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In this work we present new molecular dynamics simulation results for the liquid–vapor interface
of the pure Lennard-Jones fluid. Our aims were further investigations on the simulation setup and
the simulation parameters to obtain reliable data for the coexisting densities as well as for the
surface tension. The influence of the cut-off distance to the interfacial properties is investigated and
long-range corrections to both the dynamics and the surface tension are applied. It is found that the
saturated liquid densities from the surface simulations agree with those from theNpT1test particle
method within 1% for sufficiently large simulation boxes; the saturated vapor densities agree within
4%. In order to obtain reliable values for the surface tension, cut-off radii of at least 5 molecular
diameters supplemented by a tail correction are required. ©1997 American Institute of Physics.
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I. INTRODUCTION

Due to their fundamental importance for many techn
logical processes, liquid–vapor and liquid–liquid interfac
have been a matter of great interest in several experime
and theoretical investigations. In the last decade, comp
simulations became more and more an important tool to
tain information on the properties of pure homogeneous
ids and mixtures as well as on their interfacial behavior.

The primary results of a study on the liquid–vapor inte
face are the coexisting liquid and vapor densities. Sev
different approaches have been developed to obtain t
properties from computer simulations like the Gibbs e
semble Monte Carlo method1–3 or the NpT1test particle
method.4 It was shown that these methods are able to rep
duce the experimental phase equilibrium data of simple
uids and their mixtures with good accuracy.5,6 However,
these simulation techniques cannot yield information on
interfacial region itself, like microscopic structure, interfac
thickness, or such important quantities as surface tensio
surface segregation for mixtures. Since there is no exp
mental technique to directly detect the microscopic inter
cial structure, simulations of the two coexisting phas
within one simulation cell were thought to be a useful tool
investigate these properties. Since this method was first
plied to atomic fluids in 1974, several simulations have be
reported for the liquid–vapor interface of the Lennard-Jo
fluid using molecular dynamics or Monte Car
techniques.7–18 Although in principle these simulations us
the same basic techniques as those well known for the s
lation of bulk fluids, there are quite different ideas of how
set up and run the simulations. It turned out that not all
these approaches were suitable to produce consistent re

a!Author to whom correspondence should be addressed.
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Furthermore, the direct liquid–vapor simulations requ
larger systems and significantly longer equilibration and p
duction runs to stabilize the interface than those commo
used in bulk fluid simulations. Some of the earlier stud
could not meet these requirements. Therefore, we find a c
siderable variation of results, especially for the surface t
sion caused by problems in the simulation setup or by ins
ficient simulation time.

Considering these findings, we see that the right cho
of the simulation conditions and parameters is of fundam
tal importance for obtaining accurate results. Recently, H
comb et al.17 presented an excellent investigation on the
problems and claimed the possibility of obtaining accur
surface tension results for the full Lennard-Jones poten
from simulations with a moderate cut-off value by applying
tail correction. In a subsequent paper,19 however, the original
tail corrections were revised, and as a consequence the
face tension results obtained with the cut-off radiir c54.4s
andr c56.3s show discrepancies of 4%. Moreover, the sa
rated liquid densities obtained withr c54.4s show discrep-
ancies with respect to theNpT1test particle results of Lotfi
et al.5 between 1.1% and 4.3%. Hence, we thought it wor
while to reinvestigate the problem by using long-range c
rections already to the dynamics, by using a more direct
correction for the surface tension and by using somew
larger cut-off radii.

II. SIMULATION TECHNIQUE

We used the molecular dynamics method to simulat
three-dimensional liquid in equilibrium with its own vapo
The molecules interact via a Lennard-Jones 12-6 poten
with the parameters« and s. Consequently, we can deno
all quantities in units reduced to these parameters. In part
lar, we define the reduced temperatureT* 5kT/«, the re-
97/107(21)/9264/7/$10.00 © 1997 American Institute of Physics
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9265Mecke, Winkelmann, and Fischer: Simulation of the liquid-vapor interface
duced lengthz* 5z/s, the reduced densityr* 5r/s3, and
the reduced surface tensiong* 5gs2/«. The asterisk is
omitted if no confusion can occur.

