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Mesoscale modelling studies of microemulsions
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Mesoscale simulations of microemulsions have been carried out by molecular dynamics using simple single site
representations of the oil and water molecules. The surfactant molecules were represented by dimers composed
of the water and oil moieties. The focus of the work is on the ternary phase diagram and the extent to which a
simple model can reproduce the main features. The simulations explored some of the generic factors that
determine the self-assembling characteristics of these three components. Key features of real microemulsion
systems were reproduced by this very simple coarse-grained model. Simulations carried out at the centre of the
triangular phase diagram followed the species spontaneously self-assemble into a bicontinuous phase. The
balance, even in this part of the phase diagram, could be shifted towards micelle formation with surfactant
molecules of sufficiently small radius of curvature, which caused the formation of discrete water swollen reverse
micelles, and an increasing number of free surfactant molecules or water-less reverse micelles. In the more dilute
limit where the oil is the major phase, water-swollen inverse micelles were observed to form in the simulations.
On decreasing the radius of curvature of the surfactants, an increasing number of smaller micelles were
produced. There was some evidence of finite-size effects in the computer model, in that some of the systems had
a tendency to form rod-like micelles (the periodic boundary conditions removed the necessity for ‘end-capping’
which occur in real systems). These became spherical micelles when larger systems with the same relative
number of each component were considered. Also for the infinite radius of curvature surfactants, the swollen
micelles were found to be below ‘optimum’ size as far as surfactant interfacial coverage was concerned (there
were insufficient surfactant molecules in the system to cover the single water-swollen reverse micelle). The
micelles were on average spherical but showed significant departures from spherical symmetry over short
periods on the time scale of the density fluctuations in the system. We derive a simple analytic model for the size
of the spherical micelles, based on a modification of the classical treatment, which takes into account the volume
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of the headgroup. This gives much improved agreement with the computed micelle size.

Introduction

Microemulsions are thermodynamically stable three phase
chemical systems of oil, water and surfactant. Their interest
from a scientific, and practical point of view, is that they
contain ordered microstructures of various types, depending
on conditions and the chemistry of the components, which are
typically on the 10-100 A scale.'™ The microscopic and
macroscopic characteristics of these systems have attracted
much attention. We know that a variety of phases can exist
that are ubiquitous in the three phase triangular phase diagram
of microemulsion systems (e.g., micelles, reverse micelles and a
bicontinuous phase). The question we ask in this work is, what
are the minimum requirements required in the description of
the constituent species to produce these phases? We report the
results of many-particle off-lattice computer simulations of
model microemulsion systems in an attempt to answer this
question, and also to establish the relative effects of the various
key molecular parameters on the occurrence of these phases, in
particular the shape of the surfactant molecule. Clearly this is a
highly multiparametric problem, which can only partially be
addressed in a pilot study of this nature.

The first generic computational study of microemulsions
was performed by Wheeler and Widom who mapped out some
of the essential features of a microemulsion onto a lattice
model.’ This treatment included immiscible ‘water” and *oil’
phases, and an amphiphilic component with an affinity for
water at one end and oil at the other. This lattice simulation
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and others that followed predicted phases with low interfacial
tension broadly corresponding to those found experimen-
tally.®'® More recently, lattice models including hydro-
dynamic effects have been developed to investigate the
non-equilibrium flow behaviour of microemulsions. The
length-scale effects and domain growth dynamics were found
to be in qualitative agreement with experiment.'"'? An off-
lattice or continuum MD model developed by Telo da Gama
and Gubbins shared with these coarse-grained lattice models a
lack of atomistic detail, only retaining such essential features
as shape and average interaction strength.'® Investigation of
the interfacial characteristics,"*'” and the self-assembly of
surfactants into micelles,'®'® using coarse-grained MD has
provided the evolution and morphology of surfactant aggre-
gates. Two dimensional MD simulations of the dynamics of
phase separation in microemulsions have also been carried
out.”® The pseudo-atomistic level of behaviour observed in
these simulations, while inaccessible to experimental techni-
ques, has provided qualitative insight into the structure and
dynamics involved.

The results of a coarse-grained molecular dynamics, MD,
simulation treatment of microemulsions are presented. Com-
positions at several representative points on the ternary phase
diagram have been investigated, along with the effect on
these phases of variable surfactant shape. The complexity of
the model was kept to a minimum, while preserving what
were considered to be the key aspects of a microemulsion,
allowing access to the dynamical processes associated with the
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formation of microemulsions to be followed usefully on a
computationally accessible time scale, which would otherwise
be prohibitive using a more traditional atomistic force-field
approach. The model chosen was simple so that the required
number of particles in the system was kept to a minimum. We
consider the fact that the particles followed trajectories in
‘continuous space’ rather than on a lattice is an important
advantageous factor, enabling curvature related features to be
more realistically represented.

