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ARTICLE INFO ABSTRACT
Keywords: In this work, we determine the vapor-liquid (VL) coexistence and interfacial properties of the hydroquinone (HQ)
Hydroquinone pure system from N VT molecular dynamics simulations. We employ the direct coexistence technique to put in

Molecular simulation
Vapor-liquid phase equilibria
Interfacial properties

contact both phases in the same simulation box and generate the VL interface. Five different models have been
tested to describe the HQ molecule in order to assess the performance of different approaches. The first two
models are based on the Transferable Parameters Potentials for Phase Equilibria (TraPPE) force field. The first
TraPPE model is the original one (Rai and Siepmann, 2007 [21] and Rai and Siepmann, 2013 [22]) based on
an all-atoms approach (TraPPE-AA). The second TraPPE model is proposed for the first time in this work and
is based on an united-atoms approach where the -CH groups from the aromatic ring are modeled as a single
interaction site (TraPPE-Hybrid-UA). We also use two HQ models based on the Optimized Potentials for Liquid
Simulations (OPLS) force fields. Both OPLS models have already been reported in the literature (Jorgensen et
al., 1996 [25] and Comesafia et al., 2018 [14]), but this is the first time that are used to describe VL equilibria
and interfacial behavior. In addition, we propose a new Coarse Grain (CG) HQ model based on the Statistical
Associating Fluid Theory (SAFT) framework. We determine density profiles, coexistence densities, vapor pressure,
interfacial thicknesses, and interfacial tensions as obtained from the NVT simulations with the five different
models. We explore the VL behavior of pure HQ system from 500 to 750 K. Remarkably good agreement has been
found between the simulation results obtained by the TraPPE-AA, CG, and both OPLS models. Unfortunately, the
results obtained by the TraPPE-Hybrid-UA model proposed in this work show discrepancies with the rest of the
HQ models. Finally, we also determine the critical temperature, density, and pressure from the analysis of the
coexistence densities, vapor pressure, and interfacial tension. The critical temperature predicted by the TraPPE-
AA is in excellent agreement with the experimental data taken from the literature. The CG and both OPLS HQ
models slightly underestimate experimental data, and the TraPPE-Hybrid-UA model clearly overestimates it.

1. Introduction

Hydroquinone (also known as 1,4-dihydroxybenzene, quinol, or HQ
hereafter for brevity) is among the ensemble of organic molecules able
to form clathrates. In this particular case, the crystalline inclusion solid
formed by HQ as host molecule has attracted interest in the last decades
due to some particular properties. Daschbach et al. [1] first introduced
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an inspiring Molecular Simulation study that postulated a high H, stor-
age capacity for this system, analyzing the multiple guest occupation
modes within the crystalline cells in the clathrate channels. In a series of
very interesting experimental articles, the research group of Prof. Yoon
demonstrated that HQ clathrate presents an enhanced affinity to cap-
ture CO, as guest molecule, with remarkable selectivity towards other
gases in a mixture [2-4]. In addition, the same group evidenced again
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that this clathrate is a potential candidate to store H, in an accessi-
ble and reversible way [5]. These two singular features alone suffice to
make HQ molecule an extremely appealing research objective due to the
potential applications involved. These initial studies promoted further
analysis on experimental HQ clathrate characterization [6-9]. From a
theoretical perspective, Conde et al. [10] studied the HQ clathrate ther-
modynamics applying the well known classical approximation of van
der Waals and Plateeuw [11,12], widely used to study the phase equi-
libria of hydrates and clathrates. Concerning the mentioned potential
applications of HQ clathrate, the possibility of finding an alternative to
current H, storage techniques justifies further analysis and studies to-
wards a better understanding of these clathrate properties. The recent
review of Gupta et al. [13] describes in detail the potential of hydrates
and organic clathrates as the forthcoming generation of large scale hy-
drogen storage materials, citing among other options HQ as a promising
candidate.

A number of recent studies have been also devoted to the estimation
of structural, thermodynamic and diffusion properties of HQ clathrates
using different molecular simulation techniques [14-17]. These studies
have brought some insight into the properties of HQ clathrates, open-
ing promising perspectives. Despite this, its complete characterization is
still very far from being satisfactory. For instance, the thermodynamic
properties of fluid phases of HQ are still poorly known from both experi-
mental and theoretical points of view, and their precise characterization
is crucial to ascertain the feasibility of these clathrates in the practical
applications noted.

Considering the case of HQ clathrates, and from a molecular simula-
tion perspective, these studies require first a careful and quantitative
evaluation of the performance of the existing HQ molecular models
in the estimation of its phase equilibria and termophysical properties.
In this context, the present article is a compulsory step, analyzing the
estimation of HQ VL equilibria using different molecular modeling ap-
proaches, leading to a discussion about the optimal representation ap-
proach required towards further analysis of the feasibility limits of this
alternative to other existing H, storage materials.

Although it would be interesting to validate the results obtained from
molecular dynamics simulations with experimental results reported in
the literature in the whole range of thermodynamic conditions studied
in this work, there is a clear lack of experimental data reported in the
literature. As far as the authors know, there is very limited experimental
data on VL equilibria and critical properties in the literature. From the
NIST database [18] it is possible to collect the vapor and liquid densities
along the whole VL equilibria curve as well as the critical temperature
and critical density point. However, the vapor pressure is only reported
at low temperatures up to 600 K in the NIST database. Concerning the
critical temperature and pressure, only two experimental measures have
been found in the literature by Liessmann et al. [19] and Gmehling et
al. [20] reported a similar critical temperature value (820 and 818 K,
respectively) but different critical vapor pressures (67.5 and 61.8 bar,
respectively). Due to the lack of experimental data, and the differences
between the experimental data values reported, it is complicated to pro-
vide an accurate description of the VL equilibria, and the critical and
interfacial properties of the HQ system. This work aims to improve the
knowledge of the HQ pure system and shall be considered as the first
step toward the study of more complex systems as HQ clathrates.

