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The effect of cut-off distance used in molecular dynamics (MD) simulations on fluid properties was studied systematically in
both canonical (NVT) and isothermal—isobaric (NPT) ensembles. Results show that the cut-off distance in the NVT
ensemble plays little role in determining the equilibrium structure of fluid if the ensemble has a high density. However,
pressures calculated in the same NVT ensembles strongly depend on the cut-off distance used. In the NPT ensemble, cut-off
distance plays a key role in determining fluid equilibrium structure, density and self-diffusion coefficient. The characteristic
of the radial distribution function of fluid in NPT ensembles depending on the cut-off distance used in MD simulations
means that the WCA theory (a perturbation theory developed by Weeks, Chandler and Andersen) is not suitable for NPT
ensembles because the assumption (the effect of the attractive force in determining the liquid structure is negligible) used in
the WCA theory is not valid. The dependence of fluid properties on the cut-off distance also indicates that using the WCA
potential (the repulsive part of the intermolecular potential proposed in the WCA theory) to calculate fluid transport in
heterogeneous systems could lead to significant errors or incorrect results.

Keywords: molecular dynamics; role attractive force; canonical ensemble; isothermal—isobaric ensemble

1. Introduction

The Weeks, Chandler and Andersen (WCA) theory, a
perturbation theory developed by Chandler et al. [1],
Chandler and Weeks [2] and Weeks and Chandler [3], has
been applied to study liquid structures and thermodynamic
properties by many researchers [4—7]. In this theory, there
are two key assumptions: the first is that the intermolecular
potential can be split into a short-range repulsive portion
and a longer-range attractive portion; the second is that the
effect of the attractive portion in determining the liquid
structure is negligible. As a result, the liquid structure and
its thermodynamic properties are determined by a radial
distribution function (RDF), go(r), of a repulsive reference
liquid that is related to the hard sphere liquid. Weeks et al.
compared the go(r) obtained from a repulsive reference
fluid and g(r) of a Lennard-Jones fluid obtained by the
molecular dynamics (MD) simulation [8]. The agreement
between go(r) and g(r) is excellent for systems at high
densities. In the literature, the repulsive part of the
intermolecular potential proposed in the WCA theory has
been referred to as the WCA potential and used frequently
in the MD simulation [9-13].

The major difference between the WCA potential and
the Lennard-Jones potential is that the former does not
include the attractive part, while the latter accounts for
its effects. Travis and Gubbins [9] studied the Poiseuille
flow of Lennard-Jones fluids in narrow slit pores.

They calculated streaming velocities in the pore by using
the WCA potential and the Lennard-Jones potential
(truncated at 2.50) separately. Their results show that the
streaming velocity distributions obtained by the two
different potentials are not consistent, which means that
ignoring the attractive force in the WCA potential impacts
the fluid transport through narrow pores. To gain further
insights into the effect of the attractive forces (expressed
by the cut-off distance in this study) on liquid properties,
two ensembles, canonical (NVT) and isothermal—isobaric
(NPT) ensembles, were studied. The results for a
high-density NVT ensemble show that the cut-off distance
used in MD simulations has an insignificant influence on
g(r), which is consistent with the assumption used in the
WCA theory. However, the corresponding pressure
calculated from the NVT ensemble was found to be
strongly dependent on the cut-off distance used. The results
obtained from the NPT ensemble indicate that all
properties of a fluid, including the g(r) and thermodynamic
properties, depend significantly on the attractive forces.
It means that using the WCA theory in NPT ensembles is
difficult because the assumption (i.e. the effect of the
attractive force in determining the liquid structure is
negligible) used in the WCA theory is not valid.
The characteristic of fluid properties depending on the
cut-off distance used in MD simulations indicates that
using the WCA potential to calculate fluid transport
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Figure 1. Comparison of number densities in NPT ensembles obtained using the algorithm applied in this paper and the Nose—Hoover
method (NHM) under the same temperature (120 K) but different pressures. The symbols A and @ are the results calculated using the
method in this paper and the Nose—Hoover method, respectively. The error bars are the standard deviations corresponding to individual
data obtained by the method used in this paper. The inset of the figure is the RDF obtained by two methods at temperature 120 K and

pressure 19.6 MPa.

in heterogeneous systems could lead to significant errors
or incorrect results.