Computational details

The forcefield was reduced to the bare essentials to describe the
interaction of the component species of a microemulsion on
the scale of the molecule rather than on the atomistic scale.
MD simulations have been used before to investigate the
interfacial behaviour and self-assembly processes at work in
these systems.“Hg However, those simulations did not study
the phase behaviour of the three component systems, but
rather the surfactant behaviour at the interface of water and
oil, and at low fractions of surfactant to equal proportions of
oil and water. MD simulations studying the phase separation
dynamics of microemulsions have been undertaken,?® how-
ever, the simulations only studied the effect of different sur-
factant concentrations with equal amounts of oil and water.
The simulations reported here are similar to those used else-
where,'*!° but with the additional feature that the variations
in surfactant geometry have been covered in a more compre-
hensive and systematic way. The relative compositions of each
species were chosen carefully to focus on important domains of
system where different classes of self-assembly are expected.

Simulation model

The computational model used was inspired by the work of
Telo da Gama and Gubbins,'® and following studies."*>° In
the model we did not include any polarity or hydrogen
bonding facility for the water molecules and head-groups. The
system was described in terms of two types of particle, which
we refer to as “water’ and ‘oil’. The ‘water’ and oil’ species
mimic the real systems in being immiscible. The immiscibility
of these two particle types was achieved by implementing
attractive interactions between particles of the same type, while
those of opposite type only interacted via an excluded volume
repulsive force law. Model surfactants were represented by
connecting a water particle to an oil particle using a harmonic
spring potential, as illustrated in Fig. 1(a). The head group of
the surfactant (water particle) interacted with attractive inter-
actions with other head groups and water particles, but
repulsively with oil particles. The converse was true for the tail
group of the surfactant. The interparticle interactions were
described by a generalised Lennard-Jones 12-6 potential,®

o=l () s ()] o

where ¢;; is the equilibrium well depth between particles i and j,
r;, the centre-to-centre separation and o;; the molecular *dia-
meter’ between the Lennard-Jones, L], particles i and j. The
mixing rule,

o = (0 +0y)/2 (2)

was used, where o; is the particle class (i.e., oil or water moiety)
LJ diameter of the ith particle. The Kronecker delta function,

61111, = {0 % 7é OC/ (3)

1 o = 0

5&,&, >
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(a)
Water-like particle.

Qil-like particle.

Surfactant composed of water-like
and oil-like particles connected
by a harmonic potential.

Tail group (oil moiety)

g/‘-/ OO,
\0 ¢© 0 ¢

Head group (water moiety)

(b)

k=uf, 1.0 2.0 3.0 4.0 5.0

Fig. 1 Schematic representation of the species in the model micro-
emulsion MD simulations. The surfactant bond length, /, and oil
particle to water particle ratio volume k=v,/vy,, are shown in the
diagram.

indicates that in eqn. (1), particles of the same type interacted
with a dominant attractive component at long range, while
those of opposite types interacted repulsively (of course all
species combinations are repulsive at separations less than ~o;;
see eqn. (1)). A harmonic potential was used to describe the
bond between the head and tail (water-like and oil-like
respectively) of the surfactant particle,

Ustreten = % (r[j - lb)z (4)
where kg is the spring constant, /, is the equilibrium bond
length, which was given the value of the diameter of the oil
particle, o,; . The separation between the water and oil parti-
cles within the surfactant molecule is 7;. The spring constant
was set so that during the simulation 90% of the connected
units were within 2% of the equilibrium bond length.

The system parameters and properties are quoted in terms of
the LJ parameters for the oil particles (energy, length, mass:
g,0,m). The dimensionless quantities and units (in brackets)
are: number density (ps”), temperature (kgT)e), energy (E/e),
pressure (Pa/e), time ((¢/ma>)"1) and force (fo/e). The simu-
lations were carried out at an average reduced density of
pa® = p*=0.8 and reduced temperature, 7* = 0.8. The reduced
force constant for the surfactant intramolecular potential was,
k¥ = 10* and the time step, Ar* =0.005.

