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The molecular simulation of heterogeneous systems cannot be performed routinely. The results of such systems depend on
the truncation procedures, size effects, long-range corrections (LRCs) to the thermodynamic properties and on the way of
calculating the Coulombic interactions. We propose here to illustrate the impact of the truncation procedures on the
mechanical equilibrium of the liquid—vapour interface of alkanes. The importance of the LRCs to the surface tension is
established in alkanes, water, carbon dioxide and hydrogen sulphide liquid—vapour interfaces. The calculation of the
electrostatic interactions in a slab geometry using a two-dimensional method and the standard three-dimensional Ewald

summation technique is also reported.
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1. Introduction

Most of the phenomena in surface science (adhesion,
wetting and lubrication) involve the combination of
liquid—liquid, liquid—vapour and liquid—solid interfaces.
Many important fundamental problems in chemistry and
biology lead to practical applications in ion separation and
extraction, drug delivery, oil recovery and detergents. Due
to the difficulties of using experimental probes to access
the molecular level structure of the interface, direct
molecular simulation methods have become powerful
techniques to examine the nature of the interface region
and to calculate interfacial properties.

However, the molecular simulation of the hetero-
geneous systems cannot be considered as a routine job
because the non-uniformity of the local density along the
direction normal to the surface gives rise to important
issues. This heterogeneity makes problems concerning the
truncation procedures involved in the calculation of the
force and energy equations, the long-range corrections
(LRCs) to apply to the macroscopic properties and an
accurate treatment of the Coulombic interactions.
Additionally, when the system is modelled by a slab
geometry that is periodic in two of the three directions, the
calculation of the long-range Coulombic interactions
cannot be applied directly.

We propose to establish the mechanical equilibrium of
the liquid—vapour interface of alkanes (Figure 1(a)) in
Monte Carlo (MC) and molecular dynamics (MD)
simulations. This example shows the importance of the
truncation procedures in the force and energy equations for
the heterogeneous systems. We also show that the
truncation procedures can significantly affect the results

of surface tensions when they are calculated using different
routes. We illustrate this point by calculating the surface
tension of alkanes using both a truncated force and a force
modified by a cubic spline function. We complete the study
of the liquid—vapour interface by showing the order of
magnitude of the LRCs to the surface tension in alkanes,
water, CO, and H,S systems.

In a slab geometry system, where periodic boundary
conditions can be used in two of the three directions, the
calculation of the long-range electrostatic interactions
cannot be performed directly using the standard Ewald
summation method. It requires to adapt the dimensions
of the simulation box. We propose here to compare a
two-dimensional method (Hautmann—Klein method,
HKE) [1] and the standard three-dimensional Ewald
summation (EW3D and EW3DC) techniques for the
calculation of the Coulombic interactions. The two-
dimensional method (HKE) [1] is better adapted to
systems that are periodic in two directions only but is 20
times slower than standard three-dimensional methods.
The comparison between the different methods is
carried out on systems constituted of monolayers of
metal-chelating ligands grafted onto a graphite surface
(see Figure 1(b)). These grafted monolayers are
investigated platforms in the development of appli-
cations, such as electrochemical biosensors.

2. Simulations details
2.1 Liquid—vapour interface

For the molecular simulations of the liquid—vapour inter-
face, the total configurational energy of the systems formed
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Figure 1. (a) Configurations of the n-pentane liquid—vapour interface at 7= 350 K. (b) Snapshot of a MD configuration of 10 grafted
NTA-Cu(Il) complexed onto the HOPG surface with the water molecules.

by N molecules consists of intra- and intermolecular
interactions modelled by Lennard-Jones (LJ) 612 sites,
electrostatic point charges and a LRC contribution.

