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alkanes–perfluoroalkanes  mixtures.  Simulations  are  conducted  and  good  agreement  with  experiments
is  obtained.  From  the  results  a  change  in curvature  to  a nearly constant  value  in  the tensions  at  high
perfluoro-n-hexane  compositions  is  identified.  Dynamic,  thermodynamic  and  structural  properties  are
analysed  in  that  region  and  peculiar  tendencies  of  those  properties  are  found  which  help  us to  understand
the  nature  of  the  uncommon  inflection  in  the  isotherms.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

It is well known that mixtures of alkanes–perfluoroalkanes
resent a different behaviour from the ideal; for instance, the

arge positive deviation from Raoult’s law, the large positive excess
unctions and the liquid–liquid immiscibility [1,2]. In particular,
he vapour–liquid interface tension presents a horizontal inflec-
ion close to the critical composition which has been observed
n actual experiments [3,4] and predicted by the square gradi-
nt theory of van der Waals [5,6]. In fact, those studies have
uggested that the anomalous behaviour could be due to the
nusually weak attractive interaction between the alkane and per-
uoroalkane molecules [7–11]. From the experimental point of
iew alkane + perfluoroalkane mixtures have been studied in pre-
ious works [12,13] whereas from the theoretical point of view,

 successful approach to investigate those mixtures has been the
tatistical associating fluids theory (SAFT) which has proved to be

 reliable method in the study of these systems [2,14–20].
On the other hand, computer simulations have also proved

o be a powerful technique to study alkanes–perfluoroalkanes
ystems [21–23]. For instance the interfacial tension of the
-heptane + perfluoro-n-hexane (C6F14 + C7H16) system was simu-

ated in a previous work and the results shown good agreement
ith SAFT data and with experiments [24]. The principal interest of
hat previous work was the construction of a computational model
o reproduce the experiments such as the liquid–liquid equilibria
nd the interfacial tension. The model was also validated with an

E-mail address: hectordc@unam.mx

ttp://dx.doi.org/10.1016/j.cplett.2015.03.039
009-2614/© 2015 Elsevier B.V. All rights reserved.
equation of state (SAFT). In the present letter that computational
model is used to obtain more information and to better under-
stand how properties change along the interfacial tension, before
and after the inflection. Then, molecular dynamics simulations are
carried out to study, from a molecular point of view, the interfacial
tension isotherms of the n-heptane + perfluoro-n-hexane mixture.
In particular we investigate few structural, thermodynamic and
dynamic properties to better understand the nature of the inter-
facial tension in the system.

2. Model

As it was mentioned above the computational model is the
same used in our anterior work [24], i.e. the binary mixture is
simulated with the molecular dynamics methodology using the
same force field reported in previous letters [24–28]. The force
field includes inter- and intra-molecular interactions. The intra-
molecular interactions have harmonic bonds, harmonic angles and
dihedral potentials whereas the inter-molecular interactions con-
sider Lennard-Jones potentials with parameters taken from earlier
works [25–28]. In order to handle correctly the deviations, in the
n-heptane + perfluoro-n-hexane mixture, from the ideal behaviour
the cross interactions, given in the Berthelot rule, are corrected in
the Lennard-Jones potential [24,29]

�ij = (1 − �ij)
√

�ii�jj (1)
where �ii is the well depth of the Lennard-Jones potential. For the
present simulations it was used �ij = 0.1 since that value reproduced
correctly the liquid–liquid equilibria of the mixture [24].
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Figure 1. The interfacial tensions (�) of the vapour–liquid interface of the n-
heptane + perfluoro-n-hexane at (a) T = 328.15 K, (b) T = 318.15 K, (c) T = 298.15 K and
(d) T = 273.15 K. The red circles are experimental data taken from Ref. [3] and the
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Figure 2. Density profiles, �(z), of the n-heptane + perfluoro-n-hexane mixture at
T  = 318.15 K at different perfluoro-n-hexane compositions. (a) xp = 0.04, (b) xp = 0.2
and  (c) xp = 0.9. Black and red solid lines represent the perfluoro-n-hexane and the
lack circles are the computer simulations of the present work. The solid lines are
he fitted functions explained in the text. (For interpretation of the references to
olour in this figure legend, the reader is referred to the web version of the article.)