The organization of this paper is as follows. In Section 2, we describe
the molecular models used in this work. Section 3 is devoted to the
simulation details. The results obtained, as well as their discussion, are
described in Section 4. Finally, conclusions are presented in Section 5.

2. Molecular models

In this work, five different models have been used to describe the
HQ molecule. The first two models are based on the widely-known
TraPPE (Transferable Potentials for Phase Equilibria) force field parame-
ters, [21-23] the next two HQ models are based on the OPLS force fields
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[24,25] (Optimized Potentials for Liquid Simulations), and finally, a
Coarse-Grained (CG) model based on the Mie potential is used. [26-28]
Three of the models used in this work (TraPPE-AA and both OPLS mod-
els) have been taken from literature. However, this is the first time that
these models are used to describe VL phase equilibria and interfacial
properties of the pure HQ molecule. Also, two new models are proposed
in this work. One of them is based on the TraPPE force field parameters,
and the other one is based on the CG approach and has been developed
using the SAFT (Statistical Associating Fluid Theory) theoretical frame-
work. In this section, we provide a detailed analysis of the five models.
We have also included a detailed description of the molecular models
employed in this work as a Supplementary Material. In addition, read-
ers can request access to the input files if needed and we will provide
the necessary information.

2.1. TraPPE models

Two different TraPPE HQ models have been used in this work. The
difference between them is that two different approaches have been
used to describe the H atoms within the aromatic ring. In the first
one, H atoms are explicitly taken into account by an all-atoms model
(TraPPE-AA), [21,22] while in the second one, the aromatic CH group
is considered as a unique interaction center by a united-atoms model
(TraPPE-Hybrid-UA). It is important to remark that the TraPPE-Hybrid-
UA HQ model is proposed for the first time in this work. This new
TraPPE-Hybrid-UA model can be considered as the combination of the
original TraPPE-AA HQ model [21,22] and the original TraPPE-UA ben-
zene model [23]. It is important to note that the TraPPE-Hybrid-UA
model proposed here is not a purely TraPPE-UA force field in the strictest
sense, as it combines both AU and AA force fields. A true TraPPE-UA
model would exclusively use UA parameters to consistently represent
hydroquinone. Because of this, we use the name TraPPE-Hybrid-UA in-
stead of TraPPE-UA force field model. From the TraPPE-UA benzene
model, the non-bonded CH group parameters and the CH-CH and CH-C
distances were taken. The rest of the necessary parameters for describing
the HQ molecule were taken from the TraPPE-AA HQ model (including
non-bonding and bonding interactions). It is also important to remark
that following the TraPPE-UA approach, the H atoms from the hydroxyl
(OH) groups are still explicitly considered.

In both TraPPE models, the force field parameters for the non-
bonded interactions are described by the Lennard-Jones (LJ) and
Coulomb potentials for the dispersive and coulombic interactions:

O:: 12 O:: 6 q.q;
U(ry) =4e; ) (X + '6))
rij rij 47r€0r,-j

where r;; is the i and j chemical group distance, o;; and ¢;; are the
diameter and well depth associated with the LJ potential, ¢; and g; are
the partial charges placed on chemical groups i and j, and ¢ is the
permittivity of vacuum. The TraPPE-AA molecular parameters of the HQ
molecule can be found in the original work of Rai and Siepmann. [21,22]
As pointed out previously, the TraPPE-Hybrid-UA molecular parameters
are taken from the original TraPPE-AA HQ model except for the non-
bonded CH group parameters and the CH-CH and CH-C distance that
are taken from the TraPPE-UA benzene model.

TraPPE models are characterized to be semiflexible models where
the distance between interaction centers is fixed, but those interaction
centers separated by two bonds interact through a harmonic bending po-
tential and those separated by three bonds interact through a torsional
potential. However, due to the scarce flexibility of the aromatic ring, in
both TraPPE models, the aromatic ring is modeled as planar and rigid,
i.e. bending and torsional degrees of freedom are fixed to the molecular
equilibrium values. However, there is still some bending and torsional
contribution through the hydroxyl (-OH) groups. For further details, we
refer the reader to the original works of Rai and Siepmann [21,22] since
the bending and torsional parameters are the same in both TraPPE mod-
els and equal to the original TraPPE-AA HQ model.
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2.2. OPLS models

In this work, two OPLS models for describing the HQ molecules have
been used. In both cases, the H atoms from the aromatic ring and the hy-
droxyl groups are taken explicitly into account, i.e., both OPLS models
are based on an all-atoms approach (OPLS-AA). The first OPLS model
is the original one proposed by Jorgensen et al. [24,25] (named sim-
ply OPLS from now on). This model is fully-flexible, where the atoms
separated by one bond interact through a bonding harmonic potential,
atoms separated by two bonds interact through a bending harmonic po-
tential, and atoms separated by three bonds interact through a torsional
potential. The force field parameters for describing internal degrees of
freedom of both OPLS HQ models used in this work can be found in the
original works of Jorgensen et al. [24,25].

In both OPLS models, non-bonded interactions are described by
Eq. (1). The parameters used for describing the LJ interactions in both
models are the same as those proposed by Jorgensen et al. [24,25] How-
ever, some of us proposed in a previous work a reparametrization of the
partial charges located in each atom of the HQ molecule. [14] In this
new OPLS model (called OPLS-MOD from now on), the partial charges
located at each atom have been recalculated using charges from electro-
static potentials using a grid-based method scheme. [29] The optimized
partial charges for the OPLS-MOD HQ model have been described in de-
tail in our previous work. [14] This molecular model has been used to
describe the structure and properties of different HQ clathrate structures
[15,8,30,16,171.

2.3. CG model

The methodology used to achieve this force field is based on a top-
down approach, which contrasts with the more conventional bottom-up
methodology. The latter relies on a quantum-mechanical or atomic-level
description of molecular interactions, incorporating certain degrees of
freedom from the real system through various techniques and refining
model parameters via iterative simulations. This philosophy has been
the foundation of well-established all-atom and united-atom force fields
since the early 1980s.

