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Structure of perfluoroalkane fluids at the liquid-vapor interface:
a molecular dynamics study
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Structure of perfluoroalkane fluids at the liquid-vapor interface was studied by molecular dynamics simulations at different temperatu
It was observed that fluids formed a freezing layer at the liquid-vapor interface with a strong structure which it was more pronouncec
low temperatures, close to the melting point. Whereas molecules did not have any preference orientation in the bulk fluid they develop
monolayer of molecules aligned perpendicular at the interface. Similar results have been observed for alkanes fluids in the same inter
however, the structure of those molecules is weaker than that reported for perfluoroalkanes. As the temperature increased the layer n
until it vanished. Finally, thermodynamic studies were also conducted in terms of surface tensions and good agreement with experime
data was found.

Keywords: Structure; freezing layer; surface tension; computer simulation.

Se estudia la estructura de los fluidos perfluoroalcanos en la intddasiolvapor mediante simulaciones por computadora. Se dbgae/

los fluidos forman una monocapa congelada en la interfase a temperature bajas, cercanas al punto de congelamiegtulasisnecte
encuentran en la interface se orientan perpendicularmente a la superficie mientras quedakseh el centro no lo hacen. Estedfimeno

se ha observado en fluidos tipo alcanos, sin embargo, el orden que tienen ésaganas menor a la que presentan los perfluoroalcanos.
Cuando la temperatura se aumenta la estructura de la capa desaparece. Finalmente, se realizan calculos de propiedadeisasrmodin
como la tengin superficial obteniendose un buen acuerdo con datos experimentales.

Descriptores: Estructura; capa congelada; teémssuperficial; simulaciones por computadora.

PACS: 05.70.-a; 05.70.Np; 61.20.Ja; 61.30.Hn

1. Introduction Then, we conducted molecular dynamics simulations for
different perflouroalkane molecules at the liquid-vapor inter-
Fluids at interfaces have been study for long time not 0n|yface to study the structure of the molecules. As in a previous
for their importance in scientific areas, such as lubricationPaper the structure was characterized with density profiles
adsorption, coating, etc., but also for their several industrialong the interface and by calculating an order parameter of
applications. In particular, among the different interfacesthe molecules [8].
special attention has been considered for the liquid-vapor in-  Finally, thermodynamic properties for the fluids were
terface where extensive experiments [1, 2], theory [3-5] andlso calculated and surface tension data were obtained and
computer simulations [6—8] have been carried out. Of specidieported in the present paper.
attention has been the study of the structure that fluids have
at the liquid-vapor interface. For instance, some works o
alkane fluids have found that hydrocarbon chains present a’

well ordered freezing layer at the interface close to the meltsjmuylations for several perfluoroalkane systems at the liquid-
ing temperature. The phenomenon has been observed ngdpor interface were conducted at different temperatures.
only in actual experiments [2] but also in computer simula-The molecules were simulated with an united atom model
tions [8-11], although the freezing layer in the simulationsysjng the force field given by Escobedo and Chen [15] for
is observed at lower temperatures than those reported in thfe short interactions and for the angle potentials whereas
experiments. the dihedrals in the molecule were handle with the Ryck-
Besides alkanes, other molecules with long chains, suchert - Bellemans potential parametrized by Lee et al. [16].
as perfluoroalkanes, have been also matter of several studi@se model consists of rigid bonds and it also considers bond
since those molecules have a lot technological applications ihending potentials for the intramolecular interactions. In fact
areas of chemistry, physics, medicine and pharmacy [12—14}his model is slightly different of that of alkanes used in a
However, to the best of our knowledge a freezing layer, at thgrevious work where it uses a bond stretching potential.
liquid-vapor interface, has not been reported or study in per- All systems started with 972 molecules in a paral-
fluoroalkane systems. Therefore, in the present paper we alelepiped box using the NPT ensemble at temperatures
interested to investigate in more detail the structure of thesaround the melting point and pressure of P = 1 bar. Since the
systems. initial configuration of the molecules started with an ordered
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structure we ran simulations for 500 ps to melt the systems.
Then, the last configuration of those systems were used for
the NVT simulations in a rectangular geometry with two free
surfaces at the ends of the box (in the z-direction) to have two
liquid-vapor interfaces.