2. Methodology

The equation of state of a fluid on a macroscopic scale
signifies the relationship between the temperature,
pressure and density. If two of them are fixed, the other
will be determined uniquely. To examine the effect of
cut-off distance used in MD simulations on the equation of
state properties, a Lennard-Jones fluid (i.e. liquid argon)
in a state of temperature 7= 133K and pressure
P =20MPa was chosen. Experimental measurement
[14] shows that the density of liquid argon in this state is
1.19 g/cm?®, which corresponds to the number density p, =
17.93 /nm? or the reduced density p,o = 0.708, where o
is the length scale of the liquid molecules. Two ensembles
(NVT and NPT) were carried out in this study.

For the NVT ensemble, 7733 argon molecules were
placed in a cube subjected to periodical boundary
conditions in all directions. The average number density
of molecules in the cube was set to be the experimental
value. The procedure for creating an NVT ensemble
was that the molecules were packed in a cube
randomly. The initial velocities with a Maxwellian
distribution were assigned to them, which corresponded
to the system having an average temperature 7= 133 K.
Then, the thermostat was coupled and the molecules in
the system were allowed to move until the equilibration
was achieved. After that, the average properties of the
fluid were obtained by collecting data over a period
of 0.5ns.

For the NPT ensemble, MD simulations were
calculated based on a technique that was proposed by
Huang et al. [15—-18]. The major feature of this method is
that the pressure in the NPT ensemble is maintained by
two auto-adjusting boundaries on which two external
forces/pressures with the same value are exerted. This
method has been validated by comparing the density
values and RDF computed at various applied pressures
with those obtained from using a well-established Nose—
Hoover barostat [19]. Figure 1 illustrates such a
comparison. In this figure, the line with symbols A and
error bars are the mean values of density and the standard
deviations corresponding to individual points predicted
using the current algorithm, while the line with symbols
@ signifies the results obtained using the Nose—Hoover
barostat. The inset of the figure is an example showing
the RDF obtained by the current method (shown by the
solid line) and the Nose—Hoover method (shown by
symbols A) under the same temperature (120K) and
pressure (19.6 MPa). Comparing the densities and RDF
obtained by the two methods, one can see that they are
consistent.

The procedure for creating an NPT ensemble in the
present study consists in an external pressure (Pey = 20
MPa) being exerted on two auto-adjusting boundaries. These
boundaries adjusted their positions automatically according
to the forces acting on them. Prior to the data collection, an
initial field for each NPT MD simulation run was prepared in
such a way so that the mass centre of the system only
vibrated around its initial position (i.e. no shifting). For all
MD simulations in the NPT ensemble, 10,406 argon
molecules were used and periodical boundary conditions
were applied in the cross-directions. The dimensions of the
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Figure 2. Comparison of RDF obtained using different cut-off
distances in an NVT ensemble at temperature 7= 133K and
reduced density p,o> = 0.708.

system were 4 X 4 X Lnm’, where L is the averaged
distance (from 36 to 104 nm) between two auto-adjusting
boundaries. To avoid the effects of the two auto-adjusting
boundaries on the results, the average properties in this
ensemble were collected from the central portion of the
system (4 X 4 X 4nm’ cube located at the middle of the two
auto-adjusting boundaries) over a period of 1 ns.

Temperature control was achieved by coupling
thermostat(s) in the system. Two different thermostats,
Berendsen [20] and Nose—Hoover [21], were coupled in a
test system to examine their effects on the results,
respectively. Comparable thermodynamic properties of
the liquid were obtained from these two different
thermostats. Therefore, the less computationally demand-
ing Berendsen thermostat was chosen to control the
temperature in this work.