System composition

Each simulation was started with N,, water and N, oil mole-
cules distributed randomly on a face centred cubic (fcc) lattice.
A number of surfactant molecules, N;, were constructed by
connecting pairs of adjacent water and oil molecules, again
without any spatial preference. Each system consisted of 2916
separate LJ sites. The ratio of each component was chosen to
study a specific point of the ternary phase diagram, which is
usually represented as a triangular diagram.?' Two regions of
this phase diagram were investigated, one point at the centre
(with the ratio N, : Ny : Nyequal to 1 : 1: 1) and three points in
the oil rich portion of the phase diagram with N, : Ny, : N; equal
to20:1:1,20:2:1 and 20 : 1 : 2. Henceforth, simulations
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Table 1 The number of each component for simulations performed at
four points on the ternary phase diagram. N, , Ny, and Ny are the num-
ber of oil, water and surfactant molecules in the simulation cell,
respectively

Simulation %

type Symbol N, : Ny : N; N, Ny N, surfactant
‘Concentrated” C 1:1:1 729 729 729 33.33
‘Dilute”’ Da 20:1:1 2532 128 128 4.60
‘Dilute’ Db 20:2:1 2404 256 128 4.60
‘Dilute”’ Dc 20:1:2 2276 128 256 9.62

carried out at the centre of the phase diagram will be referred
to as ‘concentrated’, and given the symbol C. Those in the oil-
rich part of the phase diagram are referred to as ‘dilute’, and
given the main symbol D. Table 1 shows the number of each of
the components at the phase points simulated. Starting con-
figurations were those in which the species were randomly
placed in the cubic simulation cell.

Variation in surfactant geometry

The relative composition of water, oil and surfactant and also
the geometry of the surfactant species affect the self-assembly
characteristics of microemulsions. To study the effect of
changing surfactant shape on the phase behaviour, it would
have been possible to have combined several water and oil
molecules to achieve a desired geometry (see ref. 15 for
example). This would have had the disadvantage, though, that
the linking together of many L1J sites would have decreased the
number of separate molecules in the system, effectively redu-
cing the system size. This problem would have been particu-
larly acute for concentrated simulations where a great number
of surfactant molecules are required. This could have been
resolved by simply increasing the number of LJ sites in the
simulation, to accommodate a greater number of the extended
surfactant particles. However, this could have only been
achieved at some considerable computational cost. The alter-
native, ‘geminal’ surfactant construction adopted, with sur-
factant shape altered by changing the relative diameters of the
water and oil moieties, had many advantages in this respect.
This strategy is illustrated in Fig. 1(b). The parameter that
defines the shape of the surfactant, , is the ratio of the volume
of the oil particle to the volume of the water particle, vy/vy, .
Being the normal majority phase, the oil particles were used as
the reference, and therefore the water species will be seen in
this figure to diminish in size with increasing k. This could
equivalently be viewed as a relative increase in the size of the
surfactant tail and oil molecule compared with the head group
(i.e., with increasing chain length).

To change the geometry in a systematic and quantifiable
way, simulations run at each phase point were repeated a
further four times, each with a decrease in the volume of the

Table 2 Nomenclature for the concentrated class of systems with vari-
able surfactant shape, showing the variation in the diameter of water
and oil particles for simulations at each phase point. The oil-to-water
molecule volume ratio, k =v,/v,, and water particle diameter, g,, in
terms of the oil particle diameter are shown for the ‘concentrated”’ si-
mulations C1-C5

Simulation K Ow

C1 1 1.000
C2 2 0.794
C3 3 0.693
Cc4 4 0.630
C5 5 0.585
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water particle (no3,/6). This resulted in five simulations with
water particle to oil particle volumes, «, of 1.0, 2.0, 3.0, 4.0 and
5.0. Note that the radius of curvature of the surfactant mole-
cules decreases along this series. The radius of curvature is
infinite for k= 1. Table 2 gives the details of the water species
for the five C-class simulations performed.

Simulation technical details

Five simulations were performed at each phase point. Each
simulation consisted of 2 x 10° time steps using the Verlet
leapfrog algorithm to integrate the equations of motion, with
temperature control achieved by velocity scaling. Simulations
were carried out at constant volume. All the molecular
dynamics simulations reported here were made with home-
produced software written in FORTRAN 90 and implemented
on a SG Power Challenge at the University of Surrey Com-
puter Centre.

First we will consider the concentrated (‘ C’) systems, which
occur in the middle of the phase diagram given in Table 1.

