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ABSTRACT

Square-well (SW) potential is likely the simplest potential describing attractive and
repulsive interactions. However, its discontinuous functional form makes it difficult
to be used in Molecular Dynamics (MD) simulation, particularly with commercial
MD packages. Recently, Zerén and collaborators [Mol. Phys. 116, 3355 (2018)] have
presented a parameterization of the SW potential that allows its use for simulation
packages since the intermolecular potential and force are described by continuous
mathematical functions. It was validated for SW spheres. In this work, we use this
reported continuous SW potential to describe for the first time the equilibrium and
interfacial properties of SW chains, with potential ranges of A = 1.5 and 1.75. Simu-
lations for tetramers interacting with A = 1.5 are compared with available computa-
tional data in the literature, which has allowed to validate the method for molecular
chain systems. Besides, a systematic study for the potential range of A = 1.75 has not
been addressed so far, which represents valuable information for instance to discern
whether different microscopic theories are capable of describing this type of system.
In particular, we assess the effect of temperature, chain length, and potential range
on the calculated properties, namely density profiles, coexistence densities, vapour
pressures, surface tensions and critical points. Overall, with increasing the chain
length, the width of the envelope of the coexistence phase increases, which results
in an increase of the surface tension as well as the critical temperature at the same
time that the vapour pressure and the interfacial width decrease.

KEYWORDS
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equilibria

1. Introduction

The knowledge of interfacial properties is essential from a fundamental and industrial
point of view. [1] Although it is possible to experimentally obtain phase equilibria of
molecular systems with standard techniques, [2, 3] including among others coexistence
densities and the surface tension, some other properties such as density profiles or in-
terfacial thickness are very difficult to measure. In this sense, molecular simulation
represents an alternative or complement to experimental studies. The increase in com-
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putational power and a large number of techniques [4, 5] that have been developed in
the last decades allows the characterisation of the macroscopic properties of a certain
system, such as the interfacial properties of inhomogeneous fluids or mixtures, as well
as its underlying microscopic behaviour.

More specifically, the phase equilibrium of molecular chains has been largely studied,
experimentally and by using either theoretical models or molecular simulation. [6-31]
The level of complexity in describing the molecular chain on the microscopic scale
of length and time is wide ranging, from the most detailed realistic “all-atoms” and
“united-atoms” models, such as TraPPE models [32] to coarse-grained models or sim-
ple molecular chain models [33]. In this latter case, fully flexible chains comprised
from tangentially-bonded monomeric units are commonly adopted, which means that
the bond length between consecutive bonded monomers is equal to the hard-sphere
diameter of the monomer. The monomers like-that bonded and interacting through
effective potentials probably represent the simplest option for preserving the basic
microscopic characteristics of the molecular chains. These are basically segment con-
nectivity, molecular flexibility, and attractive and repulsive dispersive interactions be-
tween monomers. Both attractive and repulsive interactions are accounting in a simple
manner by the Square-Well (SW) potential. According to the SW intermolecular po-
tential, two particles will only interact when their centre-to-centre distance is between
o and Ao. Here o denotes the diameter of the hard-sphere core of the SW particles
and A the intermolecular potential range. Hence, this model has two discontinuities,
at r = Ao and at r = o, which imply that the standard resolution techniques valid for
continuous potentials are not suitable in this case. For the MD simulation method, this
problem is even more delicate since at the discontinuities of the discrete potential the
force does not exist. Discrete potentials such as SW cannot hence be used for standard
codes, and special techniques are required. Recently, Orea and Odriozola [34] have
proposed the so-called Constant Force Approach (CFA) to deal with discontinuous
interaction potentials. The discrete nature of the interaction potential is modeled by
the constant force approximation, which allows the direct calculation of the thermody-
namic properties such as the pressure tensor of SW fluids. Padilla and Benavides [35]
and Torres-Carbajal et al. [36] conducted molecular simulations using this approach
to account for the liquid-vapor phase diagram and the self-diffusion coefficient, respec-
tively, of the SW fluid for an interaction range of A = 1.5. Also, Sandoval-Puentes et
al. [37] and Perdomo-Pérez et al. [38] have implemented a soft representation of the
SW potential to also examine SW monomer fluids for an interaction range of A = 1.5
among others. Chapela and Alejandre [27] and Martinez-Ruiz et al. [31] conducted
molecular simulations to calculate the phase equilibrium and interfacial properties of
SW chains using MD and MC methods, respectively. In both cases, the SW poten-
tial was dealt taking specifically into account the discontinuities that this potential
presents, and also explicitly accounting the impulsive forces generated in the system
in MD simulations. Both studies were limited to SW chains with a potential range
of A = 1.50. It is important to note here that the model simulated by Chapela and
Alejandre is not strictly a fully flexible tangent model of SW chains but a vibrating
model of SW chains. In such case, the bond length is not strictly constant but ex-
hibits a variation of +0.03 ¢ around the average bond length, which is 0.97 ¢ in the
simulations of Chapela and Alejandre.

