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We consider the computation of the interfacial properties of molecular chains from direct simulation
of the vapor-liquid interface. The molecules are modeled as fully flexible chains formed from
tangentially bonded monomers with truncated Lennard-Jones interactions. Four different model
systems comprising of 4, 8, 12, and 16 monomers per molecule are considered. The simulations are
performed in the canonical ensemble, and the vapor-liquid interfacial tension is evaluated using the
test area and the wandering interface methods. In addition to the surface tension, we also obtain
density profiles, coexistence densities, critical temperature and density, and interfacial thickness as
functions of temperature, paying particular attention to the effect of the chain length on these
properties. According to our results, the main effect of increasing the chain length �at fixed
temperature� is to sharpen the vapor-liquid interface and to increase the width of the biphasic
coexistence region. As a result, the interfacial thickness decreases and the surface tension increases
as the molecular chains get longer. The interfacial thickness and surface tension appear to exhibit an
asymptotic limiting behavior for long chains. A similar behavior is also observed for the coexistence
densities and critical properties. Our simulation results indicate that the asymptotic regime is
reached for Lennard-Jones chains formed from eight monomer segments. We also include a
preliminary study on the effect of the cutoff distance on the interfacial properties. Our results
indicate that all of the properties exhibit a dependence with the distance at which the interactions are
truncated, though the relative effect varies from one property to the other. The interfacial thickness
and, more particularly, the interfacial tension are found to be strongly dependent on the particular
choice of cutoff, whereas the density profiles and coexistence densities are, in general, less sensitive
to the truncation. © 2008 American Institute of Physics. �DOI: 10.1063/1.2989115�

I. INTRODUCTION

Interfacial phenomena play a key role not only in many
scientific fields such as nucleation, nanotechnology, or the
dynamics of phase transitions, but also in a great number of
practical applications. Solubilization of immiscible fluids,
detergency, lubricants, and the design of lyotropic liquid-
crystalline amphiphiles for use as soaps, cosmetics, and
foodstuffs are some common applications where an under-
standing of the interfacial properties is essential.

From a microscopic point of view, interfacial problems
can be studied using well-established statistical mechanical
tools, either molecular theories appropriate for inhomoge-
neous systems1–3 or molecular simulation techniques,4,5

which are also routinely used to examine inhomogeneous
systems. In this work we focus on this second approach and
use Monte Carlo �MC� simulation to determine the interfa-
cial properties of the planar vapor-liquid interface of molecu-
lar chain models.

Thermodynamic and structural properties play an essen-
tial role in the description of the interface in inhomogeneous
systems, including density profiles, bulk coexistence densi-

ties, the interfacial thickness, surface tension, and orienta-
tional and positional order along the interface. Although all
of these properties are relevant for the characterization of the
interfacial behavior, the surface tension is arguably the most
important and interesting interfacial property.

There are basically three different routes to the calcula-
tion of the surface tension from simulation. We describe
these briefly here and refer the reader to recent comprehen-
sive reviews.6–8 The first class of techniques involves the
calculation of the pressure tensor of the inhomogeneous sys-
tem. For systems with planar vapor-liquid interfaces, the sur-
face tension can be readily expressed in terms of the differ-
ence between the normal and tangential tensorial
components of the pressure, these components being defined
with respect to a frame where one of the axes is perpendicu-
lar to the interface. The most widespread method for the
calculation of the components of the pressure tensor invokes
the virial relation of Kirkwood and co-workers.9,10 This re-
quires an explicit calculation of the intermolecular forces so
that the virial route is particularly appealing when molecular
dynamics is the simulation technique of choice. Alterna-
tively, the components of the pressure tensor can also be
obtained directly from the formal thermodynamic expressiona�Electronic mail: felipe@uhu.es.
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that relates the pressure �in this case the components of the
pressure tensor� to the first-order derivative of the Helmholtz
free energy with respect to the volume.11–14 The correspond-
ing derivatives can be accurately computed from an evalua-
tion of the change in free energy associated with appropriate
small volume perturbations.

The second route to the calculation of the surface tension
is based on the concepts of finite-size scaling.15 One of the
most widely used techniques is due to Binder.15 It relies on
an estimation of the Landau free-energy barrier between the
two coexisting phases, which is ultimately related to the in-
terfacial tension. One typically considers a series of different
system sizes, and a finite-size scaling analysis is then used to
extract the value of the interfacial tension in the limit of an
infinite system size. This methodology is adequate at high
temperatures close to the critical region, where the large den-
sity fluctuations allow one to sample the two �liquid and
vapor� coexisting phases. However, as the temperature is
lowered from the critical temperature, sampling density fluc-
tuations become increasingly difficult and the method is less
efficient. A number of variations of the method have been
devised in order to enhance the efficiency of the sampling in
the low-temperature regime; further details can be found in
Refs. 6, 7, and 16.

