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Abstract

We propose to investigate the size-effects on the surface tension calculated with
coarse-grained (CG) models. We investigate different liquid-vapor (LV) and liquid-
liquid (LL) interfaces with the MARTINI forcefield and orignal CG models designed
for the dissipative particle dynamics (DPD) and multibody particle dynamics (MDPD)
simulations. We also test a realistic CG potential developed for the DPD method to
investigate the LV interface of n-pentane. Concerning the MARTINI forcefield, we
observe a weak oscillatory effect of the interfacial tension with the surface area for the
LV interfaces of n-octane and water. This weak dependence of the surface tension with
the box dimension is also observed in the LL interface of n-octane-water (MARTINI,

DPD) and in the LV interface of water with the MDPD model.
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1 Introduction

The coarse-grained (CG) models have been widely applied in molecular simulations of
biomolecules,! polymers?* and surfactants.® In the CG model, the interactions are sim-
plified with a CG particle corresponding to many atoms or molecules. These models are
designed to model systems on time scales over hundred of nanoseconds that are not acces-
sible by standard molecular simulations. Among the various CG force fields, the MARTINI
force field®*? developed by Marrink et al. is by far the most commonly used. This model
can be implemented in Monte Carlo (MC) and Molecular Dynamics (MD) simulation meth-
ods. Other CG potentials* are used with mesoscopic methods such as dissipative particle
dynamics (DPD). 1316

There is an increasing need to use these CG models to calculate the interfacial tension of
LV and LL interfaces. CG simulations are also important in the industry and in detergency
issues because they can be applied to multi-component mixtures.> A key-property in the
simulations of these interfacial systems is the interfacial tension. A recent review!” shows
that some CG force fields present significant deviations of the calculated interfacial tension
from experiments.!® The first simulations of the LV interface of water with the MARTINI
CG model” produced surface tensions of 45 and 30mN m™" at 298 K obtained for small
and big system sizes, respectively. For the electrostatic version of the water MARTINI

model,'? the simulated surface tension is found to be 30 mN m™!

while the corresponding
experimental value'®? is 72 mN m™'. The MARTINI model produces more quantitative
predictions in the case of the LV interface of alkanes.” The surface tension of water!® has
also been calculated from the MDPD method. > In this work, a top-down approach has been
carried out to develop of the potential parameters.

Even though the calculation of the surface tension from two-phase atomistic simulations
of a slab geometry is now under control, it has been at the heart of several debates over
the last 40 years.'"2173% Actually, these slab simulations gave rise to several debates to im-

portant methodological problems such as the range of the interatomic interactions,3!3%3%41
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the truncation of the potential,®*3% the mechanical and thermodynamic definitions used for

33,42-44

the calculation of the surface tension and the long-range corrections to surface ten-

26-30,3234 and to the configurational energy. 283234384445 Ap other input parameter that

sion
may impact the value of the simulated surface tension is the size of the interfacial area. A
number of works have reported the dependence of the surface tension of the Lennard-Jones
(LJ) fluid on the surface area.?>4549 Figure 1 illustrates this dependence for the LJ fluid by
showing the ratio of the surface tension v to the surface tension 7., calculated at the largest
surface area.

Nowadays the CG models are extensively used to model large and complex interfacial
systems where the surface tension is at the origin of the transport of matter through the
interface. As a consequence, it is important to investigate the interface area dependence on
surface tension to avoid spurious computational effects. To do so, we propose in a first step
to study the impact of the surface area on the interfacial tension calculated by the MARTINI
Model. We will investigate the LV interface of water and n-octane. We will complete by the
LL alkane-water interface. In the CG MARTINI model, the interactions are calculated by
both the truncated and shifted LJ and Coulombic potentials.'® In the case of CG interactions
treated with softer potentials, we will extent the study of the size-effects to a mesoscopic
simulation method (dissipative particle dynamics, DPD) by using different shapes of CG
potentials. In a first step, we plan to study the size-effects for generic DPD models for the
water LV and oil-water LL interfaces. In these cases, we will use the standard conservative
interactions of the DPD model and its multibody version.!'®16°05! In a second step, we will
investigate the size-dependence of the interfacial tension of the LV interface of the n-pentane
by using a realistic DPD potential. 52

Since the MARTINI and the different DPD models are the most commonly used for the
mesoscale modeling of complex systems, the results concerning the size-dependence of the
interfacial tension of coarse-grained interfaces will be very useful for the future simulations

in this field.
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The paper is organized as follows. Section 2 describes briefly the different potential
models, the methods of simulations and the computational details. In Section 3 we discuss
the different finite-size effects of the MARTINI model for different interfaces. We complete
by examining the surface area dependence of the interfacial tension for different CG DPD

models. Section 4 contains our conclusions and recommendations.

