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Nitric oxide, NO, is a free radical that forms dimers, (NO),, at its vapor—liquid coexisting temperatures. In
this work, we developed an all-atom force field for NO and (NO),. To assess the performance of this
force field, we computed the vapor-liquid equilibrium (VLE) properties of the reactive NO-(NO),
system, as well as those of pure NO and pure (NO),, 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), system, we
performed CFCMC simulations in the reactive Gibbs ensemble in which the formation of NO dimers,
2NO = (NO),, 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 tem-
perature range 120 K to 170 K are in excellent agreement with experimental values. In addition, we con-
ducted a systematic parameter study to analyze the sensitivity of the new force field parameters and the
isolated molecule partition functions of (NO), on the VLE properties of the reactive NO—(NO), system.

The results indicate that the VLE properties of the reactive NO—-(NO), system are affected by both the
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force field parameters of the involved species as well as the isolated molecule partition functions of

rsc.li/pccp (NO)s.

others, either directly in the gas phase plasma or upon absorp-
tion in aqueous solutions.®” NO and its byproducts play a key
role in plasma processing of liquids and biological materials
for applications in biomedicine®'® and agriculture."'™** Bio-

1 Introduction

Electric gas discharge plasmas generated in O, and N, contain-
ing gases are sources of producing considerable amounts of

nitric oxide (NO) radicals.”® The molecule NO serves as a
precursor for production of other reactive nitrogen species
such as nitrogen dioxide (NO,), dinitrogen trioxide (N,O3),
dinitrogen tetraoxide (N,O,), nitrites (NO, "), nitrates (NO;"),
peroxynitrite (ONOO™), peroxynitrous acid (ONOOH), and

medical 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.**"® In plasma-agriculture, a specific mixture of reac-
tive oxygen and nitrogen species, directly or dissolved in water,
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1 Electronic supplementary information (ESI) available: Experimental values for bond distances and angles of NO and (NO), are presented in Table S1. The
experimental rotational constants and vibrational frequencies of NO and its dimer are presented in Tables S2 and S3, respectively. The values of the isolated molecule
partition functions for NO and (NO), for different temperatures are presented in Table S4. The VLE properties of the reactive NO-(NO), system predicted using the New
FF as well as the respective experimental values are presented in Tables S5-S7. The force field parameters developed by Zhou et al.*® (Zhou FF) and Lachet et al.*®
(Lachet FF) are listed in Table S9. The critical temperature, density, and pressure of pure NO and (NO), using the New FF, the Zhou FF, and the Lachet FF are listed in
Table $10. The critical temperatures and densities of NO-(NO), systems for various values of Dy o), are listed in Table S11. The twelve different force field parameters
used for our parameter study are listed in Table S12 with the respective predicted critical temperatures and densities in Table S13. Fig. S1 shows the vapor-liquid
coexistence densities obtained with the the New FF along with the extrapolated densities at temperatures close to the critical temperature obtained by fitting the vapor
and liquid phase densities to the law of rectilinear diameters. Fig. S2 and S3 show the changes in the orthobaric densities and dimer mole fractions using the different
values of Dy vo), listed in Table S10. Fig. S4-833 show the variations in the coexistence densities, dimer mole fractions, saturated vapor pressures, heats of vaporization
and total enthalpies of the reactive NO-(NO), system for the different force fields used for our parameter study. Fig. S34 and S35 show the difference in the area of the
attractive L-] potential energy for systems with different values of ¢ and o, respectively. See DOI: https://doi.org/10.1039/d5cp00784d
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is used as fertilizer and/or pesticide for the growth of
plants.’®® For these applications, it is crucial to quantify the
amount of plasma species that are absorbed by aqueous solu-
tions from the gas phase plasmas. Macroscopic models of
plasma-liquid systems are commonly used to predict the
densities of species in the gas phase plasma and in the aqueous
phase."™** 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 coef-
ficients of individual plasma species are commonly used to
interpret experimental findings.>” Experimental solubility coef-
ficients, 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 concentra-
tions of plasma species in the aqueous phase.** 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 coeffi-
cients 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.”® 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 n* that
is delocalized between the N and O atoms.?® NO tends to make
dimers, trimers, and higher order oligomers with itself; the
extend of which depends on temperature and pressure.””*®
Kohler®® reported that in the liquid phase, the existence of
dimers is predominant, while the gas phase is mostly com-
prised of monomers. Marinakis et al.*® 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,*® Kohler,> and
Marinakis et al*® According to Smith and Johnston,*" 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.**?* However, Marinakis et al.,*® suggested
that non-planar NO dimers may still be present in the
liquid phase. Therefore, the development of force field para-
meters for NO should account for dimer formation in the
liquid phase.

