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Abstract

This article explores how well vapor-liquid equilibria of pure components
and binary mixtures of xylenes can be predicted using different force fields
in molecular simulations. The accuracy of the Wolf method and the Ewald
summation is evaluated. Monte Carlo simulations in the Gibbs ensemble are
performed at conditions comparable to experimental data, using four differ-
ent force fields. Similar results using the Wolf and the Ewald methods can be
obtained for the prediction of densities and the phase compositions of binary
mixtures. With the Wolf method, up to 50% less CPU time is used compared
to the Ewald method, at the cost of accuracy and additional parameter cali-
bration. The densities of p-xylene and m-xylene can be well estimated using
the TraPPE-UA and AUA force fields. The largest differences of VLE with
experiments are observed for o-xylene. The p-xylene/o-xylene binary mix-
tures at 6.66 and 81.3 kPa are simulated, leading to an excellent agreement
in the predictions of the composition of the liquid phase compared to exper-
iments. The composition of the vapor phase is dominated by the properties
of the component with the largest mole fraction in the liquid phase. The ac-
curacy of the predictions of the phase composition are related to the quality
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of the density predictions of the pure component systems. The phase com-
position of the binary system of xylenes is very sensitive to slight differences
in vapor phase density of each xylene isomer, and how well the differences
are captured by the force fields.

Keywords: Monte Carlo Simulation, Vapor-Liquid Equilibria, Xylene, Wolf
method, Binary mixture

1. Introduction

Xylenes are aromatic species that are mainly produced by the catalytic
reforming of crude oil, in a mixture usually containing benzene, toluene
and xylenes [1]. Further extraction and distillation processes yield equilib-
rium mixtures of xylenes that generally contain 53% meta-xylene (mX), 24%
ortho-xylene (0X) and 23% para-xylene (pX) [2]. Considering the practical
application of each component of the mixture, the separation and further
transformation of each isomer is important. From the isomers, pX has the
highest economic value [3], and is a core raw material for manufacturing
polyester fibers [4]. oX is mostly used in the production of phthalic anhy-
dride [5], while the main component of the mixture, mX, has a limited end
use and is preferably isomerized into pX or oX [6]. Xylenes are components
of solvents, paint thinners, varnish, corrosion preventives and cleaning agents
[7].

Separation of xylenes is a challenge [1, 8, 9, 10]. Separation of 0X from
the mixture can be achieved by distillation, but this is difficult in the mX/pX
case due to similar boiling points [11]. It is considered -with the separation
of greenhouse gases from dilute emissions and uranium from seawater- as
one of the “seven chemical separation processes to change the world” [12].
The separation of xylenes on a large scale is performed by the adsorption in
porous materials such as X and Y zeolites [13] or by fractional crystallization
[14, 15]. Current research efforts are focused on advances of new membranes
and sorbents that decrease the energy consumption of such isomer separation
[12]. The accurate description and characterization of the thermodynamic
properties, such as the vapor-liquid equilibrium (VLE), is critical for the
design of proper techniques, equipment, and processes for an efficient sepa-
ration [16]. Experimental VLE measuremets for xylene mixtures are scarce
and only a handful of studies provide data for pure components and binary
mixtures of xylenes. For pure component, VLE curves are reported by Smith
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and Srivastava [17]. For binary mixtures, Rodrigues [18] presented coexis-
tence curves for the pX-mX, pX-0X and mX-oX systems at 100.65 kPa. The
pX-mX binary system is described by Kato et al. [19] at atmospheric pres-
sure. Data for 5, 20, 40 and 101.325 kPa is reported by Onken and Arlt [20].
Llopis and Monton [21, 22] reported data for pX-0X and mX-oX systems at
6.66 and 26.66 kPa, Parvez et al. [23] characterized the pX-0X coexistence
curves at 81.3 kPa. The coexistence of oX-mX at 298.15K is described by
Wichterle et al. [24]. Such studies report that binary mixtures of xylenes
have small differences from an ideal mixture [18, 19, 20, 21, 23].

Molecular simulations are an extensively used tool to predict the thermo-
dynamic properties of a wide variety of systems [25]. Fluid phase properties
of pure components and mixtures can be computed for large ranges of con-
ditions, even when experiments can be challenging, expensive or dangerous
[25]. The Monte Carlo (MC) method in the Gibbs ensemble [26] has been
widely used to compute VLE [27, 28, 29, 30, 31, 32, 33]. The choice of a
force field that accurately describes the interaction potential between atoms
and molecules is a crucial factor. The Gibbs ensemble considers two sim-
ulation boxes to simulate the properties of coexisting phases avoiding the
vapor-liquid interface [27]. Fig. 1 shows the vapor and liquid phases of a
xylene mixture in two separate boxes of a NPT-Gibbs ensemble MC sim-
ulation. Molecular simulations of VLE are typically performed employing
force fields that model the interactions with Lennard-Jones potentials (LJ)
or a combination of .J and electrostatic interactions. In the case of aromatic
compounds, a common practice in the development of the potentials is to
fit the interaction parameters to reproduce the VLE of the pure component
(34, 35, 36, 37], or by ab initio quantum mechanical calculations [38, 39, 40].
Several force field for xylene interactions have been reported in literature
41, 42, 43, 37, 44, 40], some of which are briefly described in the next sec-
tion for further use.

The electrostatic interactions are generally represented by charged inter-
action sites. The Ewald summation method [45] has been extensively used to
account these interactions in periodic systems [46]. The electrostatic energy
is calculated in two parts by dividing the potential in a short-range con-
tribution computed in real space, and a long-range contribution calculated
involving a Fourier transform of the charge density [25]. The long-range
contribution constitutes the main disadvantage of the method, it is compu-
tationally expensive. Several alternative methods have been developed such
as the particle-particle and particle-mesh algorithm [47], the reaction field
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method [48], the fast multipole algorithm [49], and the Wolf method [50].
These methods are reviewed in depth by Cisneros et al. [51]. From these
methods, the Wolf method has been effectively applied to a wide variety
of systems [52, 53, 54, 55, 56, 57, 58, 59] and has gained attention due to
its efficiency compared to the Ewald method as the Fourier part is not of-
ten needed in dense systems. To use this method, the cut-off radius (R,)
and the damping factor («) have to be determined for each system with the
procedures described by Hens and Vlugt [60], and Waibel and Gross [61].

