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Abstract

When simulating a molecular system, a cutoff distance for interactions
is often used to speed up the simulations. This is made at the cost of ne-
glecting some interactions which will lead to inaccurate results for energy,
pressure components and surface tension (for systems with surfaces). To
compensate for the neglected long-range interactions, continuum corrections
can be added to the surface tension, system energies and pressures. For a
homogenous isotropic system this is straight-forward but for a system with
a surface it is more complicated. In this work we have derived expressions
for the corrections to the surface tension, system energies and pressures that
are more general than previous results. When these corrections are added to
multi-component systems with a surface (or single-component systems with
vacuum) they compensate for the change in surface tension, system energy
and pressures due to the finite cutoff. When simulating systems with no
Coulomb-interactions, the structure of the system may change significantly if
the cutoffs are too short. If this is the case then these corrections alone will
not be enough. The solution is to add corrections to the force acting on each
molecule added during the simulation, which we derive in this work. This
solves the structural problem at low cutoffs and makes it possible to calculate
an accurate surface tension independent of cutoff.
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Sammanfattning

När man simulerar ett molekylsystem brukar man använda en maximal
växelverkningsradie (cutoff) för att snabba upp simuleringarna. Priset för
det är att vissa växelverkningar ignoreras vilket leder till felaktiga resultat
för systemenergin, trycken och ytspänningen (för system med ytor). För att
kompensera för de ignorerade växelverkningsenergierna kan man lägga till
korrektioner till ytspänningen, systemenergin och trycken. För ett isotropt
homogent system är korrektionerna enkla men för ett system med en yta är
det mer komplicerat. Här har vi härlett uttryck för att beräkna korrektio-
nerna till ytspänningen, systemenergin och trycken som är mer generella än
tidigare resultat. När de här korrektionerna läggs till på ett system med flera
komponenter med en yta (eller system med en komponent och vakuum) kom-
penserar de för förändringen av ytspänning, energi och tryck som beror på den
ändliga växelverkningsradien. När ett system utan Coloumb-växelverkningar
simuleras kan systemets struktur att ändras drastiskt om den maximala väx-
elverkningsradien är för kort. Detta gör att korrektionen vi har beräknat inte
räcker. Lösningen är ytterliggare korrektioner som läggs på krafterna som ver-
kar på varje enskild molekyl och som läggs på under simuleringen. Vi härle-
der dessa korrektioner här. Dessa korrektioner löser problemet med systemets
struktur vid korta växelverkningsradier och gör det möjligt att beräkna en
korrekt ytspänning som är oberoende av den maximala växelverkningsradien.
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Chapter 1

Introduction

Here I will describe the background to this thesis and also give a short descriptions
of the concepts involved in the work.

1.1 Molecular Dynamics

Everything is made up of atoms and molecules, but studying these small con-
stituents in complex biological environments can be quite difficult. In order to
study these systems at the atomic level you may need a lab with some fancy equip-
ment. Even if you happen to have these resources you need to have the right
conditions, which could be temperature, pressure, an infinite amount of time or a
way of measuring reactions that take place on very short timescales.

A complement to this is to simulate atoms and molecules with a computer,
which is what is done is this work. In a simulation any temperature and pressure is
possible even though they are not physically reasonable. The crucial step is finding
the right model to correctly describe the behaviour of the atom/molecule and its
interactions with other molecules.

The only atomic (or molecular) system that is possible to model analytically
is a system consisting of two particles, such as a hydrogen atom (one proton and
one electron). Every system, molecule or even atom with three or more moving
parts need to be solved numerically, and the size of the system will dictate what
approximations need to be made. For relatively small systems it is possible to model
the electronic structure in some sense even though the full interactions between all
of the electrons have to be approximated. This is done using quantum chemistry
calculations. When studying larger systems containing hundreds, thousands or
millions of atoms or molecules we have to instead consider each atom or molecule
(or part of a molecule) as one particle or less and model the interactions using
predefined parameters. The parametrization of the interactions can come from
quantum chemistry calculations (ab initio or Density Functional Theory, DFT)
or by comparing results from the simulation with experiments (empirical fits). A

1



2 CHAPTER 1. INTRODUCTION

mix of these methods is also common. The model and set of parameters that
describes how particles interact is called a force field. The simulations of atoms
and/or molecules using such a force field can be either Monte Carlo or molecular
dynamics. In this work molecular dynamics simulations are used exclusively.

When performing a molecular dynamics (MD) simulation, classical mechanics
is used. Newton’s second law of motion

Fi = miai (1.1)

is solved for every particle at each time step of the simulation (Fi is the force,
mi the mass and ai the acceleration of each particle i). The force between two
interacting particles i and j is calculated from

Fij = −∇Uij , (1.2)

where Uij is the interaction potential specified by the force fields being used. The
essential step in MD is to integrate equation 1.1 with respect to time, that is to
say, integrate the acceleration in order to calculate the velocity of each particle
and again to obtain the position. This can be done using one of many integration
algorithms.

