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Structural and thermodynamic behavior of alkane chains at the

liquid/vapor interface

David Alejandro Hernandez® and Hector Dominguez®
Instituto de Investigaciones en Materiales, UNAM. Universidad Nacional Autonoma de México, México,
D.F. 04510, Mexico

(Received 12 December 2012; accepted 13 March 2013; published online 1 April 2013)

Computer simulations for several alkane fluids were carried out to study thermodynamics and struc-
tural behavior of the molecules at the liquid-vapor interface. Three different models were used to
simulate the fluids, one of them was proposed in this work and we obtained a slightly better agree-
ment than the other models with experimental data. The fluid structure at the interface was analyzed
at temperatures close to the melting point using the new model and it was found that molecules at
the free surface present more order than those at the bulk liquid phase. By calculating the order of
the hydrocarbon chains a strong structure of molecules was observed at the interface than those in
bulk, moreover, some of those molecules at the interface were aligned perpendicular to the interface.
Previous simulations report stronger structures at the interface by the formation of a monolayer of
alkane chains, however, those simulations started at very low temperatures and they did not repro-
duce thermodynamic properties such as the interfacial tension correctly. The model proposed in the
present work not only presents good agreement with surface tension data but also shows evidence
that the fluid structured as experiments indicated at temperatures close to the melting temperature.

© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4798346]

. INTRODUCTION

Studies of fluids at interfaces have been investigated for a
long time not only for their scientific interest but also for their
many industrial applications. For instance, the knowledge of
interfacial properties of simple and complex fluids will help
us to better understand areas such as lubrication, wetting, ad-
sorption, coating, etc.

Although people have studied fluids at different inter-
faces, special attention has been dedicated to the liquid-vapor
interface where several experiments,"2 theory,3’5 and com-
putational works have been carried out.®” Moreover, many of
those studies have been conducted on hydrocarbon fluids.

In particular, alkane systems are important in many prac-
tical applications of chemical and oil industry and nowadays
it is possible to find a large number of articles dedicated to
study their structural, physical, and chemical properties.®° In
particular liquid-vapor phase diagrams of alkanes have been
constructed and, also, thermodynamic and structural prop-
erties have been studied.'®!! The frozen layer found in ex-
periments at the liquid-vapor interface at temperatures some
degrees above the melting point>'>"'% from some of those
studies is found to be interesting.

On the other hand, from a theoretical point of view, peo-
ple have used equations of states, such as the statistical as-
sociating fluid theory (SAFT), to investigate the behavior of
those fluids where good results have been found when they
are compared with experiments.'>~!”
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However, for the last years an alternative tool, computer
simulations, to study such complex systems at interfaces has
been used with good results. In particular, this technique can
help us to obtain more information from a molecular point
of view which sometimes might be difficult to obtain from
actual experiments. Although different simulation methods
have been used, probably the most popular technique to in-
vestigate interfacial properties has been Molecular Dynamics
(MD). For instance, using MD, not only have the phase dia-
grams of alkanes of different chain lengths been constructed'®
but also thermodynamic properties such as surface tension.
Here, two main routes have been used to calculate the sur-
face tension: the thermodynamic’'>?° and the mechanical
approaches. 102!

It is worthy to mention that the agreement between the
computer simulations and the experiments strongly depends
on the force field employed in the simulations, i.e., the po-
tentials and the parameters used for the intra and the inter
molecular interactions. Therefore, several force fields have
been proposed in the literature.'822-26

As stated before, some experiments for long alkane
molecules (from 14 to 50 CH, groups)2 have observed the
presence of a frozen layer of alkane molecules at the liquid-
vapor interface at few degrees above the melting temperature.
Therefore, in order to observe the formation of that layer from
a molecular scale some computer simulations have been car-
ried out. For instance, several years ago Yamomoto et al. car-
ried out simulations for an alkane model and they were able to
observe a layer formed at the interface.2”-2® On the other hand,
Smith ef al. conducted simulations of the heptadecane sys-
tem and they observed a monolayer developed at the liquid-
vapor interface with a crystalline structure.”> However, those

© 2013 American Institute of Physics
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TABLE 1. Parameters of the force fields used in this work.

