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In this paper the thermodiffusive behavior of an equimolar binary mixture subject to repulsive
potentials of the form �� /r�n is investigated by using nonequilibrium molecular dynamics �NEMD�
and the thermodiffusion �Soret� coefficient, ST, is computed in a wide range of temperatures. With
the aim to contribute to the study of the dependence of the Soret coefficient on the interaction
potential, the exponent n of the potential is varied from 1 to 12, that is from a pseudocoulombian
to a pseudohard-sphere interaction. The steady state equation is integrated for the composition
function under reasonable assumptions and it is shown that in some cases the request for it to be
linear cannot be satisfied. For this reason nonlinear functions are used to fit the NEMD composition
data. The simulations indicate a negligible dependence of ST on the composition �in the composition
range here considered� while the dependence on the temperature is more marked. The computed
values of ST as a function of the temperature are fitted with analytical functions. It is found that with
n�3 �medium and short range interaction� the model system behaves like a dilute gas mixture with
the Soret coefficient varying with the temperature almost like 1 /T. In the case of n=1 �long range
interaction�, ST has a more complex dependence on T: in particular it shows a change of sign. The
analytical fitting functions, ST�T�, are used in the integrated steady state equation thus obtaining the
steady state composition profile and its comparison with the NEMD results indicates the grounding
of the approach here proposed. © 2008 American Institute of Physics. �DOI: 10.1063/1.2830716�

I. INTRODUCTION

Thermodiffusion, also called the Ludwig–Soret effect,
describes the coupling between a temperature gradient and
an induced resulting mass flux in a multicomponent system.
It is a nonequilibrium effect and is rationalized in the non-
equilibrium thermodynamics, where it is a typical example
of a crossed effect �a mass flux depends on a heat flux�. At
the steady state two opposing flows, the one due to ordinary
diffusion and the one due to thermal diffusion, must exactly
balance out. In order to reach a steady state it is therefore
necessary to have a concentration gradient of the various
species composing the system and the amplitude and sign of
the separation are characterized by the so-called Soret coef-
ficient, ST.

The intriguing aspect of thermodiffusion is that, al-
though Ludwig and Soret discovered the effect in the 19th
century,1,2 “it remains the only hydrodynamic transport
mechanism that lacks a simple physical explanation”3 or,
more recently, “there is so far no molecular understanding of
thermodiffusion in liquids.”4 On the other hand, the effect is
relevant in many technical applications as, for instance, poly-
mer characterization,5 analysis of petrol reservoir,6 character-
ization and accumulation of uranium,7 flame structures of
burning methane and hydrogen,8,9 study of charged

micelles10 and colloids,11 magnetic particles in ferrofluids,12

in thermal field flow fractionation,13 and in energy storage in
solar ponds.14 Recently, the Soret effect has been found to be
relevant also in DNA and protein biotechnology.15–17 In par-
ticular Braun and Libchaber16 have proposed that core pro-
cesses of life evolution can be driven by thermodiffusion,
especially if it is coupled with convective motions.

Therefore, an increasing of the literature on this argu-
ment has been seen in the recent years. Several experimental
methods, such as, for instance, thermogravitational
columns,18–20 diffusion cells,21 thermal field flow
fractionation,5 and, most recently, thermal diffusion forced
Rayleigh scattering �see, for instance, Refs. 22 and 23� have
been used to measure the Soret coefficient. Nevertheless,
measuring ST remains a difficult task. This is mainly due to
the fact that thermally driven flows are minor effects, several
orders of magnitude smaller than concentration driven flows
and convective motions.24 The problems due to convective
motions can be reduced in microgravity experiments.25,26 For
these reasons very sensitive methods are necessary to obtain
reliable measures for the Soret coefficient. In general, the
Soret coefficient is small ��10−2 K−1� for gas or liquid mix-
tures of molecular species, while for disperse systems �col-
loid, polymer, surfactant dispersions� it is often much larger.

From the theoretical point of view one also has to face
many difficulties and ambiguous situations have been found.
If the interaction between particles is vanishing, one has that
ST=1 /T �see, for instance, Ref. 10 for the derivation� but this
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result is seldom correct for actual systems. For dilute gases,
thermal diffusion is described using the Chapman–Enskog
solution27 of the Boltzmann equation and the behavior of
some mixtures can be predicted. In such a situation, if the
species have roughly equal masses, the heavier molecules
diffuse toward the colder region and then the larger mol-
ecules diffuse into the colder region. For very large mass
ratios, thermal diffusion may increase by several orders of
magnitude increasing the light component mole fraction and
experimental values for ST in general agree with these
rules.27 Expressions for the thermal diffusion factor ��T

=TST� in molecular gasses �see Ref. 28, and references
therein� have been obtained. In dense gases and liquid mix-
tures the situation is less favorable. Lopez de Haro, Cohen,
and Kincaid29–32 have derived and discussed expressions for
the transport coefficient in dense liquid mixtures based on a
consistent generalization of the Enskog theory to multicom-
ponent hard-sphere mixtures called the revised Enskog
theory �RET�, which should help in understanding cross-
transport phenomena although they insist on the sensitivity
of ST to the interaction potential and consider that the RET
results must not be seen as a quantitative tool.32 More re-
cently, other approaches have been proposed, based on el-
ementary hydrodynamic and Brownian motion model.33,34

The complete description of the studies concerning thermal
diffusion is out of the scope of this paper and for a recent
review the reader is referred to Ref. 4.

