
A transferable coarse-grained potential to study the structure of confined,
supercritical Lennard-Jones fluids

T. Sanghi and N. R. Alurua�

Department of Mechanical Science and Engineering, Beckman Institute for Advanced Science and
Technology, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

�Received 11 September 2009; accepted 16 December 2009; published online 27 January 2010�

In this paper, we develop a transferable coarse-grained interatomic potential to study the structure
of simple �spherical and nonpolar� Lennard-Jones �LJ� fluids confined at supercritical temperatures.
The potential is used in empirical potential based quasicontinuum theory, �A. V. Raghunathan et al.,
J. Chem. Phys. 127, 174701 �2007�� to study the structure of three simple LJ fluids �oxygen,
methane, and argon� confined in slitlike geometries. The results obtained using the coarse-grained
interatomic potential are found to be in good agreement with those predicted by equilibrium
molecular dynamics simulations. © 2010 American Institute of Physics. �doi:10.1063/1.3289722�

I. INTRODUCTION

Fluids confined between solid surfaces with separation
ranging from micrometers to a few tens of nanometers are
playing an increasingly important role in many scientific and
engineering applications such as lab-on-a-chip, energy stor-
age, water purification, and nanomanufacturing.1–3 At nano-
meter scales, surface or interfacial behavior becomes impor-
tant and confined fluid exhibits a wide range of phase
behavior that is very different from the corresponding bulk
state.4 Owing to high inhomogeneity of confined fluids at
these scales, continuum or classical theories, which assume a
homogeneous variation in state variables, fail to predict the
correct interfacial phenomena. Models based on statistical
theory are used to study fluid confinement at nanometer
scales. In statistical models, the macroscopic property of the
fluid is obtained from the discrete particle information using
a suitable averaging process. Atomistic molecular dynamics
�MD� �Ref. 5� is one such simulation technique, which has
been extensively used to study fluid flow at nanometer
scales. While MD can accurately predict the interfacial phe-
nomena, it requires significant computing resources and is
practically limited to study phenomena on short length and
time scales. This practical limitation of MD roots from the
use of hard atomistic potentials, which limit the largest time
step that can be used to perform a stable simulation. To over-
come this limitation, the concept of coarse-graining �CG� is
used. In CG, the hard atomistic interactions are replaced by
softer interactions, which permit the use of a larger time step
and enable the simulation of systems on bigger length and
time scales. Coarse-grained potentials are constructed from
the atomistic potentials either by averaging the molecular
field over the rapidly fluctuating short time scale motions
that are lesser relevant to the macroscale phenomena of
interest,6 or by parameterizing a predefined analytical form
to reproduce some average thermodynamic or structural

quantity obtained from atomistic simulations.7 Although
coarse-grained potentials allow the simulation of big and
complex systems closer to experimental scales, they have
some limitations. The coarse-grained potentials gain compu-
tational efficiency at the expense of the structural and chemi-
cal details of the system. During CG, the structural and
chemical details of the system at scales smaller than the
coarse-grained scale are completely lost. Also, most of the
coarse-grained potentials perform well in the thermodynamic
conditions of the reference atomistic system used to param-
eterize them and suffer from the loss of transferability.8–10

There are many complex fluids such as polymers whose
macroscopic behavior is influenced by their dynamics on
multiple length scales.7 Also, many of the recent micro-
electro-mechanical systems and nano-electro-mechanical
systems applications use hybrid micronanofluidic devices
where both the interfacial and the macroscopic behavior of
the fluid are important. The use of classical theory to study
such multiscale behavior can predict inaccurate results, while
the use of MD simulation may not be possible because of
computational limitations. Hence, in past few years a lot of
effort has gone into developing multiscale methods,11

which combine the atomic-scale and macroscale methods
and attempt to provide a unified frame work to study fluid
behavior across multiple length and time scales. Recently
Raghunathan et al.12 proposed an empirical potential based
quasicontinuum theory �EQT� to obtain the equilibrium
structure of confined fluids across multiple length scales. In
EQT, one-dimensional steady-state Nernst–Planck
equation12,13
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c�x = 0� = 0,

c�x = L� = 0, �2�

1

L
�

0

L

c�x�dx = cav,

is solved to obtain self-consistent potential and concentration
profile of the confined fluid. Here c is the concentration, R is
the gas constant, T is the temperature, and U is the total
potential of the confined Lennard-Jones �LJ� fluid. L is the
dimension of the confining geometry and cav is the average
concentration of the confined LJ fluid. A coarse-grained in-
teratomic pair potential is used to compute the total potential
U of the confined LJ fluid. This approach provides a means
to capture the underlying atomistic physics in the interfacial
region of the confined fluid without resorting to computa-
tionally expensive atomistic simulations. Also, unlike
density-functional theory14 and integral equation theory,15