Recently, Zerén et al. [39] have presented a parameterization of the SW potential
that allows its use for simulation packages such as GROMACS [40] or LAMMPS [41],
since the intermolecular potential and force are mimicked by continuous mathemati-
cal functions. The continuous version of the potential (CSW) solves the above-exposed



problems. They determined the interfacial properties and the phase equilibrium of SW
spheres with different ranges of interaction using GROMACS. The excellent agreement
of the obtained results with available experimental data showed that the reported
methodology is capable of providing confident predictions. The current work intends
to extend the study conducted by Zerén et al. [39] by characterising the vapour-liquid
(VL) phase equilibrium of molecular chains using the continuous SW potential pro-
posed by these authors for the GROMACS package. [40] First, we perform simulations
at different temperatures for chains formed from four monomers with a potential range
of A = 1.5 in order to compare with the reported computational predictions [27, 31]
for this system. This comparison allows to assess the effectiveness of the SW con-
tinuous potential using GROMACS simulation package (version 4.6.1) in the case of
describing molecular chains. Then, we considered molecular chain systems compris-
ing four, eight, and sixteen monomers with a potential range of A\ = 1.75. We thus
analyse the effects of temperature, chain length and potential range on the calculated
properties, namely density profiles, coexistence densities, vapour pressures, tempera-
ture and critical densities and surface tensions. It is worth noting that no data have
been found in the literature obtained by molecular simulation of this type of system.
From our knowledge, this is the first time that the phase equilibrium of SW molecular
chains interacting with potential range A = 1.75 is computed by using direct coexis-
tence simulations. The reported information is hence valuable, for instance, to discern
whether microscopic theories, such as those based on the density functional theory [42]
or equations of state such as the statistical theory of associating fluids, [43, 44] based
on Wertheim’s theory, [45—48] are capable of characterising the VL phase equilibria of
these systems.

The remainder of the paper is organised as follows: in Section 2 we include the de-
scription of the used molecular models and simulation details as well of the procedures
for determining the equilibrium, interfacial and critical properties of the targeted sys-
tems. In section 3, we comprehensively expose and discuss the results. Finally, some
concluding remarks are given in Section 4.

2. Methodology

Next, we present the methodology used in this work, from the molecular model de-
scribing the chains under study, to other important simulation details such as the
initial configurations of the systems and the technical program parameters to assure
the correct evolution. Also, since the work focuses on the study of phase equilibrium
and the interfacial properties, we briefly describe the techniques used to determine
density profiles, coexistence densities, vapour pressure and VL surface tension.

2.1. Molecular models

The molecular chains are modelled as usual: Completely flexible chains with fixed
bond distances between adjacent monomers equal to the segment diameters. The SW
potential is spherically symmetric and capable of describing both repulsive and attrac-
tive interactions between the segments that are part of different chains (intermolecular
interactions) and between segments that are part of the same chain and separated by
at least one other monomer (intramolecular interactions). The SW potential between
two monomer units, in the same or in different molecules, is given by
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where r;; denotes the distance between the centres of the two segments, o is the diam-
eter of the hard-sphere core of the segments, A is the intermolecular potential range,
and e is the dispersive interaction of depth. We considered the values characterising the
methane molecule: o = 0.373nm, €¢/kp = 147.5K, and molecular mass m = 16 u. As
previously commented, there is no continuity of the function describing this potential
at distances of ¢ and A o, which makes unfeasible the computation of properties using
commercial programs of MD such as GROMACS [40] or LAMMPS. [41] The recently
reported continuous SW potential [39] solves this problem. The specific functional
form of this SW interaction potential is given by, [39]

1 1\? 1= e mri—L(ri—X)

Gig(rig) = 2{ <rj> LI oy 1} (2)
where n and m are parameters fitted to describe the softness of the repulsive and
attractive parts of the intermolecular potential, respectively. According to Zerén et
al., [39] n = 2500 and m = 20000 allow to describe correctly the thermodynamic and
interfacial properties of the SW model fluid. This optimal parametrization and other

important details, such as the consequent functional form for the force between pairs
of SW spheres, can be consulted in the original paper. [39]

2.2. Simulation details

MD simulations of the systems were performed using the direct coexistence technique.
The assembly of the initial simulation box is the most important step and requires
great effort and attention, since any error would make the system to evolve through
non-stable microstates, which would imply very long computation times to reach the
equilibrium at the thermodynamic conditions imposed during the simulation. The
number of chains, IV, that has been used in the simulations depends on the length of
the chain, in the way that there is the same number of monomers for all the systems.
Thus, for 2016 monomers, N is equal to 504, 252 and 126 for chain SW with m = 4,
8 and 16 monomers, respectively. We denote L, L,, and L. the dimension of the
simulation box in the x, y, and z directions. The starting procedure of the simulation
consists of placing the set of 2016 monomers in the centre of the simulation box,
surrounded by vacuum on both sides, and allowing them to evolve through all the
accessible microstates by calculating the interacting energy at certain temperature
conditions. The initial homogeneous liquid slab is placed in a rectangular simulation
box of dimensions L, = L, = 110, and L, = 24, 26, and 28 0 for SW chains formed
from 4, 8, and 16 monomeric units, respectively. The final overall dimensions of the
interfacial simulation box (vapour-liquid-vapour configuration) are L, = L, = 110,
and L, = 72, 78, and 84 ¢ for the corresponding chain lengths. Periodic boundary
conditions are used in the three directions of the simulation box, so that it is possible
to minimise the effects of finite size of the system.



