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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.4121/a3ecbf6
6-624a-4dde-ae50-de951bc2a069.v1

We explore the impact of force field parameters and reaction equilibrium on the scaling behavior towards
the critical point in reactive binary systems, focusing on NO,/N,O,. This system can be considered as a
special single-component system since NO, and N,O, are in chemical equilibrium via the chemical reaction
2NO, = N,0,. We simplify the system by representing both components as single LJ particles, achieving
excellent agreement with densities computed using molecular simulations in which all-atom force fields were
used. We investigate the effect of force field parameters (¢ and o) on phase behavior and show that the
critical exponent f remains constant, which means that intermolecular interactions do not affect the scaling
to the critical point when the chemical reaction takes place. We also investigate the sensitivity of the reaction
equilibrium constant and show that even small changes in isolated molecule partition functions lead to large
differences in chemical equilibria. We show that the critical exponent f is different for systems with different
reaction equilibrium constants, so a careful parameterization of f is needed for an accurate computation of
critical temperatures of reactive mixtures. We perform a screening of reactive binary mixtures for a wide range
of ideal gas reaction equilibrium constants, revealing key insights into the thermodynamic behavior and critical
properties. Thereby we facilitate the efficient screening of reactive binary mixtures for various applications.
Our results emphasize the importance of accurately parameterizing # and provide valuable insights into the
critical scaling behavior of complex reactive systems.
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science, where their presence in atmospheric chemistry impacts air
quality [2,4,18], and in climate change studies [5,6,19]. In the two-
phase region, this binary mixture has similar phase characteristics as

1. Introduction

Reactive mixtures, characterized by the occurance of chemical re-

actions between their components, have caught the attention of re-
searchers across diverse scientific and engineering disciplines [1-8].
These mixtures are very interesting due to the intricate interplay be-
tween chemical reactions and physical interactions, leading to unique
phase behaviors and thermodynamic properties [5,9]. Reactive working
fluids have the potential to improve the thermodynamic efficiency of
thermodynamic cycles, such as Brayton cycles, beyond that of conven-
tional nonreactive fluids [10-14]. Reactive working fluids have been
shown to increase power plant efficiencies [13] and the performance
of heat pumps [14]. An important example of such a system is the
binary mixture composed of nitrogen dioxide (NO,) and dinitrogen
tetroxide (N,0,). Reactive mixtures find applications in a wide range of
domains, e.g., in aerospace industry, where NO,/N,0O, mixtures serve
as vital components in rocket propulsion [15-17], in environmental
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a single-component system (i.e., a unique critical point and a unique
saturation pressure-temperature curve), due to the presence of a fast
chemical reaction [5,9,20,21]:

2NO, = N,0, (R1)

In this system, the decomposition of NO, into NO and O, also occurs.
However, this reaction is not considered in our study as it is only
relevant at high temperatures [22].

Previous Monte Carlo simulation studies have made significant con-
tributions to the understanding of reactive systems. Johnson et al. [23]
introduced Monte Carlo (MC) simulations combining Reaction Ensem-
ble (RE) and Gibbs Ensemble (GE), and investigated the dimerization
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of NO,, showing an excellent agreement with experimental compo-
sitions and densities for both the liquid and gas phase. Recently,
Lasala et al. [21] performed all-atom MC simulations in the combined
RE/GE ensemble and used the Peng-Robinson equation of state with
advanced mixing rules [24] to study the NO,/N,O, system. These
authors achieved excellent agreement between RE/GEMC simulations
and experiments, especially in determining critical temperatures and
critical densities [21].

Understanding the scaling of liquid and gas phase densities towards
the critical point in reactive mixtures, such as NO,/N,0Q,, is of sig-
nificant interest because it provides crucial insights into the intricate
interplay between intermolecular interactions and chemical equilibria,
offering valuable information for optimizing thermodynamic cycles and
processes in various applications. The Vapor-Liquid Equilibrium (VLE)
curve of the NO,/N,O, system is well-established in literature [8,9,25-
27]. However, the scaling of the gas- and liquid phase densities as
the system approaches the critical point is not well characterized.
RE/GEMC simulations are an ideal method to study the scaling towards
the critical point as the phase equilibrium and the chemical equilibrium
are simultaneously obtained [23,28,29]. The VLE curve of reactive
mixtures is determined by the interplay between (1) the intermolecular
interactions dictated by the force field, and (2) the isolated molecule
partition functions of reactants and reaction products that define the
reaction equilibrium in the ideal gas phase. While RE/GEMC simula-
tions offer a method for studying the interplay between intermolecular
interactions and reaction equilibria, there are alternative approaches
to investigate VLEs using molecular simulations. For example, multiple
histogram reweighting in combination with grand-canonical MC pro-
vides higher accuracies, especially close to the critical point [30-36].
However, the RE/GEMC simulations, known for their simplicity and
ease of implementation, offer practical means to investigate VLEs when
fast chemical reactions also take place [37]. Using RE/GEMC simula-
tions, we can investigate how the interactions between the molecules or
the reaction equilibria influence the scaling towards the critical point.
The scaling can be investigated by fitting the temperature dependence
of the difference in densities of liquid and gas phases to a scaling
law [36,38]:

1
(ﬂ—ﬁ>”=MT—n) M
Po
where p; and p, are the number densities of liquid and gas phases,
respectively, p, is an arbitrary number density to make the left hand
side of Eq. (1) dimensionless (it has the same units as p, and Pg>

here set to 110(3), B is a system dependent fitting parameter, T is
absolute temperature, T, is critical temperature, and # is the critical
exponent. The value of § varies between 0.31-0.33 (depending slightly
on the shape of the molecules), which was established for single-
component systems [36,39-42]. It remains an open question whether
the values between 0.31-0.33 for the critical exponent § hold for binary
mixtures that effectively behave as a single component system due
to the presence of chemical reactions. To estimate the density at the
critical point, the average mass density of the liquid and gas phases
can be fitted to the law of rectilinear diameters [36,43]:

ntpg

=+ AT -T,) @

where p, is the critical density and A is a system dependent fitting
parameter. Note that in principle, both number and mass densities of
liquid and gas phases can be used to investigate the scaling towards
the critical point using Eq. (2). For single-component systems, this is
not important as the mass density is simply the product of number
density and molar mass of that component. In a binary mixture with
a dimerization reaction such as reaction R1, the number density of
the dimer must be counted twice when computing the mass density
of the mixture because the molar mass of the dimer is twice that of
the monomer. Here, we investigate both options. Eq. (2) shows that

Fluid Phase Equilibria 582 (2024) 114084

accurate estimations of critical temperatures are crucial for obtaining
accurate critical densities. For phase equilibria of non-reactive binary
mixtures, Wichterle et al. [44] proposed the following scaling of the
compositions towards the critical point.

