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A molecular dynamics study of a liquid–liquid interface:
structure and dynamics

Jörn B. Buhna,∗, Philippe A. Boppb, Manfred J. Hampea

a Fachgebiet für Thermische Verfahrenstechnik, Technische Universität Darmstadt, D-64287 Darmstadt, Germany
b Laboratoire de Physico-Chimie Moléculaire (LPCM), Université Bordeaux 1, F-33405 Talence Cedex, France

Received 22 August 2003; received in revised form 16 February 2004; accepted 20 February 2004

Abstract

The liquid–liquid (L/L) interface between two partially miscible model Lennard–Jones fluids is investigated in the temperature range
100 K ≤ T ≤ 138 K using molecular dynamics computer simulations. The equilibrium compositions in the two phases agree reasonably well
with recent results from DFT theory. The structure of the L/L interface is characterized in terms of partial density profiles of the two components
and the interfacial tensions are computed for all temperatures using the virial method. The self-diffusion coefficients are determined as a
function of temperature and distance from the interface and are compared to the ones of the pure liquids under identical conditions. A slight
anisotropy is found in the interfacial system. It is restricted to the regions of strong variations of the partial density profiles and is due to an
enhancement of the tangential components of the self-diffusion coefficients compared to the componentsDs,N normal to the interface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A detailed understanding of liquid–liquid (L/L) interfaces
between two partially miscible liquids is of great importance
in such areas as chemical engineering, chemistry or biol-
ogy. In particular, the ubiquitous mass transport phenomena
through these interfaces, whether occurring in an extraction
column or in a biological system, are poorly understood.
This can be ascribed to the very nature of this interface,
which makes experimental probing extremely difficult. Even
though decisive improvements have been made in the fields
of X-ray or neutron scattering investigations[1,2], a detailed
microscopic description of the liquid interface, e.g. partial
density profiles or molecular orientations at the interface, is
still lacking. In a simple picture, the overall transport of a
species through a fluid interface will be related to the parti-
cle mobilities near or at the interface and in the two phases
on either side of the interface. However, it is not clear how
these two phenomena could be clearly distinguished. It is,
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for instance, not even clear what the spatial dimension, say
the width, of the “interface“ could be and how far into the
adjacent phases its influence on mass transfer might extend.
In order to try to understand all this it is clear that much
more insight into the structure and the dynamics in this en-
tire region is needed.

One approach to study this problem is computer simu-
lations: molecular dynamics (MD) simulations have been
shown to be an efficient theoretical tool for studying L/L
interfaces [3]. In the last decade MD investigations of
structural and dynamical interfacial properties started with
liquid–vapor systems of pure components[4–12] or bi-
nary mixtures[13–16]. These systems could be studied
with the computational resources available at the time
since they can be easily generated and equilibrated. Stud-
ies on L/L interfaces followed, concerning either simple
Lennard–Jones-(LJ)-model fluids[16–18]or more complex
molecular fluids[19–22]. However, little is known about the
dynamical behavior of the particles in an interfacial system.
Moreover, partially contradictory results have been reported
[23–25] concerning the question whether, and how much,
the normal or the tangential component of the self-diffusion
coefficient changes at the interface. In the present work,
we would like to contribute to resolving this question by
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investigating the structural as well as the dynamical char-
acter of an L/L interfacial system focusing on the partial
density profiles, the resulting interfacial thicknesses and the
self-diffusion of particles in this region.

The paper is structured as follows. First, the modeling
and simulation details will be discussed inSection 2. Here
the emphasis is put on demonstrating that we start our pro-
duction runs from properly equilibrated systems, i.e. with-
out having to expect any global composition changes during
the production runs. We will proceed to discuss the com-
positions of the two phases and describe the structure of
their interface by means of the partial density profiles in
Section 3.1. In Section 3.2, we will deal with the variation
of the self-diffusion coefficients in the L/L interfacial sys-
tems. We will focus in particular on the differences between
self-diffusion in the bulk phases and near the interface, i.e.
where the system becomes anisotropic. Conclusions will fi-
nally be drawn inSection 4with some outlook for future
work.