Once the initial configuration is assembled, it is necessary to define a series of
variables that will ensure the proper transition from the initial molecular system to
the state of thermodynamic equilibrium determined by the selected ensemble. The
simulations were conducted at different temperatures in the NV'T ensemble using the
MD program GROMACS (version 4.6.1). [40] The temperature of the system was
controlled by using the Nosé-Hoover thermostat with a coupling constant value of 2
ps. [49, 50] According to the work of Zerén et al. [39] we used a time step of 0.1 fs
due to the complex functional forms of the interaction potential and force between
segments that form the chains, especially at r = o and r = o A where the potential
slope is very steep. This time step is considerably lower than the standard values
used in rigid (2 fs) and flexible (1 fs) systems that interact through the Lennard-
Jones potential. However, higher values of time step in this case would not allow to
adequately evaluate the values of the potential and the forces suffered by two segments,
preventing an adequate exploration of the phase space of the system.

In order to obtain an adequate description of the potential and the interaction force
using GROMACS software, their respective expressions, reported in Zerén et al., [39]
must be expressed in tabular form. In particular, the potential has been tabulated with
a mesh of § r = 0.00001 nm, so it has been necessary to carry out all the calculations
with double precision. [40] The values of temperatures considered in this work were
selected throughout the liquid range of each of the systems, from values of 50% of
the critical temperature estimated from the SAFT-VR equation of state, [51, 52] up
to values of 80-85% of the critical temperature of each system. This approximate
information on thermodynamic conditions is valuable as starting point to conduct
simulations for phase equilibria of the systems. In all the simulations, we considered
10 ns of equilibration and 50 ns of data collection. The production run was divided
into 10 blocks of 5 ns. Thus, the equilibrium values of the vapour pressure and surface
tension are determined as the average over the blocks, and the corresponding errors
as the standard deviation over the average of the blocks.

2.3. Calculation of properties

In the following lines, we explain the procedures for the calculation of the properties
characterising the phase equilibrium and the interface of the chain systems. As it is
well-known, an interface appears when two phases coexist in a first-order phase transi-
tion, separating one bulk phase from the other. There is an interfacial width, d, along
which the properties vary from the values taken in one bulk phase to the values taken
in the other bulk phase. For example, at a VL interface, the density varies continuously
from the coexisting density of liquid pr to that of vapour py. For a correct calcula-
tion of both coexistence densities, a careful treatment of the density profile becomes
essential. Making use of the direct coexistence simulation technique, it is possible to
determine the density of the system as a function of the position along the interface
p(z) (density profiles), at different temperatures. To this end, as commented above, the
simulations are conducted in the canonical ensemble, in which the volume of the sys-
tem remains constant. The density profiles p(z) are determined following the standard
methodology. The z direction of the simulation box, the direction normal to which the
interface develops, is divided into ng layers (slabs) of thickness A = L,/ng parallel
to the interface (zy plane). Then, the molecular density of the system is obtained by
associating the molecular position to the corresponding slab, in a way that is possible
to define p(z) by averaging, once the system is balanced, the number of molecules



N(z) in each layer of thickness A z centred on z, of volume Vi = L, Ly A z. The value
of the slab thickness A z must be small enough to obtain a proper discretization of the
system, and large enough so that the statistical precision is adequate. In this work, the
z-direction of the box has been divided into ns = 200 slabs. To ensure stable values
of the equilibrium coexistence densities, they are obtained by averaging p(z) over the
bulk vapour and liquid zones far enough from the interfacial zone. In particular, since
the system has been prepared in such a way that the liquid phase is in the centre
of the box, the coexistence density is approximately obtained by averaging over the
central 25% of the lateral (for the vapour phase, py ) and central (for the liquid phase,
pr) zone of the density profiles. The statistical errors are estimated by the standard
deviation of the mean values.

Other interesting properties to study are the vapour pressure and the surface ten-
sion. The vapour pressure is defined as the force per unit area exerted by a fluid on a
real or imaginary surface. It is very informative about the thermodynamic state of an
inhomogeneous system, since it affects its chemical equilibrium at the interfaces. The
surface tension is the Gibbs energy per unit area at the interface, for certain thermo-
dynamic conditions, and plays a crucial role in multiphase systems. Both magnitudes
are determined from the pressure tensor. Although several mechanical or thermody-
namic methods can be used to obtain these magnitudes, here we follow the mechanical
(virial) route, [53] and particularly the Irving-Kirkwood approach. In an inhomoge-
neous system with flat interfaces perpendicular to the z direction, as occurs in this
work, we distinguish two components of the pressure tensor, namely tangential Pr and
normal Py pressure. They are functions of the position in the fluid, in particular of
the distance measured perpendicularly to the interface, z. The virial expressions used
to calculate both pressure components can be found elsewhere. [42] The equilibrium
vapour pressure of the system is equal to the normal pressure. The surface tension is
obtained from the difference between both pressure components.

Finally, from the VL coexistence curve of a system it is possible to estimate the
critical temperature 7., and the critical density, p.. To this end, we apply the well-
known scaling law[54, 55| given by the following equations,

pr—pv = A(T =T.)° (3)
PL + pv
PLEIY ot B(T~T) (4)

Here f3 is the corresponding critical exponent,[56] with a universal value of 5 = 0.325
in Eq. (3). Eq. (4) is the well-known law of rectilinear diameters. A, B, T, and p,
are four unknown constants obtained by fitting to the simulation results. p;, and py
are the liquid and vapour coexistence densities at the corresponding temperature T,
respectively. Critical temperature, T,, and density, p., can be easily obtained from
Egs. (3) and (4).