(X,-¥)7 =C( -1, ®

where X; and Y; are the mole fractions of one of the components in
the liquid and gas phases, respectively, C is a system dependent fitting
parameter, and f is the same critical exponent as in Eq. (1).

In this study, we investigate how the intermolecular interactions
and isolated molecule partition functions affect the scaling of reactive
mixtures towards the critical point, and particularly the critical expo-
nent f. By investigating the effect of intermolecular interactions and
isolated molecule partition functions, we aim to refine our understand-
ing of the scaling towards the critical point. To simplify and improve
the computational efficiency of our simulations, we treat both NO, and
N,O, molecules as single LJ interaction sites. We investigate the effect
of different force field parameters (¢ and o) and reaction equilibria
(by modifying the values of the isolated molecule partition functions of
molecules) on the value of the critical exponent . As there are different
chemical compounds forming dimers in the gas phase such as alu-
minum chloride [1,45,46] and aluminum bromide [45-47], and each
compound that forms dimers in the gas phase may be considered as a
potential working fluid in a thermodynamic cycle, systematic knowl-
edge about the scaling towards the critical point in reactive binary
systems is needed. Therefore, we conduct a comprehensive screening
study to explore the values of g, T, and p. for monomer/dimer pairs
with different ideal gas reaction equilibrium constants. Our findings
not only contribute to our understanding of the critical exponent g,
but also provide invaluable insights into the critical scaling behavior of
complex reactive systems. The screening we conducted can be used as a
predictive tool to calculate the critical point of different reactive binary
mixtures. These findings may have significant implications for diverse
scientific and engineering disciplines such as energy technology [48]
and design of chemical processes [49,50], where accurate modeling of
phase behavior is critical.

This article is organized as follows: the simulation methods are ex-
plained in Section 2, while we discuss the results from our simulations
in Section 3. Our key findings include insensitivity of the values of
the critical exponents g to force field parameters, the requirement of
a specific value of g for accurate estimations of critical temperatures
in the presence of chemical reactions, and how the values of g, T,
and p. change as a function of the temperature dependence of ideal
gas reaction equilibrium constants. The main results of our study are
summarized in Section 4.

2. Simulation methods

All simulations are performed using an in-house MC simulation
code [51] which combines RE [29] with GE [52-54] to compute phase
and chemical equilibria simultaneously, as shown earlier by Johnson
et al. [23]. Fig. 1 shows that this ensemble (RE/GE) samples the phase
space by allowing particle and volume exchanges between two simula-
tion boxes and the chemical space by attempting chemical reactions in
the forward or reverse direction [23]. The equilibrium condition for a
chemical reaction is [55]:

Ky

z viu; =0 (€]
i=1

where § is the number of species involved in the reaction, v; is the
stoichiometric coefficient of species i in the reaction, and y; is the
chemical potential of species i. Here, we consider the stoichiometric
coefficients of the reactants negative, while the reaction products have
positive stoichiometric coefficients (v; = 0 if species i does not take
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°o-0

Fig. 1. Schematic representation of our RE/GEMC simulations as introduced by Johnson et al. [23]. The combination of RE and GE (NVT version) allows us to sample phase
equilibrium by particle (Eq. (7)) and volume (Eq. (8)) exchanges between two simulation boxes and chemical equilibrium by attempting reaction trial moves in forward or reverse
directions (i.e. a trial move in which reactants are removed and reaction products are inserted at random positions in the simulation box, Eq. (9)). This simulation technique

ensures that the pressures of the two simulation boxes are equal (P!
equilibrium conditions hold for all reactions in the system (Eq. (4)).

part in the reaction). The chemical potential of species i is defined
as [37,56]:

Hi = +kBTln[ ]+M %)
Po

where y? is the ideal gas standard state chemical potential of species
i, kg is the Boltzmann constant, T is absolute temperature, p; is the
number density of species i, and u{* is the excess chemical potential of
species i. By adding the first two terms of the right-hand side of Eq. (5)
we obtain the ideal gas chemical potential of species i (4 = u0 +
kgT In [;—é]) where p is defined as [56]:

0 4i
) =—kgT1In [ ] (6)
: A3po

where ¢; is the isolated molecule partition function of species i (with
the translational part excluded) and A; is the thermal De Broglie
wavelenght of species i.

For transferring a particle of species i from box 1 to box 2, the
acceptance criterion is [28,36]:

N; 1 V;
acc(o — n) = min |1, B2 exp _Av @
(N5 + D1 kpT
where N, ; is the number of particles of species i in simulation box

Jj» V; is the volume of simulation box j, and AU is the difference in
potential energies of the new (n) and old (o) configurations (U, — U,).
Eq. (7) implies the following way of selecting the particle that is
transferred between two simulation boxes [57]: (1) the source and
target simulation boxes are selected at random, (2) a target species
is selected at random, and (3) a particle of the target species in the
target simulation box is selected at random. For a volume exchange at
constant total volume of the simulation boxes, the acceptance criterion
is [28,36]:

(€))

AU
N N
kT+ lV 2

acc(o — n) = min [l,exp [

V

where N; is the total number of particles in simulation box j, and

V,,; and V are the new and old volumes of the simulation box j,

respectlvely. For a trial move in which reactant molecules in box ;

are removed and reaction products are inserted at random positions
in simulation box j, the acceptance criterion is [23,29,58]:

S S Vi
acc(o —» n) =min |1 H L H ﬁ exp [—ﬂ (©)]
v\ e kgT

= P?), the chemical potentials of the same species i in the two simulation boxes are equal (4 = 4?), and the

where V; is the volume of simulation box j. Eq. (9) implies the fol-
lowing way of selecting the reactants: (1) the target simulation box
is selected at random, (2) the direction of the reaction is selected
at random (forward or reverse directions have 50% probability each
to get selected), and (3) the target reactant particles are selected at
random. In principle, reaction trial moves are only required to be
performed in the gas phase [21]. In this case, due to phase equilibrium
between two simulation boxes (resulting from particle and volume
exchanges), chemical equ111br1um is also achieved in the liquid phase.