The general steps for performing MD simulations are:

1. Initialize the parameters: Set the positions and velocities of all the particles.

2. Calculate the interaction potential which is dependent on the positions of the
particles and calculate the force acting on each particle using equation 1.2.

3. Integrate equation 1.1 over some short time step to get the new velocities and
positions of all the particles.

4. Repeat steps 2 and 3.

1.2 Particle Interactions

In this work we focus on two types of non-bonded interactions between atoms and
molecules: electrostatic and van der Waals (vdW). Both these types of interactions
are important for molecular systems and also for the structures of large molecules
such as biomolecules.

Electrostatic interactions are interactions between particles with charges or par-
tial charges such as ions or electric dipoles. The electrostatic force is given by
Coulomb’s law

FE = 1
4πε0

q1q1

r2 r̂, (1.3)

where ε0 is the electric constant, q1 and q2 are the charges of the two interacting
particles and r is the distance between them. Coulomb’s law states that particles
with opposite charges attract and particles with same charges repel.
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Van der Waals interactions are very important for many molecular systems. This
is the main type of interaction between neutral non-polar atoms and/or molecules
and it is a type of dispersion interaction. The electron cloud surrounding an atom
or molecule will not be uniformly distributed at all given times but will have small
fluctuations. This will make the atom or molecule slightly polar and that can in
turn induce polarity in nearby atoms and/or molecules. This polarization will make
atoms and/or molecules attract each other. (It can be shown that the mutually
induced dipoles will interact with a predominantly r−6-dependency [11].) Since we
do not model the electrons separately in classical MD, we need to model this is
some other way. A common way to model the vdW-interactions is as part of the
Lennard-Jones (6-12) model

ULJ(r) = 4ε
[(σ

r

)12
−
(σ
r

)6
]

= C12

r12 −
C6

r6 , (1.4)

where (1.5)
C6 = 4εσ6 and C12 = 4εσ12, (1.6)

and r is the distance between the particles, σ is the distance where the potential is
zero and ε is the potential energy minimum. The Lennard-Jones potential can be
seen in figure 1.1. Attractive vdW-interactions are included in the Lennard-Jones
model in the r−6-term. The other term in the Lennard-Jones model, the r−12-term,
models the repulsion when the electron clouds of two interacting systems begin to
overlap.

r

0U

ε

σ

Figure 1.1: A Lennard-Jones potential.

1.3 Long-range Corrections

In a molecular system, all particles will in some way interact with each other. If we
only count the pairwise interactions this adds up to a number of interactions in the
order of N2, where N is the number of particles in the system. As we can see in
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figure 1.1, at a large enough distance, the interaction between two particles will be
very small (and that goes generally for all types of interactions, not only Lennard-
Jones). In simulations we take advantage of this and use a cutoff (rc) to limit the
maximum interaction distance. This reduces the number of interactions needed
to be calculated and speeds up the simulation. Neglecting interactions comes at
a price in terms of the simulation not producing the correct pressures and total
potential energy. Therefore some kind of correction is needed that compensates for
the interactions that fall outside of the cutoff.

Electrostatic interaction energies decay as r−1, which means that a relatively
large part of the interactions will be neglected when using a cutoff compared to
interactions with a sharper drop-off (like van der Waals). A common way to solve
this is to use Particle Mesh Ewald (PME) [6], which is a type of Ewald sum [7].

The dispersion (vdW) forces will decrease as r−6 so a correction for the neglected
interactions is not as strong as for the electrostatic forces, but depending on the
system being studied, the corrections can still make a significant difference. PME
has recently also been used for vdW (Lennard-Jones) interactions [20]. In this work
we have implemented an alternative approach for correcting dispersion forces when
cutoffs are used. For the electrostatic interactions PME is used throughout this
work.

For a homogenous system the long-range dispersion corrections are usually
straight-forward to determine (see e.g. [2]). The quantities that are affected by
the cutoff are the pressures of the system and the total potential energy (and in
some cases also the density, but more on that later). For a homogenous system the
corrections to the pressures and energy are shown [2] to be

P tail = −16πN2

3V 2
εσ6

r3
c

(1.7)

Etail = −8πN2

3V
εσ6

r3
c

, (1.8)

where N is the number of particles and V is the volume of the system. These
corrections can be added during or after the simulation.

