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Quantitative Prediction of Oil–Water Interfacial Ten-
sion in Surfactant Systems Using Dissipative Particle
Dynamics†

Rachel L. Hendrikse,∗a Carlos Amadorb, Matthew Daviesb and Mark R. Wilsona

We present a dissipative particle dynamics (DPD) model for surfactants at oil-water interfaces,
parametrised directly against experimental data. The model is applied to pure and mixed systems
of ionic and nonionic surfactants, including sodium dodecyl sulfate (SDS), dodecyldimethylamine
oxide (DDAO), and polyoxyethylene alkyl ethers (CiE j). Our simulations reveal that exceeding the
maximum interfacial packing density can lead to the spontaneous production of micelles from the
interfacial surfactant layer into the bulk. This behaviour, together with our parametrisation scheme,
enables quantitative prediction of interfacial tension as a function of surface concentration in excellent
agreement with experiment. In addition, the model provides access to other interfacial properties
such as maximum surface coverage and interfacial monolayer thickness. Moreover, we show that the
model can be used to investigate synergistic effects in mixed surfactant systems, where combinations
of surfactants yield lower interfacial tensions than either component alone. In particular, simulations
of DDAO and SDS systems demonstrate a lower interfacial tension than the corresponding pure
surfactants. Utilising these results, we propose that these synergistic effects result from a balance
between the intrinsic ability of a surfactant molecule to lower the IFT and its achievable maximum
packing at the interface.

1 Introduction
Surfactants are amphiphilic molecules that serve as primary com-
ponents of cleaning detergents, as well as playing key roles in
industries such as cosmetics1, food2,3, and medicine4,5. Their
widespread industrial uses mean that surfactants have been
the focus of numerous computational6–17 and experimental18–29

studies across the literature. This work includes phase diagram
mapping21,27,29; characterising micellar properties11–14 (e.g.,
size, shape and aggregation number); calculating the critical mi-
celle concentration (CMC)11,12; and rheological studies of surfac-
tant solutions under different conditions22,23,28.

The amphiphilic structure of surfactants drives their adsorption
at interfaces, such as oil/water and air/water boundaries. This
adsorption significantly reduces the surface (or interfacial) ten-
sion. This property is central for their use in cleaning products,
where lower surface tension generally leads to increased wettabil-
ity, and therefore more effective cleaning. A large body of experi-
mental research has been dedicated to determining the interfacial

aDepartment of Chemistry, Durham University, Durham, DH1 3LE, United Kingdom.
E-mail: rachel.hendrikse@durham.ac.uk
bProcter and Gamble, Newcastle Innovation Centre, Whitley Road, Newcastle upon
Tyne, NE12 9BZ, UK.
† Electronic Supplementary Information (ESI) available. See DOI:

tension (IFT)18–20 of a wide variety of surfactants as a function of
their concentration. Other key interfacial properties include the
maximum packing density of surfactants at an interface18–20,24,
where they achieve their maximum reduction in interfacial ten-
sion.

Computational methods, such as molecular dynamics
(MD)9,15,17,30–33, can be used to study the behaviour of surfac-
tants at interfaces. Such approaches can help provide insight into
behaviours that are difficult to determine via experimental means
alone. For example, simulations have been proven to be useful
for determining conformational and orientational behaviour of
molecules at an interface15,30,33, which is particularly difficult to
infer from experiments. Computational approaches can also be
used to make quantitative predictions about IFT as a function of
surfactant surface concentration7,9,15,17,30–32,34, or as a function
of molecular properties such as tail length7,35.

However, highly detailed MD studies are typically limited to
small time and length scales and it is common to pre-assemble
molecules at the interface at the start of the simulation, due to
the prohibitively long time scales in letting molecules adsorb to
the interface naturally. As a result, it can be difficult to deter-
mine properties such as the maximum packing density of surfac-
tants at the interface with high accuracy.9,36 To overcome these
time- and length-scale limitations, coarse-grained approaches are
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frequently employed to study interfacial behaviour, taking advan-
tage of the speed of approaches such as dissipative particle dy-
namics (DPD)6–8,37–44or coarse-grained MD (e.g. models such as
MARTINI44–49).

In this work, we develop a detailed new DPD parametrisation
scheme to study the interfacial behaviour of common surfactants
at oil/water interfaces. We model nonionic, anionic, and zwitteri-
onic surfactants, and address the known problem that surfactants
containing ethylene oxide (EO) units are difficult to parametrise
for DPD simulations50,51 (due to polyethylene oxide being ex-
tremely soluble in water). We use an approach in which EO inter-
actions are parametrised based on a combination of experimental
data, including partitioning behaviour52,53 and infinite dilution
activity coefficients54,55. To model interfacial tension well, it is
also essential to reproduce bulk densities and to account for the
effects of bonding on DPD bead parametrisation. Our approach
takes all these factors into account and yields excellent agreement
with experimental IFT values for pure surfactants at water-oil in-
terfaces. We are also able to study mixed surfactant systems, al-
lowing us to predict synergistic effects, which are experimentally
observed for such systems19,20,25.

2 Dissipative Particle Dynamics (DPD)

2.1 Overview

Dissipative particle dynamics is a coarse-grained modelling
method, where atoms are grouped into ‘beads’, and a single bead
represents several atoms. By bonding beads together, one can rep-
resent large and complex molecules. DPD equilibrates far more
rapidly than traditional MD because of the reduction in the num-
ber of sites and the design of pairwise interaction forces.

DPD beads primarily interact via a soft repulsion, where the
strength of this repulsion is varied to reproduce the correct chem-
ical behaviour of different bead types. This repulsion is referred
to as the conservative force and acts up to a cut-off RC. The con-
servative force takes the form

FC
i j = ai j

(
1−

|ri j|
RC

)
r̂i j, (1)

where ai j is the magnitude of the repulsion, the vector between
beads i and j is calculated as ri j = ri − r j and the unit vector is
defined as r̂i j = ri j/|ri j|. Beyond the cut off RC, the conservative
force FC

i j = 0. We note that this soft interaction potential allows
for larger time steps than traditional MD.

Other forces are included to ensure that beads reproduce the
behaviour of a realistic fluid. The total force acting on bead i is
given by

FT
i = ∑

j
(FC

i j +FR
i j +FD

i j +FE
i j +FB

i j +FA
i j), (2)

where the sum is over all other beads j in the system. FR
i j is the

random force, FD
i j is the dissipative force, and FE

i j is the electro-
static force acting on charged beads. Two additional forces are
included: FB

i j for bond stretching between connected beads and
FA

i j for angle bending on bead triplets, which together enforce
molecular connectivity and stiffness.

The random force introduces thermal fluctuations and is given

by
FR

i j = σω
R(ri j)ζi j r̂i j∆t−1/2, (3)

while the drag force replicates viscous effects in the fluid, and is
calculated as

FD
i j =−γω

D(ri j)(r̂i j ·vi j)r̂i j. (4)

The functions ωD and ωR are weight functions that vanish for
distances above the cut-off distance |ri j| > RC. γ is a friction co-
efficient and σ is the noise amplitude, vi j = vi −v j is the velocity
between beads i and j, ∆t is the time step, and ζi j(t) is a randomly
fluctuating Gaussian variable with zero mean and unit variance.
The weight function used in LAMMPS takes the form

ω
D =

(
1−

|ri j|
RC

)2
. (5)

To satisfy the fluctuation-dissipation theorem, the relationship be-
tween the weight functions must obey56

ω
D = [ωR]2 (6)

and the relationship between the amplitudes is

σ
2 = 2γkBT, (7)

where kB is the Boltzmann constant and T is the temperature. In
this work, we set values for the constants σ = 3 and γ = 4.5 and
choose a time step of ∆t = 0.01.

To model the electrostatic pair potential, we use Slater-type
charge smearing, where the potential UE between two charged
beads i and j is given by

UE =
Γqiq j

4πri j
[1− (1+β

∗ri j)e−2β ∗ri j ] (8)

where qi and q j are the charges, Γ = e2/(kBT ε0εrRC) is a dimen-
sionless electrostatic coupling parameter, and β ∗ is the tuneable
Slater parameter. We set β ∗ = 0.929R−1

C in line with the work
conducted by González-Melchor57 and use εr = 78.2 for water at
room temperature. The long-range interactions are computed by
the particle-particle particle-mesh (PPPM) technique, where we
set the real-space Ewald cutoff as 3.0 RC.