4
Note that the term H #
reaction equilibrium constant K (i.e. the equilibrium constant where

intermolecular interactions are absent) as [59,60]:

S S
Ke=TTo" =17 a0
i=1 i=1

where p; is the number density of species i.

In our simulations, single LJ particles are used for simplicity. The
intermolecular interactions between two particles are computed using
a 12-6 LJ potential. The force field parameters for unlike particles (g, ;
and a,.’j) are computed using the Lorentz—Berthelot mixing rule [36].
The interactions are truncated and shifted (no tail corrections) at a
distance of 2.50; ; where o, ; is the distance where the potential energy
between spec1es i and j is zero. In this way, each pure component has
the same VLE phase diagram in reduced units. Initial configurations
were generated by randomly inserting molecules in two simulation
boxes. An initial system size of 1000 molecules is used unless specified
otherwise. For all simulations, 2 x 103 equilibration cycles and 10°
production cycles were performed. In each MC cycle, the number of MC
trial moves was equal to the total number of molecules in the two simu-
lation boxes. In our RE/GE simulations, we used particle displacements
(79%), particle exchanges (10%), volume exchanges (1%), and reaction
(10%) trial moves with fixed probabilities. In single-component GE sim-
ulations, particle displacements (89%), particle exchanges (10%), and
volume exchanges (1%) are used with fixed probabilities. We consider
3-dimensional periodic boundary conditions. Maximum particle- and
volume changes are set to values so that ca. 50% of trial moves are
accepted.

We optimize the critical exponent g (Eq. (1)) by systematically
evaluating g in the range of 0.1-0.5 and computing the coefficients
of deter{nination (R?) [61] for the linear regression fits to the terms

Y

in Eq. (9) is closely related to ideal gas

n as a function of temperature. The critical exponent g is de-
0
termined by selecting the value of f that corresponds to the maximum
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of R?. We then compute the value of T, by extrapolating the linear
1
regression fit to the terms (p';—p’) ? to zero as the difference between
0

py and p, is zero at critical point by definition. To assess the error in
the estimate of B, we estimate T, for a range of g values, centering
around the best fit value of g, and identify the interval in which the
estimations of T, exhibit maximum deviations of 1% from T, computed
using the estimate of f. Earlier work by Martin and Siepmann [42]
showed that the LJ interaction parameters (¢ and ¢) for an interaction
site cannot be determined beyond an accuracy of 1% using GEMC
simulations. Messerly et al. [62] investigated the uncertainties in LJ
force field parameters for n-alkanes by conducting GEMC simulations
for an extensive set of LJ parameters. The recommended values of £ and
o for CH; and CH, groups in an n-alkane molecule have uncertainties
between 0.2%-3%, while the computed values of T, have uncertainties
in the range of 0.6-1.9% [62]. Although the computed values of p,
and p, also have uncertainties, these uncertainties are much lower
than 1%. For this reason, a threshold of 1% for T, was chosen for a
given molecular system (since the value of 7, scales with ¢). For the
remainder of this study, the errors in g for different systems are shown
as subscripts.

3. Results and discussion
3.1. Mapping the NO,/N,O, system to LJ particles

In all-atom force fields reported in literature, such as the one
by Bourasseau et al. [5], the intermolecular interactions of NO, and
N,O, molecules are modeled using 3 parameters (¢ and ¢ for the LJ
interactions, and the point charge for the electrostatic interactions) for
each atom type (N, O in either NO, or N,0,), leading to a total of
12 parameters. To reduce the computational cost of our simulations
and simplify our system, we mapped both NO, and N,0, molecules
to single LJ particles with two interaction parameters (¢ and ¢). For
LJ particles, T, scales with the parameter ¢ (7, ~ ¢) while the critical
density scales with 63 (p, ~ 63) [36]. To represent both NO, and N,0,
molecules as single LJ particles and adjust the ¢ and ¢ parameters for
each molecule, we computed densities of pure NO, and pure N,0, using
single-component GE simulations (no reactions were included) and
compared the computed densities as a function of temperature with the
GEMC data from the study by Lasala et al. [21] for all-atom systems. To
investigate possible finite-size effects, we also computed the densities
of pure NO, and pure N,0, as a function of the system size. Fig. 2
shows the comparison between densities computed by Lasala et al. [21]
using Continuous Fractional Component Monte Carlo (CFCMC) simula-
tions [37,63-66] and in this study by representing each molecule with
a single LJ particle, as a function of temperature and system size. The
force field parameters used in our simulations for NO, and N,O, are
shown in Table 1. Our results show an excellent agreement between the
computed gas and liquid phase densities of pure NO, and those reported
by Lasala et al. [21]. Fig. 2(b) shows that pure N,0, gas phase densities
are slightly overestimated at high temperatures, while the liquid phase
densities are slightly underestimated at low temperatures. Overall, the
computed densities of pure N,0, are in good agreement with the results
from Lasala et al. [21]. Also, Fig. 2 shows that finite-size effects on the
densities computed using single-component GEMC simulations are very
small. Fig. S1 of the Supplementary Material shows a comparison of the
saturated vapor pressures as a function of temperature computed by
Lasala et al. [21] using an all-atom force field, and computed here by
representing NO, and N,O, as single LJ particles. The vapor pressures
of NO, computed using a single LJ site are in excellent agreement with
the ones computed by Lasala et al. [21], while the vapor pressures
of N,0, are overestimated using a single LJ interaction site. This is
expected since the computed densities of N,O, do not agree with the
results from Lasala et al. [21] computed using an all-atom force field
as well as the computed densities of NO,.
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Table 1

Force field parameters, 7., and p, computed using single-component VLE of NO, (molar
mass of NO,, Myo, = 46.0055gmol™") and N,0, (My o, = 92.011 gmol™"). For T, and p,,
the first values show the computed values in this work by using single LJ particles to
represent NO, and N,0, while the values in parentheses show the critical parameters
computed by Lasala et al. [21]. Note that Lasala et al. [21] used all-atom force fields
(with ¢, ¢, and point charge for each atom type) to perform Gibbs Ensemble simulations
with the CFCMC [37,65,66] method. Note that the values of T, and p, are shown for
pure NO, and pure N,0O, without considering reaction R1.