Concentrated systems

An initial random distribution of oil, water and surfactant was
allowed to evolve over a period of 1000 reduced time units. In
Fig. 2 we show the final configuration for the extreme cases (a)
k=1 and (b) x = 5. In these figures, the oil particles have been
omitted from the figure to help clarify the structures formed by
the remaining components. The “oil’ parts of the surfactant
molecules are shown, however. At a late time, = 1000, phase
separation of water and oil was complete and surfactant par-
ticles are seen to be localised between the oil and water phases.
In the k =1.0 case (equal sized heads and tails in the surfac-

Fig. 2 Snapshots of the concentrated simulations, (a) C1 for k= 1.0,
and (b) C5 for k=5.0. Water particles are shown as white spheres,
surfactant headgroups as black spheres and surfactant tails as dark
grey spheres. The oil particles are omitted for clarity.
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tant) the particles self-assembled into ‘sheets’ of water and
surfactant connected by channels of water, which look like the
usual picture of the bicontinuous phase found in microemul-
sion systems at this location in the ternary phase diagram. For
x> 1.0, we found, however, that this bicontinuous structure
does not form. Fig. 2(b) shows an instantaneous configuration
taken from a concentrated simulation in which the oil particles
(and tail groups) were five times larger than water particles and
head groups (x=5.0). Instead of a bicontinuous phase, the
water particles are concentrated into micellar-like pockets
distributed through the simulation cell. The bicontinuous
phase has been disrupted and only the oil phase (not shown
explicitly in the figure) is continuous. This different behaviour
may be attributed to the decreased radius of curvature, Ry, of
the surfactant, which promotes an increasingly curved inter-
face between water and oil, and as a contributory factor, a
decrease in the relative volume fraction of the water compared
with oil molecules. This made it less probable that the system
would have exhibited a continuous water phase. The snapshots
of the particle assemblies also show an increase in the number
of surfactant particles that are not associated with any water
molecules. Since the water particles were organised into
roughly spherical aggregates, the area of water exposed to the
oil particles was reduced, and the total surface area the sur-
factants were able to cover was greater than the exposed sur-
face area of water. This drove the excess surfactants into the
bulk oil phase, resulting in an increase in the number of free
surfactants. Such re-equilibration behaviour may have been
responsible for the slow late-time dynamics observed in high
surfactant concentration simulations elsewhere.”® Conse-
quently, a greater excess of surfactants was observed pro-
gressively through simulations C1-CS5.

Pair distribution functions

The pair distribution functions between various species pro-
vide a more quantitative characterisation of the phase changes.
The pair distribution functions, gyw(r) and g..(r) are the pair
distribution function between the water-like and oil-like spe-
cies, respectively. Fig. 3 shows the radial distribution function
for water particles (including surfactant head groups) com-
puted from simulations C1-C5. Results are plotted against
particle centre-to-centre separation, in units of the water par-
ticle radius. All examples show peaks associated with the first
and second coordination shells, which are typical of the liquid
state, and clearly reflecting the phase separation of the water

r / o'water

Fig. 3 Average pair distribution function for water-water interac-
tions. ‘Free’ and surfactant water contributions are included. Results
for all « (increasing from bottom to top) values are presented on the
figure.
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into pockets in these systems. The heights of the first coordi-
nation shell peaks show a pronounced increase as the water
particle size decreases. This reflects the progressive partitioning
of the water molecules, and the relative increase in the volume
of the oil component compared to the ‘water’. As the water
molecules decreased in size, and x increased the local water
number density in the micelle-like regions was increased when
compared to the average number density across the whole
system. This in turn caused g(r) to increase in height at low
separation values with increasing . In addition, longer-ranged
correlations appeared in the inter-micelle distance range as a
minimum in the pair distribution function. Simulations C2-C5
show a featureless minimum in the pair distribution function
between four and six oil diameters, presumably because of the
depletion of water particles in the oil phase in this region as
they aggregate into micelles. The value of the separation at
which this minimum occurs should correspond to half the
average separation between the centre of mass of the micelles.
These separations are 5.4, 4.9, 4.6 and 4.4 g,; for simulations
C2-C5, respectively. The decrease in these values with
decreasing water particle size is a result of the fact that many
more and smaller micelles were formed with increasing «,
which reduced the average mean separation between the
micellar clusters. The radial distribution function for simula-
tion C1 in this range is very different to those from simulations
C2-C5. This reflects the difference in long-range structure
between the bicontinuous structure observed in simulation
k = 1 compared to the discrete micelles formed in all of the
other simulations at this phase point. Nevertheless a minimum
still appears in gyw(r) on this simulation at about 5.0 oil dia-
meters, with the pair distribution function oscillating with a
period of about one oil diameter even in the intermediate range
(thus reflecting both short range and long-range structural
features). This would suggest that the centres of the ‘layers’ of
water-like particles are separated from the centres of the oil-
like ‘layers’ by about five oil particle diameters. There is a
monotonically decaying relationship between the inter-micellar
separation and the volume ratio, x, as more micelles are
created with decreasing «.

