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A detailed molecular-dynamics (MD) simulation study of the interfacial tension of the n-heptane+perfluoro-
n-hexane (C6F14+C7H16) binary mixture is carried out at different temperatures and compositions for the
vapour–liquid and liquid–liquid interfaces. The molecules are represented as chains of united-atom segments
using previously reported force-field pure-component parameterswith no furthermodification,while the unlike
interaction energy between the alkyl and perfluoroalkyl segments is adjusted to describe the experimental data
for the fluid phase equilibria. In the case of the vapour–liquid interface a horizontal inflection at a critical compo-
sition, sometimes referred to as aneotropy, is represented by our model as found in experimental work. Interfa-
cial tensions for both the liquid-liquid and vapour-liquid interfaces are determined using the test-areamethod. A
prerequisite of the determination of the interfacial tension by direct MD simulation involves studies of the fluid
phase equilibria (vapour–liquid (VLE) and liquid–liquid equilibria (LLE)). A unique unlike energetic interaction
parameter is adjusted to improve the prediction of the LLE and used in all the other simulations. The resulting
description of the fluid phase behaviour is compared with that calculated using an equation of state (SAFT),
and with experimental data where available; good agreement is observed.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Although perfluoroalkanes and alkanes appear similar from the
point of view of their molecular structure, they exhibit very different
physical properties. For example, mixtures of these components
display substantial deviations from ideality as evidenced in a variety
of interesting phenomena, including large regions of liquid–liquid im-
miscibility, large positive deviations from Raoult's law, and large posi-
tive excess functions [1,2]. Another physical property of particular
interest in perfluoroalkane+alkane mixtures is the interfacial tension:
isotherms of the vapour–liquid interfacial tension of these mixtures
present a horizontal inflection close to the critical composition [3,4],
as predicted by the square gradient theory of van derWaals [5,6]:more-
over, the interfacial tension isotherms close to the critical region are
found to be characterised by a variety of shapes, some of which suggest
aneotropic behaviour [3,4]. Correspondingly, a large number of investi-
gations have been carried out to address the unusual properties
observed in these systems [7–16]; it has been suggested that the anom-
alous behaviour could be the result of an unusually weak attractive
interaction between the alkyl and perfluoroalkyl moieties.

One approach to investigating perfluoroalkane+alkane mixtures
is to model them using equations of state (EoSs). In particular, over
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the last few decades a new generation of EoSs based on the statistical
associating fluid theory (SAFT) have proved to be reliable in the
study of a variety of fluid systems, such as polymers, polar and
hydrogen-bonding fluids, electrolytes, etc. [17–22]. The SAFT ap-
proach has also proven to be successful in the study of mixtures com-
prising alkanes and/or perfluoroalkanes, and several studies of these
systems, using different versions of the SAFT EoS, have been reported
[2,23–37].

Another approach to investigating perfluoroalkane+alkane mix-
tures is the direct representation of the molecules with specific force
fields using computer simulation. Computer-simulation techniques
now provide a powerful alternative tool for the investigation of such
interfacial systems. A particularly attractive feature of these techniques
is that they can help us understand the systems from a molecular
perspective. However, only a limited number of studies have been
reported for alkane+perfluoroalkane systems [38–42].

In our current work we employ both the SAFT EoS and computer
simulation to study perfluoroalkane+alkane mixtures, exemplified
by the n-heptane+perfluoro-n-hexane system (for which some
work has been previously reported [43,44]). The fluid phase equilibria
calculated with the theory and simulation are compared with the
available experimental data. However, we concentrate mainly on
the computer-simulation aspect of the work: there are only limited
examples of the use of the so-called test-area perturbation method
for the determination of the interfacial tension of two high-density
fluid states [45–49] analysing both vapour–liquid and liquid–liquid
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Table 1
Intramolecular and intermolecular potential parameters.

Nonbonded interactions

Group �(kJ/mol) σ(Å)

CH3 0.8647 3.91
CH2 0.3808 3.93
CF3 0.7234 4.36
CF2 0.2286 4.73

Bond stretching

ro(Å) Kb(kJ/mol Å2)

CHx−CHy 1.54 802.3465
CFx−CFy 1.54 802.3465

Bond bending

θ0(deg) Kθ(kJ/molrad2)

CHx−(CH2)−CHy 114 519.6545
CFx−(CF2)−CFy 114 519.6545

Table 2
Contact for the diheral (torsional) potentials.