J. Chem. Phys. 138, 134702 (2013)

Nonbonded interactions

Vij (rij) = 4¢ij ((%)12 - ((’%)6>

Pseudo-atom type o (nm) £ (kJmol_l)
This work CH3 Same as Trappe
CH,
Trappe® CHj3 0.375 0.81481728
CH, 0.395 0.38246525
NERDP CHj3 0.391 0.86470406
CH, 0.393 0.38080236
Smith ez al.?- CH; 0.390 0.732
CH, 0.390 0.493
Combination rules oij = "’;”’ sij = JEiEj
Angle bending parameters  Vangre (6ijx) = %kfjk <9ij,( — elf)jk)
angle ko (kJ mol’lrad’z) 69 (deg)
This work CH3CH,CH; 400 111.0
CH,CH,CH, 400 112.0
NERD, Trappe CH, CH,CH,¢ 519.6543 114.0
Smith et al.?® CH,CH,CH,! 527 114.0
Torsional parameters Viinedral (¢,« jk,) = ZLO Cp, (cos (9))"
Dihedral angle (kJ/mol) Cy C Cy Cs Cy Cs
Trappe CH, CH,CH,CH, 8.39736 —16.78632 1.13393 26.31760 0.00000 0.00000
NERD CH, CH,CH,CH, 7.64906 —14.54141 1.13393 23.32439 0.00000 0.00000
Smith et al.?® CH, CH,CH,CH, 10.6695 —16.7945 —1.1340 26.3300 0.00000 0.00000
Torsional parameters  Vginedral ($ijk) = kg (1 + cos (ng — ¢5))
Dihedral this work kp(kI mol~1) ¢s(deg) n
All dihedrals 5.000 0-360 3

“From Ref. 22.
YFrom Ref. 18.
¢From Ref. 29.
dx denotes both functional groups CH,, x =3, 2.

simulations started at very low temperatures, below the melt-
ing temperature, and none of those studies calculated ther-
modynamic properties. In fact, we conducted simulations of
different alkanes using the same force fields proposed in those
works and we found that those models did not reproduce the
interfacial tension given by the experiments correctly.

In this paper we present computer simulations of the
liquid-vapor interface of alkane molecules of different chains.
Although studies for long chains were conducted to com-
pare the structure with previous works, we were interested in
smaller alkanes to investigate if similar structural trends about
the freezing surface were observed. Moreover, we studied not
only structural properties but also the interfacial tension of
those systems. Three different force fields were used, two of
them already reported in the literature and the other was pro-
posed by our group where we found that it presented good
agreement with the experiments.

Il. COMPUTATIONAL METHOD AND MODEL

Simulations of different alkanes at the liquid-vapor inter-
face were conducted at different thermodynamic conditions.
For alkanes we used three united atom (UA) force fields:
NERD, originally reported by de Pablo et al.,'® Trappe by
Martin and Siepmann,”” and a third one proposed in this work

constructed with the same Lennard-Jones parameters of the
Trappe model but with a different angular and torsional po-
tential (see Table I). We call this model TrM.

The new force field was proposed in order to have a
model that better reproduced the structures observed in the
experiments, i.e., that molecules close to the melting tem-
perature ordered perpendicular to the surface. Then, the an-
gle potential was chosen to have less rigidity than the Trappe
force field, which allowed the molecule to be more extended
whereas the torsional potential was chosen to have more trans
configuration of the molecules. The form of the torsional po-
tential has been also used in systems of amino acids with good
results.3%3!

The selection of the parameters for the TrM force field
was considered after many molecular dynamics calculations
on different alkane systems (from butane to decane). Since the
model was based on the Trappe model we started these sim-
ulations with the equilibrium parameters of the Trappe force
field. Then, by changing those values MD simulations were
conducted and the results were fitted with liquid-vapour data.
Therefore, the potential constants were assigned by the best
fitting of our parameters with the experiments. Then, surface
tension values were used to refine the final parameters. By
this way we obtained agreement between previous models and
with experiments, moreover, the proposed model reproduced



134702-3 D. A. Hernandez and H. Dominguez

similar, and in some cases better, thermodynamic values than
other force fields already reported in the literature. The simu-
lations for some systems are given in Secs. III A and ITII B and
others are reported in the supplementary material.*® All sys-
tems started with 972 molecules in a parallelepiped box using
the NPT ensemble at temperatures around the melting point
and pressure of P = 1 bar. Since the initial configuration of
the molecules started with an ordered structure we ran simu-
lations for 500 ps to melt the systems. Then, the last config-
urations of those systems were used for the NVT simulations
in a rectangular box with two free surfaces at the ends of the
box (in the Z direction) to have liquid-vapor interfaces. There-
fore, the box cell in the NVT ensemble was different for each
alkane simulated, for hexane the simulation box was X =Y
= 5.07 nm and Z = 20.27 nm, for octane X =Y = 5.581 nm
and Z = 22.325 n, for decane X = Y = 6.01 nm and
Z = 24.03 nm, and for heptadecane X = Y = 6.15 nm and
Z =36.92 nm.