Our simulations were performed in a NVT ensemb
i.e., at prescribed particle number, volume, and tempera
with different cut-off radii r c . The temperature was kep
constant by the momentum scaling method and the equa
of motion were solved using a fifth-order predictor-correc
algorithm. The reduced time stepDt* was varied from 0.002
to 0.005 in units ofsAm/«. We will give the respective time
step, as well as the total number of time steps and the cu
radius used for each simulation run together with the resu

The simulation procedure was started from a fa
centered-cubic~fcc! lattice in a cubic box. We chose a de
sity slightly higher than the appropriate liquid density, whi
was available from our equation of state.20 This choice
causes the liquid film to have approximately the thickness
the cubic start box. After a short melting and equilibrati
period of this homogeneous phase, two empty cubic cell
the same dimensions were added to both sides of the film
the z-direction, allowing the vapor phase to develop. Th
another equilibration stage of the liquid–vapor system f
lowed to stabilize the interface. After the interfacial syste
was equilibrated the production period was performed, d
ing which the coexisting densities and the surface tens
were evaluated. The block average method21 was used to
estimate the statistical uncertainties of the computed sur
tension values. Since the coexisting densities are determ
from the final density profile by taking the mean liquid a
gas densities under exclusion of the direct interfacial ar
and the areas close to the vapor cell borders, we do not t
give statistical uncertainties for these properties, even tho
we can state that the density profile does not change con
erably once a system is equilibrated. Therefore, we estim
the fluctuations in the coexisting densities to be rather sm

We applied periodic boundary conditions in th
x-y-plane. In thez-direction one can use either period
boundary conditions or hard reflecting walls. Although t
hard wall model might seem to be a more realistic approa
it is more difficult to handle. Collisions of vapor phase pa
ticles with the hard wall induce an additional momentu
which, especially at higher temperatures, can cause the
ter of mass to move strongly. These movements have to
corrected by allowing the reference frame to move un
attention to particles close to the walls. Running the simu
tion with complete periodic boundary conditions we on
observe a negligible displacement of the center of ma
which, if necessary, can easily be corrected. Furthermore
collision of a particle with the wall in the presence of anoth
force within its cut-off radius is not exactly calculable b
means of a predictor-corrector algorithm. However, we h
performed both, simulations with complete periodic boun
ary conditions and simulations with the hard wall mod
respectively, and we found no significant differences, neit
in the density profiles nor in the surface tension results.

In our simulations we use a truncated potential, wh
means that the forces on a particlei from all particles within
its cut-off sphere are computed exactly. In the case o
J. Chem. Phys., Vol. 107, N
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homogeneous fluid we can assume that the forces affec
this particlei from outside its cut-off sphere will average o
and, therefore, have no influence on its trajectory. For
inhomogeneous fluid, this assumption is no longer valid. P
ticles close to the liquid–gas interface especially feel an
ditional attractive force from the liquid slab outside of the
truncation spheres. This additional force has to be taken
consideration when solving the equations of motion in
simulation of inhomogeneous fluids. Lotfiet al.22 were the
first to apply such long-range corrections to molecular d
namics simulations, and describe the additional forceDF
affecting a particlei as

DF52
d~Du!

dr
, ~1!

with

Du5E
r i j .r c

ui j ~r i j !r~r j !dri j . ~2!

Considering a Lennard-Jones fluid with inhomogeneity in
z-direction, we obtain

DFz/8p52E
2`

2r c
dzi j r~zj !~zi j

2112zi j
25!

2E
r c

`

dzi j r~zj !~zi j
2112zi j

25!, ~3!

using cylindrical coordinates. The local densityr(z) can be
obtained either from a step function or directly from the de
sity profile computed within the simulation.

We included this ansatz in our simulation algorithm a
used forr(z) the density profile computed within the simu
lation. At the very beginning of the production phase w
applied the final profile from the equilibration run for th
first 5000 time steps.

III. DENSITY PROFILES

The first result we obtain from our liquid–vapor surfa
simulations is the density profile. It is determined by divi
ing the simulation cell in a certain number of slabs in t
z-direction and taking the number of particles in each one
our simulations we used 300 to 600 slabs, depending on
box geometries. The slab densities are accumulated and
eraged over the production run to yield the final profile.
turned out that a balanced density profile can already be
tained very soon, usually after 10 000 to 20 000 time ste
while longer runs are required to calculate the surface t
sion accurately.