In contrast, the top-down methodology employed in our CG model
for HQ is based on an accurate equation of state that links macroscopic
fluid properties to force field parameters. Specifically, we utilize the
Statistical Associating Fluid Theory for rings [27,28], which has demon-
strated remarkable accuracy in predicting phase equilibria of com-
plex molecular systems, to model HQ as a planar molecule formed by
four identical tangent spheres (interacting via the Mie potential [26]),
bonded rigidly at a distance equal to their diameter from the center of
adjacent beads and forming two equilateral triangles, as it is observed
in Fig. 1. The main obvious advantage is that HQ is modeled as a ring
formed from four monomeric units, a much less number of interaction
sites compared with the AA models (14 interaction sites), which con-
siderably reduces the CPU time needed to simulate with confidence the
phase equilibria and interfacial properties of HQ and with a similar accu-
racy than most of the force fields based on the bottom-up methodology
analyzed in this work. In addition to this, it enables direct simulations to
determine a wide range of thermodynamic, structural, interfacial, and
dynamic properties. Notably, this top-down strategy has not been previ-
ously applied to describe the thermodynamic or interfacial properties of
HQ. Additionally, recent studies have highlighted the capability of CG
molecular models to capture complex interfacial behavior in multicom-
ponent mixtures, sparking valuable discussions about their quantitative
performance compared to atomistic molecular models. However, the
application of this approach to predict stable solid phases of HQ may
be limited. A detailed representation of hydrogen-bonding interactions
between the hydroxyl groups is crucial for accurately modeling HQ crys-
talline structures, which the CG model may not fully capture.

Although it is possible to describe heterogeneous molecules with a
heterogeneous SAFT group contribution approach where each segment
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Fig. 1. Schematic representation of hydroquinone using a four-site coarse-
grained model. Grey spheres correspond to the aromatic carbon groups (CH
and C), red spheres to the hydroxyl groups, and blue spheres to the four Mie po-
tential interacting centers.

Table 1
Mie Molecular Parameters for hydro-
quinone.
elkyg ) oA A A,
455.948 3.230 19.425 6

is described by different Mie parameters, the isotropic segment approach
has been extensively used in the literature, showing great agreement
with the experimental data [28,31-36].

In this molecular model, the spheres interact with each other accord-
ing to the Mie molecular potential [26]:

Brtie ()= Ce [(E)A’—G)“] @)
r r

where r is the distance between the interaction centers of the particles, o

and e are the diameter and well depth associated with the Mie potential,

and A, and A, are the repulsive and attractive exponents, respectively,

that characterize the range of the interaction. C is a constant given in

terms of repulsive and attractive exponents,

) y) Aal (A=2q)
()3

In this work, these values are obtained by invoking the correspond-
ing state principle described in a previous work, [28] and their numer-
ical values are summarized in Table 1.

3. Simulation details

All molecular dynamics simulations have been carried out using the
open-source software GROMACS (version 2016, double-precision) pack-
age. In order to study the VL equilibria predicted by the five different
models, we perform simulations in the canonical or NV T ensemble. We
use a Verlet leapfrog algorithm [37] with a time step of 0.001 ps for the
TraPPE and OPLS models and a time step of 0.003 ps for the CG model.
The temperature is fixed along the simulation by the Nosé — Hoover ther-
mostat [38] with a relaxation constant of 1.0 ps. Also, we use periodic
boundary conditions in all three directions. In all cases, we study the VL
equilibria and interfacial properties at six different temperatures (500,
550, 600, 650, 700, and 750 K). In this work, the VL phase behavior is
studied by placing both bulk phases, the liquid, and the vapor phases,
in contact in the same simulation box. This initial setup configuration
allows the system to evolve towards VL equilibrium conditions. This
technique, known as direct coexistence technique, allows to study not
only the VL equilibrium but also the interfacial properties. At this point
is important to remark that the direct coexistence technique is not the
most accurate method to determine VL coexistence conditions. This is
because the sampling of this technique produces larger deviations when
dealing with low vapor pressures and densities [39]. However, this tech-
nique is especially suitable for studying interfacial properties since the
interface is directly generated in the simulation box, which allows the
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study of the interfacial properties directly from the simulation. How-
ever, if one is most interested in the equilibrium properties, especially
in the vapor density and pressure at low temperatures, more rigorous
techniques such as the Gibss ensemble should be employed [40]. In par-
ticular, at each temperature, we estimate the equilibrium densities of
the coexisting liquid and vapor phases, the vapor pressure, as well as
the interfacial tension and the interfacial thickness. Finally, we also ob-
tain the critical temperature, pressure, and density predicted by the five
HQ models used.

The initial simulation setup for the OPLS and TraPPE models is built
up in the same manner. First, an initial L, = L, =5 and L, =15 nm
parallelepipedic box is filled with 2000 HQ molecules. After an energy
minimization stage, the L, side of the simulation box is elongated from
15 to 40.5 nm, and the HQ molecules are displaced to the center of the
new simulation box. With this procedure, we create a box with the HQ
molecules placed in the center of the box (liquid phase), surrounded by
two empty spaces in the z-axis direction. Once the simulation starts, HQ
molecules from the liquid phase may jump to the initial empty space to
generate two vapor phases at each side of the centered liquid phase, i.e.,
two VL interfaces are created. The final dimension box, as well as the
number of molecules placed in it, is large enough to ensure that both
phases in equilibria can be developed in the same simulation box. In
these cases, a cutoff value of 1.1085 nm is used to truncate dispersive
and coulombic interactions. This cutoff value corresponds to 3 times the
largest o value of the four models (TraPPE and OPLS). In particular, ¢
corresponds to that used to describe the CH group in the TraPPE-Hybrid-
UA model. We use particle mesh Ewald (PME) [41,42] to deal with long-
range corrections (LRCs) for both dispersive and coulombic interactions.
The advantage of the PME LRCs corrections, over the classical one, [43,
44] is that PME LRCs can take into account the inhomogeneity of the
system and can be applied when two or more phases are present in the
same simulation box. It is important to notice that a cut-off value above
six times the diameter of the biggest molecule group provides a reliable
description of the interfacial properties when particles interact through
the Lennard-Jones potential [43-48]. In this work, we use a fixed cut-
off value that corresponds to 3 times the largest o value of the four LJ
models (CH TraPPE-Hybrid-UA group) and, additionally, PME LRCs are
applied to analytically estimate the LJ interactions beyond the cut-off
value. It is important to take into account that the use of a short cut-off
value + LRCs provides the same results as a large cut-off value. Finally,
simulations are run for 25 ns, taking only the last 20 ns as production
period.