1.4 Surfaces and Hyperbolic Tangent

On the other hand, when studying inhomogeneous systems, e.g. systems with a
surface, the situation is a bit more complicated. The same principles can be used,
but we also have to take into consideration the surface and whether the system
consists of several types of molecules with different distributions. The corrections
therefore depend on the density profile of the surface and what types of molecules
are on the two sides of the surface. This means that the corrections must be
calculated numerically based on the actual density profile of a given system. To
facilitate the calculations, the density profile of a surface can be approximated with
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a hyperbolic tangent function [2, 15]

ρ = ρ0 + 1
2∆ρ tanh(z/d), (1.9)

where ρ0 is the average attractive dispersion density and ∆ρ the difference in dis-
persion density between the two regions. d = t/2.1972, where t is the "10–90"-
thickness which means that d is a measure of the extension of the surface region.
The tanh-profile is usually in excellent agreement with the actual surface profile
and an example is shown for a water/vacuum surface in figure 1.2. A derivation of
the tanh-profile for approximating the surface profile can be found in [15].
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Figure 1.2: Density profile of a water/vacuum surface (solid blue line) with a tanh
fit (dashed red line). Water is to the left and vacuum is to the right in the figure,
following the order in the legend (this approach is used throughout the thesis).

1.5 Corrections to the Surface Tension

As already stated, the pressures need to be corrected for the cutoff. From the
pressures, the surface tension, γ, can be written as

γ =
(
∂F

∂A

)
T,V

=
∫ ∞
−∞

[pn − pl(z)] dz, (1.10)

where A is the area of the surface and F is the free energy stored in the surface
(V and T are the constant system volume and temperature respectively). In the
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second term, pn and pl are the system pressures in the normal and lateral directions.
Therefore the surface tension also need to be corrected for the long-range forces.

We can also look at it in another way. Surface tension is the free energy cost
per are to increase the surface area. The more energy required the stronger the
surface tension will be. If it is easy to remove a molecule from the system, then the
surface tension is weak. So when the interactions in the system are weaker because
of the cutoff, it will be easier to remove a molecule from the surface and hence the
surface tension will be weaker when using that cutoff. It becomes easier to increase
the surface area. This is also the case when we look at the simulations. When
calculating the corrections theoretically, they are positive and decrease when the
cutoff increases which also points to the fact that the surface tension decreases as
the cutoff decreases. The corrections to the surface tension are the main focus of
Paper I.

1.6 Corrections to the Forces

The cutoff affects the interaction energy between the particles, therefore it would be
appropriate to directly correct the interaction energy or forces instead of correcting
the surface tension or the total potential energy afterwards. This can be done by
correcting the forces acting on each particle. The force can be written

Fij = −∇Uij = 6Cij6
r7
ij

r̂ij , (1.11)

where i and j are the two particles,Fij is the force acting on particle i by particle
j, Uij is the interaction energy, rij is the distance between particles i and j and Uij
is the attractive part of the Lennard-Jones potential. The corrections to the forces
are the main focus of Paper II.



Chapter 2

Correction Models

Here I will present the theoretical models, more thorough derivations can be found
in Paper I and II.

2.1 Paper I: Corrections to the Surface Tension, Total
Potential Energy and Pressures

We first introduce a new variable, ρI, which we call the dispersion density and will
be used to simplify the expressions in this section. The dimension of ρI is square
root of energy and it is defined as

ρI(r) =
∑
c

√
Cc6ρ

c
V (r) =

∑
i

√
Ci6ρ

i
V (r), (2.1)

where c is the component (atom) type, ρcV is the number density of component c and
i denotes the individual atoms. This requires that the C6-parameters are written
as geometrical averages. The ρI-parameter represents the relative contribution of
dispersion forces at various positions, r, of a simulated system and has been plotted
for different surfaces in figure 2.1.

In Paper I we derived the following corrections to the surface tension, pressures
and system energy (without using a tanh-profile to approximate the density profile)

7
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γtail = 3π
∫ L

−L

∫ 1

−1

∫ ∞
rc

1− 3s2

r4 ρI(z)ρI(z − rs)dr dsdz, (2.2)

〈ptail
n 〉 = −6π

2L

∫ L

−L

∫ 1

−1

∫ ∞
rc

s2

r4 ρI(z)ρI(z − rs)dr dsdz, (2.3)

〈ptail
l 〉 = −6π

2L

∫ L

−L

∫ 1

−1

∫ ∞
rc

(1− s2)
r4 ρI(z)ρI(z − rs)dr dsdz (2.4)

and
Etail

V
= π

2L

∫ L

−L

∫ 1

−1

∫ ∞
rc

ρI(z)ρI(z − rs)
r4 dr dsdz (2.5)

where 2L is the length of the system in the z-direction. z1 = z and z2 = z− rs are
two positions separated by distance r and where s = (z1− z2)/r is the cosine of the
angle separating the r and (z1 − z2) vectors. By calculating these integrals over all
positions −L ≤ z ≤ L, all angles −1 ≤ s ≤ 1 and all separations r > rc we obtain
the corrections to these quantities.