An alternative and independent way [57, 58] to estimate the critical temperature T,
is from the obtained surface tension values as a function of temperature, «(7"), using
the scaling relation given by Eq. (5)
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where ~q is the so-called ” zero-temperature” surface tension and p is the corresponding
critical exponent. Here, we fix p to the universal value of p = 1.258, as obtained from
renormalisation-group theory.[56] Once again, the unknown constants, vy and T, are
found by fitting the surface tension data with temperature. It is worth remarking that
Egs. (3)-(5) are not exact (other than at temperatures very close to the critical point),
and additional terms should be required for a highly accurate determination of the
density and surface tension.

The critical pressure can be estimated from an extrapolation of the Clau-
sius-Clapeyron relation to the critical temperature obtained from Egs. (3) or (5):

WP =c+ 2 (6)
T

where C] and (5 are correlation parameters. The value of the critical pressure, P, is
obtained using Eq. (6) at T'= T,. The critical temperature value used in the previous

equation is obtained from Eq. (3).
All the quantities in our paper are expressed in conventional reduced units, with o
and € being the length and energy units, respectively. Thus, the temperature is given
in units of €/kp, the densities in units of 0=3, the lengths, including the interfacial

thickness, in units of o, the pressures in units of €/0?, and the surface tension in units
of ¢/a?.

3. Results

Since the SW molecular chains comprised by four monomers with potential range
A = 1.5 has been studied by Chapela and Alejandre [27] and Martinez-Ruiz et al., [31]
using MD and MC methods, respectively, we first discuss the results of equilibrium
phase and interfacial properties obtained for this system. The comparison will allow to
assess the reliability of the implementation of the continuous form of the SW potential
and its use for molecular chains, as well as of the overall methodology used in this work.
Then, it is applied to obtain information for a potential range not previously studied
(A = 1.75). Table 1 summarises the results at different temperatures for this system
of the coexistence densities, the vapour pressure, and the surface tension, obtained
as previously explained in methodology section. The errors of vapour pressure and
surface tension are estimated according to the explanation included in the previous
section. In the case of liquid and vapour densities, we use the values of the equilibrium
density profile corresponding to the liquid and vapour regions, respectively. For the
interfacial thickness, we use only one of the two values obtained from the fitting of the
density profiles (see the next paragraph).

Once the liquid and vapour densities, pr and py, at each temperature are deter-
mined, by averaging the proper regions of the density profiles, each density profile is
adjusted to the hyperbolic tangent function given by,



Table 1. Liquid density, pr,, vapour density, py, vapour pressure, P,
interfacial width, d, and surface tension, , at different temperatures
for systems of fully flexible CSW chains formed from four monomers
with potential range A = 1.5. The estimated errors are estimated as
explained in the text. Nomenclature means the following: 0.801(4) =

0.801 = 0.004.

T PL PV P d Y
1.00  0.801 0.000002(12)  0.00009(9)  0.7534  0.77(2)
1.20  0.752 0.000184(3)  0.0002(4)  1.0080  0.58(1)
1.30  0.724 0.000689(5)  0.00051(8) 1.2574  0.48(1)

1.50  0.655 0.0097(3)  0.00314(6) 2.2413  0.29(1)
1.60  0.609 0.0222(8) 0.0068(1)  2.3029  0.178(9)

(4)
)
140 0.693(3)  0.00203(3)  0.00143(5) 2.5845  0.380(9)
(2)
2
1.65 0.581%23 0.0320(9) 0.0092(1)  3.0509  0.139(7)

Table 2. AAD% of the simulation results for fully flexible CSW chains formed from four monomers
with potential range A = 1.5 with respect the simulation data for the liquid (pr) and vapour (py )
densities, interfacial tension () and critical temperature (7¢) and density (p.) obtained for the same
system by Chapela and Alejandre [27] and Martinez-Ruiz et al., [31]. Critical temperature (T..) and
density (pc) reported in this work for the fully flexible CSW chains are calculated from Eq. (3) and

Eq. (4).
AAD%(pr) AAD%(pv) AAD%(y) AD%(T.) AD%(pc)
Chapela and Alejandre [27] 0.24 28.09 4.56 5.80 3.84
Martinez-Ruiz et al. [31] 0.28 39.05 29.52 1.81 0.61

1

ple) = 501+ ) 5(on = p )t (22 7)

where 25 and d denote the Gibbs dividing surface and the interfacial width of each
interface, respectively. This latter parameter is likewise presented in Table 1. Along
all the work, only density profiles associated with one of the interfaces are dealt, in
order to avoid redundant information. Likewise, in order to show all the profiles with
respect to the same reference system, they have been displaced along the z axis to
place the Gibbs dividing surface, zg, at the origin of coordinates.