This article explores how the VLE of pure components and binary mix-
tures of xylenes can be predicted using molecular simulations and how well
the Wolf method can be applied. The simulation details such as the input
and force fields are summarized in Section 2. The simulation results of VLE
for pure components and binary mixtures are analyzed in Section 3. The
concluding remarks about force field performance and the use of the Wolf
method are discussed in Section 4.

2. Simulation details

The Monte Carlo technique in the Gibbs Ensemble [26] is used for the
simulations. The calculations for the VLE of pure components are performed
using the Gibbs ensemble at constant total volume (NVT'). The isothermal-
isobaric version of the Gibbs ensemble (NPT') is used for the binary mixture
VLE calculations. The total system contains 1,000 molecules and the inter-
actions between different atom types are calculated using Lorentz-Berthelot
mixing rules [62]. The LJ interactions are truncated at 14 A and analytic
tail corrections are applied [62]. The Continuous Fractional Component MC
(CFCMC) method in the Gibbs ensemble developed by Poursaeidesfahani
et al. [63, 64, 65] is used. The Gibbs ensemble is expanded with one ex-
tra molecule -the fractional molecule- per molecule type. The fractional
molecules have negligible effect on the thermodynamic properties [64]. The
interactions of the fractional molecule are scaled in range 0 to 1 (0 for no
interactions with surrounding molecules and 1 for full interaction with sur-
rounding molecules) described by A. The trial moves in each MC cycle are
selected at random within the following fixed probabilities: 33% translation,
33% rotation, 17% changes of the value of A\, 8% identity change of the frac-
tional molecule -where the fractional molecule turns into a whole one, while
a molecule in the other box turns into a fractional molecule-, 8% swap move
-the fractional molecule is transfered from one box to the other-, and 1%
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volume change. All simulations are performed in an in-house developed code
which has been verified to yield the same results as the RASPA software
(66, 67]. The number of steps per MC cycle is equal to the total number
of molecules in the system. Each simulation starts with 5,000 MC cycles to
equilibrate the system by only allowing rotation and translation trial moves.
After that, a stage of 40,000 MC cycles initializes the system and all types
of trial moves are allowed. In this stage, the Wang-Landau algorithm [68] is
used to construct a weight function that flattens the probability distribution
of A, so that all values of A have the same probability, and that the fractional
molecule is equally likely to be found in one of the boxes. The chemical
potential is calculated from the probability distribution of A using the pro-
cedure described by Poursaeidesfahani et al. [63]. The initialization stage is
followed by a production run of 100,000 MC cycles. The reported errors ac-
count for the 95% confidence interval calculated by dividing the production
run into five sections.

Each simulation starts with a different initial composition (i.e. number of
molecules in each box) which is based on the experimental data available for
each system. For pure components, the number of molecules and box sizes
can be found in the Supporting Information. For binary mixtures, the initial
composition can be obtained with the procedure described by Ramdin et al.
[27] when experiments are not available. The pX-0X binary mixtures at 6.66
kPa and 81.3 kPa are simulated. The initial guess for the side length of the
cubic boxes are 60 A for the liquid phase box and 145 A for the vapor phase
box. Initially, 920 and 80 molecules are assigned to the liquid and vapor
boxes, respectively. The guess for the initial phase compositions of each box
are chosen to match the experimental phase compositions [21, 23].

Four different force fields that model the interactions between xylene iso-
mers are used, each one having a particular approach to describe electrostatic
interactions. All molecules are defined as rigid and the geometries are ac-
cording to the original references [41, 34, 42, 37|. The force field parameters
are listed in the Supporting Information. The force fields considered are the
following;:

1. Transferable Potential for Phase Equilibria - United Atom (TraPPE-
UA) [41], a widely used force field that is designed to reproduce the VLE
of alkylbenzenes as single components. The united atom approach is con-
veniently used by merging a carbon atom and its bonded hydrogen atoms
into a single uncharged interaction site representing each CHy group in the
aromatic species.
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2. A modification of the TraPPE-UA force field to include an all-atom
approach and charges in the aromatic ring, here called TraPPE-UA-EH. This
force field uses the united atom approach from TraPPE-UA [41] to represent
the methyl groups, while the bonded carbon and hydrogen atoms from the
aromatic ring are individually represented in single interaction centers with
charges of -0.95e and +0.95e, respectively [34].

3. Optimized Potential for Liquid Simulations (OPLS) [42, 69], a widely
applied force field that represents the aromatic ring with an all atom ap-
proach and the methyl group as a carbon centered atom [70]. Each atom has
electrostatic charges.

4. Anisotropic United Atom (AUA) [37, 71]. This force field presents
a united atom approach, having uncharged single interaction centers for the
CH, groups and positioning the atom in the direction of the center of mass of
the atom group, displacing it from the carbon atom position, unlike the other
force fields. One of its main features is the representation of the m-cloud in
the aromatic ring. One positive partial charge (+8.13e) in the center of the
ring, and two negative partial charges (-4.065¢) located at 0.4 A above and
below the plane of the aromatic ring are introduced. The negative charges
are displaced from the center of the ring to reproduce the experimental dipole
moment of the molecule.

The Ewald summation parameters are chosen such that a relative pre-
cision of 107 is achieved [25]. The Wolf summation parameters are chosen
according to the procedure described by Hens and Vlugt [60]. By taking into
account the experimental data as a starting point, a short simulation in the
NVT ensemble is performed. The chosen density is close to the equilibrium
coexistence density. The chosen temperature is above the critical tempera-
ture. The system sizes are equal to the initial guess of the box sizes for the
binary mixture calculations in the the Gibbs ensemble. From this configura-
tion, the electrostatic energy is calculated for several cut-off radii (R.) and
damping factors («). This energy can be compared to a reference calculated
with the Ewald method for the same system configuration. Following this
procedure, it is determined that an optimum parameter set for the vapor