-2 -1 0 1 2 3
z [nm]
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ρ
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0
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/2
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water/vacuum
water/cyclohexane
water/membrane

Figure 2.1: The dispersion density, ρI, plotted for four different systems. The
surfaces are located at z = 0 nm.



2.1. PAPER I: CORRECTIONS TO THE SURFACE TENSION, TOTAL
POTENTIAL ENERGY AND PRESSURES 9

0 0.5 1

r
c

-2
[nm

-2
]

0

5

10

15

20

su
rf

ac
e 

te
ns

io
n 

[m
N

/m
]

11.11.21.31.61.92.54

r
c

[nm]

Water/vacuum
CH/Water
CH/vacuum
DPPC/water

Figure 2.2: Corrections to the surface tension of different systems as a function of
the cutoff distance, rc. Here we see that the correction for the cyclohexane/vacuum
is the larger than the corrections in the three other systems.

If we instead use the tanh-profile in equation 1.9 to fit the numerical ρI(r)-
function, we get the following expressions for the corrections

γtail = 3π(∆ρI)2

8r2
c

∫ 1

0

∫ 1

0
8x(3s3 − s) coth(src/xd)dxds, (2.6)

〈ptail
n 〉 = − 4π

3r3
c

〈ρ2
I 〉+ 3π

4
(∆ρI)2

r3
c

rc
2L

∫ 1

0

∫ 1

0
8xs3 coth(src/xd)dxds, (2.7)

〈ptail
l 〉 = − 4π

3r3
c

〈ρ2
I 〉+ 3π

8
(∆ρI)2

r3
c

rc
2L

∫ 1

0

∫ 1

0
8x(s− s3) coth(src/xd)dx ds (2.8)

and

Etail

V
= − 2π

3r3
c

(
ρ2

0 +
(

∆ρI

2

)2
)

+ π

16
(∆ρI)2

r3
c

rc
2L

∫ 1

0

∫ 1

0
4xs coth(src/xd)dxds,

(2.9)
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which can be Taylor-expanded into

γtail = 3π(∆ρI)2

8r2
c

[
1− π2

6

(
d

rc

)2
+ 3.53

(
d

rc

4)
+ ...

]
, (2.10)

〈ptail
n 〉 = − 4π

3r3
c

〈ρ2
I 〉+ 3π

4
(∆ρI)2

r3
c

rc
2L

[
1 + 1.17

(
d

rc

)4
+ ...

]
, (2.11)

〈ptail
l 〉 = − 4π

3r3
c

〈ρ2
I 〉+ 3π

8
(∆ρI)2

r3
c

rc
2L

[
1 + π2

6

(
d

rc

)2
− 1.19

(
d

rc

)4
+ ...

]
(2.12)

and

Etail

V
= − 2π

3r3
c

〈ρ2
I 〉+ π

16
(∆ρI)2

r3
c

rc
2L

[
1 + π2

12

(
d

rc

)2
+ ...

]
. (2.13)

The first (bulk) term in equation 2.9

Etail = − 2π
3r3
c

〈ρ2
I 〉 = − 2π

3r3
c

(αρ2
I1 + (1− α)ρ2

I2), (2.14)

with 0 ≤ α ≤ 1 and ρIi being the dispersion density in region i, corresponds to the
corrections for a bulk material

Equation 2.6 is similar to the result in [5] (and later corrected by [3]) where they
derived corrections to the surface tension for systems with only one compound.
An easy to follow derivation of the integral in equation 2.6 can be found in [3].
The corrections to the surface tension is quadratic in ∆ρI , and since ρ for cyclo-
hexane is twice that of ρ for water (as can be seen in figure 2.1), the correction
for the cyclohexane/vacuum-system is four times as large as the correction for the
water/vacuum-system.

The correction to the surface tension in various systems is shown as a function
of the cutoff distance, rc in figure 2.2. A first look tells us that the correction
to a cyclohexane/vacuum-system is much larger than for a water/vacuum-system.
This means that the error because of the neglected interactions is larger for a
cyclohexane/vacuum-system than for a water/vacuum-system. The corrections de-
cays proportionally to r−2

c .
The corrections to the energy are shown in figure 2.3 as a function of the cutoff

distance, rc. We can see that the energy corrections decay as r−3
c . We also see that

there is good agreement between the equations 2.5 and 2.14 which shows that the
simplified expression can be used to calculate the energy corrections.
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2.2 Paper II: Corrections to the forces

Here we introduce another variable very similar to equation 2.1, which we call ρII
and define as

ρIIi(rj) =
∑
j

C6
ijρ

V
j (rj) =

∫
j

C6
ijρ

V
j (zj). (2.15)