Fig. 1 shows the equilibrium density profiles of SW molecular chains formed from
four monomers, with potential range A = 1.5, at the temperatures exposed in Table 1.
Obviously, the liquid and vapour phases correspond to the left and right sides of
the interface, respectively. As it can be seen, the density of the liquid decreases and
the density of the vapour increases as the temperature of the system is raised, as
expected. Also, the slope of the density profiles along the interfacial region becomes
smaller, in absolute value, as the temperature approaches its critical value. According
to the scaling laws valid in the vicinity of the critical point, the interfacial width
must diverge. The obtained results are consistent with such tendency. The critical
temperature and density values obtained in this work, from Egs. (3) and (4), are
T.=1.94(2) and p.=0.27(3), respectively.

From the obtained coexistence equilibrium densities of the liquid and vapour phases
at each temperature and the critical coordinates, according to procedures exposed in
Section 2, we depict in Fig. 2 the VL coexistence diagram of the system, together
with the respective data reported by Chapela and Alejandre [27] and Martinez-Ruiz
et al. [31] The agreement among the simulation results of both authors and the results
obtained using the continuous version of the SW intermolecular potential is excellent
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Figure 1. Simulated equilibrium density profiles across the vapour-liquid interface of fully flexible SW chains
formed from four monomers with potential range A = 1.5. From top to bottom (in liquid region): T' = 1.0, 1.2,
1.3, 1.4, 1.5, 1.6, and 1.65.

throughout the temperature range despite using different methodologies. It is observed,
however, that the estimates of the critical temperature and density slightly differ. In
particular, the critical temperature obtained in this work is above the other simula-
tion results available in the literature, especially in relation to the value reported by
Chapela and Alejandre [27]. The critical temperature is obtained using the scaling law
from a truncated Wegner expansion given by Eq. (3). Note that, strictly speaking, this
Wegner expansion is only valid at temperatures very close to the critical temperature
(T'" — T¢). In our case, we use values between 0.5 and 0.85 times T,. This is a large
temperature distance but it is routinely used in the literature. Particularly, our highest
temperature considered in the fitting is 7' = 1.65. There are two important differences
with the case of Chapela and Alejandre: (1) they use an augmented Wegner expansion
(see Eq. (6) of their work), and more importantly, (2) the highest temperature consid-
ered by Chapela and Alejandre is T' = 1.8. This temperature is closer to T than our
highest value (1.65), which contributes definitively to predict a higher value of T,
The obtained surface tension values as a function of the temperature, collected in
Table 1, are depicted in Fig. 3. The results reported by Chapela and Alejandre [27]
and Martinez-Ruiz et al. [31] have been also included for comparison. As it can be
seen, the dependence of this magnitude with the temperature is the expected: high
values at low temperatures, indicating a significant separation between the liquid and
vapour phases, and a tendency to decrease asymptotically to zero as the temperature
of the system approaches the critical temperature. As in the case of the phase diagram,
the well-known scaling relationship with the temperature in the vicinity of the critical
point has been used. Although the surface tension is especially sensitive to molecular
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Figure 2. Vapour-liquid coexistence densities for fully flexible CSW chains formed from four monomers with
potential range A = 1.5. The circles correspond to the coexistence densities obtained from the analysis of the
density profiles obtained from MD NVT simulations and the squares and diamonds correspond to the results
obtained for the same system by Chapela and Alejandre [27] and Martinez-Ruiz et al., [31] respectively. The
filled symbols denote critical points, which were estimated in this work and in Martinez-Ruiz et al., [31] from
Egs. (3) and (4), and slightly differently in Chapela and Alejandre [27]. The curve represents the fit of the
simulation data obtained in this work to Eq. (4).

details, the results obtained in this work are in excellent quantitative agreement with
those obtained by Chapela and Alejandre [27] throughout the temperature range con-
sidered. Unfortunately, there are important discrepancies at low temperatures when
comparing with the data taken from the work of Martinez-Ruiz et al., [31] who used
MC methodology. This may be due to an inadequate MC exploration of the internal
degrees of freedom of the molecules at low temperatures in determining the surface
tension by thermodynamic methods. It is worth also comparing with computational re-
sults for SW spheres of the same range A\ = 1.5 obtained by the CFA approach [34, 35]:
at the reduced temperature of unity, the only comparable value, surface tension takes
logical lower values than SW chains: it is in between 0.25 and 0.3.

Table 2 includes the percentage Average Absolute Deviation AAD% of our results
for the liquid and vapour densities and interfacial tension at the different tempera-
tures with respect to the data from Chapela and Alejandre [27] and Martinez-Ruiz et
al., [31], which is defined as:

N, .
1T A XOSW — Xit

AAD% = — > |=— 1 %100 (8)
Np po tht
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Figure 3. Surface tension, as a function of temperature, for fully flexible CSW chains formed from four
monomers with potential range A = 1.5. The symbols are the same as in Fig. 2. The curve represents the fit of
our simulation data to the scaling relationship of the surface tension near the critical point given Eq. (5) with
u=1.258.

where X Z»CSW and X }it denote our simulated and previously reported data, respectively,
for each property; and N, denotes the number of points, i.e., of considered temper-
atures. This provides a quantitative and average measure of the comparison between
the results obtained by the distinct methods for this SW system. We also collect in
Table 2 the deviations of our critical values, T, = 1.94(2) and p. = 0.27(3), with
respect to literature [27, 31].

