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ABSTRACT: We present a simulation-based framework

to

characterize the solvation and aqueous-phase reactivity of nitric
oxide (NO) and nitrogen dioxide (NO,) in water. Using
Continuous Fractional Component Monte Carlo (CFCMC)
simulations, we compute Henry coefficients and chemical
potentials of NO and NO,, 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 NO,, we model the chemical
equilibrium involving hydrolysis and acid—base reactions that generate HNO,, HNO;, NO3, NO3, and H;O". 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 NO, gas fluxes. This work provides a transferable
methodology to connect molecular simulations with chemical speciation in reactive aqueous systems.

1. INTRODUCTION

Plasma technology is increasingly recognized as a versatile and
sustainable platform for chemical transformations in agricul-
ture and health care.'~” Plasmas are ionized gases generated by
applying electricity to a feed gas, producing a mixture of
charged and neutral species, radicals, and excited species that
can drive a wide range of reactions.”” When plasmas interact
with liquids such as water, they produce a rich spectrum of
reactive species that dissolve into the liquid phase.*” By
selecting different feed gases (for example, air or mixtures of
N, and O, with inert gases such as Ar or He), plasma-water
systems can be tailored to generate a specific mixture of
reactive oxygen and nitrogen species (RONS) or other
chemical intermediates in the aqueous phase.” This makes
plasma technology a promising tool for sustainable agriculture
and medical applications. In biomedical applications, RONS
can be selectively delivered to living tissues to treat chronic
wounds, skin infections, and certain cancers.'™'* In
agriculture, specific mixtures of RONS, applied directly or
dissolved in water, can serve as fertilizers or pesticides to
promote plant growth and health.">™"”

For these applications, having control over the composition
of RONS in the liquid phase is crucial. The aqueous chemistry
in plasma-water systems is influenced by multiple parameters
such as the type and composition of the feed gas, the
properties of the electrical power source (e.g., voltage
frequency and waveform), the geometry of the system, plasma
exposure time, and the properties of the liquid, such as pH,
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permittivity, conductivity, and temperature. Understanding
and tuning these parameters are essential to optimize the
formation of a desired blend of RONS for specific purposes.®

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.* 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.'®~** Ideally, one would aim
for a comprehensive, time- and space-resolved model that
couples gas-phase plasma dynamics with liquid-phase chem-
istry. 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.” 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
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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.”> Common computational approaches to plasma-water
systems focus on a specific aspect of the system under certain
assumptions, often using continuum models."*™** In these
models, liquid properties are treated implicitly, or phenom-
enological 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
coeflicients for plasma species.

In this work, we focus on modeling the absorption of nitric
oxide (NO) and nitrogen dioxide (NO,) into water using force
field-based molecular simulations. NO and NO, are key
species as part of the reactive nitrogen species (RNS)
produced in the gas phase plasma,”**° which have biological
significance.’**

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 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™~>” to compute excess chemical
potentials and consequently Henry coefficients of NO at
temperatures ranging from 273 to 333 K. Furthermore, we use
Molecular Dynamics (MD) simulations to calculate the self-

Gas phase

(a)

Absorption

NO H20

Aqueous phase

2NO2 <— N204 (R1)

Gas phase Absorption

2NO2 + 2H20 <— HNO2+ NOs + H3O*  (R2)
HNO:2 + H20 <— NO2 + H3O* (R3)
3HNO2 <—> NOs + H3O*+ 2NO (R4)

Aqueous phase

Figure 1. Schematic representation of (a) absorption of NO in water
and (b) absorption of NO, and N,0, in water with the subsequent
equilibrium reactions involved.
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diffusion coeflicients of NO in water containing mole fractions
of 0.005, 0.015, 0.025 NO at temperatures ranging from 273 to
333 K. We use our previously developed force field for NO**
in combination with the TIP3P force field”” to compute Henry
coefficients and with the TIP4P/2005°° to calculate self-
diffusion coeflicients. By comparing the results with the
experimental values®”****~* we reflect on the verification and
validity of our force field for NO in combination with the
TIP3P*” and the TIP4P/2005 force fields for water.