Cluster analysis

Since the simulations resulted in aggregated structures of water
and surfactant, a useful analysis tool was to define the system
in terms of component clusters of particles. The cluster was
defined in terms of a local connectivity criterion, achieved by
taking a sample particle, say the ith particle, and calculating
the separation between this particle and others in the same
simulation cell. Let another particle be the jth particle. If
particle j passes the criterion,

rij < rel (5)

where 7 is a critical separation value and r; is the separation
between the two, then particle j is deemed to be in the same
cluster. Any particles that are not in this cluster are used as
‘starter’ particles for new clusters. The cluster statistics can be
quite sensitive to the choice of the critical separation value, r,
although values in the range 1.3-1.9 a,; were mainly explored
as they have the most physical significance. We found that a
value of r=1.6 gives a description of the cluster consistent
with what is seen in the pictures of the instantaneous config-
urations. The number of isolated water-like particles increases
through simulations C1 to CS5. Table 3 shows that the number
of free surfactant molecules increases as x decreases. The
maximum number of particles in a single cluster decreases
through simulation series C1 to C5. The average number of
particles in the clusters goes from containing all water mole-
cules in simulation Cl1 (k=1.0), reflecting the continuous
water structure, to values (x> 1.0) representative of the
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Table 3 Results of a cluster analysis performed on the surfactant
headgroup particles taken from the final configuration of simulations
C1-C5. Simulations C1 to C5 are distinguished by the oil particle
volume-to-water particle volume ratio, x. The critical separation
value, r, is expressed in units of ¢,; . The number of isolated particles,
Nisolated » the maximum number of particles in a cluster, Ny,x , the num-
ber of clusters and the average number of particles in a cluster,
(Netuster), are shown. We have ry /0,y =1.6 here

Number of
K Nisoluled Nmux CIUSterS <Nclusler>
1 0 729 1 729
2 15 307 10 57
3 60 79 25 13
4 119 57 15 7
5 167 26 13 5

number of water swollen reverse micelles. The number of
isolated surfactant molecules increases dramatically with
decreasing water particle volume. The maximum number of
surfactants in a single cluster (called the aggregation number)
decreases from simulations Cl to C5, from Ny, =N, to
Npmax =26. The average number of surfactants in a cluster
drops dramatically with decreasing water particle size, again
due to a greater number of reverse micelles containing no
water molecules in the system.

Dilute systems

Now we turn to the oil-rich corner of the ternary phase dia-
gram. These will be designated ‘dilute’ systems. To aid the
discussion of the results, the simulations carried out in this part
of the phase diagram will be referred to using the nomen-
clature given in Table 4.

System configurations

First we consider the Da or N, : N, : Ny equal to 20 : 1 : 1
systems. Simulation Dal resulted in the formation of a single
water swollen micelle. The aggregate appears spherical, with
surfactant molecules evenly but sparsely distributed around
the water core. Simulation Da3 resulted in the creation of two
water-swollen micelles (see Table 5), as the radius of curvature
of the surfactant and consequently, the interface, was
increased. The greater curvature of the interface promoted the
formation of smaller water swollen micelles. This process was
continued in simulation Da$5, with five micelles being formed.
All simulations showed the spontaneous self-assembly of water
and surfactant molecules into water swollen reverse micelles,
which is consistent with the position of the simulation com-
position on the ternary phase diagram.

Now we consider the Db or N, : N,, : Ny equal to 20 : 2 : 1
systems. Fig. 4 shows the final configuration for simulations

Table 4 Naming scheme for the “dilute’ class of simulations in which
the oil species makes up the majority phase

Component ratio N, : Ny, : N

K 20:1:1 20:2:1 20:1:2
1 Dal Dbl Dcl
2 Da2 Db2 Dc2
3 Da3 Db3 Dc3
4 Da4 Db4 Dc4
5 Das Db5 Dc5
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Table 5 Results of the cluster analysis applied to water and surfactant
headgroup molecules for the dilute simulation series. The simulation
index corresponds to the compositions for simulations given in
Table 4. The critical separation value, 4= 1.6 o,; . The number of iso-
lated particles, Nisolated » the maximum number of particles in a cluster,
Nmax » the number of clusters and the average number of particles in a
cluster, (Nejuster), are given

Simulation Number of

index K ]Visolalcd Nmax CIU-SterS <Nc1ustcr>
Dal 1 0 256 1 256
Da2 2 0 177 2 128
Da3 3 0 209 2 128
Da4 4 2 142 4 43
Da5s 5 1 131 5 27
Dbl 1 0 384 1 384
Db2 2 0 384 1 384
Db3 3 0 384 1 384
Db4 4 3 354 2 76
Db5s 5 12 347 2 17
Dcl 1 0 384 1 384
Dc2 2 0 227 2 192
Dc3 3 2 104 5 55
Dc4 4 4 79 12 22
Dc5 5 14 88 13 12

