO∗ = 2λ4, (C.15)

where Y ∗ is the amount (in mole fraction) of species Y produced (for reaction
products) or consumed (for reactants) in a reaction. By eliminating λ3 and λ4
using Equations C.13 and C.10 in the rest of the equation, the following equations
are obtained

H2O∗ = −2λ2 − NO− ∗
2 , (C.16)

NO− ∗
3 = λ2 +

NO∗

2
, (C.17)

HNO∗
2 = λ2 − NO− ∗

2 − 3NO∗

2
. (C.18)

Finally, eliminating λ2 from Equations C.16, C.17, and C.18 leads to the following
mass balances

2NO− ∗
3 − NO∗ + H2O∗ + NO− ∗

2 = 0, (C.19)

NO− ∗
3 − HNO∗

2 − 2NO∗ − NO− ∗
2 = 0. (C.20)

These constraints are added to the CASpy software.

Dimerization constant in the gas phase

For the reaction 2NO2(g) ⇌ N2O4(g) in the gas phase, the sum of the chemical
potentials of the species (µi) weighted by their stoichiometric coefficients (νi,j) is
zero

Nspecies∑
i=1

νi,jµi = 0. (C.21)

The chemical potential of a species, as defined in Brick-CFCMC [68, 97–99], is
given by

µi = µ0
i +RT ln

[
ρi
ρ0

]
+ µex

i , (C.22)

wherein µ0
i is the standard state ideal gas chemical potential of solute i, R is the

ideal gas constant, T is the absolute temperature, ρi is the number density of
solute i, ρ0 is the reference number density, taken as 1 molecule Å−3. µex

i is the
excess chemical potential of the solute i in the solvent. In the (ideal) gas phase,
µex
i = 0 for all species. Combining the above equations, one arrives at

µ0
N2O4

+RT ln
[
ρN2O4

ρ0

]
− 2µ0

NO2
− 2RT ln

[
ρNO2

ρ0

]
= 0. (C.23)
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Upon rearrangement, Equation C.23 can be written as

µ0
N2O4

− 2µ0
NO2

= RT ln

[
ρ2NO2

ρN2O4
ρ0

]
. (C.24)

Using the ideal gas law, ρi =
[

Pi

kBT

]
, for each species, the following equation is

obtained

µ0
N2O4

− 2µ0
NO2

= RT ln

[
P 2

NO2

PN2O4
P0

]
, (C.25)

where P0 = ρ0 kB T and ρ0 = 1 molecule Å−3. By defining Kp =

[
PN2O4

P0

P 2
NO2

]
the

following equation is obtained

Kp = exp

[
µ0

N2O4
− 2µ0

NO2

−RT

]
. (C.26)

Gas phase composition

Using the definition for Kp =

[
PN2O4

P0

P 2
NO2

]
, where P0 = ρ0 kB T and ρ0 = 1 molecule

Å−3, one obtains

PN2O4 =
KpP

2
NO2

P0
. (C.27)

From the ideal gas law, Pi =
Ni

V kBT . Using this result in Equation C.27, one
arrives at the following equation:

NN2O4
=
N2

NO2
Kp

V/V0
, (C.28)

where V is the total volume of the gas phase. From the ideal gas law, V = Ntotal kBT
Ptotal

,
and substituting this equation in Equation C.28

NN2O4 =
N2

NO2
V0PtotalKp

Ntotal kBT
. (C.29)

Since the gas phase is composed of both NO2 and N2O4 molecules, the total
number of molecules in the gas phase, Ntotal, is equal to the sum of molecules of
NO2 and N2O4. That is

Ntotal = NN2O4
+NNO2

. (C.30)
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Using Equation C.30 in Equation C.29, NN2O4
can be equated to

NN2O4
=

N2
NO2

V0PtotalKp

(NN2O4
+NNO2

) kBT
, (C.31)

which upon rearrangement, can be written as

N2
N2O4

+NN2O4NNO2 −
N2

NO2
V0PtotalKp

kBT
= 0. (C.32)

217



C

APPENDIX C

270 280 290 300 310 320 330
Temperature / [K]

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

D
 / 

[1
0

9 m
2 s

1 ]