ρII can be seen as ρI multiplied by
√
C6 and it has the dimensions energy times

volume. By using this variable and the tanh-profile we can derive the expression
for the correction to the forces

f(u, d/rc) = 3π
∫ 1

0

∫ π

0
x3 sin(2ϕ) tanh

[rc
d

(cosϕ
x

+ u
)]

dϕdx, (2.16)

where f = r4
cFz/∆ρ is the dimensionless force and u = zi/rc the dimensionless

length. This integral is plotted for some different values of d/rc in figure 2.4, where
d is the extension of the surface introduced in equation 1.9. A force will be added
to each atom and the strength of the force will depend on where in the system
the atom is, as can be seen in figure 2.5. The force will be strongest close to the
surfaces of the system and it will act in the directions towards the bulk.
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f(
u
)
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c
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d/r
c
=0.25

d/r
c
=0.5

Figure 2.4: Equation 2.16 plotted for some different values of d/rc. f(u) is the
dimensionless force and u is the dimensionless length.

If we instead of using the tanh-profile use the density profile calculated from
the simulations, the corrections to the forces are given by the integral

Fiz(zi) = 12π
∫∫

(z−zi)2+r2≥r2
c

dzr dr ρIIi(z)(z − zi)
[(z − zi)2 + r2]4

, (2.17)
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where zi is the coordinate of the particle we are integrating over and z and r are
integration variables.
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Chapter 3

Simulations

We have performed molecular dynamics simulations in order to verify our theoret-
ical models. The simulations were carried out using GROMACS 4.6.7 and GRO-
MACS 5.0.2 [10, 13, 17] but any molecular dynamics software could in principle be
used. Here I will specify the parameters and systems used in our simulations.

3.1 Systems, Parameters and Methods

All of the systems studied here are similar in the sense that they consist of a sur-
face between two components or one component with vacuum. These systems can
be seen in figure 3.1 and they contain water/vacuum, water/cyclohexane, cyclohex-
ane/vacuum or water/membrane, respectively. The normal direction in the systems
is the z-direction as specified in the figures.

We chose systems containing water because it is the most abundant molecule
in biological systems. Cyclohexane was chosen because it is a simple hydrophobic
solvent that is fluent at room temperature and can be modeled as a Lennard-Jones
fluid. It is different from water in the sense that it has no explicit electrostatic
interaction since it is not polar. Cyclohexane is also a liquid at similar tempera-
tures as water which makes the simulations more convenient since we want both
compounds to be liquids. The membrane was chosen because it is a fairly complex
system and also a system we want to study in other respects, hence it is useful to
us. The water model used is the four-site TIP4P/2005 model [1], the membrane
consists of DPPC lipids parametrized in [16] and the cyclohexane was parametrized
in Paper I. All Lennard-Jones parameters are presented in table 3.1. Table 3.2
shows the parameters for the system setups including the sizes in both nanometers
and number of molecules.

The temperatures in all simulations were set to 300 K using the V-rescale ther-
mostat [4] except for the membrane simulations where were run at 323 K (the
temperature which the fluid membrane is parametrized at). The systems includ-
ing vacuum were created by first simulating the bulk liquid in an NpT ensemble.

15
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z

Figure 3.1: The four different systems from top to bottom: Water/vacuum, cy-
clohexane/water, vacuum/cyclohexane and the DPPC/water-system. The arrows
indicate the normal (z-)direction in the systems.
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Parameter Cyclohexane Water [1] Membrane [16]
σ [nm] 0.56180 0.31589 0.38171
ε [kJ/mol] 4.08650 0.7749 0.16348
C6 [J/mol nm6] 513.90 3.0798 6.3554
C12 [mJ/mol nm12] 16.157 3.060 24.722

Table 3.1: The Lennard-Jones parameters for the different components. The values
for the membrane are averages over all the different lipid atoms.

System(a/b) V [nm3] 2L [nm] A [nm2] Va/ Vb [%] Na Nb
CH/vacuum 1966.27 20.0 98.31 50/50 5331 0
Water/vacuum 2160 60.0 36 10/90 7100 0
CH/water 1997.90 20.3 98.42 50/50 5331 32587
DPPC/water 1152.46 7.0 164.64 53/47 512 18228

Table 3.2: System parameters. The volume (V) and length in the normal direction
(2L) of the systems including the vacuum part. The area (A) is a square in the
lateral (xy) plane. Vn is the volume of the two parts of the system in percent and
Nn is the number of molecules of each component.

When equilibrium was reached the simulation box was elongated 2 − 9 times in
the z-direction and the systems were then simulated in an NVT ensemble. The
pressure in the systems without vacuum was set using the Parinello-Rahman baro-
stat [12] to 1 atmosphere in the normal (z-)direction and no pressure coupling in
the other directions. Periodic boundaries (PBCs) were used in all three directions.
The systems with part vacuum were designed so that the vacuum part would be
long enough so that the molecules would have no significant interaction with their
periodic copies in the z-direction.