phase is: R,=85 A, a=0.04 A™'; and for the liquid phase: R.=16 A, a=0.17
At



176

177

178

179

180

181

182

183

184

185

186

187

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

206

207

208

209

210

211

3. Results and discussion

3.1. Vapor-liquid equilibria of pure components

The VLE of pure components are calculated with NVT-Gibbs ensemble
Monte Carlo simulations using the CFCMC method [63]. Simulations are
performed for each isomer using the Ewald and the Wolf methods. The den-
sities for mX are shown in Fig. 2. The calculated coexistence densities for
the three isomers with the statistical uncertainties are listed in the Support-
ing Information. The differences of the use of the Wolf and Ewald methods
for pX and oX computed VLEs are qualitatively the same as for mX. The
computed VLEs for the TraPPE-UA-EH and AUA show excellent agreement
between the Ewald and Wolf methods. The differences in the calculated den-
sities are lower than 1% of the densities and lower than the statistical error
of the simulation. The vapor-liquid coexistence densities calculated with the
OPLS force field show agreement within the statistical error. The calculated
vapor phase densities are underestimated at temperatures between 500 and
550 K using the Wolf method. At high temperatures, the size of the vapor
phase box and the number of molecules are different than the values used to
determine the optimal damping factor o and cut-off radius (R.). This sug-
gests that the vapor density of the system is more sensitive to the choice of
the Wolf parameters for the OPLS force field than for the other force fields.
The chemical potentials as a function of temperature for the two phases of
mX using the Wolf method are shown in Fig. 3. The differences in the chem-
ical potential between the phases are within the statistical error. Chemical
equilibrium between the vapor and liquid phases is observed as the same
chemical potential is calculated for both phases.

The vapor-liquid coexistence curves of mX, oX, and pX calculated using
the Ewald method are shown in Fig. 4 for each force field. Clear differences
can be observed in Fig. 4 for the density calculations with the experimental
data. For mX, the TraPPE-UA and the AUA force field predict liquid densi-
ties that deviate up to 3% from the experimental data, while TraPPE-UA-EH
and OPLS force fields show significantly higher differences. The experimen-
tal liquid densities of pX are well predicted by TraPPE-UA, TraPPE-UA-EH
and AUA, as the difference with the computed density is below the statistical
error. The OPLS force field shows slightly higher differences of up to 4% at
550 K. The use of the TraPPE-UA force field yields the best prediction of
the experimental density of 0X. The differences are of the order of two times
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the statistical uncertainty for the considered temperature range, followed by
AUA, with three times the statistical error.

Significantly larger differences than in the liquid phase can be observed
in the vapor phase for the simulations and the experimental data. The calcu-
lated vapor densities are in agreement with the experiments at low temper-
atures (i.e. <450 K), and the differences arise at higher temperatures. The
vapor densities obtained with the TraPPE-UA and AUA force fields closely
follow the experimental data for mX. The highest deviations of the density
for every isomer are found with the OPLS force field. The largest differences
with the experimental data can be found for the oX vapor density at tem-
peratures over 450 K, where all force fields present deviations larger than the
statistical uncertainties from the experimental data. Such differences for 0X
can be related to assumptions such as having fixed charges, a rigid molecule,
and transferable force field parameters for the three isomers. Assuming fixed
charges implies a fixed dipole/quadrupole moment. The aromatic 7 clouds re-
sult in a non-negligible quadrupole moment for the aromatic ring [41], which
is only considered by the AUA force field. The dipole polarization changes
with the temperature, specially for mX and oX [72], which is not considered
by any of the force fields.

The critical temperatures (T.) and critical densities (p.) are extrapolated
using the fitting procedure described by Dinpajooh et al. [73]. The obtained
critical points of mX, oX and pX for each force field are listed with experi-
mental data in Table 1. In general, the differences between the critical point
for each force field using the Wolf and Ewald methods are within the statisti-
cal error. This is related to the agreement found for the TraPPE-UA-EH and
AUA force fields shown in Fig. 4. However, the different densities obtained at
high temperature with the Wolf and the Ewald methods for the OPLS force
field have an impact on the determined critical point for xylene isomers. The
largest difference of the estimated critical temperature between the Wolf and
the Ewald methods is 14 K, for oX using the OPLS force field. The difference
of the critical point of the three isomers and the experimental data is smaller
than the statistical uncertainties for TraPPE-UA and AUA, as well as the
experimental critical point of pX is predicted by all the simulations within
the uncertainties.

3.2. Vapor-liquid Equilibria of binary mixtures
The VLE of the pX-0X binary mixture at 6.66 kPa is calculated with
NPT-Gibbs ensemble Monte Carlo simulations using the CFCMC method

8
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[63]. The simulations are performed with each force field using the Ewald
and the Wolf methods. The phase compositions obtained with the TraPPE-
UA-EH, OPLS, and AUA force fields using the Wolf and Ewald methods
are shown in Fig. 5. It can be observed that the composition of the liquid
phase is not affected by the choice of force field or method for accounting the
electrostatic interactions. The statistical uncertainties are larger in the vapor
phase than in the liquid phase, and there is a reasonable agreement between
the calculated vapor phase compositions with both methods for electrostatic
interactions.

The phase diagrams of the pX-oX binary mixture at 6.66 kPa simulated
using the Ewald method with experimental data are shown in Fig. 6. Llopis
and Monton [21] reported discrete measurements of the phase composition
of the mixture. This data is shown as lines to facilitate comparison with the
simulations. The experimental uncertainties reported are 0.1 K for the tem-
perature and a standard deviation of 0.001 for reported mole fractions. Small
differences from ideality are reported [21] and a small difference between the
phase compositions is observed. The experimental data suggests that the
vapor does not have the same composition as the liquid. The component
with the lowest boiling temperature will have a higher molar fraction in the
vapor phase than that with the higher boiling temperature. The simulated
composition of the liquid phase is in excellent agreement with the experimen-
tal data and the differences are below the statistical uncertainties. Larger
differences can be observed for the composition of the vapor phase, where
simulations seem to predict an azeotrope behavior, as a phase composition
in the vapor equal to the liquid can be found at temperatures between 334
and 336 K. The mole fraction of pX in the vapor phase is higher than in the
liquid phase at temperatures higher than 335K, whereas an opposite behav-
ior is predicted by the simulations for temperatures lower than 334 K. This
suggests that the vapor phase composition of the component with the highest
mole fraction in the liquid phase is underestimated by the simulations. It is
important to note that the temperature range of these simulations is out of
the fitting range of the force fields, so the observed azeotropic behavior can
be an artifact of the force field.