Parameter Value (K)

Alkane torsion (Eq. (3))
c0/kB 0
c1/kB 335.03
c2/kB −68.19
c3/kB 791.32

Perfluoroalkane torsion (Eq. (4))
χ0/kB 940.4
χ1/kB −282.7
χ2/kB 1355.2
χ3/kB 6800.0
χ4/kB −7875.3
χ5/kB −14168.0
χ6/kB 9213.7
χ7/kB 4123.7
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interfaces. Liquid–liquid interfacial tensions have been calculated by
molecular simulations in a number of studies [40,50–63]. In our
work, the first computational study of the vapour–liquid and liquid–
liquid interfacial tensions for the n-heptane+perfluoro-n-hexane
mixture is undertaken, the latter also representing (to the best of
our knowledge) the first reports of the liquid–liquid interfacial ten-
sion for this system.

2. Computational method and model

Simulations of the binary mixture of n-heptane and perfluoro-
n-hexane are undertaken in the NVT ensemble using the molecular-
dynamics method with a Nosé–Hoover thermostat [64]. The total
potential energy comprises inter- and intramolecular interactions. The
intermolecular interactions between the molecular segments are de-
scribed using the Lennard-Jones potential with the n-heptane parame-
ters taken from reference [65] and the perfluoro-n-hexane parameters
from reference [41]. The intramolecular potential comprises bond,
angular and torsional interactions:

The bond-stretching potential is calculated with a harmonic
potential,

Ebond ¼ Kb

2
r−r0ð Þ2 ð1Þ

where r0 is the equilibrium distance between the two bonded atoms
and Kb is the bond constant.

The bond-bending interaction is also represented using a harmon-
ic potential,

Eang ¼ Kθ

2
θ−θ0ð Þ2 ð2Þ

where θ0 is the equilibrium angle and Kθ is the corresponding force
constant.

The dihedral (torsional) potential for the alkane is modelled with
the OPLS-UA potential [66],

Edih ¼ c0 þ c1 1þ cos ϕð Þ½ � þ c2 1−cos 2ϕð Þ½ � þ c3 1þ cos 3ϕð Þ½ � ð3Þ

where the ck are the energy constants and ϕ is the dihedral angle.
In the case of the perfluoroalkanes, the torsional potential suggested

by Cui et al. [67] is used

Edih ¼
X7
k¼0

χkcos
k ϕð Þ ð4Þ

where the χk are again constants which characterise the interaction.
The complete set of pure-component parameters used in our simula-
tions is given in Tables 1 and 2.

For the unlike intermolecular segment–segment interactions be-
tween molecules of the different species, the well-known Lorentz-
Berthelot combining rules are commonly used:

σ ij ¼
1
2

σ ii þ σ jj

� �
Lorentzð Þ; ð5Þ

�ij ¼
ffiffiffiffiffiffiffiffiffi
�ii�jj

p
Berthelotð Þ; ð6Þ

where σ represents the size parameter and � the energy parameter of
the intermolecular potential (see Table 1).

It has long been known that the unlike intermolecular interaction
between alkyl and perfluoroalkyl groups required to adequately
describe perfluoroalkane+alkane mixtures deviates substantially
from the Berthelot (geometric-mean) rule, as investigated early on by
Hudson and McCoubrey [68]. Consistent with this, large deviations
from the Berthelot rule have been found in several modelling studies
[16,25–27,69–71]. Since the seminal work of Hudson and McCoubrey
[68], the role of unlike intermolecular-potential parameters in mixtures
has been addressed in numerous papers; for a review see [72]. Based
on these findings, large deviations from the Berthelot rule are, indeed,
to be expected on theoretical grounds for these mixtures. Accordingly,
for the unlike alkane-perfluoroalkane inter-molecular interaction a de-
viation parameter is used in ourwork to correct the value obtainedwith
the Berthelot rule:

�ij ¼ 1−kij
� � ffiffiffiffiffiffiffiffiffi

�ii�jj
p ð7Þ

Different values of the deviation parameter kij are examined in the
simulations and it is found that kij=0.1 provides the best agreement
with the experimental data for the liquid–liquid immiscibility.