During the 1980s, many approaches based on irrevers-
ible thermodynamics and nonequilibrium statistical mechan-
ics have been developed to compute the Soret coefficient in
binary mixtures using molecular dynamics �MD� methods
�for a short summary, see Ref. 35, and references therein�.
The applications of MD simulations to the study of thermal
diffusion have been devoted to the development of
methodologies36–39 and to the study of the Lennard-Jones
�LJ� mixtures.3,24 There have been also attempts to compute
the Soret coefficient in molecular liquids.35,40–44 An impor-
tant contribution to the study of thermal diffusion in high
density liquids has been presented by Müller-Plathe.24,39 In
particular he has proposed a nonequilibrium molecular dy-
namics method for generating temperature gradients, by im-
posing a heat flux, initially indicated with “reverse- nonequi-
librium molecular dynamics �NEMD�” �RNEMD� and then
with “boundary-driven-NEMD” �boundary-NEMD�. For the
sake of conciseness we shall use in the following the acro-
nym RNEMD. In RNEMD, the simulation box is divided
into N slabs perpendicular to the z direction. Slab 0 is defined
as the “cold” slab and slab N /2 as the “hot” slab. Such a
choice allows the periodic boundary conditions to be satis-
fied. The heat flux is generated by exchanging, for each spe-
cies, the velocity vectors of the hottest particle in the cold
slab with the coldest one in the hot slab. In the hypothesis
that the coldest particles of the hot slab has less kinetic en-
ergy than the hottest one of the cold slab �normally satisfied,
due to the broad form of the Maxwell-Boltzmann distribu-
tion�, the exchange leads to an energy transfer from the cold
slab to the hot one. The temperature therefore increases in
the hot slab and decreases in the cold slab. The consequence
is to establish a temperature difference between the two slabs

and a temperature gradient in the intermediate region. At the
stationary state the �artificial� energy transfer is balanced by
the heat flux from the hot slab to the cold one originated by
the temperature gradient. The velocity exchange is done ev-
ery Nexch simulation time steps, where Nexch is chosen �in a
trial and error strategy� so that the temperature gradient is as
small as possible with the constraint to show a clear �and
numerically stable� concentration gradient. This exchange al-
gorithm can present problems in case of dilute gaseous mix-
tures, due to the possibility that in one of the two exchanging
slabs �cold and hot� a given component is absent. For such a
situation, Nieto-Draghi and Avalos45 have proposed a modi-
fication of the original algorithm in which the energy ex-
change is seen as an hypothetical elastic collision between
two particles �the one with the largest kinetic energy in the
cold slab and the one with the lowest kinetic energy in the
hot slab� regardless of their nature. Given that the systems
here considered are equimolar �vide infra� and in relatively
dense state, the original implementation has been used.

It is now accepted that the thermodiffusion process has
both kinetic contributions �due to selective collision interac-
tions� and thermodynamic contributions �due to selective in-
teractions between the species of the system�: both contribu-
tions depend on the particle mass, on the nature and form of
the interaction potential, and on the concentration of the
components. The kinetic theory of dilute gasses27,32 has
shown that ST is more dependent on the characteristics of the
interaction potential than the other transport properties. For
this reason various authors have published studies concern-
ing the dependence of ST on the potential parameters. By
using his algorithm, Müller-Plathe has studied both qualita-
tive and quantitative aspects of thermal diffusion, investigat-
ing the influence of systematic variations of the physical pa-
rameters �mass, atomic diameter, interaction strength�24,46

with LJ potentials. Maghari and Yeganegi47 have also con-
sidered the influence of LJ parameters on ST in a system of
particles of equal masses.

With the aim to contribute to the process toward a defi-
nition of a model of the thermodiffusion process, this paper
concerns the study of the influence on ST of both the tem-
perature and the softness of the interaction potential.

In the present paper the Müller-Plathe algorithm39 has
been implemented into the commercial code M.DYNAMIX

48

and thermodiffusion has been studied considering a model
system composed by two atomic species experiencing only
repulsive potentials �both for the intra- and interatomic inter-
action�. The potentials used in this study can be considered
as derived from the LJ one, neglecting the attractive part and
systematically changing the exponent n of the repulsive term.
In particular, we have chosen a system resembling to an
equimolar binary mixture of particles, with LJ parameters
�mass, � and �� corresponding to those of argon and krypton.
The aim of the present work is to look at the dependence of
ST on the interaction softness and not to reproduce experi-
mental results on the argon and krypton liquid mixture, for
which theoretical study have been published.37,42,49,50

The rest of the paper is organized as follows: in Sec. II
the computational details are described; in Sec. III general
considerations regarding the extraction of ST from the MD
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simulation data are reported; in Sec. IV the effect of the
variation of the exponent of the repulsive potential n and of
the temperature on the value of the Soret coefficient ST is
studied; and finally in Sec. VI we shall summarize the rel-
evant results here obtained.

II. COMPUTATIONAL DETAILS

A system composed of 750 argonlike atoms and 750
kryptonlike atoms, in an orthorhombic periodic cell of size
90�30�30 Å3 is considered in the present study. The in-
teraction between the atoms is supposed to be purely repul-
sive and, in practice, it can be seen as obtained from the LJ
potential by neglecting the attractive part and varying the
exponent n �equal to 12 in the LJ potential�, as shown in Eq.
�1�,

Uij
n �rij� = 4�ij��ij

rij

�n

; n = 1,3,6,9,12. �1�

In this equation Uij
n �rij� is the interaction potential of two

atoms i and j, rij their distance, �ij and �ij two parameters
related, in the LJ potentials, to the depth of the potential well
and to the distance of the potential minimum, respectively.
For the argon-argon interaction the LJ parameters are �ArAr

=1.00 kJ /mol and �ArAr=3.405 Å, while for krypton-
krypton they are �KrKr=1.39 kJ /mol and �KrKr=3.633 Å.24

In the case i� j, �ij and �ij follow the Lorentz–Berthelot
rule, so that

�ij = ��ii� j j , �2�

�ij =
�ii + � j j

2
. �3�

In the following, n ranges from 1 to 12, assuming the
values 1, 3, 6, 9, and 12. With n=1 the interaction has the
form of a “pseudocoulombian potential” �note that in the
systems there are not actual charges�, while for n=12 the
interaction can be considered an “almost-hard-sphere” poten-
tial. These kind of potentials are also called soft-sphere po-
tential. The fluids composed of such particles have been the
subject of a number of studies and in particular they have
been used in a molecular dynamic study of the n dependence
of the self-diffusion coefficient, shear viscosity, bulk viscos-
ity, and thermal conductivity �see Ref. 51, and references
therein�. A comparison between the LJ potentials and those
here used for n=1 and n=12 is shown in Fig. 1 for the
interaction Ar–Kr.