which involve calculation of computationally expensive free
energy functional and pair functions and often require ex-
plicit approximations, EQT is a very simple and fast method
to study fluid confinement at multiple length scales. In this
paper we develop a transferable coarse-grained interatomic
potential that is used in EQT to study the structure of con-
fined, simple LJ fluids at supercritical temperatures. There
are some important applications that involve the confinement
of fluids near or above their critical temperature. One such
application is the storage of high density methane �main con-
stituent of natural gas� in micropores at near-ambient tem-
peratures, well above its critical temperature �191 K�.16 Such
storage methods are needed for efficient transportation of
natural gas and fuel storage in vehicles.17

The remainder of the paper is organized as follows. In
Sec. II, we first discuss the structural consistency of the
coarse-grained interatomic pair potential used in EQT to
study simple LJ fluids. Then we describe the development of
the new coarse-grained potential, discuss the variation in its
two CG parameters with the density and temperature of the
supercritical LJ fluid and establish quantitative relations be-
tween them. The relations describe the variation in the CG
parameters as a function of the bulk density and the tempera-
ture of the confined LJ fluid and provide transferability to the
potential across different supercritical thermodynamic states.
Details on EQT and various MD simulations performed to
obtain the relations and to verify the results obtained from
new coarse-grained potential are provided in Sec. III. In Sec.
IV, we use the relations to study the effect of the density and
temperature on the static structure of supercritical LJ oxygen
confined between different width silicon slits. To check the
transferability of the relations to different LJ fluids, they are
used to study the equilibrium structure of supercritical LJ
methane and argon confined in different width graphite slits.
Results obtained using the relations are compared to those
obtained from MD simulations. Finally, conclusions are pre-
sented in Sec. V.

II. COARSE-GRAINED INTERATOMIC PAIR
POTENTIAL

A. Structural consistency

In EQT, Raghunathan et al.12 used a coarse-grained in-
teratomic pair potential, uLJ

t �r�, defined as

uLJ
t �r� =�

0 r � Rcrit

	2 − � r

Rmin
�2
4

� 	 C12
ff

Rmin
12 −

C6
ff

Rmin
6 
 Rcrit � r � Rmin

	C12
ff

r12 −
C6

ff

r6 
 r � Rmin, � �3�

to derive the total fluid-fluid interaction potential of confined
simple LJ fluids. Here C12

ff =4�ff�ff
12 and C6

ff=4�ff�ff
6 . �ff and

�ff are the fluid-fluid LJ energy and distance parameters, re-
spectively. Rmin and Rcrit are two CG parameters, which de-
fine the soft repulsive region and the zero potential core in
the coarse-grained pair potential. The specific functional
form of the soft-repulsive core is an ansatz and lacks any
fundamental �microscopic� derivation. A coarse-grained po-
tential can be used to obtain the equilibrium property of a
system if the equilibrium probability density of a dynamical

state of the system obtained from it is equal to that deter-
mined by the complete atomistic potential9

PCG = Patomistic. �4�

Equation �4� defines the condition under which a coarse-
grained potential for a system is structurally consistent with
the complete atomistic potential for the same system. For a
system in canonical �N ,V ,T� ensemble, the equilibrium
probability density of a dynamical state as determined by the

044703-2 T. Sanghi and N. R. Aluru J. Chem. Phys. 132, 044703 �2010�

Downloaded 01 Feb 2010 to 130.126.121.152. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



soft repulsive core potential uLJ
soft and the complete 12-6 LJ

potential uLJ
12-6 is

PLJ
soft � exp�− ULJ

soft/KBT� ,

�5�
PLJ

12-6 � exp�− ULJ
12-6/KBT� ,

where ULJ
soft and ULJ

12-6 are the total potential energy of the
given state obtained using uLJ

soft and uLJ
12-6, respectively. KB is

the Boltzmann constant and T is the absolute temperature of
the system. Since the expression for the equilibrium prob-
ability density in Eq. �5� involves exp�−U /KBT�, all the
states for which U is positive and larger than few KBT have
almost zero equilibrium probability and make negligible con-
tribution to the equilibrium properties of the system. The CG
strategy of replacing the hard repulsive form of the 12-6 LJ
potential with a softer and finite form in the region r��ff,
thus does not significantly affect the equilibrium probability
distribution of the system. These coarse-grained LJ potentials
are made structurally consistent by choosing a suitable softer
repulsive form and adjusting the CG parameters such that the
equilibrium probability distribution of the system obtained
from them is equal to that obtained from complete 12-6 LJ
potential. Such coarse-grained LJ potentials have been used
by Mezei18 to calculate the excess free energy of the dense
LJ fluids. Soft interatomic potentials have also been used
successfully in conventional molecular simulations and in
dissipative particle dynamics19 to study the equilibrium prop-
erties of soft materials.