NO, undergoes a dimerization reaction at ambient
conditions and forms N,O, in the gas phase. Furthermore,
NO, undergoes chemical reactions with water. We consider
system (b) in Figure 1 in which the dimerization reaction
occurs in the gas phase (i.e., reaction R1). NO, and N,O, are
in physical equilibrium with their counterparts in the aqueous
phase. Upon absorption of NO, in water, a hydrolysis reaction
occurs to form nitrous acid (HNO,) and nitric acid
(HNO;)**~* through reaction R2. Since HNOj is a strong
acid,” we assume the complete dissociation of HNO; in water
to give nitrate (NO3) and hydronium (H;0") ions. We
incorporate the partial dissociation of HNO, to form nitrite
ions (NO3) and H;0" through reaction R3 because HNO, is a
relatively weak acid compared to HNO; HNO, can also
dissociate to form HNO3,H,O, 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 to 333 K, which is well below the boiling point of water.
In addition, we do not include the dissociation of NO, to form
NO and O, in the gas phase, as this reaction is not favorable at
the temperatures and pressures we consider in this work.***
Since our study focuses on the thermodynamic equilibrium of
the system, transient species such as N,O; or its isomer
ONONO™ are not considered, as they are thermodynamically
unstable. We use CFCMC simulations®> ™ to compute the
excess chemical potentials and, consequently, the Henry
coeflicients 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 1077 kPa to 10” kPa and at temperatures ranging from
273 to 333 K using the CASpy chemical reaction equilibrium
solver.”’ We provide information on how the properties of
water are altered when a specific flux of NO, and N, O, species
reaches the interface.

The data generated in this work have potential applications
in continuum simulations of plasma-water systems, where data
on plasma species is currently limited. The impact of this study
extends beyond plasma technology, as NO, species play key
roles in numerous chemical processes in both nature and
industry. Examples include atmospheric chemistry, where NO,,
species are produced by lightning in air,”>® aerosol
chemistry,”* gas separation and purification processes in
industrial applications.>

The remainder of the manuscript is organized as follows.
The methods are described in Section 2. We discuss the results
of the NO-water system (system (a) in Figure 1) in Section 3.1
and those of the NO,-water system (system (b) in Figure 1) in
Section 3.2. We compare our results with the available data in
the literature where possible. Finally, concluding remarks are
presented in Section 4.
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2. METHODOLOGY

2.1. Force Fields. In this work, all the species studied were
modeled using all-atom classical nonpolarizable force fields.
The Coulombic potential energy function is considered for the
electrostatic interactions, and the 12—6 Lennard-Jones (LJ)
potential energy function is cons1dered for the van der Waals
interactions. The Lorentz—Berthelot*® mixing rules were used
for the vdW interactions of unlike atoms. A cutoff radius of
12.5 A was used for both the Lennard-Jones and Coulombic
interactions. The Ewald summation method’”** was used to
treat long-range Coulombic interactions. The energies and
pressures were corrected with long-range tail corrections for
the LJ interactions.””

For NO, we used our previously developed force field (Saji
FF),*® where NO is considered as a rigid molecule. The partial
charges and the L] parameters are presented in Table S8 of the
Supporting Information. The force fields for NO, and 1ts dimer
N,O, were taken from the work of Bourasseau et al.”> NO, is
treated as a rigid molecule. N,O, is also treated as a rigid
molecule except for the torsion about the N—N bond.”" The
torsion potential coeflicients, partial charges, and the LJ
parameters are provided in Tables S1 and S2 of the Supporting
Information, respectively.

For H3O+ ions, the force field developed by Noroozi and
Smith.”> was used where the H;0" is considered to be a rigid
ion. The parameters of the potentlal energy functions of H;O"
are provided in Table S3. For HNO,, NOZ, and NOj, the
force fields developed by Cordelro et al®® are used. In the
original work by Cordeiro et al,,”” the bending potential energy
functions of HNO,, NO3, and NOj are described using the
cosine-based angle potential function, which is of the form

E,ona(0) = %ky(cos(tg) - cos(@o))2

(1)
where @ is the bond angle and k” is the force constant. Since
the software that is used to perform the CFCMC simulations
in this work (Brick-CECMC*>%*%%) does not support the
above bending potential, the cosine-based angle potential was
fitted to the harmonic angle potential, which is of the form

1 0y2

Ebend(e) - Zk(e 0 ) (2)
where 0 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 constant in the cosine-
based potential (k?)
k = K’sin*(0°) (3)
The parameters and coefficients of the potential energy
functions of NO3, NO3 and HNO, are provided in Tables
S4—S7 of the Supporting Information. Figure S10 of the
Supporting Information shows a comparison of the harmonic
and cosine-based angle potential functions for HNO,
molecule. At room temperature (300 K), the thermal energy
(ksT) 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
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NOj developed by Cordeiro et al,’® an improper dihedral
term is defined with an equilibrium angle of 0°, restricting the
molecule to the planar geometry. In our simulations, the NO3
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 study are the TIP3P"’
and TIP4P/2005% models. In an earlier study, we showed that
the TIP3P could predict the solubility of H,0, molecule,
which is also a plasma species, and the TIP4P/200S could
predict the self-diffusion coefhicients of HZO2 molecule in good
agreement with the experimental values.”® We therefore used
the TIP3P water model to calculate the Henry coeflicients and
the TIP4P/2005 to study the diffusion of NO in water. The
interaction of all solutes with water in the NO,-water system is
modeled using the TIP3P water model.