In the MD simulations �both equilibrium and nonequi-
librium MD�, the time step �t is 1 fs. For the potentials with
n�1, the chosen cutoff distance, rc, corresponds to an en-
ergy truncation, Ec, of the order of 10−4 kJ /mol, except for
the case with n=3 where the energy truncation is of order
10−2 kJ /mol. In this case rc corresponds to half of the
shorter box length, a limit imposed by the periodic boundary
conditions. A better cutoff should need larger box size and,
therefore, larger number of particles, with too expensive
computational efforts. The values of rc for the potential with
n�1 are reported in Table I.

The repulsive potential with n=1 has been treated as an
electrostatic interaction between particles with zero charge,
with the long-range interaction calculated using the Ewald
sum. In the Ewald method, the intermolecular coulomb
forces are divided into long range and short range compo-
nents. The long range part is calculated in the reciprocal
space, while the short range part is treated alongside with LJ
forces. The convergence of both parts is controlled by three
parameters: the two cutoff radii in the real and reciprocal
spaces and the convergence parameter �denoted as �� regu-
lating the convergence of both the real and reciprocal parts of
the Ewald sum. In the M.DYNAMIX program, these parameters
are set in the following way: first, the cutoff radius in real
space, Rcut, has to be specified explicitly, then, the conver-
gence parameter � is specified as the product �Rcut. This
product entirely determines the precision of the real-space
part, erfc��Rcut�, which must be small enough, and in our
case is 2.2�10−5 �Rcut=8.7 Å,�Rcut=3.0�. The third param-
eter, FEXP= �kmax� /�Lbox�

2, determines the value of the cut-
off in the reciprocal space, kmax, and thereby the precision of
the reciprocal part of the Ewald sum, which is equal to
exp�-FEXP�, in our case 1.2�10−4. Fictitious charges have
been assigned to the two particles species, satisfying the con-
dition

4�ij�ij = qiq j . �4�

Let us note that in such a way the charge assigned to an atom
depends on the nature of the atom it is interacting with.

Moreover, for the case with n=1, smaller box size and
number of particles have been considered to have a reason-
able computational time. In particular, the total number of
particles is 300 �150 argon atoms and 150 krypton atoms�
and the box size is 52.6�17.6�17.6 Å3.

FIG. 1. Comparison between the Lennard-Jones potential and the repulsive
potentials with n=12 and n=1 for the cross interaction Ar–Kr.

TABLE I. Cutoff distance at various potentials.

n 3 6 9 12

rc�Å� 14.9 14.9 9.211 7.242
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The RNEMD simulation, on which statistic information
are collected, is always performed after two runs. The first
one is an equilibrium MD simulation 2�106 time steps long
and the second one is a RNEMD simulation, other 2�106

time steps long. In this way we are sure that the system in the
final RNEMD simulation is at the steady state. This assump-
tion has been verified by analyzing the behavior of various
quantities �the total energy, the concentration profile, the
temperature profile, the energy flux�, which are expected to
be constant during the final RNEMD simulation. In the final
RNEMD calculation, data are collected over a simulation 107

time steps long.
A particular role is played by the temperature used in the

equilibrium MD simulation because it represents the tem-
perature around which the temperature gradient develops,
that is a sort of average temperature in the RNEMD steps. It
is indicated in the following with Teq. The equilibrium MD
simulations have been performed for each repulsive potential
at the following values of Teq: 120, 250, 400, 600, and 800
K. The aim is to cover a wide range of temperatures and to
have the thermodiffusion coefficient as a function of both the
potential and the temperature.

In RNEMD the simulation box has been divided into
Ns=12 slabs of equal thickness, perpendicular to the z direc-
tion. Slab 0 is defined as the cold slab and slab 6 as the hot
slab. The values for Ns have been chosen so that reasonable
statistics can be expected inside the slabs: on average there
are 125 particles in each slab, except for the cases with n

=1, where the average number of particles is 25. No appre-
ciable variations have been observed in the RNEMD simu-
lations for �relatively small� variation of the box size for n

=1. The dependence of the box size on the results has been
evaluated only for the case with Teq=120 K, at the price of
a very high computational effort. The small differences
found have motivated the choice of a smaller box size.

The value of Nexch, the number of simulation steps be-
tween two successive velocity exchanges, is calibrated in
order to produce similar temperature gradients in all simula-
tions. Therefore, for n	9 Nexch=250, otherwise it is 350.

Because of the symmetry of the simulation box, average
values of temperature and composition are calculated be-
tween slab Ns /2− i and Ns /2+ i, with i=1,5, having ex-
cluded the first and central slabs because of the unphysical
effects due to the particle exchange procedure. Hereafter spe-
cies 1 refers to kryptonlike atoms.