Raghunathan et al.12 used uLJ
t given by Eq. �3� to de-

velop a quasicontinuum potential model for confined simple
LJ fluids. In quasicontinuum model, the total potential U�r�
is computed by using the continuum approximation on the
discrete summation expression for the total potential ob-
tained from molecular representation, i.e.,

U�r� = �
i=1

Nf

uLJ
12-6�r − ri� , �6�

��
�

uLJ
12-6�r − r��	 f�r��d� , �7�

��
�

uLJ
t �r − r��	 f�r��d� , �8�

where Nf is the number of fluid atoms surrounding the fluid
atom at position r, ri is the location of fluid atom i, and 	 f is
the density of fluid atoms in the volume element d�. The
reason for using a truncated soft core repulsive potential uLJ

t

instead of the complete 12-6 LJ potential to obtain the total
potential of a confined fluid �	 f�r���const� is to avoid nu-
merical singularities that occur while computing the integral
given by Eq. �7� in the region 0� r−r���ff. For confined
fluids, in the void region �	 f�r���0� next to the walls, the
integrand uLJ

12-6�r−r��	 f�r�� in Eq. �7� should→0. However,
because of the very strong repulsive nature of the 12-6 LJ
potential in the region r−r���ff, this product can diverge
even when 	 f�r��→0�uLJ

12-6��1016��	 f��10−6��. Also, in
the highly inhomogeneous interfacial region, where 	 f�r�� is

high and r−r���ff, the product uLJ
12-6�r−r��	 f�r�� could

become very large and give rise to significant numerical er-
rors, while computing the integral over the entire domain.
Hence, to avoid the divergence in the void region and mini-
mize the numerical errors, the potential is truncated in a
small region around the point of singularity �0�r�Rcrit� and
made softer in the region Rcrit�r�Rmin. To investigate the
effect of this CG strategy, we use uLJ

t to compute the total
potential ULJ

t at a point r due to a homogeneous �	 f�r��
=const� semi-infinite fluid volume of thickness 
. The final
expression for ULJ

t �r� obtained from Eq. �8� is given by

ULJ
t �r� = 	
� f�Rcrit� + g�Rmin� r � Rcrit

f�r� + g�Rmin� Rcrit � r � Rmin

g�r� r � Rmin,
� �9�

where functions f and g are defined as

f�x� =
�Rmin

2

5
	 C12

ff

Rmin
12 −

C6
ff

Rmin
6 
	�2 − � x

Rmin
�2�5

− 1
 ,

�10�

g�x� =
�C12

ff

5
� 1

x10� −
�C6

ff

2
� 1

x4� .

Figure 1�a� shows the comparison of ULJ
t �r� and ULJ

12-6�r�.
ULJ

12-6�r� is the total potential obtained by using the complete
12-6 LJ potential �Eq. �7�� and is given by

ULJ
12-6�r� = 	
g�r� . �11�

It can be observed that ULJ
t is exactly same as ULJ

12-6 until
r=Rmin, has softer repulsive interaction between Rcrit and
Rmin and becomes constant for r�Rcrit. The strength of the
repulsive interaction can be controlled by changing the CG
parameters Rmin and Rcrit, and the potential could be easily
parameterized to reproduce the desired equilibrium property
of the homogeneous fluids. For confined fluids, the potential
is parameterized by adjusting the CG parameters Rmin and
Rcrit to match the variation in the total interaction potential
UTot

CG obtained using continuum approximation �Eq. �8�� with
the total potential UTot

MD obtained from representative molecu-
lar system. The total interaction potential of the confined
simple LJ fluid is the summation of the wall-fluid and the
fluid-fluid interaction potentials. The wall-fluid potential
Uwall-fluid is calculated by modeling the wall as semi-infinite
continuum of uniformly distributed atoms and using the
complete 12-6 LJ wall-fluid potential in Eq. �7�. This ap-
proach was originally discussed by Steele.20,21 We discuss
two different wall-fluid potential models in Sec. III. Fluid-
fluid interaction potential Ufluid-fluid

CG is calculated from Eq.
�8�.12 The parametrization procedure is summarized in Algo-
rithm I. Once the coarse-grained potential is parameterized
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for a particular thermodynamic state, it is used in EQT �Ref.
12� to obtain the concentration profile of the confined fluid in
different width channels. It is important to note that the pa-
rametrization procedure explicitly involves 	�r� and UTot

MD

from the reference molecular level system. Thus, the CG
parameters obtained for one thermodynamic state are in gen-
eral not transferable to a different thermodynamic state.10

Algorithm I Parametrization of the coarse-grained potential.