The excess chemical potential of pX in the liquid phase of the pX/oX
mixture at 6.66 kPa, as a function of the liquid phase composition is shown
in Fig. 7. The reference state for the excess chemical potential is the ideal gas.
The excess chemical potential computed for each force field with the Wolf and
Ewald methods agree between the statistical uncertainties. A slight increase

9
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of the excess chemical potential of pX in the liquid phase can be observed
as the mole fraction of pX increases in the mixture. However, this increase
is small and within the error bars. The excess chemical potential is directly
related to the activity coefficient of the component in the mixture [74, 75].
The activity coefficients for pX reported by the experimental work [21] do
not show dependence on the phase composition of the mixture, which is in
agreement with the excess chemical potential calculated in the simulations.

The phase diagrams of the pX-oX binary mixture at 81.3 kPa simulated
using the Ewald summation for all the force fields and experimental data
23] are shown in Fig. 8. The reported experimental uncertainty for the tem-
peratures is 0.1 K. Small deviations from ideality are reported [23], and a
difference between the phase compositions smaller than in the binary mixture
at 6.66 kPa can be observed. Larger differences in the computed composition
of the liquid phase with the experiments than at 6.66 kPa are found. The
prediction of the liquid phase composition obtained using the TraPPE-UA
and TraPPE-UA-EH force fields show excellent agreement with experiments.
Small deviations from the experimental liquid phase composition are ob-
tained using the OPLS and AUA force fields when the phase composition
of 0X is higher than for pX. The prediction of the composition of the va-
por phase obtained with the TraPPE-UA force field qualitatively predicts
the experimental composition of the vapor phase. However, the predictions
overestimate the mole fraction of pX in the vapor phase when the mole frac-
tion of oX is larger than for pX in the liquid phase. The simulations with the
rest of force fields yield an azeotrope as in the simulations at 6.66 kPa. This
suggests that the vapor phase composition of the component with the high-
est mole fraction in the liquid phase is underestimated by the simulations.
It can be concluded that for the tested force fields, the predictions of the
composition of the vapor phase are predominantly represented by the prop-
erties of the component with the largest mole fraction in the liquid phase.
The accuracy of the calculations are related to how well the densities can be
calculated for the pure components. The differences on the estimation of the
density of 0X as a pure component play a significant role in the determination
of the VLE of binary mixtures of xylenes.

4. Conclusions

The VLE of xylenes as a single components and binary mixtures have
been calculated using the Wolf and Ewald methods. Comparable results
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using the Wolf and the Ewald methods can be obtained for the prediction
of densities and the phase compositions of binary mixtures. With the Wolf
method, up to 50% less CPU time is used compared to the Ewald method, at
the cost of accuracy and additional parameter calibration. The performance
of the considered force fields to predict the VLE of xylene isomers as pure
component has been tested. The TraPPE-UA and AUA force fields provide
a reasonable estimate of the experimentally determined densities for pX and
mX. The largest differences with experimental data are observed in the cal-
culations of the vapor density of oX. The use of the TraPPE-UA force field
yields the best prediction of the experimental density of oX. Simulations of
pX/oX binary mixtures at 6.66 and 81.3 kPa are in excellent agreement with
the experimental data for the liquid phase composition. The predictions of
the composition of the vapor phase are dominated by the properties of the
component with the highest mole fraction in the liquid phase. The accuracy
of the phase composition predictions are related to the quality of the density
predictions of the pure component systems. The experimental vapor phase
composition is not well predicted by the simulations. This is related to the
deviations observed for the prediction of the vapor density of oX as a pure
component. For this reason, only a qualitative prediction of the vapor phase
composition was obtained using the TraPPE-UA force field for the pX-0X
binary mixture at 81.3 kPa. The simulations have shown the potential to
accurately predict the phase compositions of such binary mixture, but the
development of force fields that predict the VLE of each xylene isomer more
accurately -especially 0X- is needed. The binary systems of xylenes are very
sensitive to the slight density differences in the vapor phase of each xylene
isomer and how well these are captured by the force fields.
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Table 1: Critical temperatures (T.) and critical densities (p.) of pure components extrap-
olated from VLE simulations using the fitting procedure described by Dinpajooh et al.
[73]. (E) and (W) denote the use of the Ewald and the Wolf methods, respectively. The
numbers between round brackets denote the uncertainty in the last digit. Experimental
data are from Refs. [76, 77, 78].

m-xylene o-xylene p-xylene

T./[K], pc/[kg/m3] T Pc T Pc T Pc
Experimental [76, 77, 78] | 616.4(10) 283(4) | 630.5(10) 287(4) | 617.6(10) 281(4)
TraPPE-UA 620(7)  288(7) | 629(7)  297(6) | 617(4)  286(8)
TraPPE-UA-EH (E) 604(11) 279(7) | 622(6) 278(5) | 626(9)  279(6)
TraPPE-UA-EH (W) 610(9)  270(6) | 623(5)  275(3) | 620(7)  278(7)
OPLS (E) 605(9)  290(9) | 626(8)  293(6) | 609(8)  285(6)
OPLS (W) 609(9) 279(5) | 612(9) 300(9) | 611(9)  277(8)
AUA (E) 618(9)  284(6) | 625(9)  293(6) | 616(8)  290(6)
AUA (W) 618(9)  281(7) | 627(8) 286(7) | 616(14) 288(8)
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Figure 1: Schematic representation of the NPT-Gibbs Ensemble MC simulation of the pX-
mX binary mixture. The two boxes represent the liquid (left) and vapor (right) phases.
Figure rendered with the iRASPA visualization software [79].
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[37]. Tabulated data with the uncertainties are listed in the Supporting Information.
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Supporting Information.
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Table S1: Force field parameters for xylene isomers. All molecules are considered as rigid.
For the atom positions, the reader is referred to the original publications of the force fields! 6.

Force field Atom e/ks /[K] o/[A]  q/le]
TraPPE-UA'! C 21.00 3.880 0
CH 50.50 3.695 0
CH; 98.00 3.750 0

TraPPEE-UA-EH!? C 30.70 3.600 -0.095
C* 21.00 3.880 0

H 25.50 2.360  0.095
CH; 98.00 3.750 0

OPLS34 C 35.24 3.550 -0.115

H 15.03 2.420 0.115

CH; 85.51 3.800 0.115
AUASS C 35.43 3.361 0
CH 75.60 3.361 0
CHs 120.15  3.607 0

Center site (+) 0 0 8.130

m-site (-) 0 0 -4.065
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(a) TraPPE-UA (b) TraPPE-UA-EH
* w -
(c) OPLS (d) AUA

Figure 1: Schematic representation of m-xylene for the (a) TraPPE-UA!, (b) TraPPE-UA-
EH (c) OPLS?*, and (d) AUA®® force fields. Atom labels use the notation of Table S1.