Several force fields are available for NO.?®%%73% The for-
mation of NO dimers was considered in the force fields devel-
oped by Kohler,** Hirschfelder,®® and Lachet et al.>® using a
single-site model for NO and a two-site model for (NO),. The
force field developed by Lachet et al>® can predict the

This journal is © the Owner Societies 2025

View Article Online

PCCP

experimental thermodynamic and transport properties of the
reactive NO-(NO), system better than the force fields developed
by Kohler** and Hirschfelder,? as shown in the original paper
by Lachet et al.*® As atomistic information is lacking in the
force field developed by Lachet et al.,*® 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.”® The force fields for NO
developed by Marinakis et al.,*® Yang et al.,’” and Zhou et al.*®
are of all-atom type. In the work by Marinakis et al,*® 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.*” 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>® 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), mole fraction in the liquid phase.

In this work, we developed an all-atom force field for NO and
its dimer, (NO),, which include 12-6 Lennard-Jones and Cou-
lombic potential energy functions. We assumed that NO exists
only as monomers and dimers, and dimers exist in a planar cis-
ONNO configuration.*> We computed the VLE properties of the
reactive NO-(NO), 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.’*** The VLE properties of the reactive NO-(NO),
system computed using our force field parameters are in
excellent agreement with the experimental values. The perfor-
mance of our newly optimized force field is also compared with
two existing force fields, Lachet et al.>® and Zhou et al.,*® that
have been used extensively.*>*®

The rest of the manuscript is organized as follows. The
CFCMC simulations are described in Section 2. In Section 3,
the details of the new force field parameters are provided. The
isolated molecule partition functions for NO and (NO), are
discussed in Section 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 5. In Section 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, con-
cluding remarks are provided in Section 6.
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2 Methodology

CFCMC simulations*®~" using the open-source Brick-CFCMC
software® > were used to assess the validity of our force
field parameters for NO and (NO), compared to experimental
findings. We performed a series of systematic CFCMC simula-
tions in the reactive Gibbs ensemble (RGE)**™** 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), 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 combi-
nation of the Gibbs ensemble (GE),>*** which consists of two
simulation boxes, one for each of the vapor and liquid phases

to model the VLE, and the reaction ensemble,****** which in
our case models the following equilibrium reaction
2NO = (NO),. (1)

We also performed CFCMC simulations in the single-
component Gibbs ensemble (GE)’®”” 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.*® and Zhou et al®® To do this, we computed the coex-
istence densities and pressures of pure NO for the temperature
range 120 K to 170 K and pure (NO), for the temperature range
120 K to 300 K.

In CFCMC simulations, fractional molecules (compared to
normal or “whole” molecules) are introduced whose interac-
tions with the rest of the molecules in the system are modu-
lated by a continuous coupling parameter A. The value of A
ranges from 0 to 1. 2= 0 means that the fractional molecules act
as ideal gas molecules and do not have interactions with the
rest of the molecules in the system. 4 = 1 represents “whole”
molecules that can fully interact with the other molecules. A
fractional group is a collection of one or more fractional
molecules. The fractional group must be charge neutral.>'~>*
To increase the efficiency of molecule transfers (insertions/
deletions), the Wang-Landau algorithm®® is used to bias the
coupling parameter 4 with a weight function W(4). This ensures
a flat observed probability distribution of A, therefore making
sure that the sampling issues due to the energy barriers in A
space are not encountered. In our simulations, we used 100
bins to obtain a histogram for values of 4 and their probability
of occurrence p(2). The Boltzmann average of an observable (4)
is then computed using®®

B <A eXp[— W(j')Dbiuscd
<A> - <eXp[_W(;“)}>biascd '

For the RGE, there are two sets of fractional groups;>® (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.*®

The fractional group for molecule transfers facilitates mole-
cule transfers between the vapor and liquid simulation boxes.