Molecular-dynamics simulations of the liquid–liquid equilibria are
started from an initial configuration consisting of two adjacent slabs
of pure n-heptane and perfluoro-n-hexane molecules located in a rect-
angular box. Isothermal–isobaric (NpT-ensemble) simulations are then
carried out at a pressure corresponding to the liquid phase to equili-
brate the system and establish the equilibrium box dimension to be
used in the subsequent canonical (NVT-ensemble) simulations; dimen-
sions of X=Y=42.989Å and Z=193.889Å are thereby chosen. The
system is then simulated in theNVT ensemble at different temperatures
up to the critical region.

For simulations of the vapour–liquid equilibria nine systems are
studied, corresponding to each of the pure components and seven dif-
ferent mixtures across the composition range. Initial configurations



Table 3
SAFT-VR square-well segment parameters.

C7H16 [19] C6F14 [85]

m 3.0 2.85
λ 1.5574 1.432
σ(Å) 3.9567 4.456
�/kB(K) 253.28 283.1
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are obtained by placing molecules randomly in a simulation box of
dimensions X=Y=43.0Å and Z=300.0Å.

All molecular-dynamics simulations are carried out in the NVT en-
semble using the DL-POLY package [73] with a time step of 0.005 ps
using the Hoover–Nosé thermostat [64] with a relaxation time of
0.1 ps. The usual periodic boundary conditions in all three directions
are employed and the Lennard-Jones interactions are cut off at 15 Å.
Finally, simulations up to 10 ns are conducted, using the last 4 ns
for data acquisition.

3. The statistical associated fluid theory (SAFT)

To aid the molecular-dynamics simulation study of the fluid phase
equilibria, phase diagrams for the n-heptane+perfluoro-n-hexane
mixture are calculated using the SAFT EoS.

The SAFT approach [74,75] provides a versatile and accurate tool to
study complex fluid phase behaviour. The approach stems from the
first-order thermodynamic perturbation theory (TPT1) of Wertheim
[76–79], which provides rigorous expressions for the free-energy con-
tributions of associating chain fluids. Since the original version of the
theory appeared, a number of modifications and extensions have been
presented in which different forms of the intermolecular potential are
employed and the structure of the reference fluid is treated inmore de-
tail (for reviews see, e.g., references [17–22]).

In the SAFT formalism, the free energy of a mixture of chain mol-
ecules is written as

F
NkBT

¼ Fideal

NkBT
þ Fmono

NkBT
þ Fchain

NkBT
þ Fassoc:

NkBT
ð8Þ

where N is the number of molecules, and kB is Boltzmann's constant.
The terms on the right hand side of Eq. (8) represent individual
contributions to the free energy. The first term, Fideal, is the ideal
free energy. Fmono is the contribution to the free energy due to the
monomer–monomer interactions; in the version of SAFT for poten-
tials of variable range (SAFT-VR) that we employ here this is obtained
from a high-temperature perturbation expansion up to second order
[80,81]. These first two terms alone would represent an equation of
state of the van derWaals type, for attracting spherical molecules. Fchain

is the contribution to the free energy of forming chains ofm tangentially
bonded spherical monomer segments, thereby introducing the effect of
molecular shape into the EoS. Fassoc is the contribution due tomolecular
association; since neither alkanes nor perfluoroalkanes are associating
molecules, in our current work no association contribution is included
(i.e., Fassoc=0).

Here SAFT-VR [80,81] is employed to model the fluid phase equi-
libria of the n-heptane+perfluoro-n-hexane mixture. In this
approach an attractive potential of variable range and arbitrary shape
is considered; for simplicity and ease of computation we choose the
square-well potential, thereby molecules are modelled as chains of m
spherical segments of diameter σ, interacting with each other through
a square-well potential of depth � and range λ. Moreover, in the theory
the chain molecules are assumed to be fully flexible so there is no
explicit orientation dependence in the interactions between the chains.
However, it is worth noting that within theWertheim TPT1 approach it
is not possible to distinguish between fully flexible or rigid chains. The
introduction of the additional non-conformal range parameter, λ, pro-
vides an added advantage in dealing with the challenging interactions
of the perfluoroalkanes in an effective way. Although the analysis car-
ried out in the current paper is for segment–segment interactions of
the square-well form, the SAFT-VR approach is generic and has been de-
veloped for Yukawa [82], Lennard-Jones [83], and Mie [84] segment–
segment interactions.