Finally, the third route to the calculation of the surface
tension is based on its thermodynamic definition. The main
strategy here is the computation of the free energy difference
between two �or more� systems with different interfacial ar-
eas. This approach can be traced back to the work of
Bennett,17 Miyazaki et al.,18 and Salomons and Mareschal.19

Variants of this type of technique have been recently intro-
duced. One is the so-called test-area �TA� technique pro-
posed by Gloor et al.7 This method allows one to calculate
the surface tension from an evaluation of the change in free
energy associated with a small, virtual change in the interfa-
cial area at constant number of particles, volume, and tem-
perature. MacDowell and Bryk20 developed an alternative
methodology based on the probability distribution of a wan-
dering interface in which the interfacial area is allowed to
randomly probe the available configurational space. The sur-
face tension follows from the analysis of the corresponding
interfacial area histogram. The last methodology is based on
the expanded ensemble proposed by Lyubartsev et al.,21

which is designed to efficiently calculate the free energy dif-
ference between two systems. Very recently, this technique
was used independently by de Miguel22 and Errington and
Kofke8 for the calculation of the free-energy difference be-
tween two inhomogeneous systems with the same number of
particles, volume, and temperature, but a different interfacial
area. This technique has been used to calculate the interfacial
tension of the planar vapor-liquid interface of a number of
molecular models �see the recent work of de Miguel22 for
further details�.

Applications of these methods based on the thermody-
namic definition of the surface tension have been reported
for a wide range of intermolecular model potentials, includ-
ing the Lennard-Jones �LJ�,7,20 square–well,7,20,22

Gay–Berne,7,22 several models of water,23 the Widom–
Rowlinson model,24 as well as hard-sphere and bead-spring

LJ chains.20 The TA method, in combination with the stan-
dard mechanical �virial� route, has recently been used to cal-
culate the surface tension of several alkanes25 and acid
gases.26

Whereas the computation of interfacial properties of
polymer models has been the subject of a number of recent
papers,6,27–30 results for the well–known fully flexible LJ
model, in which LJ segments �monomers� are tangentially
bonded to form molecular chains, are scarce. The bulk ther-
modynamic properties of this model have been studied ex-
tensively by simulation, including not only the vapor-liquid
phase behavior31–34 but also the solid-fluid equilibria.35–37 A
knowledge of the interfacial properties of this model is much
more limited, however. To the best of our knowledge, the
only study of this kind is the work carried out by Duque et
al.,38 who determined the surface tension of LJ dimers and
fully flexible LJ chains formed from four monomers using
molecular dynamics simulation.

The goal of the present work is to study the vapor-liquid
interfacial properties of fully flexible LJ chains formed from
4, 8, 12, and 16 monomers using NVT MC simulation of
inhomogeneous systems. From the corresponding density
profiles, we determine properties such as the interfacial
thickness and bulk coexistence densities; the latter allows us
to determine the critical properties �temperature and density�
of the models. We also estimate the dependence of the inter-
facial properties with the chain length and temperature, plac-
ing a special emphasis on the surface tension. We examine a
spherically truncated �ST� potential model with a cutoff dis-
tance of rc=4� and without long-range corrections �LRCs�
in most of the simulations performed, and carry out an analy-
sis of the effect of the cutoff distance of the interactions on
the interfacial properties. We study the effect of varying the
ST LJ cutoff distance on different interfacial properties, in-
cluding the equilibrium density profiles, coexistence densi-
ties, interfacial thickness, and surface tension.

The rest of the paper is organized as follows. In the next
section we briefly consider the molecular model and the
simulation details used in this work. The results obtained in
this work are described in Sec. III. Finally, in Sec. IV we
present the main conclusions.

II. MODEL AND SIMULATION DETAILS

We consider chain molecules formed from m identical
LJ sites �monomer segments� characterized by a diameter �
and dispersive energy �. The molecules are considered to be
fully flexible �i.e., no restrictions in either the bond or the
torsional angles� with a fixed monomer-monomer bond dis-
tance of L=� �meaning that chains of tangent monomers are
considered�. In this model, each monomer of a chain inter-
acts with all other monomers in the system �i.e., in the same
molecule or in the other molecules� with the LJ potential
uLJ�rij�

uLJ�rij� = 4��� �

rij
�12

− � �

rij
�6� , �1�

where rij is the distance between site �monomer� i and site j.
Sites i and j can be in different or in the same molecule, so
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we are explicitly considering both intermolecular and in-
tramolecular interactions. The interactions are ST but not
shifted at a given distance rc. The explicit expression for the
monomer-monomer interactions is

uST
LJ �rij� = uLJ�rij���rc − rij� = 	uLJ�rij� rij � rc,

0 rij � rc,

 �2�

where ��x� is the Heaviside step function. No LRCs are
applied and most of the calculations are carried out consid-
ering a cutoff distance of rc=4�. In order to assess the effect
of truncation on different interfacial properties, we also con-
sider other values of cutoff distances, rc=3 and 5�, for se-
lected thermodynamic conditions.

The number of molecules, N, used in each simulation
depends on the chain length. We consider N=504, 252, 168,
and 126 for systems formed from 4, 8, 12, and 16 monomers,
respectively. This choice is made so as to have systems with
the same total number of monomers irrespective of the par-
ticular chain length.