All simulations were run with the DL-POLY package [30]
n the NVT ensemble, using the Hoover-Nosé thermostat [31]

ith a relaxation time of 0.1 ps and a time step of 0.005 ps.
he initial configurations were prepared with n-heptane and
erfluoro-n-hexane molecules located randomly in the middle
f a rectangular box, with a vapour–liquid interface, of dimen-
ions X = Y = 43.0 Åand Z = 300 Å. The number of n-heptane and
erfluoro-n-hexane molecules was chosen in order to have sev-
ral compositions in the mixture (with a total of 980 molecules).
he usual periodic boundary conditions in all three directions
ere used and the Lennard-Jones interactions were cut off at 15 Å.

inally, several temperatures were simulated up to 20 ns using the
ast 5 ns for data analysis.

. Results

.1. Interfacial tension

In Figure 1 the vapour–liquid interfacial tensions are calculated
nd plotted at different temperatures, T = 273.15, 298.15, 318.15
nd 328.15 K, as a function of the perfluoro-n-hexane composi-
ion, xp. Those temperatures correspond to temperatures below,
lose to, and above the experimental critical point. The interfa-
ial tension is obtained by the mechanical approach by calculating
he components of the pressure tensor [32]. At low perfluoro-n-
exane compositions the interfacial tensions are in good agreement
ith the experiments whereas at high compositions the simula-

ion results slightly deviate from them, nevertheless, they reflect
ualitatively a similar trend with respect to the actual experiments.

It is worthy to mention that the present simulations were run at
he same conditions of those reported in our previous work [24] and

t is observed that the isotherms do not change significantly, i.e. data
re in agreement with previous results. In fact, from the isotherms,
t is possible to depict an inflection around the perfluoro-n-hexane
omposition of xp ≈ 0.2. Then, the curves show nearly a constant
n-heptane profiles, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

behaviour at high compositions. It is important to say that close to
the same composition (xp ≈ 0.2) it is also reported an inflection in
the vapour–liquid composition curves (see Refs. [13,24]).

In order to estimate where the isotherms present a constant
value, in our simulation data, the curves are fitted with the function
� = A0(tanh(A1xp)) + A2 (where A0, A1 and A2 are fitted parameters)
for all the data and with a straight line only for the last points.
Then, the composition where the isotherms reach nearly a con-
stant behaviour can be estimated as the intersection of both fitted
curves. In all cases that composition is around xp ≈ 0.7. In fact, that
value is close to the composition where a second inflection in the
vapour–liquid equilibria curves is observed in previous simula-
tions and experimental works [13,24]. Therefore, a region between
compositions (0.2–0.7) is identified where the interfacial tension
presents a change in curvature.

3.2. Structure

The first analysis is conducted in terms of density profiles for
the different perfluoro-n-hexane compositions. Since all profiles
present similar features only representatives graphs, at tempera-
ture T = 318.15 K, are shown in Figure 2. At low compositions it is
observed that perfluoro-n-hexane molecules are adsorbed mostly
at the vapour–liquid interface with few molecules uniformly dis-
tributed in the bulk liquid mixture. As the perfluoro-n-hexane
composition increases there is an increment of those molecules
at the interface indicated by the high peaks in the profiles (see
Figure 2b). From composition xp ≈ 0.2 and up to composition
xp ≈ 0.7 the perfluoro-n-hexanes do not present regular distribu-
tions in the liquid–liquid phase. Moreover, there are regions where
an excess of perfluoro-n-hexane molecules are observed in com-
parison with n-heptane molecules. Longer simulations were run,
from composition xp ≈ 0.2 to xp ≈ 0.7 (up to 30 ns), however, the
same trends are observed. However, from composition xp ≈ 0.8 both
perfluoro-n-hexane and n-heptane present a regular distribution
along the mixture as noted in Figure 2c.

The structure of the chains is also analysed by an order param-
eter,
Szz = 1
2

〈3cos2 � − 1〉 (2)
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Figure 3. The average order parameter, 〈|Szz|〉, of the CHn and CFn groups of
n-heptane + perfluoro-n-hexane mixture at different temperatures and perfluoro-
n-hexane compositions. Black circles are for perfluoro-n-hexane and red circles for
n
s
c

w
t
F
t

a
p
s
a
(
t
o
d
o
h
p
t
w
i
t
p
r
m
m
s
o
h
o
c
(

3

F
p

0 0.2 0.4 0.6 0.8 1
X (perflurohexane)

−6

−4

−2

0

2

H
  
(K

c
a

l/
m

o
l)

10

15

20

25

H
 (

K
c
a

l/
m

o
l)

(a)

(b)