1: Input: 	�r� and total interaction potential �UTot
MD� from representative

molecular level system.
2: Compute wall-fluid interaction potential, Uwall-fluid, using Eq. �16�
provided in Sec. III.
3: Take initial guess for Rmin and Rcrit.
4: Compute fluid-fluid interaction potential, Ufluid-fluid

CG , using 	�r� and uLJ
t

in Eq. �8�.
5: Calculate UTot

CG=Uwall-fluid+Ufluid-fluid
CG .

6: Obtain Rmin and Rcrit by solving the nonlinear equation UTot
CG�Rmin,Rcrit�

−UTot
MD=0.

B. Transferable potential: Relationship between
coarse-graining parameters and density
and temperature of the fluid

To develop a transferable potential, we explore the varia-
tion in the CG parameters with the independent thermody-
namic variables of the fluid. In supercritical state, for a one
component fluid, both temperature and density can be inde-
pendently changed without altering the state of the system.
To understand the connection of the CG parameters with the
density and temperature of the fluid, we use a second order
polynomial functional form to model softer interactions and
define a new coarse-grained interatomic pair potential,
uLJ

CG�r�, as

uLJ
CG�r� = �

0 r � Rcrit

a0 + a1r + a2r2 Rcrit � r � Rmin

	C12
ff

r12 −
C6

ff

r6 
 Rmin � r � Rcut,� �12�

where C12
ff , C6

ff, �ff, �ff, Rmin, and Rcrit have their usual mean-
ing as defined above. a0, a1, and a2 are the coefficients of the
polynomial form, and are calculated to ensure the continuity
of the softer potential and its first and second derivatives
with the 12-6 LJ potential at Rmin. Rcut is a cutoff distance
beyond which pairwise LJ interaction is assumed to be zero.
One important difference in this new coarse-grained poten-
tial is that it ensures the continuity of the force �first deriva-
tive of the potential� at Rmin, which was not enforced in the
original coarse-grained potential uLJ

t . To test the performance
of this new potential, it is parameterized to predict the con-
centration and potential profiles of LJ oxygen confined be-
tween different width silicon slits at 300 K. The density of
the confined fluid is 	�=1.08. Here 	��=	�ff

3 � is the nondi-
mensional number density. This value corresponds to a bulk
density of 	=32 atoms /nm3. The parametrization is done by
using uLJ

CG in place of uLJ
t in Algorithm I. 	�r� and UTot

MD are
obtained from MD simulation of LJ oxygen confined in a
11�ff wide nanochannel. There is no restriction on the size of
the MD system to be used to parameterize the coarse-grained
potential. It could be any reasonable size system in which
both the wall-fluid and the fluid-fluid potential contribute
to the structural inhomogeneity. Very small size systems
�L�2�ff ,3�ff� should be avoided because in such systems
the wall-fluid interactions are typically the only dominant
interactions that cause structural inhomogeneity. Equation
�16� with cwall=80 atoms /nm3 is used to compute the wall-
fluid interaction potential. The total fluid-fluid interaction po-
tential Ufluid-fluid

CG at a point x inside the channel is given by

Ufluid-fluid
CG �x� = �

x

x+Rcrit

�f�Rcrit� + g�Rmin��	�x��dx� + �
x+Rcrit

x+Rmin

�f�x�� + g�Rmin��	�x��dx� + �
x+Rmin

x+Rcut

�g�x���	�x��dx�

+ �
x−Rcrit

x

�f�Rcrit� + g�Rmin��	�x��dx� + �
x−Rmin

x−Rcrit

�f�x�� + g�Rmin��	�x��dx� + �
x−Rcut

x−Rmin

�g�x���	�x��dx�, �13�

where for uLJ
CG, functions f and g are defined as

f�x� = 2�	a0

2
�Rmin

2 − x2� +
a1

3
�Rmin

3 − x3� +
a2

4
�Rmin

4 − x4�
 ,

�14�

g�x� =
�C12

ff

5
� 1

x10 −
1

Rcut
10 � −

�C6
ff

2
� 1

x4 −
1

Rcut
4 � ,

Rmin=1.078�ff and Rcrit=0.34�ff give a good match between
the total interaction potential UTot

CG obtained using the con-
tinuum approximation and UTot

MD obtained from MD simula-
tion. These values are different from those obtained for uLJ

t

�Rmin=0.939�ff and Rcrit=0.29�ff� �Ref. 12� under the same
thermodynamic conditions. Figure 2 shows the variation in
concentration profiles of LJ oxygen across 20�ff and 7�ff

wide nanochannels obtained using uLJ
t �r� and uLJ

CG�r� in EQT.
It can be observed that the concentration and potential pro-
files are in good agreement with each other and with the
results obtained from MD simulations.