3. MD simulation

The interaction between two molecules separated by a
distance r;;is modelled by a truncated and shifted Lennard-
Jones 12-6 potential:

12 6
b(ry) = 4e [<5> - (3) ] — (ro) (f ry = 1), (1)
}",‘j }",'j

where o and & are the characteristic length and energy
scales, respectively, and ¢(r.) is the value of the potential
energy at the point of truncation ry; = r.. If r;; > r¢, the
potential ¢(r;) is set to be zero. In this study, we used
different cut-off distances to capture the effect of the
attractive force on the equilibrated structure and
thermodynamic properties of the liquid. If the potential
is truncated at r. = 2'/°c, only the repulsive force is
considered. In this case, Equation (1) represents the WCA
potential. If r. > 2!/¢, the increasing proportions of the
attractive forces are taken into account. In the published

literature, the cut-off distance that is most often used in
MD simulations is r. = 2.50 [8,9,22—-24]. While other
cut-off distances, for example, r. = 2.20 [25,26], 30 [27]
and 50 [28], were used by different authors. In this paper,
10 different cut-off distances (r. = 2/¢ to 5.8¢) were used
to study the impact of the attractive forces on the liquid
structure and thermodynamic properties in two different
ensembles systematically. The length and energy scales of
argon used in the simulations were o = 0.34nm and & =
1.67 x 10721 J [29], respectively.

The equations of motion were integrated using a
velocity Verlet algorithm. The stress tensor was calculated
by the Irving—Kirkwood equation [30], and the constitu-
tive pressure was defined as minus one-third of the trace of
the stress tensor. The self-diffusion constant was
calculated using both the Green—Kubo relationship and
the Einstein equation [31].

4. Results and discussion
4.1 Canonical (NVT) ensemble

For NVT ensembles at high densities, the WCA theory has
shown that the attractive force has little impact on the
equilibrium structure of Lennard-Jones liquids. In this
paper, 10 MD simulations using the same NVT conditions,
while different cut-off distances (r. = 2!/°, 1.5, 1.9, 2.2,
2.5, 3,3.5,4,4.75 and 5.80), were performed to examine
the effect of cut-off distance (or the attractive forces) on
the liquid structure and thermodynamic properties.
Figure 2 shows the RDF g(r) of liquid argon obtained
under different truncation distances. In this figure, the
curve with symbol A is go(r) obtained by the pure
repulsive force, while others are the results calculated by
the combination of the repulsive and partial attractive
forces. Comparing the curves plotted in this figure, one can
see that g(r) are essentially the same regardless of the
inclusion of the attractive forces in the MD simulations.
Here, go(r) produced by the pure repulsive force exhibits
identical pattern to other g(r), although a slight difference
exists. Weeks et al. [3] studied the effect of density on g(r).
They found that the agreement between go(r) and g(r)
(obtained by MD simulation at 7. = 2.50) was excellent at
a high density (p,o® = 0.85), while the poor agreement
between go(r) and g(r) was observed at a moderate density
(pno® = 0.5). These two results imply that the agreement
between go(r) and g(r) decreases as the density decreases.
In this work, the reduced density is p,0> = 0.708, a slight
difference between go(r) and g(r) is consistent with the
results shown by Weeks et al. [3].

Weeks et al. [3] demonstrated that using fz(K) (the
dimensionless Fourier transform of the correlation
function) is better than g(r) in terms of unravelling the
effects of the repulsive and attractive parts of the Lennard-
Jones potential on the structure of the liquid. However,
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Figure 3. Comparison of self-diffusion coefficients calculated by the Einstein equation, the Green—Kubo relationship and the empirical
equation proposed by Naghizadeh and Rice [32] in an NVT ensemble at temperature 7= 133K and reduced density p,o3 = 0.708.
The insets (a) and (b) of the figure elucidate the mean square displacements and the variations of self-diffusion coefficients calculated

using the Green—Kubo relationship under different cut-off distances,

in the present paper, the intension is not to unravel the
effects of different parts of the Lennard-Jones potential.
Rather, we compare liquid structures by including
different amounts of the attractive forces by varying the
cut-off distance.