Figure 4. Enthalpies (a) and change in enthalpy (b) of the n-heptane + perfluoro-n-
hexane mixture for different temperatures and perfluoro-n-hexane compositions.
Blue data for T = 328.15 K, green data for T = 318.15 K, red data for T = 298.15 K and
black data for T = 273.15 K. The continuous solid lines in panel (a) are the fitted curves
to  the data. The solid lines in panel (b) are linear functions fitted to the data. (For
-heptane. (a) T = 328.15 K, (b) T = 318.15 K, (c) T = 298.15 K and (d) T = 273.15 K. The
olid lines are included as a guide for the eye. (For interpretation of the references to
olour in this figure legend, the reader is referred to the web  version of the article.)

here � is the angle between the vector normal to the interface and
he vectors which joint nearest neighbour atoms along the chain.
or Szz = −0.5 the molecules present a complete order parallel to
he interface and for Szz = 1.0 the order is normal to the interface.

In Figure 3, the order parameter 〈|Szz|〉 averaged over all the CHn

nd CFn groups (in vapour and liquid phases) in n-heptane and
erfluoro-n-hexane molecules, respectively, is plotted. Despite the
mall values it is possible to observe a tendency in the plots. In fact,
t low perfluoro-n-hexane compositions (<xp = 0.2) the CFn groups
black data) present higher order than the CHn groups (red data). As
he number of perfluoro-n-hexane molecules increases the order
f the CHn groups increases while the order of the CFn groups
ecreases. Moreover, above composition xp = 0.4 a crossover in the
rder parameter is observed and the order of the alkanes becomes
igher than that of the perfluoroalkanes. Furthermore, from com-
osition xp = 0.7, where the constant behaviour of the interfacial
ension starts, the 〈|Szz|〉 of n-heptane has a significant increment
ith respect to the 〈|Szz|〉 of perfluoro-n-hexane. Since the cross

nteraction of n-heptane with perfluoro-n-hexane is weaker than
he interaction between molecules of the same specie (due to the
artial miscibility) it seems that at low compositions the perfluo-
oalkane chains do not feel much attraction with the other alkane
olecules. Therefore, the structure of the few perfluoro-n-hexane
olecules is not modified significantly and it could be the rea-

on of the higher order of those molecules with respect to the
rder of the alkanes. Similar arguments could be used at low n-
eptane compositions, in that case the order is reversed, i.e. the
rder of the alkane chains is higher than that of the perfluoroalkane
hains. The same trend is observed for all the temperatures studied
see Figure 3).

.3. Enthalpy
Enthalpies of the systems are also calculated and plotted in
igure 4. Even though the small differences in the enthalpies it is
ossible to depict a maximum value which can be estimated by
interpretation of the references to colour in this figure legend, the reader is referred
to the web  version of the article.)

fitting a quadratic curve over the data. The errors associated to
the data are of the size of the symbols. The maximum enthalpies
are located at compositions xp = 0.25, 0.29, 0.38 and 0.52 for tem-
peratures T = 328.15, 318.15, 298.15 and 273.15, respectively (see
Figure 4a), i.e. between the composition region of (0.2 and 0.7).
In fact, it is observed that the maximum enthalpy is shifted to high
compositions as the temperature is reduced. On the other hand, the
change in enthalpy, �H = H − H0 (where H0 is the enthalpy at com-
position zero), is also evaluated and plotted in Figure 4b. In that plot
data are fitted with a straight line in three different regions; region
1 from composition xp = 0.0 to xp = 0.2; region 2 from composition
xp = 0.2 to xp = 0.7 and region 3, from composition xp = 0.7 to xp = 1.0.
Then, it is observed how the slopes of the straight lines dramati-
cally change in each region, around xp = 0.2 and xp = 0.7 which are
the compositions where the curvature is defined in the interfacial
tension.

3.4. Diffusion coefficient

An extra analysis is calculated for a dynamical property, the
self diffusion coefficient of the CHn and CFn groups in the mixture
(Figure 5). In this case the diffusion coefficients are evaluated by cal-
culating the mean square displacements of the CHn and CFn groups.
Moreover, the diffusion is calculated over all CFn and CHn groups
in the perfluoro-n-hexane and n-heptane molecules, i.e. in the liq-
uid and vapour phases. At low perfluoro-n-hexane compositions
there are few of those molecules at the vapour–liquid interface
which have low mobility, however, there are also molecules in
the vapour phase with high mobility, i.e. they have high diffusion
coefficients. Our own  simulations of a pure perfluoro-n-hexane

system at very low densities (vapour phase) give even higher
diffusion coefficients than those obtained in Figure 5. Then, the dif-
fusion coefficients plotted in Figure 5 are the contribution of all
molecules in both phases which could explain the high diffusion
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Figure 5. Diffusion coefficients of the n-heptane + perfluoro-n-hexane mixture for
different temperatures and perfluoro-n-hexane compositions. Black circles are for
perfluoro-n-hexane and red circles for n-heptane. The solid lines are included as a
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uide for the eye. (a) T = 328.15 K, (b) T = 318.15 K, (c) T = 298.15 K and (d) T = 273.15 K.
For interpretation of the references to colour in this figure legend, the reader is
eferred to the web  version of the article.)