3.2 Molecules and Models

To verify our theory we have simulated water, cyclohexane and DPPC (see fig-
ure 3.2). The results in this work do not depend on neither the molecules nor the
molecular models chosen, but these systems make good test cases. The Lennard-
Jones parameters for the models can be found in table 3.1.

TIP4P/2005 water model

The TIP4P/2005 water model [1] consists of 3 atoms but 4 interactions sites: one
oxygen, two hydrogens and a fourth particle, M, situated in the same plane as the
oxygen and hydrogens, between the hydrogens and very close to the oxygen. A
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(a) TIP4P/2005 water model

(b) Cyclohexane

(c) DPPC

Figure 3.2: Water, cyclohexane and DPPC.
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schematic of this can be found in figure 3.2a, only that the dummy atom M should
be closer to the oxygen. The charges are situated at the hydrogens (0.5564 e each)
and at the M (−1.1128 e). The Lennard-Jones site is the oxygen atom and the
Lennard-Jones parameters can be found in table 3.1. The phase diagram of this
model shows better agreement to experiments than many other models [19] but the
model is still simple. The surface tension predicted by TIP4P/2005 is also closer
to experimental values of the surface tension of water than other models [19].

DPPC - Dipalmitoylphosphatidylcholine
Dipalmitoylphosphatidylcholine (or DPPC for short) is a lipid molecule that is the
main component of pulmonary surfactant in the lung (and also the main component
in many cell membranes). The function of DPPC in the pulmonary surfactant is to
lower the surface tension between water and air in the lung in order to facilitate the
inflation of the lung. To simulate DPPC we have used a coarse-grained model [16]
which consists of 50 particles. The complete molecule can be seen in figure 3.2c.

Cyclohexane
Cyclohexane (C6H12) consists of 6 carbons in a single bonded (aliphatic) ring with
2 hydrogens attached to each carbon. The most common conformation is the chair
conformation which can be seen in figure 3.2b. Cyclohexane [8] has melting temper-
ature 279.62 K and boiling temperature 353.89 K which makes it liquid at similar
temperatures as water. We have modeled cyclohexane as a Lennard-Jones fluid
by coarse-graining the molecule into one single particle. The parametrization was
made to match the bulk density (773.9 kg/m3) and heat of vaporization (33.01
kJ/mol) of cyclohexane and the resulting Lennard-Jones parameters can be found
in table 3.1. This model of the cyclohexane molecule has no electrostatic multipole
moment, and therefore has no explicit Coulomb interactions, only van der Waals
interactions, as was discussed in section 1.2.

3.3 Adding External Forces

In Paper II external forces were added to the systems to correct for the cutoff. In
GROMACS these had to be implemented in the source code before compilation
(the changes are mainly in src/kernel/md.c). A force was added to each atom
in the system and the strength of the force was dependent on the z-position of the
atom relative to the surfaces (see figure 2.5). Here we have added the corrections
to the forces at each time step. We have calculated the positions for the surfaces
at every time step, but depending on how static the system is this can be done less
often.
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3.4 Simulation Errors

The longer a simulation is running, the more reliable the results will become since it
is sampling the mean values of various properties that fluctuate over time. In most
of the simulations in this work we used simulation times of 10–50 ns. The system
sizes were big enough to get reliable results. In the plots where there are error bars,
the errors are the standard deviations obtained from GROMACS output.



Chapter 4

Results and Discussion

The results of the simulations and how they compare to the theory is presented here.
The corrections to the surface tension, system energies and pressures developed in
Paper I can be added during or after the simulation. Here we have added them
after the simulation. The corrections to the forces from Paper II must be added
during the simulation.

4.1 Paper I: Corrections to the Surface Tension

When simulating the systems described in section 3, the value of the surface tension
is too small when using a short cutoff (and when no correction is used). Here we
have simulated the systems with cutoffs ranging from 1 nm to 4 nm and then added
the corrections derived in section 2. These were then compared to simulations using
LJ-PME (equivalent to no cutoff) [20]. The results are shown in figures 4.1–4.5. In
the figures γsim is the uncorrected surface tension calculated in the simulations,
γsim

lsq is a least square fit of the functional form A+ B/r2
c + C/r4

c to the simulated
surface tension and γtail is the tail corrections to the surface tension calculated from
the Taylor expansion in equation 2.10 using the parameters in table 4.1. Table 4.1
shows the parameters used to calculate the corrections from equation 2.10.