All molecular dynamics were carried out using GRO-
MACS 4.5.4. simulation package [17] with a time step of
dt = 0.005 ps. Temperature was controlled with Berendsen
thermostat and usual periodic boundary conditions in all three
directions were imposed. Bond lengths were constrained by
a LINCS algorithm and we used a large cutoff of 2 nm for
the short-range interactions. Then, 2 ns of simulations were
carried out for equilibration followed by 4 ns and the last 2 ns
were used for data analysis.

FIGURE 2. Snapshot of the last configuration of the perflourode-
3. Results cane system at T = 240 K.

3.1. Structure of the molecules

1 2
) . = - -1 1
The first analysis to study the structure of the molecules was Sz 2 (Bcos™0 —1) @
carried out in term of density profiles. A typical system is ynereg is the angle between the vector normal to the inter-
shown in Fig. 1, for the perfluorodecane fluid at T = 288 Kface and the vectors which joint nearest neighbor atoms along
where the density profile was calculated using the center of,e chain [11]. FolS,, = —0.5 the molecules present a com-
mass of the molecules. From Fig. 1 it is possible to observ%bte order parallel to the interface and 6y, = 1.0 the
two peaks located at the liquid-vapor interface. In fact, thosg)rqer is normal to the interface.

peaks indicated that the chains were structured in a different 1he order parameter for the perfluorodecane is also

way that in the middlei.e. in the bulk liquid. Atlow tem- — ghown in Fig. 1 where it is possible to observe two peaks
peratures those peaks became stronger and it was possiblejOine Jiquid-vapor interface. At low temperature those peaks
depict the formation of a structured layer of molecules at thgyq e stronger and at high temperatures they became smaller.
interface. Moreover, the molecules in the layer were locategl, the middle of the system, in the bulk liquid, the order pa-
perpendicular to the interface, mostly in all trans conformaygmeter wasS,., ~ 0.0 indicating that molecules were uni-
tion, as it can be noted in Fig. 2. Figure 2 is a snapshot for theymy distributed. Similar peaks have been observed previ-
system a temperature of T = 240 K. The experimental melty, gy in alkanes systems, however, the peaks are smaller than
ing temperature for this system is reported at T = 399 [18},456 in this work, suggesting that perfluoroalkanes form a
however, it was npt found any simulation data for the me'“”gstronger structure at the interface [8, 11]. By observing in
temperature of this system. more detail the order parametst,. in Fig. 1, we depicted a

The structure of the perfluoroalkanes molecules was alSfegative and a positive peaks close to the liquid-vapor inter-
characterized by measuring an order parameter relative to the

z-axis. For the united atom model the order parameter was S — S —
calculated with the following formula, sk ﬂ m -
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FIGURE 1. Density profile (left scale, black line) and order param- FIGURE 3. Order parametef.., at T = 240 K for the perflourode-
eter (right scale, red line) for perflourodecane at T = 288 K. cane system.
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FIGURE 4. Surface tension as a function of the temperature for several perfluoroalkanes. a) perfluorohexane, b) perfluoroheptane, c) pe
oroaoctane and d) perfluorononane. Solid symbols are simulations of the present work and open symbols are experiments of reference

face as it was observed in alkanes systems [8], however, iabserved any particular tendency of the order of the structure
this case the peaks were higher than those for alkanes. Theth the chain lengths.

negative peaks were formed by the molecules in the gas phase

at the interface indicating that some C@roups in the chains  3.2. Surface tensions

preferred to be parallel to the surface. On the other hand, .
the positive peaks indicated that there were, GFes which Studies of surface tensions of these systems were also analyz-

preferred to be perpendicular to the interface. Moreover, thé'd- Several simulations were conducted for different perflu-
positive peaks were located in the same position where th@r0alkanes and in Fig. 4 we show some representative plots.
peaks of the center of mass density profile were observed, Surface tensions were calculated using the mechanical
i.e. in the inner liquid phase (see Fig. 1). As the temperaturéPProximation,i.e. by calculating the components of the
decreased the peaks in the order parameter became more pRé€Ssure tensor [19-21]

nounced. In Fig. 3 theé. . order parameter is show for the 00

perfluorodecane system at low temperature where the peaks y = 1 / [Pn(2) — Pr(2)]dz = £[<PN> —(Pr)]

reached nearly a value of unity indicating that molecules were 2 2

almost totally perpendicular at the interface as it can be de-

picted in Fig. 2. In that figure it was possible to observe the 1 ZZ rfj +y?j B é duij @
- 24

— 00

well order of the molecules perpendicular to the interface. It
is also possible to depict some molecules in the vapor phase
which are parallel to the interface.