As for the molecular simulations, the representation of mixtures re-
quires the determination of both the pure and the unlike intermolecular
parameters. The pure-component parameters for the square-well
models are taken from the literature [85,86]. Mixture combining rules
of the form of Eqs. (5) and (7) were used to evaluate the unlike �ij pa-
rameters. Following Morgado et al. [2], an extra adjustable parameter
(Γij) is introduced to refine the unlike square-well range parameter:

λij ¼ Γ ij
λiiσ ii þ λjjσ jj

σ ii þ σ jj
: ð9Þ

The complete set of SAFT-VR pure-component parameters for the
chains of square-well segments used in this work is given in Table 3.
The adjustable unlike square-well parameters used to describe the
mixtures are kij=0.195 and Γij=−0.06.

4. Interfacial tension: the test-area method

The vapour–liquid and the liquid–liquid interfacial tensions are de-
termined for the binary mixture from the direct molecular-dynamics
simulation of the fluid interfaces. The traditional method to evaluate
this quantity is themechanical approach by calculating the components
of the pressure tensor [87]; in our currentwork, however, a perturbative
approach, known as the test-area (TA) [88] method is used. The TA
method is a thermodynamic route via which the interfacial tension γ
can be computed by generating infinitesimal perturbations in the inter-
facial area, thereby inducing small changes in the Helmholtz free energy
of the system. In the NVT ensemble the expression for γ is given by [88]

γ ¼ ∂F
∂A

� �
NVT

¼ lim
ΔA→0

ΔF
ΔA

� �
NVT

¼ − kBT
2ΔA

ln exp
−ΔU
KBT

� �� �
: ð10Þ

Here, ΔA=A1−A0 is the infinitesimal perturbation in the area (A0 is the
unperturbed area and A1 is the new area after perturbation), and ΔU=
U1−U0 is the change in configurational energy. The factor of 1/2 is includ-
ed because there are two interfaces in the simulated systems. Since the
partial derivatives are carried out at constant volume (Eq. (10)) the per-
turbation in the area is obtained by the following transformations in the
box dimensions:X1 ¼ X0

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ψ

p
; Y1 ¼ Y0

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ψ

p
and Z1 ¼ Z0= 1þ ψð Þ

such that V1(=X1Y1Z1)=V0(=X0Y0Z0), where ψ is a small perturbation
parameter. For these calculations the system ismonitored over 500 000
steps by performing the area change (bothΔA>0andΔAb0) every 10
steps. In each case the energy of the system is stored and, at the
end of the simulation, the interfacial tension is calculated using
Eq. (10) by averaging data generated from both increasing and de-
creasing the area. Different values of the parameter ψ are tested
until γ is found to be essentially constant for the given range of ψ
values. A value within this range, ψ=1×10−5, is used as the pertur-
bation parameter in all of the simulations to calculate the interfacial
tensions.

5. Results

5.1. Fluid phase behaviour

The liquid–liquid equilibria (LLE) of the binary mixture are exam-
ined first. Simulations are conducted for 500 molecules of perfluoro-
n-hexane and 750 molecules of n-heptane. The coexistence composi-
tions are estimated from the density profiles calculated in two different



0.8

1

an
e)

0

0.2

0.4

0.6

0.8

1

a)

39H. Domínguez et al. / Journal of Molecular Liquids 185 (2013) 36–43
ways. The first approach involves the calculation of the density profiles
ρ(Z) perpendicular to the interface (in the Z-direction), and the second
by calculating the density of each species within a large number of
spherical cells randomly inserted in the simulation box. The mole
fraction of each species and the total density are then calculated and
stored in histograms for the probability distributions of mole fraction
[89]. In Fig. 1 the temperature-composition T–x LLE phase diagram for
n-hexane+perfluoro-n-hexane is shown; here the simulated values
are compared with two sets of available experimental data [43,44]. At
low temperatures good agreement with experiment is observed,
however, at temperatures close to the critical point slight deviations
are apparent.