Figure rendered with the iRASPA visualization software”.
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Table S2: VLE simulation input for m-xylene, o-xylene and p-xylene. T is the temperature,
N the number of molecules, L the initial length of one side of the (cubic) simulation box.
The subscripts | and v indicate the liquid and vapor boxes, respectively.

T/K] | M N, | L/[A] Ly/[A]
375 965 35 60 142
400 933 67 60 142
425 899 101 60 130
450 863 137 60 126
475 830 170 60 114
500 797 203 60 112
525 760 240 60 112
550 745 255 60 105
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Table S3: VLE simulation results for liquid densities (p) and vapor densities (p,) of m-
xylene, o-xylene, and p-xylene for different temperatures (T') obtained with the TraPPE-UA
force field. The numbers between round brackets denote the uncertainties in the last digit.

m-xylene o-xylene p-xylene
T/IK] | p/lkg/m’] py/[ke/m?’] | pi/[ke/m’] py/[kg/m’] | pi/[kg/m’] py/[kg/m’]
375 783(1) 1.8(3) 799(1) 1.4(2) 781(2) 1.8(5)
400 760(1) 3.1(1) 775(2) 2.9(6) 758(2) 3.4(5)
425 734(1) 6.3(11) 752(2) 6.5(7) 732(2) 6.2(7)
450 708(3) 9.5(8) 727(3) 8.4(12) 706(2) 10.4(7)
475 682(2) 16(2) 699(4) 14(2) 679(1) 17(4)
500 652(4) 26(4) 671(2) 24(3) 648(4) 26(2)
525 618(3) 40(5) 640(1) 34(3) 615(4) 39(2)
550 581(3) 58(3) 605(3) 52(5) 579(5) 61(6)
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Table S4: VLE simulation results for liquid densities (p) and vapor densities (py) of m-
xylene, o-xylene, and p-xylene for different temperatures (7') obtained with the TraPPE-
UA-EH force field using the Ewald and the Wolf methods. The numbers between round
brackets denote the uncertainties in the last digit.

Ewald m-xylene o-xylene p-xylene
T/IK] | p/Tkg/m®| py/lkg/m’] | pi/[kg/m’] py/[kg/m’] | pi/[kg/m®] py/[ke/m’|
375 755(1) 2.2(4) 771(2) 2.0(2) 774(2) 1.7(4)
400 730(2) 4.5(3) 747(2) 3.8(5) 750(2) 2.8(5)
425 706(2) 7.2(9) 722(2) 6(2) 726(2) 6.5(7)
450 678(2) 13(2) 696(2) 11(1) 700(2) 9(1)
475 649(3) 19(1) 668(4) 17(2) 673(1) 15(2)
500 616(5) 28(3) 638(5) 27(3) 644(4) 24(3)
525 581(3) 49(5) 601(3) 38(3) 609(3) 33(4)
550 537(8) 70(6) 562(8) 60(7) 572(6) 55(5)
Wolf m-xylene o-xylene p-xylene
T/K] | p/Tkg/m’] py/[kg/m®] | pi/kg/m’]  py/[kg/m’] | pi/[kg/m’]  py/[kg/m’|
375 755(2) 2.1(4) 771(2) 1.8(1) 773(2) 1.5(3)
400 731(2) 4.1(3) 747(2) 3.6(4) 750(1) 3.2(9)
425 705(4) 7(2) 722(4) 6.3(5) 727(3) 5(2)
450 679(4) 11(2) 695(2) 10(1) 700(1) 9(1)
475 647(2) 17(3) 667(2) 167(1) 673(2) 15(1)
500 614(2) 28(2) 635(3) 25(3) 643(4) 22(2)
525 578(3) 43(3) 603(4) 40(2) 610(3) 35(5)
550 535(3) 70(3) 558(3) 56(6) 570(4) 49(8)
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Table S5: VLE simulation results for liquid densities (p) and vapor densities (py) of m-
xylene, o-xylene, and p-xylene for different temperatures (7") obtained with the OPLS force
field using the Ewald and the Wolf methods. The numbers between round brackets denote
the uncertainties in the last digit.

Ewald m-xylene o-xylene p-xylene
T/IK] | p/Tkg/m®| py/lkg/m’] | pi/[kg/m’] py/[kg/m’] | pi/[kg/m®] py/[ke/m’|
375 780(2) 2.4(4) 796(3) 1.7(3) 775(3) 2.3(5)
400 755(3) 4.3(7) 772(2) 4(1) 750(1) 3.9(3)
425 729(2) 8.3(8) 746(3) 8(1) 726(2) 8(1)
450 701(2) 13(1) 718(1) 11(2) 696(2) 13(2)
475 670(3) 21(2) 670(1) 19(2) 667(3) 22(2)
500 636(2) 32(5) 657(2) 29(3) 634(4) 32(4)
525 601(5) 53(3) 627(5) 51(5) 600(5) 56(3)
550 555(9) 78(3) 583(5) 70(6) 554(5) 78(5)
Wolf m-xylene o-xylene p-xylene
T/IK] | p/Ikg/m?’]  py/[kg/m’] | pi/lkg/m’]  py/[kg/m’] | p/[kg/m’] py/[kg/m’|
375 778(2) 1.9(2) 796(3) 1.5(3) 775(2) 1.8(4)
400 753(4) 3.8(5) 772(1) 3.5(1) 750(2) 3.3(4)
425 728(3) 7.3(7) 745(3) 6.8(2) 724(3) 6.3(7)
450 698(3) 10(2) 717(4) 10(2) 697(2) 12(2)
475 669(4) 17(2) 689(3) 18(3) 665(3) 17(2)
500 634(3) 28(3) 656(1) 25(1) 631(5) 28(2)
525 595(4) 42(2) 615(5) 36(4) 590(7) 39(6)
550 545(13) 64(7) 571(5) 52(4) 541(4) 62(2)
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Table S6: VLE simulation results for liquid densities (p) and vapor densities (p,) of m-
xylene, o-xylene, and p-xylene for different temperatures (7') obtained with the AUA force
field using the Ewald and the Wolf methods. The numbers between round brackets denote
the uncertainties in the last digit.