(2)

13664 | Phys. Chem. Chem. Phys., 2025, 27, 13662-13674

View Article Online

Paper

The reactive NO-(NO), system contains two such fractional
groups, one each for NO and (NO),. As mentioned earlier, the
strength of the interactions of the molecules in these group are
modulated by their corresponding . values (Agibbsno and
Agibbs,(N0),)- There are three trial moves associated with the
fractional molecules for molecule transfers:**®° (1) attempts to
change the value of Agipps; (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), system, the fractional group for reactions
contains fractional molecules of either the reactants (2NO) or
the reaction products (NO),. The interactions of these mole-
cules with the other molecules in the simulation is modulated
by the parameter, Aieaction- 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:*! (1) attempts to change the value of Zcaction; (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, trans-
form “whole” molecules of the reaction product (or the reac-
tant) to fractional molecules of reactant (or the reaction
product).

The GE simulation of unreactive NO and (NO), 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 free-
dom 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, u, of individual species
are equal (ﬂNO,liquid = UNo,vapor and HNo),,liquid = ,u(NO)Z,vapor)- The
chemical potential in the phase x (liquid or vapor) for the
component i (NO or (NO),) is given by’

Vi

—kThn| s (N,;,- .y

luX,i =

*kBThl

Pri(AGivbsi = 0) |’

where kg is the Boltzmann constant, T is the temperature, V, is
the volume of the simulation box that represents phase x, A; is
the thermal de Broglie wavelength of component i, N, ; is the
number of molecules of component 7 in phase x. py (AGibbs,: = 1)
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and p, {(Agipbbs,; = 0) are the probabilities that Agipps; (coupling
parameter of fractional molecule for molecule transfers for
component i) are 1 and 0, respectively, in phase x. Chemical
equilibrium is attained when 2unoliquid = Ko, liquid and
2finovapor = H(NO),vapor- > FOI a system containing S compo-
nents 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 the relations***>

R R ) vi
;wﬂ,;x = —kBTln<g (A;Ilz)i,x> >

(2 1) (4)
S %} ’
S - qi "
[:ERH Villiy = — kBTln<i_1R_[+l (Agpi‘x) >
(5)

—kBTln

Dix (;Lreaction,x = 1)
Dix (;Lreaction,x = ) ’

where, ¢; is the isolated molecular partition function (excluding
the translational part) of component i, v; is the stoichiometric
coefficient of component i in the reaction, p;, is the number
density of the species i in phase x. pflreactiony = 1) and
Di(ZAreaction,x = 0) are the probabilities that Aieactionx (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),, which
follows the reaction in eqn (1), (4) and (5) simplify to

Vi
Viliy = —ksTln /1?; ]
1 ix
‘ (6)
i [P Urescion = 1) |
Pix (Zreactionx = 0)

where i are the components NO and (NO),. From eqn (4)-(6) 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), are given in Section 4. The simula-
tion 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®*

pL+p
Tg:/)c"‘A(T— T.), 7
P1— Pg= B(T - TC)ﬂr (8)

where p; and p, correspond to the density of liquid and vapor
phases, respectively, along the VLE curve, p. is the critical
density, and T. is the critical temperature. A and B are system
dependent fitting parameters. For the RGE, f is selected as the

This journal is © the Owner Societies 2025

View Article Online

PCCP

value that corresponds to the maximum of the coefficient

- : . AL
of determination (R?) for the linear regression fit of <u)
Po
versus temperature,”> where p, is an arbitrary number density

which is set to 1 A=, In the single-component GE, f is taken
as 0.32.%°

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 correla-
tion of the form®"

Py (T) = Aexp {%B] ) 9)

where A and B are system-dependent fitting parameters. The
critical saturated vapor pressure, P., was obtained by extrapo-
lating the above correlation to Tt.

The molar heat of vaporization was calculated as the differ-
ence between the average molar enthalpy of the vapor and
liquid simulation boxes of the RGE*®

Ahvap = hvapor - hliquid; (10)

where Ahy,;, is the molar heat of vaporization and Zjiquid, Avapor
are the true molar enthalpies of the liquid and vapor simula-
tion boxes, respectively. True molar enthalpy () is defined as®®

A, (11)

hy = =
X Z Mix
i

where H, is the total enthalpy in phase x (liquid or vapor) and
n;y is the number of moles of component i (NO or (NO),) 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 Zjjguig and Aggs.

For all simulations in the RGE, 10 initialization cycles were
performed followed by an equilibration of 8 x 10° cycles. This
was followed by 5 independent production runs of 3 x 10°
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 devia-
tion 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 moves (which includes both trans-
lations and rotations) (69%), particle exchanges (15%), volume
moves (1%) and reaction moves (15%). For the GE simulations,
10° initialization cycles were performed followed by an equili-
bration of 8 x 10° cycles and a production run of 8 x 10° 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 moves (84%), particle exchanges
(15%) and volume moves (1%). Periodic boundary conditions
were considered in all directions for both the RGE and the GE.