XNO=0.005
XNO=0.015
XNO=0.025

Figure C.8: Self-diffusion coefficients of water in NO aqueous solutions for
different mole fractions of NO at different temperatures using the Saji et al.
force field (see Equation 4.1) for NO and the TIP4P/2005 [61] water model.
Error bars are estimated based on the standard deviation of 6 production
blocks and are much smaller than the symbols.
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Figure C.9: Viscosities of NO aqueous solutions for different mole fractions of
NO at different temperatures using the Saji et al. force field (see Equation 4.1)
for NO and the TIP4P/2005 [61] water model. Error bars are estimated based
on the standard deviation of 6 production blocks and are much smaller than
the symbols.
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(a) (b)

Figure C.10: Comparison of the harmonic and cosine-based angle potential
functions for HNO2 molecule in the range from 0° to 180° in (a) and a zoom
in the range from 50° to 150° (b).
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Figure C.11: The mole fractions of species in the aqueous phase as a function
of the total gas pressure (Ptotal) at 273 K.
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Figure C.12: The mole fractions of species in the aqueous phase as a function
of the total gas pressure (Ptotal) at 313 K.
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Figure C.13: The mole fractions of species in the aqueous phase as a function
of the total gas pressure (Ptotal) at 333 K.
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Figure C.14: The probability distributions as a function of ln[K] are shown
as histograms. The left-hand side histogram is for reaction R2 (2 NO2 +
2 H2O −−⇀↽−− HNO2 + NO−

3 + H3O+), and the right-hand side histogram is for
reaction R4 (3 HNO2 −−⇀↽−− NO−

3 + H3O+ + 2 NO). The corresponding fits to
a Gaussian distribution function at 273 K are also shown.
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(a) (b)

(c) (d)

(e) (f )

Figure C.15: The probability distributions as a function of the mole fraction
for each species are shown as histograms. (a) corresponds to the histogram for
H2O, similarly (b) for NO−

3 , (c) for H3O+, (d) for NO, (e) for HNO2, and (f)
for NO−

2 . The corresponding fits to a Gaussian distribution function at 273 K
are also shown.
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Figure C.16:
〈
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as a function of λ and the corresponding cubic spline fit

for the NO−
3 + H3O+ system in water at 298 K.
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Table D.1: L-J parameters for O-Ow (Ow being the oxygen atom of water
molecule) obtained by fitting to the different energy surfaces from Suijker &
Bagheri [323].

ϵ/kB / [K] σ / [Å]

3 A2(1) 4.2 3.965

3 B1(1) 288.0 2.5

3 B2(1) 163.2 2.7

1 A1(2) 6.0 4.0

1 A2(1) 6.0 4.0

1 B1(1) 328.8 2.4

1 B2(1) 205.2 2.56

Table D.2: Self-diffusion coefficients (in units of 10−9 m2s−1) of atomic
oxygen at different temperatures (273 K - 333 K) using the force fields fitted
to the different energy surfaces from Suijker & Bagheri [323]. The pressure is 1
bar. The self-diffusion coefficients are corrected for finite-size effects according
to Equation 2.66. The water model used is the TIP4P/2005 water model [61].
The standard deviations are given in the subscripts.

273 K 298 K 313 K 333 K

3 A2(1) 1.370.05 2.720.06 3.780.06 5.50.2

3 B1(1) 4.110.08 5.70.1 7.40.4 9.30.1

3 B2(1) 3.100.05 5.050.07 6.40.2 8.20.1

1 A1(2) 1.140.01 2.490.05 3.350.02 5.00.2

1 B1(1) 4.50.1 6.80.1 8.230.06 10.530.09

1 B2(1) 4.2600.005 6.160.05 7.540.04 9.620.03
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Table D.3: Excess chemical potentials (in units of K when divided by kB)
of atomic oxygen at different temperatures (273 K - 333 K) using the force
fields fitted to the different energy surfaces from Suijker & Bagheri [323]. The
pressure is 1 bar. The water model used is the TIP3P water model [60]. The
standard deviations are given in the subscripts.

273 K 298 K 313 K 333 K

3 A2(1) 25364 25543 25586 25343

3 B1(1) -11684 -10514 -9864 -9087

3 B2(1) -1734 -803 -302 -272

1 A1(2) 27619 27864 27944 27822

1 B1(1) -13712 -12544 -11893 -11084

1 B2(1) -52610 -4319 -3817 -3169

Table D.4: Henry coefficients (in units of 10−5 mol/(m3 Pa)) of atomic
oxygen at different temperatures (273 K - 333 K) using the force fields fitted
to the different energy surfaces from Suijker & Bagheri [323]. The pressure is
1 bar. The water model used is the TIP3P water model [60]. The standard
deviations are given in the subscripts.