2.2. MD Simulations. Molecular dynamics (MD)
simulations were performed using the open-source large-scale
atomic/molecular massively parallel simulator (LAMMPS).®”
The e%uatlons of motion are integrated with the Velocity-
Verlet™ algorithm, with a time step of 2 fs. Each system
contained 1000 molecules in a simulation box of length 31 A.
The system is energy minimized using the conjugate gradient
algorlthm, 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 S 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® plugin in LAMMPS. The
Nosé-Hoover thermostat™’%”" (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 were applied in all directions. The
SHAKE algorithm is used to constrain the NO bond.

The self-diffusion coefficient (Dyp) is calculated from the
mean- scﬁluared displacement of all molecules of species of
interest

2

Dyp = hm __<Z (r J,( ) - L 0))")
o 2t 3N,

(4)
where ¢ is the correlation time, N; is the number of molecules
of species i, and r;; is the position vector of jth molecule of
species i. The viscosities are calculated from the autocorrela-
tion function of all the components of the traceless stress
tensor (P )69

_ t/ dt/ 2
"= mmtm@(/ P ) “
where V is the volume of the system. In eq 5, Py is given by

P{lﬂ + P/i(x [1 J
Bothe L5

5 kk
2 37
where J, is the Kronecker delta.

The self-diffusion coeflicients were corrected for finite-size
effects with the Yeh—Hummer equaltion72’73

oS

af =

(6)

D=Dyp+—

6 L (7)
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where D and Dy denote the self-diffusion coefficient
calculated with and without the finite-size effects corrections,
respectively. kg is the Boltzmann constant, T is the absolute
temperature (in Kelvin), £ 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 # is the viscosity of the system.

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.

2.3. MC Simulations. Continuous Fractional Component
Monte Carlo (CFCMC) simulations®>>° using the open-
source Brick-CECMC software’>**®® were performed in the
constant number of atoms/molecules, pressure and temper-
ature (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 4, the value of which ranges from 0 to 1. 4
= 0 corresponds to the fractional molecule that acts as an ideal
gas molecule and has no interactions with the other molecules
of the system. 4 = 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 4, a bias is introduced using the Wang—Landau algorithm.74
This biases the coupling parameter 1 with a weight function
W(4), thus ensuring the sampling issues due to energy barriers
in A space are not encountered. We used 100 bins to obtain a
histogram for A values and their probability of occurrence p(4).
The ?ﬁoltzmann average of an observable (A) is calculated
using

(4) = (A exp[=W()])piased
(exp[=W () Dpiasea

(8)

The excess chemical potential (1) is the difference between
the total chemical potential and the ideal gas chemical
potential of a molecule.”® For small and/or weakly polar
molecules, such as NO, NO,, N,O, and H,0, y™ can be
calculated from the ratio of the Boltzmann sampled probability
distribution of A at 1 (p(4 = 1)) and 0 (p(4 = 0))

i=1
0 = k1| 2 )]

p(1=0)

)

Here, kg is the Boltzmann constant and T is the absolute
temperature. For large and/or strongly polar molecules, such
as NO;, NOj and H;0% W(1) can be large (>100 k;T),
making it difficult to obtain a flat observed probability
distribution of 4, resulting in large uncertainties while
computing u;* using eq 9. Thermodynamic integration is a
viable alternative to compute 4 of large and/or strongly polar
molecules as it does not require sampling of the full 4 space

with equal probability.”® Instead, values of <aa_g> are computed

from a series of independent simulations at different fixed
values of A for A € [0, 1]. Here, U is the total potential energy

of the system. y™ is then computed by integrating <3—lj>

19U
o (YN,
Hi /0<0/1>

(10)
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We note that thermodynamic integration is computationally
more expensive than CFCMC simulations to compute p®™.
Therefore, we only use the thermodynamic integration method
to compute ™ of large and/or strongly polar species. As
shown by Polat et al,”® both methods produce statistically
equivalent results for small and neutral species. Consequently,
for such systems we use CFCMC to calculate y** with accuracy
comparable to thermodynamic integration but at a significantly
reduced computational cost. The Python script that was used
to calculate the values of y*™ for the NO3 + H;O" system using
thermodynamic integration is provided in the Supporting
Information (the reader is also referred to Figure S16 therein).
To maintain charge neutrality of the system, ionic species (an
anion and a cation) are combined to form a fractional
group”"** such that the total charge within the fractional group
is zero.

The Henry volatility coefficient (K¥¥) in units of [Pa] is
obtained from the excess chemical potential using’®

ex,00
. I
KPP = p kT exp| ——
vEP [ kT ]

(11)

where p is the number density of the solvent. The Henry
coefficient (H?) in units of [mol/m? Pa] is obtained using the
Prmo

Px
oty

. . . cp . . .
following conversion: H} = in which P 18 the

density of water, and My  is the molar mass of water.”” The

Henry coefficient (H®) will have SI units only if p, ks, T, and
M are in SI units.