Particle &/ky/[K] o/[A] T./[K] pe/Tkgm=]
NO, 262.17 3.727 282.4 (282.2) 473.1 (471.8)
N,O, 445.00 4.450 484.5 (484.2) 546.3 (502.4)

1
Next, we computed the values of % P (p =0.32) as a function
of temperature for pure NO, and pure N,O, (Eq. (1)). Fig. S2 of the
1

Supplementary Material shows the values of the term N )7 for pure

£
NO, and pure N,O, as a function of temperature. The extrapolation of
1

PI=pg

the line fitted to )’} to zero as a function of temperature results
in the critical temp%rature. Fig. S2 of the Supplementary Material
shows the computed critical temperatures for pure NO, and pure N,O,
are 282.4K and 484.5K, respectively. In our previous study [21], we
computed the critical temperatures of pure NO, and pure N,0, as
282.2K and 484.2 K, respectively, using CFCMC simulations [37,65,66].
This shows that the critical temperatures computed using a single
LJ particle for each molecule are in excellent agreement with the
critical temperatures computed using CFCMC simulations [21]. We also
computed the average mass density of the gas and liquid phases as
a function of temperature to compute p. (mass-based) of pure NO,
and pure N,0, (Eq. (2)). Fig. S3 of the Supplementary Material shows
the average mass density of the gas and liquid phases of pure NO,
and pure N,0, as a function of temperature. The extrapolation of the
line fitted to average mass density of the gas and liquid phases to
the critical temperature results in the critical mass density. Fig. S3
of the Supplementary Material shows that the computed critical mass
densities of pure NO, and pure N,O, are 473.1 kgm™=> and 546.3kgm™3,
respectively. The critical mass density computed using the single LJ
particle approach for pure NO, is in excellent agreement with the
critical mass density computed in our recent study using CFCMC sim-
ulations (471.8kgm™3) [21]. For pure N,0,, the critical mass density
computed using a single LJ particle to represent N,O, (546.3kgm™3)
is overestimated when compared to the results in our recent study
(502.4kgm=3) [21]. This is because it is less accurate to represent a
molecule such as N,O, as a spherical particle due to its elongated shape.
However, our results for pure NO, demonstrate the accuracy of this
approach. In any case, the agreement between the computed VLEs and
critical properties using single LJ particle approach for NO, and N,0,
and the ones using CFCMC simulations [21] is good enough for our
purposes for this study, which is to investigate the effect of force field
parameters (¢ and o) and reaction equilibrium on the scaling towards
the critical point.

3.2. Effect of the force field parameters on the scaling towards the critical
point in reactive mixtures

We used RE/GEMC simulations to compute the phase and reaction
equilibrium in the NO,/N,0, system as a function of temperature. For
this purpose, in all simulations in this subsection, we calculated the
isolated molecule partition functions of NO, and N,O, (see Eq. (9))
using the correlations reported in the study by Lasala et al. [21]. The
correlation to compute the isolated molecule partition function of N,O,
is [21]:

aN,0,
3

AN (e) Po
2Y4
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Fig. 2. Computed densities of (a) pure NO, and (b) pure N,O, as a function of
temperature and system size without considering reaction R1. The red lines represent
results from Lasala et al. [21] computed using GEMC simulations while the symbols
represent computed densities from this study using effective LJ particles (Table 1).

while for NO,, the correlation to compute the isolated molecule parti-
tion function is [21]:

aNo,

In =110983.613 x T~! +16.403 / [-] 12)

A13\102 Po
The values of isolated molecule partition functions as a function of tem-
perature for NO, and N,O, are listed in Table S1 of the Supplementary
Material. We denote NO, and N,0, by A and A,, respectively, for force
field parameters that are different from the listed in Table 1. To inves-
tigate the effect of the force field parameters on the scaling towards the
critical point, we computed three sets of VLEs: (1) using the force field
parameters listed in Table 1 (en,o0,/eno, *® 1.697, oN,0,/0N0, & 1.194),
(2) using the same force field listed as N,0, in Table 1 for A, except
with e, /kg as 187K (e,/e5 ~ 2.380, 04, /05 ~ 1.194), and (3) using
the same force field listed as N,O, in Table 1 for A, except with ¢, as
3.423A (e Ay /€A ® 1.697, 04, /o = 1.300). The parameters for different
force fields used in our simulations are shown in Table 2. Table 3 lists
the average pressures, chemical potentials of NO, and N,O,, and values
of the terms Z,il v, u; for two simulation boxes in our RE/GEMC simula-
tions using system 1 at 400 K. Our results show that the two simulation
boxes are in mechanical and chemical equilibria as the pressures of the
two simulation boxes are equal (P! = P?), the chemical potentials of
all species are equal in the two simulation boxes (/4; = ;412), and Eq. (4)
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holds for reaction R1 in both simulation boxes. Similar agreement is
observed for all other simulations performed in this work. Fig. 3(a)
shows the computed mole fractions of N,0O, in liquid (X 4i,,.,) and gas
(Y4imer) Phases as a function of temperature for the three different force
field parameters for NO, (A). Our results show that the compositions
of the mixture computed with different force field parameters for NO,
are similar (except for the liquid phase at temperatures higher than
350K). This shows that the reaction equilibrium of the NO,/N,0O,
system mainly depends on the value of isolated molecule partition
functions (see Eq. (9)). To assess the applicability of the scaling law for
the compositions towards the critical point as suggested by Wichterle
et al. [44] (Eq. (3)), Fig. S4 olf the Supplementary Material shows the

values of the term (X;—Y;)7 as a function of temperature for two
different values of g and the coefficients of 1determination R? of the

linear regression of the values of (X;—Y;)? as a function of g for
the NO,/N,0O, system. The results show that the values of the term
1