Surface tensions were calculated using the mechanical
approximation® %32 by calculating the components of the
pressure tensor,

1 [ L
y = 5/ [Pn(z) — Pr(2)ldz = E[(PN) —({Pr)],

10 Sty g ) duy )
2A T i 2r,-j rij dr,-j ’
where Py(z) and Py(z) are the normal and tangential compo-
nents of the pressure tensor, respectively, A is the surface area,
L the box length, u;; is the potential of interaction, and the fac-
tor of 1/2 comes from the two surfaces. The brackets represent
a configurational average.

All molecular dynamics were carried out using
GROMACS 4.5.4. simulation package® using Berendsen
thermostat with a time step of dt = 0.005 ps and with the
usual periodic boundary conditions in all three directions.
Bond lengths were constrained by a Linear Constraint Solver
(LINCS) algorithm and we used a cutoff of 2 nm for the
short-range interactions. The cutoff length was almost the
maximum value allowed in our simulation box.

Then, simulations for alkanes were carried out for 2 ns
for equilibration followed by 4 ns, where the last 2 ns were
used for data analysis.

lll. RESULTS
A. Phase diagrams and surface tensions

In order to validate and compare our model with previous
models reported in the literature we first calculated properties
such as liquid-vapor coexistences and surface tensions.

Density profiles were determined by calculating local
densities in slabs along the z-axis (slabs parallel to the sur-
face). The slab thickness was obtained by the division of the
box length in 200 equal layers,

_N@
T Adz’
where A is the superficial area and N(z) is the number of
particles in each slab with thickness dz. In each system the

p(2) @
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FIG. 1. Atomic density profiles of (a) hexane at T = 180 K, (b) octane at T
=220 K, and (c) decane at T = 260 K. The black lines refer to TrM, the red
lines to NERD, and the green lines to Trappe force fields, respectively.

thickness was about 1 A. In order to have mass density Eq. (2)
is multiplied by an appropriate factor which includes the Avo-
gadro number and the molecular mass of the specie.

In Figure 1 density profiles for different alkanes at tem-
peratures close to the melting temperature are shown. There,
it is possible to observe a well defined liquid and vapor phase
along the simulation box. The plots were calculated using an
atomistic representation, however, it is also possible to calcu-
late density profiles from the center of mass of the molecules
as shown in Figure 2.
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FIG. 2. Density profiles calculated from the center of mass of the molecules.
(a) Hexane at T = 180 K, (b) octane at T = 220 K, and (c) decane at
T = 260 K. The black lines refer to TrM, the red lines to NERD, and the
green lines to Trappe force fields respectively.
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FIG. 3. Liquid-vapor coexistence lines for (a) hexane, (b) octane, (c) decane, and (d) heptadecane. Red circles are for the TrM, green squares are for NERD,
and blue diamonds for Trappe force fields, respectively. The black solid line corresponds to the experiments given by the NIST.*

In both profiles the bulk vapor and liquid densities were
similar to each other, however, interesting from the center of
mass profiles were the two small peaks located at the liquid-
vapor interface at low temperatures. Somehow, those peaks
indicated that the chains were structured in a different way
than the chains in the middle of the bulk liquid phase. When
the temperature was raised much above the melting point the
profiles became smooth and those peaks disappeared. We will
discuss more about this issue in Sec. III B.

From the plots of Figure 1 it was possible to construct the
liquid-vapor phase diagrams for the different alkanes (hex-
ane, octane, and decane). Therefore, the liquid-vapor coex-
istences are shown in Figure 3 where we observed similar
results to those obtained in previous works®!! and with the
results given by the NIST.** We also calculated few points for
the liquid-vapor coexistence of a long alkane such as heptade-
cane. In this case we observed that the Trappe and the Nerd
data agreed slightly better with the experiments given by the
NIST.*

The melting temperature for hexane, octane, decane, and
heptadecane obtained from the NIST are 178 K, 216 K, 243 K,
and 295 K, respectively.** However, to the best of our knowl-
edge, melting temperatures reported by simulations are not
given for all the systems studied in this work. We found data
for octane and decane; for octane the melting temperature was
found between the interval of 200 K and 210 K whereas for
decane between 210 K and 220 K.* It is noted that the sim-
ulation melting temperatures were lower than those reported
by the NIST.