Naghizadeh and Rice [32] studied the self-diffusion
coefficient of liquid argon experimentally. From the

respectively.

experimental data, they extracted the following empirical
equation:

logD = 0.05 4 0.07p — (1/1)(1.04 + 0.1p),  (2)

where D, p and T are the reduced self-diffusion
coefficient, pressure and temperature, which are expressed
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Figure 4. Pressure comparison between the experimental values [14] and MD simulation results obtained at different cut-off distances in
an NVT ensemble at 7= 133K and p,o> = 0.708. The dashed lines with symbols @ and M in the figure correspond to the two
components (kinetic and virial parts) of pressure, respectively. The inset of the figure shows the simulation error of pressure vs. the cut-off

distance.
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by D=[m/(ed)]'/?D, p=po’/e and T=k,T/e,
respectively.

To compare MD simulation results with that obtained
by the empirical equation (2), the Einstein equation and
the Green—Kubo relationship were applied to calculate the
self-diffusion coefficient of liquid argon at the fixed state,
respectively. Figure 3 shows the MD simulation results.
The insets (a) and (b) in this figure exhibit the variations of
the mean square displacements and the self-diffusion
coefficients calculated by Green—Kubo relationship vs.
the integrating time by using different cut-off distances. In
these two insets, one can see that the MD results are almost
the same, except for that obtained by applying the pure
repulsive force or WCA potential. The self-diffusion
coefficients, corresponding to the data shown in the two
insets, are exhibited in Figure 3 by symbols A (Einstein
equation) and M (Green—Kubo relationship). The results
shown by the symbol A were obtained using the slope of
the mean square displacement between integrating time, 8
and 18 ps; the results shown by the symbol B were the
average values over integrating time, 8—18 ps. The dashed
line in the figure expresses the values obtained by the
empirical equation which was extracted from the
experimental data by Naghizadeh and Rice [32]. One
can see that the self-diffusion constants calculated by the
Einstein equation and Green—Kubo relationship agree
well in the whole range of the cut-off distance used.
Comparing the self-diffusion coefficients calculated by
MD simulations with that obtained by the empirical
equation, the agreement between them is fairly good
except for the value calculated by considering only the
repulsive force. The self-diffusion constant obtained by
only accounting for the repulsive force is slightly higher

than the value calculated by using the empirical equation.
The difference between them is about 13.6%.

Figures 2 and 3 show that ignoring the attractive forces
in the NVT ensemble at a density p,o° = 0.708 has
essentially no significant impact on the equilibrium
structure and self-diffusion coefficient of liquid argon at
the chosen state. However, ignoring the attractive forces
may impact other properties. To demonstrate this point,
pressures in the NVT ensemble at the above-described
conditions were calculated by accounting for the effect of
the attractive forces. Figure 4 shows the variations of
pressure and its two components, kinetic and virial parts,
with respect to the cut-off distance. In this figure, the long
dashed lines with the symbols # and M, the solid line with
symbols A and the short dashed line without symbols
represent the kinetic component, virial component, total
pressure and experimental value [14], respectively. The
kinetic component is near constant due to the fact that
temperature and density in the NVT ensemble are fixed.
But the virial component varies significantly with the cut-
off distance used and it dominates the variation of the total
pressure. One can see that pressure calculated by only
considering the pure repulsive force (ro = 2'/°¢) sub-
stantially deviates from the real pressure. While as the cut-
off distance increases, the difference between the
simulation result and the experimental value diminishes.
The inset of Figure 4 shows the MD simulation error,
|Pmp — Preatl /Preat, using different cut-off distances.
Ignoring the effect of the attractive forces on pressure
results in a simulation error of slightly over 900%. It is
worth noting that Weeks et al. found that the computed
pressure using their theory, not the WCA potential, is
comparable to that obtained from the corresponding MD
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Figure 6. Comparison of RDF obtained using different cut-off distances in an NPT ensemble at 7= 133 K and P = 20 MPa. The inset
of the figure exhibits the relationship between the first peak value of RDF and cut-off distance.