For the CG simulations, we follow a different procedure. [45] We
place 2115 HQ molecules (8640 beads) in a simulation box in which
the total volume, V, is calculated using the bulk density average,
(ot +5") /2, at the lowest temperature (500 K). The numerical val-
ues of pL, and p¥ are taken from NIST database. [18] The simulation
volume, L, X L, X L_, is contained in a parallelepipedic box. We use
periodic boundary conditions in all three directions. Again, L; values
are chosen in order to have a cell large enough to accommodate liquid
and vapor regions with enough molecules to ensure a sensible amount
of bulk of both phases. The numerical values of the simulation box are
L,=L,=41nm, and L, =10X L, =41.0 nm. In order to speed up
the formation and stabilization of the bulk phase and interfacial re-
gion, the system is initially held at a high temperature, above its critical
state (TC =828.3 K), where a unique homogeneous well-mixed phase is
present. The system is then quenched to the desired temperature allow-
ing it to evolve under NVT conditions until equilibration is reached
through diffusive mass transport. To reduce the truncation and system
size effects involved in the phase equilibrium and interfacial properties
calculations, a cutoff radius of 1.941 nm (rc ~ 60) is used throughout.
Notice that in GROMACS it is not possible to apply PME long-range cor-
rections when a different potential than LJ is applied. However, a cutoff
value of 66 is enough to accurately describe the VL equilibria and in-
terfacial properties [49,46-48]. After the initial temperature quenching,
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the systems are equilibrated for 30 ns, and then a production run is set
for at least another 60 ns.

In this work, since we have a planar VL interface, the equilibrium
vapor pressure, P, corresponds to the normal component of the pressure
tensor, P_,. Also, from the diagonal components of the pressure tensor,
it is possible to calculate the interfacial tension following the mechanical
route [50-52]:

P, .(2)+P,(z
y:% P“(Z)_M 4
where Py, (z) are the pressure tensor components (being k either x, y or
z) as a function of the coordinate perpendicular to the interface, z, and
L, is the length of the simulation box along the z direction. Finally, the
1/2 factor arises to take into account that the simulated system presents
two VL interfaces.

In this work, we also estimate the critical temperature, T, density,
p., and pressure, P,, from the VL coexistence equilibrium results by the
use of the scaling and the rectilinear diameters laws, respectively [53,
54]:

pL=py=A(T-T,)" 5)
pLtpy

T=pC+B(T_TC> ©)

Here f is the corresponding critical exponent which has a universal
value of f =0.325, [55] and A, B, T, and p, are obtained by fitting
Egs. (5) and (6) to the VL equilibria simulation results. p; and p,, are
the liquid and vapor coexistence densities at the corresponding temper-
ature T obtained from the different HQ models. Also, it is possible to
calculate T, following a similar approach as in Egs. (5) and (6) but us-
ing the interfacial tension, y, simulation data instead of the equilibrium
densities. We can apply the scaling laws using the interfacial tension for
fitting the following expression [56]:

y=ro(1-T/T.)" %)

where y, is the so-called “zero-temperature” surface tension and y is
the corresponding critical exponent which has a universal value of y =
1.258 [55]. Once again, the unknown constants, y, and T, are found by
fitting Eq. (7) to the interfacial tension simulation data obtained in this
work. Finally, the critical pressure is estimated from an extrapolation of
the Clausius-Clapeyron relation to the critical temperature. Notice that
the critical temperature has been already obtained from Egs. (5) and
(7):
G

InP=C, + =+ 8
n 1+ (®

where C;, and C, are obtained by fitting Eq. (8) to the values of pres-
sure obtained in this work at each temperature. The critical properties
estimated in this work from the VL equilibria simulation results in com-
bination with Egs. (5)-(8) are presented in Table 3.

4. Results

In this section, we focus on the analysis of the VL coexistence equi-
libria and interfacial properties of the HQ system predicted by the five
different models employed in this work. In particular, we obtain the
density profiles, coexistence densities, vapor pressures, interfacial thick-
nesses, and interfacial tensions. We also analyze the behavior of these
properties as a function of the temperature and we estimate the critical
temperature, pressure, and density predicted by the five HQ molecular
models. Finally, we compare our results with experimental data taken
from the literature when it is available.

4.1. Density profiles

The density profiles are obtained by dividing the simulation box,
along the z-axis, in 200 slabs when simulations are carried out using
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Fig. 2. Density profiles of HQ along one of the VL interfaces (z-axis) as obtained
from MD simulations using the TraPPE-Hybrid-UA (a), OPLS-MOD (b), and CG
(c) HQ models. The temperatures at which each density profile is obtained are
represented in the legend.

both OPLS and TraPPE HQ models and in 500 slabs when the CG HQ
model is used. Then, molecular density profiles are obtained along the z-
axis, p(z), arbitrary chosen as the direction perpendicular to the planar
interfaces developed during the simulations. Molecular density profiles
are obtained by assigning the position of each interaction center (atom
or UA/CG group) to the corresponding slab. Finally, mass density pro-
files are obtained by multiplying the atom/group density profile by the
corresponding assigned mass. Fig. 2 shows the mass density profiles ob-
tained from the N VT MD simulations using (a) the TraPPE-Hybrid-UA,
(b) OPLS-MOD, and (c) CG models. We do not show the density profiles
obtained using the original TraPPE-AA and OPLS models since the qual-
itative behavior is identical in all cases. Also, to avoid repetition, we
only present one of the interfaces although the simulation box presents
a V-L-V sandwich configuration with two VL interfaces.