Code for the simulation of LJ dumbbells39 is extended
for the simulation of either rigid or flexible chain molecules
in the NVT, NPT, or grand canonical ensemble in either bulk
or a slit-pore geometry. Translational and rotational move-
ments are supplemented with configurational bias
displacements40–42 and deletion/insertion attempts.43 The en-
ergy is evaluated efficiently with the help of a link cell list.
Further details of the specific implementation of configura-
tional bias displacements and the cell list may be found
elsewhere.44,45

Simulations are performed in the NVT ensemble. We
consider a system of N molecules at a temperature T in a
volume V=LxLyLz, where Lx, Ly, and Lz are the dimensions
of the rectangular simulation box. A homogeneous liquid
system is first equilibrated in a rectangular simulation box of
dimensions Lx=Ly =11� and Lz=24, 26, 28, and 30� for sys-
tems with LJ chains formed from 4, 8, 12, and 16 monomers,
respectively. In the case of fully flexible chains the end-to-
end dimension of the chains is of the order of �m1/2, which
for the longest chains of m=16 studied corresponds to 4�.
The box is then expanded to three times its original size
along the z direction while leaving the liquid phase at the
center. On performing this expansion, care must be taken not
to break chains spanning the periodic boundary conditions of
the initial configuration. As a result, we obtain a centered
liquid slab with the parts of the chains spanning across the
boundary conditions of the original liquid configuration pro-
truding into empty boxes of equal size at each side. The final
overall dimensions of the vapor-liquid-vapor simulation box
are therefore Lx=Ly =11� and Lz=72, 78, 84, and 90� for the
corresponding chain lengths.

All simulations are organized in cycles, where each
cycle corresponds to N trial MC moves. Our MC procedure
comprises three types of configurational updates: one involv-
ing a trial displacement of the molecular center of mass, and
the other two, a partial and complete molecular regrowth of
the molecular chains. For the latter, we consider a configu-
rational bias scheme. Each type of move is chosen with a
probability of 20%, 40%, and 40%, respectively. The magni-
tudes of the appropriate displacements are adjusted so as to

get an acceptance rate of �30% to 50%. We use periodic
boundary conditions in all three directions of the simulation
box.

The computation of the surface tension is accomplished
either with the use of the TA or the wandering interface
method �WIM�. In particular, the surface tension of chains
formed from 4 and 16 LJ monomers is calculated using the
TA method, and that corresponding to the rest of systems is
calculated using the WIM technique. In order to assess the
consistency of both methods, we have calculated the surface
tension of all the molecular systems with rc=3� at two dif-
ferent temperatures using TA and WIM approaches. Results
obtained with both methods are consistent �see Table VI for
details� in all cases. The implementation of the TA technique
involves performing area deformations of magnitude �A dur-
ing the course of the simulation at constants N, V, and T
every MC cycle. As shown by Gloor et al.,7 the surface ten-
sion follows from the computation of the change in Helm-
holtz free energy associated with the perturbation, which in
turn can be expressed as an ensemble average of the corre-
sponding Boltzmann factor. Further details can be found in
Ref. 7. We consider in all cases two perturbations of size
�A�=�A /A0= �0.0005, where A0=LxLy =121�2 is the inter-
facial area of the unperturbed state.

The WIM technique is an extension of the NPT en-
semble in which the interfacial area is allowed to fluctuate at
random. This is achieved by introducing a new MC move,
which consists of an attempt to deform the box by changing
the interfacial area of the system at constant volume. The
attempted moves are accepted according to the usual canoni-
cal rules, and the surface tension may be extracted from the
resulting surface area probability distribution. Further details
can be found in Ref. 20. The WIM approach can also be
implemented in the grand canonical ensemble �suitable for
confined fluids� or in the canonical ensemble; the latter is a
better option for the description of vapor-liquid or liquid-
liquid interfaces. For the special case of discrete sampling of
the surface area, the WIM technique becomes equivalent to
the recent expanded ensemble methodology.8,22

For each chain length, we perform simulations of inho-
mogeneous systems at different temperatures where vapor-
liquid equilibrium is expected. We typically consider either
six or seven temperatures in the range from �0.5 to
�0.9 Tc, where Tc is the critical temperature of the system.
Each series is started at an intermediate temperature. This
system is well equilibrated for 106 MC cycles, and averages
are determined over a further period of 2�106 MC cycles.
The systems at other temperatures of each series are equili-
brated for 5�105 MC cycles and averages are determined
over the same number of cycles �2�106�. The production
stage is divided into M blocks. The ensemble average of the
surface tension is obtained from the arithmetic mean of the
block averages, and the statistical precision of the sample
average is estimated from the standard deviation of the en-
semble average from �̄ /�M, where �̄ is the variance of the
block averages. We consider M =20, but in some cases aver-
ages are taken over more blocks.

All the quantities in our paper are expressed in conven-
tional reduced units, with � and � being the length and en-
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ergy units, respectively. Thus, the temperature is given in
units of � /kB, the densities in units of �−3, the surface tension
in units of � /�2, and the interfacial thickness in units of �.