For the bonding forces FB
i j and FA

i j, we use harmonic spring po-
tentials of the following form:

UB
i j = KB(ri j − l0)2, (9)

UA
i jk = KA(θi jk −θ0)

2, (10)

where l0 is the equilibrium bond length, θi jk is the bond angle
between beads i, j and k, and θ0 is an equilibrium angle. The
constants KB and KA define the strength of potentials, which will
be defined in later sections of this article. We note that the usual
1
2 factor is included in KB and KA.

DPD convention means that simulations are conducted in re-
duced (dimensionless) units, where energy is measured in units
of kBT , length is in units of the cut-off radius RC, and mass is
measured in units of the mass of a single DPD bead. Therefore,
in our simulations, we choose standard choices for the reduced
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units setting mass m = 1, the energy as kBT = 1, and the cut-off
distance is set as RC = 1.

We perform all of our simulations using the LAMMPS software
(Version 28 Mar 2023 - Update 1). In LAMMPS, bonded beads
(by default) do not interact with each other through nonbonded
interactions. Although it is possible to alter this through the use of
the ‘special bonds’ setting, we choose to leave the interactions as
their default behaviour. This is an important consideration when
comparing with other DPD studies, as this choice has an impact
on the IFT values calculated.

2.2 Defining DPD parameters

In the DPD framework, one can represent different bead types by
altering the magnitude of repulsion ai j in the conservative force
given in Eq. 1. Therefore, an ai j value needs to be determined
for each bead pairing i and j. One of the ways of defining ai j is
to tune its value to reproduce the correct infinite dilution activity
coefficient (IDAC). This ‘target’ IDAC value can be obtained from
experimental measurements or additional computational meth-
ods, such as using COSMO-RS software. Alternative approaches
include using Flory-Huggins parameters, which are calculated via
experimental solubility parameters8,37.

In DPD, the IDAC (γ∞) of a solute of type A at infinite dilution in
a solvent of type B, can be calculated using the following relation
(where the full derivation is provided in our previous work7),

µ
A
ex −µ

⊖
ex + kBT ln

(
ρB

ρA

)
= kBT lnγ

∞. (11)

where µA
ex is the excess chemical potential of the solution, µ⊖

ex is
the excess chemical potential of pure substance A, and ρA and
ρB are the number densities of A and B. We note that there are
multiple instances in this article in which we discuss the excess
chemical potential associated with moving a single bead from one
solvent to another. Therefore, henceforth we use the following
notation: for a single bead i, the µex of moving that bead from
solvent j to k is denoted as ∆µ i

ex( j → k).

Using Eq. 11 to define ai j requires us to know how the choice of
ai j value relates to a bead’s excess chemical potential. In our pre-
vious work58 we calculated this via a Widom insertion approach.
We showed that for a single solute bead inserted into a solution
of unbonded beads, the relationship between the excess chemical
potential and ai j takes the form

µex =

{
ASa3

i j +BSa2
i j +CSai j, for ai j < 70

DSai j +ES, for ai j ≥ 70
(12)

where we fit our calculated data to determine the constants as
AS = 2.8248× 10−5, BS = −6.391× 10−3 and CS = 0.6396, DS =

0.12443 and ES = 13.843.

In this study, we will also be modelling a solvent of dodecane,
which consists of a series of four bonded beads with bond length
l0 = 0.6 (details of this solvent are provided in more detail in later
sections). In our previous work,58 we showed that the expres-
sion given in Eq. 12 can alter as a result of changes to the sol-
vent. Therefore, we also perform Widom insertion calculations

0 50 100 150 200
aij

0

10

20

30

40

e
x

Single beads (aii = 25): ex =ASa3
ij +BSa2

ij +CSaij

Single beads (aii = 25): ex =DSaij + ES

Bonded beads (aii = 29.4): ex =ABa3
ij +BBa2

ij +CBaij

Bonded beads (aii = 29.4): ex =DBaij + EB

Fig. 1 Excess chemical potential µex calculated via Widom insertion
for beads with different ai j interaction values, where ai j is the interaction
between the solute j and solvent i. The relation is shown for two different
solvents, where one is bonded (red), and the other is unbonded (black),
where the ai j values for the solvent beads are aii = 29.4 and aii = 25,
respectively.

with this alternative bonded solvent. Here, we find a slightly dif-
ferent relationship of the form

µex =

{
ABa3

i j +BBa2
i j +CBai j, for ai j < 80

DBai j +EB, for ai j ≥ 80
(13)

where AB = 3.0234×10−5, BB =−6.4998×10−3 and CB = 0.6350,
DB = 0.13624 and EB = 13.979. Fig. 1 shows the difference be-
tween the two relationships, highlighting that while the differ-
ence is negligible for very low repulsion values, the difference
becomes significant at large ai j.

3 Parameterisation
In this section, we first discuss the coarse-grained mapping cho-
sen for the molecules simulated, then discuss the determination
of ai j for the various bead types used, and finally, the choice of
parameters defining bond and angle potentials.

All ai j bead parameters are determined via matching to exper-
imental data for studies performed at room temperature. The
choice here to match experimental values, rather than alternative
approaches such as using values calculated using COSMO-RS, is
related to a known difficulty using COSMO-based approaches for
parametrising EO groups51,59.

3.1 Coarse-graining and unit conversion

In this paper, we model surfactants at a dodecane-water interface.
We model multiple types of surfactant, including: nonionic poly-
oxyethylene alkyl ether surfactants H(CH2)i(OCH2CH2) jOH (of-
ten abbreviated as CiE j), the anionic surfactant sodium dodecyl
sulfate (SDS), and zwitterionic surfactant dodecyldimethylamine
oxide (DDAO).

To represent the dodecane molecules, we model this as four
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Fig. 2 Coarse-graining used for the surfactant molecules modelled in this
work. Colours represent the different bead types used.

bonded beads of the same type, such that each bead represents
3 carbon atoms. Water is modelled as a single bead representing
a number of water molecules (see below)). We choose to model
dodecane using all one bead type (as opposed to defining the tail
beads separately) as this greatly simplifies setting up the solvent,
and it is unlikely to have much impact on the behaviour.

For the nonionic surfactant, we coarse-grain slightly differently,
such that we have four bead types, which are illustrated in Fig.
2, and are labelled C3T, C3, EO, EOT, i.e. in this case we treat
the end beads as behaving differently to those contained within
the tail or head chain. For SDS and DDAO, we treat the tail in
the same way, also shown in Fig. 2. For SDS, the head group
is represented as a single bead with a net negative charge (−e),
and the sodium counter ion is treated as a single bead with a
net positive charge (+e). Similarly, the head group of DDAO is
represented as a single, neutral bead.

As previously highlighted, DPD simulations are conducted in
reduced units (typically referred to in literature as ‘DPD units’)
such that distances (e.g. simulation box dimensions) are pre-
sented in units of the cut-off RC. It is possible to determine a value
for RC in ‘real’ units to relate our simulations to a real length scale.
We do this by matching the mass density in our simulations to the
experimentally known mass density at room temperature. Typi-
cally it is chosen to match to the density of the water, however,
here we take a slightly different approach.

We choose to set up our simulations such that the bead density
of the coexisting dodecane and water phases are both ρR3

C = 3.
Dodecane is defined as 4 bonded DPD beads. This means that we
can define RC in real units as that which reproduces the correct
density of dodecane at room temperature. Taking the density of
dodecane to be 750 kg/m3, we find RC = 6.56 Å.

We now turn to the density of the water phase. There is no

theoretical reason why a single water bead needs to represent an
integer number of water molecules. Therefore, since the density
of the water phase is related to the number of water molecules
NW a single bead represents (as well as RC), we set the level of
water coarse-graining to reproduce the density of water at room
temperature with the previously determined RC value. We find
the coarse-graining of water to be NW = 3.14.

We can now use our value for RC to choose a bond length (l0)
for dodecane (Eq. 9). Given that C-C-C angles are tetrahedral
(approximately 109.5◦) and that the experimental C-C bond is
1.543 Å60, the separation between three carbon atoms ≈ 3.78 Å.
Therefore we choose to set an equilibrium bond length of 0.6RC

for the beads representing dodecane in our simulation. Since our
surfactant beads shown in Fig. 2 are defined with a very similar
degree of coarse-graining, we choose the same equilibrium bond
length for bonding between surfactant beads.

Having defined the coarse-graining we are now also able to
define a conversion into real units for the interfacial tension cal-
culated. Using that, at room temperature, kBT = 4.11× 10−21 J,
the interfacial tension in DPD units γSim can be converted into real
units by using γ = γSim × kBT/R2

C ≈ γSim ×9.55 mN/m.