Phys. Chem. Chem. Phys., 2025, 27,13662-13674 | 13665
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3 Force field

The structures of NO and (NO), were considered rigid accord-
ing to the corresponding experimental geometries'” (see
Fig. 1). We considered two terms in the total potential energy
function (Eiotal), electrostatic interactions (Eejectrostatic) and van

der Waals interactions (Eyqw),
Etotal = Eelectrostatic + EvdW- (12)

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

1 qiq;
4758() Tij ’

Eeleclroslalic - (13)
where g represents the atomic partial charges, r;; is the distance
separating the charges, and ¢, is the permittivity of vacuum.
The atomic partial charges of NO were obtained from the ratio
between the experimental dipole moment®” and the experi-
mental bond length of NO." The partial charges on the atoms of
(NO), 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

G 12 o 6
-3 [(2)" ()]
rl»j }",‘j

where ¢ represents the distance at which the particle-particle
interaction energy is zero, and ¢ represents the depth of the
potential well. The Lorentz-Berthelot®® mixing rules were used
for the L-J parameters of two dissimilar non-bonded atoms,

(14)

2.263 A

(NO),

Fig. 1 Experimental values for bond distances and angles of NO and its
dimer, (NO),.%2 The blue and red spheres represent N and O atoms,
respectively. The visualization is created using the Visual Molecular
Dynamics (VMD) software.
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Table 1 Our new force field parameters for NO and (NO), molecules
which are referred to as New FF in the text

Atoms elkg/[K] a/[f&] qlle]
NO

N 48.50 3.09 0.0288

O 56.29 2.94 —0.0288
(NO),

N 47.00 3.02 0.0288

O 54.52 2.87 —0.0288

o+ 0 . °
o = , &j = \/&¢;. A cut-off radius of 10 A was used for

2
both the Lennard-Jones and Coulombic interactions. The

Ewald summation method®®’® 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.®® After numerous trials of varying the
o and ¢ parameters (110 combinations were tested in total), we
arrived at the values provided in Table 1. These parameters are
referred to as the New FF in the rest of the manuscript. A
detailed discussion on the sensitivity analysis of the New FF
parameters is provided in Section 5.3.

Lachet et al.?® treat NO as a single L-] sphere with the 12-6
potential function. To model (NO),, two NO L-J sites separated
by a distance of 2.237 A were used. The individual L-] para-
meters 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.®® are listed in Table S9 of the
ESL.t Lachet et al.*® neglect electrostatic interactions in their
models of NO and (NO),. The cut-off for the L-] potential was
taken as half the length of the simulation box, and interactions
beyond the cut-off distance were considered using the long-
range tail correction.®® The force fields for NO and (NO),
developed by Lachet et al®® are referred to as Lachet FF in
the rest of the manuscript.

In the work by Zhou et al.,*® 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 A. The Lorentz-Berthelot mixing rules®® were
used for the L-J] parameters of two dissimilar nonbonded
atoms. The L-] parameters and partial charges taken from the
work by Zhou et al.*® are listed in Table S9 of the ESL{ and are
referred to as Zhou FF in the rest of the manuscript. Zhou
et al.*® do not parameterize a force field for (NO),.

4 |solated molecular partition
functions

As explained in Section 2, to calculate the chemical potential of
a component in a reaction, the isolated molecular partition
function, goa(V, T), of that component is needed (see eqn (6)).
We calculated the isolated molecular partition functions of NO
and (NO), according to®>

(15)

qtotal(V) T) = Qtrans(Vy T)qvib(T)qrot(T)qelec(T)-

This journal is © the Owner Societies 2025
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The translational partition function, geans, is given by>”

14

qtrans(Vv T) = Fv

(16)

wherein 4 is the thermal de Broglie wavelength of the mole-
h

ZTCMkBT
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=V, =1 A® is used for gqans.">"*

The vibrational partition function, ¢, considering the
vibrational ground state energy as the zero of the vibrational
energy, is calculated using®>

= 1
qviv(T) = H —O.
=11 — eXp|: V1b1l:|
T

in which 7 runs from 1 to o, where o is the number of vibrational
degrees of freedom. For a linear molecule, « = 3n — 5 and for a
non-linear molecule, o = 3n — 6, where n is the number of

cule, 4 = . Here, h is the Planck constant, M is the

(17)

. hv; C
atoms in the molecule. O,; = k—' is the characteristic vibra-
B

tional temperature corresponding to the ith normal mode with
vibrational frequency, v;.