273 K 298 K 313 K 333 K

3 A2(1) 0.004090.00007 0.007800.00007 0.01090.0002 0.01800.0002

3 B1(1) 31825 13992 9281 5541

3 B2(1) 83.30.1 53.70.1 43.80.1 35.40.1

1 A1(2) 0.001760.00006 0.003530.00007 0.005290.00007 0.008930.00006

1 B1(1) 67056 27784 17762 10581

1 B2(1) 3011 174.40.5 133.80.3 99.40.3
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Table D.5: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 2.83Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The L-J parameters are the cross-interaction terms between
the L-J particle and O of the water molecule. The standard deviations are
given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 7.970.04 10.660.07 13.30.4

83.61 4.90.2 7.50.2 10.70.1

118.24 4.80.2 6.40.1 9.60.2

144.81 4.280.05 6.30.1 9.30.1

167.22 4.20.1 6.10.1 8.280.01

Table D.6: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.08 Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The water model used is the TIP4P/2005 water model [61].
The standard deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 5.40.2 7.60.2 10.70.1

83.61 3.20.2 5.50.1 7.80.1

118.24 2.90.2 4.80.1 6.90.3

144.81 3.00.1 4.80.1 6.60.1

167.22 2.80.1 4.40.1 6.50.2
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Table D.7: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.33 Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The water model used is the TIP4P/2005 water model [61].
The standard deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 3.50.1 5.850.02 8.50.2

83.61 2.410.03 4.00.1 5.90.2

118.24 2.20.1 3.70.2 5.60.1

144.81 2.40.1 3.80.1 5.20.2

167.22 2.00.1 3.50.1 5.20.1

Table D.8: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.58 Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The water model used is the TIP4P/2005 water model [61].
The standard deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 2.60.2 4.50.1 7.10.3

83.61 2.050.03 3.20.1 5.00.1

118.24 1.710.02 3.20.1 4.60.1

144.81 1.740.03 2.900.03 4.540.02

167.22 1.710.01 2.80.1 4.340.04
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Table D.9: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.83 Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The water model used is the TIP4P/2005 water model [61].
The standard deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 2.150.02 3.50.1 5.50.1

83.61 1.70.1 2.90.1 4.50.3

118.24 1.450.02 2.60.1 4.030.02

144.81 1.530.01 2.40.1 3.880.04

167.22 1.50.1 2.450.04 3.90.1

Table D.10: Excess chemical potentials of the L-J particle (in units of K when
divided by kB) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 2.83 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 10852 11432 11861

83.61 7523 8392 9102

118.24 4442 5453 6293

144.81 1852 3011 3933

167.22 -372 822 1843
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Table D.11: Excess chemical potentials of the L-J particle (in units of K when
divided by kB) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.08 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 14776 15512 15953

83.61 10696 11735 12524

118.24 6846 8056 8952

144.81 3596 4982 6014

167.22 765 2223 3417

Table D.12: Excess chemical potentials of the L-J particle (in units of K when
divided by kB) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.33 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 194310 20272 20744

83.61 143615 156513 165112

118.24 96619 111210 12156

144.81 55511 7179 8398

167.22 21610 3828 5182
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Table D.13: Excess chemical potentials of the L-J particle (in units of K when
divided by kB) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.58 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 249011 25707 26268

83.61 186922 201610 208815

118.24 127710 143625 156722

144.81 79631 95921 11137

167.22 37829 57217 7219

Table D.14: Excess chemical potentials of the L-J particle (in units of K when
divided by kB) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.83 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 30828 31907 323811

83.61 230335 249521 257622

118.24 170715 185835 196129

144.81 106625 125148 143531

167.22 48744 73729 94716
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Table D.15: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 2.83 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 1.0780.004 1.1190.006 1.190.01

83.61 3.280.04 2.830.02 2.640.01

118.24 9.180.04 7.040.08 5.880.06

144.81 21.80.2 14.890.09 11.540.1

167.22 45.60.5 29.20.1 21.010.2

Table D.16: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.08 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 0.2930.006 0.3180.002 0.3710.004