Once the methodology has been demonstrated, by comparison with available
data, [27, 31] capable of confidently predicting the density profiles, the VL equilib-
rium and the surface tension, we calculate these properties for SW chains formed from
different numbers of monomers, m = 4, 8 and 16 with potential range A\ = 1.75, at dif-
ferent temperatures. To our knowledge, this study has not been carried out so far, and
it is necessary and interesting from various fundamental aspects. First, new simulation
data for this kind of system is useful to validate molecular theories; and secondly, this
allows to assess the effect of the SW potential interaction range on the interfacial prop-
erties of the systems. Figure 4 shows the density profiles of each of the chain lengths
studied, as a function of the temperature. As expected, the qualitative behaviour is
the same for each system and the same to that obtained for chains with potential
range A = 1.5. As the temperature increases, the density of the liquid (vapour) phase
decreases (increases), and the interfacial width increases. It can be seen that, at the
same temperature, the slope of the density profile, in absolute value, increases with
increasing the chain length. This phenomenon can be better understood from the next
results for coexistence diagrams, interfacial widths and surface tensions as a function
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Figure 4. Simulated equilibrium density profiles across the vapour-liquid interface of fully flexible SW chains
formed from four (m = 4), eight (m = 8), and sixteen (m = 16) monomers with potential range A = 1.75. From
top to bottom (in liquid region): (a) m = 4, T = 1.45, 1.70, 1.95, 2.20, 2.45, 2.70, 2.83, and 2.9; (b) m = 8,
T =1.70, 1.95, 2.20, 2.45, 2.70, 2.95, and 3.20; (c) m = 16, T' = 1.95, 2.20, 2.45, 2.70, 2.95, 3.20, 3.45, and 3.7.



of temperature and chain length.

As previously exposed, and following the procedure described for the first system
studied, the coexistence densities are obtained by averaging the proper regions of the
density profiles. Then, the interfacial width is determined from the fit of the density
profiles, at each temperature, to a function of hyperbolic tangent type according to
Eq. (7). The vapour pressure and the surface tension are calculated from the com-
ponents of the pressure tensor. Results of all these magnitudes are reported in Table
3, as a function of the temperature and chain length. In turn, from the coexistence
densities, the critical magnitudes are calculated from the scaling law associated with
the critical exponent 8 and the law of rectilinear diameters, as exposed in section 2.
The critical temperatures are likewise obtained from the surface tension according to
Eq. (5). The obtained values characterising the critical point are reported in Table 4.
The results summarised in Tables 3 and 4 are plotted and comprehensively discussed
in the following lines. Note that the vapour pressure of the longest chainlike molecule
considered in this work, m = 16, could not be obtained at low temperatures (7" < 2.70)
since the number of molecules in the vapour phase was very low. It is important to
mention that the direct coexistence technique is not the most appropriate method to
determine vapour pressures. [59]

Table 3. Liquid density, pr,, vapour density, py, vapour pressure, P, inter-
facial width, d, and surface tension, v, at different temperatures for systems of
fully flexible CSW chains formed from four, eight, and sixteen monomers with
potential range A = 1.75. The estimated errors are estimated as explained in

the text.
T pL PV P d Y
m =4
1.45  0.7644(8) 0.000003(1) 0.000002(8) 0.761(6) 1.30(1)
1.70  0.7199(8) 0.000119(4) 0.00005(1) 0.957(2) 1.056(4)
1.95  0.6778(7) 0.00074(3) 0.00032(2) 1.236(9) 0.852(8)
2.20  0.6348(8) 0.00269(8) 0.00153(4) 1.84(1) 0.647(8)
2.45  0.5703(7) 0.0126(3) 0.0068(1) 2.4(1) 0.380(8)
2.70 0.531(1) 0.02396(3) 0.0122(1) 3.6(2) 0.261(5)
2.83  0.497(1) 0.03625(3) 0.0190(2) 3.97(4)  0.175(5)
2.95 0.450(2) 0.061(1) 0.0281(1) 5.4(3) 0.101(8)
m =8

170  0.7492(8)  0.0000002(8)  0.000003(
1.95  0.7124(8)  0.0000003(14)  0.000004(
2.20 0.6768(8)  0.000080(4)  0.000015(

4)  0.804(4)  1.244(8)
2.45  0.6403(8) 0.00061(9) 0.00009(1
2
5

Y 0.917(2)  1.05(1)
Yy o 116(1)  0.87(1)

5
8
) 1.50(1) 0.694(6)
2.70  0.6019(6) 0.00144(8) 0.00058(2) 2.17(3) 0.533(7)
2.95 0.560(2) 0.0059(4) 0.00176(5) 2.44(2) 0.382(6)
3.20 0.5084(20) 0.019(1) 0.0050(1) 3.2(1) 0.238(6)
m = 16

1.95  0.7289(9)  0.0000001(
2.20  0.6957(6)  0.0000002(
2.45  0.6634(6)  0.0000001(
2.70  0.6303(8)  0.000014(2

4) - 0.869(5)  1.17(1)
8) - 0.9812(3)  0.98(1)
4) - 1.10(1)"  0.84(1)
) - 1.31(1)  0.68(1)

