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Abstract. This paper briefly reviews simufations of a simple mode! oil/water/surfactant system.
The mode! describes only the most charactersstic elements of oil/water/surfactant mixtures: oil
and water do not mix, and a surfactant is an amphiphilic molecule; one side of the molecule
likes oil more than water, and the other side likes water more than ofl. Molecular dynamics
simulations have been performed on this simple model to study the effects of surfactant chain
length on the oil/water interfacial tension, the relation between micellar shape and surfactant
structure, and the solubilization of an oil droplet in an aqueous micellar solution.

1. Introduction

A surfactant consists of a hydrophobic fragment chemically connected to a hydrophilic one.
The amphiphilic nature of such molecules gives surfactants their unique properties. For
example, when added to water, surfactants reduce the surface tension and solubilize oil [1].
Besides their practical applications, surfactanis are also of fundamental interest as model
systems for the study of self-assembly.

Despite significant experimental and theoretical work, many aspects of surfactant self-
assembly remain poorly understood on the molecular level. Even for the simplest structures,
micelles in water, elementary questions such as the extent of water penetration into the core
of a micelle [2], the nature of the hydrocarbon/water interface [32], the types of interaction
essential for the formation of micelles [4], and the gualitative molecular structure of a
micelle remain unanswered. In this short review of our work, we describe the use of
computer simulations in addressing qualitative aspects of these complex systems.

From a melecular simulation point of view, surfactant dynamics are extremely difficult
to study. This becomes clear if we consider that it is estimated to take 10~2-10~2 s for
a surfactant to leave or enter a micelle, and 1072-1 s for the breakup of a micelle [5). I
we recall that a computer simulation, using the molecular dynamics technique, is limited to
several nanoseconds [6], it becomes obvious that drastic assumptions have to be made to
study the self-assembly of micelles,

There have been two approaches to studying micelles. (1) Using a realistic model
of water and surfactant molecules, a micelle is constructed a priori, and its evolution is
studied [7-12]. These simulations yield important information on the detailed structure and
dynamics within a micelle, but cannot be used, at present, to study the seif-assembly of
micelles [13]). {2) Using a very simple oil/water/surfactant model, one tries to simulate the
self-assembly of surfactants into micelles or different structures. In this work, we focus on
the second approach. Using such an approach, it was possible to observe the self-assembly
process of micelles [14, 15], vesicles [16], and the solubilization of an oil droplet [17].
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2. A simple oil/water/surfactant model

An important question one has to answer before one can construct a simple model of an
oil/water/surfactant system is as follows: what features of this system are responsible for
the characteristic behaviour as observed experimentally for these systems? Widom and
co-workers were among the first to address this question [18]. Two simple observations
constituted their starting point: oil and water do not mix, and a surfactant is an amphiphilic
molecule. Continuum models, based on the Widom model, have been developed by
Stillinger [19], Telo da Gama and Gubbins [20], and Wu et al [21].
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W}OO Figure 1. Schematic drawing of the oil/water/surfactant model.

The present model uses the same ingredients as the Widom model. The existence of
four types of particles is assumed: o particles, w particles, h particles, and t particles.
These particles are used to model three types of molecule, namely oil molecules, water
molecules and surfactant molecules. An oil molecule consists of a single o particle, and a
water molecule consists of a single w particle. A surfactant molecule is made up of one or
more t particles and one or more h particles; these are joined together by harmonic springs.
The four types of particle interact with truncated and shifted Lennard-Jones potentials with
energy parameter €;;, distance parameter o;;, and cut-off radius Rf;. It is assumed that for
all interactions ¢;; = € and 0;; = 0. In order to make the 0—o and w—w interactions different
from the w—o interaction, the truncation of the potential (R};) is dependent on the type of
interaction. The w—w and 0o interaction is truncated at Rf; = 2.50 and the o-w interaction
at Rfj = 2/6¢, which makes the latter interaction completely repulsive. Furthermore, we
have used the same interactions for the t particles as for the o particles. The only difference
between an o particle and a t particle is that the t particles are connected with harmonic
forces to other t or h particles (see figure 1). The interactions of the h particles are for
most surfactants identical to the interactions of the w particles. In order to study the effects
of changing the interactions between head groups, we have used Rf; = 2'/% for the h-h
interactions of some surfactants. With these interactions, it turns out that at a temperature
T = 1.0e/kp and a density p = 0.7¢%, the oil and water do not mix and form a stable
liquid/liquid interface [22].