83.61 1.140.03 1.020.02 0.990.01

118.24 4.10.1 3.150.05 2.750.02

144.81 12.20.3 8.110.08 6.370.09

167.22 31.40.7 19.00.1 13.40.3
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Table D.17: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.33 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 0.0620.002 0.07320.0006 0.0950.001

83.61 0.340.02 0.300.01 0.320.01

118.24 1.60.1 1.230.04 1.110.02

144.81 6.30.2 4.10.1 3.240.08

167.22 19.70.6 11.60.3 8.10.4

Table D.18: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.58 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 0.01000.0004 0.01380.0003 0.01960.0004

83.61 0.0790.006 0.0760.002 0.0910.004

118.24 0.570.02 0.450.03 0.410.03

144.81 2.90.3 2.00.1 1.50.2

167.22 121 6.50.3 4.50.1
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Figure D.1: Potential energy curve of the 3A2(1) energy level obtained
from ab initio quantum mechanical calculations retrieved from Suijker &
Bagheri [323] (in green) and the corresponding L-J fit (in blue). The
interatomic distance is between the atomic oxygen and the oxygen of the
water molecule (Ow). Note that the L-J parameters (ϵ/kB and σ) shown in
the figure are the cross-interaction terms between O of the atomic oxygen and
O of the water molecule. The fit was performed up to an interatomic distance
of 10.0Å, however, only a part of the curve is shown to clearly illustrate the
differences between the fitted function and the ab initio data.
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Figure D.2: Potential energy curve of the 3 B1(1) energy level obtained
from ab initio quantum mechanical calculations retrieved from Suijker &
Bagheri [323] (in green) and the corresponding L-J fit (in blue). The
interatomic distance is between the atomic oxygen and the oxygen of the
water molecule (Ow). Note that the L-J parameters (ϵ/kB and σ) shown in
the figure are the cross-interaction terms between O of the atomic oxygen and
O of the water molecule. The fit was performed up to an interatomic distance
of 10.0Å, however, only a part of the curve is shown to clearly illustrate the
differences between the fitted function and the ab initio data.
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Figure D.3: Potential energy curve of the 3 B2(1) energy level obtained
from ab initio quantum mechanical calculations retrieved from Suijker &
Bagheri [323] (in green) and the corresponding L-J fit (in blue). The
interatomic distance is between the atomic oxygen and the oxygen of the
water molecule (Ow). Note that the L-J parameters (ϵ/kB and σ) shown in
the figure are the cross-interaction terms between O of the atomic oxygen and
O of the water molecule. The fit was performed up to an interatomic distance
of 10.0Å, however, only a part of the curve is shown to clearly illustrate the
differences between the fitted function and the ab initio data.
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Figure D.4: Potential energy curve of the 1 A1(2) energy level obtained
from ab initio quantum mechanical calculations retrieved from Suiker &
Bagheri [323] (in green) and the corresponding L-J fit (in blue). The
interatomic distance is between the atomic oxygen and the oxygen of the
water molecule (Ow). Note that the L-J parameters (ϵ/kB and σ) shown in
the figure are the cross-interaction terms between O of the atomic oxygen and
O of the water molecule. The fit was performed up to an interatomic distance
of 10.0Å, however, only a part of the curve is shown to clearly illustrate the
differences between the fitted function and the ab initio data.

238



D

APPENDIX D

2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00
Interatomic distance / (Å)

0

10

20

30

40

In
te

ra
ct

io
n 

en
er

gy
 / 

[k
J/m

ol
] 1 A2(1)