Typical profiles at three temperatures are shown in F
1–3. We performed simulations with a cut-off distancer c

52.5s andr c55.0s, each with and without long-range co
rections to the dynamics~LRC!, in order to investigate its
influence on the density profile and on the coexisting den
ties. We learn from Figs. 1–3 that the profiles determined
r c52.5s simulations are rather flat. They show lower liqu
and higher vapor densities and a larger interfacial thickn
than those profiles at higher cutoff. We find the long-ran
o. 21, 1 December 1997
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9266 Mecke, Winkelmann, and Fischer: Simulation of the liquid-vapor interface
corrections working quite well, even though they are, es
cially at high temperatures, not able to correct this behav
completely. In the case of the profiles obtained fromr c

55.0s simulations we can hardly see an influence of
long-range corrections at the two lower temperatures. O
at the highest temperature the use of long-range correct
causes a slightly better profile.

In Table I we summarize the corresponding results
the orthobaric densities determined from these profiles.
values confirm the behavior we have seen in the figu
Additional simulations withr c56.5s and LRC did not show
relevant changes in the density profiles and the orthob
densities.

In the upper part of Table II we compare our most re
able results for the orthobaric densities from Table
(r c55.0s, LRC! with the results of Lotfiet al.,22 also ob-
tained from direct liquid–vapor interface simulations usi
long-range corrections to the dynamics. We find that

FIG. 1. Density profiles for the reduced temperatureT* 50.70 obtained
from simulations withr c52.5s and no LRC~–•–•–!, with r c52.5s and
LRC ~–––!, with r c55.0s and no LRC~•••••••••!, and withr c55.0s and
LRC ~—!.

FIG. 2. Density profiles for the reduced temperatureT* 50.85 obtained
from simulations withr c52.5s and no LRC~–•–•–!, with r c52.5s and
LRC ~–––!, with r c55.0s and no LRC~•••••••••!, and withr c55.0s and
LRC ~—!.
J. Chem. Phys., Vol. 107, N
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agreement between both data sets is good. In Table II
additionally include the results of Lotfiet al.5 for the coex-
isting densities determined by theNpT1test particle
method. This method is known to yield very reliable a
exact results for these properties. Therefore, these data
be used as a test for the accuracy of our procedure. Altho
the direct liquid–vapor simulation is not able to reach t
accuracy of theNpT1test particle method, we see that at t
two lower temperatures the values for the coexisting de
ties are quite close to those from theNpT1test particle
method. The difference in the liquid densities, for instance
less than 1%. Only for the reduced temperatureT* 51.10 we
find a considerable discrepancy. To find out whether the
viation vanishes if we further improve the simulation cond
tions, we modified the box geometry toward a thicker liqu
film by duplicating the simulation cell in thez-direction. The
results are shown in the lower part of Table II. The liqu
density resulting from this simulation agrees now with
0.4% with theNpT1test particle result. So we can state th
even at high temperature the direct liquid–vapor simulat

FIG. 3. Density profiles for the reduced temperatureT* 51.10 obtained
from simulations withr c52.5s and LRC ~–––!, with r c55.0s and no
LRC ~•••••••••!, and with r c55.0s and LRC ~—!. The simulation with
r c52.5s and no LRC could not yield a sharp density profile.

TABLE I. Simulation results for the orthobaric densities obtained fro
different simulation conditions.N51372, equil. steps550 000, prod. steps
5200 000,Dt* 50.002.

T* r c* LRC r liq* rgas*

0.70 2.5 no LRC 0.7861 0.007 84
0.70 2.5 LRC 0.8154 0.004 84
0.70 5.0 no LRC 0.8360 0.001 94
0.70 5.0 LRC 0.8375 0.002 01
0.85 2.5 no LRC 0.6956 0.030 25
0.85 2.5 LRC 0.7391 0.016 53
0.85 5.0 no LRC 0.7659 0.010 41
0.85 5.0 LRC 0.7698 0.009 77
1.10 2.5 no LRC
1.10 2.5 LRC 0.5546 0.090 32
1.10 5.0 no LRC 0.6169 0.059 57
1.10 5.0 LRC 0.6236 0.059 37
o. 21, 1 December 1997
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Downloaded 25 Fe
TABLE II. Results for the orthobaric densities obtained from the present simulations in comparison wi
results from direct surface simulations of Lotfiet al. ~Ref. 22! and theNpT1test particle simulations of Lotfi
et al. ~Ref. 5!.