For Henry coefficient calculations, 5 X 10° equilibration
cycles were performed. Five independent production runs of 3
X 10° cycles were performed to obtain statistics. 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 S independent production runs.

2.4. Calculating Speciations. In this section, we describe
the procedure by which we calculate the mole fraction of H,O,
NO,, NOj, N,0, HNO,, NOj, H;0% and NO in the
aqueous phase for the NO,-water system. The equilibrium
constant of the dimerization reaction Rl in the gas phase is

Py,oP
defined as K, = [ 2 0], wherein Pyo, and Py, are the partial

NO,

pressures of NO, and N,O,, respectively. Py = pokT, where p,
is the reference number density taken as 1 molecule A™>. In the
Supporting Information, we show that K, can be written as
follows

0 _ 5,0
K - Hny0, T “Ho,

PSP Ry (12)

where /413204 and /’[I?IOZ are standard state ideal gas chemical

potential of N,O, and NO, molecules. R is the ideal gas
constant. The composition of the gas phase for a particular
total gas pressure (Py) and temperature (T) can be
calculated using the following relation

Niio VoPowK
2 NO. total ™ p
Nyo, + NyoNvo, = — =0

kg T (13)

where Ny o and Nyo, are the number of molecules of N,O,
and NO,, in the gas phase, respectively. V; equals 1 A% The

derivation of eq 13 is presented in the Supporting Information.
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The composition of the gas phase at total gas pressures ranging
from 1077 kPa to 10> kPa and different temperatures (273,
298, 313, and 333 K) is listed in Table S10 of the Supporting
Information. These values are in good agreement with reported
values in the literature.”"”®

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 the Supporting Information

Nio + 2Nyor — Nyo + Nyo: = 0
Nyo; = 2Nyo = Nuno, = Nno; = 0
= 0,

Nxo; + Nyo; — Niyor (14)

and the equilibrium of the reactions R2-R4 (see Figure 1) is
attained via the following relation

Nipecies
z vy =0
i=1 (15)
where N; indicates the number of a particular species i, Nypcces

is the total number of species involved (solutes and solvent)
involved in the chemical reaction j, v;; is the stoichiometric
coeflicient of the species i in the reaction j, and y; is the
chemical potential of the species i. Note that the stoichiometric
coeflicients 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, y;, using the ideal gas
reference state, as used in Brick-CECMC,>"** is
’

ex

yi=Mi°+RTln +

1

(16)

Po

where 4 is the standard state ideal gas chemical potential of
solute i, as defined in the Brick-CFCMC software,”"°* R is the
ideal gas constant, T is the absolute temperature, p; is the
number density of solute i, p, is the reference number density,
taken as 1 molecule A3, yf™ is the excess chemical potential of
the solute i in the solvent, which is computed using eqs 9 or
10.

The chemical potential of the solvent (), as used in Brick-
CECMC,*"** is calculated using the ideal gas reference state

1-X,
X

S

ppure

/,é:/,tS°+RTln +,u:x—RT

Po (17)
where y? is the standard state ideal gas chemical potential of
the solvent, p,. is the number density of the pure solvent, X,
is the mole-fraction of the solvent in the solution, and " is the

excess chemical potential of the solvent, which is computed
using eq 9. The fourth term, RT[%], originates from the

Gibbs—Duhem equation.”” The value of this term is small as
the mole fraction of the solvent (X;) is close to unity.

By substituting eqs 16 and 17 in eq 15, and with some
rearrangement, the following relation is obtained for each
reaction j51

532
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hpecies Nopecies Vi,‘(ﬂio + ﬂieX)
L 2.
X;"= exp|— — (X
i=1 | =1 RT
p
e}cp _I/S,] 1 pure X
Po
r Viot-s,j
1 - Xs VpO U,
exp| L ; X S X2,
] s XN, (18)

where vg; is the stoichiometric coeflicient of the solvent in
reaction j, N; is the number of molecules of species i, and v/,.;
is the sum of stoichiometric coefficients of the solutes (all
species except solvent) involved in reaction j. The left-hand
side of eq 18 is the equilibrium constant of reaction j, K. The
value of K; can be exponentially large or exponentially small,
therefore its natural logarithm In[K] is often reported in the
literature. Equations 14 and 18 are solved using an iterative
procedure which is implemented in the open-source Python
solver, CASpy.”" To estimate the uncertainties of the In[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 u®™ were selected from
Gaussian distributions whose means and standard deviations
were taken from the computed values of ™ (see Table 3).
These sampled values of u™ were used as input to CASpy,
which then computed the corresponding In[K] and mole
fraction of species. A total of 20,000 Monte Carlo samples
were generated. The resulting probability distribution of In[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 In[K] and mole
fractions of species. This procedure was repeated for all four
temperatures (273, 298, 313, and 333 K) of this study. The
probability distributions as a function of In[K] and mole
fraction of species at 273 K at a total gas pressure of 10" kPa
are shown as histograms in Figures S14 and S15 of the
Supporting Information, 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 10" kPa are listed in Table S17 of the Supporting
Information.