f the perfluoro-n-hexane at low compositions. As the perfluoro-
-hexane composition increases there are more molecules in the
ulk liquid than in the vapour region. Therefore, in this case, the
ain contribution in the diffusion comes from those molecules

n the liquid and the total diffusion coefficient diminishes. On
he other hand, since only few n-heptane molecules are in the
apour phase the diffusion coefficient for this specie is given by
he molecules in the liquid region. Therefore, the diffusion coef-
cient of the alkanes does not change significantly as shown in
igure 5. As a general trend, it is observed that the diffusion coef-
cient of perfluoro-n-hexane is higher than that of the n-heptane.
owever, as the perfluoro-n-hexane composition increases the dif-

usion of CFn decreases whereas the diffusion of CHn does not
hange significantly. In fact, from composition xp ≈ 0.7 the diffusion
oefficients of both components have similar values as observed in
igure 5. The experimental bulk diffusion coefficient of heptane,
t T = 298 K, is about 3 × 109 m2/seg [33] which is smaller than the
alue found in the present work at zero perfluoro-n-hexane com-
osition (≈8 ×109 m2/seg). In the case of the perfluoro-n-hexane

 bulk diffusion coefficient of 4 × 109 m2/seg is reported at tem-
erature T = 298 K [34] whereas a value of ≈11 × 109 m2/seg, at the
ame temperature, is found in the present work. However, diffu-
ions in the present letter, as mentioned above, are calculated in
he vapour–liquid system (not in bulk) and it could be the reason
f the difference with the reported values.

. Conclusions

Dynamical computer simulations are used to understand the
nflection of the interfacial tension of the n-heptane + perfluoro-n-
exane binary mixture. Even though the simulation data present

 slightly deviation from the experiments at high compositions,
hey give us a good overall description and behaviour of the

apour–liquid interfacial tension and the general shape of the
urves [3].

In the present work the partial miscibility is represented by
he weaker interaction of the different alkanes–perfluoroalkanes

[

[
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molecules. In fact, due to the immiscibility of the mixture the phys-
ical properties present different behaviour in the region where the
isotherms have a change in curvature. From the force field we have
that the CHn–CHn interactions are stronger than the CFn–CFn and
the cross interactions. Therefore, at low perfluoro-n-hexane com-
positions those molecules, at the interface, do not present strong
forces with the rest of the n-heptane molecules and it could be
reason why they remain at the vapour–liquid interface as indi-
cated in the density profiles. As the number of perfluoro-n-hexane
molecules increases those molecules are more distributed in the
system and then, less adsorption at the interface is observed.

From the surface tension plots it is observed that the curva-
ture changes faster at low perfluoro-n-hexane compositions (up to
xp ≈ 0.2) with a negative slope. By analysing the density profiles and
the order parameter (〈|Szz|〉) we  note structure differences at those
low compositions. It seems that the variations become from the
perfluoro-n-hexane molecules since those molecules are mainly
adsorbed at the interface and they present higher order than the
n-heptane molecules.

At rich perfluoro-n-hexane compositions the order of those
molecules is lower than that of the n-heptanes. Moreover, at high
perfluoro-n-hexane compositions (low alkane compositions) the
n-heptane is not adsorbed at the interface, i.e. there is not evi-
dence of any excess of those molecules at the interface since it
is not observed any alkane peaks in the density profiles at the
vapour–liquid interface. Therefore, the results suggest that the
inflection in the isotherms could be due to lose of structure and
order at the interface. On the other hand, the reduction in the struc-
ture and order are also followed by a change in enthalpy since a
variation of that quantity is observed in the same regions where
the isotherms present a change in curvature.

Finally, the present results give us new insights to explain the
interfacial tension of the vapour–liquid interface in the mixture.
Moreover, since there are other alkanes-perfluoroalkanes mixtures
which exhibit a similar non-ideal tendency [3] they might have
an analogous behaviour of the properties analysed in the present
n-heptane + perfluoro-n-hexane system.
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