T*
Box dimension

x* 3z*

This work Lotfi et al. ~Ref. 22! NpT1test particle~Ref. 5!

r liq* rgas* r liq* rgas* r liq* rgas*

0.70a 11.75335.25 0.8375 0.002 01 0.8403 0.002 13 0.8427 0.001 93
0.85a 11.99335.97 0.7698 0.009 77 0.7715 0.008 90 0.7762 0.009 70
1.10a 12.25336.75 0.6236 0.059 37 0.6270 0.0572 0.6401 0.053 30
1.10b 12.25373.50 0.6378 0.055 28 0.6270 0.0572 0.6401 0.053 30

aN51372,r c55.0s, LRC, equil. steps550 000, prod. steps5200 000,Dt* 50.002.
bN52744,r c56.124s, no LRC, equil. steps580 000, prod. steps550 000,Dt* 50.003.
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method is able to determine the coexisting densities w
good accuracy.

IV. SURFACE TENSION

A. Results without tail correction

The surface tension was calculated during the simula
by means of the virial expression16,23,24

g5
1

2A K (
i , j

r ,r c

S r i j 2
3zi j

2

r i j
Du8~r i j !L , ~4!

whereA is the total surface areaA52xy. The prime denotes
differentiation and the angle brackets refer to a time avera
The summation extends over all particles within the cut-
radius.

In Table III we give the surface tension values obtain
from our simulations for different temperatures and cut-
distances. As long as no tail correction is applied to Eq.~4!,
this equation obviously requires an increase ofg with r c . In
Fig. 4 we compare our results with the most recent result
Holcomb et al.17 Considering the cut-off distances whic
were used in the simulations we find both data sets to
consistent with each other. We have to note that in cont
to the values of Holcombet al. our results were determine
using long-range corrections to the dynamics. As these

TABLE III. Simulation results for the surface tension and the tail correct
term to these results determined by the method of Blokhuiset al. ~Ref. 19!,
Eqs.~6! and~7!, and by the new method, Eqs.~8! and~10!, described in this
work.

T* r c* g*

g tail*
method

~Ref. 19!

g tail*
new

method
g* 1g tail*

~g tail* new method!

0.70a 2.5 0.650960.0196 0.4183 0.4080 1.0589
0.70a 5.0 1.021760.0193 0.1245 0.1177 1.1394
0.70b 6.5 1.075360.0194 0.0757 0.0699 1.1452
0.85a 2.5 0.392260.0157 0.2986 0.2933 0.6855
0.85a 5.0 0.698360.0172 0.0995 0.0944 0.7927
0.85b 6.5 0.752760.0162 0.0606 0.0569 0.8096
1.10a 2.5 0.093560.0113 0.0839 0.0862 0.1797
1.10a 5.0 0.272160.0139 0.0497 0.0472 0.3193
1.10b 6.5 0.285360.0122 0.0318 0.0297 0.3150

aN51372, LRC, equil. steps550 000, prod. steps5200 000,Dt* 50.002.
bN52048, LRC, equil. steps550 000, prod. steps5200 000,Dt* 50.002.
J. Chem. Phys., Vol. 107, N
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rections decrease the interfacial thickness for simulati
with small cut-off radius they also affect the surface tensi
This behavior can be observed for ther c52.5s values.

B. Tail correction procedures

Since we calculate the surface tension from Eq.~4! con-
sidering only the interactions within the cut-off sphere, w
need a tail correction termg tail which enables us to estimat
the surface tension for the full Lennard-Jones potential. T
term represents the contribution of the potential for distan
larger thanr c to the surface tension. For the determination
g tail , Salomons and Mareschal16,25 used a formula according
to Fowler26

g tail5
3
2 p~r liq /r c!

2. ~5!