simulation of a Lennard-Jones fluid [3] as they calculated
the pressure by integrating the go(r) from zero to infinity.
In this way, the contribution of the attractive forces is
implicitly introduced into the calculation. Another
noteworthy point is the simulation error using r. = 2.50,
a common cut-off distance adopted in MD simulations by
many researchers. The error calculated at this truncation is
about 104%, which means that the cut-off distance
commonly used in MD simulations can predict the liquid
equilibrium structure and self-diffusion coefficient prop-
erly if the system has a high density condition, while it
cannot predict the liquid pressure correctly. To obtain
more accurate pressure in MD simulations, a larger cut-off
distance should be used. According to Figure 4, to obtain a
simulation error for pressure less than 5%, a cut-off
distance r. = 4.50 should be used.

4.2 Isothermal-isobaric (NPT) ensemble

The MD simulation results in the previous section show
that the cut-off distance used in an NVT ensemble with
high density has no significant influence on the liquid
structure and self-diffusion coefficient, but substantially
impacts the calculated pressure. Actually, a fluid structure
and self-diffusion constant mainly depend on the fluid
density, temperature and local free volume, while these
parameters in an NVT ensemble at high densities are
nearly constant. In this section, a different ensemble (NPT)
at the same liquid state, i.e. 7= 133 K and P = 20 MPa, is
applied to study the role of the cut-off distance used in MD
simulations.

Figure 5 and its inset show the variations of density
and pressure with respect to the cut-off distance used in the
NPT ensemble at the aforementioned conditions. The inset
of Figure 5 shows the total pressure and its two
components at different truncation distances. One can
see that the two components of pressure vary with opposite
trends. However, the sum of them (total pressure) stays
constant (20 MPa). The effect of the cut-off distance on the
density is shown by the solid line with symbols A in
Figure 5. The dashed line in this figure is the experimental
value [14]. From this figure, it is noted that the cut-off
distance significantly influences the density of the system.
When only accounting for the repulsive force
(re = 2'/0), the density calculated by the MD simulation
is much lower than the real value at this state, which means
that MD simulations in an NPT ensemble cannot yield a
real liquid state if the attractive forces are ignored. As the
cut-off distance increases, density increases quickly before
a specific cut-off value, e.g. r. < 30. After that, density
increases slightly and approaches to a constant value.
Comparing with the experimental value, density calcu-
lated by the MD simulation at 7. = 2.50 is lower than the
real value by about 10%. If one wants to get more accurate
density results, a larger cut-off distance should be applied,
e.g. re = 4o, resulting in errors =2%. Here, the errors of
the computed density values vary from 1.2 to 2.4% (95%
confidence intervals).

Figure 6 displays the equilibrium structure of liquid
argon simulated using the NPT ensemble along with
different cut-off distances. In contrast to the RDF obtained
in the NVT ensemble, the RDF in the NPT ensemble
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strongly depends on the cut-off distance. It should be noted
that the curves in this figure show three distinguished
features. When r. = 21/¢ or the attractive forces are
ignored, the RDF g(r) displays gas-like characteristic.
When r. = 1.90, all of the curves show the same pattern
as that observed in the X-ray experimental measurement of
the liquid argon [33,34]. The RDF at . = 1.50 shows a
slightly different pattern, i.e. the shape of the first valley is
different from others. If the value of the first peak of the
g(r) is taken as a characteristic to measure the effect of the
cut-off distance on the equilibrium structure, as shown in
the inset of the figure, one can see that the RDF g(r)
increases quickly when r, = 2.50. After that, it increases
slightly and tends to plateau as the cut-off distance
increases. Moreover, Figure 6 elucidates two noteworthy
things. First, the WCA theory is not suitable for NPT
ensembles because the second assumption of the theory,
i.e. the attractive force has little influence on the RDF, is
not valid in NPT ensembles. Second, it is difficult to take
into account the full potential by using the cut-off potential
and long-range correction because the RDF obtained by
using the cut-off potential in the NPT ensemble differs
from the real RDF if the cut-off distance used is not large
enough.