3.2 Self-interactions

In our previous work58, we showed that bonding can have an
effect on the density of a solvent, which must be corrected for
when setting the self-interaction to produce the correct partition-
ing. Therefore, we define our self-interactions based on choosing
the values of aii to reproduce the pressure of single-bonded beads,
and hence producing the correct density. For our unbonded wa-
ter beads, we set aW,W = 25, which has a pressure of P = 23.7.
Since we define dodecane using 4 bonded beads with a long
length of l0 = 0.6, we also showed58 that this requires us to set
aDo,Do = 29.4. Since the surfactants we simulate in this work vary
in length, we vary the self-interactions of different surfactants to
reflect this. However, for a given bead interaction, in all surfac-
tants we aim for the same change in chemical potential ∆µex. This
results in slightly different aii values for different CiE j molecules.

The relationship between surfactant length and the self-
interaction is provided in the ESI. We note here that we choose to
simplify, by defining the interaction aC3,C3T to be the same as the
self-interaction, i.e. aC3,C3T ≡ aC3,C3 ≡ aC3T,C3T. We also make a
similar simplification for the head group interactions, saying that
aEOT,EO ≡ aEO,EO ≡ aEOT,EOT.

3.3 Hydrocarbon/water cross-interactions

To set the interaction of the surfactant tail beads with water, and
also dodecane beads with water, we use experimental IDACs.
Theoretically, if one is using IDACs to define an interaction, for
example between beads i and beads j, one could choose from the
IDAC of solute i in solvent j, or could also choose solute j at in-
finite dilution in solvent i. It typically makes sense to choose the
bead which has greater abundance in the simulation to be the
solvent. Given that we expect that the surfactant molecules will
partition into the water and dodecane phases, it makes sense to
define the interaction between the tail beads and the water using
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the infinite dilution of alkanes in water, rather than the other way
around. However, for the water/dodecane interaction, the opti-
mal choice is less clear, which will be discussed in this section.

The experimental infinite dilution activity coefficient of dode-
cane in water is reported as54 lnγ∞ = 21.66. Taking into account
the difference in the molar volume of dodecane and water, this
corresponds to ∆µex = 19.12. Similarly, for hexane at infinite di-
lution in water54 lnγ∞ = 12.87, corresponding to ∆µex = 10.89.
Therefore we find ∆µC3T

ex (C3T→W)= 5.445 and ∆µC3
ex (C3→W)=

4.115. Using these values, along with the expression given in Eq.
12 we can calculate the aC3,W and aC3T,W interactions. However,
due to the fact that we plan to vary the self-interaction as a func-
tion of the length of the surfactant molecule, the exact values of
aC3T,W and aC3,W will differ between different surfactants.

The cross interaction between the water and dodecane could
be set with either the IDAC of water in oil or vice versa. We test
the IFT calculated using both approaches, to determine the most
appropriate choice. From the experimental IDAC of water in alka-
nes of varying length55, we find a value of water in dodecane to
be lnγ∞ = 6.9 for a single water molecule. This means that we
require our water beads to produce ∆µW

ex (W → Do) = 28.8, requir-
ing us to set aW,Do = 198.2. It is clear that this is significantly
different from the values calculated earlier for the infinite dilu-
tion of hydrocarbon in water. We calculate the IFT using both
interaction values to compare (see section 5.2), where we show
that aW,Do = 198.2 produces an IFT value, which is much more
comparable with experimental measurements for the IFT of the
dodecane/water interface. Therefore, we choose to use aW,Do =

198.2 for the water/dodecane interaction value. Even though the
tail and dodecane beads interact differently with water, we still
choose them to interact with each other through the same inter-
action: i.e. aC3T,Do ≡ aC3,Do ≡ aC3T,C3T ≡ aC3,C3 ≡ aC3T,C3.

3.4 EO and EOT cross-interactions

We use a combination of different types of experimental data, in
order to define the remaining interactions for the nonionic sur-
factants: EOT/W, EO/W, EOT/C3, EOT/C3T, EO/C3, EO/C3T,
EOT/dodecane, EO/dodecane. The first simplification we choose
to make is to assume that the head groups interact with any type
of hydrocarbon bead equivalently, that is: aEOT,C3 ≡ aEOT,C3T ≡
aEOT,Do, as well as aEO,C3 ≡ aEO,C3T ≡ aEO,Do. This now leaves
us with just four ai j interactions to determine: EOT/W, EO/W,
EOT/dodecane, EO/dodecane.

There is a distinct lack of experimental data available for
parametrising the interaction of polyethene glycol beads, as dis-
cussed in existing literature50,51, leading to a variety of ap-
proaches from different authors. Since polyethylene glycol (PEG)
is extremely soluble in water61,62 for various PEG chain lengths,
this cannot be used to define the EO/W and EOT/W interactions.
Instead, we use experimental liquid-liquid equilibria data52 for
heptane/diethylene glycol and heptane/triethylene glycol to esti-
mate the EOT/dodecane and EO/dodecane interactions. Follow-
ing this, we can use additional experimental partitioning studies
of short-chain CiE j molecules53 to define the EO/W and EOT/W
interactions.

3.4.1 EOT/dodecane and EO/dodecane interactions

The infinite dilution activity coefficient is calculated as

ln(γ∞) =
∆G∞

mix
RT

(14)

∆G∞

mix is the free energy of mixing at infinite dilution and R is the
universal gas constant. Alternatively, if the solubility of the solute
xsat

solute in the solvent is known, the equation becomes63

ln(γ∞) = ln

(
1

xsat
solute

)
− ∆Hfusion

R

(
1
T
− 1

Tm

)
(15)

where xsat
solute is the mole fraction of the solute at saturation (sol-

ubility), ∆Hfusion is the enthalpy of fusion of the solute, and Tm is
the melting temperature of the pure solute.

The difference in the free energy of mixing between molecule
1 and molecule 2

∆G∞

mix,1 −∆G∞

mix,2 = RT [lnγ
∞
1 − lnγ

∞
2 ] (16)

Using the expression for lnγ∞:

∆G∞

mix,1 −∆G∞

mix,2 = RT ln

(
xsat

solute,2

xsat
solute,1

)

−∆Hfusion,1

(
1
T
− 1

Tm,1

)
+∆Hfusion,2

(
1
T
− 1

Tm,2

)
. (17)

Since T > Tm, we can reduce this expression to

∆G∞

mix,1 −∆G∞

mix,2 = RT ln

(
xsat

solute,2

xsat
solute,1

)
. (18)

Alternatively,

µ1 −µ2 = kBT ln

(
xsat

solute,2

xsat
solute,1

)
, (19)

µ
ex
1 −µ

ex
2 + kBT ln

(
ρ2

ρ1

)
= kBT ln

(
xsat

solute,2

xsat
solute,1

)
. (20)

We use this expression in combination with experimental solubil-
ity values for diethylene glycol and triethylene glycol in heptane,
where solute 1 is diethylene glycol and has x1= 0.002464 and
solute 2 is triethylene glycol with x2=0.000352. This leads us to
calculate

µ
excess
1 −µ

excess
2 ≈−1.74kBT. (21)

Since these two molecules differ by 1 EO unit, we determine
that the excess chemical potential of 1 EO unit in heptane is
∆µEO

ex (EO → Do)≈ 1.74kBT . If we estimate that triethylene glycol
is representative of 2 EOT units, we use the value of the solubility
in heptane and Eq. 17 to estimate ∆µEOT

ex (EOT → Do)≈ 4.1kBT .

3.4.2 EOT/water and EO/water interactions

As already stated, it is difficult to obtain experimental IDAC values
for polyethene glycols (PEG) in water from existing literature,
although the reverse values have been reported (water in PEG),
this would be inappropriate for our simulations.
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Experimental partitioning studies of short-chain CiE j
molecules53 report that the transfer free energy of moving an
ethylene oxide unit from the water phase to the dodecane phase
is 0.655 kcal/mol, corresponding to ∆µEO

ex (W → Do) = 1.1kBT .
Similarly, the cost of moving EOT from water to dode-
cane is ∆µEOT

ex (W → Do) = 9.06kBT . In combination with
the µex values determined in section 3.4.1, we calculate
∆µEO

ex (EO → W) = 0.64kBT and ∆µEOT
ex (EOT → W) =−4.96kBT

A summary of all interactions used in the simulation of CiE j

surfactants in oil and water is given in Table 1.