The standard state ideal gas chemical potential, 4, is
calculated using the isolated molecule partition function (g,
of the species i using the relation

Vi
u’ = —kyT ln{q—f]
’ A (19)
where g is the isolated molecule partition function of the
system excluding the translation partition function, q,_ = q/\l;’

where A is the thermal de Broglie wavelength of the species
and V, = 1 A% 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 our previous work’® and in refs 51, 64. The
required inputs to calculate the isolated molecule partition
function of H,O, NO3, NO3, HNO,, and H;0" are obtained
from the JANAF tables®” and the NIST database,®’ and are
presented in Table S9 of the Supporting Information. To
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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 (
Do,NO;) is not readily available and is calculated using the

following equation
Dyno; = Dono, + E- A(NO;) (20)

where Dq o, and E.A(NO;) are the atomization energy and
electron affinity of NO; molecules, respectively. E.A(NO;) is

taken as 3.09 eV.** We calculated the value of ln[q/\lf] as a

. N A
function of temperature by writing it in the form of = + B.

The values of parameters A and B for H,0, NO;, NO;3,
HNO,, and H;0" are listed in Table 1. For NO species, the

Table 1. Correlation Function for the Isolated Molecule
Partition Function ln[%’] in the form of % + B for H,0,
NO;, NO3, HNO,, and H;0**

H,0 NOj NO3 HNO, H,0*
A 10948530 15764591 17151192  149658.54  36727.67
B 11.11 15.35 17.66 18.36 11.57

“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® and the NIST database,®' and are
listed in Table S9 of the Supplementary Information.

isolated molecule partition function is calculated using the
parameters A and B provided in our previous work.’® For NO,
and N,0O, the parameters A and B provided by Lasala et al.*’
are used. The values of the standard-state ideal gas chemical
potential, 4%, for H,0, NO,, N,0,, HNO,, NO3, NOj3, H;0%,
and NO at 273, 289, 313, and 333 K are listed in Table 2.

3. RESULTS AND DISCUSSION
3.1. NO-Water. 3.1.1. Self-Diffusion Coefficients. The self-

diffusion coeflicients 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 2.
Dy increases with temperature for all the concentrations of
NO. At a given temperature, values of Dyo for different
concentrations of NO are close to each other (average
difference of 4%). The computed values of Dy are in excellent
agreement with experimental values (Malinski et al."' at 298 K
and Zacharia & Deen® at 310 K). The self-diffusion
coeflicients of water for these systems for the temperature
range of 273 K—333 K are shown in Figure S8 of the
Supporting Information, and are in good agreement with the
self-diffusion coefficients of TIP4P/2005 water model. The

pubs.acs.org/JCTC
5.0
m  Wise & Houghton S
4.5 A Zacharia & Deen
» Malinski etal.
—. 401 @ Xno=0.005
—
RURR
E v NO=U. »
@ 3,01 ¥
2
= 2.51
 {
Q 201 -
1.5
/
1.04

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

Figure 2. Self-diffusion coefficients of NO in NO-water systems for
different mole fractions of NO (Xyo) in water (Xyo = 0.005, 0.015,
0.025) at different temperatures using the Saji et al.*® force field
model and the TIP4P/2005® 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,39
Zacharia & Deen,” and Malinski et al.*' are shown in black symbols.

viscosities of NO-water systems at different temperatures are
given in Figure S9 of the Supporting Information. 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.

3.1.2. Henry Coefficients. The computed values of u™ of
NO for the temperature range 273 K - 333 K are listed in
Table 3. Henry coefficients for NO (calculated from u**) for
the temperature range 273 to 333 K are shown in Figure 3.
The Henry coefficients for NO (Hyo) decreases from 1.7 X
107° mol/m” Pa at 273 K to 1.45 X 10~° mol/m’ Pa at 298 K
and remains approximately constant from 298 to 333 K. The
experimental values of Hyg at 298 K from the work of Zacharia
and Deen,*® Zafiriou and McFarland,”* and Komiyama and
Inoue,* are also shown in the figure. The computed Hyq at
298 K is within the range of the reported experimental values.

From the results of Sections 3.1.1 and 3.1.2, we conclude
that the force field which we developed for NO in our previous
work®® combined with the TIP4P/2005*° and TIP3P water
models®” predicts the thermodynamic properties of NO in
water in excellent agreement with experimental values. The
computed values of 4 of NO are used in the next section for
calculating the solubility of NO, in water and its speciation.