The energy levels (¢;) of a diatomic molecule such as NO,
under the rigid-rotor approximation is given by>>

I+

&y = 2l ) (18)

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, ¢, The rotational constant
of an axis, X, is related to the moment of inertia of that axis, I,

h . . L
by I = e For a diatomic molecule such as NO, g, is given
by52
T
Gro(T) = ———, 19
rol( ) 010t Orot ( )
2
where O, = is the characteristic rotational tempera-

8T52[kB
ture. g, 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.”” For NO, 7, = 1. The rotational partition function, gy,
for (NO),, which is a non-linear polyatomic species, is calcu-
lated using®>

qrot ( T) = (20)

-
@rot,A @rot,B @rot,C '

Orot

where, 6.0(,n0), 1S the rotational symmetry number of (NO), and
is equal to 1, Oipa, Ororz and Ooc are the characteristic
rotational temperatures corresponding to the principal
moments of inertia, I,, Iz and I, respectively. The
rotational”® and vibrational®”*” partition functions of NO
and (NO), were calculated using experimental values of
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rotational and vibrational frequencies (see Tables S2 and S3
of the ESIf).

Finally, the electronic partition function, ge, is calculated
using®?

Getec(T) = ge1 €xp {&} (21)

kgT

where g.; is the degeneracy of the electronic ground state.
Zerno = 27° and geywo), = 1.”7 Dy 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 con-
stituted the molecule.’® The energy of the infinitely dissociated
atoms at the ground electronic state is taken as the zero of the
electronic energy.

The value of D, for NO was calculated from the enthalpies of
formation of NO, N and O, which were obtained from the
JANAF tables;”® Dono = 629.82 k] mol™'. The atomization
energy of (NO),, D,,(NO),, was not readily available in the
JANAF tables,’® but can be calculated by

Do (no), = 2Do,no + BDE(no),, (22)

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

The values of BDE((), reported in literature, depending on
the accuracy of the theoretical method or experimental techni-
que used, are in the range of 7.64 to 13.8 kJ mol *,>3%3%79783
Due to the large variations in the values of BDEo), reported
in literature, an approach used by Turner et al.** and Johnson
et al.’® was to adjust the value of BDE(o), to reproduce
the experimental dimer mole fraction in the liquid phase. With
this approach, Turner et al.** obtained a value of BDExo), =
10.9 k] mol ™' and Johnson et al*® achieved a value of
BDE(no), = 13.6 K] mol . In our work, we also varied the value
of BDE(np), between 7.64 and 13.8 k] mol * to predict the mole
fractions of dimer in the liquid phase as well as the VLE
properties of the reactive NO—-(NO), system in agreement the
available data. After numerous iterations, we obtained a value
of BDE(no), = 13.06 K] mol " which corresponds to a value of
Do o), = 1269 k] mol .

The isolated molecular partition functions of NO and (NO),
were calculated according to eqn (15) for temperatures ranging
from 121.5 K to 165 K. A correlation was fitted to the respective
isolated molecular partition functions, which is given by

% 75 396.84
In {"—3"} =222 116, (23)
A o T
In [q—V;’] _ 15202074 +19.42, (24)
A o) T

where g is the isolated molecule partition function excluding
the translational contribution.
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5 Results and discussion

The validation of the New FF with the experimental VLE
properties of the reactive NO-(NO), system is discussed in
Section 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), are discussed in Section 5.2. Finally, the
dependence of the VLE of the reactive NO-(NO), system on
the Do o), and L-J parameters (¢ and ¢) is investigated in
Section 5.3.

5.1 Reactive NO-(NO), systems

5.1.1 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 Fig. 2 along
with the available experimental data.®* The raw data are avail-
able in Table S5 of the ESI.f The average absolute deviation
between the liquid densities calculated using the New FF and
the experimental liquid densities is 2.32 kg m™> (0.2%). Our
results using the Lachet FF are also in agreement with those
presented in the original paper by Lachet et al.® The Lachet FF
overestimates the liquid densities at lower temperatures (120 K
to 140 K) and underestimates the liquid densities at 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 m™> (3.3%)
which is much larger than that calculated using the New FF.