LJ Fit, /kB = 6.0 K,  = 4.0 Å

Figure D.5: Potential energy curve of the 1 A2(1) energy level obtained
from ab initio quantum mechanical calculations retrieved from Suijker &
Bagheri [323] (in green) and the corresponding L-J fit (in blue). The
interatomic distance is between the atomic oxygen and the oxygen of the
water molecule (Ow). Note that the L-J parameters (ϵ/kB and σ) shown in
the figure are the cross-interaction terms between O of the atomic oxygen and
O of the water molecule. The fit was performed up to an interatomic distance
of 10.0Å, however, only a part of the curve is shown to clearly illustrate the
differences between the fitted function and the ab initio data.
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Figure D.6: Potential energy curve of the 1 B1(1) energy level obtained
from ab initio quantum mechanical calculations retrieved from Suijker &
Bagheri [323] (in green) and the corresponding L-J fit (in blue). The
interatomic distance is between the atomic oxygen and the oxygen of the
water molecule (Ow). Note that the L-J parameters (ϵ/kB and σ) shown in
the figure are the cross-interaction terms between O of the atomic oxygen and
O of the water molecule. The fit was performed up to an interatomic distance
of 10.0Å, however, only a part of the curve is shown to clearly illustrate the
differences between the fitted function and the ab initio data.
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Figure D.7: Potential energy curve of the 1 B2(1) energy level obtained
from ab initio quantum mechanical calculations retrieved from Suijker &
Bagheri [323] (in green) and the corresponding L-J fit (in blue). The
interatomic distance is between the atomic oxygen and the oxygen of the
water molecule (Ow). Note that the L-J parameters (ϵ/kB and σ) shown in
the figure are the cross-interaction terms between O of the atomic oxygen and
O of the water molecule. The fit was performed up to an interatomic distance
of 10.0Å, however, only a part of the curve is shown to clearly illustrate the
differences between the fitted function and the ab initio data.
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Table D.19: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different temperatures (300 K - 350 K) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.83 Å. The pressure is 1 bar.
The water model used is the TIP4P/2005 water model [61]. The standard
deviations are given in the subscripts.

ϵ/kB / [K] 300 K 325 K 350 K

21.59 0.001400.00005 0.002050.00006 0.0030.0001

83.61 0.0190.002 0.0170.001 0.0230.001

118.24 0.150.05 0.120.01 0.130.01

144.81 1.20.1 0.80.1 0.590.05

167.22 81 3.90.3 2.40.1
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Figure D.8: Henry coefficients for O(3P) in water as a function of inverse
temperature in logarithmic scale using force fields fitted to 3 B1(1), 3 B2(1),
and 3 A2(1) energy surfaces from Suijker & Bagheri [323]. The pressure is 1
bar.
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Figure D.9: Henry coefficients for O(1D) in water as a function of inverse
temperature in logarithmic scale using force fields fitted to 1 B1(1), 1 B2(1),
and 1 A1(2) energy surfaces from Suijker & Bagheri [323]. The pressure is 1
bar.
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Figure D.10: Self-diffusion coefficients as a function of σ−1 for the L-J particle
of different ϵ/kB in water at 300 K. The pressure is 1 bar. The self-diffusion
coefficients are corrected for finite-size effects according to Equation 2.66. The
water model used is the TIP4P/2005 model [61]. Numbers in the legend
represent values of ϵ/kB. Error bars are estimated based on the standard
deviation of 6 production blocks.
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Figure D.11: Self-diffusion coefficients as a function of ϵ/kB for the L-J
particle of σ = 3.33 Å in water for different temperatures (300 K - 350 K).
The pressure is 1 bar. The self-diffusion coefficients are corrected for finite-size
effects according to Equation 2.66. The water model used is the TIP4P/2005
model [61]. Error bars are estimated based on the standard deviation of 6
production blocks.
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Figure D.12: Self-diffusion coefficients as a function of σ for the L-J particle
of 118.24 K ϵ/kB in water for different temperatures (300 K - 350 K). The
pressure is 1 bar. The self-diffusion coefficients are corrected for finite-size
effects according to Equation 2.66. The water model used is the TIP4P/2005
model [61]. Error bars are estimated based on the standard deviation of 6
production blocks.
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Figure D.13: Excess chemical potentials as a function of σ for the L-J
particle of different ϵ/kB in water at 300 K. The pressure is 1 bar. The water
model used is the TIP4P/2005 model [61]. Numbers in the legend represent
values of ϵ/kB. Error bars are estimated based on the standard deviation of 5
production blocks.
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Figure D.14: Excess chemical potentials as a function of ϵ/kB for the L-J
particle of σ = 3.33 Å in water for different temperatures (300 K - 350 K). The
pressure is 1 bar. The water model used is the TIP4P/2005 model [61]. Error
bars are estimated based on the standard deviation of 5 production blocks.
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Figure D.15: Excess chemical potentials as a function of σ for the L-J
particle of 118.24 K ϵ/kB in water for different temperatures (300 K - 350 K).
The pressure is 1 bar. The water model used is the TIP4P/2005 model [61].
Error bars are estimated based on the standard deviation of 5 production
blocks.
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Figure D.16: Henry coefficients as a function of σ for the L-J particle of
different ϵ/kB in water at 300 K in logarithmic scale. The pressure is 1 bar.
The water model used is the TIP4P/2005 model [61]. Numbers in the legend
represent values of ϵ/kB. Error bars are estimated based on the standard
deviation of 5 production blocks.
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Figure D.17: Henry coefficients as a function of σ for the L-J particle
of 118.24 K ϵ/kB in water for different temperatures (300 K - 350 K) in
logarithmic scale. The pressure is 1 bar. The water model used is the
TIP4P/2005 model [61]. Error bars are estimated based on the standard
deviation of 5 production blocks.
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Table E.1: L-J parameters of the different species used in this work. Ow is
the oxygen atom of the TIP4P/2005 [61] water molecule. The partial charges
of Na+ and Cl− are 0.85 e and -0.85 e, respectively.