As can be observed in Fig. 2, liquid and vapor phases are presented
on the left and right sides of the mass density profiles, respectively. In
all cases, density profiles are obtained at 500, 550, 600, 650, 700, and
750 K. When the temperature is increased, the density of the liquid phase
decreases, and the density of the vapor phase increases.

From the analysis of the density profiles, it is possible to determine
the VL interfacial thickness. This property is obtained by fitting the
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Table 2

Equilibrium liquid, p,, and vapor, p,, densities, vapor pressure, P, inter-
facial tension, y, and 10 — 90 interfacial thickness, d, obtained from NVT
MD simulations at different temperatures using five different models of
HQ. The values in parentheses represent the error over the last two digits
of the results, except for the CG results which represent the error over the
last digit.

TX p, (kg/m?) py (kg/m*) P (bar) y (mN/m)  d (nm)
TraPPE-AA

500 1080.4(16) 0.97(10) 0.450(26) 40.40(45) 0.3989
550 1030.3(13) 3.25(16) 1.571(31)  32.68(35)  0.4513
600 975.6(15) 9.18(34) 4.26(10) 25.97(45) 0.8677
650 914.1(23) 21.61(77) 9.740(71) 18.15(30) 0.7055
700 842.3(16) 43.66(60) 19.38(16)  11.60(32)  1.615
750 753.9(24) 87.43(97) 35.26(22) 5.74(26) 1.595
TraPPE-Hybrid-UA

500 1119.3(14) 0.349(48) 0.106(13) 51.54(58) 0.3407
550 1077.67(12) 1.18(53) 0.476(31) 44.13(32) 0.4704
600 1033.63(14) 3.46(21) 1.512(39) 36.54(27) 0.5146
650 987.2(14) 7.82(29) 3.772(50) 29.87(48) 0.4846
700 936.4(18) 16.53(43) 8.04(11) 23.49(27) 0.5740
750 879.4(16) 32.55(62) 15.54(11) 17.16(27) 0.7503
OPLS

500 1067.0(24) 0.92(14) 0.433(17) 38.10(42) 0.1917
550 1012.6(20) 3.38(26) 1.527(48) 30.97(34) 0.5917
600 952.1(21) 10.06(43) 4.432(82) 23.31(26) 0.6228
650 883.4(28) 34.90(71) 10.64(15) 15.60(39) 1.292
700 801.2(26) 55.5(13) 22.45(14)  8.63(24) 1.360
750 686.8(28) 120.0(14) 41.95(22) 3.33(26) 2.368
OPLS-MOD

500 1076.5(15) 0.734(99) 0.296(17) 41.02(41) 0.3779
550 1022.9(18) 2.93(21) 1.201(61) 32.17(50) 0.4677
600 962.9(11) 9.05(42) 3.902(76)  24.30(27)  0.9681
650 895.6(21) 22.38(0.63) 9.78(10) 16.41(38) 0.9301
700 814.29(28) 49.41(91) 20.85(18) 10.88(34) 1.345
750 704.12(23) 109.1(19) 39.19(18)  4.50(23) 2.002
cG

500 1116.18(5) 1.40(1) 0.54(2) 37.35(4) 0.3204
550 1058.00(8) 4.49(5) 1.82(6) 29.98(5) 0.4419
600 995.10(4) 11.41(8) 4.76(1) 22.22(1) 0.5492
650 924.24(2) 26.79(7) 11.21(3) 15.73(9) 0.8545
700 844.44(4) 54.14(3) 21.84(3) 9.90(3) 1.110
750 729.21(6) 113(9) 39.57(5) 4.26(5) 1.694

following expression from the original mean field van der Waals the-
ory: [53,55]

©)

+ — a\zZ—Z
P(Z)=pL by _PL pvtanh[ ( 0)]

2

where the constant a = 2tanh™'(0.8) is chosen so that d is the 10-90
interfacial thickness and z, the position of the Gibbs dividing surface.
The vapor and liquid coexistence densities, p;, and p; respectively, are
also obtained from the analysis of the density profiles as is explained in
Section 4.2. d and z are treated as adjustable parameters and calculated
by fitting density profiles to Eq. (9). The interfacial thicknesses obtained
at each temperature for each molecular model employed in this work are
presented in Table 2.

In all cases, it can be observed how the interfacial thickness increases
as the temperature increases. This is the expected behavior of the VL
phase equilibria behavior of a pure system since the density of the vapor
and liquid phases becomes equal at the critical temperature, and the
interfacial thickness diverges to infinity at the critical temperature both
phases become indistinguishable.
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Fig. 3. VL coexistence densities of HQ as obtained from MD NVT simula-
tions. The five HQ models are represented as follows: TraPPE-AA (blue circles),
TraPPE-Hybrid-UA (orange up triangles), OPLS (green square), OPLS-modified
(red diamonds), and CG (purple down triangles). Open symbols correspond to
VL coexistence density values obtained from the analysis of the density profiles.
VL coexistence density curves are obtained from Egs. (5) and (6). Filled sym-
bols correspond to the critical temperature and density estimations obtained
from the fitted VL coexistence density curves. Black crosses correspond to ex-
perimental data taken from the NIST database [18].

4.2. VL coexistence densities

VL coexistence equilibrium densities are obtained from the analy-
sis of the density profiles. The vapor, py,, and liquid, p;, equilibrium
bulk densities are determined by averaging the p(z) values of the cor-
responding bulk phase at each temperature. Also, we only take those
p(z) values far enough from the interface to avoid any interfacial effect
on the equilibrium density determination. The statistical uncertainty of
the equilibrium bulk densities is estimated as the standard deviation of
the mean values. VL coexistence equilibrium densities are presented in
Fig. 3 and in Table 2. As can be seen, the qualitative behavior is the same
for the five models. Although the five HQ models present the same qual-
itative behavior, we can observe differences in the predicted densities.
We also include in Fig. 3 experimental VL coexistence density data taken
from the NIST database [18], as well as the experimental values of T,
and p,. Here, it is important to remark that there are also two additional
experimental 7T, values reported in the literature (818 — 820 K) [57,19].
As we explain in Section 3, in this work we determine T, and p, by ap-
plying Egs. (5)-(7). The estimated critical properties obtained from the
NVT MD simulations, using the five different models, are presented in
Table 3. We observe that the VL coexistence densities, T,, and p, values
predicted by the original TraPPE-AA HQ model provide the best agree-
ment with the experimental data available.