Dbl, Db3 and Db5. Oil particles have been omitted from the
figure to clarify the self-assembled structures. In this series of
simulations, the number of water molecules was doubled over
the Da series, and the number of surfactant molecules was
maintained the same. Simulation Dbl shows a single water-
swollen reverse micelle. The micelle is larger than that seen in
simulation Dal and the surfactant molecules are much more
sparsely distributed, as they are attempting to cover a greater
surface area of water. Their stabilisation ability is therefore
less. The figure from simulation Db3 also shows a single
micelle, however the surfactants are more densely packed at
the interface. This is presumably due to the decreased volume
of the water moieties, which presented a smaller surface area
to the surfactants, which could then pack more closely and
effectively. Simulation Db5 resulted in the formation of
multiple micelles, and a proportion of free surfactant mole-
cules in the oil phase. This is a continuation of the trend
observed for simulation Db3. Importantly, the decrease in the
surface area of the water phase was greater than the decrease
in area of interface the surfactant is able to cover (see later).
This resulted in an excess of surfactant that could be released
into the bulk oil.

We now consider the Dc series, with N, : Ny, : N; equal to
20 : 1 : 2. Fig. 5 shows the final configuration adopted by
simulations Dcl, Dc3 and Dc5. This series of simulations had
twice the number of surfactant molecules and the same
number of water molecules as in simulation series Da.
Simulation Dcl shows the formation of a continuous ‘tube’-
like structure of water surrounded by surfactant molecules
running across the periodic boundaries of the simulation.
This rod-shaped micelle may have been promoted by the
periodic boundary conditions. The periodic boundary con-
ditions obviated the necessity for ‘end capping’, which would
be present in real systems. System Dc3 results in a break up
of the ‘tubular’ structure seen in simulation Dcl, into a
mixture of water-swollen reverse micelles and reverse micelles
comprising only surfactants. This may again have been due
to an ‘excess’ of surfactant molecules than was required to
cover the water particles at the oil-water interface. The for-
mation of the micellar species is due to the increasingly
favoured curved interface brought about by the decrease in
the radius of curvature of the surfactant. This process con-
tinued for system Dc5, with more numerous but smaller
water swollen reverse micelles being formed.
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Fig. 4 Final system configurations adopted by the species in simulations Db1l, Db3 and DbS. White spheres depict the water particles, surfactant
headgroups by black spheres and surfactant tails by dark grey spheres. Oil particles have been omitted from the snapshots to clarify the self-
assembled structures. The oil phase is in the majority, and there are twice as many water molecules as surfactant molecules. The periodic boundary
conditions have the effect of appearing to break up the model micelle formed.

Cluster analysis for the dilute systems

In this section an analysis of the clusters is presented for the
dilute systems. Table 5 shows the results of the cluster analysis
when applied to the water and surfactant headgroup moieties
in all simulations performed in the oil rich portion of the
microemulsion ternary phase diagram. For simulation series
Da (with a ratio of oil to water to surfactant of 20 : 1 : 1) very
few isolated water-like particles are observed in the final sys-
tem configuration. The maximum number of particles in a
cluster generally decreased with increasing x, but with an
inconsistently high value for simulation Da3. The number of
clusters identified by the analysis increased from simulation
Dal to Da$, again with an inconsistent value observed for
simulation Da3. This may be indicative of the merging or
splitting of two micelles at the point in the simulation at which
the analysis was performed. In this case there would appear to
be two clusters, when there are actually three, and the max-
imum number of particles in a cluster would also be larger
than expected. The average number of particles in the clusters
identified at the end of the simulations decreased as the value
of x increases, with simulation Da3 showing an anomalously
high value.

These observations are consistent with expectations based
on a decreasing radius of curvature, Ry, through Dal-Da5,
which promotes the formation of an increasingly curved
interface between oil and water. To accommodate a larger
curvature with optimum packing, the reverse micelles must
become smaller. Consequently, the number of water molecules
the micelles can contain also decreased as x increases. The
larger micelles broke up into a greater number of smaller

micelles. The volume of water that individual micelles were
able to hold decreased more rapidly than the total volume of
water in the system, as k moved to higher values.