ϵ/kB / [K] σ / [Å]

Na+ - Na+ 177.08484 2.21737

Na+ - Cl− 173.06027 3.00512

Cl− - Cl− 9.251769 4.69906

Na+ - Ow 95.423247 2.60838

Cl− - Ow 7.4548886 4.23867

Table E.2: The number of water molecules (NH2O), Na+ (NNa+), and Cl−

(NCl−) ions in the simulations. Molality, m, is in the units of
[

molsalt
kg solvent

]
. The

average box volume (⟨V ⟩) in units of Å3 is reported for each molality.

m NH2O NNa+ NCl− ⟨V ⟩

0 500 0 0 15058.5

0.33 500 3 3 15148.8

0.67 500 6 6 15238.6

1.00 500 9 9 15341.4
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Table E.3: Viscosities of aqueous solution with the L-J particle (in units
of mPa s) for different molalities (0.00 - 1.00 m) and for different values of
ϵ/kB (20 K - 170 K) for a value of σ = 2.83Å. The pressure is 1 bar. The L-J
parameters are the cross interaction terms between the L-J particle and O of
the water molecule. The standard deviations are given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 0.830.02 0.830.02 0.850.02 0.850.02

83.61 0.860.01 0.830.01 0.930.02 0.930.02

118.24 0.830.01 0.850.02 0.860.01 0.940.01

144.81 0.790.02 0.820.02 0.860.01 0.980.04

167.22 0.800.01 0.840.01 0.900.02 0.950.01

Table E.4: Viscosities of aqueous solution with the L-J particle (in units
of mPa s) for different molalities (0.00 - 1.00 m) and for different values of
ϵ/kB (20 K - 170 K) for a value of σ = 3.08Å. The pressure is 1 bar. The L-J
parameters are the cross interaction terms between the L-J particle and O of
the water molecule. The standard deviations are given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 0.820.02 0.840.01 0.880.02 0.930.02

83.61 0.820.02 0.850.01 0.900.02 0.940.02

118.24 0.830.02 0.820.02 0.890.01 0.960.01

144.81 0.820.01 0.850.01 0.900.01 0.990.01

167.22 0.810.01 0.860.02 0.920.02 0.950.03
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Table E.5: Viscosities of aqueous solution with the L-J particle (in units
of mPa s) for different molalities (0.00 - 1.00 m) and for different values of
ϵ/kB (20 K - 170 K) for a value of σ = 3.33Å. The pressure is 1 bar. The L-J
parameters are the cross interaction terms between the L-J particle and O of
the water molecule. The standard deviations are given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 0.800.01 0.820.03 0.880.01 0.950.01

83.61 0.760.03 0.850.02 0.880.01 0.900.03

118.24 0.800.01 0.900.03 0.890.01 0.930.01

144.81 0.830.05 0.870.02 0.900.01 0.960.02

167.22 0.800.01 0.810.03 0.890.01 0.950.01

Table E.6: Viscosities of aqueous solution with the L-J particle (in units
of mPa s) for different molalities (0.00 - 1.00 m) and for different values of
ϵ/kB (20 K - 170 K) for a value of σ = 3.58Å. The pressure is 1 bar. The L-J
parameters are the cross interaction terms between the L-J particle and O of
the water molecule. The standard deviations are given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 0.810.02 0.810.01 0.870.02 0.910.02