Although all the models gave good values when they
were compared with experiments the NERD model presented
better agreement for hexane, octane, and decane alkanes.
In particular, it was observed that for the octane system
(Figure 3(b)) the TrM and Trappe results departed slightly
more from the actual liquid line than those of the NERD
model. We also did simulations for other alkane systems,

from butane to decane, to have the liquid-vapor coexistences.
The rest of the alkanes are presented in the supplementary
material.*

Vapor pressures were also calculated for the different
alkanes and in Figure 4 we show the data for hexane, octane,
and decane systems where we observed agreement with ex-
perimental data given by the NIST. For better visualization
the plot is given in a log scale for pressure and an inverse
scale for temperature.

Surface tensions were also calculated for the alkane flu-
ids using the three different models, NERD, Trappe, and

In(P (bar))

2+

] 1 ] 1
0.002 0.003

UT (1/K)

0.004

FIG. 4. Vapor pressures for hexane (squares), octane (diamonds), and decane
(triangles). The black solid lines correspond to the experiments given by the
NIST.3
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FIG. 5. Surface tension for (a) hexane, (b) octane, (c) decane, and (d) heptadecane. Red circles are for the TrM, green squares are for NERD, and blue diamonds
for Trappe force fields, respectively. The black solid line corresponds to the experiments given by the NIST.3* In (d) the experimental data in black squares

(overlapped by the red circles) were taken from Ref. 40.

TrM. The results are given in Figure 5 as a function of the
temperature. As a general feature we observed the same ten-
dencies in all cases, however, it was depicted that TrM data
presented slightly better agreement with the experimental re-
sults (except for few points of decane at low temperatures).

Since the calculations of surface tensions could be sen-
sitive to the cutoff radius,>’° in all simulations a large
cutoff was used (as indicated in Sec. II). Moreover, long
range corrections were included. Therefore, since we had
mainly Lennard-Jones interactions it was expected that the
surface tension should be essentially independent of the cutoff
radius. 8 11-37-39

In Sec. III B, we show that the model not only gives us
correct thermodynamics but also it can help us to better un-
derstand the structure of the molecules at the interface.

B. Structure of the molecules

As it was indicated previously the density profiles of
Figure 2 present two peaks at the liquid-vapor interface. In
fact, the peaks were more evident at low temperatures. Al-
though those peaks were observed in all the models, in partic-
ular the peaks were higher for the TrM model than for the
NERD and Trappe models. Since those profiles were con-
structed using the center of mass of the molecules the re-
sults suggested that more molecules were distributed near the
interface than in the bulk liquid phase. As the temperature
increased those peaks decreased until they vanished at high
temperatures (not shown here).

In order to have more information about the the struc-
ture of those molecules at the interface we analyzed them in
terms of an order parameter relative to the z-axis. Since in the
simulations we used united atoms, the order parameter was

calculated using the formula

1
S.. = E<3cos,29 —1), 3)

where 6 is the angle between the vector normal to the inter-
face and the vectors which joined nearest neighbour atoms
along the chain.?’ Therefore, the parameter S.. gave us more
information about complete order parallel to the interface (S,
= —0.5) or complete order normal to the interface (S,, = 1.0).

As stated before few experiments on long alkane chains,
such as heptadecane, have shown a frozen layer at the surface
at temperatures close to the melting point. Therefore, some
people have conducted computer simulations to study the phe-
nomenon. For instance, previous simulations of Smith et al.,
for a longer alkane chain (heptadecane) observed a strong
positive peak, close to unity, in the order parameter.”’ Those
simulations indicated that there was a well developed layer
of alkane molecules at the liquid-vapor interface. Moreover,
those molecules were located perpendicular to the interface,
mostly in all trans conformation, with a hexagonal structure.
However, those simulations were conducted at temperatures
well below the melting temperature (about 20 K lower than
the melting point).