U = Untra + Unter + ULrc- ()
The intermolecular interactions due to the repulsion—

dispersion interactions are computed using the truncated LJ
potential up j(7i4),

-1 N N; N; 12 6
. 4 Tab Oab
- Z gab P a P ’
- - -

where 7, is the distance between the atom a in molecule i
and the atom b in molecule j, €., is the energy parameter
of the interaction and o, is the LJ core diameter. N, is the
number of atoms in the molecule i. The LJ parameters for the

interactions between unlike sites are calculated using the
Lorentz—Berthelot combining rules

1
Eab = (Saatir)' ap = 5 (Taa + ). 3)

In addition to the LJ interactions, the intermolecular
interactions include the total electrostatic potential Ugygc
calculated using the Ewald sum method [2-5] technique.
For a box with orthogonal axis, Ugp gc is expressed as

1
UrLec = O(h)S(h)S(—h)
2¢e,V ;
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+ 87me, Z;;Qia;%b erfc (arigjp / Tiajp)
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where erfc (x) is the complementary error function and erf (x)
is the error function. « is chosen so that only pair interactions
in the central cell need to be considered in evaluating the
second term in Equation (4). The functions S(h) and Q(h) are
defined using Equations (5) and (6), respectively

Sty = > giuexp(ihria), ©)

1 h?
Oh) = 72 CXP <_ m) ; (6)

where the reciprocal lattice vector h is defined as
h=2x (I/L;,m/L,,n/L;), where I,m,n take values of
0,*+1,=%2, ..., =00, The reciprocal space sum is truncated
at an ellipsoidal boundary at the vector |h™*|.

As the geometry of the system shows an heterogeneity
along the axis normal to the interface (z-axis), we calculate
the LRC to the repulsion—dispersion energy as a function
of z; by splitting the cell into slabs of width &z. The total
LRC energy Uy gc is then calculated by summing up all of
the local contributions of each slab. The LRCs to the total
energy within each kth slab are defined by two parts [6],

N N;
Urrc = Z Uy (2x) = Z (Mfrlc)(Zk) + Mfrzc)(Zk)) with

i=1 i=1

| 87 Ni N; o2 o6
Ul (z0) = ?P(Zk)ZVsZ Z Eab {1/3< r3h> - ( rgb)]

a=1 b=1 c
(7

o0

ul(z) = WP(Zk)VsJ dr

Fe

r Ny
XJ dAZZ [p(zit1) = piri-1)] rULim(P),

r i=1

®)

where p(z;) and V, are, respectively, the density and the
volume of the slab k. Az is defined as the difference z — z.
N is the number of slabs between z and z;. r.. is the cut-off
radius, Upym(r) is the intermolecular energy and r is the
distance between the two centres of mass.

)= o

The first part of the long-range contribution has an
analytical form identical to the one associated with a
homogeneous system but uses the local density p(z;) of
the slab. The second part consists of a double integral that
contains a series of density differences, which render
this part cumbersome to calculate.

N;i Nj
Ui =303 dea, [(
a b

Oab
r

2.2 Grafted metal-chelating monolayers onto a
graphite surface

For the modelling of the grafted monolayers, we used the
all-atom (AA) version of the Cornell force field AMBER
[7]. The general potential function is of the form

U= Zkb(r— ro)? + Zke(e_ 0,)*

bonds angles
+ Y kgll+cos(ip+5)]

dihedrals

N-1 N o N2 /g6
#3172 (7

=1 j=it1 Tij Tij

> qig)

L] [ (10)

where ky, kg and kg, are the force constants for deformation
of bonds, angles and dihedrals, respectively. The
equilibrium values of bond distances and valence angles
correspond to r, and 6, respectively. In the dihedral angle
term, [ is the periodicity and & is the phase factor.
The intermolecular and intramolecular interactions consist
of a van der Waals repulsion—dispersion term calculated
using the LJ (6-12) potential, represented by the
penultimate term in Equation (10). In the AMBER force
field, the non-bonded interactions between atoms separ-
ated by exactly three bonds (1-4 van der Waals
interactions) are reduced by a factor of 0.5 [7]. The LJ
potential parameters for the interactions between unlike
atoms were calculated by using the Lorentz—Berthelot
mixing rules (quadratic and arithmetic rules for £; and o;;
parameters, respectively). The water molecules were
represented with the TIP4P/2005 model [8].