(X;-Y;)? are not linear as a function of temperature for any value
of § in the range of 0.1-1.5. This shows that the scaling law for the
compositions as suggested by Wichterle et al. [44] is not applicable for
reactive binary mixtures. As shown in Fig. 3(b), the densities computed
with different force field parameters for NO, are also similar. For
ono, = 3423A (g4, /65 ~ 1.697, 0, [0, ~ 1300, system 3), the liquid
phase densities are higher than those of two other sets of force field
parameters at temperatures higher than 350 K. We also compare the
computed densities of the reactive NO,/N,0, mixture (system 1) with
experimental liquid and gas densities from literature [67,68]. Fig. S5 of
the Supplementary Material shows that the computed densities of the
reactive mixture agree well with the experimental data [67,68] with
a maximum deviation of 4%. Fig. S6 of the Supplementary Material
shows a comparison of the computed densities of pure NO,, pure N,O,,
and the reactive mixture of NO, and N,0, as a function of temperature.
The computed densities of the liquid and gas phases of pure NO, are
higher than those of pure N,O, and the reactive binary mixture. At
T < 325 K, the liquid and gas phase densities of pure N,0, and the
reactive mixture are similar, while at T > 325 K, the densities of the
reactive binary mixture are slightly higher than those of pure N,0, for
both phases. This is expected since at T < 325 K, the reactive mixture
is almost completely composed of N,0, molecules (Fig. 3(a)). Also, we
assessed possible finite-size effects on the compositions and densities
of liquid and gas phases by performing RE/GEMC simulations with
system 1 using three different total numbers of particles. Fig. 4 shows
the compositions and densities of liquid and gas phases of system 1
(NO,/N,0, system) computed as a function of temperature and system
size. Our data shows that the finite-size effects on both computed
compositions and densities are insignificant in the combined RE/GEMC
simulations.

Fig. 5(a) shows the values of 7% )7 a5 a function of temperature

P
for g = 0.32 for three different sets 0% force field parameters and linear
regression fits to these data sets. Our results show that linear regression

1

fits are not very accurate (R? = 0.98) and the values of (ﬂ‘;—pgy as a
0

function temperature are not linear when g = 0.32 is used. This shows
that for a LJ particle system with two components that acts like a single-
component system because of the reaction R1, the value of g is different
than 0.32 [36,38]. Fig. S7 of the Supplementary Material shoxl/vs the

. . P1—P,
values of R? of the linear regression of the values of (222 )’ as a

function of g for three different force fields. Our results shg)w that for
systems 1 (the force field parameters listed in Table 1) and 3 (decreased
oo, )> the values of R? has a maxima at § = 0.191,, while for system
2 (decreased eyp,), the values of R? have a maxima at f = 0.210( ;.
However, for system 2, the value of R? is 0.999 at # = 0.191 and
the differences between R*> = 1.0 (a perfect linear regression fit) and
R? = 0.999 is due to the statistical uncertainty in our simulations. Also,
for system 2, the difference in critical temperatures computed using
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Table 2

Force field parameters for monomers and dimers, values of the critical exponent f, computed values of T,
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and computed values of p. for

different systems investigated in this study. We denote NO, and N,O, by A and A,, respectively, for force field parameters that are different
from the ones listed in Table 1 (this applies for systems 2, 3, 4, 5, and 6.). The force field parameters for systems 1, 4, 5, and 6 are same,
but these systems differ in the values of isolated molecule partition functions of dimers (Tables S1-S4 of the Supplementary Material). The

subscripts show the errors in the critical exponent f. The errors in the critical exponent f are computed based on maximum 1% deviation in
the computed values of T,. The average densities of the liquid and gas phases to compute the values of p. (Eq. (2)) are calculated by summing
the densities of monomer with twice the density of dimer as this corresponds to mass-based densities.

Sys. % % Dimer Monomer Y} T,./[K] p./[molecules 10\73]
e/kg/[K] o/1A] &/kp/[K] o/[A]
1 1.697 1.194 445.00 4.450 262.17 3.727 01910, 417 0.00767
2 2.380 1.194 445.00 4.450 187.00 3.727 0.210 9, 416 0.00798
3 1.697 1.300 445.00 4.450 262.17 3.423 0.1914¢; 425 0.00787
4 1.697 1.194 445.00 4.450 262.17 3.727 0.299) 5, 300 0.00915
5 1.697 1.194 445.00 4.450 262.17 3.727 0.2704, 0, 464 0.00733
6 1.697 1.194 445.00 4.450 262.17 3.727 0.259) 0, 302 0.01024
(a) 1 1 1 1 1 1
Table 3 101 o © o 0 8 8 8 g ¢ o, N r
Average pressures, chemical potentials of NO, and N,0, (Eq. (5)), and values of [ - ® . ° ° 0..
the terms Zf:l v,u; (Eq. (4)) for two simulation boxes in our RE/GEMC simulations ] o ° ®e °
(including reaction R1) for system 1 at 400K. The subscripts show the standard 0.8 - . n .. N L
deviations computed using the results of ten independent simulations. L] . Se
Box 1 Box 2 5 u .
P/[KkPa] 5495, 5494, £ 0.6 - i L
>~ ] ]
Hino,/ kI mol™!] —1003.011 04 —1003.012 03 ; i T L
H0,/TkI mol~1] ~2006.0240 605 ~2006.027) 606 g L L
< 0.4 1 -
2,11 vi;/ TkI mol™' ] 0.001¢,903 0.002,99; < 0
0.2 e  System 1 |
f = 0210 and g = 0.191 is lower than 1% (as shown in Table 2 by e System2
the errors in the estimate of #). This shows that the values of g do not e System3
depend on force field parameters of LJ particles. 0.0 . ' ! : . '
P P particie 250 275 300 325 350 375 400 425
Fig. 5 shows the values of the term 2%\’ for p = 0.32 (Fig. 5(a)) T /K]
. A .
and f = 0.191 (Fig. 5(b)) as a function of temperature for varying
force field parameters. By extrapolating the linear regression fits of (b) 420 . ; ; ; ;
1
m;—pg) ’ to zero, we compute the critical temperatures for different 400 4 L
.ho L
mixtures of NO, and N,O,. For § = 0.32, we compute the critical
temperature of the mixture computed using the force field parameters 380 1 3
listed in Table 1 (system 1) as 453K while the critical temperature is
417K for the same mixture for # = 0.191. The experimental critical 360 - i
temperature for NO,/N,O, system reported in literature [69] is 431K. =<}
Our results show that our approach in computing phase and reaction ; 3404 i
equilibrium using single LJ particles for molecules is accurate, however, 390 |
parameterization of the critical exponent g is essential for accurate
computation of critical temperatures of binary mixtures which act as 300 L
a single-component system due to a chemical reaction. System 1
Fig. 6 shows average mass and number densities between liquid and 280 1 gyStem ; "
. . . . . b t
gas phases computed using different force fields as listed in Table 2. ystem
Eq. (2) implies that average densities of the liquid and gas phases 260 X N X X N
g 0.000 0.002 0.004 0.006 0.008 0.010