We carried out our own simulations with the same force
field used by Smith er al.*® for the same system, heptadecane,
at temperatures above the melting point and we did not ob-
serve any formation of a molecular layer until the tempera-
ture was dropped below the melting temperature. Then, we
observed that the S,, order parameter took a value close to
unity (Figure 6). We also noted the hexagonal structure in
the monolayer with the alkane molecules located perpendic-
ular to the interface as experiments and previous simulations
observed (bottom of Figure 7). The hexagonal array was de-
termined by calculating the two dimensional pair correlation
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FIG. 6. S,; order parameter for heptadecane with the force field used by
Smith ef al?® Solid line for the system at T = 255 K, dotted line at
T = 290K, and dashed line at T = 300 K. The melting temperature for the
system is T = 295 K given by the NIST.

function (g(r)) of the center of mass of the molecules at the
interface (not shown here). In addition we calculated the sur-
face tension using the Smith ez al.?® force field and we found
that this model gave numbers above, up to 25% or more,
of the experimental values (see Table II), i.e., the agreement
with the experiments was not good. Therefore, this model
failed to reproduce the surface tension correctly although it

300 K

290 K

255 K

FIG. 7. Snapshots for heptadecane fluid at different temperatures with the
force field used by Smith er al.?®

J. Chem. Phys. 138, 134702 (2013)
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FIG. 8. S.; order parameter for decane at (a) T = 260 K, (b) 300 K, and
(c¢) T = 360 K. The solid lines refer to TrM, the dotted lines to NERD, and
the dashed lines to Trappe force fields, respectively.

produced a stronger structure at the interface than the other
models.

We also did simulations for a shorter chain (decane) with
the same Smith er al.?® force field, however, we did not ob-
serve any monolayer of molecules even at low temperatures.
These results suggested that only for long chains the forma-
tion of strong structures was obtained with this force field.

Then, we conducted simulations with the force field pro-
posed in this work. For a long chain, heptadecane, similar fea-
tures were observed as in Figure 7, however, we dropped the
temperature at T = 200 K to observe the formation of layers at
the interface. On the other hand, for short chains (hexane, oc-
tane, and decane) different features were depicted. Since sim-
ilar tendencies were observed for the short alkanes we present
only explicit results for the decane system as the representa-
tive fluid. In Figure 8 the order parameter S.. of the decane
system for the three different models and for different tem-
peratures is shown. As a first interesting issue we observed
two peaks at the liquid-vapor interface of the order parameter.
Although those peaks had small values they were evident at
low temperatures. As the temperature increased those peaks
became smaller (Figure 8(c)), until, at high temperatures,
they vanished. In the bulk liquid phase, the order parameter
(S.; & 0.0) indicated that the molecules were uniformly dis-
tributed, as we expected.

By observing in more detail the order parameter S.., in
Figure 8 we depicted negative and positive peaks close to the
liquid-vapor interface. Those peaks were observed in all the
models, however, the peaks for the Trappe and the NERD
force fields were similar to each other whereas for the TrM
the peaks were higher.

The presence of those peaks suggested that molecules
at the interface were more ordered than those molecules in
the centre of the liquid phase. The negative peak seemed to
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TABLE II. Comparison for surface tension values (mN/m) for hexane, decane, and heptadecane of this work

and those reported in literature.'?

T(K) TrM? Trappe® NERD* Trappe? NERDP Smith ef al. ?-* Exp.°
Hexane
300 17.8 16.6 18.1 18.9 19.8 17.8
320 153 13.7 15.1 17.0 17.9 15.6
340 13.5 12.9 13.3 15.0 15.8 13.5
360 11.5 10.8 10.4 12.8 13.6 11.5
380 9.2 9.1 9.4 10.7 11.4 9.6
400 8.2 6.8 7.2 8.5 9.2 7.7
420 5.6 5.8 6.7 6.4 7.0 59
Decane
260 27.0 26.7 25.4 33.3 26.9
280 24.8 23.4 24.1 312 25.0
300 24.5 22.0 22.0 29.7 23.2
320 21.4 214 20.0 27.1 21.3
380 15.0 14.3 13.9 17.9 18.3 16.1
400 14.8 122 13.5 16.3 16.5 14.4
420 12.4 10.2 10.8 14.7 14.7 12.8
440 11.4 9.1 10.2 13.0 12.8 112
460 10.2 7.8 9.5 112 10.9 9.6
480 7.9 6.5 6.8 9.4 9.0 8.1
500 6.7 5.6 6.6 7.4 7.0 6.6
Heptadecane
303 27.31 24.80 24.70 27.06*0
323 25.58 23.69 24.65 25.38
343 24.24 21.92 22.05 23.68

2From this work.
YFrom Ref. 10.
“From Ref. 34.

be produced by the molecules in the gas phase at the inter-
face where some CH,, groups of the molecules preferred to
be parallel to the surface. However, since there are just few
molecules in the gas phase this peak might not be representa-
tive to give us good information about the surface structure.