III. RESULTS AND DISCUSSION

In this section we present the main results from the
simulations of fully flexible LJ chains of varying chain
length. We first focus on the interfacial properties such as
density profiles, interfacial thickness, and surface tension,
considering a cutoff distance of rc=4� for the segment-
segment interactions. In particular, we examine the tempera-
ture and chain length dependence of these properties. In the
last section we examine the effect of the truncation of the
interactions on the interfacial properties.

A. Interfacial properties of Lennard-Jones chains
with rc=4�

We follow the same procedure for all chain lengths and
temperatures. The equilibrium density profiles 	�z� are com-
puted from averages of the histogram of densities along the z
direction over the production stage. For convenience, density
profiles are presented in terms of the monomeric units. As a
consequence of our initial setup, the system stabilizes two
planar vapor-liquid interfaces parallel �on average� to the x-y
plane. The bulk vapor and liquid densities are obtained by
averaging 	�z� over appropriate regions sufficiently removed
from the interfacial region. This procedure is meaningful as
far as the central liquid slab is thick enough. This turns out to
be the case in our simulations, including those performed at
the higher temperatures. The bulk vapor density is obtained
after averaging the density profiles on both sides of the liquid
film. The statistical uncertainty of these values is estimated
from the standard deviation of the mean values. Additional
interfacial properties can be determined by describing each
of the two equilibrium density profiles to hyperbolic tangent
functions of the form

	�z� =
1

2
�	L + 	V� −

1

2
�	L − 	V�tanh� z − z0

d
� , �3�

where 	L, 	V, and z0 are, in general, adjustable parameters
corresponding to the liquid and vapor densities at coexist-
ence, and the position of the Gibbs dividing surface. d is a
measure of the thickness of the interface and it is related to
the “10–90 interfacial thickness” �t� by t=2.1972d. Here we
fix 	L and 	V to previously computed values and treat z0 and
d as adjustable parameters. As for the calculation of the bulk
vapor density, our reported values of d correspond to the
average of the values for the two interfaces appearing in the
system. Values determined in this way are always found to
be the same within statistical uncertainties; this suggests that
the inhomogeneous systems are properly equilibrated at all
temperatures.

We show in Fig. 1 the segment density profiles 	�z� for
LJ chains formed from four monomers �m=4� at several
temperatures in the vapor-liquid coexistence region. For the
sake of clarity, we only present one half of the corresponding
profiles corresponding to one of the interfaces �the full pro-
files are displayed as an inset in the figure�. Also for conve-

nience, all density profiles have been shifted along z so as to
place z0 at the origin. As can be seen in the inset of the
figure, all profiles are essentially symmetric around the mid-
point of the corresponding liquid slabs �z
Lz /2
36��,
even for the longer chains considered here. As discussed ear-
lier, this provides additional evidence that the inhomoge-
neous systems are properly equilibrated. Our simulation re-
sults for the bulk densities and interfacial thickness for LJ
chains formed from four monomers are collected in Table I.

A similar analysis is used for the other chain lengths
considered in this work. Bulk coexistence densities and in-
terfacial thicknesses for chains formed from 8, 12, and 16
monomer segments are gathered in Tables II, III, and IV,
respectively. The vapor densities and the interfacial thick-
nesses associated with both interfaces are nearly identical in
all of the systems and at all temperatures, as found for the
shortest chains with m=4. From the simulation data pre-
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FIG. 1. �Color online� Simulated equilibrium density profiles across the
vapor-liquid interface of fully flexible LJ chains formed from four mono-
mers �m=4� with a segment-segment LJ cutoff distance of rc=4� at several
temperatures. From top to bottom �in the liquid region�: T=1.0, 1.2, 1.4, 1.6,
1.8, 1.9, and 2.0. In the inset, the density profiles are shown with the liquid
slab in the central part of the simulation box and the two vapor phases at
each side of the liquid.

TABLE I. Liquid density 	L, vapor density 	V, surface tension 
, and 10–90
interfacial thickness t at different temperatures for systems of fully flexible
LJ chains formed from four monomers with a segment-segment LJ cutoff of
rc=4�. The surface tension is calculated using the TA method. All quantities
are expressed in conventional reduced units as explained in Sec. II. The
errors are estimated from the standard deviation of the mean. In the case of
the surface tension, this is obtained from 20 subaverages, each consisting of
105 cycles. In the case of 	L and 	V, we use the values of the equilibrium
density profile corresponding to the liquid and vapor regions, respectively.
For the interfacial thickness, we use the two values obtained using Eq. �3�
for the two interfaces in the simulation box.