For the simulated liquid–vapor systems this is a very sim
fied expression, since this formula includes the assump
that the transition layer has zero thickness and thatr(z) has
a constant valuer liq on the liquid side of the dividing surfac
and rgas50 on the gas side. A more realistic ansatz w
given by Chapelaet al.,9 later corrected by Blokhuiset al.19

FIG. 4. Results for the reduced surface tensiong* without tail correction
versus the reduced temperature obtained from simulations withr c52.5s
~j!, with r c55.0s ~.!, and withr c56.5s ~m! of this work, in comparison
with those obtained from simulations withr c52.5s ~h!, with r c54.4s
~,!, and withr c56.3s ~n! of Holcombet al. ~Ref. 17!. The line connect-
ing the r c56.5s data is a guide to the eye.
o. 21, 1 December 1997
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9268 Mecke, Winkelmann, and Fischer: Simulation of the liquid-vapor interface
g tail512p~r liq2rgas!
2E

0

1

dsE
r c

`

dr r 23~3s32s!cothS 2sr

j D ,

~6!

wherej is the interfacial thickness obtained from fitting th
final density profile by an expression

r~z!5 1
2 ~r liq1rgas!2 1

2 ~r liq2rgas!tanhS 2~z2z0!

j D .

~7!

We will confirm below that Eq.~6! in combination with Eq.
~7! works quite well for pure fluids. We have, howeve
problems in extending Eq.~6! to mixtures because the parti
density profiles need not follow a tanh-function.

Hence, we suggest here a more direct procedure
calculate an individual tail contributiong i

tail for each particle
i at each time step within the simulation run, and form t
average

g tail5
1

2A K (
i

r .r c

g i
tailL . ~8!

In order to determine the individual tail contributiong i
tail , we

start again at the virial route formula given by Eq.~4! and
apply it to the interactions of a particlei in the simulation
box with all particlesj outside its cut-off sphere in an infinit
volume. Using the density profile, the single particlesj can
now be replaced by the estimated number of these part
in a volume elementdV. Using spherical coordinates w
obtain a tail contribution for each particlei ,

g i
tail5

1

2 E
r 5r c

`

drE
0

p

dqE
0

2p

dw

3S r 2
3z2

r D r~r !u8~r !r 2 sin q. ~9!

Dividing by 2 in Eq.~9! is to avoid double counting. Sinc
the system is inhomogeneous only in thez-direction, the in-
tegration overw can be performed to yield

g i
tail5pE

r 5r c

`

drE
0

p

dqr 3~123 cos2 q!u8~r !

3r~zi1r cosq!sin q. ~10!

We want to emphasize that Eq.~10! uses the actual densit
profile obtained within the simulation and does not requ
any prescribed functional form.

We foundDr 50.05s andDq5p/200 to be sufficient to
perform the numerical integration with very good accura
The integration overr was performed fromr 5r c to r
550s. For computational reasons it is not possible to ca
out the integration procedure for each particle at each t
step. But we can use the fact thatg i

tail only depends on the
position of particlei in thez-direction. So we can divide the
simulation box in small intervalsDz and computeg tail(z) for
J. Chem. Phys., Vol. 107, N
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each of these elements. Since the density profile does
change considerably for a system, once equilibrated it is
ficient to bring the values up to date every some thous
time steps. Then a particlei is associated with its volume
elementDz according to its current position at each tim
step. Applying this technique, our simulations took only ne
ligibly longer than comparable runs without tail correctio
calculation.

C. Results with tail correction

Table III shows the surface tensiong* without tail cor-
rection obtained from our simulations, and its tail correcti
termg tail* determined by the method of Blokhuiset al.,19 Eqs.
~6! and ~7!, on the one hand, and by our new method, E
~8! and ~10!, on the other. First, we find good agreeme
between both tail corrections.

We concentrate now on the sumg* 1g tail* given in the
last column of Table III. We observe that for the cut-o
radiusr c52.5s the tail corrected surface tensions differ a
preciably from the values obtained with the higher cut-
radii. Two reasons are responsible for this behavior. On
one hand, we know from Figs. 1–3 that the density profi
obtained forr c52.5s, even with LRC, differ from the pro-
files for higher cut-off radii. On the other hand, the tail co
rections assume the pair correlation function to be unity
intermolecular distances larger thanr c ; while for homoge-
neous fluids, deviations ofg(r ) from 1 seem to compensat
already for rather small cut-off radii, we cannot expect t
same behavior in the case of strong density gradients.

Let us consider now the results obtained with the cut-
radii r c55.0s andr c56.5s. The largest discrepancy occu
at the medium temperature and amounts to 2%; the disc
ancy is, however, within the simulation uncertainty of ea
simulation.