83.61 0.780.01 0.860.03 0.870.03 0.960.01

118.24 0.830.01 0.860.03 0.910.02 0.960.03

144.81 0.780.01 0.810.01 0.900.01 0.990.02

167.22 0.810.01 0.870.02 0.940.03 0.980.01
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Table E.7: Viscosities of aqueous solution with the L-J particle (in units
of mPa s) for different molalities (0.00 - 1.00 m) and for different values of
ϵ/kB (20 K - 170 K) for a value of σ = 3.83Å. The pressure is 1 bar. The L-J
parameters are the cross interaction terms between the L-J particle and O of
the water molecule. The standard deviations are given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 0.820.02 0.850.01 0.910.04 0.960.01

83.61 0.810.01 0.860.02 0.940.04 0.960.02

118.24 0.820.01 0.860.03 0.930.02 1.010.05

144.81 0.860.02 0.910.01 0.910.01 0.960.01

167.22 0.800.02 0.840.02 0.910.01 0.950.01

Table E.8: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different molalities (0.00 - 1.00 m) and for different values
of ϵ/kB (20 K - 170 K) for a value of σ = 2.83Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The L-J parameters are the cross interaction terms between
the L-J particle and O of the water molecule. The standard deviations are
given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 7.970.04 7.370.04 7.50.2 7.50.2

83.61 4.90.2 4.60.1 4.50.1 4.690.05

118.24 4.80.2 4.470.06 4.20.1 3.90.1

144.81 4.280.05 4.350.06 4.10.1 3.840.08

167.22 4.20.1 4.090.07 3.90.1 3.580.04
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Table E.9: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different molalities (0.00 - 1.00 m) and for different values
of ϵ/kB (20 K - 170 K) for a value of σ = 3.08Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The L-J parameters are the cross interaction terms between
the L-J particle and O of the water molecule. The standard deviations are
given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 5.40.2 4.70.1 5.00.1 4.600.07

83.61 3.20.2 3.20.1 2.960.09 2.860.07

118.24 2.90.2 2.90.1 3.00.2 2.60.1

144.81 3.000.06 2.780.05 2.690.04 2.650.01

167.22 2.80.1 2.650.04 2.520.05 2.360.06

Table E.10: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different molalities (0.00 - 1.00 m) and for different values
of ϵ/kB (20 K - 170 K) for a value of σ = 3.33Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The L-J parameters are the cross interaction terms between
the L-J particle and O of the water molecule. The standard deviations are
given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 3.50.1 3.560.03 3.570.05 3.330.04

83.61 2.410.03 2.350.02 2.160.08 2.310.03

118.24 2.230.07 2.150.06 2.010.08 1.990.05

144.81 2.380.05 2.060.03 1.910.07 1.920.02

167.22 1.990.06 1.890.09 2.010.03 1.840.02
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Table E.11: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different molalities (0.00 - 1.00 m) and for different values
of ϵ/kB (20 K - 170 K) for a value of σ = 3.58Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The L-J parameters are the cross interaction terms between
the L-J particle and O of the water molecule. The standard deviations are
given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 2.60.2 2.40.1 2.410.07 2.360.06

83.61 2.050.03 1.80.1 1.930.04 1.740.03

118.24 1.710.02 1.670.08 1.520.06 1.540.03

144.81 1.740.03 1.630.05 1.610.03 1.500.08

167.22 1.710.01 1.670.03 1.520.02 1.450.04

Table E.12: Self-diffusion coefficients of the L-J particle (in units of
10−9 m2s−1) for different molalities (0.00 - 1.00 m) and for different values
of ϵ/kB (20 K - 170 K) for a value of σ = 3.83Å. The pressure is 1 bar.
The self-diffusion coefficients are corrected for finite-size effects according to
Equation 2.66. The L-J parameters are the cross interaction terms between
the L-J particle and O of the water molecule. The standard deviations are
given in the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 2.150.02 2.070.04 2.020.03 1.950.07

83.61 1.70.1 1.510.02 1.540.04 1.450.03

118.24 1.450.02 1.400.04 1.440.03 1.340.02

144.81 1.530.01 1.420.02 1.390.03 1.260.04

167.22 1.50.1 1.400.04 1.290.02 1.250.02
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Table E.13: Excess chemical potentials of the L-J particle (in units of K
when divided by kB) for different molalities (0.00 - 1.00 m) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 2.83Å. The pressure is 1
bar. The L-J parameters are the cross interaction terms between the L-J
particle and O of the water molecule. The standard deviations are given in
the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 10852 11109 111312 11261