3.5 SDS and DDAO cross-interaction

We now define interactions for those related to the head groups
of the SDS and DDAO molecules. It has become common in DPD
simulations to define the interaction of charged beads (such as the
SDS head group and counter-ion) to be the same as that of water.
This is due to the fact that charged particles are typically expected
to be surrounded by a number of water hydration molecules when
in aqueous solution. Therefore, at short range, the ions will in-
teract in a similar manner to interactions with pure water. This
is one of the principles we adopt for our SDS parameters. Sim-
ilarly, interaction of the head group with the dodecane is based
on the excess chemical potential of a single water molecule in the
dodecane phase, such that ∆µSO4

ex (SO4 → Do) = 9.17kBT .
We base the interaction of the DDAO head group with water

on the solubility of trimethylamine N-oxide (TMAO) in water,
which has a value of 7.28 mol/kg65 (mole fraction x ≈ 0.116).
From this, we estimate the excess chemical potential (using Eq.
15) of the head group in water, and remove some of the con-
tribution that comes from the additional CH3 group, to calcu-
late ∆µDMAO

ex (DMAO → W) = 0.8kBT . Once again, the interaction
of the head group is defined such that ∆µTMAO

ex (TMAO → Do) =
9.17kBT . Extra discussion about this choice for the TMAO head
group is provided in the ESI.

3.6 Calculating ai j values

In the previous sections, we have described how we determine
the target excess chemical potentials µex for each type of bead.
We also describe in section 2.2, how it is possible to relate this
target µex to the value of ai j which should be set for the DPD sim-
ulations. However, we also demonstrated in our previous work58

that when beads are bonded together, their overlap can lead to
lower excess chemical potential values than the sum of the un-
bonded beads individually. To correct for the overlap, we use a
method described in our previous work58 which accounts for the
overlap by calculating the overlap volume each bonded bead has
with its neighbours. We use an automated script to determine the
ai j values for different molecules, which can be found in the ESI,
along with full details on all of the exact ai j values used for every
simulation case in this work.

3.7 Bonded interactions

The final parameters required for our DPD simulations are related
to the strength of the bonding and angle control. It has been
shown that properties such as the CMC16 can often be dependent

Fig. 3 An example of an initial configuration for our simulations (C12E8
surfactants). Note that in the lower figure we have removed the oil and
water molecules for clarity of observing the surfactant layers. Visualisa-
tion created using VMD 66.

on the strength of the potentials defining the angles and bonds
(Eqs. 9 and 10), as well as the exact choices of the equilibrium
bond length l0 and equilibrium angle θ0.

We define the equilibrium bond length in our simulation based
on the theoretical bond length expected for a molecule in the
trans conformation. For dodecane, this was determined in sec-
tion 3.1 as l0 = 0.6RC, a value that we also use for our surfactant
bonds, which have a comparable degree of coarse-graining. Fol-
lowing our previous works58, we choose to set KB = 5 and KA = 5
in all cases.

We define the equilibrium bond angle θ0 based on reproducing
the correct angle distribution obtained from atomistic molecular
dynamics simulations. This has been performed in other DPD
studies, allowing us to utilise these previous works to define that
for bonds containing primarily EO groups (i.e. EO-EO-EO and C3-
EO-EO bonds) as having θ0 = 135◦ and those containing primarily
C3 groups (i.e. C3-C3-C3 and C3-C3-EO bonds) as having θ0 =

180◦. Details of this investigation can be obtained in the ESI. Note
that we also investigate the sensitivity of our simulations to the
choices for angle parameters, where we investigate the effect of
altering KA = 5 on the calculated IFT. However, we conclude that
there is minimal effect when KA is large enough. Further details
can be obtained in the ESI.

4 Simulation Set-Up and Data Analysis

4.1 Set-Up
The first stage of our simulations involves constructing a simula-
tion box consisting of coexisting oil and water phases. We con-
struct these two phases by populating half of the simulation box
with dodecane molecules and the other with water molecules,
generating random initial placements within these domains. We
then initialise the surfactants at each interface by arranging the
surfactants with their tails primarily in the oil phase, and the head
groups in the water phase. The in-plane placement of molecules
is generated at random. An example of an initial configuration
is illustrated in Fig. 3, where the simulation box has periodic
boundary conditions in every direction.
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Dodecane Water Tail EO (Head) EOT (head)
Dodecane Defined to reproduce - - - -

single bead pressure
Water IDAC of water Defined as 25.0 - - -

in dodecane (single beads)
Tail Set to produce IDAC of dodecane Defined to reproduce - -

∆µC3/C3T
ex (C3/C3T → Do) in water single bead pressure

= 0
EO IDAC of diethylene Transfer free energy Equivalent to Defined to reproduce -

(Head) glycol and triethylene (Water to dodecane) EO/dodecane single bead pressure
glycol in heptane of EO from interaction

CiE j surfactants
EOT IDAC of Transfer free energy Equivalent to Self interaction of EO Defined to

(head) triethylene glycol (Water to dodecane) EOT/dodecane and EOT (which are reproduce single
in heptane of EOT from interaction equivalent) bead pressure

CiE j surfactants

Table 1 Method of defining parameters for simulating CiE j surfactants partitioning into oil and water phases.

Our choice of simulation box size is related to the fact that CiE j

surfactants are expected to form relatively large micelles, rang-
ing from diameters of around 4–7nm67 for the different i and j
used in this work. For C6E j surfactants we use a box with di-
mensions 60RC ×20RC ×20RC, while for C12E j surfactants we use
160RC ×40RC ×40RC. The larger box size for C12E j surfactants is
a reflection of their larger expected micelle sizes. However, we
discuss the effects of the box size (both larger and smaller) in
detail in section 5.2.

4.2 Simulation Analysis

In this section, we define various parameters that will be used
to study the results of our simulations. These parameters in-
clude: interfacial tension, partition coefficient, surfactant mono-
layer thickness, and the maximum packing at the interface (area
per molecule).

4.2.1 Interfacial tension

We construct our simulation box such that Lx = Lz and Lx > Ly,
such that we form our interfaces in the y−z plane. The interfacial
tension γ can be calculated using the following definition

γ =
∫

∞

−∞

[pN − pT]dz (22)

where pN(x) = pxx(x) is the local normal pressure and pT(x) =
pyy(x) = pzz(x) is the local tangential pressure. This approach re-
quires calculation of the local values of pressure tensor compo-
nents for integration over the full box length in the x-dimension.
Alternatively, for a system with two planar interfaces, the surface
tension is related to the macroscopic averages

γ =
Lx

2
[PN −PT] (23)

where PN and PT are macroscopic normal and tangential compo-
nents (average pressure component over the entire box) and Lx

is the length of the simulation box in the direction perpendicular
to the interfaces. Note that the 1

2 factor accounts for the two in-
terfaces in the simulation. We calculate the tangential pressure

component as an average of the components in the y and z direc-
tions.

In section 3.3 we discussed that, theoretically, one could define
the oil/water interaction based on the IDAC of alkane in water or
vice versa. Based on using the IDAC of water in alkane, we calcu-
lated an interaction value of aW,Do = 198.2. In the absence of sur-
factants, we calculate the IFT of a pure water/dodecane system,
where using aW,Do = 198.2 leads to an interfacial tension of 50.1
mN/m. Experimentally, the interfacial tension of water/dodecane
at 25◦ is 52.55 mN/m68, meaning that this choice for aW,Do pro-
vides a good match to experimental results. Alternatively, had we
used the IDAC of hydrocarbon in water, this would have led to an
interaction value of aW,Do = 60.0. For comparison, we calculate
the IFT once again for a pure oil/dodecane system. In this case
we find an IFT of 26.1 mN/m, which is significantly lower than
the experimental value. Therefore we conclude that the oil/water
interaction is best represented using aW,Do = 198.2, and use this
for the remainder of this work.

4.2.2 Partition coefficient

Experiments studying CiE j molecules53 show that CiE j molecules
can move into both the oil and water phases. The partition coeffi-
cient can be used to quantify the separation of the surfactant into
the two phases. The partition coefficient is defined as K

K =
cO

cW (24)

where cO and cW are the concentrations in the oil and water
phases, respectively. In our previous work58, we showed that
we can express the expected partition coefficient K (at infinite
dilution) in terms of the difference between the excess chemical
potential of the partitioning molecule in the two phases

K = exp
(

µW
ex −µO

ex
kBT

)
. (25)
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4.3 Surfactant layer thickness

We define the interfacial thickness of the surfactant monolayers
by fitting a Gaussian distribution to the density profile. This pro-
file takes the form

n(z) = ni exp(−4(z−ζ )2/σ
2) (26)

where σ is the full width at 1/e of the maximum height, and ζ is
the position of the centre of the peak. The thickness can then be
characterised using the fitted σ parameter.

4.3.1 Area per molecule

We can calculate the average area per molecule AS at the interface
by simply calculating

AS =
nS

A
, (27)

where nS is the number of surfactants remaining at the interface
after the equilibration period, and A is the area of the interface in
the y− z plane.