2. Model and computations

2.1. Interaction potential and mixing rules

We consider simple model fluids consisting of two differ-
ent Lennard–Jones (LJ) species, labeled here for simplicity
Ar1 and Ar2. It is known[26,27] that the classical LJ inter-
action potential:

φ(r) = 4ε ·
[(σ

r

)12 −
(σ

r

)6
]

(1)

together with the Lorentz–Berthelot (LB) mixing rules does
not lead to stable L/L systems. This is because according
to this rule the interaction parameterεAr1–Ar2 between the
unlike species is intermediate between the twoε-values for
like–like interaction, i.e. this potential well is deeper than the
one of the weakest interaction between like particles (here
chosen to beεAr1–Ar1). Thus, in order to obtain a stable (or at
least metastable[26]) L/L interfacial system a new parameter
ξ is introduced into the Berthelot rule which decreases the
depth of the potential well between unlike particles, i.e.:

εAr1–Ar2 = ξ(εAr1–Ar1εAr2–Ar2)1/2, (2)

Fig. 1. Schematic representation of the simulation box with the two outer Ar2-phases and the Ar1-phase in the middle.

Table 1
Like and unlike Lennard–Jones interaction parameters

ε/k (K) σ (Å)

Ar1–Ar1 155 3.504
Ar1–Ar2 133.6 3.504
Ar2–Ar2 180 3.504

σAr1–Ar2 = 1
2(σAr1–Ar1 + σAr2–Ar2). (3)

In comparison with previous work[17,18] where zero at-
traction between unlike particles causes total immiscibility
we allow here for a realistic miscibility by choosing a factor
of ξ = 0.8. Depending on the diameter ratioσ11/σ22 and on
the well-depth ratioε11/ε22 immiscibility is expected to oc-
cur forξ ≤ 0.8 [27,28]. A complete list of the LJ parameters
used in this work is found inTable 1. Note, in particular, that
the σ-parameters are identical for both species, and so are
their masses, 39.95 a.u. (Argon). This setup does not corre-
spond to any ‘real’ chemical system. It was chosen here as
the starting point for systematic studies of the influence of
the potential parameters and masses on the structural and
dynamic properties of these systems.

2.2. System setup and equilibration

We investigate six different L/L systems with varying
compositions of the bulk phases at six temperatures ranging
from T = 100 to 138 K and at ambient pressure. Due to
its three-dimensional periodicity the simulation box con-
tains two L/L interfaces, infinitely extended in thex- and
y-directions, separating an Ar2-rich phase from an Ar1-rich
one, seeFig. 1, where the Ar1-rich phase appears inside
between the two halves of the Ar2-rich one in the periodic
system. Equilibration was started from a lattice structure of
a total ofN = 6144 particles already arranged according to
the appropriate liquid equilibrium composition. The data for
these phase equilibria were obtained from density functional
theory (DFT) calculations, where a mean-field approxima-
tion concerning the attractive interaction is applied, with a
code supplied by Winkelmann[29]. This procedure is com-
putationally fast (seconds on a PC), similarly an equation
of state approach[30,31]could have been used. In the same
way the critical temperature at which the system reaches
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Table 2
Phase equilibria data from DFT-calculations[29] used as starting values
for the MD simulations in this work. The mole fractions of the minority
components and the total bulk densitiesρAr2-rich phase,ρAr1-rich phase
are given for both bulk phases

T

(K)
xAr1

Ar2-rich phase
(–)

xAr2

Ar1-rich phase
(–)

ρAr2-rich
phase

(Å−3)

ρAr1-rich
phase
(Å−3)

100 0.0128 0.0163 0.0194 0.0184
108 0.0208 0.0267 0.0188 0.0178
116 0.0322 0.0418 0.0183 0.0171
126 0.0532 0.0707 0.0176 0.0163
132 0.0709 0.0961 0.0171 0.0157
138 0.0944 0.1313 0.0166 0.0152

complete miscibility was estimated to beTc = 158 K. In
Table 2, the mole fractionsxAr1 in the Ar2-rich phase
and xAr2 in the Ar1-rich phase resulting from these cal-
culations are given together with the total number density
ρAr1-rich phaseandρAr2-rich phaseof both liquid bulk phases.

Starting thus with reliable values for the compositions
of the inhomogeneous L/L systems, constant compositions
in the two bulk phases could be expected after only rel-
atively short equilibration runs. These equilibrations were
performed in the NpT-ensemble over a period of 1.5 ns
(300,000 integration steps with a timestep of�t = 0.005 ps)
using the Berendsen thermo- and barostat[32] with re-
laxation times ofτT = 0.5 ps andτp = 2.0 ps, respec-
tively. The partial density profiles were determined from
subsequent production runs of 1.5 ns in the same ensemble.
Thereafter, second production runs of 50 ps (10,000 steps)
were carried out yielding 5000 configurations which were
later used to compute the velocity autocorrelation functions
(VACF) and the mean square displacements (MSD) to ob-
tain self-diffusion coefficients.