On the other hand, the next positive peak indicated that there
were CH,, sites which preferred to be perpendicular to the in-
terface. In fact, the positive peak was located in the same posi-
tion where the peaks of the center of mass density profile were
observed, i.e., in the inner liquid phase (see Figure 9). These
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FIG. 9. S.. Density profile (red lines) calculated from the center of mass of the decane molecules (left scale) and S, order parameter (right scale) for the decane
system at temperature (a) T = 260 K with TrM force field, (b) T = 233 K with NERD force field, and (c) T = 233 K with Trappe force field (black lines).
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FIG. 10. Snapshot for decane at T = 238 K.

results could explain the experimental observations that the
molecules presented an order perpendicular to the surface at
temperatures close to the melting point.

Despite all the simulations we did not depict the same
features to those found with Smith et al.?® force field for any
of the short alkane chains studied in this work. Although we
observed slightly more ordered molecules close to the inter-
face than those in the middle (in the liquid phase) they did
not present much high order. We even did simulations at very
low temperatures, however, the results in the order param-
eter did not change significantly by using NERD, Trappe,
and TrM force fields and we did not observe any forma-
tion of a monolayer at the interface (Figure 10). Moreover,
we simulated the system up to 20 ns to see if the layer
was formed at long times, however, the results remained the
same, i.e., we still observed similar order to that shown in
Figure 8.

IV. CONCLUSIONS

In the present paper we carried out computer simulations
of alkane chains to study the structure of those fluids at the
liquid-vapor interface.

Nowadays, there are well established computational
models of alkane molecules such as NERD and Trappe which
were constructed to reproduce thermodynamic data (e.g.,
liquid-vapor densities and surface tensions) with experiments
correctly. However, it was not clear if those models would
have given us more information about the structure or array of
alkanes at interfaces. Therefore, in order to better investigate
the structure of those molecules at the liquid-vapor interface
without spoiling the thermodynamics we proposed a model
that we call TrM which was constructed from the Trappe
force field by modification of the angular and the torsional
potentials. Although it was not the main purpose to construct
the TrM model to improve thermodynamics we observed that
we obtained a slightly better agreement in the surface ten-
sion with experiments than the NERD and Trappe force fields.
In the case of liquid-vapor densities the results were similar
among all the models.

J. Chem. Phys. 138, 134702 (2013)

In general all the models present more order at the in-
terface as indicated by the peaks of the S, order parameter
(Figure 8), however, with the NERD and Trappe models the
order was less pronounced than with the TrM force field.
Moreover, we observed that alkane molecules were more
structured at the interface than in the bulk region.

It was observed a slightly more concentration of chains
close to the interface, as the density profiles of the center of
mass (Figure 2) shown, than at the bulk phase. Moreover,
those molecules present more order, as the S, order param-
eter indicated, at temperatures close to the melting tempera-
ture. In fact, in our simulations the order parameter showed
that molecules in the interface arrayed with some CH,, groups
perpendicular to that interface.

The order parameter, for short chains, was not as high
as shown by previous authors in long chains, where they ob-
served that the molecules aligned in all trans conformation
and with a hexagonal array at the interface.”’>° However,
those computational models basically captured the mono-
layer for a long chain and at temperatures quite below the
melting temperature whereas the experiments report that
structure for temperatures few degrees above the melting
temperature.

The TrM model proposed showed more structure at the
interface and more order of the molecules at the liquid-vapor
interface at temperatures close to the melting point. For a long
chain the TrM model formed a strong layer at the interface
at temperatures quite below the melting point as the Smith
et al.*® model. Moreover, the TrM model reproduced the sur-
face tensions correctly whereas the Smith e al.>’ model did
not. In the Trappe and NERD models that structure was not
observed. For short alkanes even when the order was weak
it indicated that molecules ordered perpendicular to the sur-
face next to the liquid phase. As the temperature increased,
above the melting temperature, the structure disappeared.
Moreover, the model also captured thermodynamics proper-
ties such as the surface tension for those short chains quite
well.

Since surface freezing is a very low process, it is possible
that we did not observe the strong structure as previous works
because the time was not long enough, however, in our case
the systems were simulated for several nanoseconds and for
that time the results did not change significantly. We also in-
creased the cutoff, however, we still observed the same trends
(the thermodynamics properties only changed less than 2%).
On the other hand, we recalled that the simulation models
used in the present paper were adjusted by fitting liquid-vapor
data, therefore it was not expected that they work properly at
low temperatures or even below the melting point and it might
be also the reason that we did not observe crystallization of
the systems. However, it was observed that as the tempera-
ture reduced the molecules reduced their movements as it was
indicated by the mean square root displacement calculations
(not shown here).