As we can see in Fig. 3 and in Table 2, the VL coexistence densi-
ties predicted by both OPLS HQ models are in very good agreement
between them. When we compare the OPLS results with those obtained
by the TraPPE-AA HQ model and the experimental data, we notice that
at high temperatures both OPLS models overestimate the coexistence
vapor density. Also, it is noticeable that both OPLS models slightly un-
derestimate the liquid coexistence density in the whole range of studied
temperatures. The differences between the experimental data and OPLS
simulation results become larger as the temperature is increased. As can
be observed in Fig. 3 and Table 2, the OPLS-MOD and the original OPLS
models slightly underestimate the experimental 7, value by ~ 20 and
30 K, respectively although both predict very accurately the experimen-
tal p,.

The CG HQ model proposed in this work provides nearly identi-
cal VL coexistence results as those obtained by both OPLS models. The
coexistence vapor densities obtained by the CG HQ model slightly over-
estimate the experimental vapor densities taken from the literature.
Also, we observe that the coexistence liquid density obtained by the CG
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model is in excellent agreement with the experimental data at low tem-
peratures. However, as the temperature increases, the liquid densities
predicted by the CG HQ model underestimate the experimental coexis-
tence liquid densities. The 7, value predicted by the CG HQ model is
similar to the T, value predicted by the OPLS-MOD model, underesti-
mating the experimental 7, value by ~ 20 K. As well as in the case of
both OPLS models, the p,. value obtained by the CG HQ model is in very
good agreement with the experimental data (see Table 2).

We also discuss the results obtained by the TraPPE-Hybrid-UA HQ
model proposed in this work. Unfortunately, when we compare the re-
sults obtained by this model with the predictions obtained by the rest
of the models and the experimental data, the TraPPE-Hybrid-UA model
underestimates the vapor coexistence density at intermediate and high
temperatures and overestimates the liquid coexistence density in al-
most the whole range of temperatures considered in this work. As a
consequence, the 7, value predicted by this model overestimates the ex-
perimental 7, value by ~ 110 K. It is worth mentioning that the scaling
laws predict very accurately the critical conditions when the data used
to fit the equations are close to the critical value. In the TraPPE-Hybrid-
UA model case, the highest simulated temperature (750 K) is far from
the critical temperature, which means that the predicted 7, value could
change if higher temperature results are used to fit the scaling law equa-
tions. However, due to the poor agreement with the rest of the models,
we have decided to not perform extra simulations to improve the T, pre-
dicted value using the TraPPE-Hybrid-UA model. Also, it is interesting
to mention that the p, value predicted by this model is in good agree-
ment with the experimental data and the results obtained by the rest of
the HQ models. At this point is important to remark that the TraPPE-
Hybrid-UA model is built up by mixing the TraPPE-UA parameters of the
benzene molecule with the TraPPE-AA parameters of the aromatic-OH
group from the original TraPPE-AA HQ molecule. This combination has
been made in order to improve the speed of the HQ original TraPPE-AA
model but it is important to notice that the parameters from both TraPPE
approaches have not been developed to be mixed. This could explain
why the results trend of the TraPPE-Hybrid-UA HQ model is different
from the other models. A possible solution to improve the predictions at
high temperatures would be to re-parametrize the local charges placed
at each chemical group [14,58]. Some of the authors of this work used
this procedure to recalculate the partial charges located at each chemi-
cal group of the OPLS-MOD HQ model [14]. In particular, it would be
interesting to recalculate the partial charges located at the -OH groups
of the new TraPPE-Hybrid-UA model which are probably responsible
for the high predictive critical temperature due to hydrogen-bond for-
mation. However, the optimization of the parameter models is out of
the scope of this work.

Finally, we calculate the relative errors between the simulation equi-
librium density results and the experimental data [18] by using the
following equation:

E.(%)= w x 100 10)

exp

where P, , and P, stand for the property under inspection obtained
from experiments and from simulations respectively. This procedure is
applied to the results obtained by the 5 different HQ models used in this
work. Fig. 4 shows the density relative errors calculated in the range of
temperatures where experimental data is available. We also plotted a
fitted curve of the results obtained from Eq. (10) to show the trend of
the relative errors in the experimental range of temperature available.
From Fig. 4a, we find that for liquid densities, from low to intermediate
temperatures (500 — 650 K), the best agreement with the experimen-
tal data is obtained by the TraPPE-Hybrid-UA and the CG model, while
from intermediate to high temperatures (650 — 750 K), the best agree-
ment is obtained by the CG and the TraPPE-AA models. From Fig. 4b it is
possible to analyze the agreement between experimental data and sim-
ulation results for the equilibrium vapor densities case. Unfortunately,
there are just three temperatures at which vapor densities can be com-
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Fig. 4. Relative errors of the density simulation results obtained in this work by
the 5 different HQ models with respect to the experimental data reported in the
literature. [18] The meaning of the colors and symbols is the same as in Fig. 2.
The top (a) figure represents the relative errors obtained for the equilibrium
liquid densities and the bottom (b) figure for the equilibrium vapor densities.

Table 3
Experimental and predicted critical properties of HQ with different Force
Fields models.