The predicted critical temperature (T.), density (p.), and
pressure (P.) using the New FF and Lachet FF are presented
in Table 2 along with experimental data.’* The predicted
critical density using the New FF is 489.59 kg m > which is
within 27.76 kg m™> (5.4%) of the experimental value. The
critical temperature predicted using the New FF is 182.51 K

180 - OD
v
__ 1701
X o
; 160 - ov
A f
© 15017 &
bl o —— Experimental
aQ
€ 1409 ©
2 o
1304 @
(o]
120 ¢
0 250 500 750 1000 1250

Density / [kg/m3]

Fig. 2 Vapor-liquid coexistence densities of the NO-(NO), system pre-
dicted 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® (green
triangles) along with the experimental liquid densities®* (black line) are
added for comparison. The experimental critical point (black square) is also
shown in the figure.
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Table 2 Critical temperatures (T.), densities (pc), and pressures (Pc)
calculated using the New FF and the Lachet FF.3® Errors (written as
subscripts) are estimated using standard deviations of 5 independent
simulations. Experimental values®* are added for comparison

T/[K] pellkg m™] P/[MPa]
New FF 182.510.54 489.59, 5, 6.240.15
Lachet FF*° 174.03 466.60 6.37
Experimental®* 180.15 517.35 6.48

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.

5.1.2 Dimer mole fractions. The mole fraction of (NO), in
the liquid phase of the NO-(NO), system obtained using the
New FF and the Lachet FF is presented in Fig. 3. The raw data
are presented in Table S6 of the ESI.{ The experimental values,
in the temperature range from 110 K to 120 K, are taken from
the work of Smith and Johnston.** Walsh et al®® used a
modified Wertheim’s association theory and Kohler*® 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 Fig. 3 for comparison.

At 110 K, the predicted (NO), 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 mono-
tonically decreases with increasing temperature. (NO), mole
fraction obtained using the New FF is in better agreement with
the estimate values of Walsh et al.*° 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.?® We note that our calculations using the Lachet FF are

0.91 5‘?“!~\
V. T~
— 0.81 Q.. Q "~ ~o
i \(’3\
c 0.7 ~so
c o>~
e v o 8
t') 06 ] '..' \O\
© ‘% ~
o + ®
= 0.51 g
] v o
° ~
g 0.4 -~
~ -%- Walsh
S 937 --» Kohler WV
= 0.2 { —®— Experimental-Smith *.,
0.11 V Lachet FF
’ O New FF *
110 120 130 140 150 160 170

Temperature / [K]

Fig. 3 Dimer mole fractions in the NO—-(NO), liquid phase, which is at
coexistence with the vapor phase, predicted using the New FF (red circles)
as well as the Lachet FF*® (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*! and extrapolated estimates of Walsh et al.*® and Kohler?® from
120 K to 170 K are added for comparison.
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in agreement with those presented in the original work by
Lachet et al®® In the vapor phase, monomers have a more
dominant presence for the temperature range 121.5 K to 165 K.
The presence of dimers increases as the temperature increases,
although slightly (see Table S6 of the ESIT). 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), predicted in the work of Lachet
et al.*® compared to our work using the New FF could be
attributed to the differences between the standard chemical

Vi
potential, 1° (defined as 1° = —kgT In [%] 4262) of (NO), and

2NO. The differences between the standard chemical potential
of (NO), and 2NO used in the work of Lachet et al. favor more
NO molecules in the system.>*%

5.1.3 Coexistence pressures. In Fig. 4, the inverse tempera-
ture dependence of the coexistence pressures of the NO-(NO),
system predicted using the New FF and the Lachet FF are
presented 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 func-
tions used in Lachet et al.’® compared to our work; or alter-
natively the differences between the standard chemical

Vi
potential (,uo = —kgTIn {%D of (NO), and 2NO used in

Lachet et al.>® compared to our work, which leads to differences
in compositions. The isolated molecular partition functions in
the work of Lachet et al.*® 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*® The
critical pressure is obtained by extrapolating the vapor pressure

10! 5
] V  Lachet FF
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~ 1001 S
g ] v
2 ] o)
0
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& ] v
] O
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10 ¢}
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Temperature™! / [x103 K71]
Fig. 4 Inverse temperature dependence of the coexistence pressures of

the NO—-(NO), system predicted using the New FF (red circles) and the
Lachet FF*® (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®® for the coexistence
pressures is represented by the black line.
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curve to the critical temperature using eqn (9). The critical
pressure using the New FF is 6.24 MPa (3.9% deviation from the
experimental critical pressure) and that predicted using the
Lachet FF is 6.37 MPa (1.7% deviation from the experimental
value). See Table 2.