should scale linearly with temperature. Fig. 6 shows that the average
mass densities of a NO,/N,O, system scale linearly with temperature,
while the average number densities do not (see Fig. S8 of the Supple-
mentary Material). Our results show that average mass densities (or
number densities where the density of the dimer is counted twice)
needs to be used to compute critical densities using Eq. (2). By extrap-
olating the linear regression fits of average mass densities of liquid and
gas phases computed using the force field parameters listed in Table 1
(system 1) to the critical temperature computed using Fig. 5 and f =
0.191 (Fig. 6(a)), we compute the critical density of NO,/N,0, system
as 585.8kgm™3, showing an excellent agreement with the experimental
value [69] (560kgm~3). This shows that representing fully atomistic
models of NO, and N,0O, as single LJ particles is accurate enough for
computing critical densities using RE/GEMC simulations.

p / [molecules A=3)

Fig. 3. (a) Mole fractions of dimer molecules (N,O, or A,) in liquid (circles) and
gas (squares) phases and (b) coexistence densities computed using different force field
parameters for NO, and considering reaction R1. See Table 2 for the force field
parameters used in systems 1, 2, and 3.

3.3. Effect of the isolated molecule partition functions on the scaling to-
wards the critical point

We performed RE/GEMC simulations to compute phase and reac-
tion equilibria as a function of temperature and varying the isolated
molecule partition function of N,0,. We denote NO, and N,0, by
A and A,, respectively, for isolated molecule partition functions that
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Fig. 4. (a) Mole fractions of dimer molecules in liquid (circles) and gas (squares)
phases and (b) coexistence densities computed considering reaction R1 as a function
of temperature and different initial system sizes. To assess the finite-size effects on the
compositions and densities computed using RE/GEMC simulations, we used force field
parameters of system 1 as listed in Table 2.

are different from the ones computed using the correlations reported
by Lasala et al. [21] (system 1). Our simulations used the force field
parameters from Table 1 for both NO, (A) and N,0, (A,) to cal-
culate LJ interactions (also listed in Table 2). Fig. 7(a) shows the
natural logarithm of isolated molecule partition functions for NO,
(A) and N,0, (A,) used in our simulations as a function of tem-
perature. Different values of natural logarithm of isolated molecule
partition functions for monomers and dimers are listed in Tables S1-
S4 of the Supplementary Material. Our data reveal that even small
modifications to the isolated molecule partition function of A, result in
very different reaction equilibrium constants. We recently discovered
that the computed reaction equilibrium constants for the dissocia-
tion of protonated N-methyldiethanolamine are also very sensitive to
the values of isolated molecule partition functions or excess chemical
potentials [56]. Fig. 7(b) shows the natural logarithm of reaction
equilibrium constants for reaction R1 computed as a function of in-
verse temperature using different values of isolated molecule partition
functions and Eq. (10). The computed ideal gas equilibrium constants
for reaction R1 show that even with small changes in the values of
isolated molecule partition function of species, the reaction equilibrium
is completely different. For example, natural logarithms of reaction
equilibrium constants computed using the isolated molecule partition
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Fig. 5. Values of (%)” for (@) p = 032 and (b) f = 0.191 as a function of
0
temperature for mixtures with different force field parameters. NO, and N,0, (which
have different force field parameters than the ones listed in Table 1) are denoted by A

and A,, respectively. We computed the values of p; and p, as a function of temperature
s
by using RE/GEMC simulations (with reaction R1). To compute the values of (% ) ",
0
we used number densities. The dashed lines represent linear regression fits to the values
.

of (MV as a function of temperature. See Table 2 for the force field parameters

0

used in systems 1, 2, and 3.

functions from Lasala et al. [21] (Egs. (11) and (12)) are in the range of
6.4-15.8 for temperatures of 260-415 K while using slightly decreased
values of isolated molecule partition functions for A, (decreased by 10
In [ﬁ] units for each temperature, system 4), the natural logarithms
i PO

of reaction equilibrium constants are —3.6-5.8 for the same tempera-
ture range. We also compute the ideal gas enthalpies of reaction for
these systems using the Van’t Hoff equation [60]:

din[Kg] -AH

Tdar ~ Rr? 13

where A H is ideal gas enthalpy of reaction and R is the ideal gas
constant. While reaction equilibrium constants computed using the
isolated molecule partition functions from Lasala et al. [21] (system 1)
and reaction equilibrium constants computed using slightly decreased
values of isolated molecule partition functions for A, (system 4) have
the same values of A, H (—55.08kJ mol~1), the values of A H for the
reaction equilibrium constants computed using the values of ideal
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Fig. 6. Average mass densities of the liquid and gas phases computed using different
force fields as shown in Table 2 with reaction R1. The dashed lines represent linear
regression fits to average mass densities computed as a function of temperature using
different force fields. See Table 2 for the force field parameters used in systems 1, 2,
and 3.

partition functions of N,O, increased by 1% and decreased by 1% for
each temperature point (systems 5 and 6, respectively) are different
(-74.08 kI mol~! and —36.07 kI mol~!, respectively).