When the last term in Equation (10) is calculated with
Equation (4), the method is called EW3D and refers to the
standard Ewald summation technique. When Equation (4)
is changed by the addition of (1 /280V)M§, the method
is called EW3DC. M, is the net dipole moment of the
simulation cell given by Zf’zlqiri. This contribution is the
correction term from Yeh and Berkowitz [9], which results
by the plane-wise summation method proposed by Smith
[3]. Adding this term to the total energy amounts to using a
z-component force for each atom given by

qi
Fie == Mo (11)
The EW3DC method differs from the standard EW3D
method only by the presence of this dipole correction.
However, these two three-dimensional method require to
change the primary simulation box by adding two empty
spaces between the periodic image in order to dampen out
the interslab interactions [9—11].
The total Coulombic interactions for a two-dimensional
periodic system, which is finite in the z-dimension, can be
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calculated using the Hautman and Klein method [1]. This
method is in fact an adaptation of the Ewald technique
for systems that are periodic in two dimensions only.
The operational expressions of the total electrostatic
interactions can be found elsewhere [1] for completeness.

The computational procedures of the molecular
simulation of the liquid—vapour interface can be found
in previous papers [12—17]. The force field used in the
molecular modelling of the grafted system and the
description of the computational procedures can also be
found elsewhere [11]. Figure 1(a),(b) shows typical
configurations of the liquid—vapour interface of the
n-pentane and of the NTA grafted system, respectively.
In these snapshots, z refers to the direction of the
heterogeneity.

3. Results and discussions

We propose here to illustrate the importance of the
truncation procedures for the mechanical equilibrium of
the liquid—vapour interface of alkanes. The impact of the
discontinuities in the force and energy equations is also
studied for the different definitions of the surface tension.
The LRCs to the surface tension are reported for systems
involving both electrostatic and dispersion—repulsion
energy contributions. We finish by the calculation of the
electrostatic interactions in a slab geometry system.

3.1 Calculation of the normal and tangential pressure
components

In the case of a planar liquid—vapour surface lying in the
x,y plane, where the heterogeneity takes place along the z
direction normal to the surface, the calculation of the
normal and tangential pressure components along this axis
is meaningful for the validation of the mechanical
equilibrium. The components of the pressure tensor
calculated from the Irving and Kirkwood definition
[18—-20] are expressed by

N N

D> @y

—1

=1 j>i
1 % — i i~z

y B(Zk z>0<z, Zk>>7 (12)
|Zij| Zij Zjj

where I is the unit tensor and 7 is the input temperature.
a and B represent x, y or z directions. 6(x) is the unit step
function defined by 6(x) =0 when x <0, and 6(x) = 1
when x = 0. A is the surface area normal to the z-axis.
The distance z;; between two molecular centres-of-mass is
divided into N; slabs of thickness 0z. Following Irving and
Kirkwood, the molecules i and j give a local contribution
to the pressure tensor in a given slab if the line joining the

1
Pap(zk) = {p(z)) kpTI + 1 <
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centres-of-mass of molecules i and j crosses, starts or
finishes in the slab. Each slab has 1/N, of the total
contribution from the i —j interaction. The normal
component pn(zx) is equal to p,,(zx), whereas the
tangential component is given by (1/2)(pxx(z)+ pyy(zk))-
F; in Equation (12) is the intermolecular force between
the molecules i and j, and is expressed as the sum of all the
site—site forces acting between these two molecules.

N, N; N; N;

Fi=>"> (figp) = _ZXMM- (13)

a=1 b=1 = =1 Tiap Aigip

<

For the simulation of the liquid—vapour interface of
alkanes, the total intermolecular energy U is calculated by
using the LJ potential Up; because no electrostatic
interactions are involved in the model. In our MC
simulations, the LJ potential is truncated at the cut-off
radius (r. = 12 A) according to Uy

Urni(rij)  Tigp < 7re;

Ur(rigp) = {0 (14)

Tiajb = re.