In the same figure, the corresponding representation with the
SAFT-VR EoS is shown. As suggested byMorgado et al. [2], the inclusion
of a negative value of the parameter for the range of the unlike
square-well interaction Γij (in Eq. (9)) is necessary to reproduce the un-
usual width of the liquid–liquid phase boundary exhibited by the
n-heptane+perfluoro-n-hexane mixture. Indeed, a refinement of the
unlike range (cf. Γij in Eq. (9)) leads to a broader coexistence envelope
than only adjusting the unlike attractive energy (cf. kij in Eq. (7)). How-
ever, it is worth noting that the use of a negative Γij (in place of the usual
Γij=0) naturally leads to a larger (positive) value for kij, as was demon-
strated in reference [72].Weuse values of the unlike interaction param-
eters of kij=0.195 and Γij=–0.06 to give the best description of the
experimental LLE data, and these parameters are retained for all subse-
quent calculations. In large part, the reason that a negative Γij leads to a
large (positive) kij is that the integrated energy (van der Waals attrac-
tive constant) αij, given for the SW potential by αij=(2π/3)�ijσij

3(λij3−
1), thereby takes approximately the same value. Accordingly, although
the similar values of kij obtained in our currentwork and in reference [2]
are rather larger than the value of kij=0.08 obtained by McCabe et al.
[27] for alkane+perfluoroalkane mixtures (treated also within the
SAFT-VR approach using a square-well potential), this simply reflects
the choice of Γij=0made byMcCabe et al. [27]. In commonwith the di-
rect molecular dynamics simulation, the SAFT-VR EoS provides a good
description of the experimental data at low temperature, however, as
expected, the agreement becomes poorer as one approaches the critical
region.
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Fig. 1. The liquid–liquid equilibria (LLE) for the n-heptane+perfluoro-n-hexane binary
mixture. The filled circles and squares are experimental data taken from references [44]
and [43], respectively. The open circles represent data obtained from direct molecular dy-
namics simulation and the continuous curves are the representationwith the SAFT-VR equa-
tion of state.
It is well known that analytical equations of state cannot simulta-
neously describe both the sub-critical and critical regions. The pure-
component models are developed to capture the sub-critical region,
thereby leading to an overprediction of the critical points; this is also
reflected in the overprediction of the mixture critical line and, corre-
spondingly, the temperature of the predicted liquid–liquid critical
point of the mixture in Fig. 1 is too high.

The vapour–liquid equilibria (VLE) are also modelled using both
molecular-dynamics simulation and the SAFT-VR EoS, using the same
parameters as those used to describe the LLE. Simulations of the VLE
region are undertaken at different compositions (using 1000 particles
in total) at three different temperatures, (T=298.15, 317.65 and
328.15 K), which correspond to temperatures below, close to, and
above the experimental liquid-liquid critical point.

The McCabe–Thiele representation of the vapour (y) and liquid (x)
compositions for the n-heptane+perfluoro-n-hexane binary mixture
at T=298.15, 317.65 and 328.15 K are shown in Fig. 2. In all cases
s-shaped curves are observed, and at low temperatures the simulated
data are seen to be in good agreement with the experimental data; as
the temperature is increased, however, slight deviations are observed.
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Fig. 2. The vapour–liquid equilibria (VLE) depicted in a McCabe–Thiele representation of
the vapour (y) and liquid (x) compositions for the n-heptane+perfluoro-n-hexane mix-
ture at a) T=298.15 K, b) T=317.65 K and c) 328.15 K. Thefilled circles are experimental
data from reference [44], the open circles are the data obtained from direct molecular
dynamics simulation, and the continuous curves represent the predictions with the
SAFT-VR EoS.
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Fig. 3. The excess volumes for the n-heptane+perfluoro-n-hexane mixture at T=
298.15 K. The experimental data are from reference [1]. See the legend of Fig. 2 for
details.
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Fig. 5. An isothermal pressure-composition slice of the vapour–liquid phase diagram of
the n-heptane+perfluoro-n-hexane mixture at T=317.65 K. The open circles are the
data obtained from direct molecular-dynamics simulation, and the continuous curves
represent the predictions with the SAFT-VR EoS.
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On the other hand, the SAFT-VR predictions for the VLE appear to show
excellent agreement with experiment throughout this temperature
range. The composition dependence of the excess molar volumes
are also calculated from the molecular-dynamics simulations and
the SAFT-VR EoS, and the results are shown in Fig. 3. As can be
seen, the agreement between the theory, simulation and experiment
is very good.