To ensure that truly stable phase equilibria had been
reached we extended the length of the production for the
lowest temperature case,T = 100 K, where slow equili-
bration could be expected, up to 7.5 ns (1.5 × 106 steps).
No significant drift or change of the partial density profiles
could be detected. In another test a simulation was started
with the compositions of the two bulk phases deliberately
out of equilibrium. This was done by instantaneously heat-
ing up theT = 100 K-L/L system toT = 138 K in an
NpT-simulation. In this way, we could examine the evolving
composition changes as well as the variation of the partial
density profiles. The result is shown inFig. 2 where the
continuous lines represent the initial system atT = 100 K
(out of equilibrium) and the target state atT = 138 K. The
dotted lines between depict the profiles after 1.25 ns and
after subsequent time increments up to 10 ns. The first pro-
files after 1.25 ns are already quite different from the initial
T = 100 K-profiles. This jump in the profile shapes re-
sults essentially from the relatively rapid volume expansion
in the NpT-simulation due to the increased temperature.
Thereafter slower modifications of the profiles are observed
since henceforth only mass transfer of either component

Fig. 2. The initial L/L system atT = 100 K is instantaneously heated up
to T = 138 K. The continuous lines represent the partial density profiles
of the initial and target state, respectively. The dotted lines which depict
the partial density profiles after 1.25, 2.25, 3.75, 5, 6.25, 7.5, 8.75 and
10 ns are gradually approaching the target profile atT = 138 K.

determines the process. The most persisting features are the
small oscillatory structures seen in the partial density pro-
files of the majority components atT = 100 K, seeFig. 2.
They could be smoothed progressively only in the most
extended production run, seeSection 3.1.2.

The parallel version of the DLPOLY [33] program pack-
age was used on a Linux-cluster for all simulations. For the
integration a multiple timestep Verlet algorithm with a pri-
mary cut-off radius ofrcut,prim = 14.4 Å and a secondary
cut-off of rcut,sec = 18.0 Å was applied. Interactions with
particles located betweenrcut,prim and rcut,sec were calcu-
lated every 10th timestep. A large cut-off value, larger than
the width of the interface, is certainly needed to catch the
influences of the two phases on the interface. On the other
hand, the two interfaces should be independent, i.e. the box
length〈Lx〉 (seeFig. 1) should not fall below 12σ and〈Lz〉
should be at least 3〈Lx〉 [34,35]. It turned out from a test
simulation with a maximum cut-off of half the smallest box
dimension,〈Lx〉 = 48.5 Å, that no differences in the par-
tial density profiles or the structure of the interface could
be found compared with the ones obtained with the stan-
dard cut-off values given above. This test was done for the
high temperature case,T = 138 K, where the interfacial do-
main is largest and the influence of the cut-off radius was
expected to be crucial.

3. Results

3.1. Structural properties

3.1.1. Phase equilibria
The phase equilibria data resulting from the MD simu-

lations, i.e. the mole fractions of the minority components
and the partial densitiesρAr1 andρAr2 in both regions away
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Table 3
Phase equilibria data from this work. Mole fractions of the minority
components and partial densitiesρAr1, ρAr2 for the Ar1-rich as well as
for the Ar2-rich phase

T

(K)
xAr1

Ar2-rich
phase

(–)

xAr2

Ar1-rich
phase

(–)

ρAr1

Ar2-rich
phase
(Å−3)

ρAr2

Ar2-rich
phase
(Å−3)

ρAr1

Ar1-rich
phase
(Å−3)

ρAr2

Ar1-rich
phase
(Å−3)

100 0.015 0.013 0.000313 0.0206 0.0198 0.000256
108 0.022 0.027 0.000441 0.0200 0.0190 0.000525
116 0.035 0.041 0.000695 0.0193 0.0183 0.000786
126 0.062 0.070 0.001199 0.0182 0.0170 0.00129
132 0.086 0.099 0.001626 0.0173 0.0160 0.00177
138 0.108 0.142 0.001995 0.0165 0.0148 0.00244

from the interface, see below, are given inTable 3. Numer-
ical values for the partial and total densities as well as for
the compositions of the phases were obtained by fitting a
functionρ(z) [36,37]:

ρ(z) = 1

2
(ρ1 + ρ2) − 1

2
(ρ1 − ρ2) tanh

(
2(z − zi)

w

)
(4)

to the simulated partial density profiles shown inFig. 4.
Therein,z is the direction normal to the interface,ρ1 and
ρ2 are the partial densities of the coexisting bulk phases,
zi denotes the position of the interface (or more precisely
the position of Gibbs’ dividing surface) andw is a mea-
sure of the width of the interface. We estimate the uncer-
tainties in the densities of the major components to be less
than about 4% and those of the mole fractions to be of the
order of �x = 0.0045. Compared to the values from the
DFT-calculations,Table 2, used to generate the initial con-
figurations of the simulations, the simulated mole fractions
xAr1 in the Ar2-rich phases are slightly higher while the
ones for Ar2 in the Ar1-rich phase agree completely within
the uncertainties, except for the highest temperature.Fig. 3
shows both sets of data. The asymmetry in solubility, i.e. the

Fig. 3. T–xAr1 diagram obtained for the bulk regions away from the
interface from this work (�) and from DFT-calculations[29] (
). The
critical point (CP) is estimated by Ref.[29] to be atTc = 158 K and
xAr1 ≈ 0.32.

Fig. 4. Partial number density profilesρAr1 and ρAr2 for six different
temperatures. (Left)T = 100 K (—),T = 116 K (- - -),T = 132 K (−·−),
additional:T = 100 K for an extended production run of 7.5 ns (1.5×106

steps) (· · · ). (Right)T = 108 K (—),T = 126 K (- - -),T = 138 K (−·−).

higher solubility of Ar2 in Ar1 compared to the one of Ar1
in Ar2, is thus similar, but somewhat reduced compared to
the mean-field approach. The total densities from the MD
simulations are generally about 10% higher than the corre-
sponding DFT-results.

3.1.2. Partial density profiles and interfacial structure
Averaging over 1.5 ns of production one obtains sym-

metric number density profiles similar to the ones shown
in Fig. 2. One half of these profiles (not symmetrized) is
shown inFig. 4 for all temperatures studied; for better legi-
bility the partial density profilesρAr1 andρAr2 for T = 100,
116 and 132 K were drawn on the left-hand side of the
figure whereas theT = 108, 126 and 138 K profiles are
depicted on the right-hand side. An additional simulation
was performed with a central Ar1-rich phase extended by
21 Å for the highest temperature to ensure that no artefact
arises from the narrowing of the constant density part of the
central Ar1-rich phase. No significant changes were found,
we thus do not report these data separately.

For the calculation of the partial density profiles the
box length Lz (see Fig. 1) was divided into 360 slabs
with slab thicknesses of the order of�z ≈ 0.4 Å and data
were collected every timestep during the production pe-
riod. The highρAr2 plateau values in the Ar2-rich phase
decrease smoothly toward the Ar1-rich phase, and vice
versa for theρAr1-values. Due to varying system volumes
in the NpT-simulations the profiles show slightly different
lengths, the box length increasing from〈Lz〉 = 138.7 Å
at T = 100 K to 〈Lz〉 = 145.0 Å at T = 138 K. The in-
cidence of these variations on the shape of the interfacial
structure was explored in systematic test simulations in the
NVT-ensemble. No significant differences appeared in the
shapes and widths of the profiles.

A measure for the interfacial widthw is provided by
Eq. (4)where the tanh -term is related to the van der Waals
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Fig. 5. Interfacial tensionγ vs. temperatureT . The results fit to the
expressionγ = γ0(1 − T/Tc)

µ with Tc = 158 K, γ0 = 36.56 mN/m and
µ = 1.32.

theory[38,39]. Averaging over both interfaces we obtained
the results shown inFig. 5; the error bars were estimated
using the widths of the left and right interfaces. In addition,
the functionw(T) = w0(1 − T/Tc)

−ν was fit to the width
data, resulting in the continuous line inFig. 5. The width
increases from 6.9 to 18.2 Å (about 2σ–5.2σ) with increas-
ing temperature, suggesting an expanded interfacial domain
of several molecular diameters.