The calculation of the pressure components requires
the use of the derivative of the potential. This derivative
can be calculated using either the truncated force
expressed as

_oUy
O i)

Figjp < Te¢;

fr(rigp) = (15)

Tiajb =1,

or the truncated force modified by the addition of an
impulse contribution [21] defined by

oULy
ariajh iajb c
Jrc(rigp) = +—ULi£rC) re < Figip < re + Ar; (16)
0 Tigip = Te + Ar,

where Ar is equal to 0.05 A for a cut-off of 12 A. In most
of the cases, the MD simulations used a truncated force
and the MC simulations a truncated potential. Figure 2
shows the profiles of the normal py and tangential pr
components of the pressure tensor calculated from the MC
and MD configurations. For a planar surface, the mech-
anical equilibrium requires to have pn(z) and pr(2)
constant and equal to p in the bulk phases. In the interfacial
region, pr exhibits two negative peaks indicating that the
liquid phase is under tension. The normal and tangential
components of the pressure calculated from MD are shown
in Figure 2(a). These profiles establish the mechanical
equilibrium of these MD configurations as expected for
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Figure 2. Normal and tangential pressure components
calculated in the liquid—vapour interface of the n-pentane at
T = 325 K from (a) MC using a truncated potential and MD using
a truncated force and (b) MC using both a truncated force frand a
truncated force modified by an additional impulse frc.

a method that uses the forces to generate the evolution of
the system. On the other hand, in MC configurations when
the forces are calculated from Equation (15), the profiles of
p~ and pr highlight that the configurations are not in the
mechanical equilibrium. This can be explained by the fact
that MC uses the configurational energy to generate the
configurations and that the pressure is calculated from
the derivative of the configurational energy. When the
configurational energy is calculated with a truncated
potential that is not differentiable at the cut-off radius,
the truncated force used in the calculation of the
pressure does not correspond to the truncated potential.
To match the force and energy equations, the force must be
corrected by an addition term. When the force is corrected
as in Equation (16), the profiles of the normal and
tangential components of Figure 2(b) show that the

mechanical equilibrium is satisfied within the MC
configurations.

Another way of removing the discontinuities in the
energy and force equations is to use the LJ potential
modified by a cubic spline. The potential and force
equations become

Uri(rigip) — Ury(ry)+a Tigjp <Ts}
Usp(Figip) = ~2(rigy = 1) = iy — 1)t 1 = Fiappy <73
0 Tiagjp = e,
(17)
—g,[»,]aﬁ,i Figjp <Ts}
Fsp(r) = +b(riap = re) +c(rign = re)* 75 = rigp < re;
0 Figjp = Te-
(13)

Using such expressions, the potential and its derivative
are continuous at the cut-off. The parameters a, b and c are
calculated by requiring that the first and second derivatives
of the ugp potential be continuous at 7 and 7.

92UL ULJ

c=4+—5 (m)/(;—rf—z (n)/(rs—rf
arU

6 U]_J

(rs)/<rs r()+3 (n)/(rs—r(2 (19)

b
a= - g(rs - rc)3 _g(rx_c)4-

Figure 3(a),(b) displays the profiles of the normal and
tangential pressure components calculated over the MC
and MD configurations using the potential and force of
Equations (17) and (18), respectively. The profiles match
very well within the MC and MD methods and indicate the
primary importance of the discontinuity of the potential at
the cut-off. Additionally, the total local chemical potential
calculated from Equation (20) exhibits a flat profile as
expected for a planar liquid—vapour interface at the
equilibrium:

(zx) = kT In M 0
ULk exp(—AU /kpT) 2, NVT 7

where A is the de Broglie thermal wavelength and U is
the potential changed by a cubic spline function. AU
represents the energy of the ghost (N + 1) particle with the
N particles. The local expression of the chemical potential
was established by Widom [22].

The discontinuity in the force and energy equations
was not considered as crucial in the simulations
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Figure 3. Normal and tangential pressure components calculated
in the liquid—vapour interface of the n-pentane at 7= 325 K from
(a) MC and (b) MD using a LJ potential and a force changed by a
cubic spline function. (c) Total chemical potential of the liquid—
vapour interface of methane at 7= 120K calculated from MC
simulations using a LJ potential changed by a cubic spline function.
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of a homogeneous fluid, where there was a compensation
between the forces affecting a particle from outside its
cut-off sphere. In the case of heterogeneous system, this
assumption is no longer valid and the equivalence between
MC and MD is recovered only when the discontinuities are
removed. In this case, the MC and MD simulations are
performed with the same potential.