3.2. NO,-Water. The values of ™ for H,O, NO,, N,O,,
HNO,, NO3 + H;O%, and NO at 273, 289, 313, and 333 K are
presented in Table 3. Note that u®™ of NOj + H;0" is
calculated in a single simulation taking NO3 and H;O" as a

Table 2. Values of the Standard State Ideal Gas Chemical Potential, #° (as Defined in the Brick-CFCMC Software*"*), in
Units of [kJ/mol] for the Species Studied in This Work for Different Temperatures”

T/[K] H,0 NO, N,O, HNO,
273 —935.51 —959.95 —1953.21
298 —937.79 —963.36 —1958.03
313 —939.18 —965.40 —1960.93
333 —941.06 —968.13 —1964.79

“The calculated values of u° are in agreement with available literature data (/41_(; o
3

—1286.02
—1289.79
—1292.09
—1295.20

NO3 NO3 H,0* NO
—1345.23 —1465.89 —331.63 —652.41
—1348.72 —1469.72 —334.02 —654.75
—1350.84 —1472.05 —335.47 —656.15
—1353.70 —1475.21 —337.44 —658.02

13k = 33821 kJ/mol*") within the chemical accuracy. These

values are obtained using the input data presented in Table S9 of the Supplementary Information.
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Table 3. Computed Values of s for the Species Studied in This Work Using the TIP3P Water Model®” for Different

Temperatures in Units of kJ/mol”

T/[K] H,0 NO, N,0,
273 —26.97007 49806 —620,
298 —25.66400 6.1700s —-5.30,
313 —24.9150s 6.68,04 —4.5¢,
333 —23.99)04 730006 320,

“The standard deviations are given in subscripts. The computed values of 4 are in agreement with available literature data

HNO, NO,™ + H,0" NO

—16.0,, —751.2,, 743400
—14.9,, —745.0,, 8.2905
—14.29, —740.7, 86600
—13.60, —735.9,, 9.03,04

ex
(”Hzo,z% g = —26.11

kJ/mol®). Note that the y** of NOJ + H;0" is computed from 3 independent simulations taking NO3 and H;O" as a single fractional group to
maintain charge neutrality. 4 of NO3 + H;0" is not computed as the equilibrium constant required for the reaction HNO,(,q+H,0(j) = NOj(,q)

+ H;0%(aq) were taken from ref 83
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Figure 3. Henry coefficients for NO in water for temperatures ranging
from 273 to 333 K using the Saji et al.*® force field and TIP3P water
model.*” Error bars are estimated based on the standard deviation of 5
independent production runs. Experimental Henry coeflicient of NO
in water at 298 K is added for comparison.*”*>*

single fractional group to maintain charge neutrality. The 4 of
NO; + H;0" is not calculated because the equilibrium
constant required for the reaction R3 was taken from ref 83 u™
of all species increases with increasing temperature. NO and
NO, have positive values of y*™ while all other species have
negative values of . This indicates that NO and NO, are less
hydrophilic compared to other species present in the system.
The values of the Henry coeflicients, H?, for H,O, NO,, N,O,,
HNO,, and NO at different temperatures are presented in
Table 4. A higher value of H indicates a higher solubility in
water and therefore a higher hydrophilicity of the species.
Species that are more hydrophilic (more negative values of ;)
have a higher value of Hf. The computed value of Hif for NO,
differs by a factor of 2 to 3 compared to the existing
experimental values (6.9 X 107°—1.2 X 10~* mol/m? Pa at 298
K),****> while that of HNO, also differs by a factor of 2—3
with experimental values (3.7 X 107'—4.8 X 10™' mol/m’ Pa
at 298 K).**7*® The value of H¥ of N,Q, is lower than the

experimental values"”*””" by an order of magnitude (1.4x
1073-3.1 X 107> mol/m?> Pa at 298 K). It should be noted that
experimental measurement of Hf for species that react with
water is inherently difficult, as gas—liquid systems may not be
maintained at equilibrium during measurement.

The values of In[K] of the reactions R2 and R4 at 273, 298,
313, and 333 K are calculated using the procedure described in
Section 2.4 and are presented in Table 5. Since the HNO,

Table 5. Values of In[K] for Reactions R2, R3, and R4 at
Different Temperatures”

In[K] 273 K 298 K 313K 333K
R2 3701 14, 0.0,, —1.380.0g
R3 —11.986 —11.599 —11.396 —11.154
R4 —26.33 —25904 25705 2540,

“Note that In[K] for reactions R2 and R4 were computed using
CASpy while for reaction R3, the values of In[K] were taken from ref
83. The evaluation of the uncertainties in In[K] for reactions R2 and
R4 is discussed in Section 2.4.