Ewald m-xylene o-xylene p-xylene
T/IK] | p/Tkg/m®| pv/lkg/m’| | pi/[kg/m’] py/[kg/m’] | pi/[kg/m®] py/[ke/m’|
375 796(2) 2.1(4) 807(2) 1.9(4) 792(2) 1.1(3)
400 771(3) 3.9(4) 782(2) 2.9(5) 769(2) 3.1(8)
425 746(1) 6(1) 757(2) 6.1(6) 742(2) 5.4(9)
450 718(3) 10(1) 731(2) 8.7(3) 716(3) 10(1)
475 689(5) 16(2) 703(2) 17(2) 686(2) 16(3)
500 657(4) 24(2) 672(3) 23(3) 655(2) 24(1)
525 621(5) 38(2) 637(4) 36(3) 621(4) 40(4)
550 576(9) 54(6) 599(2) 53(3) 580(2) 60(3)
Wolf m-xylene o-xylene p-xylene
T/K] | p/Tkg/m’] py/[kg/m®] | pi/kg/m’]  py/[kg/m’] | pi/[kg/m’]  py/[kg/m’|
375 795(1) 1.2(4) 806(2) 1.2(4) 793(1) 1.5(2)
400 771(1) 3.2(4) 782(2) 2.7(5) 768(1) 2.7(2)
425 745(2) 5.9(6) 758(2) 4.4(3) 743(2) 5(1)
450 718(3) 8.4(7) 730(2) 9(2) 715(3) 9(2)
475 689(4) 15(2) 703(1) 15(2) 686(1) 16(2)
500 656(3) 23(2) 668(3) 18(3) 655(2) 23(2)
525 620(4) 34(3) 636(3) 33(3) 620(6) 37(3)
550 579(7) 52(3) 594(7) 47(7) 578(5) 57(1)
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Table S7: Chemical potentials (u) of m-xylene, o-xylene, and p-xylene for different tem-
peratures (7') obtained with the TraPPE-UA force field. The subscripts 1 and v indicate
the liquid and vapor boxes, respectively. The numbers between round brackets denote the
uncertainties in the last digit.

m-xylene o-xylene p-xylene
TK] | /I /mol]_puy /K3 /mol] | /<3 /mol] e/ [kI/mol] | g/ Ik /mol]_pay/[KJ /o]
375 -36.0(5) -35.9(4) -36.9(5) -36.8(3) -35.9(7) -35.9(6)
400 -36.8(3) -36.7(2) -36.8(5) -36.8(6) -36.4(3) -36.3(4)
425 -36.6(7) -36.5(6) -36.5(4) -36.4(4) -36.7(3) -36.7(4)
450 -37.3(5) -37.2(5) -37.7(6) -37.8(6) -37.2(3) -37.1(2)
475 -37.8(4) -37.8(5) -38.0(3) -38.1(3) -37.7(4) -37.6(5)
500 -38.0(4) -38.1(5) -38.3(5) -38.3(3) -38.1(2) -38.1(1)
525 -38.7(4) -38.7(5) -39.0(2) -39.1(2) -38.6(3) -38.7(1)
550 -39.2(2) -39.4(2) -39.7(2) -39.7(4) -39.3(4) -39.3(3)
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Table S8: Chemical potentials (¢) of m-xylene, o-xylene, and p-xylene for different tempera-
tures (T") obtained with the TraPPE-UA-EH force field using the Wolf and Ewald methods.
The subscripts 1 and v indicate the liquid and vapor boxes, respectively. The numbers

between round brackets denote the uncertainties in the last digit.

Ewald m-xylene o-xylene p-xylene

T/K] | o/ Ik /mol]_gay/Tkd/mol] | g/ Ik /mol] _jey/Tkd/mol] | jo/ Ik /mol] _juy/ k3 /mol]
375 -35.6(4) -35.5(5) -35.9(2) -35.9(2) -36.3(7) -36.3(6)
400 -35.8(2) -35.7(2) -36.2(4) -36.1(3) -37.1(4) -37.0(5)
425 -36.4(2) -36.4(3) -37.2(8) -37.2(7) -36.6(4) -36.7(3)
450 -36.6(4) -36.6(3) -37.0(4) -37.1(3) -37.7(4) -37.8(5)
475 -37.2(3) -37.3(3) -37.7(2) -37.7(2) -38.1(3) -38.1(4)
500 -38.1(1) -38.0(2) -38.3(2) -38.3(2) -38.5(2) -38.6(4)
925 -38.3(4) -38.3(3) -39.0(3) -39.0(2) -39.3(2) -39.3(3)
550 -38.9(3) -39.0(3) -39.5(4) -39.5(3) -39.8(4) -39.8(5)
Wolf m-xylene o-xylene p-xylene

T/K] | o/ Ik /o] oo/ TkI/mol] | g/ Ik /mol] e/ TkI/mol] | jo/ Ik /mol] _juy/ (K3 /mol]
375 -35.5(5) -35.4(6) -36.0(3) -35.9(3) -36.5(5) -36.4(5)
400 -35.8(1) -35.8(2) -36.2(4) -36.1(4) -36.5(7) -36.5(6)
425 -36.2(3) -36.2(4) -36.7(3) -36.6(4) -37.2(9) -37.2(7)
450 -36.8(3) -36.7(4) -37.3(4) -37.2(5) -37.6(6) -37.6(5)
475 -37.6(6) -37.5(6) -37.6(2) -37.7(2) -38.0(3) -38.0(1)
500 -37.8(3) -37.9(3) -38.3(3) -38.3(2) -38.6(4) -38.6(1)
925 -38.6(3) -38.5(3) -38.8(2) -38.7(1) -39.2(1) -39.2(3)
550 -39.0(1) -39.0(2) -39.6(3) -39.6(1) -39.8(4) -39.9(4)
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Table S9: Chemical potentials (1) of m-xylene, o-xylene, and p-xylene for different temper-
atures (7T') obtained with the OPLS force field using the Wolf and Ewald methods. The
subscripts 1 and v indicate the liquid and vapor boxes, respectively. The numbers between

round brackets denote the uncertainties in the last digit.