3.2 Calculation of the surface tension

In the case of the calculation of the surface tension, the
discontinuities in the energy and force expressions can
lead to significant differences between the different routes.
Some definitions use the potential energy in their working
expressions. For instance, the test-area (TA) method [23]
recently developed uses the perturbation formalism to
express the surface tension. Other expressions (KB [24]
and IK [19,20,25]) are based upon the mechanical
definition of the surface tension and use the derivative
of the potential in their operational expressions. Table 1
shows that the intrinsic part of the surface tension
calculated from the potential energy (TA) is different from
that calculated from the derivative of the potential energy
(IK,KB). However, when the discontinuities are removed
in the expressions of the force and energy with a cubic
spline function, the intrinsic part is identical within IK, KB
and TA approaches. The equivalence between the different
operational expressions can also be recovered by making
the potential and force equations consistent [14].

Another important contribution to the surface tension
is the long-range contribution due to the fact that
interactions are neglected from the cut-off region.
The appropriate LRC of the normal and tangential
components of the pressure tensor within the IK definition
have been derived by Guo and Lu [6] and are composed of
two parts as expressed in Equations (21) and (22).

PNLRC(Zr)
= pg\;,)LRC (zx) + Pﬁ?LRc (z1)

mdrr3 dUrym(r)
dr

2
== %Pz(zk)J

Fe

00 r dU o
- WP(Zk)J er dAz [p(2) — p(Zk)]L(;i’r(r)(Az)z-

21

Table 1. Surface tensions of methane (mN mfl) calculated
from MC simulations using a truncated LJ potential and a
modified LJ potential using the KB, IK and TA approaches.

YkB Yik YTA
Truncated potential 9.5 9.5 10.6
Spline potential 8.5 8.5 8.5

The cut-off radius is fixed to 12 A.
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As concerns the tangential pressure, the first term is
identical to the first term of the normal component whereas
the second term is expressed by

Prirc(@) = = g p(Zk)J drjf dAzlp(z) = p(zo)]
dr

The first term of pn 1 rc(zx) and prre(zx) is identical to that
used in homogeneous molecular simulations by using a local
density p(z;) instead of a scalar density p, whereas the second
term takes into account the density differences between the
slabs. From these LRC expressions, it is then possible to
calculate the LRC parts relative to the surface tension. From a
mechanical viewpoint, the surface tension can also be
calculated from the integration of the difference of the
normal and tangential components of the pressure tensor
[18—20] across both interfaces according to

[r? = (A2)°]. (22)

Y=Y+ YRrC (23)

1 +L./2
=3 J dz(pn(zo) — pr(z)
L2

1 +L./2

+ EJ dz(pnire(@) = prircz),  (24)
~L./2

where the first term is related to the intrinsic part of the

surface tension and the second one corresponds to the LRC

part.

Figure 4(a) shows the profiles of the difference between
the normal and tangential components as a function of the
z-direction. We observe that the two profiles are well
symmetric with a well-established liquid bulk phase.
The integral of the profile is represented on the right axis.
The integral allows to check that the contributions to the
surface tension are the same for the two interfaces with a flat
profile between them. Figure 4(b) plots the profile of the
LRCs to py — pr difference with the integral of this
property represented on the right axis. The profile of the
LRCs to the pressure components indicates that the
contribution of each interface is identical and there is no
contribution in the bulk phases. The total value of the LRC
to the surface tension is far from being negligible: in this
case, itrepresents up to 30% of the total surface tension. The
calculation of the surface tension requires the use of
appropriate LRCs; each operational expression of the
surface tension must be corrected by specific LRCs. This
was described in detail elsewhere [14]. Interestingly, Table
2 shows the intrinsic surface tension with its LRCs for some
alkanes, water, carbon dioxide and hydrogen sulphide. In
water, the LRCs to the surface tension are small whereas the
electrostatic contribution to the surface tension is negative.
In CO; and H,S, the dispersion—repulsion contributions are
greater than the electrostatic interactions; the LRCs to the
surface tension then represent about 30% of the total value.
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Figure 4. (a) Difference between the normal and tangential
pressure profiles for the liquid—vapour interface of the n-pentane
at T=300K; (b) difference between the normal and tangential
components of the LRCs to the pressure tensor. On the right axis,
the integral of each difference is plotted as a function of z.