We show that in most of our simulations, when the interface
is overpacked, the interface will ’remove’ surfactants to achieve
an optimal surface coverage (optimal equilibration period, and
A). Note that this calculation is only accurate for interfaces that
remain relatively planar, with minimal undulation. This will be
discussed in detail in our results sections.

5 Nonionic surfactants: CiE j

5.1 Equilibration

To assess whether simulations are fully equilibrated, we monitor
various key parameters as a function of simulation time, observ-
ing: the partitioning, area per molecule at the interface, and in-
terfacial tension (defined in section 4.2). Once these parameters
are no longer changing, indicating that equilibration is complete,
we begin collecting data for analysis.

One of the most notable behaviours during the equilibration
period is that the surface is reluctant to remove the longer tail
(i = 12) surfactants into the bulk water. In these cases, surfac-
tants are only removed into the water in the form of micelles,
and therefore the interface must be monitored to ensure full de-
tachment of micelles is completed (though we note that a small
number of free monomers can be removed into the bulk oil). For
example, Fig. 4 provides an example of how the interfacial con-
centration varies as a function of simulation time for C12E4 sur-
factants compared with C6E4. We observe discrete jumps in the
surface concentration as the micelles are removed from each in-
terface. By comparison, the C6E j surfactants remove multiple,
relatively small micelles and monomers from the interface into
the bulk water, and equilibration is more rapid than for the longer
tail surfactants.

Another behaviour of interest is observed at high initial surface
concentrations: some of the dodecane molecules become solu-
bilised into the water phase, due to entrapment in the micelle
core. This is illustrated in Fig. 5. The uptake of oil into the micel-
lar cores is not surprising, having been the suggested behaviour
in small-angle neutron scattering experiments25 of such systems.

0 10000 20000 30000 40000 50000
Time (DPD units)
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Fig. 4 Equilibration of C12E4 and C6E4 surfactants with an initial surface
density of 3.2 molecules/nm2. Due to the different box sizes used this
corresponds to 550 molecules per interface in the C6E4 case and 2200
for C12E4.

Fig. 5 Slice of a simulation in the x-y plane for C12E6 surfactants with an
initial surface concentration of 3.5 molecules/nm2. The slice is chosen
to cut through the centre of the micelles in the bulk to show the oil
contained in the core. Beads are coloured according to type, where:
tail groups (red), head groups (orange), oil (green), and water (blue).
Visualisation created using VMD 66.
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Surfactant Γ (surfactants/nm2) Area (Å2/surfactant)
C6E2 2.24 44.6
C6E4 1.84 54.4
C6E6 1.73 57.6
C12E4 1.86 53.9
C12E6 1.73 58.0
C12E8 1.63 61.2

Table 2 The final surface concentration Γ of C12E j surfactants at the
oil-water interface, and the corresponding area per surfactant.

5.2 Interfacial tension and maximum packing
As previously discussed, we initialise our simulations by placing
surfactants at the interface, and the surfactants are free to move
into the bulk oil and water during the equilibration period. In
particular, we observe that ‘over-packing’ the dodecane/water in-
terface can lead to micelle formation in the water phase. This is in
contrast to traditional molecular dynamics simulations9, where
such behaviour can rarely be observed on the length and time
scales of atomistic simulations.

In this section, we determine the number of surfactants re-
maining at the interface after the equilibration period, with the
aim of determining the maximum packing of surfactants at the
CMC. We also calculate the interfacial tension as a function of
the surface coverage. Fig. 6 shows the equilibrated surface cov-
erage as a function of the initial surface concentration. For the
C6E j surfactants, there is a clear maximum surface concentration
Γ, above which the surfactants remove themselves into the bulk
water. The surface consistently equilibrates to the same surface
concentration, despite an increase in the initial surface concen-
tration Γ0. Therefore we can calculate the maximum packing of
the surface Γ by averaging the plateau region of the plots. This
maximum packing concentration, along with the corresponding
area per surfactant, is presented in Table 2.

For the longer tail C12E j surfactants, the behaviour is more
complex. The surfactant C12E2 does not remove any molecules
from the interface at all, regardless of the initial surface concen-
tration. This results in highly warped and oscillating interfaces
when the surface concentration is high, and the surface is clearly
overpacked. This is illustrated in Fig. 7. This behaviour is likely
to be because C12E2 surfactants are incapable of forming micelles,
and therefore the surface chooses to overpack rather than remove
individual molecules. This is in agreement with experimental
data, where C12E2 does not form micelles69 at room tempera-
ture. Due to our finite sized simulation box, our simulations are
incapable of forming the liquid crystalline phases in the bulk as
would be experimentally expected.

Surfactants with longer head portions ( j = 4, 6, and 8), all re-
move micelles from the interface when the surface concentration
is high enough. It is worth noting that we sometimes observe that
one surface will remove a larger micelle than the other, and the
values presented in Fig. 6 and Table 2 are averages of the two
surfaces in the simulation. Uneven removal is mostly common
for longer surfactants and will be discussed again in section 5.3
when discussing the monolayer thicknesses.

There exist, however, some intermediate concentrations, which

we propose are unnaturally ’overpacked’ (e.g. C12E4 at approxi-
mately Γ = 2.6 molecules/nm2). That is there appears to be a crit-
ical concentration point, only above which micelles are removed
into the bulk. Following this ‘tipping point’, we once again ob-
serve that the final surface concentration plateaus, and from this
the maximum packing can be determined. At these intermediate
concentrations, the surfaces are highly nonplanar showing signif-
icant oscillation, which is in agreement with the suggestion that
they have surpassed their optimal packing concentration.

We suggest that surfaces overpack themselves at intermediate
surface concentrations because there are not enough excess sur-
factants to remove a whole micelle into the bulk water. This is in
agreement with our previous observation that the surfaces seem
reluctant to remove individual surfactants into the water. There-
fore, the simulation chooses to have an overpacked surface, as op-
posed to an underpacked surface and a micelle in the bulk. This
hypothesis can be confirmed simply by using a larger interface,
which will be discussed in section 5.4.

The IFT and packing of the nonionic surfactants have been
studied experimentally as a function of the length of the tail and
head portions of the surfactant, as well as the type of alkane oil
used. Sottmann et al.24 showed the area per surfactant at the
water-oil interface is independent of the length of the alkyl chain
of the surfactant, which is in good agreement with our simulated
values presented in Table 2. Sottmann et al.24 also suggest that
the area per surfactant can be described by experimental fitting
as ac = 29.3+6.2 j (Å2), where j is the length of the head group.
We note that this fit is obtained primarily by fitting surfactants
with shorter head groups ( j ≤ 5), and also note that there is quite
a lot of variation between different studies18,70–72 owing to the
difficulty in determining the packing of surfactants at the inter-
face. However, our simulated results are in agreement with the
conclusion that the area per surfactant increases with increasing
head group length, and the absolute values of area are roughly
in agreement with experimental data18,24,70–72. Finally, we note
here that our results are in excellent agreement with molecular
dynamics simulations reporting the IFT for C12E6 at increasing
surface concentration at the dodecane/water interface17.

The minimum IFT achievable is extremely difficult to accu-
rately measure experimentally, owing to the fact that for CiE j

surfactants it is typically measured to be extremely close to
zero18,70,72,73. Fig. 8 shows the interfacial tension calculated
in our simulations, as a function of the initial surface concentra-
tion. We observe that there is a drop in the IFT with increas-
ing surface concentration, until the IFT plateaus at the point it
reaches its maximum surface coverage and begins to remove sur-
factants from the interface. This minimum IFT is lower for the
C12E j surfactants than it is for the C6E j surfactants. In each case,
the plateau of the interface is used to calculate a value for the IFT
at maximum packing, and these values are given in Table 3.

It is important to note that for some of the data points in Fig.
8 the use of Eq. 23 is strictly speaking not valid, due to the fact
that the interface is not always planar. However, we only use IFT
data corresponding to the plateaus in Fig. 6 to calculate the IFT
values presented in Table 3 (i.e. the region in which we expect
the interface to be planar). An exception to this is for C12E2 where
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Fig. 6 The final surface concentration Γ of surfactants at the oil-water interface after an equilibration period, as a function of the initial, preassembled
surface concentration Γ0. Note the box size used for C6E j surfactants is 60RC ×20RC ×20RC, while for C12E j surfactants is 160RC ×40RC ×40RC.