III. CALCULATION OF THE SORET COEFFICIENT
FROM THE CONCENTRATION AND TEMPERATURE
PROFILES

Following the paper of Reith and Müller-Plathe,24 the
thermal diffusion is phenomenologically expressed as

J1 = − D12
�� �w1

�z
� + STw1�1 − w1�� �T

�z
�	 , �5�

where D12 is the Fickian diffusion coefficient, the tempera-
ture gradient and the flux J of all species are assumed in the
z direction, 
 is the average mass density, and w1

=x1m1 / �x1m1+x2m2� is the weight fraction of species 1 �xk

denoting the mole fraction of species k�. Equation �5� is valid
in the frame of the linear nonequilibrium thermodynamics,
where it is postulated that the fluxes depend linearly on the
generalized forces.52 Under the effect of a constant tempera-
ture gradient, the system reaches a nonequilibrium steady
state �J1=0� and a stable concentration profile is therefore
established so that Eq. �5� reduces to

� �w1

�z
� + STw1�1 − w1�� �T

�z
� = 0. �6�

Taking account of the relationship between the weight
fractions and the molar fractions �a quantity experimentally
more accessible�, the Soret coefficient can be expressed as

ST = −
1

x1�1 − x1�
� �x1

�z
�� �T

�z
�−1

, �7�

with positive values of ST indicating that species 1 tends to
accumulate in the cold regions of the simulation box. It is
common practice to choose as species 1 the heavier species.
With this notation, in many cases ST has a positive value in
accordance with the dilute gases result.27 For instance, poly-
mers in solution conform to this rule, with relatively few
known exceptions. However, various situations have been
described where ST is negative and in some case one can
even observe a sign change of ST by small modifications of
the mixture composition and of the temperature �see Sec. V�.
This behavior is observed also in the present paper and fully
described in Sec. IV B.

Let us first comment on the integration of Eq. �6� and
which form one can expect for the composition profile at the
steady state. This is relevant in order to correctly analyze the
results of RNEMD. With the hypothesis that ST depends only
on T, Eq. �6� �written with x1 as the unknown function� can
be integrated obtaining

x1�T� =
1

1 + Ae
STdT
, �8�

from which x1�z� is easily found if T�z� is known. The pa-
rameter A is defined by a boundary condition �for instance
the value of the integral of x1 over the full interval of z or the
value of x1 at a given z�. In the case of a dependence of ST on
x1 the problem is more complicated. However, in the present
study �see Sec. IV� we have found that ST depends only on T

�at least in the range of x1 explored by our simulations� and
Eq. �8� gives the correct profile of x1.

In both experimental and theoretical studies one nor-
mally observes linear temperature profiles. This is essentially
due to the fact that the Dufour effect is very small and that
the thermal conductivity is almost constant in the range of
temperature and composition found in the system. In the fol-
lowing we therefore assume for the temperature the form T

=a+bz. A second hypothesis is normally assumed in litera-
ture: ST does not depend on T in the range of temperatures
spanned in the system. While this assumption seams reason-
able in the experimental works, where small variations of T

are normally generated, it can be questionable in RNEMD
simulations where �T is of the order of 101−102 K. How-
ever, assuming these hypothesis for T and ST, x1�z� is
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x1�z� =
1

1 + A�eSTbz
, �9�

where A�=AeSTa. One notes that x1�z� is not a linear function
of z, even with a linear temperature profile and with a con-
stant value of ST. The product STbz is, however, in general
small �ST is often of the order of 10−3 K−1 and the tempera-
ture variation, bz, does not exceed 1−2�102 K� and one
can use a Taylor expansion of x1�z�. To the first order in the
product STbz, Eq. �9� becomes

x1�z� �
1

1 + A�
−

A�

�1 + A��2STbz �10�

and x1 is, at this point, linear in z.
Summarizing, the request for x1 to be linear is based on

the hypothesis:

• ST is constant with respect to T and x1 and

• the product STbz is small.

On the basis of the earlier considerations, let us now
consider how ST can be extracted from the RNEMD calcu-
lations. In RNEMD the temperature and the composition
profiles are known for a set of z values corresponding to the
center of each slab of the simulation box and they normally
are fitted by straight lines �say T�z�=a+bz, x1�z�=c+dz, see,
for instance, Refs. 24, 35, and 66�, therefore obtaining

� �x1

�z
�� �T

�z
�−1

�
d

b
. �11�

Another approximation is normally adopted concerning
x1 �which is a function of z� in the fraction �x1�1−x1��−1: it is
substituted by its mean value �x̄1� �see, for instance, Refs. 24
and 45�, thus reducing Eq. �7� to

TABLE II. Temperatures corresponding to the hot and cold slabs �Tmax and Tmin, in K� and corresponding compositions, for the various repulsive potentials
and with different Teq computed in the RNEMD simulations.

n=1 n=3 n=6 n=9 n=12

Teq Hot Cold Hot Cold Hot Cold Hot Cold Hot Cold

120 T 177 58 171 69 156 83 153 87 146 94
xKr 0.4857 0.5274 0.411 0.6137 0.4033 0.6104 0.4123 0.5994 0.4275 0.5797

200 T 286 103
xKr 0.5077 0.4961

250 T 362 138 332 170 319 182 301 200
xKr 0.4435 0.5710 0.4283 0.5822 0.4178 0.5846 0.4356 0.5720

300 T 411 178
xKr 0.5138 0.4867

400 T 550 235 575 223 536 269 511 291 480 321
xKr 0.5237 0.4797 0.4728 0.5406 0.4322 0.5813 0.4237 0.5853 0.4466 0.5646

600 T 790 400 848 348 807 403 770 438 719 484
xKr 0.5193 0.4808 0.4824 0.5217 0.4485 0.5574 0.4350 0.5703 0.4449 0.5567

800 T 1000 578 1113 484 1074 540 1026 585 956 650
xKr 0.5118 0.4908 0.4973 0.5057 0.4518 0.5540 0.4368 0.5636 0.4531 0.5488

FIG. 2. Temperature and composition gradients corresponding to Teq

=120 K for the cases with n=6 and n=12.

FIG. 3. Composition �x1� vs temperature in the simulations with Teq=120
�+�, 250 ���, 400 �*�, 600 ���, and 800 K ��� for the potential with n=6.
The points correspond to the fitted values at the center of the five slabs used
for the fitting procedure.

054507-5 Thermodiffusion in a model system J. Chem. Phys. 128, 054507 �2008�



ST � −
1

x̄1�1 − x̄1�

d

b
. �12�

Let us note that this last approximation can have sizable
effects: considering for instance a case where x̄1=0.25 and x1

assumes values in the interval 0.20–0.30, then �x1�1−x1��−1

assumes values in the range 4.76–6.25 while with x̄1 one gets
5.33. On the other hand, using for instance, Eq. �12� with x1

depending on z, gives variable values for ST even in a linear
regime �x1 and T linear in z�.