The first system is cyclohexane/vacuum. As can be seen in figure 4.1, the added
corrections are not able to compensate for the low surface tension at cutoffs shorter
than 1.6 nm. This is seen by looking at the γsim +γtail-data which, if the correction
were able to compensate for the loss of interactions at low cutoffs, would produce
close to constant data. The data named γsim + γtail

lsq is from corrections fitted to
the simulated surface tension that show what the surface tension would be if the
corrections were able to compensate for the interactions lost outside of the cutoff.
The reason why the corrections are not able to fully compensate for the cutoff is
because when the cutoff is shortened, the interactions become weaker and the effect
of this is similar to increasing the temperature of the system. This in turn results
in differences in density and structure of the system. This difference in density

21
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System (∆ρ)2 × 1020 [J] d [nm] a× 1021 [Nm] b× 1039 [Nm3]
CH/vacuum 2.307 0.50 -27.18 11.18
Water/vacuum 0.562 0.21 -6.62 0.48
CH/water 0.582 0.27 -6.86 0.82
DPPC/water 0.291 0.38 -3.43 0.81

Table 4.1: The values of the dispersion density difference, (∆ρ)2, and the surface
thicknesses, d, calculated from a least square fit of equation 1.9 to the dispersion
densities in Fig. 2.1. a and b are the two first coefficients in a Taylor expansion
of the surface tension, γ(rc) = γ∞ + a/r2

c + b/r4
c , where a = −3π(∆ρ)2/8 and

b = π3(d∆ρ)2/16.

profiles between cutoff 1 nm and LJ-PME is shown in figure 4.2.
When adding our corrections to the simulated values of the surface tension

for a water surface, the resulting surface tension becomes constant. This can be
seen in figure 4.3. The reason why the simulated surface tension is lower than the
experimental surface tension is due to limitations in the TIP4P/2005 model [1, 19].
When comparing this system to the cyclohexane/vacuum-system we do not see the
dramatic changes in density when varying the cutoff. The reasons for this will be
explained further in section 4.3.

If we look at the cyclohexane/water-system, the water is able to compensate
for the density differences in the cyclohexane and reduce most of the effects seen
in the cyclohexane/vacuum-system. The resulting surface tension can be seen in
figure 4.4. The resulting surface tension is still less than the experimental surface
tension and this is again because of other limitations in the molecular models.

When we add our theoretical correction to the surface tension between mem-
brane and water, we see that the correction is too small by a factor 2. This can be
seen in figure 4.5. This is a fairly complex system so it is difficult to find all the
reasons why this is, but part of the problem is structural differences depending on
the cutoff.

A plot of the total potential energy of water can be seen in figure 4.6. We see
that the total potential energy calculated from the simulations is dependent on the
cutoff but when the energy corrections are added the energy becomes constant and
independent of the cutoff.
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Figure 4.1: Surface tension of a cyclohexane/vacuum surface at 300 K. The experi-
mental value of the surface tension is 24.2 mN/m at 300 K [9]. The tail-correction is
γtail = 27.18/r2

c − 11.18/r4
c (see table 4.1) while a least square fit of the simulation

data is γsim
lsq = 29.5−26.9/r2

c +1.0/r4
c (mN/m), where the γtail

lsq is the last two terms
of the fit. The curve labeled 29.5 − γtail shows what the surface tension from the
simulation would be if we take the value of the surface tension (29.5 mN/m) with
no cutoff (r−2

c = 0 nm) and just subtract the corrections. If the corrections worked
as they should for this system, then this curve should match the solid blue line.
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Figure 4.2: The density profile of cyclohexane with 1 nm cutoff and without cutoff.
The system with short cutoff has lower density in the bulk and also has molecules in
the ’vacuum’-part of the system. An explanation of this can be found in section 4.3

0 0.2 0.4 0.6 0.8 1

r
c

-2
[nm

-2
]

60

62

64

66

68

70

72

su
rf

ac
e 

te
n

si
on

 [
m

N
/m

]

11.21.64 1.9 1.12.5 1.3

r
c

[nm]

γ
sim

γ
sim

lsq

68.05 - γ
tail

γ
sim

+ γ
tail

γ
exp

Figure 4.3: Surface tension of a water/vacuum surface at 300 K. The experimental
value of the surface tension is 71.69 mN/m at 300 K [18]. The tail-correction is
γtail = 6.62/r2
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Figure 4.4: Surface tension of a water/cyclohexane surface at 300 K. The experi-
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4.2 Paper II: Corrections to the Forces

The corrections to the forces were added to obtain the same density profiles inde-
pendent of cutoff. This goal was also achieved as can be seen in figure 4.2. The
values of ∆ρII and d can be found in table 4.2. The values for ∆ρII are calculated
from equation 2.15 and the values for d are calculated using a fit of the tanh-profile
in equation 1.9 to ρII in equation 2.15.

System ∆ρII [J/cm3] d [nm]
CH/vacuum 4.437 0.21

Table 4.2: The values of the dispersion density difference, (∆ρII), and the surface
thicknesses, d, calculated from a least square fit of equation 1.9 to the dispersion
densities in equation 2.15.
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Figure 4.7: The density profile of a cyclohexane/vacuum-system with added correc-
tions to the forces. The solid purple line without any corrections is for comparison.
(Compare also with figure 4.2.)