Although this represents the extent of experimental data available for
the n-heptane+perfluoro-n-hexane mixture, Figs. 1 and 2 alone do not
suffice to provide a good understanding of the global phase diagram of
this mixture. Additional isothermal pressure-composition slices of the
fluid-phase equilibria can provide further insight. Accordingly, P-x iso-
therms are predicted using both simulation and theory, and the resulting
fluid phase diagrams for the regions of VLE and LLE are presented in
Figs. 4–6. In this case the simulated pressure is calculated from the virial
route for the bulk coexisting vapour phase [64].

At temperatures below the lower critical end point of the mixture
[16], liquid–liquid separation is predicted at high pressures by both
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Fig. 4. An isothermal pressure-composition slice of the vapour–liquid phase diagram of
the n-heptane+perfluoro-n-hexane mixture at T=298.15 K. The open circles are the
data obtained from direct molecular-dynamics simulation, and the continuous curves
represent the predictions with the SAFT-VR EoS.
molecular simulation and the SAFT-VR EoS. Moreover, azeotropy is
exhibited by the mixture (although this is not easily observable in the
figures due to the scale). Agreement between the simulated data and
SAFT-VR calculations is good at low compositions of perfluoro-n-hexane,
though for higher compositions the two methods exhibit a slight
disagreement. Unfortunately, to our knowledge no experimental P-x
data for the VLE of the n-heptane+perfluoro-n-hexane mixture
are available. The only available experimental data are the pure-
component limits (vapour pressures) and, correspondingly, these are
the only experimental points represented in the figures. From these, it
can be observed that SAFT-VR provides a slightly better agreement for
the pure components at subcritical temperatures. However, at a tem-
perature of T=317.65 K one still predicts liquid–liquid phase separa-
tion at high pressure with the SAFT-VR EoS (Fig. 5). This is due to the
overprediction of critical line of the mixture (as discussed earlier in re-
lation to the overestimation of the critical temperature in Fig. 1). The
same overestimate of the critical point is not found in the simulations,
and as a result at high pressures and concentrations between 0.2 and
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Fig. 6. An isothermal pressure-composition slice of the vapour–liquid phase diagram of
the n-heptane+perfluoro-n-hexane mixture at T=328.15 K. The open circles are the
data obtained from direct molecular-dynamics simulation, and the continuous curves
represent the predictions with the SAFT-VR EoS.
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0.6 the agreement between the SAFT-VR EoS and the simulation data is
poor.

At T=328.15K (Fig. 6) the simulated data and the SAFT-VR calcula-
tions exhibit similar trends, though the simulation data is consistent
with slightly higher coexistence pressures than predicted with the
SAFT-VR EoS.

5.2. Interfacial tension

Liquid–liquid interfacial tensions are determined during themolecular-
dynamics simulations using the test-areamethod as described in Section 4.
As expected the interfacial tensionγexhibits amarked temperaturedepen-
dence, tending to zero as the temperature approaches the critical value. The
small magnitude of the values (γb3mN/m) that we obtain for the liquid–
liquid interface is a particularly notable feature, but unfortunately we did
not find any experimental data with which to compare our results. In
Fig. 7 the simulated data are correlated with the Eötvös [90] equation,

γV2=3
m ¼ κ T−Tcð Þ ð11Þ

where κ is a constant (2.1×10−7J/(Kmol−2/3)), Vm is the molar volume,
and Tc is the critical temperature [90]. For pure components, the interfacial
tension is found to be well represented by the Eötvös equation. We
apply this relation merely as a guide to the eye. For these calculations
the critical temperature is estimated to be Tc=316K as suggested by
the experimental data; the molar volumes are evaluated empirically
at each temperature.

A representative configuration of the liquid–liquid system, corre-
sponding to the lower temperature data point of the figure (atT=
273.15K), is also shown in Fig. 7. As is typical for such configurations,
the system is not characterised by a sharp interface; rather the inter-
face is slightly diffuse, as is consistent with the low value estimated
for the liquid–liquid interfacial tension.