Ewald m-xylene o-xylene p-xylene

T/K] | o/ Ik /mol]_gay/Tkd/mol] | g/ Ik /mol] _jey/Tkd/mol] | jo/ Ik /mol] _juy/ k3 /mol]
375 -35.8(5) -35.8(6) -36.9(4) -36.9(4) -35.8(7) -35.8(6)
400 -36.4(7) -36.3(7) -36.7(9) -36.7(8) -36.6(4) -36.6(5)
425 -36.4(2) -36.4(2) -36.6(3) -36.5(4) -36.5(4) -36.4(5)
450 -36.9(2) -36.9(2) -37.5(4) -37.5(3) -37.0(7) -37.1(5)
475 -37.3(5) -37.3(4) -37.7(3) -37.6(3) -37.3(2) -37.3(4)
500 -37.9(2) -37.8(3) -38.2(3) -38.2(5) -37.9(3) -37.9(4)
525 -38.4(2) -38.4(2) -38.4(2) -38.5(1) -38.3(3) -38.3(2)
550 -39.0(1) -39.2(2) -39.3(2) -39.4(3) -39.1(2) -39.0(2)
Wolf m-xylene o-xylene p-xylene

T/K] | o/ Ik /o] oo/ TkI/mol] | g/ Ik /mol] e/ TkI/mol] | jo/ Ik /mol] _juy/ (K3 /mol]
375 -35.8(3) -35.7(4) -36.3(6) -36.3(5) -36.1(5) -36.0(5)
400 -36.0(4) -36.0(4) -36.2(3) -36.2(4) -36.5(5) -36.4(4)
425 -36.2(4) -36.1(3) -36.4(2) -36.4(1) -36.6(6) -36.5(6)
450 -37.2(4) -37.2(5) -37.3(5) -37.3(3) -36.6(3) -36.6(4)
475 -37.6(3) -37.5(3) -37.4(5) -37.4(5) -37.6(3) -37.6(4)
500 -37.9(3) -37.9(3) -38.2(5) -38.2(4) -37.8(1) -37.8(3)
925 -38.6(4) -38.6(3) -39.0(4) -38.9(4) -38.7(4) -38.7(3)
550 -39.1(4) -39.1(2) -39.6(4) -39.7(4) -39.2(2) -39.3(2)
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Table S10: Chemical potentials (u) of m-xylene, o-xylene, and p-xylene for different tem-
peratures (7T') obtained with the AUA force field using the Wolf and Ewald methods. The
subscripts 1 and v indicate the liquid and vapor boxes, respectively. The numbers between

round brackets denote the uncertainties in the last digit.

Ewald m-xylene o-xylene p-xylene

T/K] | o/ Ik /mol]_gay/Tkd/mol] | g/ Ik /mol] _jey/Tkd/mol] | jo/ Ik /mol] _juy/ k3 /mol]
375 -35.5(5) -35.4(6) -35.8(5) -35.7(6) -37.5(7) -37.3(6)
400 -35.9(5) -35.9(5) -36.8(5) -36.8(5) -36.6(7) -36.5(8)
425 -37.0(4) -36.9(5) -36.6(3) -36.6(4) -37.2(4) -37.1(4)
450 -37.1(3) -37.1(3) -37.6(1) -37.6(2) -37.1(3) -37.1(2)
475 -37.5(3) -37.6(3) -37.4(5) -37.4(4) -37.6(4) -37.6(4)
500 -38.2(2) -38.2(2) -38.3(5) -38.3(4) -38.2(2) -38.2(2)
925 -38.7(2) -38.7(1) -38.8(3) -38.8(1) -38.5(5) -38.5(2)
550 -39.5(3) -39.5(2) -39.5(2) -39.5(1) -39.2(3) -39.2(2)
Wolf m-xylene o-xylene p-xylene

T/K] | o/ Ik /o] oo/ TkI/mol] | g/ Ik /mol] e/ TkI/mol] | jo/ Ik /mol] _juy/ (K3 /mol]
375 -37.2(9) -37.2(9) -37.1(6) -37.1(7) -36.3(5) -36.4(5)
400 -36.3(3) -36.5(3) -37.1(7) -37.2(7) -37.0(3) -37.1(3)
425 -36.7(3) -36.8(3) -37.6(3) -37.8(1) -37.3(6) -37.4(4)
450 -37.6(3) -37.7(3) -37.5(5) -37.7(5) -37.5(5) -37.7(4)
475 -37.9(4) -38.0(4) -37.9(4) -38.1(4) -37.7(4) -37.9(3)
500 -38.3(2) -38.5(2) -39.0(5) -39.1(4) -38.5(2) -38.7(4)
925 -38.9(1) -39.1(2) -39.0(3) -39.1(4) -38.9(3) -39.0(4)
550 -39.7(2) -39.8(3) -39.9(4) -40.0(4) -39.3(4) -39.5(5)
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Table S11: VLE phase composition for the p-xylene/o-xylene binary mixture at 6.66 kPa for
each force field and experimental data®. (E) and (W) denote the use of the Ewald and the
Wolf methods, respectively. z,x is the mole fraction of pX in the liquid phase. ypx is the
mole fraction of pX in the vapor phase. The numbers between round brackets denote the
uncertainties in the last digit.

Experimental® TraPPE-UA TraPPE-UA-EH (E) | TraPPE-UA-EH (W)
T/IK] | wpx Ypx Tpx Ypx Tpx Ypx Tpx YpX
332.55 | 0.048(1) 0.959(1) | 0.960(5) 0.841(44) | 0.961(6) 0.833(55) | 0.955(5) 0.882(54)
332.85 | 0.895(1) 0.915(1) | 0.904(4) 0.821(37) | 0.902(3) 0.845(28) | 0.896(2)  0.906(26)
333.25 | 0.815(1)  0.849(1) | 0.821(6) 0.778(59) | 0.825(2) 0.720(37) | 0.814(2)  0.819(25)
333.65 | 0.738(1)  0.780(1) | 0.749(4) 0.678(35) | 0.743(3) 0.713(39) | 0.740(2)  0.754(27)
334.45 | 0.577(1)  0.633(1) | 0.577(2) 0.616(13) | 0.574(3) 0.657(31) | 0.576(3)  0.632(32)
334.85 | 0.497(1)  0.555(1) | 0.497(3) 0.544(27) | 0.497(2) 0.533(17) | 0.499(4)  0.527(37)
335.25 | 0.420(1)  0.477(1) | 0.418(3) 0.470(22) | 0.421(6) 0.459(56) | 0.413(2)  0.535(21)
336.15 | 0.263(1) 0.310(1) | 0.237(4) 0.393(25) | 0.251(4) 0.249(39) | 0.247(2)  0.290(25)
336.55 | 0.182(1) 0.219(1) | 0.170(3) 0.296(22) | 0.181(3) 0.228(29) | 0.180(4)  0.236(40)
337.05 | 0.100(1)  0.125(1) | 0.079(3) 0.284(20) | 0.093(4) 0.186(34) | 0.091(2)  0.200(20)