dissociation to form nitrite and hydronium ions is well studied
and documented, we calculated the value of In[K] for reaction
R3 using the reported value of pK, in literature, where pK, is
the negative logarithm to the base ten of the acid dissociation
constant (K,). We used a value of 3.29* for the pK, of HNO,.
The relation between In[K] and pK, is

In[K] = —In[10] pK, — In[55.55] (21)

The derivation of eq 21 is presented in the Supporting
Information. The values of In[K] of reactions R3 and R4
increase with increasing temperature, indicating more for-
mation of reaction products with increasing temperature. The
value of In[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.****

Table 4. Computed Values of Henry Coefficients (HY) in Units of Mol/(m* Pa) for the Species Studied in This Work Using

the TIP3P Water Model®’ for Different Temperatures”

T/[K] H,0/[10'] NO,/[107°]
273 6202 4.9,
298 1.264, 343,
313 05600 3.05006
333 0.224003 27500

“The standard deviations are given in subscripts.

534

N,0,/[1073] HNO,/[107"] NO/[107%]
8.7, 5104 1.700.07
3'20.3 1'70.2 1'4‘50.03
2'203 0'93007 1-4’4’0.02
1.264,06 0510, 1.4800,
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The gas phase equilibrium constant (K,,) determines the gas
phase composition of the system. The number of NO, and
N,O, molecules in the gas phase as a function of total gas
pressure (P,) and temperature (T) are calculated using eq
13, and are presented in Table S10 of the Supporting
Information. Note that the total gas pressure (Py) in our
system is the sum of the partial pressures of NO, (Pyo,) and

N,O, (PNZO4). For a given Py, the concentration of NO, in

the gas phase increases and the dimer concentration decreases
with increasing temperature. In contrast, increasing P, at a
given temperature leads to a higher dimer concentration and a
lower concentration of NO,.

The speciations in the aqueous phase of the system are
determined by the composition of the gas phase and the values
of In[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 4, S, and 6.
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—o— H,0
1074 NO3
E —&— H30*
c -8 | =— NO
-% 10 —< HNO,
ugi —#— NO3
0 107124 NO,
s —— N0,
10—16 4
10-20 1
10-° 1074 1072 100 102
Protal / [kPal

Figure 4. Mole fractions of species in the aqueous phase as a function
of total gas pressure (Py,) at 298 K.
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Figure S. Mole fractions of species in the aqueous phase as a function
of temperature at total gas pressure (P, ) of 107 kPa.

The mole fractions of the species as a function of Py, at 298
K are shown in Figure 4. The mole fractions of the species as a
function of P, at 273 K, 313 and 333 K are presented in
Figures S11, S12 and S13 of the Supporting Information,
respectively. The mole fractions of the species are also listed in
Tables S11—S14 of the Supporting Information. The aqueous
concentrations of all species, except water, increase by
increasing P, from 1077 to 10> kPa. The concentration of
water decreases with increasing P as the increase of the
concentration of NO, in the system leads to the equilibrium of
reaction R2 being shifted further toward the reaction products,
and therefore a lower concentration of water. Nitrate (NO3)
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Figure 6. Mole fractions of species in the aqueous phase as a function
of temperature at total gas pressure (P) of 10> kPa.

and nitrite (NO;) ions have similar concentrations until 1073
kPa, after which the difference in concentrations increases with
increasing pressure. The concentration of hydronium ions
(H;0%) is equal to the sum of the concentrations of NO3 and
NO; to satisfy the charge neutrality of the system. The
concentration of nitrous acid (HNO,) has a steady increase
with P,,. The concentration of nitric oxide (NO) also has a
steady increase with P until 107> 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 In[K] for reaction R4 is much negative (values
of In[K] range from —26.26 at 273 K to —25.41 at 333 K).
This is in agreement with the work of Menezes & Popowicz
who reported that the dissociation reaction of HNO, to form
NO3, H;O0" 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 and 6 show the mole fractions of species in the
aqueous phase as a function of temperature at a total gas
pressure (Pyy) of 107 kPa and 10* kPa, respectively. The data
is listed in Tables S15 and S16 of the Supporting Information.
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 In[K] of reaction R2 decreases, indicating a
shift in the reaction equilibrium to the reactant side. A shift of
the equilibrium reaction of R2 toward the reactant side should
translate to more NO, 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 P, (<10 kPa). At higher P, (=10 kPa),
there is an increased presence of NO, dimers (N,O,) in the
solution (as also reported in experimental works®"), which
tend to dissociate with increasing temperature, therefore
increasing the NO, aqueous concentration with increasing
temperature (see Table S16). The concentration of nitrite ions
increases with temperature at Py, greater than 0.1 kPa.