5.1.4 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 Fig. 5 (see eqn (10)). 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 k] 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.

5.2 Non-reactive pure NO and pure (NO), systems

5.2.1 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.*® (Zhou FF), as a
function of temperature, are shown in Fig. 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
Fig. 7. The predicted critical densities, temperatures and pres-
sures of pure NO are shown in Table S10 of the ESI.{ 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

154
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O New FF v
7 +—
120

140 150
Temperature / [K]
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Fig. 5 Heat of vaporization versus temperature for the reactive NO-
(NO), system obtained using the New FF (red circles) and the Lachet
FF36 (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®* (black line) are
added for comparison.
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Fig. 6 Coexisting vapor and liquid densities of pure (unreactive) NO using
the New FF (red circles), the Zhou FF*® (blue squares) and the Lachet FF*®
(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 is not shown in the figure, but it is listed in Table S9 (ESIT).
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Fig. 7 Inverse temperature dependence of the saturated vapor pressures

of pure NO using the New FF (red circles), the Zhou FF*® (blue squares) and
the Lachet FF®® (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.

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), without taking the presence of dimer (NO),
into account. The values of the L-] energy parameter ¢ of N and
O in the Zhou FF are also higher (by 68%) than the New FF (see
Table S8 of the ESIf) which leads to lower vapor phase
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densities, as higher ¢ contributes to higher intermolecular
interactions in the liquid, making it difficult for molecules to
move to the vapor phase. This is evident in Fig. 7, where the
saturated vapor pressures (Pg,) 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
(P.) of the Zhou FF is larger than that of the New FF and Lachet
FF as the critical temperature (7.) of the Zhou FF is higher
compared to the other two force fields. The New FF and the
Lachet FF have comparable values of Py, as their vapor phase
densities have similar values (see Fig. 6). The values of P. of the
New FF and the Lachet FF differ only by 0.18 MPa.

5.2.2 Properties of pure (NO),. Fig. 8 shows the vapor and
liquid densities of pure (unreactive) (NO), as a function of
temperature computed using the Lachet FF and the New FF.
The saturated vapor pressures of pure (NO), as a function of the
temperature computed using the New FF and Lachet FF are
shown in Fig. 9. Note that the results for the Zhou FF is not
included as there are no force field parameters for (NO), in the
original work of Zhou et al.*®

The predicted critical temperatures, densities, and pressures
are listed in Table S9 of the ESL{ The predicted critical
temperature, T, 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 (p.) predicted by the two force
fields are in agreement (454.28 kg m > for the New FF and
449.95 kg m~* for the Lachet FF).

The saturated vapor pressures calculated using the Lachet
FF and the New FF are shown in Fig. 9. Py, values computed
using the Lachet FF are smaller (on average by 77.2%) than the
Py, values computed using the New FF in the temperature
range of 125 K to 225 K. However, the P. computed using the
Lachet FF is larger than the P. calculated using the New FF by
0.8 MPa. This is attributed to the larger T, predicted by the
Lachet FF compared to the T, predicted by the New FF (see
Table S10 of the ESIY).
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Fig. 8 Coexisting vapor and liquid densities of pure (NO), using the New
FF (red circles) and the Lachet FF®® (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.
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of pure (NO), using the New FF (red circles) and the Lachet FF*® (green
triangles), on logarithmic scale. Error bars for the New FF are computed
based on the standard deviation.

5.3 Sensitivity analysis

The VLE properties of the reactive NO-(NO), system are sensi-
tive to the atomization energy of (NO), (Domo),) and the L-]
parameters, ¢ and ¢ of NO and (NO),. We performed a series of
simulations to systematically analyze the dependence of the
VLE properties of the reactive NO-(NO), system on Dy (no), 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.

5.3.1 Effect of Dy o), on VLE properties of reactive NO-
(NO), system. In the first series of simulations, we considered
three values for Dy o), which correspond to three values of
BDEno), that are within the range of the reported experimental
and theoretical values for BDEno), in the literature (7.64-
13.8 kJ mol ™~ 1).>?%73797828¢ Thege values are listed in Table 510
of the ESLT Do o), = 1269 k] mol ! is the value with which the
VLE properties could be computed in agreement with experiments
(see Section 5.1). In these simulations, the L-J parameters and the
partial charges are fixed as in Table 1. These simulations are
performed in the reactive Gibbs ensemble.