Fig. 7 An illustration of the distortion exhibited by overpacked C12E2
interfaces at two initial concentrations: Γ0 = 2.3 molecules/nm2 (top)
and Γ0 = 3.5 molecules/nm2 (bottom). Note that we have removed the
oil and water molecules for clarity. Visualisation created using VMD 66.

Surfactant IFT (mN/m)
C6E2 2.79
C6E4 4.70
C6E6 2.82
C12E2 -0.29
C12E4 0.60
C12E6 -0.42
C12E8 -0.35

Table 3 Minimum IFT for various surfactants as determined from Fig. 8.
Note, we see some small fluctuations in IFT within the plateau regions
of the curves in Fig. 8 of the order of 1 mN/m.

we observe no plateau, so we use IFT for data with initial surface
concentrations Γ0 ≥ 2.5 molecules/nm2.

We observe in Table 3 that several of the values are below 0,
and thus represent unphysical IFT values. For C12E2 we have dis-
cussed how the data points used do not correspond to planar in-
terface values, so this is not unexpected. For C12E6 and C12E8,
the actual IFT is likely to be extremely close to zero, and we at-
tribute the fact that γCMC < 0 to the fact that there is a reasonable
amount of uncertainty in our measurement due to small fluctu-
ations in the predicted optimal surface coverage at CMC. As al-
ready highlighted there is a degree of fluctuation in the size of
the micelle removed from the surface, which could explain the
slight dip below zero in the IFT.

5.3 Surfactant layer thickness

There is limited experimental data available detailing the thick-
ness of surfactant layers at oil-water interfaces. When surfactants
adsorb at air-water interfaces, the interfacial thickness is typically
measured by small-angle neutron scattering measurements74,75.
However, this is more difficult for oil-water interfaces due to dif-
ficulties in creating a thin enough layer of either the oil or water
for penetration of the neutron beam25,76. Therefore, simulations
can be of significant use in studying this property.

Examples of density variation across the simulation box are il-
lustrated in the ESI (Fig. S5). We calculate the surfactant layer
thickness in each simulation case, as defined using Eq. 26, and is
shown in Fig. 9. Note that when the surface is significantly over-
packed (see Fig S5b), the surface becomes non-planar and fitting
a Gaussian distribution to the surfactant density at the surface
becomes impossible. Data points where a Gaussian distribution
could not be adequately fitted are omitted. We also exclude from
this plot data points which are calculated for when we know the
surface is overpacked, and thus isn’t expected to be a realistic
measurement, however, these values are included in the ESI for
reader interest.

We observe an increase in the thickness of the layer with an
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Fig. 8 The final surface concentration Γ of surfactants at the oil-water interface after an equilibration period, as a function of the initial, preassembled
surface concentration Γ0. Note the box size used for C6E j surfactants is 60RC ×20RC ×20RC, while for C12E j surfactants is 160RC ×40RC ×40RC.
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Fig. 9 Calculated layer thickness as a function of the initial surface concentration. Note that certain data points are omitted as explained in the main
text. At the lower end of concentration, the relation is fit using a 2nd order polynomial (where the exact fitted functions are available in the ESI),
and the upper plateau is used to calculate the layer thickness at CMC.
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Surfactant Thickness (nm)
C6E2 1.80
C6E4 1.85
C6E6 2.12
C12E4 3.22
C12E6 3.53
C12E8 3.92

Table 4 Average thickness of surfactant layers at the CMC as determined
from Fig. 9.

increasing number of surfactants at the interface. At lower con-
centrations there is a polynomal trend in the thickness vs. con-
centration relationship. Therefore we note that it is likely possible
for one to determine the optimal maximum packing of the inter-
facial layer by studying the point at which the thickness of the
layer deviates from the trends shown in Fig. 9.

When we increase the number of surfactants initially placed at
the interface, the surface density plateaus following the removal
of surfactants into the bulk, and therefore, we observe that there
is also an approximate plateau in the thickness of the interface.
The thickness of the interface at maximum packing is presented
in Table 4.

We note that this plateau is fairly clear for the shorter surfac-
tants (i = 6), but is less so for those that are longer (i = 12).
We attribute this partially to the uneven manner in which surfac-
tants are removed from the interface as the surfactant increases
in length, as highlighted in section 5.2. It is not always the case
that the two interfaces in the system equilibrate to the same pack-
ing. The values presented in Fig. 9 are an average of the two
interfaces, however the width can vary significantly between the
two. For example, the final surface concentration of the two inter-
faces for C12E8 (when the initial Γ0 = 3.2molecules/nm2) are 1.58
and 1.75 molecules/nm2. However, this results in correspond-
ing thicknesses of 3.2 and 6.3, respectively. We believe this un-
evenness is more reflected in the plots of the interface thickness
compared with the maximum packing, because of the nonlinear
relationship between the concentration and the thickness.

Finally, we note that we observe the hydrocarbon tails of the
surfactants are perpendicularly oriented to the interface, in agree-
ment with other works77. This is in contrast to our observations
of surfactants at air/water interfaces in our previous work78, and
this orientational change is reflected in the increased thickness of
the interfacial layer when compared to air/water interfaces.

5.4 Effect of box size on IFT, maximum packing, and layer
thickness

It was discussed in section 5.2 that we expect the interface size
of 40RC × 40RC is not large enough to allow micelle removal in
some cases. For our C6E j surfactants, we used an interface size
of 20RC × 20RC, which proved to be sufficiently large for these
surfactants given their smaller micelle sizes. For the C12E j surfac-
tants, we chose to use a larger interface of 40RC × 40RC, due to
our correct prediction that the micelles would be larger. However,
as the simulations seem unable to remove surfactants from the

Fig. 10 C12E4 surfactants with an initial surface coverage 2.6
molecules/nm2, with an increased box size of 160RC ×60RC ×60RC. Vi-
sualisation created using VMD 66.

interface unless it can produce a minimum micelle size, we now
test the effect of a large interface on one of our simulation cases:
C12E4 surfactants at a surface coverage of 2.6 molecules/nm2.
From our existing simulations in Fig. 6, we can estimate the min-
imum micelle size for this surfactant type, and this leads us to
estimate that a box size 160RC × 60RC × 60RC should lead to a
large enough interface size for micelle removal.

Fig. 10 shows micelle removal from the interface into the bulk
at this larger interface, confirming our hypothesis about the ef-
fects of box size. For comparison, the results from the original
box dimensions are shown in Fig. S5, where the surface morphs
instead of removing micelles into the bulk water. In this larger
simulation, we calculate an IFT value of 0.07 mN/m and a fi-
nal surface coverage of 1.88 molecules/nm2, which is in excellent
agreement with what is predicted from our results in Table 2.

We further investigate the effects of box size on our simulations
of C12E j surfactants by performing a variety of simulations at the
reduced box size 60RC × 20RC × 20RC. We find that we observe
limited/no surfactant removal into the bulk in these smaller sim-
ulations, due to the effects discussed in this section. However,
we find that the IFT calculated at a particular surface coverage is
independent of the box size. This means that when there is no
expected micelle removal from the interface (due to the simula-
tions being initialised at a surface concentration which is below
the expected maximum packing) there is no effect on the IFT. In
summary, box size effects are only observed due to the different
behaviours associated with micelle removal. More details about
this study can be found in the ESI.

5.5 Partitioning
Partitioning experiments on short-chain CiE j molecules53 show
that CiE j molecules can move into both the oil and water phases,
with a partition coefficient K which depends on the length of the
head ( j) and tail (i) portions of the surfactant. For short-chain
surfactants, there is normally a preference to partition into the
water, while as the length of the hydrocarbon portion grows the
preference shifts to the oil phase (see Table 5). It is important to
note that the experiments highlighted are conducted in the pre-
cmc regime. At higher concentrations, surfactants are capable of
forming micelles (or reverse micelles), and the partition coeffi-
cient will alter due to this aggregation. Micelle formation results
in the shielding of the surfactant tails, making the water phase
more attractive than when the monomers are free.