As we have now surface tensions obtained with
rather large cut-off radiusr c56.5s at three temperatures, w

FIG. 5. Results for the reduced surface tension with tail correctiong*
1g tail* versus the reduced temperature obtained from simulations withr c

52.5s ~j!, with r c55.0s ~.!, and with r c56.5s ~m! of this work, in
comparison with those obtained from simulations withr c52.5s ~h!, with
r c54.4s ~,!, and withr c56.3s ~n! of Holcombet al. ~Ref. 17!. The line
connecting ther c56.5s data is the correlation function given by Eq.~11!.
The broken line shows the experimental results for krypton.
o. 21, 1 December 1997
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9269Mecke, Winkelmann, and Fischer: Simulation of the liquid-vapor interface
thought it to be of interest for further comparisons to der
a correlation equation in the form

g* 1g tail* 5A@12T/TR#b. ~11!

Using the g* 1g tail* values from Table III we obtainA
52.960 19, TR51.325 21, andb51.264 15. We have to
mention thatTR should be the critical temperature. As a ma
ter of fact, the presentTR-value lies between the previou
estimate of Lotfi et al.,5 Tc51.314, and the estimate o
Meckeet al.,20 Tc51.328. From correlations of experiment
surface tension data,b is known to be about 11/9,27 and
hence, ourb-value is also quite reasonable.

A comparison of our data with those of Holcombet al.17

is given in Fig. 5. Please note that the tail contribution ori
nally published by Holcombet al.17 is not correct, as they
used the old objectionable ansatz of Chapelaet al.9 We in-
clude the corrected values obtained by Blokhuiset al.19 We
see that the one result of Holcombet al. obtained withr c

56.3s is in perfect agreement with our correlation functio
The r c54.4s results, however, show some deviations fro
the correlation function which can be attributed to the r
sons discussed already for the 2.5s cut-off radius. At T*
51.127, in particular, the density profile of Holcombet al.
must have some deficiency, as the saturated liquid den
differs from theNpT1test particle result by 4.3%, which i
turn seems to influence the surface tension. We learn f
these studies that the surface tension results converge
theoretical value of the full Lennard-Jones potential wh
can be estimated by simulations with a cut-off radius of
least 5s and a tail correction term.

Finally, Fig. 5 contains also experimental results
krypton28–31reduced with the parameterss50.3638 nm and
e/k5166.7 K.32 The remarkable discrepancy is attributed
the fact that the Lennard-Jones potential can be consid
only as an effective pair potential, while in nature three-bo
and higher many-body potentials are present which bec
important in the case of density gradients. Moreover, o
could discuss capillary waves widening the interface a
therefore, decreasing the surface tension.

D. Effects of the box geometry

So far, all the simulations for the surface tension we
performed with the simulation boxz53x53y as described
in Sec. II. Now it it interesting to see whether the surfa
tension values are sensitive to changes in the box geom
The idea was to set up a simulation cell with a thicker liqu
film and a larger gas volume. For that purpose we duplica
the simulation cell in thez-direction to yield a cell with the
dimensionsz56x56y. Using such a system, we are abs
lutely sure that no particle in the liquid film can realize a
influence from both surfaces at the same time within its c
off radius. The results are given in Table IV. Comparing t
values forg* 1g tail* we see that there is no significant diffe
ence to the ones obtained with the usual cell geometry.
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V. CONCLUSION

We have performed molecular dynamics simulations
investigate the liquid–vapor interfacial properties of t
Lennard-Jones fluid. We have simulated a three-dimensio
liquid film in equilibrium with its vapor to obtain informa-
tion on the density profiles, the orthobaric densities, and
surface tension. In order to consider the influence of the c
off radius to the results, long-range corrections to the dyna
ics and the surface tension have been tested and applie

Using sufficiently large simulation systems the surfa
simulations yield coexisting densities which agree with tho
from theNpT1test particle method within 1% for the liquid
and 4% for the vapor side. The surface tension results c
verge to a theoretical value of the full Lennard-Jones pot
tial, which can be estimated by simulations with a cut-o
radius of at least 5s and a tail correction term. Moreover, a
higher temperatures the simulation box must be sufficien
large to allow the formation of a liquid slab with consta
density.
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4D. Möller and J. Fischer, Mol. Phys.69, 463 ~1990!; 75, 1461~1992!.
5A. Lotfi, J. Vrabec, and J. Fischer, Mol. Phys.76, 1319~1992!.
6J. Vrabec and J. Fischer, AIChE J.43, 212 ~1997!.
7K. S. Liu, J. Chem. Phys.60, 4226~1974!.
8J. K. Lee, J. A. Barker, and G. M. Pound, J. Chem. Phys.60, 1976~1974!.
9G. A. Chapela, G. Saville, and J. S. Rowlinson, Faraday Discuss. Ch
Soc.59, 22 ~1975!; G. A. Chapela, G. Saville, S. M. Thompson, and J.
Rowlinson, J. Chem. Soc. Faraday Trans. 273, 1133~1977!.