2.95  0.5960(6) 0.00019(1) 0.00002(2)  1.534(2)  0.54(1)
3.20  0.5581(9) 0.00063(2) 0.00014(3)  2.02(2)  0.42(2)
3.45  0.517(1) 0.0035(2) 0.00072(5)  2.81(4)  0.28(9)
3.70  0.464(3) 0.012(1) 0.00217(8) 3.5(2)  0.185(6)

In Figure 5 we depict the phase diagrams of the SW chains formed from 4, 8 and
16 segments that interact with potential range A = 1.75, including the estimates
of the critical points. As can be seen, the usual VL coexistence diagram of linear
chains with varying the chain length is obtained. At a given temperature, there is an
increase in liquid density and a decrease in vapour density with increasing the chain
length, m. This behaviour is expected, since the increase of the chain length produces

13



Table 4. Critical temperatures and
densities for systems of fully flex-
ible CSW chains formed from m
monomers with potential range A =
1.75. Critical temperatures, TJ and
Tc§7 are obtained from the analysis of
the MD NVT coexistence densities us-
ing Egs. (3) and (4), and the anal-
ysis of the MD NVT surface tension
data using Eq. (5), respectively. Crit-
ical densities, pz, are also obtained
from the analysis of the MD NVT co-
existence densities using Eq. (4).

m Tl T8 pl

4 317(1) 3.17(2) 0.234(5)
8  3.75(2) 3.75(4) 0.225(8)
16 4.22(2) 4.21(6) 0.210(7)

an increase in the attractive interactions in the system, which results in an increase
in the separation, in terms of density, between the involved phases. This behaviour
occurs at each targeted temperature, which produces a global displacement of the VL
coexistence curves towards higher temperatures. Hence, the critical temperature of
SW molecular chains increases with increasing the length, as a consequence of the
increase in attractive interactions in the system. In short, coexistence curves become
wider as the chain length increases. Also, it is interesting to comment on another more
subtle effect, which has already been reported. [60, 61] as the chain length increases,
the behaviour of the coexistence diagrams tends asymptotically towards that of a
system made up of infinitely long chains. In particular, it is observed that the increase
in width of the coexistence curve is more significant when the number of segments
increases from four to eight than when the chain length increases much more. This
also occurs for the critical properties, which is actually consistent with the well-known
asymptotic behaviour of VL coexistence curves of molecular chains as the chain length
increases indefinitely.

As it is apparent from Table 3, a few values of the vapour pressure at low tem-
peratures (m = 16) are not presented (see dashed lines). The results obtained from
the MD NVT simulations gave negative values for these states. According to Vega et
al.[62] and Feria and coworkers [59] this is due to the fact that the direct coexistence
technique is not appropriate to determine the vapour pressure of this type of system,
especially at low temperatures, due to the extremely low values that the vapour pres-
sure takes. Instead of this technique, it would be desirable to use the Gibbs ensemble
method or free energy calculations, which will allow determining the vapour pressure
more accurately for such conditions. Except for these values, the vapour pressure is
depicted as a function of the temperature for SW molecular chains with different chain
lengths in Fig. 6. For a given chain length, the vapour pressure of the system increases
as the temperature increases, as expected. These curves follow the Clausius law, so
the greater the change in pressure with temperature is, the steeper the curve is. Re-
garding the effect of the chain length: at a given temperature, the smaller the number
of chain monomers is, the steeper the curve is. This is due to the lower intermolecular
interactions in shorter systems, which implies greater volatility. As the chain length
increases, the critical temperature of these systems increases, and hence the vapour
pressure curves shift toward lower pressures and higher temperatures. This behaviour
is consistent with computational results using the CFA approach reported by Orea
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Figure 5. Vapour-liquid coexistence densities for fully flexible CSW chains with potential range A = 1.75.
The open red circles, green squares, and blue diamonds correspond to the coexistence densities obtained from
the analysis of the density profiles obtained from MD NVT simulations for chain lengths of m = 4, 8, and 16,
respectively. The filled symbols are the corresponding critical points estimated from Egs. (3) and (4), and the
curves represent the fits of the simulation data to Eq. (4).
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Figure 6. Vapour pressure for fully flexible CSW chains with potential range A = 1.75. The open red circles,
green squares, and blue diamonds correspond to the vapour pressure obtained from MD NVT simulations
for chain lengths of m = 4, 8, and 16, respectively. The filled symbols are the corresponding critical points
calculated from Eq. (6) evaluated at the critical temperature estimated from Eq. (3). The curves represent the
fits of the simulation data to Eq. (6).

and Odriozola [34] and Padilla and Benavides [35] for SW spheres, of a range A = 1.5.

We have also represented the vapour pressure simulation data in a Clau-
sius—Clapeyron plot in Fig. 7. We have discarded the pressure values obtained from
simulation at low temperatures due to the reasons explained in the previous paragraph.
According to this, we fit the vapour pressure values represented in the figure to the
Clausius equation given by Eq. (6) for all the SW chains studied in this work. As can
be seen, the vapour pressure data using this representation show a linear behaviour
in agreement with Eq. (6). This result corroborates that vapour pressure obtained at
high temperatures, as indicated in the previous paragraph, can be obtained from the
direct coexistence technique with confidence.