As mentioned above, theT = 100 K-system shows par-
tial density oscillations in theρAr1- andρAr2-profiles after
the normal production run of 1.5 ns (cf. e.g.[17,18,40]).
These oscillations, which have a typical periodicity of about
σ, can be ascribed to layering effects in the liquid. On one
hand, this state point is close to the triple point, which makes
melting of the lattice structure difficult; on the other hand,
it could simply be still insufficient equilibration. Thus, in
an extensive test simulation up to 7.5 ns (1.5 × 106 steps)
we tried to separate these two effects. It turned out that the
oscillatory structure of the profiles could be smoothed, but
not totally eliminated atT = 100 K (seeT = 100 K-profiles
in Fig. 2). This is in particular true for the Ar2-rich phase
where the attractive interactions are stronger than in the
Ar1-rich one. It is known that a proper liquid–solid phase
transition, i.e. a crystal nucleation, is difficult to carry out
in a MD simulation[41,42]. First-order phase transitions
exhibit observable hysteresis which shifts the phase change
well beyond the coexistence point. Thermodynamically a
large free energy barrier, which is in the simplest case rep-
resented by the interfacial tension, separates the two phases.
Hence, the simulation often results in a supercooled or a
glassy state rather than in a solid crystal. We could exclude
amorphous glass formation by checking the self-diffusion
coefficientsDs (see below), which are small, but neverthe-
less of an order of magnitude appropriate to liquids (Ds =
0.85× 10−9 m2/s for Ar2 in the Ar2-rich phase andDs =
1.57× 10−9 m2/s for Ar1 in the Ar1-rich phase). The test
run also confirmed that the plateau values of the bulk densi-
ties as well as their slopes toward the interface remain stable
(cf. Fig. 4).

Fig. 6. Interfacial widths based on the tanh -profile inEq. (4). The fitted
line results fromw = w0(1 − T/Tc)

−ν with w0 = 2.66 Å, Tc = 158 K
and ν = 0.93.

3.1.3. Interfacial tension
The interfacial tensionγ is closely related to the partial

density profile: sharp profiles are associated with high in-
terfacial tensions. The value ofγ tends toward zero when
approaching the critical point, where the interfacial domain
diverges. The interfacial tensionγ was calculated via the
virial method using the expression[3]:

γ = 1

2A
〈2VPzz− VPxx − VPyy〉, (5)

whereA is the total cross-sectional area of the interface,
V is the (constant) system volume andPαα (α = x, y, z in
the laboratory system) is a diagonal element of the pressure
tensor. It can be expressed as

VPαβ =
∑

i

miṙiαṙiβ +
∑
i<j

rijαfijβ (α, β = x, y, z), (6)

where mi is the mass of particlei, ṙiα is the component
of its velocity in α-direction, rijα is the component of the
intermolecular separation inα-direction andfijβ is the cor-
responding component of the force inβ-direction. The first
term in Eq. (6) accounts for the kinetic (ideal gas) contri-
bution whereas the second one is due to the intermolecular
interactions. Note that the areaA in Eq. (5) denotes the
whole interfacial area in the system, i.e. one has to take
A = 2LxLy. Results were produced in two independent
NVT-simulations of the equilibrated L/L system. We took
the weighted averages of a 500 ps-run yielding 50,000
configurations and a 1500 ps-run yielding 15,000 config-
urations. The results for different temperatures are shown
in Fig. 6. Error estimations were done using the blocking
method of Flyvberg and Petersen[43].

As already mentioned, at the critical point the coexistence
disappears and the two phases become one. In the same way,
the interfacial tension has to vanish so that the temperature
dependence of the interfacial tension is well described by
the law resulting from the van der Waals theory[38]:

γ(T) = γ0

(
1 − T

Tc

)µ

. (7)
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Using the value ofTc = 158 K from the DFT-calculations
[29], we adjusted the values of the two constantsγ0 andµ

to our data, yieldingγ0 = 36.56 mN/m andµ = 1.32. The
resulting curve is also shown inFig. 6. The critical exponent
µ is believed to beµ ≈ 1.26 [38]. Considering the size of
our system, the agreement of the critical exponentsµ within
about 5% can be considered satisfactory.

3.2. Dynamic properties

In this section, we focus on the variation of the
self-diffusion appearing in the L/L system. We will therefore
determine the self-diffusion coefficientsDs of both species,
Ar1 and Ar2, in the bulk phases as well as close to the
interfaces for all six temperatures. The self-diffusion coeffi-
cient can be taken as a measure for the mobility of a single
particle. To distinguish bulk regions from near-interface re-
gions the simulation box was divided into seven slabs (1–7)
of different sizes as is shown inFig. 7. Since the interfacial
positionszi do not change significantly with temperature
(<1.5 Å) it was possible to position two slabs (each 10 Å
thick) left and right of both interfaces, keeping their posi-
tions fixed for all temperatures. Hence we denote slabs 2, 3
and 5, 6 as “interface slabs” whereas slabs 1, 4 and 7 repre-
sent the bulk phases. Other arrangements of the slabs, e.g.
with the same width for all slabs throughout the simulation
box, have also been tested. The present arrangement was
found to be the most satisfactory one in terms of resolution
and statistics. The width of the “interface slabs” was chosen
so that a slab would contain half the density gradient at the
highest temperature,T = 138 K.