2 Model and simulation methodology

2.1 MARTINI model

In the LV interface of the n-octane, the molecule® is described by two beads of type C;.
The bonding energy between two beads a and b is calculated by using a harmonic potential
Ub(md(rab)

1
Ubond(rab) - §kbond(rab - 7’10)2 (1)

where rq, is the distance between beads a and b and rq the equilibrium distance. The van
der Waals diameter of the CG beads ¢ is fixed to 0.47 nm and e is scaled to 75% of the
original value of C;. The values of ky,.q, 79, 0 and € are listed in Table 1.

The parameters of the polarizable version of the water MARTINI force field'° are listed
in Table 1 et can be found in Ref. 10. In the case of the modeling of the n-octane-water
LL interface, the cross-interactions between water (W) and alkane (C1) beads are given in
Table 1.

The molecular dynamics (MD) simulations were performed with a modified version of
the DL_POLY code.?® The changes consist of implementing the shift of the forces from
rs =9 A tor, =12 A. The procedure is described in Ref. 18. The simulations of the LV
interface were carried out in the constant-NVT statistical ensemble with the Nose-Hoover 54
algorithm using a thermostat relaxation time of 0.1 ps. For the LL interface, the simulations

were performed in the constant NpyAT statistical ensemble with the thermostat-barostat
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Nose-Hoover algorithm.?® The thermostat and barostat relaxation times were fixed to 0.1
and 5.0 ps, respectively. The normal component of the pressure tensor py was maintained
to 0.1 MPa and T = 298 K. The integration timestep was fixed to 10 fs.

The different bulk liquid phases of octane and water were equilibrated separately during
2 x 107 steps of simulations (10" NVT steps followed by 107 NpT steps). For the LV simu-
lation, L, is elongated to form the vapor phase. For LL simulations, the bulk phases of the
two liquids were joined to form the initial configuration. The equilibration phase consisted
of 107 steps and the calculation of the average properties was carried out over 107 additional
steps during the acquisition phase. The simulation time of the acquisition phase is then 100

ns.

2.2 DPD method
2.2.1 Generic DPD model

In the DPD method, the total force f; sums three forces: a conservative fg force, a random
fg' force and a dissipative fg force. The conservative repulsive force fg is
aiy wo(rij) Ty (rij <re)

f5 = (2)
0 (rij > 7c)

where a;; is the repulsion energy between beads ¢ and j, r;; is the interbead distance
and 1;; is the corresponding unit vector. r. is the cutoff radius. In our DPD and MMC
simulations, the particle mass, the temperature and interaction range were chosen as units
of mass, energy and length. The weight function we(r;;) is defined to 1 — ry; /7. for r;; < r,
and vanishes for r;; > r.. The expressions of the different forces can be found in Refs 30,51.
The LL interface of the AB system was simulated by placing an equal number particles of
A and B in the simulation box. The L, dimension was fixed to 60 in reduced DPD units
corresponding to a reduced number density of 3.0. L, and L, were changed from 2.5 to 20.0

in reduced DPD units leading to a variation of a number of particles from 1122 to 72000. The
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repulsion a4, agp and a,p parameters were fixed to 78.0, 78.0 and 105.0, respectively. The
equilibration phase was composed of 10° steps and the averages were performed over 5x10°
steps during the production phase. The thermodynamic properties were calculated every 5
steps leading to the calculation of profiles of pressure components and surface tension over

105 configurations. The z-dimension corresponds the dimension normal to the interface.