10J. Miyazaki, J. A. Barker, and G. M. Pound, J. Chem. Phys.64, 3364
~1976!.

11M. Rao and D. Levesque, J. Chem. Phys.65, 3233~1976!.
12M. Rao and B. J. Berne, Mol. Phys.37, 455 ~1979!.
13J. P. R. B. Walton, D. J. Tildesley, and J. S. Rowlinson, Mol. Phys.48,

1357 ~1983!.
14M. Matsumoto and Y. Kataoka, J. Chem. Phys.88, 3233~1988!.
15M. J. P. Nijmeijer, A. F. Bakker, C. Bruin, and J. H. Sikkenk, J. Che

Phys.89, 3789~1988!.
16E. Salomons and M. Mareschal, J. Phys.: Condens. Matter3, 3645~1991!.
17C. D. Holcomb, P. Clancy, S. M. Thompson, and J. A. Zollweg, Flu

Phase Equilibria75, 185 ~1992!; 88, 303 ~1993!; C. D. Holcomb, P.
Clancy, and J. A. Zollweg, Mol. Phys.78, 437 ~1993!.

18L. Chen, J. Chem. Phys.103, 10,214~1995!.
19E. M. Blokhuis, D. Bedeaux, C. D. Holcomb, and J. A. Zollweg, Mo

Phys.85, 665 ~1995!.

TABLE IV. Surface tension obtained from simulations with different bo
dimension.N52744, no LRC, equil. steps580 000, prod. steps550 000,
Dt* 50.003.

T* r c* Box
dimensionx* 3z*

g* g tail* g* 1g tail*

0.70 5.873 11.75370.50 1.052360.0496 0.0922 1.1445
0.85 5.996 11.99371.94 0.744660.0416 0.0716 0.8162
1.10 6.124 12.25373.50 0.279260.0306 0.0365 0.3157
o. 21, 1 December 1997

 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



nd

d

J.

id

9270 Mecke, Winkelmann, and Fischer: Simulation of the liquid-vapor interface
20M. Mecke, A. Müller, J. Winkelmann, J. Vrabec, J. Fischer, R. Span, a
W. Wagner, Int. J. Thermophys.17, 391 ~1996!.

21D. Fincham, N. Quirke, and D. J. Tildesley, J. Chem. Phys.84, 4535
~1986!.

22A. Lotfi, J. Vrabec, and J. Fischer, Mol. Simul.5, 233 ~1990!.
23J. S. Rowlinson and B. Widom,Molecular Theory of Capillarity~Claren-

don, Oxford, 1982!.
24J. G. Kirkwood and F. P. Buff, J. Chem. Phys.17, 338 ~1949!.
25E. Salomons and M. Mareschal, J. Phys.: Condens. Matter3, 9215~1991!.
26R. H. Fowler, Proc. R. Soc. London, Ser. A159, 229 ~1937!.
J. Chem. Phys., Vol. 107, N

Downloaded 25 Feb 2007 to 131.104.62.13. Redistribution subject to AIP
27O. Redlich,Thermodynamics: Fundamentals, Applications~Elsevier, Am-
sterdam, 1976!.

28V. A. M. Soares, B. S. Almeida, I. A. McLure, and R. A. Higgins, Flui
Phase Equilibria32, 9 ~1986!.

29B. S. Almeida, V. A. M. Soares, I. A. McLure, and J. C. G. Calado,
Chem. Soc. Faraday Trans. 1,85~6!, 1217~1989!.

30C. D. Holcomb and J. A. Zollweg, Fluid Phase Equilibria75, 213 ~1992!.
31I. I. Sulla and V. G. Baidakov, Zh. Fiz. Khim.68, 63 ~1994!.
32K. C. Nadler, J. A. Zollweg, W. B. Streett, and I. A. McLure, J. Collo

Interface Sci.122, 530 ~1988!.
o. 21, 1 December 1997

 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