It is well known that intermolecular forces play a key
role in determining the RDF of liquid g(r) (i.e. the local
packing of the liquid molecules). This is because
molecules in a liquid phase are packed densely. In a gas
phase, molecules are packed loosely and have a large mean
free path. Intermolecular forces, especially the attractive
forces between them, are weak. In this case, g(r) of a gas is
dominated by molecular thermal motions. The short-range

repulsive forces between molecules have little effect on the
g(r). In the liquid phase, g(r) depends not only on
molecular thermal motions and the short-range repulsive
forces, but also on the long-range attractive forces. In an
NPT ensemble, the volume of the system is allowed to
vary; obviously, it will depend on the cut-off distance used.
It is worth noting that the cut-off distance determines the
extent to which the long-range attractive forces are
included in the calculation. The variable volume in an NPT
ensemble and the proportions of the attractive forces
accounted by the cut-off distance used are the two mean
reasons that cause the variation of g(r) in Figure 6.

Figure 7 shows the mean square displacements with
respect to the integrating time. One can see that a shorter
cut-off distance corresponds on a larger mean square
displacement. The variation of the mean square displace-
ment decreases as the cut-off distance increases. The self-
diffusion coefficient calculated from the data shown in this
figure was plotted in the inset of Figure 7. In this inset, the
solid line with symbols A is the MD simulation result; the
dashed line is the value calculated by using the empirical
equation [32]. One can see that the difference between the
results calculated using MD simulations and the empirical
equation decreases as the cut-off distance increases. If the
value calculated using the empirical equation is taken as
the ‘real value’, the simulation errors at different cut-off
distances are 630% at r. = 2/9¢, 40% at r. = 2.50 and
<10% for r. > 40, respectively.

In summary, the cut-off distance used in MD
simulations plays an important role in determining
liquid thermodynamic properties. If the cut-off distance
is chosen properly in the MD simulations, the results
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obtained in the two different ensembles (NVT and
NPT) will be the same and consistent with the
corresponding experimental values or those calculated
by using empirical equations. Ignoring the effect of the
attractive forces will result in some incorrect computed
results, e.g. the pressure calculated in NVT ensembles
and density in NPT ensembles. For NVT ensembles
with high density, the cut-off distance used in MD
simulations plays little role in determining liquid
structures because the liquid molecules are packed
densely in a fixed volume so that there is no enough
free space to allow molecules move freely. However,
the volume in NPT ensembles is a free variable and the
RDF in NPT ensembles varies with the cut-off distance
used. The characteristic of the liquid structure being the
function of the cut-off distance used in NPT ensembles
indicates that the WCA theory is not suitable for NPT
ensembles because of the breakdown of the assumptions
applied in the WCA theory.

The WCA potential has been used to study fluid
properties by many researchers [9—13]. From this study,
one can see that fluid properties depend on the cut-off
distance used. Ignoring the attractive forces (or using the
WCA potential) leads to significant errors or incorrect
results. In heterogeneous systems, it is difficult to take into
account the full potential by applying the long-range
correction. In this case, the Lennard-Jones potential with a
larger cut-off distance should be used in order to obtain the
correct results.

5. Conclusion

The effect of cut-off distance used in MD simulations on
fluid properties was studied systematically in both NVT
and NPT ensembles. Results show that the cut-off distance
plays a key role in determining liquid properties,
especially in NPT ensembles. To ensure that MD
simulations can predict the correct results, a larger cut-
off distance should be used. The characteristic of the RDF
in NPT ensembles depending on the cut-off distance used
means that the WCA theory is not suitable for NPT
ensembles because the assumption (the effect of the
attractive force in determining the liquid structure is
negligible) used in the WCA theory is not valid. The
dependence of fluid properties on the cut-off distance
indicates that by using the WCA potential to calculate fluid
transport in heterogeneous systems could lead to
significant errors or incorrect results.
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