The vapor-liquid coexistence densities and (NO), mole frac-
tions in the liquid phase of the reactive NO—-(NO), system for
these four values of Dy no), are shown in Fig. S2 and S3 of the
ESI,T respectively. Even though the values of Dy o), are only
different by 4 k] 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 D no),). Moreover, higher
values of Dy (no), tend to have more negative slopes for the
liquid densities (see Fig. S2 of the ESIt). This could be attrib-
uted 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 Dy o), (see Table S11 of the ESIT).

5.3.2 Effect of L-J] parameters on VLE properties of reactive
NO-(NO), system. In a second series of simulations, the values
of Dy, (no), = 1269 k] mol ™" and partial charges (see Table 1) are
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fixed, while twelve different combinations of L-J parameters are
considered. In each combination, the L-J parameters (o or ¢) of
NO and/or (NO), are varied by £10% compared to the respec-
tive parameters of the New FF. These parameters are labeled
FF-a to FF-l: o(no), in FF-a (b), o), in FF-c (d), ono in FF-e (f),
éno in FF-g (h), ono and oo, in FF-i (j), and eno and gyo), in
FF-k (1), are varied by —10% (10%). These parameters are shown
in Table S12 of the ESL.{ 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), system were computed
using FF-a to FF-1 and are shown in Fig. S4-S33 of the ESL{

An increase in the L] parameters of (NO),, 6(no), (FF-b) or
¢wo), (FF-d), or NO, ono (FF-) or eno (FF-h), results in an
increase in the mole fraction of that species, (NO), (see Fig.
S5 and S10 of the ESIt) or NO (see Fig. S15 and S20 of the ESIt),
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 Fig. S34 of the
ESIT (two systems with the same value of ¢ but different values
of ¢) and Fig. S35 of the ESI} (two systems with the same value
of ¢ but different values of ¢). With an increase in ¢ or &, the
area of the attractive potential L-J increases. Therefore, with the
increase in the values of the L-J parameters (¢ or ¢) of NO or
(NO),, it becomes energetically favorable to increase the
concentration of NO or (NO), in the NO—-(NO), system.

The increase in the mole fraction of (NO), 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 Fig. S8,
S13, S18 and S23 of the ESILf{ 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),), 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), (o in
FF-i (j) and ¢ in FF-k (1)) are simultaneously varied by +£10%
compared to the New FF, follow a similar trend as when only the
L-J parameters of (NO), is varied (g(no), in FF-a (b) and g0, in FF-
¢ (d)); see Fig. S25 and S30 of the ESLt This could be because the
liquid phase is predominantly composed of dimers.

Although we demonstrated that the VLE properties of the
reactive NO—~(NO), system depends on both Dy o), (or subse-
quently BDE(yp)) and the L] parameters of NO and (NO),
species, this may not be the case for all the reactive systems.
An example is a reactive NO,-N,0, system. The VLE properties
of reactive NO,-N,0, are almost exclusively affected by the
values of BDEy o, and not by the values of L-] parameter as can
be inferred by the work of Polat et al.®> As explained by Johnson
et al.,*® the values of BDE determine the association strength of a
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fluid. A fluid is weakly (strongly) associating if the value of BDE is
small (large).>* The concluded value of BDE for (NO), in our study
is 13.06 kJ mol " (.e., Do), = 1269 kJ mol '), which is much
smaller than value of BDE for N,O, (~50 kJ mol *).** Accordingly,
NO,-N,0, fluid is a more strongly associating fluid than NO-
(NO), 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.

6 Conclusions

Our force field is capable of predicting the VLE properties of the
reactive NO-(NO), system (i.e., coexistence vapor-liquid densi-
ties, 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. 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 para-
meters or the Lachet FF. The Zhou FF was developed to
reproduce the experimental density and heat 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),, 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 (¢ and ¢ of
NO and (NO),) as well as the atomization energy of (NO),,
Dy, (no),, OF alternatively the bond dissociation energy of (NO),,
BDE(no),, on the VLE properties of the reactive NO-(NO),
system. Our results show that the VLE properties of the reactive
NO-(NO), 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 NO,-N,0O, system where the VLE
properties are mainly affected by the atomization energy of NO,
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), in our study is 13.06 k] mol ", which is much smaller
than the BDE of N,0, (~50 kJ mol "). Accordingly, the NO,-
N,O, fluid is a more strongly associating fluid than the NO-
(NO), fluid. Therefore, the VLE properties of reactive NO-(NO),
system are affected by both L-] parameters and the atomization
energy of the dimer, while the VLE properties of reactive NO,—
N,O, are only affected by the atomization energy of the dimer.
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