T� 	L 	V 
 t

1.0 0.855�4� 0.000 009�3� 1.11�3� 1.657�2�
1.2 0.800�2� 0.000 20�1� 0.88�3� 2.059�4�
1.4 0.7428�9� 0.001 58�3� 0.67�2� 2.56�1�
1.6 0.6812�6� 0.006 93�4� 0.468�9� 3.278�2�
1.8 0.6108�3� 0.021 64�8� 0.281�6� 4.4419�4�
1.9 0.5692�3� 0.036 1�1� 0.194�8� 5.423�7�
2.0 0.5183�2� 0.060 0�1� 0.112�6� 7.090�4�
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sented in Tables I–IV, one can compare the vapor-liquid
phase envelope for LJ chains of different chain lengths. It is
also useful to estimate the location of the critical point re-
sulting from our direct MC simulations. The critical tempera-
ture Tc and density 	c are obtained using the simulation re-
sults of the vapor and liquid coexistence densities �Tables
I–IV� and the scaling relation for the width of the coexist-
ence curve

	L − 	V = A�T − Tc�� �4�

and the law of rectilinear diameters

	L + 	V

2
= B + CT . �5�

A, B, and C are constants, and � is the corresponding critical
exponent. A universal value of �=0.325 is assumed here.1 In
Table V we report the values of the critical temperatures and
densities as obtained from this procedure for all of the sys-
tems studied in this work.

The vapor-liquid phase envelopes of fully flexible LJ
chains with rc=4� are depicted in Fig. 2. Note that densities
are again presented in terms of the monomeric segments. The
coexistence envelopes exhibit a definite trend with chain
length when represented in terms of the monomeric density.
As can be seen in Fig. 2, the phase envelope becomes wider
as the chain length is increased, as one would expect. The
increase is more significant when the number of monomers is
increased from four to eight than when the chain length is
further increased. A similar behavior is also observed for the

critical properties. This is consistent with the well-known
asymptotic behavior of the vapor-liquid phase envelope of LJ
chains expected as m→�.46

Another interesting property obtained from our analysis
is the 10–90 interfacial thickness �cf. Tables I–IV�. For a
given chain length, t is seen to increase with temperature,
which simply reflects the fact that the interfacial region gets
correspondingly wider. This can be observed in Fig. 1. At
low temperatures the density profiles exhibit a sharp inter-
face, which corresponds to a low value of the interfacial
thickness. As the temperature is increased toward the critical
value, the interfacial region becomes wider, and hence, the
value of the interfacial thickness increases and diverges to
infinity as T→Tc. The variation in interfacial thickness with
temperature for different chain lengths is illustrated in Fig.
3�a�. According to the figure, increasing the chain length
results in a decrease in the thickness of the interface at fixed
temperature, which is consistent with the fact that the sys-
tems of longer molecules have a larger cohesive energy. This
behavior is consistent with that found for the shape of the
vapor-liquid phase envelopes. It is interesting to note that the
variation in t with chain length at constant temperature is
more significant for a change from m=4 to m=8 than in the
rest of the cases. This is again related with the aforemen-
tioned asymptotic limit.

In Fig. 3�b� we show the 10–90 interfacial thickness of
LJ chains as a function of temperature reduced by the appro-
priate critical temperature �T /Tc�. This representation is par-

TABLE IV. Liquid density 	L, vapor density 	V, surface tension 
, and
10–90 interfacial thickness t at different temperatures for systems of fully
flexible LJ chains formed from 16 monomers with a segment-segment LJ
cutoff of rc=4�. The surface tension is calculated using the TA method. All
quantities are expressed in the reduced units defined in Sec. II. The errors
are estimated as explained in Table I.

T 	L 	V 
 t

2.0 0.659�2� 0.000 12�1� 0.47�3� 3.197�2�
2.2 0.610�1� 0.000 79�3� 0.33�2� 3.817�2�
2.4 0.5570�6� 0.003 56�5� 0.22�1� 4.724�4�
2.6 0.4937�3� 0.012 24�8� 0.13�1� 6.29�1�
2.7 0.4542�3� 0.022 3�1� 0.10�1� 7.774�4�
2.8 0.3972�3� 0.043 5�2� 0.06�1� 10.99�9�

TABLE II. Liquid density 	L, vapor density 	V, surface tension 
, and
10–90 interfacial thickness t at different temperatures for systems of fully
flexible LJ chains formed from eight monomers with a segment-segment LJ
cutoff of rc=4�. The surface tension is calculated using the WIM technique.
All quantities are expressed in the reduced units defined in Sec. II. The
errors are estimated as explained in Table I.

T 	L 	V 
 t

1.6 0.729�2� 0.000 17�1� 0.67�2� 2.599�9�
1.8 0.6789�8� 0.001 19�3� 0.47�2� 3.1735�1�
2.0 0.6225�5� 0.004 96�4� 0.33�2� 3.981�2�
2.2 0.5584�4� 0.015 62�7� 0.22�1� 5.245�2�
2.4 0.4745�3� 0.044 7�5� 0.083�9� 8.094�9�
2.5 0.3893�4� 0.086�4� 0.065�6� 12.876�4�

TABLE III. Liquid density 	L, vapor density 	V, surface tension 
, and
10–90 interfacial thickness t at different temperatures for systems of fully
flexible LJ chains formed from 12 monomers with a segment-segment LJ
cutoff of rc=4�. The surface tension is calculated using the WIM technique.
All quantities are expressed in the reduced units defined in Sec. II. The
errors are estimated as explained in Table I.

