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a b s t r a c t

The surface tension is determined by molecular dynamics simulation for the class of fluid models con-
taining two Lennard-Jones centers and a point quadrupole (2CLJQ). The simulations are carried out with
a long range correction for elongated molecules at planar interfaces, along the whole vapor pressure
curve. The model parameters are varied systematically, covering the parameter range of 2CLJQ models
for real fluids from the literature. Vapor–liquid equilibrium properties are obtained which agree well
with literature data for 2CLJQ models. An empirical correlation for the surface tension is developed as a
global function of the model parameters.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The two center Lennard-Jones plus quadrupole (2CLJQ) class
of molecular models provides a straightforward description of the
intermolecular interaction in many compounds such as air compo-
nents [1–7], halogens [1,8], refrigerants [9] and hydrocarbons [1].
For example, various 2CLJQ molecular models exist for carbon diox-
ide [1–3], nitrogen [1,4–7], oxygen [1,7] and chlorine [1,8]. Table 1
shows an overview of 2CLJQ molecular models for real fluids from
the literature.

These molecular models are usually adjusted to bulk proper-
ties of vapor–liquid equilibria [1–3,6,9] like the vapor pressure,
the enthalpy of vaporization and saturated densities, or the sec-
ond virial coefficient [3]. The surface tension of these molecular
models was up to now not taken into account in the parameteriza-
tion. Nonetheless, the surface tension of 2CLJQ nitrogen and oxygen
models adjusted to vapor–liquid equilibrium bulk properties is
known to agree well with experimental data [10,11]. However, a
systematic study on the surface tension of 2CLJQ models has not
been conducted so far. The present work closes this gap, providing
detailed information on the relation between 2CLJQ model param-
eters and the surface tension obtained by molecular simulation. It
can, e.g., be used for adjusting model parameters to surface tension
data.

In molecular simulation, bulk properties of fluid phases in ther-
modynamic equilibrium can be computed by various methods, like
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Grand Equilibrium [12], NpT plus test particle simulation [13], or
the Gibbs ensemble method [14]. The computation of interfacial
properties is not possible with these methods as no interface is
present. Instead, a single simulation volume containing the liquid
and the vapor phase, separated by an interface, is needed. Directly
sampling the interface has the consequence that because of the
heterogeneity of the system, the long range contribution of the
interaction potential becomes more significant [15–17]. However,
for numerical reasons the interaction potential has to be cut off. The
error made by this simplification is accounted for by an asymmet-
rical long range correction, which can be based on fast multipole
methods [18,19], slab based tail corrections [15,20,21] or Ewald
summation techniques [22,23]. Even though these methods dif-
fer considerably in their algorithms, the results in terms of the
saturated liquid density and the surface tension in systems with
multiple Lennard-Jones sites of the most recent versions of these
approaches are similar [20,23].

In previous work, vapor–liquid equilibria of the 2CLJQ fluid were
examined and correlated [1,9,24]. Additionally, transport proper-
ties of the 2CLJQ fluid were determined for model fluids [25] as well
as 2CLJQ molecular models describing real fluid behavior [26,27].
In the present work, the surface tension of the 2CLJQ model fluid is
determined and a correlation for the simulation data is given. These
results can be used for the optimization of molecular models.

2. Simulation

The molecular models considered in the present work consist of
two identical Lennard-Jones sites, which are at a distance L apart
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Table 1
Overview of 2CLJQ molecular models for real fluids from the literature. Numbers are used for identification, cf. Fig. 1.

CO2 1, 2, 3 C2H2 19 CO 29
N2 4, 5, 6, 7, 8 C2F6 20 R113 30
O2 9, 10 C2F4 21 R114 31
Cl2 11, 12 C2Cl4 22 R115 32
F2 13 Propadiene 23 R134 33
Br2 14 Propyne 24 R30B2 34
I2 15 Propylene 25 R150B2 35
CS2 16 SF6 26 R114B2 36
C2H6 17 CF4 27 R1120 37
C2H4 18 CCl4 28

Vrabec et al. [1] 1, 4, 9, 11, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28
Möller and Fischer [2] 2
Murthy et al. [3] 3
Cheung and Powles [4] 5
Murthy et al. [5] 6
Kriebel et al. [6] 7
Bouanich [7] 8, 10
Murthy et al. [8] 12
Stoll et al. [9] 29, 30, 31, 32, 33, 34, 35, 36, 37

from each other, and a point quadrupole in the center of mass. The
Lennard-Jones potential is described by
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with the energy parameter � and the size parameter �, where
rij is the distance between the two interaction sites. The
quadrupole–quadrupole interaction is described by
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where �0 is the electric constant, Qi and Qj are the quadrupole
moments of the two molecules, and f(ω) is a dimensionless angle-
dependent expression [28].

All thermodynamic properties are given here in terms of �, � and
m, as well as the Boltzmann constant kB and the Coulomb constant
1/4��0, i.e.

temperature T = T∗ � / kB, (3)

pressure p = p∗ � / �3, (4)

density � = �∗ / �3, (5)

surface tension � = �∗ � / �2. (6)

This approach effectively reduces the number of parameters of the
2CLJQ model fluid to two: the reduced elongation L* = L / � and the
reduced squared quadrupole moment Q*2 = Q2 / (4��0 � �5). The
simulation grid, containing the parameters of the simulated fluids,
is shown in Fig. 1, which also includes molecular models for real
fluids from the literature [1–9]. Simulations were performed from
0.6 to 0.9 T∗

c , where T∗
c (Q ∗2, L∗) is the critical temperature estimated

by an equation of state for the 2CLJQ fluid [24]. The liquid phase was
situated in the center of the simulation volume and surrounded by
vapor on both sides.

The surface tension � was obtained from the difference between
the normal and tangential contributions to the virial �N − �T,
which is equivalent to the integral over the differential pressure
pN − pT

� = 1
2A

(�N − �T) = 1
2

∫ ∞

−∞
dy (pN − pT) , (7)

where 2A denotes the surface area of the two dividing surfaces in
a simulation volume with periodic boundary conditions [21,29].

Fig. 1. Reduced parameters of the simulated 2CLJQ model fluids. Open symbols
denote the model fluids studied in the present work, crosses correspond to molecu-
lar models which represent real fluids. The numbers identify the real fluids and the
authors given in Table 1.

A center-of-mass cutoff radius of 5 � was used. Beyond the cutoff
radius a slab-based long range correction (LRC) with angle aver-
aging was used for the Lennard-Jones interactions [20], while the
point quadrupole was assumed to have no preferred orientation
beyond the cutoff radius, which yields a vanishing LRC contribution.

The simulations were performed with the ls1 mardyn molecular
dynamics code [30,31] in the canonical ensemble. A number of par-
ticles of N = 16,000 was used throughout. The equation of motion
was solved by a leapfrog integrator [32] with a time step of 	t* =
0.001. The elongation of the simulation volume normal to the inter-
face was l∗y = 60 and the thickness of the liquid film was l∗lf = 30,
to minimize finite size effects [33]. The extension of the simula-
tion volume in the other spatial directions was at least l∗x = l∗z = 20
to minimize the error due to truncating the capillary wave spec-
trum [34–37]. The equilibration was conducted for 500,000 time
steps and the production runs for 2,500,000 time steps, so that
highly precise simulation results were obtained (see below). The
statistical errors were estimated to be the triple standard devi-
ation of five block averages, each over 500,000 time steps. The
saturated densities and the vapor pressures were calculated as
an average over the respective phases excluding the interfacial
region.
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