83.61 7523 77012 7805 7906

118.24 4442 45910 4649 5002

144.81 1852 1896 21626 2479

167.22 -382 -3011 108 2212

Table E.14: Excess chemical potentials of the L-J particle (in units of K
when divided by kB) for different molalities (0.00 - 1.00 m) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.08Å. The pressure is 1
bar. The L-J parameters are the cross interaction terms between the L-J
particle and O of the water molecule. The standard deviations are given in
the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 14776 14739 151912 15281

83.61 10696 110227 110618 11114

118.24 6846 67939 74520 7313

144.81 3596 37719 39710 4239

167.22 765 11329 1141 1606
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Table E.15: Excess chemical potentials of the L-J particle (in units of K
when divided by kB) for different molalities (0.00 - 1.00 m) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.33Å. The pressure is 1
bar. The L-J parameters are the cross interaction terms between the L-J
particle and O of the water molecule. The standard deviations are given in
the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 194310 198115 196533 19891

83.61 143615 147834 149026 1530.00.5

118.24 96619 1015116 100422 10134

144.81 55511 57983 65070 71033

167.22 21610 23428 25447 2709

Table E.16: Excess chemical potentials of the L-J particle (in units of K
when divided by kB) for different molalities (0.00 - 1.00 m) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.58Å. The pressure is 1
bar. The L-J parameters are the cross interaction terms between the L-J
particle and O of the water molecule. The standard deviations are given in
the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 249011 250544 251241 25391

83.61 186922 192563 203274 21022

118.24 127710 1338103 1483120 14346

144.81 79631 865109 910205 95388

167.22 37829 463199 517125 497100
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Table E.17: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different molalities (0.00 - 1.00 m) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 2.83Å. The pressure is 1
bar. The L-J parameters are the cross interaction terms between the L-J
particle and O of the water molecule. The standard deviations are given in
the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 1.0780.004 0.990.03 0.990.4 0.9440.002

83.61 3.280.04 3.10.1 2.990.05 2.890.06

118.24 9.180.04 8.70.3 8.60.3 7.610.59

144.81 21.80.2 21.40.4 202 17.6 0.6

167.22 45.60.5 442 391 372

Table E.18: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different molalities (0.00 - 1.00 m) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.08Å. The pressure is 1
bar. The L-J parameters are the cross interaction terms between the L-J
particle and O of the water molecule. The standard deviations are given in
the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 0.2930.006 0.2970.09 0.250.01 0.2480.001

83.61 1.140.03 1.00.1 1.000.06 0.990.01

118.24 4.10.1 4.20.5 3.40.2 3.520.31

144.81 12.20.3 11.50.7 10.70.4 9.80.3

167.22 31.40.7 273 27.50.2 23.60.4
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Table E.19: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different molalities (0.00 - 1.00 m) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.33Å. The pressure is 1
bar. The L-J parameters are the cross interaction terms between the L-J
particle and O of the water molecule. The standard deviations are given in
the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 0.0620.002 0.5460.003 0.0580.006 0.05310.0003

83.61 0.340.02 0.290.03 0.280.03 0.24570.0007

118.24 1.60.1 1.40.5 1.40.1 1.370.02

144.81 6.30.2 52 51 3.80.5

167.22 19.70.6 182 172 16.40.6

Table E.20: Henry coefficients of the L-J particle (in units of
10−5 mol/(m3 Pa)) for different molalities (0.00 - 1.00 m) and for different
values of ϵ/kB (20 K - 170 K) for a value of σ = 3.58Å. The pressure is 1
bar. The L-J parameters are the cross interaction terms between the L-J
particle and O of the water molecule. The standard deviations are given in
the subscripts.

ϵ/kB / [K] 0.00 m 0.33 m 0.67 m 1.00 m

21.59 0.01000.0004 0.0100.001 0.0090.001 0.008510.00004

83.61 0.0790.006 0.070.02 0.050.01 0.04920.0005

118.24 0.570.02 0.50.2 2.90.2 0.3400.008

144.81 2.90.3 2.30.9 21 1.70.7

167.22 111 96 73 84
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