The cluster statistics of simulation series Db (with an
oil : water : surfactant number ratio of 20 : 2 : 1) is different to
that of simulation series Da (20 : 1 : 1), as revealed in Table 5.
Simulations Dbl to Db3 show no change in the number of
isolated particles, the maximum and average number of par-
ticles per cluster and the number of clusters, as k increases. All
three simulations produce only one micelle presumably
because the larger number of water molecules in the micelle of
the Db series stabilises a single micelle against moderate
changes in the shape of the surfactant molecule. As k increases
to 4.0 and 5.0 the results of the cluster analysis are quite dif-
ferent. Isolated particles (presumably surfactant molecules)
had appeared, indicating the water interface had become
saturated. Multiple clusters are observed, although for both
simulation Db4 and Db5, the number of particles in the two
clusters formed during each simulation was very different,
perhaps indicative of a single micelle with the optimum size
and a further micelle composed of the ‘spare’ water and sur-
factant molecules.

The results of the cluster analysis for all water-like particles
in series Dc (with an oil to water to surfactant ratio of 20 : 1 : 2)
are also shown in Table 5. The number of isolated particles
and the number of clusters in the simulation increased with .,
while the maximum and average number of particles in each
cluster decreased. Simulation Dcl resulted in a continuous
‘tube’ like structure, while Dc2 exhibited interconnected
pockets of water covered by surfactants. For simulations Dc3
to Dc5 an increasing number of discrete water-swollen micelles

xk=3.0

Fig. 5 Snapshots of the final configurations adopted by simulations Dcl, Dc3 and Dc5, where there are twice as many surfactant molecules as

water molecules as for the system in Fig. 4; otherwise as for Fig. 4.
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of progressively decreasing size were observed. There were
generally a greater number of isolated surfactants than isolated
water molecules, which is not surprising as there were rela-
tively more of them in this simulation, and the surfactant
molecules only had to occupy a layer at the interface between
the water and oil particles. More surfactants were found in the
bulk oil phase once the interface has been saturated. This
would explain why simulations where the interface was spar-
sely populated by surfactants (those with a single micelle, Dal,
Dbl, Db2 and Db3) were found to have very few isolated
surfactant molecules in the bulk oil.

Micelle size and shape

An analysis of the micelle shape and surface contours was
made at each timestep and these functions were averaged over
time. A cluster analysis was performed to identify each micelle
present. The centre of mass was calculated for each micelle,
and the spherical coordinates of each surfactant relative to the
centre of mass were found. A B-spline interpolation routine
was then employed for each micelle to find the radial com-
ponent of the spherical coordinates, for surfactant heads and
tails, at equal intervals of the angular components. An average
size and shape for the micelles present at that timestep were
then calculated by averaging the value of the radial coordi-
nates at the angular coordinates chosen for each micelle. This
process was repeated at each timestep and an overall average
of the position of the surfactant heads and tails obtained at
regular angular intervals of time.

Fig. 6 shows a graphical representation of the single cluster
Dal as an accumulated time average from an arbitrary
starting point. The average size and shape is represented by
two ‘cages’, an outer cage corresponding to the surfactant
tails and an inner cage showing the surfactant headgroups.
The cluster size and shape analysis was performed and

=0.5 =5

{PITL ARL

=25

T
WL

i NIl
|

E

=50 t=1000

Fig. 6 A contour grid representation of the average surfaces of the
micelles present in simulation Dal. The outer grid traces out the
position of the surfactant tails and the inner grid shows the position
of the surfactant headgroups. Micellar shapes are averaged over time
intervals up to r=0.5, 5, 10, 25 and 50.
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averaged over intervals up to £=0.5, 5, 25, 50 and 1000. At
t=0.5, the micelle had a very uneven surface. At =35, the
surface of the micelle was smoother, with little indication of
individual surfactants. However, the overall shape was irre-
gular and not particularly spherical. At times of =25 and
t=50 the surface of the micelle had now become more uni-
form as the positions of individual surfactants were averaged.
There are still noticeable differences from a sphere though. At
t=1000, the averaged shape of the micelle was very close to
being spherical, with a smooth and symmetrical surface
topography, demonstrating that the shape fluctuations cancel
out over a long period but are still accessible within the
duration of typical simulation.

A quantitative means of measuring the shape of the micelle
was also used, employing the asphericity order parameter, Az,
of Rudnick and Gaspari,?