Finally, we believe that the proposed model in this
work helped us to have more insight about the structure of
the alkane systems at the liquid-vapor interface and at the
same time it kept good agreement with the thermodynamic
data.



134702-9 D. A. Hernandez and H. Dominguez

ACKNOWLEDGMENTS

We acknowledge support from DGAPA-UNAM-Mexico,
Grant No. IN102812 and Conacyt-Mexico, Grant No.
154899. We also thank DGTIC-UNAM for KamBalam su-
percomputer facilities. D.A.H. acknowledges the scholarship
given by Conacyt-Mexico. We also thank the referees for their
valuable comments to improve the manuscript. In particular
we thank one of the referees who kindly gave us the experi-
mental data of heptadecane of Figure 3.

IP. Penfold, Rep. Prog. Phys. 64, 777-814 (2001).

2p, Lang, J. Phys.: Condens. Matter. 16, R699 (2004).

3L.F. Vega and F. J. Blas, Fluid Phase Equilib. 171, 91-104 (2000).

4S. Zhou and J. R. Solana, Chem. Rev. 109, 2829-2858 (2009).

5M. C. Dos Ramos and F. J. Blas, Mol. Phys. 105, 1319-1334 (2007).

E. A. Miiller and A. Mejfa, J. Phys. Chem. B 115, 1282212834 (2011).

7]. G. Sampayo, F. J. Blas, E. de Miguel, E. A. Miiller, and G. Jackson, J.
Chem. Eng. Data 55, 43064314 (2010).

8F. N. Mendoza, R. Lopez-Rendon, J. Lopez-Lemus, J. Cruz, and J.
Alejandre, Mol. Phys. 106, 1055-1059 (2008).

9J. Lopez-Lemus, M. Romero-Bastida, T. A. Darden, and J. Alejandre, Mol.
Phys. 104, 2413-2421 (2006).

10M. A. Amat and G. C. Rutledge, J. Chem. Phys. 132, 114704-9 (2010).

WA, E. Ismail, M. Tsige, P. J. L. T. Veld, and G. S. Grest, Mol. Phys. 105,
3155-3163 (2007).

12J. C. Earnshaw and C. J. Hughes, Phys. Rev. A 46, R4494-R4496 (1992).

13G. Sefler, Q. Du, P. Miranda, and Y. Shen, Chem. Phys. Lett. 235, 347-354
(1995).

14X 7. Wu, E. B. Sirota, S. K. Sinha, B. M. Ocko, and M. Deutsch, Phys.
Rev. Lett. 70, 958-961 (1993).

157, C. Pamies and L. F. Vega, Ind. Eng. Chem. Res. 40, 2532-2543 (2001).

16C. McCabe and G. Jackson, Phys. Chem. Chem. Phys. 1, 2057-2064
(1999).

178. B. Kiselev and J. F. Ely, Ind. Eng. Chem. Res. 38, 4993-5004 (1999).

185 K. Nath, F. A. Escobedo, and J. J. de Pablo, J. Chem. Phys. 108, 9905—
9911 (1998).

J. Chem. Phys. 138, 134702 (2013)

19A 7. M. Yang, P. D. Flemming, and J. H. Gibbs, J. Chem. Phys. 64, 3732—
3747 (1976).

20G. J. Gloor, G. Jackson, F. J. Blas, and E. de Miguel, J. Chem. Phys. 123,
134703-19 (2005).

217, G. Kirkwood and F. P. Buff, J. Chem. Phys. 17, 338-343 (1949).

22M. G. Martin and J. 1. Siepmann, J. Phys. Chem. B 102, 2569-2577 (1998).

23], P. Nicolas and B. Smit, Mol. Phys. 100, 2471-2475 (2002).

24W. L. Jorgensen and J. Tirado-Rives, J. Am. Chem. Soc. 110, 16571666
(1988).

BW. L. Jorgensen, J. D. Madura, and C. J. Swenson, J. Am. Chem. Soc. 106,
6638-6646 (1984).

26p. van der Ploeg and H. J. C. Berendsen, J. Chem. Phys. 76, 3271-3276
(1982).

2’H. Z. Li and T. Yamamoto, J. Chem. Phys. 114, 57745780 (2001).