The ratio between the mole fractions of NO3 and HNO, in

NO3

the aqueous phase, ;( , depends on the values of In[K] of

HNO,
reaction R3. In[K] of reaction R3 becomes more positive with
increasing temperature. Therefore, it is expected to have an

NOZ XNoy

increase in with increasing temperature. increases

HNO, HNO,
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from 3.75 X 10" at 273 K to 1.06 X 10% at 298 K for P, of

- . . Xnoy
107 kPa. However, by increasing pressure to 10* kPa, XNi
HNO»

only increases from 3.83 X 107* at 273 K to 8.07 X 107> at 298
K. This is because the equilibrium of reaction R2 shifts toward
the reaction products with an increase in the pressure (more
NO, concentration), leading to a higher mole fraction of
HNO,. Figure 7 shows the total nitrogen content (Xy_o1)
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Figure 7. Sum of the mole fractions of nitrogen-containing species in
the aqueous phase (Xy.tor1) 28 2 function of total gas pressure (Py,)
at 273 K, 298 K, 313 and 333 K.

present in the system as a function of the total pressure for four
different temperatures. Xy, 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 (D,) 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 D, of species, is 4.184
kJ/mol.”" 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 In[K] is different by 3.2
In[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 NO;, which
is used to calculate the atomization energy of NOj3. Although
we have used a value of 3.09 eV, the reported values in the
literature vary from 2.48 eV® to 3.94 eV.”> Therefore,
depending on the values of the atomization energies and
electron affinities of the species, the reaction equilibrium could
shift toward reactants or the reaction products.

4. CONCLUSIONS

We studied the interaction of NO and NO, with water. NO
was modeled using the Saji FF, and the thermodynamic
properties were computed using MD and CFCMC simu-
lations. 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-diftusion coeflicients are in good agreement
with the experimental values. The Henry coefficient of NO was
computed for temperatures ranging from 273 K-333 K
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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 NO, in water is
characterized by the initial hydrolysis of NO, to form nitrous
and nitric acids, the subsequent ionization reaction of nitrous
acid to form nitrate and hydronium ions and the disproportio-
nation 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 ™
of the species involved in the reactions are required as input in
CASpy, and were computed using CFCMC simulations. Since
NO, dimerizes to form N,O,, 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 N,O, in the gas phase increases with
increasing pressure and decreases with increasing temperature.
The equilibrium of reaction for the hydrolysis of NO, 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 NO, and NOJ also increases
with increasing temperature. The ratio between the aqueous
mole fractions of NO; and HNO, increases with increasing
temperature as the equilibrium of reaction R3 shifts toward 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. This work assumes thermodynamic equilibrium
and does not include kinetic pathways or transport limitations.
Future extensions could integrate reaction dynamics or
interface-specific effects.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.5c01718.

Schematic representations of the species studied in this
work and their geometries are presented in Figures S1—
S7; The parameters of potential energy functions for
NO,, N,0,, H;0%, NOz, NO3, HNO, and NO are
provided in Tables S1—S8; The inputs required to
calculate the isolated molecule partition functions of the
species involved in the system are provided in Table S9;
Table S10 contains the gas phase composition as a
function of temperature and pressure; The mole
fractions of the species as a function of the total gas
pressure at four different temperatures are provided in
Tables S11—S14; The mole fractions of the species as a
function of temperature at total gas pressures of 107°
kPa and 10* kPa are provided in Tables S15 and S16,
respectively; Table S17 contains 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 10" kPa; The following derivations are
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provided: the relation between In[K] and the acid
dissociation constant, the calculation of mass balances
that are required as input in CASpy, the dimerization
constant in the gas phase, and the analytical expression
that is used to obtain the gas phase composition; Figure
S8 shows the self-diffusion coefficients of water in NO-
water systems for different concentrations of NO at
different temperatures; Figure S9 shows the viscosities of
NO-water systems for different concentrations of NO at
different temperatures; Figure S10 shows the compar-
ison of harmonic and cosine-based angle potential
functions for HNO, molecule; The mole fractions of
the species in the aqueous phase of the NO,-water
system as a function of the total gas pressure for three
different temperatures are shown in Figures S11-S13;
In Figures S14 and S1S, the probability distribution as a
function of In[K] and mole fraction of species at 273 K
at a total gas pressure of 10' kPa are shown as
histograms together with their corresponding fits to a

Gaussian distribution; Figure S16 shows <3—;}> as a

function of 4 along with the corresponding cubic spline
fit for the NO3 + H;0" system at 298 K; The CASpy
solver that includes our added functionality can be found
here: https://github.com/omoultosEthTuDelft/ CASpy/
tree/Version-2.0/src/CASpy ReactionEquilibria; The
Python script that was used to calculate the values p*
for the NO3 + H;O0" system using thermodynamic
integration can be found here https://github.com/
tijinsaji/PhD-TU-e/tree/main; The inputs for running
the CFCMC and MD simulations are provided at
https://zenodo.org/doi/10.5281/zenodo.17866551
(PDF)
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