Fig. S8(a) of the Supplementary Material shows mole fractions of
dimers in the liquid and gas phases computed for different values of the
isolated molecule partition function for A, as a function of temperature.
Our results show that the compositions of gas and liquid phases of
the reactive binary mixtures are very sensitive to the values of the
equilibrium constant of reaction R1. Also, it can be observed that both
gas and liquid phases are predominantly composed of dimers even at
high temperatures when the isolated molecule partition functions of
system 5 are used as opposed to mole fractions computed using system
1 where mole fractions of dimer in the liquid and gas phases are 0.74
and 0.47, respectively, at 410 K. When the isolated molecule partition
functions of systems 4 and 6 are used in our RE/GEMC simulations,
the computed compositions of liquid and gas phases are very different
than the compositions computed using systems 1 and 5. At 260K,
the mole fractions of dimers in liquid phase are 0.73 and 0.78 when
systems 4 and 6 are considered, respectively. At the same temperature,
the liquid phases are almost fully composed of dimer molecules when
systems 1 and 5 are simulated. Fig. S9(b) of the Supplementary Material
shows the densities of gas and liquid phases computed as a function
of temperature using different values of isolated molecule partition
functions for A,. Our data show that the liquid phase densities are
similar for systems 1 and 5. The gas phase densities are much lower
at high temperatures when system 5 is used compared to when the
ideal partition functions of system 1 are used. The gas phase densities
computed using systems 4 and 6 are similar and are higher than those
computed using systems 1 and 5. When isolated molecule partition
functions of system 6 are used, the computed densities of the liquid
phase are higher than the ones computed using systems 1, 4, and 5.

Next, we investigate the effect of reaction equilibrium on the scaling
towards the critical point. For this purpose, we use linear regression

fits to the values of the term (pl;—pg)” as a function of temperature.
0
We first computed the values of R? of the linear regression fits to the
L
values of the term (pl;—pg> ? vs. temperature as a function of the critical
0

exponent f. Fig. S10 of the Supplementary Material shows that when
the parameter set of system 5 is used, the values of R?> has a maxima
at f = 0.270,, (subscripts indicate the error in § when accounting
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Fig. 7. (a) Natural logarithm of the values of isolated molecule partition functions
as a function of temperature used in our RE/GEMC simulations and (b) natural
logarithm of ideal gas equilibrium constants (Eq. (10)) for reaction R1 as a function
of inverse temperature. See Table 2 for the force field parameters and Tables S1-S4 of
the Supplementary Material for the values of isolated molecule partition functions of
monomers and dimers for different systems.

for 1% deviation in the computed values of T,) which is different than
the maxima when the ideal partition functions are computed using the
correlations reported by Lasala et al. [21] (for system 1, f = 0.191 ).
For systems 4 and 6, the maxima of R?> are at § = 0.299,,, and
p = 0.259,,,, respectively. However, for higher values of g, R? for
systems 4 and 6 are higher than 0.995, showing that the values of R?
for these systems are less sensitive than the respective R? for systems
1 and 5. Our results indicate that g varies for systems with different
reaction equilibrium constants, associated with different enthalpies of
reaction.

Fig. 8(a) shows the values of R? for linear regression fits to (”l;—pg ) ’
0

as a function of g for system 1. Our data show that the values of g
between 0.141 and 0.277 have R? values higher than 0.99. However,
as shown in Fig. 8(b) and (d), the scaling of densities of liquid and gas
phases are not linear when g = 0.141 and g = 0.277. Using f = 0.141 and
B = 0.277, the computed values of T, for system 1 are 404K and 441K,
respectively. This shows that even with R?> = 0.99, there is significant
error in the computed 7, when compared with T, computed using the
value of the critical exponent as 0.191 (417K with g = 0.191 as shown
in Fig. 8(c)). The estimates of # as listed in Table 2 correspond to
R? > 0.9995. A deviation of 1% in the values of T, correspond to ca.
R? = 0.999. Our findings demonstrate that varying reaction equilibria
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Fig. 8. (a) Coefficients of determination for linear regression fits to the terms (

as

n=p,

a function of temperature, and values of the terms as a function of temperature

0 )
for (b) f=0.141, (c) #=0.191, and (d) § = 0.277 for system 1. The dashed line in subfigure (a) represents R? = 0.99. An uncertainty of 1% in the values of 7, corresponds to ca.
R? =0.999. See Table 2 for the force field parameters and Table S1 of the Supplementary Material for the values of isolated molecule partition functions of monomers and dimers

for system 1.

has a strong impact on the scaling behavior towards the critical point in
systems with two components, albeit behaving like a single-component
system due to a chemical reaction. Thus, careful parameterization of
the critical exponent f is essential for accurate computation of critical
temperatures and densities.