To find the variation in the coarse-grained parameters
with the change in density and temperature of the confined
LJ fluid, MD simulations of the LJ oxygen confined between
11�ff wide silicon slit are carried out at several density and
temperature values �	�=1.08, 0.764, and 0.48; T=200, 300,
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and 400 K�. 	�=0.764 and 0.48 correspond to a bulk density
of 	=25 atoms /nm3 and 	=15 atoms /nm3, respectively.
All these temperature values are greater than the critical tem-
perature of the bulk oxygen �155 K�.16 Statistical theories for
confined fluids predict that the critical temperature of a fluid
under confinement lies substantially below its critical tem-
perature in the bulk state.22 Hence, the systems considered
above are representative of a supercritical LJ fluid confined
in a silicon slit. The details on the molecular model and
simulation parameters are given in Sec. III. Two interesting
observations are made while parameterizing the new coarse-
grained potential uLJ

CG for these systems at aforementioned
density and temperature values. �1� It is found that once the
potential is parameterized for a given density and tempera-
ture, for a change in thermodynamic state that involves vary-
ing the density of the fluid at a fixed temperature, the poten-
tial could be reparameterized by adjusting the parameter Rcrit

alone, keeping the parameter Rmin fixed for the given tem-
perature. �2� Similarly, for a change in the thermodynamic
state that involves varying the temperature of the fluid at a
fixed density, the potential could be reparameterized by ad-

justing the parameter Rmin alone, keeping the parameter Rcrit

fixed for the given density. These observations connect the
change in the CG parameters Rcrit and Rmin with the change
in the density and temperature of the confined fluid. Figure 3
shows the variation in nondimensional CG parameters,
Rcrit

� �=Rcrit /�ff� and Rmin
� �=Rmin /�ff�, as a function of nondi-

mensional density, 	�, and nondimensional LJ energy param-
eter, �� �=�ff /KBT�, respectively. It can be seen that the pa-
rameter Rcrit decreases linearly with increase in density. This
trend can be understood from Fig. 1�b�. It can be observed
that soft-repulsive potential exists until r=Rcrit, below which
it becomes constant in the region r�Rcrit. A smaller Rcrit

value corresponds to a larger extent of the soft-repulsive in-
teractions. At higher densities, excluded volume effects
dominate and the structure of simple liquids is mainly deter-
mined by the repulsive interactions.23–25 Hence, when den-
sity increases, Rcrit decreases to increase the strength and
extent of the repulsive interactions, required to obtain the
correct equilibrium structure at higher densities. Like Rcrit,
Rmin also decreases linearly with increase in the temperature
of the confined fluid. This observation can be understood
from the role temperature plays in determining the equilib-
rium structure of the confined fluid. Increase in temperature
induces thermal fluctuations and increases the probability of
the fluid atoms to move around the potential minimum. Rmin

is the distance until which the exact 12-6 LJ potential is used
in the coarse-grained potential and its value always lies in
the interval Rcrit�Rmin�21/6�ff; 21/6�ff is the distance at
which the minimum of LJ potential occurs. Hence, when
temperature increases, Rmin decreases to increase the extent
of the actual 12-6 LJ potential around energy minima, re-
quired to capture fluctuations at higher temperatures. For
uLJ

CG, Rcrit
� , and Rmin

� are related to 	� and �� as

Rcrit
� = 0.7361 − 0.3652	�,

�15�
Rmin

� = 1.0311 + 0.1745��.

These relations are obtained from first order least squares fit
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044703-5 Transferable potential for LJ fluids J. Chem. Phys. 132, 044703 �2010�

Downloaded 01 Feb 2010 to 130.126.121.152. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



of the Rcrit and Rmin values �denoted by circle in Fig. 3�
obtained from the parametrization of the coarse-grained po-
tential at various density and temperature values considered
above and correspond to 	� and �� in the range 0.48�	�

�1.08 and 0.19����0.388, respectively.