One may wonder whether all these approximations and
assumptions are necessary and in particular if it is strictly
mandatory to look for linear composition profiles in
RNEMD. In particular cases, for instance, this request is al-
most impossible to satisfy: in Sec. IV B the case of a sign
change of ST in the temperature range found in the system,
leads to nonlinear x1 profiles. Obviously, one can perform the
simulation at a different Teq, but this is an annoying con-
straint.

Actually Eq. �7� allows the definition of ST once T�z�
and x1�z� are defined. As already said, in RNEMD simula-
tions temperature and composition are known as single value
for each slab and assigned to zi �the center of slab i�. They
can be analytically fitted as a function of z �using straight
line or other functions�, then Eq. �7� allows the definition of
ST for each value of zi through the analytical derivatives of T

and x1 in zi and using the value x1�zi�. One can thus obtain ST

for each value of T�zi� in the range Tmax−Tmin �that is in the
range x1

max−x1
min�, where Tmax and Tmin �x1

max and x1
min� are the

maximum and minimum temperature �molar fraction� found
in the various slabs.

In the present work such a strategy has been adopted: in
order to carefully fit the concentration profiles, without as-
suming a linear behavior, very stable values of x1 for each
slab are necessary. For this reason less slabs and more par-
ticles �both choices increasing the number of particles for
each slab� than recommended have been considered. Within
this strategy one can explore the possibility to have nonlinear
concentration profiles.

The linear response regime to the energy flux crossing

the system is guaranteed by the linearity of the temperature
profile, while for the concentration one can expect more
complicate shapes �even in the frame of linear nonequilib-
rium thermodynamics�, following the dependence of ST on T

and x1. In particular, a marked nonlinearity in the concentra-
tion profile indicates that ST shows significant changes in the
range of temperature and/or concentration found in the sys-
tem and in a single simulation one can expect to have more
information on the dependence of ST on T and x1. To this
end, strong temperature gradients are generated in our simu-
lations, always taking care, however, to have a linear re-
sponse of the system to the perturbation �linear temperature
profiles�.

IV. DEPENDENCE OF ST ON THE EXPONENT OF THE
REPULSIVE POTENTIAL n AND THE
TEMPERATURE

The maximum and minimum value of the temperature
gradients, together with the corresponding mixture composi-
tions, are indicated in Table II for each value of n and Teq.

In order to be sure that the development of the concen-
tration gradients are originated by the thermodiffusion pro-
cess and that they are not due to changes of phase, for each
repulsive potential and Teq, equilibrium MD simulations
have been performed at Tmax and Tmin and at the correspond-
ing composition. The results of such simulations confirm that
no change of state occurs and that the formation of the con-
centration gradient is actually due to thermodiffusion. From
the analysis of the results of the simulations at various n and
Teq, we have found that temperature gradients have always a
linear behavior, thus confirming that the response of the sys-
tem to the unphysical velocity exchange is linear. Moreover,
such simulations confirm that the assumption of local ther-
mal equilibrium is satisfied.

In the next two subsections the case of the potentials
with n�3 and the one with n=1 are considered separately.

FIG. 4. Soret coefficient as a function of the temperature for n=3: computed
points �at the center of the slab, for each Teq, indicated with +� and fitting
functions �ST=a+b / �T−c�, full line; ST=a+e−�T−c�/b, dashed line�.

FIG. 5. Soret coefficient as a function of the temperature for n=9: computed
points �at the center of the slab, for each Teq, indicated with +� and fitting
functions �ST=a+b / �T−c�, full line; ST=a+e−�T−c�/b, dashed line�.
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A. The potentials with n�3

For the repulsive potentials with n�3, concentration
gradients are normally better described with a quadratic
shape, as shown, for example, in Fig. 2, for the RNEMD
simulations with n=6 and n=12 at Teq=120 K.

For a given n, each simulation �characterized by the
value of Teq� describes a line in the plane x1 versus T. An
example is reported in Fig. 3 for the case n=6.

The calculation of the Soret coefficient is performed at
the z values corresponding to the center of the five physically
relevant slabs, thus obtaining a set of points in the space
x1 ,T ,ST�x1 ,T�. The advantage of the approach here pre-
sented, and adopted for the extraction of ST from the NEMD
data, is evident by considering an example. For instance with
Teq=120 K and n=6, the direct use of Eq. �7� with the de-
rivatives computed from the interpolated x1 and T functions
gives: ST�0.610,83.5�=15.91�10−3 K−1, ST�0.546,101.7�
=13.36�10−3 K−1, ST�0.490,119.9�=11.36�10−3 K−1,
ST�0.443,138.0�=9.60�10−3 K−1, and ST�0.404,156.2�
=7.87�10−3 K−1. From the same set of data, the use of Eq.
�12� �as normally done in all NEMD simulation� gives an
unique value for the Soret coefficient, that is ST�0.5,120�
=11.36�10−3 K−1, which closely corresponds to the result
obtained earlier for the values of x1=0.490 and T=119.9 K.

The 25 values of ST have been fitted as function of both
x1 and T, with various trial functions. For each value of the
potential exponent n we have found that ST shows a negli-
gible dependence on x1, at least in the interval of composi-
tion explored by our simulations. Thus, ST has been fitted as
a function of only T using the following two trial functions:

ST = a +
b

T − c
�13�

and

ST = a + e−�T−c�/b. �14�

Iacopini et al.
53 have used a function similar to Eq. �14�

to fit ST. Both functions give satisfactory results, with the
exponential one having a slightly worse behavior: two ex-
amples, for the case n=3 and n=9, are reported in Figs. 4
and 5, respectively.

The best parameters of both fitting functions are reported
for all n�3 in Table III.