28T, Shimizu and T. Yamamoto, J. Chem. Phys. 113, 3351-3359 (2000).

29p. Smith, R. M. Lynden-Bell, J. C. Earnshaw, and W. Smith, Mol. Phys. 96,
249-257 (1999).

30E A. Momany, R. F. McGuire, A. W. Burgess, and H. A. Scheraga, J. Phys.
Chem. 79, 2361-2381 (1975).

3'W. D. Cornell, P. Cieplak, C. I. Bayly, . R. Gould, K. M. Merz, D. M.
Ferguson, D. C. Spellmeyer, T. Fox, J. W. Caldwell, and P. A. Kollman, J.
Am. Chem. Soc. 117, 5179-5197 (1995).

32]. S. Rowlinson and B. Widom, Molecular Theory of Capillarity (Dover
Publications, 2002).

33B. Hess, C. Kutzner, D. van der Spoel, and E. Lindahl, J. Chem. Theory
Comput. 4, 435-447 (2008).

34P. J. Linstrom and P. J. Mallard, NIST Chemistry WebBook, NIST Standard
Reference Database, NIST Standard Reference Database No. 69 (National
Institute of Standards and Technology, 2013).

3y, Tsuchiya, H. Hasegawa, and T. Iwatsubo, J. Chem. Phys. 114, 2484—
2488 (2001).

36See supplementary material at http://dx.doi.org/10.1063/1.4798346 for
graphs of butane, pentane, heptane, and nonane alkane systems.

¥D. Duque and L. F. Vega, J. Chem. Phys. 121, 8611-8617 (2004).

3A. Trokhymchuk and J. Alejandre, J. Chem. Phys. 111, 8510-8523
(1999).

39E J. Blas, L. G. MacDowell, E. de Miguel, and G. Jackson, J. Chem. Phys.
129, 144703-9 (2008).

407, J. Jasper and E. V. Kring, J. Phys. Chem. 59, 1019-1021 (1955).


http://dx.doi.org/10.1088/0034-4885/64/7/201
http://dx.doi.org/10.1088/0953-8984/16/23/R02
http://dx.doi.org/10.1016/S0378-3812(00)00356-3
http://dx.doi.org/10.1021/cr900094p
http://dx.doi.org/10.1080/00268970701297575
http://dx.doi.org/10.1021/jp203236q
http://dx.doi.org/10.1021/je100450s
http://dx.doi.org/10.1021/je100450s
http://dx.doi.org/10.1080/00268970802119694
http://dx.doi.org/10.1080/00268970600691274
http://dx.doi.org/10.1080/00268970600691274
http://dx.doi.org/10.1063/1.3356219
http://dx.doi.org/10.1080/00268970701779663
http://dx.doi.org/10.1103/PhysRevA.46.R4494
http://dx.doi.org/10.1016/0009-2614(95)00147-V
http://dx.doi.org/10.1103/PhysRevLett.70.958
http://dx.doi.org/10.1103/PhysRevLett.70.958
http://dx.doi.org/10.1021/ie000944x
http://dx.doi.org/10.1039/a808085b
http://dx.doi.org/10.1021/ie990387i
http://dx.doi.org/10.1063/1.476429
http://dx.doi.org/10.1063/1.432687
http://dx.doi.org/10.1063/1.2038827
http://dx.doi.org/10.1063/1.1747248
http://dx.doi.org/10.1021/jp972543+
http://dx.doi.org/10.1080/00268970210130182
http://dx.doi.org/10.1021/ja00214a001
http://dx.doi.org/10.1021/ja00334a030
http://dx.doi.org/10.1063/1.443321
http://dx.doi.org/10.1063/1.1351162
http://dx.doi.org/10.1063/1.1287062
http://dx.doi.org/10.1080/00268979909482957
http://dx.doi.org/10.1021/j100589a006
http://dx.doi.org/10.1021/j100589a006
http://dx.doi.org/10.1021/ja00124a002
http://dx.doi.org/10.1021/ja00124a002
http://dx.doi.org/10.1021/ct700301q
http://dx.doi.org/10.1021/ct700301q
http://dx.doi.org/10.1063/1.1338508
http://dx.doi.org/10.1063/1.4798346
http://dx.doi.org/10.1063/1.1802672
http://dx.doi.org/10.1063/1.480192
http://dx.doi.org/10.1063/1.2989115
http://dx.doi.org/10.1021/j150532a006