Models . (kg/m?®) T* (K) T! (K) P, (bar)
Experimental(1) [19] - 820 67.5
Experimental(2) [18] 383 827.8 127.4*
Experimental(3) [20] - 818 - 61.8
OPLS 380(20) 792.2(61) 790(11) 68.5(38)
OPLS-MOD 380(16) 799.8(50) 802(11) 74.0(19)
TraPPE-AA 383(15) 824.8(54) 817(13) 76.7(34)
TraPPE-Hybrid-UA 379(16) 953.3(76) 929(14) 99.6(56)
CG 393.36(56) 801.10(18) 803.2(16) 68.1(13)

Critical densities (p,), temperatures (Te and ch): and pressure (P,) of HQ,
as obtained from the five different models used in this work. p, and T are
obtained from the analysis of the coexistence densities using Egs. (5) and
(6), ch is obtained from the analysis of the interfacial tension results using
Eq. (7), and, finally, P, is obtained from the analysis of the vapor pressure
results and using Eq. (8). *Experimental critical vapor pressure is obtained
from the analysis of the experimental vapor pressure data and using Eq. (8).

pared directly (650, 700, and 700 K), although the general trend can be
intuited. In the range of temperatures considered, both TraPPE models
provide the best agreement with the experimental data, although the
TraPPE-AA model is expected to provide better results at lower tem-
peratures if we take into account the trend of the relative error fitting
curves.

4.3. Vapor pressure

As we have explained previously, we determine the equilibrium va-
por pressure as the P,, component of the pressure tensor since both
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Fig. 5. Natural logarithm of the vapor pressure vs 1/T of HQ as obtained from
MD NVT simulations. The meaning of the colors and symbols is the same as
in Fig. 3. Vapor pressure lines are obtained from Eq. (8). Filled symbols corre-
spond to the critical pressure estimations obtained from Eq. (8) using the T
value presented in Fig. 3 and in Table 3. The black curve corresponds to exper-
imental data taken from the literature [18] and the black cross is the estimated
critical pressure obtained by fitting the experimental data [18] using Eq. (8).
The pink plus and the green star correspond to experimental data taken from
the literature. [19,20] We also represent a zoom of the critical conditions as in-
set.

phases are in contact via a planar interface along the z-axis direction. We
present the results obtained in this work in Fig. 5 and Table 2. We also
include experimental data taken from the literature [18-20] in Fig. 5.
We also determine the critical pressure value, P,, predicted by the five
models using Eq. (8) and the T, value obtained from the fitting of the
VL coexistence densities, 7. The predicted P, values are presented in
Fig. 5 and Table 3.

As we can see, at low temperatures (from 500 to 620 K), the va-
por pressure values predicted by the five HQ molecular models and the
experimental data are in good agreement. Fig. 5 shows that the differ-
ent HQ models follow the same trend as in Fig. 3. The TraPPE-AA, CG,
and both OPLS HQ models provide nearly the same results. Finally, and
following the same trend as in Fig. 3, the predictions obtained by the
TraPPE-Hybrid-UA HQ model underestimate the predictions obtained
by the rest of the HQ models. In order to quantify which model pro-
vides a better description of the HQ vapor pressure, we calculate the
relative errors between simulation results and the scarce experimental
data available in the literature. As we can see in Fig. 6, the best agree-
ment is obtained by the TraPPE-Hybrid-UA HQ model, closely followed
by the OPLS-MOD HQ model. Unfortunately, the range of temperature at
which vapor pressure experimental data is available in the literature is
narrow (from 500 to 600 K) [18]. If we take into account the trend shown
by each model in Fig. 6, it seems that agreement between experimental
data and simulation results is improved at higher temperatures. Unfor-
tunately, there is no vapor pressure experimental data reported beyond
600 K. However, in order to estimate which model provides a better
description of the vapor pressure at higher temperatures, we compare
the predicted critical vapor pressure by using Eq. (8) with the experi-
mental values reported in the literature. According to the experimental
data reported by Liessmann et al. [19] and Gmehling et al. [20], the
best two models for predicting the experimental P, are the CG and the
original OPLS models. The rest of the models overestimate the P, value,
being the TraPPE-Hybrid-UA model the one that further overestimates
it. We have also estimated the experimental critical vapor pressure by
using equation (8) and the reported experimental data [18]. The esti-
mated critical vapor pressure is represented in Fig. 5 and in Table 2. The
estimated experimental P, value overestimates by far the experimental
values reported in the literature, as well as the predictions obtained from
molecular dynamic simulations. As can be seen, all the models under-
estimate the predicted critical vapor pressure obtained from the fitting
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Fig. 6. Relative errors of the vapor pressure simulation results obtained in this
work by the 5 different HQ models with respect to the experimental data re-
ported in the literature [18].

of the experimental results reported on NIST database [18]. The rel-
ative errors obtained by each model are 22, 40, 42, 46, and 46% for
the TraPPE-Hybrid-UA, TraPPE-AA, OPLS-MOD, CG, and OPLS, respec-
tively. From this analysis, we can conclude that the TraPPE-Hybrid-UA
model and the OPLS-MOD models provide the best agreement with the
estimated and reported experimental data in the whole range of tem-
peratures considered in this work, however, although the original OPLs
and TraPPE-AA models present larger deviations of the vapor pressure at
low temperatures than the OPLS-MOD and TraPPE-Hybrid-UA models,
they provide better agreement with the experimental critical P value
reported in the literature [19,20]. This conclusion invites us to think the
critical vapor pressure can not be estimated from the fitting by using the
experimental vapor pressure at low temperatures and equation (8) and
more experimental point at higher temperatures are required.

4.4. Interfacial tension

Finally, we determine the VL interfacial tension, y, from the com-
ponents of the pressure tensor using Eq. (4). The interfacial tension
property is one of the most sensitive to the molecular models and simu-
lation details. In this work, simulation details are similar in all cases but
we employ five different molecular models. Interfacial tension results
obtained in this work are presented in Fig. 7 and Table 2. As we can see,
agreement between the results obtained by the different models exhibits
a similar behavior as those observed for the VL coexistence densities and
vapor pressure. The predictions obtained using the TraPPE-AA, CG, and
both OPLS models are in very good agreement, while the results ob-
tained by the TraPPE-Hybrid-UA model clearly overestimate the results
predicted by the rest of the models. Unfortunately, as far as the authors
know, there is no experimental data available in the literature and we
cannot compare our predictions with experimental results.