A global overview of the variation of ST with respect to
T for all n is reported in Figs. 6 and 7, with ST expressed
using Eqs. �13� and �14�, respectively.

For all n the Soret coefficient is positive and large at low
temperature, it decreases rapidly with increasing T, reaching
low values ��2�10−3 K−1� for T greater than 500–600 K.
The negative values found for large T with n=3 and Eq. �13�
are an artifact of the fitting procedure, as can be seen in Fig.
4. Increasing n leads to an overall �moderate� increase of ST.
The values of ST for an ideal gas mixture �1 /T� is also re-
ported in Fig. 6 for comparison. It is apparent that this func-
tion closely resembles the profiles of the computed ST for all
n, the case n=3 being the farthest.

Let us note that using ST=1 /T, Eq. �8� becomes

x1�T� =
1

1 + AT
�15�

and if T=a+bz one has

x1�z� =
1

1 + A�a + bz�
. �16�

As a conclusion, we have found in this section that our
model system with n�3 behaves, with relatively small de-

TABLE III. Dependence of the Soret coefficient of the temperature for the potential with n�3: parameters of
the analytical interpolation. rms=root-mean-square of residuals.

n a b c rms

ST�T�=a+b / �T−c�

3 −1.279�10−3�0.275�10−3 0.783�0.093 17.55�6.28 0.651�10−3

6 −1.091�10−3�0.252�10−3 1.214�0.105 14.69�6.17 0.501�10−3

9 −0.377�10−3�0.158�10−3 1.213�0.070 12.29�4.43 0.297�10−3

12 −1.000�10−3�0.247�10−3 1.713�0.140 16.18�8.67 0.354�10−3

ST�T�=a+e−�T−c�/b

3 0.222�10−3�0.150�10−3 74.05�4.88 −250.1�22.3 0.555�10−3

6 0.968�10−3�0.157�10−3 96.86�5.62 −324.7�24.9 0.519�10−3

9 1.519�10−3�0.190�10−3 111.0�8.11 −392.9�36.4 0.589�10−3

12 1.296�10−3�0.129�10−3 142.1�6.32 −527.4�28.2 0.343�10−3

FIG. 6. Soret coefficient as a function of the temperature: fitting functions
for all n�3. The fitting functions have the form ST=a+b / �T−c�. In full line
the zero line and the function ST=1 /T of a ideal gas mixture have been
added for comparison.
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viations depending on n, as an ideal gas mixture.

B. The potentials with n=1

The RNEMD simulations with the pseudocoulombian
interaction potential have shown peculiar results. A first dif-
ference with the other potentials has been found at high
T�Teq�300 K�, where �small� negative ST have been com-
puted. As in the previous simulations, the temperature values
show a linear behavior and the x1 profile is well fitted by a
parabolic function, but species 1 accumulate in the hot re-
gion.

At low temperature �Teq=120 and 200 K�, while T re-
mains linear, x1 shows surprising shapes. Figure 8 reports,
for instance, the case Teq=200 K. The temperature profile is
linear, as previously found, but one promptly notes that while
for the first four points x1 decreases increasing z, for the last
point the opposite occurs. This is an indication of a sign
change of the Soret coefficient at a temperature close to 150
K. In this case the use of a parabolic function for x1 in the
fitting procedure gives poor results: as said in Sec. IV we

adopt the strategy to perform a close fitting of both x1 and T,
so a cubic function has been considered and reported in Fig.
8.

Analogously, at Teq=120 K one notes an unusual com-
position shape, as it is apparent in Fig. 9. In this case the first
three points show an almost constant composition, while for
the last two points x1 increases rapidly. Again this is consis-
tent with a sign change of ST at T�120−150 K, with ST

being strongly positive for lower T.
The interpolated x1 functions �cubic for Teq=120 and

200 K, parabolic in the other cases� have been used to obtain
ST at the center of the five relevant slabs. As found for n

�3, the ST values show a negligible dependence on the com-
position, while the dependence on the temperature is marked.
The ST values have been fitted, as function of T, with various
trial expression: the best results have been obtained with a
Morse and a LJ profile

ST = ��1 − e−��T−���2 − 1 , �17�

ST = �� �

T − �
�12

− � �

T − �
�6	 . �18�

The ST values computed for the five Teq and the two fitting
functions are reported in Fig. 10. The fitting parameters are
=0.757�10−3, �=0.751�10−2, and �=242.4 for the
Morse function and =2.864�10−3, �=813.0, and �=
−663.3 for the LJ function.

From Fig. 10 one notes that some points remain quite far
from the interpolated curve: in particular two points are
slightly above the zero line in an interval of T where all the
other points are negative. These two values are computed in
the first slab for the simulation with Teq=120 and 200 K, that
is, the points with z=6.57 in Figs. 8 and 9. Such values for
ST are clearly influenced by the derivative of the fitting func-
tion chosen for x1 and by its incorrect behavior at low z,
leading an artificial sign change. The exclusion of these two
points from the fitting procedure leads to a negligible modi-
fication of the fitting functions and therefore they have been
kept.

FIG. 7. Soret coefficient as a function of the temperature: fitting functions
for all n�3. The fitting functions have the form ST=a+e−�T−c�/b. In full line
the zero line has been added for comparison.

FIG. 8. Temperature and composition gradients corresponding to Teq

=200 K for the cases with n=1.

FIG. 9. Temperature and composition gradients corresponding to Teq

=120 K for the cases with n=1.
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Both fitting functions give a consistent description of the
dependence of ST on T: it is positive and large for low T and
it rapidly decreases increasing T. For a temperature of 150.1
K �Morse� or 149.7 K �LJ� there is a sign change and ST

becomes negative. Close to 250 K ST reaches a minimum
and for larger T it slowly goes to zero. Actually the com-
puted points indicate that ST remains almost constant in the
range of temperatures between 250–500 K, but the fitting
functions do not describe this behavior. A similar dependence
on T of ST has been observed also in the study of polymer
solution with a two-chamber lattice model �see Fig. 3 of Ref.
54� where both situations here described �positive and mono-
tonically decreasing with n�3 and change of sing with n

=1� has been found by changing the parameters of the
model.