III. SIMULATION DETAILS

Relations given by Eq. �15� are used to parameterize the
new coarse-grained potential uLJ

CG for confined simple LJ flu-
ids in different supercritical states. Parameterized potential is
used in EQT to investigate the fluid confinement in three
systems. System I consists of LJ oxygen molecules confined
between silicon slit and system II and III contain spherical
methane and argon molecules, respectively, confined be-
tween different width graphite slits. Two different wall mod-
els are used to compute the total wall-fluid potential in EQT.
In the first model, the spacing between the lattice planes is
neglected and walls are modeled as flat infinite continuum of
atoms. For such a wall, the total wall-fluid potential at a
point x normal to the structureless wall is given by the 9-3
potential21

Uwall-fluid�x� = 2�cwall	C12
wf

90
� 1

x9� −
C6

wf

12
� 1

x3�
 , �16�

where C12
wf=4�wf�wf

12 and C6
wf=4�wf�wf

6 . �wf and �wf are the
wall-fluid LJ energy and distance parameters, respectively.
cwall is the number density of the wall atoms. In the second
model, walls are treated as stacked planes of atoms separated
by distance 
x, spacing between the planes. The total wall-
fluid potential at a point x from such a wall is given by the
10-4-3 potential26

Uwall-fluid�x� = 2��wf�wf
2 
xcwall

�	2

5
��ff

10

x10 � − ��ff
4

x4 � − � �ff
4


x�0.61 + x�3�
 .

�17�

Here �wf, �wf, and cwall have their usual meaning as defined
above. The “10” and “4” terms represent the repulsive and
attractive interactions of the fluid molecule with the first
plane of atoms, and the “3” term results from the summation
of the attraction term over the remaining layers of the solid.
Continuum 9-3 potential given by Eq. �16� is used to model
silicon-oxygen interactions in system I. Graphite-methane
and graphite-argon interactions in system II and III are mod-
eled using 10-4-3 potential given in Eq. �17�.

Concentration and potential profiles obtained from EQT
are compared to those obtained from equilibrium MD simu-
lations. We have used the same molecular model as used by
Raghunathan et al.12 for system I. For systems II and III,
molecular wall consists of four graphene layers, with an in-
terlayer spacing of 0.335 nm. The number density of the
carbon atoms in the graphite is 114 atoms /nm3. The dimen-
sions of the wall in y and z directions are 4.550 and 4.331
nm, respectively. The LJ force field parameters used in the
MD simulation are listed in Table I.12,26,27 A time step of 2 fs
was used to simulate the system. LJ cutoff distance was set

to 1.38 nm. The temperature of the fluid was maintained
using a Nosé–Hoover thermostat,28 with a time constant of
0.5 ps. The NVT MD simulations were performed using
GROMACS.29

IV. RESULTS

A. System I: Supercritical oxygen confined between
planar silicon walls

To test the accuracy of the relations obtained for Rcrit and
Rmin, they are used to predict the concentration profile of
supercritical LJ oxygen confined between planar silicon
walls at 	�=0.64 and T=300 K. This density value corre-
sponds to a bulk density of 	=20 atoms /nm3. For this den-
sity value, Eq. �15� gives Rcrit=0.50�ff. Rmin=1.078�ff is
used at T=300 K. Figure 4 shows the comparison of con-
centration profiles across 4�ff and 5�ff wide nanochannels
obtained from EQT and the MD simulations. It can be ob-
served that except for a slight mismatch in the first peak next
to each wall, the concentration profiles obtained using the
Rcrit and Rmin values obtained from Eq. �15� match quite well
with those from MD simulations. The difference in the first
peak comes mainly from the error in the wall-fluid potential
closer to the wall. This error could be reduced by using more
advanced models,20,21 which take into account both the struc-
ture and the spacing of the lattice planes and provide a more
realistic description for the solid-fluid interactions. To com-
pare the effect of density on the fluid density distribution at a
fixed temperature, concentration profiles at two different
density values �	�=1.08,0.48� are also plotted in Fig. 4.
Rcrit=0.34�ff and 0.54�ff is used for 	�=1.08 and 0.48, re-
spectively. It can be observed that the number of layers in-
side the nanochannels changes with density and increasing
the density at a fixed temperature enhances the effect of the
surface on the fluid density distribution. These observations
can be explained by comparing the distance of the first peak
from the wall and the total number of peaks in the central
region of the channel. For both the channels, at all density
values, the first peak always lies at approximately 0.88�ff

distance away from the wall. For 5�ff wide channel, at
	�=1.08, there are three fluid layers in the central region
��3�ff� of the channel, while the number of layers in the
same length of region is two at 	�=0.64 and 0.48. Similarly,
for 4�ff wide channel, there are two layers in the central
region ��2�ff� at 	�=1.08, but only one layer for 	�=0.64

TABLE I. Parameters for the LJ potential.