2.2.2 Generic MMC model

To model a LV interface, the conservative repulsive potential we(r;;) must be modified in
order to consider the local density. In the MDPD approach, the conservative force !5:16:50,51

becomes dependent on the local particle density as

fg = ch(rij)eij + B [p_z + p_]] wd(rij)eij (3)

where the first term represents an attractive interaction (A < 0) and the second many-
body term a repulsive interaction (B > 0). The expressions of the weight functions, the
values of the A and B parameters, the values of r. and r, are given in Ref. 16. Multibody
Monte Carlo (MMC) simulations were carried out using the potential defined by Eq.(4).
U® was calculated from the integration of Eq.(3) where u; is the energy of particle i and A

corresponds to a;; in Eq.(2).

N N 7T?”3
=3 =2 (ATt

\ J# ) (4)
mr / ’
+ 3—0d [Zbijwp(nj,rd) (wp(rij,rd) + Pi + ,Oj) :| >
J#i
In Eq.(4) p; and p;- are defined as
6

ACS Paragon Plus Environment

Page 6 of 36



Page 7 of 36

oNOYTULT D WN =

Journal of Chemical Theory and Computation

D S I S [ | 5)

-y kit j ki

If we assume that b;; = B we obtain the simplified relation

N N 3
YL
v =30 =3 (A S et k=
i i JFi , (6)
o
+ 8 et m =) )
J#i

The systems were equilibrated during 25 x 10° steps and the average thermodynamic
properties were averaged over 25 x 10° additional steps in the constant-NVT ensemble.
The simulation boxes were orthorhombic boxes of dimensions L,L,L.. The interfacial area
is defined by A = L,L, where L, = L,. The MMC simulations used a simulation cell
constituted by a number of molecules changing from 1000 to 30000 water beads. In this
CG model, a bead corresponds to 4 water molecules. This choice implies that the reduced
DPD unit of ., corresponds to 8.52 A. The L, and L, dimensions were changed from 36 A
to 111 A. The values of the interaction parameters a;; = A and b;; = B are —50 and 25,
6

respectively. These values have been developed in order to reproduce the surface tension!

and the coexisting liquid density of water at 298 K.

2.2.3 Realistic DPD model

For the LV interface of the n-pentane, the pentane is described by one bead. In this method-
ology, the potential we(r;;) was replaced by a tabulated potential which has been developed
by using a new bayesian strategy.®?°¢ The shape of this potential is given for completeness
later in the paper in Figure 6a. This CG potential has been used in constant-NVT Monte

Carlo simulations with a cutoff radius of 20 A at two temperatures 300 K and 400 K. 5
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x10° cycles of equilibration were performed to stabilize the interface and additional 2 x 10°
cycles were carried out to average the coexisting densities and surface tensions. When L,
was changed from 40 A to 100 A the total number of beads increased from 1665 to 104411
and L, was fixed to 500 A. To study the impact of the change in L. between 150 and 400
A, L, and L, were fixed to 60 A.

3 Results and discussions

As discussed in the introduction of this paper, the truncated Lennard-Jones (LJ) potential is
associated with a strong dependence of the surface tension on the surface area.®” Depending
on the value of the surface area, the surface tension can vary by + 20% compared to the
value of surface tension (7.,) which is defined as the surface tension calculated with the
largest surface area (see Figure 1). It means that along this curve, we can observe significant
deviations up to 40% between consecutive values of surface tensions. In the case of LJ
fluids, it is possible to avoid the size-effects dependence!” of the surface tension by choosing
a surface area of 11 x 1102. We propose now to investigate the surface area dependence of
the surface tension of the MARTINI model for different LV and LL interfaces.

Figure 2a shows the evolution of the surface tension of the LV interface of the n-octane at
300 K. The surface tension is calculated from the integral of the profile along the direction
normal to the interface of the difference between the normal and tangential components
of the pressure tensor.’® % For this system, only the repulsion-dispersion interactions are
modeled by the use of LJ potential. After a small oscillation with an amplitude of 3 mN
m~! that represents a variation of about 15% of the value obtained at the largest interfacial
area, the surface tension stabilizes around 19.5 mN m~!. Any size-effects are detected from
a surface area of 35 x 35 A2, The comparison with the corresponding LJ truncated potential
shows that the surface tension becomes independent of the interfacial area at smaller values

for the MARTINT model (8.5 x 8.502 where o = 4.7 A). When electrostatic interactions are
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included for the modeling of the LV of water for example (see Figure2b), we observe that
the surface tension is subject to small oscillations of 2 mN m~!. The last oscillation is much
less marked and extends over 40 A. The largest interfacial area simulated here is 100 x 100 A
(21 x 210?). If we expect a calculation of the surface tension with an uncertainty of 6%, we
can accept an interfacial area of 60 x 60 A2. To complete the study with the CG MARTINI
force field, we represent in Figure 2c the area dependence of the surface tension in the case
of the LL interface of octane-water. The amplitude of the oscillations is again around 2