This is behaviour that we observe in our simulations. For ex-
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Surfactant lnK Surfactant lnK
C4E2 -2.7053 C12E2 ≈ 8a 18

C5E2 -1.3953 C12E3 ≈ 7a 18

C4E4 -4.9153 C12E4 ≈ 6a 18

C5E4 -3.5653 C12E5 6.0b 70

C10E4 3.4726 C12E6 3.4226

Table 5 A selection of experimental partitioning values K (where K is
defined in Eq. 24). Note that values labelled (a) are taken for wa-
ter/hexadecane and (b) for water/hexane. All other values taken for
water/dodecane systems.
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Fig. 11 The partitioning behaviour of C12E4 surfactants between the oil
and water phases. Note that concentration is plotted using the ‘symlog’
scale in Matplotlib that combines both linear and logarithmic scaling,
behaving linearly for small values (including zeros) and transitioning to a
logarithmic scale for larger values.

ample Fig. 11 shows the concentrations of surfactants in the bulk
oil and water phases as a function of the initial surface concen-
tration. We observe that at high enough system concentration,
single surfactant molecules will remove themselves into the bulk
oil, which is expected to be the preferred phase based off the par-
titioning values shown in Table 5. However, when the surface
concentration is high enough that micelles can form in the water,
there is a dramatic jump in the concentration in the water phase.
To calculate an exact value for the partition coefficient to compare
with experiments, our simulations should have concentrations in
the bulk water and oil phases that are below the CMC concen-
tration. However, for our surfactants with longer hydrocarbon
chains, this becomes unrealistic on the length scale of our simu-
lations. For example, surfactant C6E4 has an experimental CMC
of 109 mM79 while for C12E4 the CMC is several orders of magni-
tudes smaller, at around 0.1 mM80. This concentration is unob-
tainable, and for example, the removal of just a single surfactant
into the water bulk would generally put the surfactant concentra-
tion above the CMC for all of the C12E j surfactants modelled in
this work.

To calculate the partition coefficient, we also need to have a
suitable number of surfactants in both the water and oil phases
for a precise calculation (and as stated, without having a concen-
tration in the water phase which is above the CMC). Due to the
difficulties in achieving bulk concentrations in this narrow range
of concentrations (due to our finite simulation box), we approach
the calculation of partitioning slightly differently from our previ-

ous simulations.
Equation 25 highlights that the partitioning at infinite dilu-

tion is only dependent on the excess chemical potential of the
surfactant molecule in the water phase and the oil phase. This
means the partitioning is related to the interaction parameters be-
tween the surfactant beads and the oil, and the surfactant beads
and the water, as opposed to the self-interaction parameters be-
tween the surfactant molecules themselves. One way to encour-
age more molecules to move into the bulk phase (and discourage
micelle formation) is to increase the value of the ai j parameters
between the surfactant molecules. While this produces unrealistic
behaviour, particularly if one is interested in calculating proper-
ties such as the maximum packing, IFT, or micellar behaviour,
it should, importantly, have no impact on the partitioning be-
haviour, except making it easier to calculate. Therefore, this is
the approach we take to determine the partitioning K of a couple
of test surfactants as a means to check that their interaction with
the oil and water phases is accurate.

We increase the self-interactions between the surfactants to
ai j = 100 (see ESI for a list of interactions this applies to). We
calculate the partitioning value K at infinite dilution by varying
the number of surfactants placed at the interface of the box and
extrapolating to infinite dilution to calculate K. We perform this
calculation on surfactant types C6E4, and C12E6. These surfac-
tants are selected as they represent two different partitioning be-
haviours (preference for water vs. oil, as illustrated by the exper-
imental data in Table. 5), while having small enough K values to
be calculable in a simulation.

We find that increasing the self interaction values greatly in-
creases the number of surfactant molecules in the bulk oil and
water phases as expected. This allows us to calculate partition
coefficients for C6E4 and C12E6 as lnK = −2.8 and lnK = 4.0, re-
spectively. We extrapolate the experimental data in Table 5, to say
that the expected values are lnK ≈ −2.1 and lnK = 3.4, meaning
the partitioning behaviour in our simulations are in reasonable
agreement with experimental expectations. We note that there
is a high degree of uncertainty in our calculation of the partition
coefficient, due to the relatively low concentration in each of the
bulk phases (even with the changes made to the self-interaction
values). Note that further details about this calculation, including
the procedure for extrapolation to infinite dilution can be found
in the ESI.

6 Ionic surfactants: SDS and DDAO
In this section, we simulate anionic surfactant sodium dodecyl
sulfate (SDS), and zwitterionic surfactant dodecyldimethylamine
oxide (DDAO). We simulate each surfactant at the dodecane-
water interface individually in their pure form, and also simulate
a mixed system containing DDAO and SDS at a 50:50 molar ratio.

Experimental measurements report a synergistic effect between
SDS and DDAO19,20, in which the CMC and minimum surface
tension of mixed SDS/DDAO solutions is lower when compared
to either pure surfactant solution. This effect is reported to be
greatest at a surfactant ratio of 50:5019. In this section, we also
investigate whether these synergistic effects are reproducible in
our DPD predictions for interfacial tension.
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Fig. 12 Results for charged surfactants in our initial test box size of
160RC ×40RC ×40RC. Figs show the final surface concentration Γ (top)
and IFT (bottom) as a function of the initial surface concentration Γ0
for SDS, DDAO and a 50:50 mixture of SDS and DDAO.

6.1 Initial testing
For our initial simulations, we choose to use a box with dimen-
sions 160RC × 40RC × 40RC, in line with our choice for nonionic
surfactants in the previous section. A plot showing the interfacial
concentration and IFT in this study is shown in Fig. 12. The re-
lationship we observe between surface concentration Γ and IFT
for pure SDS compares extremely well with results obtained from
other DPD studies and MARTINI calculations44,49.

At higher concentrations, similarly to our nonionic study, we
observe that overpacking the interface with SDS molecules leads
to micelle removal from the interface (into the bulk water) such
that the concentration at the interface becomes independent of
the initial surfactant concentration. The behaviour of overpacked
interfaces with DDAO is somewhat different to SDS, as the DDAO
molecules prefer to move into the oil phase as opposed to the
water. We wish to note that we confirm that this behaviour is
not because DDAO is incapable of forming micelles (see ESI for
more information), but rather, is because DDAO has a lower ex-
cess chemical potential in the oil phase as opposed to the water

Fig. 13 An illustration of the movement of DDAO (top) and SDS (bot-
tom) molecules into the bulk water and oil phases. Note that we have
removed the oil and water molecules for clarity, however the oil and wa-
ter placement is the same as that shown in Fig. 3. Beads are coloured
according to type: tail (red), DDAO head (blue), SDS head (green) and
SDS counterion (purple). Visualisation created using VMD 66.

Surfactant Γ Area IFT
(surfactants/nm2) (Å2/surfactant) (mN/m)

SDS 2.08 48.1 1.20
DDAO 2.61 38.3 4.60

50:50 mix 2.45 40.9 0.883

Table 6 Minimum IFT and maximum packing at the interface from the
plateau’s observed in Fig. 13, where simulations are conducted in simu-
lations with dimensions 160RC ×40RC ×40RC.

phase. Both of these partitioning behaviours are illustrated in Fig.
13.

Similarly to previously, we obtain the minimum IFT and maxi-
mum packing at the interface from the plateau’s observed in Fig.
13, and these values are given in Table 6. The density of surfac-
tants at the interface is higher for DDAO than SDS, as a result of
no net charges on its head group, which is the limitation on max-
imum packing for SDS molecules. We observe that there is very
little difference between the minimum IFT of pure SDS and the
mixed surfactant case, where both minimum IFT values are close
to zero, making them difficult to distinguish. However, we now
discuss the effects of simulation box size, which are found to be
more significant when simulating these surfactants.

6.2 Effects of box size
In our nonionic surfactant study, we observed that there were lim-
ited finite size effects related to the box size, as long as the initial
density of the interface was high enough such that there were
enough excess molecules allowing micelles to be removed from
the interface. However, in this study, we observe that there are
significant finite size effects for simulations of SDS, which result
from the high concentration of ions in the bulk water. Similarly,
DDAO also exhibits a box size dependence due to the relatively
high concentration of DDAO in the oil phase. In an experimental
system, the concentration of surfactants in the bulk would be rel-
atively low owing to the significantly larger bulk volume. There-
fore, we aim to extrapolate to a theoretically infinite volume, to
find more accurate values for the maximum packing and IFT than
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Surfactant Γ Area IFT
(surfactants/nm2) (Å2/surfactant) (mN/m)

SDS 1.94 51.4 4.51
DDAO 2.57 38.9 11.61

50:50 mix 2.34 42.7 1.07

Table 7 Minimum IFT and maximum packing at the interface from ex-
trapolation to an infinite length box Lx → ∞ in Fig. 14, where simulations
are conducted in simulations with dimensions LxRC ×20RC ×20RC.

those presented in Table 6.
To calculate the minimum IFT and maximum packing of sur-

factants at the interface, we perform a study in which we cal-
culate γ and Γ as a function of increasing box length Lx, effec-
tively lowering the ion/DDAO concentrations in the respective
bulk phases while keeping the interface the same size. For this
to be computationally feasible, we simulate in a box with dimen-
sions 20RC×20RC in the y−z plane, reducing the size of the inter-
face such that we can increase the length of the box more easily.
We focus our efforts on studying systems where the number of
surfactants at the interface has exceeded maximum packing, due
to the computational effort that would be involved in such a study
for every Γ0. Therefore we can calculate the maximum packing
and minimum IFT, by fitting our data as a function of Lx and ex-
trapolating Lx → ∞.