In order to verify the correctness of the analytical ex-
pression of ST�T�, one can use the fitting functions �Eqs. �17�
and �18�� in Eq. �8�, obtaining

x1�z� =
1

1 + Ae /��2e−��T�z�−��−�1/2�e−2��T�z�−���
�19�

for the Morse case and

x1�z� =
1

1 + Ae�−�/11��/�T�z� − ���11+�/5��/�T�z� − ���5�
�20�

for the LJ one. These two expressions are plotted for the case
Teq=120 K in Fig. 11 together with the values of x1 obtained
from the RNEMD simulation. The parameter A is obtained
imposing that x1 in Eqs. �19� and �20� is equal to the
RNEMD value of the first slab. Similarly, Fig. 12 reports the
results at Teq=200 K: in this case the second RNEMD point
has been chosen for the determination of A.

The agreement of the x1 profile described by Eqs. �19�
and �20� and the RNEMD values is very good: in both cases
the clear nonlinear behavior of the RNEMD x1 values is well
reproduced. Moreover, the difference between the RNEMD
x1 values and the analytical profiles is an estimation of the
uncertainty of the simulation results.

To the aim of further verifying the interpretative scheme
here presented, we have performed a RNEMD simulation
with Teq=150 K, the temperature at which ST change its
sign. The calculated composition values and the profile ob-
tained from Eqs. �19� and �20� are reported in Fig. 13 �A
computed from the first simulated point�.

The agreement is, in this case, slightly less satisfactory
than with Teq=120 and 200 K, but the variation of the com-
puted x1 values is qualitatively reproduced, thus confirming
that the expressions found for ST are correct.

Summarizing, we have obtained that, in case of repulsive
pseudocoulombian interaction, the mixture here considered
shows a thermodiffusion behavior with a strong qualitative
difference with respect to the cases with n�3. The Soret
coefficient changes sign by modifying the temperature. To
our best knowledge, this is the first example of such a be-
havior obtained in MD simulation with purely repulsive po-
tentials. In the next section we shortly report some of the

FIG. 10. Soret coefficient as a function of the temperature: computed points
�at the center of the slab, for each Teq, indicated with +� and fitting functions
�Lennard-Jones, full line; Morse, dashed line�. In full line the zero line and
the function ST=1 /T of a ideal gas mixture have been added for comparison.

FIG. 11. Molar fraction of species 1 as a function of z for the case Teq

=120 K. The + points are computed from the RNEMD simulation. Full
line: obtained from Eq. �19� �ST described by a Morse function�. Dashed
line: obtained from Eq. �20� �ST described by a Lennard-Jones function�.

FIG. 12. Molar fraction of species 1 as a function of z for the case Teq

=200 K. The + points are computed from the RNEMD simulation. Full
line: obtained from Eq. �19� �ST described by a Morse function�. Dashed
line: obtained from Eq. �20� �ST described by a Lennard-Jones function�.
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published theoretical and experimental works where a sign
change of ST has been observed and we try to found analo-
gies with the present results.

V. THE SIGN CHANGE OF ST

Experimentally the sign change of ST has been observed
in two situations: when the composition of the mixture
changes and when the temperature changes.

An example of the first situation is the ethanol/water
mixture,55 where a sign change of ST is experimentally found
by changing the mixture composition �ST=0 for a mass frac-
tion of water, wwater, equal to 0.71�. Other alkanol water
mixtures56 and nonionic surfactants �hexaethylene glycol
monododecyl ether� in water57 also show this behavior.

In the case of polymers in solution, a negative ST has
been found for poly�vinyl alcohol� in water58 and for poly-
�ethylene oxide� �PEO� in ethanol-rich ethanol/water
mixtures.59 In the last system, ST has been found to show a
sign change60 by varying the solvent composition �ST=0 for
a weight fraction of water of 0.83�. These results have also
been qualitatively reproduced by a two chamber lattice
model.54 In theoretical simulation,35 aqueous solutions of
methanol, ethanol, acetone, and dimethyl-sulfoxide �DMSO�
all show a sign change of ST at a molar fraction 0.7�xwater

�0.9 passing from positive value for water-rich mixture to
negative values for water-poor mixture. While in the case of
the methanol/water and ethanol/water mixtures, such a be-
havior was experimentally known before the theoretical
study,55,61 in the case of the acetone/water and DMSO/water
mixtures the sign change has been theoretically predicted
and further experimentally confirmed.23 Another example is
the benzene/cyclohexane mixture62 where ST changes its sign
at xbenz�0.7. In this case the authors also observed that ST

splits into two additive contributions, one depending from
the isotope composition and the other due to a “chemical”
contribution. A sign change has also been observed in

charged colloid suspension.63–65 For other mixtures showing
a change of sign modifying the composition, see Ref. 66, and
references therein.

Iacopini et al.
53 have studied a set of dilute macromo-

lecular and colloidal aqueous suspensions where a sign
change is found by changing the temperature. They always
found that below a given temperature ST is negative and
above it is positive. They call these systems “macromolecu-
lar tourist” given that they move toward the cold region
when it is hotter than the “optimal” temperature and toward
the hot region when it is colder. Given the evocative nature
of such a terminology, we adopt it in the following, calling a
system showing a sign change of ST touristic if ST has a
positive slope with respect to T and nontourist if the slope is
negative. In the same scheme we propose the name comfort
temperature, Tcomf, the temperature at which ST=0. It is evi-
dent that in a binary mixture where there is a sign change of
ST as a function of T, always one of the two species acts as a
tourist and the other as a nontourist. Let us remember, how-
ever, that ST is usually computed with respect to the heavier
species and with respect to this species the nomenclature of
Iacopini et al.