T 	L 	V 
 t

1.8 0.698�2� 0.000 096�7� 0.60�4� 2.872�4�
2.0 0.648�1� 0.000 71�1� 0.41�2� 3.444�2�
2.2 0.5944�4� 0.003 20�4� 0.32�3� 4.254�4�
2.4 0.5336�3� 0.010 99�6� 0.20�2� 5.550�2�
2.6 0.4554�2� 0.033 9�4� 0.09�2� 8.40�1�
2.7 0.3795�2� 0.069�4� 0.061�7� 12.57�2�

TABLE V. Critical temperature obtained from the analysis of the computed
surface tension data using Eq. �6� and fixing the critical exponent to 

=1.258 or to 
=11 /9; critical temperature and density obtained from the
analysis of the coexistence densities using Eqs. �4� and �5�, respectively. All
the results correspond to systems consisting of fully flexible LJ chains
formed from m monomers with a segment-segment LJ cutoff of rc=4�. All
quantities are expressed in the reduced units defined in Sec. II.

m T
c

a T
c

b T
c

c 	
c

c

4 2.20�3� 2.18�4� 2.173�7� 0.265�5�
8 2.65�5� 2.64�5� 2.59�1� 0.234�7�
12 2.88�7� 2.87�7� 2.81�1� 0.217�7�
16 3.0�1� 3.0�1� 2.96�2� 0.20�1�
a
=1.258.
b
=11 /9.
cUsing Eqs. �4� and �5�.
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ticularly useful when comparing interfacial properties of sys-
tems with different critical temperatures and, therefore,
different ranges of temperatures over which vapor-liquid
equilibria are observed. As can be seen, the values of the
interfacial thickness of LJ chains with m=8, 12, and 16 are
similar at all reduced temperatures. This would indicate that

for fully flexible chains, the structure of the fluid in the in-
terfacial region is largely dominated by monomer-monomer
interactions, the chain length being an irrelevant parameter.
It is interesting to note that our results are in qualitative
agreement with those obtained by Bryk et al.47 using a den-
sity functional theory approach.

Finally, the temperature dependence of the surface ten-
sion for the LJ chains is shown in Fig. 4�a�. At any given
temperature, the interfacial tension is larger for longer
chains. Once again, this is consistent with the larger cohesive
energy in systems consisting of long chains. As can be seen
from Fig. 4�a�, an essentially linear behavior is found for the
range of temperatures considered here with a slight curvature
close to the critical point for each system. The effect of chain
length on the slope of the surface tension curves is remark-
able. At a given temperature, this slope becomes less nega-
tive as m is increased, a trend which is also exhibited by the
first members of the n-alkane series.48 The same qualitative
behavior has been previously found by Bryk et al.47 One
should bear in mind, however, that a fully flexible LJ chain
model is not the most appropriate representation of real
n-alkanes.

Though it would be of interest to compare our computed
values of the surface tension to those recently reported by
Duque et al.38 for m=4, the comparison is not straightfor-
ward as the intermolecular interactions are slightly different.

��
��

��
��
��
��

��
��

��
����
����
��

��
��

��
��

��
��

��
��

��
����
����

��

��
��

��
��
��
��

��
��
��
��
��
��

�
�

��
��

��
��

��
��

�
�

��
��

��
��
��
��

��
��
��
��

��
����
��

��
��

��
��

��
��

��
��

��
����

��

��
��

��
��

��

��
��
��
��
��

��
��

��
��

��

��
��
��

��
��

0 0.2 0.4 0.6 0.8
ρ

1

1.5

2

2.5

3

T

FIG. 2. �Color online� Vapor-liquid coexistence densities for fully flexible
LJ chains with a segment-segment LJ cutoff distance of rc=4�. The open
circles, squares, diamonds, and triangles correspond to the coexistence den-
sities obtained from the analysis of the equilibrium density profiles obtained
from MC NVT simulations for chain lengths of m=4, 8, 12, and 16, respec-
tively. The filled symbols are the corresponding critical points estimated
from Eqs. �4� and �5�, and the curves represent the fits of the simulation data
to Eq. �4�.

��
�� ��

�� ��
�� ��

��
��
��
��
��

��
��

��
�� ��

�� ��
��

��
��

��
��

��
��

��
�� ��

��
��
��

��
��

��
��

��
��

��
�� ��

��
��
��

��

��
��

��
��

0.8 1.2 1.6 2 2.4 2.8
T

0

3

6

9

12

15

t

��
�� ��

�� ��
�� ��

��
��
��

��
��

��
��

��
�� ��

�� ��
��

��
��

��
��

��
��

���
��� ��

��
��
��

��
��

��
��

��
��

��
�� ��

��
��
��

��

��
��

��
��

0.4 0.5 0.6 0.7 0.8 0.9 1
T / T

c

0

3

6

9

12

15

t

(b)

(a)

FIG. 3. �Color online� The 10–90 interfacial thickness t as a function of �a�
the temperature and �b� the reduced temperature with respect to the critical
point for fully flexible LJ chains with a segment-segment LJ cutoff distance
of rc=4�. The meaning of the symbols is the same as in Fig. 2. The curves
are included as a guide to the eyes.