! which is in the order of magnitude of the statistical fluctuations. This represents

mN m~
a change in 7 of 5% compared to 7. A good convergence of the surface tension with the
interfacial area is obtained from a surface of 70 x 70 A2, For these three typical interfaces
using the CG MARTINI model, we can conclude that the interfacial tension is much less
sensitive to size-effects by comparison to the truncated LJ potential. This weak dependence
of the surface tension calculated with the MARTINI model can be explained by the fact that
this force field uses a truncated and shifted potential avoiding any discontinuity at the cutoff
radius. We have already underlined this point in Ref. 35 where the LJ truncated potential,
modified by a spline polynomial, removes the discontinuity in the force and energy equations
and reduces significantly the anisotropy of the pressure components.

We now investigate the interfacial tension of an oil-water system where the interactions
are calculated using a conservative CG model %(1 — r/r.)? potential which is continuous
at the cutoff radius r.. The simulations were performed using the DPD method. Figure
3a shows the interfacial tension as a function of the interfacial area in reduced DPD units.
For a surface area smaller than 5 x 5, the surface tension shows small oscillations of around
2% and the convergence is obtained from L* = 10. Figure 3b shows the profiles of the
normal and tangential components of the pressure tensor for two interfacial areas. These
profiles represent the total pressure components which sum the kinetic and configurational
contributions. As expected from the mechanical equilibrium, the normal and tangential

components are equal in the two bulk phases with a negative peak of the tangential part in
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the interfacial region. Part c) of Figure 3 displays the profiles of the differences between the
normal and tangential components of the pressure tensor at different areas. On the right axis
of Figure 3, the integral of these differences are also shown for completeness. The profiles
show the same features independently of the surface area : p}(z*) — p¥(2*) is zero in the
bulk liquid phases and present two symmetric peaks at the interfaces. The analysis of v*(z*)
confirms that the two-phase configurations respect the mechanical equilibrium expected for
a planar LL interface. Figure 3c also establishes that the differences in the value of the
surface tension cannot be attributed to a lack of convergence of the simulations. By focusing
on a specific interface, Figure 3d shows that the profile of p} (z*) — pk(2*) is subject to small
oscillations at the interface for small interfacial areas. The amplitude of these oscillations
decreases with increasing surface areas. For larger surface areas, the profiles do not show
any oscillations in the interfacial region whereas their shapes in the bulk phases are much
more defined leading to a decrease of the anisotropy of the pressure components.

Figure 4 shows the surface tension of water calculated with a density-dependent CG
potential at different surface areas. The parameters of this potential have been optimized
through a top-down a procedure to reproduce the surface tension of water calculated by
using atomistic models.'® Simple relationships have been established to link the atomistic
and mesoscopic length and time scales and operational parameters have been obtained with
the MDPD method to reproduce the surface tension, coexisting densities of water at different
temperatures. The degree of coarse-graining was fixed to 4 indicating that a water bead
corresponds to 4 water molecules. We propose in Figure 4 to investigate the dependence of
the surface tension of water on interfacial areas changing from 40 A to 120 A. To make a link
with reduced units, ' the reduced L* should be divided by the cutoff 7. = 8.52 A indicating
that L changes from 4.7 to 14. This curve shows an oscillatory behavior but with a very weak
dependence of v on L,. No plateau is clearly identifiable on this curve. The maximum and
minimum values of v are 73 and 67 mN m™!, respectively. These deviations correspond to

variations of & 4% compared to the value of 70 mN m~! over a large range of L, of 80 A. The