3.4. Screening the critical exponent g, T., and p. for different values of K;g

In the gas phase, there are many examples of monomers form-
ing dimers such as aluminum chloride (2AICl; = Al,Cl¢) [1,46] and
aluminum bromide (2A1Br; = Al,Bry) [46,47]. However, the thermody-
namics and kinetics of dimerization of different monomer/dimer pairs
are largely unknown. Due to lack of available thermodynamic data, we
perform a screening study to investigate how the values of g, T, and p,
change for ideal gas reaction equilibrium constants Kj; with different
temperature dependencies assuming a fast dimerization equilibrium
reaction. For this purpose, we use force field parameters for monomers
and dimers in reduced units. We select —24mer_ a5 1,194 based on the

Gmonomer

fact that the volume of the dimer is ca. double that of monomer, which
scales with 63 (1.194% ~ 2). The number of atoms in a dimer is twice
that of a monomer, however the chemical environment is different
between a monomer and a dimer. To account for this difference, we
choose —dimer_ a5 1.697. This choice ensures that the LJ interactions
between monomers and dimers appropriately capture size and energy
differences. Earlier, we showed that these force field parameters accu-
rately describe the VLEs of pure monomer (NO,) and pure dimer (N,Oy,,
Section 3.1). We describe the temperature dependence of the values of
K using an Arrhenius type equation [60]:

A H ]

Kig = Ky exp [ RrT a4

where K| is the pre-exponential factor associated with the ideal gas

reaction equilibrium constant at infinite temperature. We then vary the

values of the natural logarithm of K, (In[K;]) and the dimensionless

enthalpy of reaction (47 H) which is calculated as:
AH

RT,

¢,monomer

A*H = (15)

where T, onomer 1S the critical temperature of pure monomer (282.4K,
Table 1). We compute the values of the critical exponent g, the nor-
malized T, (T} = T, mixcure/Te.monomer Where Tt e is the critical tem-
perature of the reactive binary mixture), and the normalized p, (0 =
pc,mixture/pc.monomer where Pc,mixture and Pe,monomer are the critical densi-
ties of the reactive binary mixture and pure monomer, respectively)
for systems with different values of In[K)] (ranging from —19.6 to 0.4)
different values of A*H (ranging from —36 to —17) using RE/GEMC
simulations. Tables S5-S7 of the Supplementary Material lists the val-
ues of f, TF, and p} as a function of A*H and In[K,]. Fig. 9(a) shows
the computed values of § as a function of the values of In[K,] and 47 H.
The computed values of § vary from 0.124 to 0.282 which shows that
a parameterization of f is crucial for an accurate estimation of T,. Our
data show that f decreases with increasing A4¥ H, while g increases with
increasing In[K,]. Fig. 9(b) shows the values of T* as a function of 47 H
and In[Ky]. T is proportional to In[K,], and decreases with increasing
A*H, varying between 1.28-1.67 times T, onomer- Fig. 9(c) shows p?
as a function of A*H and In[K,]. Note that the average densities of
the liquid and gas phases are calculated by summing the densities of
monomer with twice the density of dimer as this corresponds to mass-
based densities. We already showed that mass-based average densities
scale better than number-based average densities towards the critical
point (Fig. 6 and Fig. S8 of the Supplementary Material). The values of
p? show a different trend than the values of § and T}. The computed
p} decrease with increasing In[K], and increase with increasing 47 H.
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Fig. 9. Values of (a) g, (b) T, and (c) p; of reactive binary mixtures as a function of natural logarithms of pre-exponential factors (In[K,], Eq. (14)) and dimensionless enthalpies

1
of reaction (4 H, Eq. (15)). For all systems, the linear regression fits to (ﬂ‘;—p‘) " and % as a function of temperature resulted in R? > 0.999.
0

p} vary between 1.17-1.28 times p onome;- We show that if the ideal
gas reaction equilibrium constant favors dimerization (lower values of
A% H and higher values of In[K;]), the scaling towards the critical point
is slower (the densities of the liquid and gas phases approach to critical
density less rapidly as the temperature increases due to higher values
of f), the critical temperature is higher, and consequently the critical
density is lower. The values of the critical exponent f, T}, and p} for
different monomer/dimer pairs, obtained using RE/GEMC simulations,
can serve as a predictive tool for assessing the critical point of reactive
binary mixtures. This predictive capability enhances the efficiency of
screening processes, enabling the identification of optimal conditions
for specific monomer/dimer combinations in diverse scientific and
engineering applications.

4. Conclusions

We investigated the effect of force field parameters and isolated
molecule partition functions on the scaling towards the critical point of
reactive binary mixtures, which exhibit similar phase characteristics to
that of a single-component system due to a fast dimerization reaction.
To simplify our simulations and minimize the computational cost, both
NO, (monomer) and N,0, (dimer) molecules were represented by sin-
gle LJ interaction sites with carefully fine-tuned force field parameters.
The computed liquid and gas phase densities of pure (unreactive) NO,
and N,0, showed an excellent agreement with densities computed
using an all-atom force field [21]. Using RE/GEMC simulations, we
established that a critical exponent of g 0.191 is necessary for
an accurate estimation of the value of T, of the reactive NO,/N,0,
mixture. The critical exponent f = 0.191 remained constant, regardless
of changes in the force field parameters (¢ and &) of monomers.
Our findings demonstrated that changes in isolated molecule partition
functions of dimers have a significant impact on . We showed that
the value of g differs from 0.124 to 0.282, decreasing with increasing

10

A*H, and increasing with increasing In[K,] (Eq. (14)). The computed
values of p for ideal gas reaction equilibrium constants with different
temperature dependencies enable accurate estimations of the values of
T, and p, for different monomer/dimer pairs.

We performed a screening of normalized values of T, (T) and
observed a similar trend as with §, where T increases with decreasing
values of A*H and increases with higher In[K]. This is because lower
values of # lead to faster scaling towards the critical point (the densities
of the liquid and gas phases approach critical density rapidly as the
temperature increases) and consequently the critical temperature is
lower. The values of T were computed to be 1.28-1.67 times higher
than the T, of monomer. We showed that the normalized values of
p. (p?) increases with higher values of A*H and decreases with in-
creasing In[K,], varying between 1.17-1.28 times that of the monomer.
Our study emphasizes the significance of accurate parameterization
of B in capturing the scaling towards the critical point accurately.
These findings are very important for a wide range of scientific and
engineering applications where accurate modeling of phase behavior
is essential. Present approach allows us to compute the values of T,
and p, for reactive binary mixtures, but not the composition of the
mixture at the critical point because, to the best of our knowledge, there
are no scaling laws describing the scaling of composition towards the
critical point in reactive mixtures. In this context, multiple histogram
reweighting combined with grand-canonical Monte Carlo simulations
has the potential to provide valuable insight into how the compositions
of reactive binary mixtures scale towards the critical point as this
method offers higher accuracies close to the critical point [30-36].
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