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
�
�

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��

��
��

��
��

��
��

��
��

0.8 1.2 1.6 2 2.4 2.8 3.2
T

0

0.2

0.4

0.6

0.8

1

1.2

1.4

γ

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��
��

���
���

��
��

��
��

��
��

��
��

��
��

��
��

��

��
��

��
��

��
��

��
��

0.4 0.5 0.6 0.7 0.8 0.9 1
T / T

c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

γ
(b)

(a)

FIG. 4. �Color online� Surface tension as a function of �a� the temperature
and �b� the reduced temperature with respect to the critical point for fully
flexible LJ chains with a segment-segment LJ cutoff distance of rc=4�. The
meaning of the symbols is the same as in Fig. 2. The curves represent the fits
of the simulation data to the scaling relationship of the surface tension near
the critical point given by Eq. �6� with 
=11 /9.

144703-6 Blas et al. J. Chem. Phys. 129, 144703 �2008�

Downloaded 15 Oct 2008 to 147.96.6.43. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



While we make use of ST interactions, Duque et al.38 con-
sider truncated intermolecular forces, which are known to be
equivalent to a spherically truncated and shifted �STS� ver-
sion of the intermolecular interactions.49 All other factors
being equal, this difference should result in slightly higher
values of the interfacial tension for the ST models when
compared to the STS models. Our value of cutoff distance,
rc=4�, is also smaller than the value of rc=6� considered by
Duque et al.;38 larger values of the truncation distance are
expected to yield larger values of the surface tension. These
two differences therefore give rise to opposing trends. We
find that the values of the interfacial tension obtained by
Duque et al.38 are higher than ours at higher and lower tem-
peratures, whereas our values are slightly higher for interme-
diate temperatures.

The representation shown in Fig. 4�a� suggests a conver-
gence of the surface tension with increasing chain length; the
asymptotic regime has not, however, yet been attained for the
moderate chain lengths considered in this work. This behav-
ior is in agreement with experimental results for the homolo-
gous series of chain molecules such as polysiloxane.50 We
show in Fig. 4�b� the computed values of the surface tension
in terms of the temperature reduced by the corresponding
critical value �T /Tc�. As can be seen in Fig. 4�b�, the surface
tension decreases as the chain becomes longer at any given
reduced temperature. As mentioned earlier, the slope of the
curves becomes less negative with increasing chain length.
As found for the interfacial thickness, the surface tension
exhibits a clear asymptotic behavior with increasing m.

The computed values of the surface tension allow us to
obtain an independent estimate of the critical temperature for
each chain length from the scaling relation


 = 
0�1 − T/Tc�
, �6�

where 
 is the surface tension at temperature T, 
0 is the
“zero-temperature” surface tension, 
 is the corresponding
critical exponent, and Tc is the critical temperature. Here, we
fix 
 to the universal value of 
=1.258 as obtained from
renormalization-group theory.1 We also use the empirical
value 
=11 /9 suggested by Guggenheim.51 Our estimates
for the critical temperatures are collected in Table V. The
overall agreement between these values and those obtained
from an analysis of the coexistence densities is consistent.

B. Effect of the cutoff distance on the interfacial
properties of Lennard-Jones chains

We have performed a preliminary study on the effect of
truncating the interactions on the different thermodynamic
and interfacial properties. We consider for this purpose simu-
lations at selected temperatures for two additional values of
the cutoff distance, rc=3 and 5�, using the same setup as the
one used in the preceding sections. The corresponding results
are summarized in Table VI. For the shorter cutoff distance,
rc=3�, we have calculated the surface tension using the TA
method and the WIM technique. As can be seen, both meth-
odologies provide consistent values for the surface tension of
all the systems.

TABLE VI. Liquid density 	L, vapor density 	V, surface tensions 
TA and 
WIM, and 10–90 interfacial thickness
t at different temperatures for systems of fully flexible LJ chains formed from m monomers with a segment-
segment LJ cutoff distance of rc �in units of ��. The subscripts TA and WIM in 
 indicate that the surface
tension is calculated using the TA method and WIM technique, respectively. All quantities are expressed in the
reduced units defined in Sec. II. The errors are estimated as explained in Table I.