10
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observed variations are within the statistical fluctuations of the calculation. Let us return
to the use of the standard DPD method. We replace the usual conservative potential by a
realistic potential model developed from atomistic simulations. The procedure is thoroughly
described in Ref. 56 and its application for the calculation of the surface tension of pentane in
Ref. 52. In a first step, we study the effects of L, on the surface tension of the n-pentane at
two temperatures. Figure 5a shows that v decreases slightly with L,. Actually, v decreases
from 14.4 to 14.1 mN m~! with small oscillations leading to a variation of 3% along the range
of L, values. As shown in Figure 5b for T" = 400K, we observe a monotonic decrease of v of
0.45 mN m~" from 40 to 70 A. For larger interfacial areas, we observe a plateau extending
over 30 A indicating that the surface tension becomes independent of the interfacial area.
The pn(z) — pr(z), shown in Figure 5c profiles confirms that the mechanical equilibrium
of the planar LV is verified for the two interfacial areas. Interestingly, for the smallest L,
value of 40 A, we observe the profile which is much noisier in the bulk phase leads to a
larger surface tension. However, this difference in the surface tension does not come from
the contribution of the bulk phase but rather to the interface region on the liquid side as
shown in the profile of v(z). The dependence of the surface tension on the longitudinal
dimension L, is shown in Figure 5d. The dependence of v on L. is clearly weak from 125 A
to 225 A with an increase of only 0.2 mN m~'. From L, = 250 A, we do not observe any
monotonic increase of . The main conclusions we can draw with the different DPD methods,
is that they lead to relatively small dependencies of the surface tension on box dimensions.
The differences observed between the different values are on the order of magnitude of the
statistical fluctuations.

We plan now to investigate the effect of the truncation on the v = f(L,) dependence. We
do so on using a realistic potential of the pentane developed with a cutoff r. = 20 A. With
r. = 20 A, the potential decreases smoothly to zero with no discontinuity in the potential
as shown in Figure 6a. We take the route of truncating this potential at a smaller value of

r. = 15 A introducing then a discontinuity at this point. We represent in Figure 6b, the

11
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evolution of the ratio of v to 7, at 400 K where v, means the surface tension calculated
with the largest box dimension L,. In both cases, the surface tension decreases with L, but
the magnitude of the decrease varies from 30% to 10% as r, is changing from 20 A to 15
A. The introduction of the discontinuity in the potential at 15 A increases significantly the
size-effects on the surface tension. This result is in line with observations made with the LJ
potential modified with a cubic spline function.3?

We complete this study by representing on Figure 7 the ratio v/v, for the LV interface
of different CG models as a function of the reduced box dimension L. The reduced value of
L is obtained by dividing the real value by o for the LJ and MARTINI models, by 7. = 8.52
A for the water MDPD model.'® For the pentane DPD model, ¢ is defined by the position
of the well of the CG potential represented in Figure 6a. Interestingly, we observe that the
LJ potential give rise to large amplitudes of oscillations with a plateau obtained with three
successive oscillations. The water MDPD model is also subject to significant oscillations that
extend over a wide range of L. Indeed, these oscillations are not yet stabilized at 220 even if
their amplitude are relatively smaller than those of the LJ fluid. When the MARTINI model
is used with only the dispersion-repulsion interactions, e.g in the case of the octane molecule,
only one oscillation is observed at 60. For higher values of the box dimension, there is no
more dependence of the surface tension on the surface area. For the mesoscopic simulation
methods, the dependence is much less marked. For the water MDPD model, there are small
oscillations but we can consider that reduced interfacial areas of 13x13 are acceptable to
avoid any size-effects in the calculation of the surface tension. Finally, in the case of the
use realistic DPD model, we observe rather a small decrease of the surface tension with the
interfacial area. We conclude that a reduced interfacial area of 10x10 is reasonable to avoid

any dependence of the surface tension.
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4 Conclusions

Since there is a growing demand in the use of CG models for the calculation of the interfacial
tension of complex systems and geometries, it was useful to investigate the dependence of the
interfacial tension on the surface area for these models. In the case of atomistic models, it is
now well-established that the surface tension of Lennard-Jones fluids exhibits an oscillatory
behavior as function of the surface area. Relatively large surface area of 11 x 1102 are
required to provide an accurate calculation of the surface tension by using the LJ potential.