Interaction
C6

�kJ nm6 mol−1�
C12

�kJ nm12 mol−1�
�

�nm�

O–O 0.261 87�10−2 0.263 07�10−5 0.3170
O–Si 0.623 37�10−2 0.769 29�10−5 0.3277
Si–Si 0.147 38�10−1 0.221 91�10−4 0.3385
CH4–CH4 0.151 02�10−1 0.463 41�10−4 0.3812
CH4–C 0.470 88�10−2 0.103 53�10−4 0.3606
C–C 0.143 96�10−2 0.222 39�10−5 0.3400
Ar–Ar 0.621 94�10−2 0.969 29�10−5 0.3405
Ar–C 0.288 71�10−2 0.432 40�10−5 0.3383
C–C 0.133 98�10−2 0.192 79�10−5 0.3360
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and 0.48. At lower densities, although there is sufficient
space in the central region to accommodate one more fluid
layer, it cannot be achieved without leaving voids �more re-
pulsive force� and only occurs at higher density. Figure 5
shows the comparison of concentration profile across
7�ff and 11�ff wide nanochannels at three different tempera-
tures �T=200, 300, and 400 K�. To study the effect of tem-
perature on the fluid structure, the density is kept constant
�	�=1.08� in all the three systems. For this density,
Rcrit=0.34�ff is used. Rmin=1.095�ff, 1.078�ff, and 1.063�ff

is used for T=200, 300, and 400 K, respectively. Again,
except for the first peak, there is a good match between the
profiles obtained from EQT and MD simulations. It can be
observed that the inhomogeneity decreases with increase in
temperature. This observation can be understood from the
fact that increase in temperature induces thermal fluctuations
in the fluid structure. Thermal fluctuations increase the prob-
ability of an atom to move around its minimum energy po-
sition and weaken the layering induced by the surface.

B. System II: Supercritical methane confined between
planar graphite walls

To test the transferability of the relations obtained for
Rcrit and Rmin to a different LJ fluid, we use them to obtain
the concentration and potential profiles of supercritical LJ
methane confined between planar graphite walls at 296 K.
The density of the confined fluid is 	�=1.0. It corresponds to
a bulk density of 	=18 atoms /nm3. For this density and
temperature value, from Eq. �15�, we get Rcrit=0.37�ff and
Rmin=1.118�ff. Figure 6 shows the concentration profile of

LJ methane confined inside different width graphite slits. It
can be observed that the new potential captures the correct
atomistic physics near the interface and predicts both the
interfacial layering near the wall and the bulk behavior at the
center of 15�ff channel. For smaller channels there is no bulk
region and confinement makes the fluid density inhomoge-
neous across the total width of the channel. Again, except for
a slight deviation in the first peak, the results obtained from
EQT using uLJ

CG match quite well with those obtained from
MD simulations. It is interesting to note that there is incon-
sistency in the total number of peaks in the concentration
profile of smaller channels. The number of peaks in 7�ff and
6�ff wide nanochannels are 7 and 6, respectively, while 5�ff,
4�ff, and 3�ff wide nanochannels have 4, 3, and 2 peaks,
respectively. This inconsistency happens because of an over-
lap between the wall-fluid potentials from the opposite walls
in smaller dimension channels. Figure 7 shows the wall-fluid
and fluid-fluid interaction potential across 5�ff, 4�ff, and 3�ff

wide nanochannels. It can be observed that for smaller di-
mension channels, wall-fluid potential plays the dominant
role in determining the equilibrium structure of the confined
fluid. For 3�ff channel, there is a big overlap of the wall-fluid
potential from the opposite walls and the two peaks in the
concentration profile result from the two minima in the wall-
fluid interaction potential. Fluid-fluid interaction potential at
the given density does not contribute to any additional layer
and there is no third layer in the central region of the chan-
nel. Similarly, for 4�ff, and 5�ff wide nanochannels, due to a
substantial overlap in the wall-fluid potential, it makes favor-
able contribution �negative potential� to the minima in the
fluid-fluid potential, which enhances the layering in the first
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FIG. 4. Comparison of the concentration profiles of supercritical LJ oxygen inside 5�ff �left� and 4�ff �right� wide silicon slits at 	�=0.64, 1.08, and 0.48 and
T=300 K. Solid line represents the result from EQT and circles are the MD results.
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two layers next to the wall and results in reduction in one
complete layer in the central region of the nanochannels. As
the channel dimension increases, the overlap in the wall-fluid
potential decreases, and it only contributes to the first layer