For our fitting, we propose that the surface concentration Γ ∝ NI

where NI is the number of ions at the surface. We also propose
that NI ∝ 1/VB, where VB is the volume of the bulk. Therefore,
our data is fit with a function of the form

Γ = Γ∞ +
A
Lx

(28)

where Γ is the final surface concentration, Γ∞ is a fitted constant
representing the surface concentration at infinite bulk size, A is
a fitted constant, and Lx is the length of the box used in the
simulation. We find our simulations exhibit an inverse relation-
ship between the interfacial tension and surface concentration i.e.
γ ∝ 1/Γ. Therefore, for the IFT at maximum packing, we fit a
function where

γ =
1

1
γ∞

+ B
Lx

=
γ∞Lx

Lx +Bγ∞

(29)

where γ∞ is a fitted constant representing the IFT at infinite bulk
size, and B is a fitted constant.

The results of this study are shown in Figs 14, where Eqs. 28
and 29 are shown to be reasonable expressions to represent Γ and
γ as a function of box length. The maximum packing and mini-
mum IFT value obtained from these fits are presented in Table
7. We see that the final estimate for the maximum packing Γ is
lower and therefore the estimate for the lowest interfacial tension
increases, compared to the results from the single box size shown
in Table 6.

The maximum packing for SDS surfactants at water/dodecane
interfaces is experimentally reported as an area per molecule
≈ 50−57 Å2 81,82. There is comparatively less experimental data
available for DDAO systems compared to SDS. However, DDAO
at the hexane–water interface is reported as having a maximum
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Fig. 14 Results for charged surfactants in simulation box size of LxRC ×
20RC × 20RC, where we extrapolate to an infinite length box Lx → ∞.
Figs show the final surface concentration Γ (top) and IFT (bottom) as
a function of the box length Lx. The initial surface concentrations Γ0
are different for each surfactant, and are chosen based on their expected
maximum packing, where we use: 4.07 (DDAO), 2.32 (SDS), and 3.49
(DDAO:SDS mixture) molecules/nm2.

packing corresponding to 43 Å2/molecule83, which we expect to
be comparable to water/dodecane. Therefore, the results in Ta-
ble 7 are in good agreement with the experimental data for pure
systems. The maximum packing of the SDS:DDAO mixture falls
somewhere in between that for pure SDS and pure DDAO. How-
ever, the minimum IFT achieved is much lower. This will be dis-
cussed in more detail in the following section.

6.3 DDAO/SDS synergistic effects
In experimental studies19, the lower surface tension of
SDS:DDAO mixtures is suggested to result from an enhanced ad-
sorption of the surfactants at the interface, resulting in a smaller
average area per molecule. This enhanced packing has been hy-
pothesised to be due to an electrostatic and steric dilution effect,
which results from positive interactions between the surfactants.
However, we note that our DDAO:SDS mixed system exhibits
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Fig. 15 A mixed 50:50 system of DDAO and SDS. Note that we have
removed the oil, ion and water molecules for clarity. Beads are coloured
according to type: tail (red), DDAO head (blue) and SDS head (green).
Visualisation created using VMD 66.

the same synergistic behaviour, even though we do not predict
greater interfacial packing of the mixed case compared to both
pure cases. We see a greater packing compared to SDS but not
compared to DDAO.

The maximum ability of a surfactant to lower the interfacial
tension can be considered to be a combination of two things: how
well a single surfactant molecule lowers the IFT (or IFT lowered
per surfactant at the interface); and also the maximum packing
that can be achieved by that surfactant i.e more surfactants also
mean lower IFT. Therefore, we propose that we observe a greater
reduction in IFT for the mixed system due to a combination of the
more effective lowering of the interfacial tension by SDS, while a
greater packing potential of DDAO.

We now consider the parameters that influence the change in
the IFT per surfactant and also which influence the maximum
packing. We concentrate on the effects of: the hydrophobicity
of the head group; the self-repulsion between head groups; and
electrostatic effects between the head group and the counterions.

One possibility is that SDS is better at lowering the IFT than
DDAO is because its head group is more hydrophilic. This in-
creased hydrophilicity is to be expected, if one considers the hy-
drogen bonding each head group exhibits with the water. The
number of hydrogen bonds a molecule forms is closely related
to its hydrophilicity (though not necessarily directly related), as
hydrogen bonding is one of the key interactions facilitating a
molecule’s solubility in water. The number of hydrogen bonds
formed by the SDS head group is expected to be much larger
than that of DDAO, due to its significantly larger dipole moment.
In bulk water, the average number of hydrogen bonds per water
molecule is typically calculated (using molecular dynamics simu-
lations) to be around 3.313,14,84. By comparison, the number of
hydrogen bonds per head group for SDS is calculated to be 5.514

and for DDAO is 2.113. These estimates are in agreement with
the head-water interactions we have assigned for our SDS and
DDAO molecules.

We can easily check the impact of the hydrophilicity on the IFT,
by simulating DDAO with a head-water interaction comparable to
that of SDS-water (see ESI for full details of these simulations).
We find, however, that the decrease in IFT per molecule is rela-
tively similar to DDAO with its original head-water interaction.
However, we find that the maximum packing increases, and this
leads to an enhanced reduction in the IFT. Therefore, the greater
effectiveness of SDS for lowering the IFT per molecule is indi-
cated to not be due to the hydrophilicity, but due to electrostatic
effects between head groups and counterions.

Despite the increased effectiveness of the SDS head group for
lowering the IFT, the packing of SDS is limited by the fact that the
head groups are repulsive to each other. In contrast, the neutral
DDAO head groups have a lower net self-repulsion, leading to in-
creased packing ability at the surface. Combining the effects dis-
cussed leads to the suggestion that an optimal balance of SDS and
DDAO at the interface results from a balance of the effectiveness
of a surfactant at lowering the IFT (where SDS is most effective),
while achieving a high maximum packing (where DDAO is most
effective).

Conclusions and Future Research
In this article, we have developed DPD parametrisations for mod-
elling surfactants at the water/dodecane interface. Our results
show good agreement with the available experimental data, and
allow us to provide insight into systems that can be difficult to
study experimentally. For example, as well as making accurate
predictions about the interfacial tension, we can easily study the
packing and thickness of surfactant layers at the oil/water inter-
face, and the phenomenon of the uptake of oil into micelles allow-
ing the solubility of oil into the water phases. We can also eas-
ily investigate the origin of synergistic effects of mixed systems,
which we show results from a balance of surfactant properties.

There are some aspects of our simulations that might be inter-
esting for further investigation. For example, simulations have
shown that the effective dielectric constant of water at interfaces
is considerably lower than its bulk value85, which can be at-
tributed to reduced dipolar fluctuations at the alkane/water in-
terface in comparison with the bulk86,87. It is difficult to assign
an accurate dielectric constant in DPD simulations because the
effective dielectric constant varies across the water/dodecane in-
terface. Therefore, as here, it is usual to simply assign a constant
background dielectric which represents that of bulk water. How-
ever, we note this could potentially be a source of systematic error
in these type of simulations. It would therefore be interesting to
incorporate a polarisable water model, such as one of those de-
veloped in our previous work88, to see if this alters the behaviour
of surfactants at interfaces in this study. In particular, the use of a
polarisable water model may influence the behaviour of the coun-
terions, which, as we demonstrate here, can influence the packing
of SDS molecules at the interface.

A further issue to note is that our study shows that finite-size
effects are non-negligible. Dealing fully with these, by moving to
large simulations, is certainly possible. However, this adds com-
putational cost, making this approach considerably more time-
consuming for computational screening.

We also note that in this article, we have primarily focussed on
IFT calculations and surfactant behaviour at interfaces, including
surfactant removal into the bulk. However, a further study utilis-
ing this model could be performed to investigate micelle forma-
tion, including micelles in the presence of oil. It has been shown
that the presence of oil can sometimes lead to smaller micelles for
C12E j surfactants89, and this model would be perfect for such a
study.

Finally, the methodology used in this work could be easily ex-
tended to other surfactants or oil systems, where one could obtain
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the chemical potentials required for defining the DPD parameters
from experimental studies (as we have done in this work) or via
another simulation method such as COSMO-RS, as employed in
our previous work78.
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