OPLS (E) OPLS (W) AUA(E) AUA (W)
T/[K] Tpx Ypx Tpx Ypx Tpx Ypx Tpx Ypx
332.55 | 0.960(11) 0.841(97) | 0.952(2) 0.016(22) | 0.955(2) 0.884(16) | 0.951(5) 0.924(62)
332.85 | 0.907(7) 0.813(58) | 0.898(3) 0.889(39) | 0.902(4) 0.844(41) | 0.895(2)  0.921(20)
333.25 | 0.832(11) 0.702(73) | 0.822(5) 0.761(53) | 0.820(3) 0.791(33) | 0.816(3) 0.831(37)
333.65 | 0.747(8) 0.691(67) | 0.740(2) 0.753(17) | 0.745(2) 0.717(34) | 0.732(2)  0.806(43)
334.45 | 0.575(5) 0.633(48) | 0.579(2) 0.601(22) | 0.581(3) 0.579(24) | 0.579(4)  0.610(42)
334.85 | 0.491(7) 0.593(59) | 0.494(3) 0.563(27) | 0.492(2) 0.599(20) | 0.496(3)  0.566(38)
335.25 | 0.421(6) 0.454(50) | 0.422(5) 0.444(52) | 0.418(1) 0.473(10) | 0.421(2)  0.465(29)
336.15 | 0.239(5) 0.358(41) | 0.241(2) 0.353(17) | 0.237(3) 0.378(30) | 0.249(3)  0.276(36)
336.55 | 0.175(6) 0.278(47) | 0.174(3) 0.287(37) | 0.176(4) 0.276(32) | 0.179(3)  0.255(28)
337.05 | 0.084(10) 0.247(75) | 0.007(2) 0.158(18) | 0.082(4) 0.267(25) | 0.093(5)  0.204(53)
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Table S12: Excess chemical potential (1°,x) of p-xylene in the liquid phase of the p-xylene/o-
xylene binary mixture at 6.66 kPa for different temperatures (7') and different force fields.
(E) and (W) denote the use of the Ewald and the Wolf methods, respectively. The numbers
between round brackets denote the uncertainties in the last digit.

TraPPE-UA TraPPE-UA-EH

T/IK] | ppx/[kd/mol] | ppx/[kJ/mol] (E) | ppx/[kJ/mol] (W)

33255 | -22.3(1) -22.6(2) -22.3(3)

332.85 | -22.4(2) -22.7(2) -22.3(2)

33325 | -22.4(1) -22.7(1) -22.4(2)

333.65 | -22.5(2) -22.7(1) -22.5(4)

334.45 | -22.5(3) -22.7(2) -22.5(1)

33485 | -22.6(2) -22.9(3) -22.5(1)

33525 | -22.6(2) -22.8(2) -22.6(2)

336.15 | -22.6(1) -22.9(4) -22.6(1)

336.55 | -22.6(2) -22.9(1) -22.6(3)

337.05 | -22.8(2) -23.1(1) -22.6(3)

33725 | -22.8(1) -23.0(3) -22.7(5)

OPLS AUA

T/IK] | ppx/[kJ/mol] (E) | ppx/[kd/mol] (W) | ppx/[kd/mol] (E) | ppx/[kJ/mol] (W)
332.55 -23.5(6) -22.3(7) -22.3(3) -22.3(2)
332.85 -23.6(9) -22.4(6) -22.6(2) -22.3(3)
333.25 -23.6(7) -22.4(5) -22.5(5) -22.2(3)
333.65 -23.7(9) -22.3(6) -22.6(3) -22.4(4)
334.45 -23.8(10) -22.5(8) -22.6(3) -22.5(3)
334.85 -23.8(7) -22.5(7) -22.7(4) -22.4(1)
335.25 -23.8(8) -22.6(8) -22.6(2) -22.4(1)
336.15 -23.8(6) -22.7(7) -22.7(2) -22.5(2)
336.55 -24.0(9) -22.7(5) -22.8(1) -22.6(2)
337.05 -23.9(8) -22.7(8) -22.8(1) -22.6(3)
337.25 -24.1(8) -22.7(6) -22.9(2) -23.0(1)
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Table S13: VLE phase composition for the p-xylene/o-xylene binary mixture at 81.3 kPa for
each force field using the Ewald method, and experimental data®. z,x is the mole fraction
of pX in the liquid phase. ypx is the mole fraction of pX in the vapor phase. The numbers
between round brackets denote the uncertainties in the last digit.

Experimental? TraPPE-UA TraPPE-UA-EH
T/IK] | =px  ypx Tpx Ypx Tpx YpX
401.65 | 0.870  0.901 | 0.878(10) 0.828(73) | 0.891(5) 0.750(30)
402.20 | 0.732  0.780 | 0.719(5) 0.845(25) | 0.753(5) 0.602(32)
402.95 | 0.571  0.627 | 0.564(9) 0.638(53) | 0.579(9) 0.548(63)
403.65 | 0.442  0.491 | 0.427(7) 0.582(47) | 0.441(9) 0.469(65)
404.90 | 0.232  0.258 | 0.198(4) 0.470(33) | 0.230(5) 0.257(28)
405.25 | 0.148  0.166 | 0.118(5) 0.380(43) | 0.126(11) 0.280(47)
405.50 | 0.051  0.057 | 0.003(1) 0.290(19) | 0.039(8) 0.139(54)

OPLS AUA

T/[K] Tpx YpX Tpx YpXx

401.65 | 0.923(27) 0.669(95) | 0.887(6) 0.759(47)

402.20 | 0.755(17) 0.647(78) | 0.753(4) 0.631(20)

402.95 | 0.580(6) 0.554(26) | 0.574(4) 0.582(35)

403.65 | 0.416(18) 0.553(57) | 0.444(3) 0.451(15)

404.90 | 0.169(31) 0.471(90) | 0.186(7) 0.510(43)

405.25 | 0.082(14) 0.405(47) | 0.102(9) 0.432(50)

405.50 | 0.004(7) 0.251(26) | 0.028(7) 0.212(36)
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