m T rc 	L 	V 
TA 
WIM t

4 1.2 3 0.790�2� 0.000 320�1� 0.76�2� 0.75�2� 2.106�2�
4 1.2 4 0.800�2� 0.000 201�2� 0.88�2� ¯ 2.04�4�
4 1.2 5 0.803�2� 0.000 167�2� 0.90�1� ¯ 2.0813�1�
4 1.9 3 0.5355�2� 0.053 1�1� 0.132�5� 0.111�9� 6.489�1�
4 1.9 4 0.5692�3� 0.036 07�8� 0.194�7� ¯ 5.423�7�
4 1.9 5 0.5787�2� 0.031 750�1� 0.216�5� ¯ 5.254�2�
8 1.8 3 0.6628�7� 0.002 060�1� 0.42�1� 0.40�1� 3.300�2�
8 1.8 4 0.6789�8� 0.001 190�5� ¯ 0.47�2� 3.1735�1�
8 1.8 5 0.6836�8� 0.000 5�4� ¯ 0.49�2� 3.113�4�
8 2.2 3 0.5269�3� 0.026 24�8� 0.144�6� 0.125�9� 6.080�4�
8 2.2 4 0.5584�4� 0.015 62�1� ¯ 0.22�1� 5.245�2�
8 2.2 5 0.5681�3� 0.013 165�1� ¯ 0.27�1� 5.049�4�
12 2.0 3 0.6299�9� 0.001 430�1� 0.35�2� 0.33�1� 3.606�4�
12 2.0 4 0.648�1� 0.000 705�5� ¯ 0.41�2� 3.444�2�
12 2.0 5 0.654�1� 0.000 555�5� ¯ 0.51�3� 3.38�1�
12 2.4 3 0.4987�2� 0.020 52�2� 0.148�6� 0.131�9� 6.534�9�
12 2.4 4 0.5336�3� 0.010 99�3� ¯ 0.20�2� 5.550�2�
12 2.4 5 0.5440�3� 0.008 84�3� ¯ 0.21�2� 5.313�4�
16 2.2 3 0.5905�9� 0.001 77�1� 0.26�2� 0.27�2� 4.15�2�
16 2.2 4 0.610�1� 0.000 785�5� 0.33�2� ¯ 3.817�2�
16 2.2 5 0.617�1� 0.000 60�1� 0.40�2� ¯ 3.81�1�
16 2.7 3 0.4720�2� 0.016 52�2� 0.078�8� 0.066�6� 13.2�2�
16 2.7 4 0.4542�3� 0.022 3�1� 0.10�1� ¯ 7.776�4�
16 2.7 5 0.4720�2� 0.016 52�2� 0.11�1� ¯ 7.13�2�
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We start by considering the effect on the coexistence
densities. As can be seen in Table VI at low and high tem-
peratures the liquid density increases and the vapor density
decreases as rc is increased. This results in the well-known
widening of the coexistence curve as rc becomes larger. Our
results indicate that the changes in the vapor density are
larger than those corresponding to the liquid density, and the
effect of the cutoff distance on the coexistence densities is
more pronounced for the systems of longer chains. We have
also considered the effect on the 10–90 interfacial thickness,
t, which is more sensitive to changes in the cutoff than the
coexistence densities. In Fig. 5 we show the interfacial thick-
ness as a function of the cutoff distance for all the systems
considered. As can be seen, the interfacial thickness de-
creases as rc is increased, in agreement with our previous
results. We observe that changes in t, when rc is varied from
3 to 5�, are larger at high temperatures and for longer chains.
In particular, the interfacial thickness decreases in value be-
tween 1% and 8% at low temperatures and between 17% and
46% at high temperatures.

Finally, we analyze the effect of the cutoff distance on
the surface tension 
. As can be seen in Fig. 6, the surface
tension is very sensitive to the precise value of the cutoff
distance. As one would expect, the surface tension becomes
larger as the cutoff distance is increased. In general, the ef-
fect is more marked at higher than at lower temperatures. In
addition, the changes in surface tension for a given change in
the cutoff distance also exhibit a strong dependence with the
chain length. In particular, the change in 
 varies from 19%
at low temperatures and short chains up to �60% at high
temperatures and long chains.

IV. CONCLUSION

We have simulated the interfacial properties of the
vapor-liquid interface of fully flexible chains formed from
tangentially bonded LJ monomers. Chains formed from 4, 8,
12, and 16 monomers are considered. The intermolecular and
intramolecular segment-segment interactions are truncated at
a cutoff distance of 4�, � being the diameter of the mono-

mers. We use MC NVT simulation of the inhomogeneous
system containing two vapor-liquid interfaces. The surface
tension is evaluated using the TA approach and the WIM
technique. We have examined the density profiles, interfacial
thickness, and surface tension in terms of the temperature
and the number of monomers forming the chains. In addi-
tion, we have also calculated the coexistence phase envelope,
including the location of the critical point from an analysis of
the density profiles and the surface tension.

The effect of the chain length on the density profiles,
coexistence densities, critical temperature and density, inter-
facial thickness, and surface tension has been investigated.
The vapor-liquid interface is seen to sharpen with increasing
chain length corresponding to an increase in the width of the
coexistence phase envelope and an accompanying increase in
the surface tension.

The coexistence phase envelope, the interfacial thick-
ness, and the surface tension are seen to exhibit an
asymptotic limiting behavior as the chains get longer. In par-
ticular, when the interfacial thickness and surface tension are
plotted as functions of the reduced temperature T /Tc, both
properties exhibit a nearly universal behavior for chains
formed from eight or more monomers. This indicates that the
interface, hence its thickness and associated surface tension,
is dominated by monomer-monomer interactions, irrespec-
tive of the number of monomers constituting the molecular
chain.

Finally, we have also presented the results of an analysis
of the effect of truncation of the LJ interactions on the inter-
facial properties. In particular, the results for a number of
properties are compared for values of the cutoff distance of
3, 4, and 5� at two different temperatures. All properties
exhibit a dependence with the cutoff distance, but the relative
effect is different depending on the specific property. Though
the density profiles and coexistence densities are affected by
the cutoff distance, the interfacial thickness and more par-
ticularly the surface tension show a stronger dependence on
the particular choice of cutoff distance.
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