In equilibrium MD simulations the self-diffusion coeffi-
cientsDs can be calculated using either the Einstein relation
or the Green–Kubo (GK) method. Evaluating the Einstein re-
lation requires the boxshift-corrected particle positions
ri(t)

to evaluate the mean-square displacements. Averaging over
equivalent particles, one has

Ds = lim
t→∞

MSD(t)

t
= lim

t→∞
1

6Nt

〈
N∑

i=1

(
ri(t) − 
ri(0))2

〉
. (8)

Fig. 7. Partitioning of the simulation box into seven slabs (1–7). The slabs 2, 3 and 5, 6 which have a width of 10 Å are positioned left and right of both
interfaces. Slabs 1, 4, and 7 represent the bulk phases. Each slab contains both species Ar1 and Ar2. The picture shows a snapshot of the equilibrated
T = 100 K-system.

In a similar fashion[44], on obtainsDs from the single
particle velocity autocorrelation functionCvv(t):

Ds = 1

3N

∫ ∞

0
Cvv(t) dt = 1

3N

∫ ∞

0

N∑
i=1

〈
vi(t) · 
vi(0)〉 dt.

(9)

We appliedEqs. (8) and (9)separately to both components
of the binary system in each of the seven slabs, binning the
single particle functions according to the slab in which the
particle is located at the time origin of the function. We thus
obtainDs-values associated with each species in each of the
slabs.

This procedure agrees with that described by Davis[45],
who defines a tracer diffusion coefficient in an inhomoge-
neous system as the one computed for tracer particles with
an identical initial placement. To check the validity of this
approach, the velocity autocorrelation functionsCvv(t) were
extended overtcorr = 2.39, 3.59, and 5.39 ps in order to de-
tect a possible dependence of the results on the correlation
length. A sensitivity of the results on the correlation length
would indicate that the fixed allocation of a given particle
to a given slab is no longer justified. However, we obtained,
within error bars, identical values for the self-diffusion co-
efficients in all three cases.

In a second check, we have roughly estimated how many
particles leave their initial slab within the correlation time.
The distance covered by a particle in diffusive motion is
estimated by the equation〈z〉 = 2

√
Ds,zt/π [46], where

Ds,z denotes the self-diffusion coefficient inz-direction. In
the most unfavorable caseDs,z = 2 × 10−9 m2/s and the
correlation length is 5.39 ps, leading to an average covered
distance of less than 1.2 Å normal to the interface. This dis-
tance is small compared to the dimensions of the slabs and
could be interpreted as some fuzziness of the slab bound-
aries. This agrees with the assumption of nearly unchanged
compositions of the slabs during correlation.

Of course the statistical weights of the various VACFs
will not be identical. It will be difficult to determine the
self-diffusion coefficients of the minority components (Ar1
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Fig. 8. Temperature dependence of the self-diffusion coefficientDs for
the pure species Ar1 (�) and Ar2 (×) from Eq. (9). The error bars are
estimated to be about the size of the symbols. The lines represent the
fitted Arrhenius functionDs(T) = D0 exp(−ED/kT) with the parameters
reported in the text.

in the Ar2-rich phase, etc.), mainly at low temperatures.
Furthermore, since the underlying data were produced in
NpT-simulations, i.e. where the velocities are also manipu-
lated by the thermostat, test NVE-simulations were made to
ensure that the results are not influenced by this. Both en-
sembles provide similar self-diffusion coefficients within the
expected statistical uncertainties. In another test the number
of time origins over whichEqs. (8) and (9)are averaged was
increased up to almost 5000; no significant difference to the
results reported below could be detected.