53 is used in the following.
The suspension of octadecyl coated silica particles in

toluene67 show a change of sign as a function of both tem-
perature and composition: with respect to temperature the
colloidal particles show a touristic behavior with Tcomf in the
range 30−45 °C. It is worth noticing that for such a system
the sign change is found for all investigated concentrations.
A thermally induced sign change has been observed
experimentally also in a semidilute solution of
poly�N-isopropylacrylamide� in ethanol68 with a nontourist
behavior.

Another example of sign change is the dextran/water
mixture:69 Dextran behaves as a touristic macromolecule
with Tcomf=45 °C. Adding urea to the system leads to a de-
crease of Tcomf which is 29.7 °C for a concentration of urea
of 2 M and below the lowest measured temperature
��15 °C� for a concentration of 5 M. This behavior is at-
tributed to the breaking of the hydrogen network in pure
water due to the urea molecules. Similar consideration on the
origin of the sign change of ST have been published for the
water/ethanol mixture.55 For such a system the authors have
found that the hydrogen bond network of water is maintained
up to wethanol=0.18: adding more ethanol results in a destruc-
tion of the network which is fully completed at wethanol=0.6.
In the same paper the authors consider also the ternary sys-
tem poly�ethylene oxide�/water/ethanol �a dilute solution of
PEO in a mixed solvent water/ethanol�. The ST of PEO also
shows a sign change with respect to the mass fraction of
water in the solvent: ST is vanishing for wwater=0.83, slightly
larger than the case of the binary water/ethanol mixture. In
the ternary system PEO/water/ethanol one also observes a
sign change with respect to T for wwater=0.80, 0.82, and
0.85: in this case PEO behaves as a macromolecular tourist
with Tcomf decreasing if wwater increases.

The results reported in Sec. IV B indicate that the model
system considered in the present work has a nontourist be-
havior with Tcomf=150 K for purely repulsive interactions
with n=1. On the contrary, for n�3 �short range interac-

FIG. 13. Molar fraction of species 1 as a function of z for the case Teq

=150 K. The + points are computed from the RNEMD simulation. Full
line: obtained from Eq. �19� �ST described by a Morse function�. Dashed
line: obtained from Eq. �20� �ST described by a Lennard-Jones function�.
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tions� the results agree with the general trend observed for
hard sphere70 and with the Chapman–Enskog theory,27 that is
the heavier component diffuses toward the colder region
�positive Soret coefficient� and ST has a 1 /T dependence.

In Ref. 35 one can read that “in strongly nonideal or
associating mixtures a change of sign of ST with composition
is almost invariably observed.” On the other hand, in general
nonassociating fluids �for instance the n-pentane/n-decane
mixture43� show a moderate variation of ST with respect to
composition. In the present study ST does not show a rel-
evant dependence on the composition �note, however, that
the composition variations are small in our simulations� but
we confirm that the presence of strong �long range� interac-
tions strongly influences the Soret coefficient which shows,
as a function of T, large deviation from the ideal gas case and
a change of sign.

Finally, let us note that Nieto-Draghi et al.
71 and Kita et

al.
55 have found that the mixed interaction has to be stronger

than the interactions between the pure components in order
to describe a sign change of ST in a simple lattice model. The
model here proposed for n=1 does not agree with this rule,
given that the mixed interaction is in between the interac-
tions of the pure components for all interparticle distances.

VI. CONCLUSIONS

In this work a RNEMD study of thermodiffusion has
been presented. The considered system is an equimolar mix-
ture of two model species: they have the mass of the Ar and
Kr atoms and they interact with purely repulsive potentials,
which can be seen as obtained from the LJ potential for the
Ar/Kr mixture by neglecting the attractive part and modify-
ing the exponent n �n=1,3 ,6 ,9 ,12�. The simulations have
been conducted at different mean temperatures, in order to
study the dependence of ST on both the interaction potential
and the temperature. With respect to other published works,
the strategy here proposed for the extraction of ST from the
RNEMD simulation data does not require for the composi-
tion profile to be linear, while keeping the constraint for the
temperature to have a linear profile. Moreover the analytical
expression for the composition profile at the steady state is
reported for some expressions of the dependence of ST on the
temperature.

The results obtained in this work confirm that the nature
of the particle interaction strongly influences the value and
the sign of ST. In particular with medium and short range
interactions �n�3� the system behaves in agreement with
the dilute gas rule, that is ST is positive �the heavier species
accumulate in the cold region� and shows a decrease with T

closely following the 1 /T behavior. In the case of long range,
pseudocoulombian, interaction �n=1�, a sign change of ST is
observed if T is changed. In particular, ST is large and posi-
tive at small T, it decreases rapidly by increasing T and be-
comes negative �with the absolute value remaining quite
low�, then it remains almost constant and negative slowly
approaching zero if T increases.

This result is in agreement with other experimental and
theoretical findings which have reported that in presence of
strong interactions �e.g., electrostatic in charged particles� or

specific interactions �e.g., hydrogen-bond in water/ethanol
solution, etc.� ST shows unusual behaviors when the compo-
sition or the temperature are varied and sign changes are
often observed. In the present work, however, the interac-
tions are purely repulsive, so the situation is strongly differ-
ent from the case of molecular mixtures with hydrogen
bonds, while the comparison with charge particles is more
grounded.

An analytical expression of ST as a function of T has
been given for all interaction potentials by fitting the results
of the simulations. This expression has been used in the
equation defining the concentration profile at the steady state
�obtained by the integration of the steady state equation of
the mass flux�. The concentration profile thus computed
agrees with the NEMD simulation data even in the most
pathological situations, as, for instance, in the cases where ST

changes of sign in the temperature range spanned by the
simulation. In such simulations the concentration shows a
strongly nonlinear profile �even if T is linear� and the close
agreement between the analytical expression of the concen-
tration and the simulation data validate the approach here
developed.
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