Vapour–liquid interfacial tensions of the systemare also obtained dur-
ing the course of the MD simulations. Experimental data for the vapour–
liquid interfacial tension have been reported for the n-heptane+
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Fig. 7. The interfacial tension of the liquid–liquid interface of the n-heptane+perfluoro-
n-hexane mixture as a function of temperature. The open circles are the data obtained
from direct molecular dynamics simulation with the test-area method, and the continu-
ous curve is an empirical correlation (see text). A snapshot of a typical configuration is
shown (red represents the n-heptanemolecules and yellow represents the perfluorohexane
molecules).
perfluoro-n-hexane mixture [3]. In Fig. 8 the vapour-liquid interfacial
tensions at three different temperatures are shown as a function of the
composition of the perfluoroalkane; the filled circles represent the ex-
perimental data while the open circles represent the simulated values.

At low composition of perfluoro-n-hexane the interfacial tension
decreases rapidly until it exhibits a horizontal inflection corresponding
to the onset of aneotropy [3].

To the best of our knowledge the term aneotropy was first used by
McLure et al. [4] to refer to an inflection on the interfacial tension
curves of a binary mixture as function of the concentration. Since
then, the name has been used by other authors [87,91]. The inflection
occurs for a perfluoro-n-hexane composition of xp≈0.2 which appears
to correspond to the inflection of the s-shaped curves for the vapour
and liquid compositions (cf. Fig. 2) where there is a maximum in the
composition of the vapour phase. At higher temperatures, near the crit-
ical composition xc, the slope of the interfacial tensionwith composition

∂γ
∂xp

� �
T
increases with the composition of the component with a higher

interfacial tension, in agreement with the calculations with the square
gradient theory [5,6]. At high perfluoro-n-hexane compositions, it can
be seen that the simulation results deviate from the experimental
data. Nevertheless, the simulated trends reflect qualitatively those
exhibited in the experimental data.

6. Conclusions

In the present work a combined molecular-dynamics simulation
and theoretical representation with the SAFT-VR EoS is employed to
study the fluid phase equilibria and interfacial properties of the
n-heptane+perfluoro-n-hexane binary mixture. The molecular simu-
lations and theory are both seen to provide a good overall description
of the vapour–liquid equilibria in comparison with the available exper-
imental data, although the simulation values exhibit slightly larger de-
viations from experiment, in particular at high perfluoro-n-hexane
compositions. The liquid–liquid immiscibility is of particular interest,
since previous studies devoted to this interface are very limited. The
general shape of the coexistence curve is correctly described using
either methodology, and of reasonable quantitative accuracy in the
low-temperature region. However, as expected, the use of the algebraic
SAFT-VR EoS leads to an overestimate of the critical point, as the model
parameters are adjusted to provide a good description away from the
critical region. It is important to point out that any analytical (classical)
equation of state is expected to fail close to the critical point as the
description is characterised by a classical critical exponent of 1/2 rather
than the universal renormalisation group value of 0.325. A specific
renormalisation group procedure is required to treat the critical and
near-critical region adequately, but this is beyond the scope of our
current work. In the case of the simulations in the NVT or the NVE
ensembles, finite-size effects also lead to an overestimate of the critical
point. Itwould be possible to use extended critical scaling to extrapolate
the data to the critical point [92,93], however, this was not the goal in
this instance.

From simulations using the same values of the intermolecular pa-
rameters, we evaluate both vapour–liquid and liquid–liquid interfa-
cial tensions of the n-heptane+perfluoro-n-hexane mixture; to the
best of our knowledge these are the first reported liquid–liquid ten-
sions for this mixture. The liquid–liquid interfacial tensions appear to
exhibit the correct trends although some scatter is observed, presum-
ably due to the closeness of the state points to the critical region. In
terms of the vapour–liquid interface it was possible to capture the char-
acteristic aneotropic behaviour of the experimental surface tension
[44], i.e., a horizontal inflection for the near-critical isotherm.Moreover,
from the simulations we observed that this mixture exhibits
surface-tension isotherms of type 2, as classified and predicted by
McLure et al. [3] with a negative surface tension-composition slope on
approaching the critical point, xc.
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As a concluding statement we should emphasise that despite the
simplicity of the force fields employed, the chosen interaction param-
eters of the models allows one to capture the basic features of both
the vapour–liquid and liquid–liquid equilibria and the corresponding
interfacial tensions of the binary mixture.
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