As a reference we also determined the self-diffusion co-
efficients of pure Ar1 and pure Ar2 at the corresponding
temperatures via both methods. Since the results agree, we
show here only the GK-results inFig. 8 along with plots of
Arrhenius-fits of the form:

Ds(T) = D0 exp

(
−ED

kT

)
, (10)

whereD0 is a pre-exponential factor andED is the so-called
activation energy. We obtain values of 426.7 and 472.0 K for
ED/k, and 99.5 × 10−9 and 89.1 × 10−9 m2/s for D0 for
Ar1 and Ar2, respectively. As expected, due to the higher
attractive forces among Ar2-particles, the mobility of these
particles is smaller and the activation energy is higher. De-
pending on temperature the mobility of Ar1 is 1.6–1.8 times
higher than that of Ar2.

3.2.1. Effects of composition on self-diffusion
First we want to investigate the effect of composition on

self-diffusion. We consider therefore the bulk slabs 1, 4 and
7. In Fig. 9 the self-diffusion coefficients of Ar2 are shown
on the left-hand side and those of Ar1 on the right-hand
side, together with the ones for the pure phases (cf.Fig. 8).
Where appropriate, the values were averaged over both cor-
responding slabs. It is found that the self-diffusion of Ar2
in the Ar2-rich phase (slab 1/7) as well as that of Ar1 in

Fig. 9. Self-diffusion coefficientsDs of Ar1 and Ar2 in slabs 1–7 from
Eq. (9). The central vertical line is a symmetry line. (Left) Self-diffusion
coefficientsDs for Ar2. (Right) Self-diffusion coefficientsDs for Ar1.
The highest lines represent the highest temperatureT = 138 K whereas
the lowest ones represent the lowest temperatureT = 100 K. The corre-
sponding horizontal lines representDs for the pure components Ar1 and
Ar2.

the Ar1-rich phase (slab 4) are both higher than in the cor-
responding pure systems. These deviations from the values
in the pure liquids increase with increasing temperature (i.e.
miscibility). The opposite is seen for Ar1 in the Ar2-rich
phase (slabs 7/1): Here, the mobility of the solute particle is
lowered compared to its behavior in the pure phase, in con-
trast to the self-diffusion of Ar2 in the Ar1-rich phase (slab
4), which is strongly increased. We note, however, that due
to the small number of particles in these regions, the values
for Ar2 in slab 4 and those for Ar1 in slabs 7/1 are statisti-
cally less reliable; there are e.g. only≈26 Ar1-particles at
T = 100 K in slab 7.

Two general trends can thus be extracted from these ob-
servations: (A) The self-diffusion is increased in the mix-
tures compared to the pure liquids. This could be ascribed to
some sort of increased structural disorder, even though the
σ-parameters of both species are identical. (B) The minority
component tends to adopt the diffusive behavior of the ma-
jority component (i.e. Ar1 diffuses more slowly in Ar2 and
Ar2 diffuses more rapidly in Ar1). The activation energies
(divided byk) for both species are close to 490.0 K in the
Ar2-rich phase and between 400 and 420 K in the Ar1-rich
phase, thus close to the ones of the pure components.

3.2.2. Influence of the interface on self-diffusion
The self-diffusion near L/L interfaces, in particular the

question whether it exhibits an anisotropy, has been studied
by Meyer et al.[24] (see also[23]) and by Benjamin[25].
In both approaches the self-diffusion coefficient is split into
a part tangential to the interfacial plane,Ds,T = 1/2(Ds,x +
Ds,y), and another part normal to the interface,Ds,N = Ds,z.
They both agree thatDs,T > Ds,N at the interface, however,
the arguments given differ. In the work of Meyer et al.[24],
where an L/L interface between LJ-particles was investi-
gated,Ds,T andDs,N are similar in the bulk phase, as they
should, andDs,T increases when approaching the interface.
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Fig. 10. The tangential component of the self-diffusion coefficientDs,T vs. the normal componentDs,N. (Left) Data for Ar2 (open symbols) and Ar1
(full symbols) in the bulk slabs 1, 4, and 7. (Right) Data for Ar2 (open symbols) and Ar1 (full symbols) in the interface slabs 2, 3, 5, and 6.

Fig. 11. Normalized VACFCvv(t)/Cvv(0) (left axes) and self-diffusion coefficientsDs(t) (right axes) of Ar2 atT = 132 K. Tangential components: pale
lines; normal components: dark lines; (left panel) in the bulk slab 1; (right panel) in the interface slab 3.