Table 2. Lennard-Jones, electrostatic and long range correc-
tions contributions to the surface tension (mNm™ ") calculated
from MC simulations in different liquid—vapour systems.

Yo YELE YLRC Yrot YEXP
CH,4 9.5 3.8 13.3 11.3
nCs 12.0 5.6 17.6 15.3
nCio 6.0 4.3 10.3 10.4
H,O —87.6 117.7 3.5 33.6 36.5
CO, 6.1 2.9 2.5 11.5 12.0
H,S 21.0 9.3 8.0 38.3 37.5

3.3 Calculation of the electrostatic interactions
in a slab geometry

The calculation of the electrostatic interactions in a system
represented by a slab geometry must be carefully
undertaken. The use of a two-dimensional method such
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Figure 5. (a) Profiles of the number of hydrogen bonds between
water molecules along the direction normal to the surfaces. (b)
Charge density and (c) electric field profiles along the direction
normal to the surface.
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as the Hautmann-Klein method (HKE) [1] is
recommended for systems that are periodic in two
dimensions only. However, the two-dimensional methods
are cumbersome and time consuming. The HKE method is
about 20 times slower than the standard Ewald methods
(EW3D and EW3DC). It is then fundamental from a
methodological viewpoint to check that the two- and three-
dimensional methods lead to the same energetic, structural
and electrical properties in slab geometry systems. We
propose to check these points on a system formed by
negatively charged monolayers of chelating copper (NTA)
compounds immobilised onto a HOPG graphite surface in
aqueous solution. The use of a three-dimensional method
in a slab geometry system requires to elongate the
simulation box in the z-direction in order to dampen out
the interslab interactions. Figure 5(a) depicts the number
of hydrogen bonds between water molecules in the region
close to the surface. The criteria used for the calculation of
the number of hydrogen bonds can be found in a previous
paper [11]. This figure demonstrates that the number of
hydrogen bonds between water molecules close to the
grafted surface does not depend on the method used for
the calculation of the electrostatic interactions indicating
that KHE, EW3D and EW3DC methods give the same
structure of water. The charge density profiles of water
molecules are reported in Figure 5(b) for each method.
This figure tends to establish that the distribution of
charges of water molecules is slightly perturbed close to
the surface. This is due to the presence of grafted
molecules that are able to interact preferentially with water
molecules to give hydrogen bonds. However, from 20 A,
the charge density profile recovers an expected zero value.
We observe that the three methods give the same charge
density profiles. The analysis of the electric field profile
E(z) (Figure 5(c)) calculated from the integral of the
charge density profile confirms that the electric field
reaches a constant zero from 20 A. From this value of z, the
distribution of water molecules is isotropic as expected for
a bulk-like region. This indicates that the surface and the
grafted molecules do not significantly influence the water
molecules within this region. Additionally, the calculation
of these electric properties allows to validate the use of
three-dimensional methods for the calculation of the
Coulombic interactions in a slab geometry.

4. Conclusions

We have shown that the use of truncated potential and
truncated force may lead to significant differences in the
mechanical equilibrium and surface tensions of liquid—
vapour systems governed by dispersion—repulsion inter-
actions. Removing the discontinuities in the potential and
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force equations amount to recovering the equivalence
between MC and MD and to making consistent the
different routes of the calculation of the surface tension.
Whereas the effects of these discontinuities are compen-
sated in the simulation of bulk phases, they must be taken
into account in the simulation of the two-phase systems.

The simulation of slab geometry system requires to do
a compromise between an accurate treatment of the
Coulombic interactions, the use of fully developed system
and the number of steps to obtain a good convergence of
the thermodynamic and electrical properties. A solution
consists in using a slightly modified EW3D method with
the addition of empty space between the primary
simulation cells. We have compared the results between
the three-dimensional methods and a two-dimensional
method. We have concluded that the standard Ewald
summation technique can be used with confidence in such
slab geometries.
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