Here it is interesting to remark on the results obtained by the CG
HQ model. This model provides results in very good agreement with
the TraPPE-AA and both OPLS models, which are the most realistic and
computationally expensive HQ models. As it has been explained in Sec-
tion 2.3, the CG HQ model considers the hydroquinone molecule as a
planar one formed from four identical segments without local charges. It
is a very simple rigid model since it is not necessary to take into account
intramolecular bonded interactions, which allows the use of larger sim-
ulation time steps. Also, there are no charges and it is not necessary to
calculate non-bonded coulombic interactions. As a consequence of the
simplicity of the CG HQ model, simulations performed with this model
are cheaper than those performed with the TraPPE and OPLS models,
where more charged interactive sites are necessary to describe the HQ
molecule and it is also necessary to use lower simulation time steps to
account for the flexibility of the models. It is important to remark that
in all cases the thickness of the liquid phase is big enough to avoid any
size effect on the surface tension determination [59]. In particular, the
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Fig. 7. VL interfacial tension of HQ as obtained from MD N V' T simulations. The
meaning of the colors and symbols is the same as in Figs. 3 and 5. The curves
are obtained from Eq. (7).

liquid phase thickness of simulations carried out with both TraPPE and
OPLS models is ~ 20 times the HQ molecular size. In the case of the CG
model, the liquid thickness is even bigger and it is ~ 30 times the CG
molecular size.

5. Conclusions

In this work, we determine the VL equilibria and interfacial proper-
ties of the HQ system using five different molecular models. The first
two models are based on the TraPPE force fields [21-23], modeling the
HQ molecule following an all-atom (TraPPE-AA) and a hybrid united-
atom (TraPPE-Hybrid-UA) approaches. The next two models are based
on the OPLS force fields. Both models are based on an all-atom approach
where the first one is the original OPLS model [24,25], and the second
one is a modified version where the local charges located at each atom
are reparametrized (OPLS-MOD) [14]. These four models provide a re-
alistic representation of the HQ molecule since they take into account,
not only the functional group of the HQ molecule but also the flexibil-
ity and internal degrees of freedom. Finally, following the CG approach,
the HQ molecule is modeled as a rigid and planar molecule formed by
four identical tangent spheres. These segments interact through the Mie
potential and there are no local charges placed on them.

Molecular dynamics simulations are carried out in the NVT en-
semble using the direct coexistence technique. Following this approach,
both phases in equilibrium (vapor and liquid) coexist, sharing an inter-
face, in the same simulation box. This technique allows us to study not
only the phase equilibria properties but also the interfacial ones since a
stable VL interface exists in the simulations. In particular, we determine
the density profiles, VL coexistence densities, vapor pressures, interfa-
cial thicknesses, and interfacial tension. These properties are studied
from 500 to 750 K using the five molecular models employed in this
work. Finally, we also determine the critical temperature, density, and
pressure predicted by the five models.

The VL coexistence densities predicted by the five models are in
very good agreement except for the predictions obtained by the TraPPE-
Hybrid-UA model. This model underestimates/overestimates the va-
por/liquid coexistence densities which result in a wider VL phase en-
velope. We conclude that the CG, both OPLS and the TraPPE-AA models
can be used to describe very accurately the experimental VL phase be-
havior of the HQ molecule, although the TraPPE-AA model provides the
most accurate description of the VL coexistence densities. Also, among
the five models studied in this work, the critical temperature obtained
from the original TraPPE-AA model shows the best agreement with the
experimental critical temperature values, followed by the CG, OPLS-
MOD, OPLS, and TraPPE-Hybrid-UA models in this order.

We also compare the estimated vapor pressure values with experi-
mental data taken from the literature [18]. Unfortunately, the experi-
mental vapor pressure of the HQ system has been determined at low
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temperatures (from 500 to 620 K). The vapor pressure predicted by the
five models is in good agreement with the experimental data. Again, the
original TraPPE-AA model seems to provide the best agreement with the
experimental values, although this model slightly overestimates the ex-
perimental results. The CG and both OPLS models also provide a good
agreement with the experimental values and, following the same trend
as the TraPPE-AA model, they slightly overestimate the experimental re-
sults. Finally, the TraPPE-Hybrid-UA model also provides a good agree-
ment with experiments, but in this case, the predictions obtained by
this model underestimate the experimental data. Since there is no ex-
perimental data at higher temperatures, we cannot assess which model
is superior over the others for predicting vapor pressure values. How-
ever, due to the trend of the experimental value and the good agreement
between the critical temperature predicted by the TraPPE-AA model and
the experimental data, we suggest the TraPPE-AA as the best option for
an accurate description of the VL equilibria behavior of the HQ pure
system. At this point, it is relevant to remark that the pressure values
predicted by the CG model are in excellent agreement with those pro-
vided by the TraPPE-AA model. This is important since the CG model is
much simpler and cheaper to simulate than the TraPPE and OPLS mod-
els. As a consequence, simulations carried out using the CG model are
about five times faster than those using more realistic models such as
TraPPE and OPLS models.

Finally, we determine the interfacial tension of HQ as a function
of temperature. This property is extremely sensitive to molecular model
details. Due to the scarcity of experimental data for HQ, we cannot com-
pare our findings with experimental results taken from the literature.
In this case, we compare the predictions obtained from the different
models. The trend of the results is similar to those for the rest of the
properties. The agreement between the interfacial tension results ob-
tained by the TraPPE-AA, CG, and both OPLS models is excellent in the
whole range of studied temperatures. The predictions obtained by the
TraPPE-Hybrid-UA model clearly overestimated the results obtained by
the other four models. This is an expected result since this model over-
estimates also the critical temperature and underestimates the vapor
pressure. Although some of the molecular HQ models employed in this
work have already been reported in the literature, this is the first time
that they have been used to describe the VL equilibria and interfacial
properties of HQ. We expect that our results provide a better compre-
hension of its VL phase diagram and interfacial properties.
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