It is argued that the enhanced tangential mobility of the parti-
cles results from a decreased tangential pressure component
PT near the interface. On the other hand, Benjamin[25] in-
vestigated the L/L interface of water/1,2-dichlorothane and
reports thatDs,T remains almost constant throughout the
system but thatDs,N decreases in the vicinity of the inter-
face for both liquids. This behavior was explained on the
basis of a more structured water/1,2-dichlorothane interface
and with restricted orientational dynamics at the interface.
A third work [20] reports results from a water/2-heptanone
system where anisotropic self-diffusion coefficients were
found throughout the system for both species. However, the
anisotropy is enhanced near the interface. It is concluded that
the interface exerts a long range effect on the bulk phases
which cannot be avoided in MD simulations due to imma-
nent small box sizes.

In order to study these phenomena, the self-diffusion coef-
ficients computed in the seven slabs were split into two parts,
Ds,T and Ds,N, as described above. Again the GK-results
using Eq. (9) agreed well with the results of the Einstein
method,Eq. (8). In Fig. 10, we have plotted the tangential
part of the self-diffusion coefficientDs,T against the normal
partDs,N. The results from the “bulk slabs” (1, 4, and 7) are
shown in the left plot and those from the “interface slabs”
(2, 3, 5, and 6) appear in the right plot. As seen in the left

panel of this figure, no anisotropy ofDs was found in the
bulk slabs: the data are well grouped around the diagonal.
The plot on the right-hand side, on the other hand, reveals a
systematic slight anisotropy in favor of the tangential com-
ponentDs,T. In this, it agrees with the conclusions of Refs.
[23,24]. On closer inspection, it seems that this anisotropy is
enhanced with increasing temperature. To demonstrate the
anisotropic behavior in terms of the VACF and its integral,
Fig. 11shows both curves (i.e. the perpendicular and paral-
lel components) for Ar2 in the bulk slab 1 (left plot) as well
as in the slab 3 near the interface (right plot) atT = 132 K.
It is seen that in the bulk all curves coincide perfectly. In the
interfacial region the VACF shows a smaller negative region
(recoil), leading, as mentioned above, to a higher diffusivity.
The anisotropy inDs begins to appear after about 1.5 ps, a
time much longer than the recoil time of about 0.5 ps. This
indicates that it probably originates in many-body effects.

4. Summary, conclusions and outlook

We have examined the structural and dynamical behavior
of L/L interfacial systems consisting of binary LJ-mixtures
by means of MD simulations. This was done for six different
temperatures ranging fromT = 100 K, very close to the
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triple point, to T = 138 K, which is approximately 20 K
below the critical point. We show that the interfacial particle
density profiles have widths of several molecular diameters
and that these widths increase with increasing temperature.

The dynamics was investigated in terms of the self-
diffusion. It is found to be composition dependent with the
general trends that it is enhanced in mixtures compared to
pure phases and that the minority species tends to diffuse
like the majority one. We note here again that our particles
have identical masses and sizes (LJσ-parameters) and differ
only in the depths of their interaction potentials. In keeping
with previous work on similar systems, a slight anisotropy
of the diffusion is found in the interfacial region, i.e. where
the partial densities are not constant. There, the tangential
mobility is slightly enhanced compared to the normal one.
This was found for both species and at all temperatures. No
anisotropy could be detected beyond this region.

This first investigation certainly opens up a set of new
questions. It would thus be interesting to investigate mix-
tures of particles of unequal sizes (LJσ-parameters). The
influence of the relative particle masses on the dynamics
should also be looked into. Moreover, the question arises if
there also exists an anisotropy for other dynamical proper-
ties like the thermal conductivity or the viscosity coefficient.
The latter would be particularly important in understanding
the mechanical behavior of liquid interfaces.

List of symbols
A cross-sectional area of the interface
Cvv velocity autocorrelation function
Ds self-diffusion coefficient
ED activation energy
fijβ β-component of force acting between

particlesi andj; β = x, y, z

k Boltzmann’s constant
Lx, Ly, Lz box lengths inx, y, z-direction
N number of particles
Nave number of averages in the calculation

of the VACF
Ncorr number of correlated configurations

in the VACF
P pressure
r intermolecular distance
rcut cut-off radius
ṙiα α-velocity of particlei; α = x, y, z

t time
tcorr correlation time
�t time step size
T temperature
Tc critical temperature

vi velocity of particlei

V volume
w interfacial width
x mole fraction
z z-coordinate
zi position of Gibbs’ dividing surface

Greek letters
γ interfacial tension
ε Lennard–Jones potential energy parameter
ρ density
σ Lennard–Jones potential size parameter
ξ factor in the Berthelot rule
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