We have performed a large number of simulations with different CG models, namely, the
MARTINTI force field, the standard DPD model and realistic DPD and MDPD models. We
have also investigated two types of interfaces : the LV and LL interfaces. Firstly, the size-
effects are much less strong with the CG models compared to those observed in atomistic
simulations. For the MARTINI model, we observe a weak oscillatory effect with small
fluctuations for the LV and LL interfaces. This weak dependence is also observed in the LL
interface with the standard DPD model. In the case of the MDPD model for water, the LV
surface tension exhibits also a weak oscillatory behavior with small amplitudes. When we
use a realistic model for the DPD, we observe that the slight oscillatory behavior observed
at 300 K is replaced by a monotonic decrease of v at T= 400 K. We show here that the
truncation impacts the dependence of the surface tension on the surface area as already
underlined for atomistic models.

At the end, we give some recommendations to avoid any size-effects of these models by
plotting the surface tension as a function of the reduced interfacial area. The differences
that appear on the interfacial area dependence with the MARTINI model find their origin
in the use of the electrostatic interactions. The surface tension is much less dependent on
the surface area with the DPD model even if the water MDPD model is much sensitive to

size-effects.
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Table 1: Lennard-Jones parameters and electrostatic charges for different molecules de-
scribed through the MARTINI force field.

oNOYTULT D WN =

10 CG bead AA o (nm) e (kJ mol™) q (e)

Water

3 W 4 Hy0 0.47 40 0
14 WP 0 0 0.46
15 WM 0 0 -0.46
16 distance W-WP, W-WM (nm) 0.14

17 angle WP-W-WM (rad) 0p=0 ko =4.2K mol! rad2

20 n-octane
21 C1 C-C-C-C 0.47 3.5 0
22 distance C1-C1 (nm) ro = 0.47 Kk = 1250 kJ mol~! nm2

Matrix of crossed-interactions
Site Site o (nm) € (kJ mol™t)

27 C1 AW 0.47 1.9
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Figure 1: Ratio of the surface tension v to the value of v, for different L, box dimensions.
Voo is calculated with the interfacial area A = L, L, = 46 x 46 A2 The data can be found
in Ref. 35 and correspond to the values of methane at T = 120 K. The cutoff was fixed to
r. = 2.50.
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Figure 2: Surface tensions of the LV interfaces of the a) n-octane and b) water. c¢) Surface
tension of the LL interface of the n-octane-water system. The surface tensions are calculated
at different box dimensions L, defined by v/A where A is the surface area.
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Figure 3: a) Reduced surface tensions of the oil-water LL water calculated using the DPD
method as a function of the reduced L dimension. b) Profiles of the normal p%(z*) and
tangential pk(z*) reduced pressure components for two interfacial areas. c¢) Profiles of the
difference between the normal and tangential reduced pressure components with the integral
v*(2*) of this property as a function of z*. d) Close-up view of the pressure and surface
tension profiles at only one interfacial region. All the units are given in reduced DPD units.
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oNOYTULT D WN =

33 . Water MDPD model

34 6011 1 1 1
35 40 60 80 100

37 L, (A)

40 Figure 4: Values of surface tension (mN m™!) of water calculated with MDPD simulation as
41 a function of the box dimension along the x-dimension.
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Figure 5: Surface tensions of the n-pentane calculated using a realistic tabulated DPD
potential at a) 300 K and b) 400 K. c¢) Profiles of the difference px(z) — pr(z) at T= 400 K
for two box dimensions. d) Surface tensions calculated at different longitudinal dimensions
L, at 400 K.
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Figure 6: a) Coarse-grained realistic tabulated potential between pentane molecules as a
function of the distance. The cutoff radius is indicated for clarity. b) Ratio of the surface
tension 7 to the value of 7. calculated for the CG potential truncated at r. = 15 A and
re =20 A at 400 K.
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Figure 7: Ratio of the surface tension v to the value 7., calculated at the largest L, box
dimensions for the LV interfaces of different systems and models as indicated in the legend.
The horizontal axis is represented in reduced units of L,. For the LJ and MARTINI models,
the reduced Lf is equal to L,/o. For the water MDPD model, the reduced box dimension
is L, /r. where r. is 8.52 A (see Ref. 16). For the n-pentane DPD model, L, is divided by
o where o represents the position of the well of the potential (see Figure 6a).
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