The reported values (see Table 3) of the interfacial width d, obtained from analy-
sis of the density profiles, are plotted as a function of temperature for the different
molecular systems in Fig. 8. On the one hand, for a given chain size, the interfacial
width increases as the temperature increases. This behaviour is compatible with the
shape change of the density profiles with the temperature at the VL interface. As the
temperature increases, the profiles flatten in the interfacial region, as can be seen in
Fig. 4, increasing hence the interfacial width. When the temperature of the system
approaches the critical temperature, the interfacial width diverges (which means a flat
density profile), since both phases, vapour and liquid, become one in the critical state.
On the other hand, for a given temperature, the interfacial width is observed to de-
crease with increasing the chain length. This result is compatible with those shown for
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Figure 7. Clausius-Clapeyron plot for fully flexible CSW chains with potential range A = 1.75. The meaning
of the symbols and curves is the same as in Fig. 6.

the density profiles and the coexistence diagrams of chains of different lengths shown
in Figs. 4 and 5, respectively. As the chain length increases, the difference between
the density in the liquid phase and the gas phase increases, so the jump in densities
increases. This increase corresponds to an increase in the slope, in absolute value, of
the corresponding density profile in the interfacial region, with a consequent decrease
in the interfacial width, as Fig. 8 evidences.

The most important interfacial magnitude is surely the surface tension, which has
been determined from the mechanical route, as previously commented. Fig. 9 shows
the surface tension as a function of the temperature for SW chains formed from 4,
8 and 16 monomers with potential range A = 1.75. At a certain temperature, the
surface tension increases when the chain length increases. This fact, as in the case of
other thermodynamic and structural properties discussed above, is consistent with the
increase of the cohesive energy of the system (attractive intermolecular interactions)
as the chain length increases. The behaviour of this magnitude with the temperature
is practically linear at low and intermediate temperatures, showing a slightly concave
curvature in the vicinity of the critical temperature of each system. The effect of the
chain length on the slope of the curve is interesting. As the molecular size increases,
the slope becomes less negative and, as in the case of the coexistence curves and
vapour pressures, an asymptotic behaviour is observed. These phenomena have already
been described by Blas et al. [61] for the case of fully flexible molecular chains that
interact through the Lennard-Jones potential, as well as in experimental findings for
a series of homologous chains. [63] It is worth commenting that, as it is apparent from
data in Table 4, the critical temperature values obtained from the surface tension are

17



6 v I v I v I v I v I v
4t o .
S 3 B 0 7
2 b ' O .
.0 K
1F O___n‘g..o---o -

Figure 8. Interfacial thickness as a function of the temperature for fully flexible CSW chains with potential
range A = 1.75. The meaning of the symbols is the same as in Fig. 5. The curves are included as a guide to the
eyes.

very similar to those obtained through the scaling relationships associated with the
coexistence curves. These results corroborate our estimates of the critical temperatures
of fully flexible SW chains obtained from MD NVT computer simulations. Finally, the
comparison of data in Tables 1 and 3 for the chain system of m = 4 monomers and at
similar temperature evidences that the effect of the potential range is non-negligible at
all. To gain insight into this aspect, we are currently working on the phase equilibrium
and interfacial properties of SW chains with A = 2.0.

4. Conclusions

The VL phase equilibria and interfacial properties of fully flexible tangentially
bonded SW chains have been determined using a recently reported continuous
SW potential model by Zerén and collaborators. [39] This is the first time that
molecular chain systems are studied using MD simulations with such potential, which
was validated for SW spheres. We examine chains formed from four monomers with
potential range A = 1.5, and from 4, 8, and 16 monomers with potential range A = 1.75.

The comparison and good agreement of the phase equilibria and interfacial proper-
ties of SW tetramers with potential range A = 1.5 with available data in the literature
points to the reliability of this methodology for chain systems. Then, the equilibrium
and interfacial properties of SW chain fluids of 4, 8, and 16 monomeric units at different
temperatures are determined for the potential range A = 1.75. The overall behaviour
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Figure 9. Surface tension as a function of the temperature for fully flexible CSW chains with potential range
A = 1.75. The open red circles, green squares, and blue diamonds correspond to the surface tension obtained
from MD NVT simulations for chain lengths of m = 4, 8, and 16, respectively. The curves represent the fits of
the simulation data to the scaling relationship of the surface tension near the critical point given Eq. (5) with
= 1.258.

of the calculated properties as a function of the temperature and of the chain length
is the expected. For a given chain system, the vapour pressure and interfacial width
increase as the temperature is raised, and the surface tension decreases. The contrary
occurs for each property with increasing the chain length for a certain temperature.
Additionally, as the chain increases, we found that the coexistence curves and the
curves of surface tension with temperature exhibit an asymptotic behaviour. The esti-
mates of the critical temperature for each system from both the coexistence densities
and the surface tension are in good agreement. Clearly, the reported data evidence
that the SW potential range considerably affects the thermodynamic and interfacial
behaviour of chainlike systems and a more systematic study of SW chains comprising
longer potential ranges is needed. This will be the subject of future work.

Finally, it is relevant to remark again that simulation results obtained in this work
provide new data for SW chains useful to check if other theoretical and sophisticated
tools from Statistical Mechanics are able to predict with confidence the interfacial
behaviour of molecular chains with increasing potential range. This includes density
functional theories, the Square Gradient Theory or other equations of state, such as
the Statistical Associating Fluid Theory. This is an important issue that has not been
already solved satisfactorily in the literature.
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