3. Results

The model introduced in the previous section contains many simplifications. It is therefore
important to test whether this model still captures the essential properties of surfactants:
do the model surfactants lower the interfacial tension of the bare oil/water interface and do
they self-assemble to form micelles?
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3.1. The oilfwater interface

Figure 2 shows the effects of adding various types of model surfactants on the interfacial
tension of the bare oil/water interface {22,23]. It can be seen that the model surfactants
indeed lower the interfacial tension. Furthermore, increasing the tail length of the
surfactants makes them more effective in reducing the iaterfacial tension, in agresment
with experimental data [23]. Our simulations demonstrate that the surface tension decreases
linearly with surfactant concentration. Experimentally, a characteristic break in the
interfacial tension is observed at high surfactant concentrations, This break is caused by
the formation of micelles in the water phase. The simulations, on relatively small systems
{=~ 1000 particles}, did not show the formation of micelles, and thus the absence of a break
in the calculated interfacial tension curve.
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surfactants (the model of figure 1} as obtained
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N on the simulations can be found in [22,23].

Similar model systems of a liquid-liquid interface have been used to study the dynamics
of adsorption of amphiphilic molecules by Mareschal and co-workers [24]. The adsorption
was considered as a ‘chemical reaction’ in which the distance from the interface was
considered as a one-dimensional reaction coordinate. The diffusion was analysed by
calculating the potential of mean force. Benjamin used a similar model to study the transport
of ions across a liquid-liquid interface {25] and to study electron transfer reactions at the
liquid-liquid interface [26].

3.2, Self-assembly

The study of self-assembly of micelles requires the use of very large systems. [14] and {15]
report that simulations on 40000 particles were performed on a paraliel computer using
an efficient parallel molecular dynamics algorithm [27]. In figure 3, a snapshot of a part
of the system is shown. It is important to note that these simulations were started from a
random distribution of surfactants and the monolayer and micelles were not constructed a
priori. This figure shows that simulations on a simple surfactant model can be used to study
the self-assembly of micelles. The micellar size distribution, a test for the system indeed
being of micellar nature, has been calculated in [15]. Furthermore, it is shown that in these
simulations one can observe surfactants entering/leaving a micelle, the fusion of micelles,
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Figure 3. Typical example of a configuration of surfactants in an oil/water system for 1.5%
surfactants. The total number of particles was ~ 40 000. The snapshot shows only the surfactants
that form a monolayer at the oil/water interface and the surfactants in the water phase. For clarity,
the surfactants in the oil phase and the oil and water particles are not shown. The hydrophilic
segments are white and the hydrophobic segments grey. Further details on these simulations
can be found in [14,30].

and even the breakdown of a micelle. Similar processes have been observed experimentally
[51.

The micelle morphology as a function of surfactant shape has been studied [28]. These
simulations show that, depending on the size of the head group, one can observe bilayers,
tubular micelles, or spherical micelles. The behaviour of amphiphilic comb molecules in
oil/water surfactant mixtures was studied by Balazs et al [29] using a similar model. These
calculations show the formation of intramolecular polymer micelles. The self-assembly of
vesicles has been studied by Drouffe et al [16] who focused on thermal fluctuations in
vesicles.

3.3. Oil solubilization

From a technological point of view, the rate at which surfactants solubilize oil droplets is
very important and has been studied extensively. The rational design of efficient surfactants
requires a detailed understanding of the mechanism of oil solubilization. To obtain
more understanding at a molecular level, Karaborni et al [17] used molecular dynamics
simulations to study the solubilization of an oil droplet in an aqueous surfactant solution.
This study, using the simple oil/water/surfactant model, revealed three mechanisms for the
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a fluctuation part of the oil droplet, together with a large number of surfactant molecules,
can desorb (see figure 4). Furthermore, it is shown in [17] that the extent to which either
of these mechanisms prevails depends on the size of the oil molecules. For example, for
small oil molecules mechanism (1) is more likely, while for [arge molacules the other two
mechanisms are dominant.

4. Concluding remarks

In this review, some recent results on computer simulations using very simple model
oil/waterfsurfactant systems are presented. Molecular dynamics simulations have shown
that, with a very simple maodel, the characteristic phenomena of surfactant systems, such
as the reduction of surface tension, the self-assembly of micelles or vesicies, and the
solubilization of an oil droplet, can be observed. The simplicity of the model makes
it possible to perform systematic studies, which may lead to a better understanding of
surfactant-dependent processes such as cleaning, enhanced oil recovery, and transport
through biological membranes.
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