27’7;j Tij d’l"ij

i J>4
where Py (z) and Pr(z) are the normal and tangential com-
Simulations with different perfluoroalkane molecules ponents of the pressure tensor, respectivélis the surface
were conducted with different chain lengths and similar re-area, L the box lengthy;; is the potential of interaction and
sults were obtained in all casés. a monolayer with some the factor ofl /2 comes from the two surfaces. The brackets
CF,, groups perpendicular to the interface. At low tempera-represent a configurational average.
tures the order perpendicular to the interface is high and at In Fig. 4 the surface tension for several perfluoroalka-
high temperatures the order decreases. However, it was noes are shown at different temperatures. Since surface ten-
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sion might be sensitive to the cutoff used in the simulationsdicular alignment of he molecules can be explained on one
calculations were conducted for a large cutoff as indicatedhand by the inhomogeneity of the system, since molecules on
in the methodology. As a first issue we observed that irthe surfaces present mainly interactions from the molecules
general the surface tensions for perfluoroalkanes were lowén the bulk. On the other hand, due to the rigidity of the
than those for alkane fluids [8]. However, as it can be ob-molecules their average length is nearly the same as their
served the surface tensions had good agreement with the etxans configuration and they present more freedom to have
periments reported by other authors [18]. In fact the surfaceotational movements at the surface. At low temperatures the
tension showed nearly a linear dependence with temperatureonfiguration energy is higher and they keep their perpen-
As a general feature we observed in all the fluids that at lowdicular structure, however, at high temperatures the kinetic
temperatures (lower than 350 K) the agreement with the exenergy might break the structure on the surface and the per-
periments was good whereas at high temperatures the dgp@ndicular order in small.
slightly deviated from the experiments. Finally, the force field used in the simulations was also
The present results were also compared with other simuested to calculate thermodynamic properties, such the sur-
lations and it was found a difference of about 2% [20,22, 23] face tension and it was found that data agree good with ex-
periments at low temperatures whereas at high temperatures
the agreement was not very good. The deviation at high tem-
peratures might be produced due to the vicinity of the criti-
In the present work we conducted analysis of perfluoroalkaneal point since the large fluctuations that simulations present
fluids to investigate the structure of the molecules at theclose to that point due to the finite size of the systems, how-
liguid-vapor interface. It was observed that molecules formedever, it is also possible that the deviation comes from the elec-
a monolayer at the interface where some of,@ffoups ar-  tronegativity of the flour at high temperatures which is not
rayed perpendicular to the interface. The issue was chaconsidered in the force field. On the other hand, it was ob-
acterized by two peaks in the order paramefgr, and in  served that in general the surface tensions for these systems
the density profiles along the axis perpendicular to the inare lower than those for alkane molecules, however, this issue
terface. The perpendicular array of the chains was strong @an be explained by considering that the van der Waals inter-
low temperatures and when the temperature was increasedtions between highly fluorinated molecules are very small
those peaks disappeared indicating that the monolayer vagompared with the corresponding non-fluorinated molecules.
ished. Since similar behavior have been also observed forherefore, the difference between the free energy of fluori-
alkane molecules the present results suggest that moleculeated molecules at the surface and in the bulk should be small
with long chains, somehow, form a freezing layer at the in-making low surface tensions of these molecules compared
terface. However in the case of pefluoroalkane moleculewith the corresponding alkanes.
they present higher perpendicular order at the interface than
the alkanes. It is also observed more molecules at the lig-
uid/vapor interfaces of these systems than those observed fo.  Acknowledgments
alkane systems [8], as the density profiles show. On the other
hand, the layer is composed of molecules where most of them/e acknowledge support from grants DGAPA-UNAM-
array perpendicular to the interface, although there are fewléxico, IN102812 and Conacyt-&#ico, 154899. We also
molecules in the vapor phase that array parallel. The perperhank DGTIC-UNAM for supercomputer facilities.
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