Since the structural problems were most apparent in the cyclohexane/vacuum-
system we will focus on that system. When adding the correcting forces to a
cyclohexane/vacuum-system we get the density profiles seen in figure 4.7. When
looking at this figure we see that the density profiles with corrections are identical
despite the cutoff difference between the simulations. This solves the structural
problems with cyclohexane in Paper I. The reason for this is that when lowering
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the cutoff in the cyclohexane/vacuum-system the interactions holding the system
together will be weaker and the molecules will therefore spread out more, hence
lowering the molecular density. The added forces will have the direction towards
the bulk of the system (see figure 2.5) and will push the system back together. If
the added forces are added to the appropriate particles and have the right strength
they will work against the weakening of the interactions and create an equilibrium
density. These corrections will not correct the surface tension in the simulation
since the long-range corrections to the forces (figure 4.7) are not included in the
virial calculations done in the GROMACS package. Therefore we also have to
add the corrections calculated in Paper I when calculating the surface tension.
The resulting surface tension at different cutoffs with corrections to the forces and
corrections to the surface tension can be seen in figure 4.8.
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Figure 4.8: The surface tension of a cyclohexane/vacuum surface with corrections
added to the forces and to the surface tension. (Compare with figure 4.1.)

When comparing these results with the results in figure 4.1 we see that the values
of the surface tension from the simulation in Paper II is now largely constant and
independent of the cutoff. This indicates that the reason that our hypothesis did
not match the simulations in Paper I were because of the structural changes due
to the cutoff of the vdW-interactions.

4.3 Density Differences and Corrections

We can see in figure 4.7 that there is a big difference in the density of cyclohexane
with and without the addition of the correcting forces at low cutoffs. We do not
see that dramatic change in the density of water. There are two main reasons for
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this. There are stronger electrostatic forces present between water molecules than
between the cyclohexane molecules and they hold the system together even at short
cutoffs. Water is also further from its critical point at 300 K than cyclohexane
which means that lowering the cutoff and hence weakening the interactions will
push cyclohexane to a state similar to increasing the temperature of the system.
This leads to weaker interactions and a molecular system that is not held together
efficiently.

When adding the corrections to the surface tension (Paper I), they will be
able to correct the surface tension in the water/vacuum-system since the den-
sity difference at lower cutoffs is negligible (figure 4.3). But when studying the
cyclohexane/vacuum-system the corrections from Paper I alone will not be able
correct the surface tension since the density difference is large (figure 4.1). At the
same time, only correcting the forces (Paper II) will not be enough since the surface
tension is not calculated from the forces but from the virial theorem. Therefore both
corrections (surface tension and forces) are needed for the cyclohexane/vacuum-
system for short cutoffs.

Since the corrections to the forces (F corr) scale as r−4
c and the corrections to

the surface tension (γtail) as r−2
c , there will be a large enough cutoff where F corr

can be neglected but γtail is still needed.





Chapter 5

Conclusions and Outlook

In this work we have studied dispersion corrections and the impact they have on
different types of systems. We have mainly studied dispersion corrections in two
steps: corrections to the forces acting on every particle at every simulation time
step, and corrections to the surface tension (and energy and pressures) which are
added to the system as a whole after the simulation is completed. For systems with
strong Coulomb-interactions, such as water/vacuum, the corrections to the forces
are not crucial and it is sufficient to add the corrections to the surface tension after
the simulation. Adding the corrections to the surface tension, which are dependent
on the cutoff in the simulation, to such a system will result in the surface tension
being independent of the cutoff. Similar results are shown for adding the corrections
to the total potential energy and pressures.

For systems with no Coulomb-interactions, like cyclohexane/vacuum, the cor-
rections to the forces are highly important. The corrections to the surface tension
can only be applied if the structure of system studied remains more or less the
same, independent of the cutoff (such as the water/vacuum-system). In the case of
cyclohexane the density and the density profile are strongly affected by the shorter
cutoffs and therefore only making corrections to the surface tension (Paper I) will
not have a large enough effect. When the corrections to the forces are added (Paper
II), they compensate for the structural changes, making it possible to add the cor-
rection to the surface tension also when performing simulations with short cutoffs.

In Paper I we saw that the corrections to the surface tension did not produce
a satisfactory result for the DPPC/water-system. Adding corrections to the forces
might solve this issue, which we will investigate further. What speaks for this is that
the tail of DPPC, similar to cyclohexane, consists mostly of carbon and hydrogen
atoms and have no explicit Coulomb-interactions. What speaks against this is that
there are very small visible effects in the density profiles of the DPPC/water-system
due to the cutoff as opposed to the cyclohexane/vacuum-system.
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