next to each wall and rest of the layers come from the inho-
mogeneity in the fluid-fluid interaction potential. The CG
parameters obtained from Eq. �15� are able to predict this
structural inconsistency quite accurately. The relations are
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FIG. 5. Comparison of the concentration profiles of supercritical LJ oxygen inside 7�ff �left� and 11�ff �right� wide silicon slits at 	�=1.08 and T=200, 300,
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also used to obtain the density profile at 	�=1.0 and
T=400 K. Equation �15� gives Rmin=1.09�ff for T=400 K.
Rcrit=0.37�ff is used for 	�=1.0. The density profiles inside
different width nanochannels obtained using these param-
eters in uLJ

CG compare reasonably well with those obtained
from MD simulations, thus establishing the transferability of
the relations to confined supercritical LJ methane. To further
check the accuracy of the relations for this system, the
Rcrit and Rmin values obtained from Eq. �15� are compared
to those obtained from Algorithm I. For 	�=1.0 and
T=296 K, the values obtained from Algorithm I are

Rcrit=0.375�ff and Rmin=1.120�ff. These values are in good
agreement with the values obtained above �Rcrit=0.37�ff and
Rmin=1.118�ff� from Eq. �15�.

C. System III: Supercritical argon confined between
planar graphite walls

The relations are also used to study the equilibrium
structure of supercritical LJ argon confined between planar
graphite walls at 300 K, well above its critical temperature
�151 K�.16 The density of the confined fluid is 	�=0.95.
This density value corresponds to a bulk density of
	=24 atoms /nm3. For this density and temperature value,
Eq. �15� predicts Rcrit=0.389�ff and Rmin=1.10�ff. Figure 8
shows the concentration profile of LJ argon confined
between different width graphite slits. It can be observed that
the density profiles obtained using uLJ

CG with Rcrit and Rmin

values obtained from Eq. �15� in EQT match well with those
obtained from MD simulations. Like confined methane mol-
ecules, there is an inconsistency in the total number of peaks
observed in smaller width nanochannels. The total number of
peaks in 11�ff wide nanochannel is 11, while 6�ff, 5�ff, 4�ff,
and 3�ff wide channels have 5, 4, 3, and 2 peaks, respec-
tively. This inconsistency can again be explained from the
dominant behavior of the wall-fluid potential in smaller di-
mension channels. Again, to check the accuracy of the rela-
tions, the Rcrit and Rmin values obtained from Eq. �15�
are compared to those obtained from Algorithm I. For 	�

=0.95 and T=300 K, Algorithm I predicts Rcrit=0.385�ff

and Rmin=1.105�ff, which are in close agreement with the
values obtained above �Rcrit=0.389�ff and Rmin=1.10�ff� for
this system.
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V. CONCLUSIONS

In this work, a transferable coarse-grained interatomic
potential is developed to study the structure of confined,
simple LJ fluids at supercritical temperatures. Two relations
are obtained, which describe the change in the CG param-
eters as a function of bulk density and temperature of the
confined LJ fluid and provide transferability to the coarse-
grained potential. The relations can be used to obtain the
numerical value of the CG parameters for any combination
of bulk density and temperature of the confined supercritical
LJ fluid, and are used to study the effect of density and
temperature on the static structure of supercritical LJ oxygen
confined in different width silicon slits. The concentration
and potential profiles obtained using the relations match well
with those obtained from MD simulations. To test the appli-
cability of the relations to different LJ fluid-slit systems, they
are used to study the equilibrium structure of high density
�	��1� supercritical LJ methane and argon confined at near
ambient �T�300 K� temperatures. For both the fluids, the
concentration profiles obtained using the CG parameters
given by the relations match quite well with those obtained
from MD simulations. Thus, relations provide transferability
to the coarse-grained potential and save a significant compu-
tational effort, which otherwise would have been required to
parameterize the potential in different supercritical states and
for different LJ fluid-slit systems. The relations are found to
work reasonably well for 	� and �� in the range 0.48�	�

�1.08 and 0.19����0.50, respectively. More simulations
could be performed to further improve the relations and ex-
tend them beyond the range considered in this paper. With
these transferable relations, the new coarse-grained potential
can be parameterized without requiring any MD simulation,
and can be directly used in EQT to study the equilibrium
structure of confined supercritical LJ fluids in a computation-
ally efficient manner.
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