) 2

<Zi7£j (Af - /1/') >
3= 3 2

2= 4)7)
where (---) denotes an ensemble average and /, are the three
principle moments of inertia of the surfactant tailgroups in the
micelle. The principle moments of inertia are obtained by
diagonalisation of the 3 x 3 inertia tensor, T, in which the

elements are,

(6)

N, B
Zi;I mi(r? — rgom)(ré — rgom)
Zf‘ﬁl m;

where N; is the number of surfactant tail particles in the
micelle, o and f are x, y or z, and m; is the mass of the ith tail
particle (m;=1.0). The « component of the position vector of
particle i is %, and r*  is the o component of the centre of
mass of the micelle. We have, 43 =0 for a perfect sphere, 1/4
for a uniform, infinitely thin, circular disk and 1.0 for an
infinitely thin rod. Fig. 7 follows the instantaneous value of 43
for simulation Dal over a time interval of = 1000. The micelle
was generally spherical as the asphericity order parameter
fluctuated around a low value of ~0.015 and did not rise above
a value of ~0.075 at any time. Short-lived ellipsoidal distor-
tions in the shape of the micelle occurred over relatively short
time intervals, which show up as peaks in the plot of 43 against
time. The accumulated average shape was calculated from the
time averaged inertia tensor, (T,z) , which was used to calculate
the ‘average’ principle moments of inertia. An accumulated
average was,

Ty = (7)

ATy <Zi¢j ((2(0) — <Ml)>)2> (8)
; 2L, (0))

0.08

0.07

0.06

0.05

0.04

As(D)

0.03

0.02

0.01

0

0 100 200 300 400 500 600 700 800 900 1000
t

Fig. 7 Time dependant behaviour of the instantaneous asphericity
order parameter, A3, for the single micelle observed in the dilute si-
mulation Dal from eqn. (6).
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Fi%.‘ 8 Time dependant behaviour of the asphericity order parameter,
A5 7#(¢), from eqn. (8), calculated from the accumulated average of the
inertia tensor, for the single micelle observed in the dilute simulation
Dal.

where (4,(¢f)) is the average of the principle moments of iner-
tia over time ¢, calculated by diagonalisation of the inertia
tensor, (T,p(1)), averaged over time ¢. Fig. 8 shows the accu-
mulated average asphericity order parameter, as calculated
from eqn. (8), against time. The plot shows that the order
parameter starts at the same value as the instantaneously cal-
culated value, 45, and then decreases to reach a value of
~0.0005. This is consistent with an average spherical micellar
shape, shown in Fig. 6. The average value of the instanta-
neous asphericity order parameter (as shown in Fig. 6) is
0.02 + 0.01. Since the value calculated from the time aver-
aged inertia tensor is so much lower, shape fluctuations in
the micelle are seen to be quite appreciable, but relatively
short-lived.

Comparison of cluster size with theory

It has been shown for microemulsions in the micellar regime
that the average radius of the micelles, R, that self-assemble in
the system is determined by the ratio of the concentration of
surfactant, [surfactant] to dispersed phase, [H,O], the pro-
jected area of the head-group of the surfactant on the inside of
the micelle, ag,r, and the volume of the dispersed phase
molecules, vgisp 23 It has been found to a good approximation
that,*
o 3Vdisp [HQO]

R = e
asuf [surfactant] )

where R defines the radius of the micellar core shown in
Fig. 9(a). The derivation of this formula is as follows. The
volume of the core, Ve, 1S given by,

Veore = Ndispvdisp = 47[R3/3 (10)

where Ngisp is the number of dispersed phase molecules in the
core. The surface area of the core is given by,

Acore = Nsurfsurt = 4nR? (1 1)
Combining eqns. (10) and (11) gives,

Veore _ Ndisp Vdisp _ E

12
Acore  Nsurt@sur 3 ( )
which upon rearrangement gives,
R— 3Vdisp Ndisp
Asurt Nsurr (13)

_ 3Vdisp [HZO]
asus [surfactant]
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Surfactant
tailgroup

Surfactant
headgroup

Surfactant tail

e

Fig. 9 (a) Schematic diagram of the model used to derive eqn. (13).
The radius of the micellar core is R, the volume of the core Vg, the
surface area of the micellar core A.q., the area covered by the sur-
factant Ag,r and the length of the surfactant tail /g, (b) Schematic
diagram showing the circular area behind the headgroup of the sur-
factant, aneaq, projected onto the surface of the micellar core.

Surfactant head

where water is the dispersed phase, and the water and surfac-
tant molecules are assumed to exist only in micelles of the same
size. The first form of eqn. (13) allows us to test the simulation
against this theory since the number of water and surfactant
molecules are known and the volume of the dispersed water
phase and the area of the surfactant molecules can be calcu-
lated. The effective volume per water molecule occupied by
the dispersed water particles is approximately,

Vaisp = Vwater (14)
Nrcp

where 1rcp=0.637 is the volume fraction for dense random
packing of hard spheres,?® and vy, is the volume of the water
molecules,

Vwater = Tcaévater/ 6 (15)

Similarly, the effective area covered by a single surfactant is,

Asurf = Ihead (16)

P

CRCP

where Ercp =0.820 is the area fraction for random close pack-
ing of hard discs,?® (two dimensions) and ape,q is the area of
the surfactant behind the head group (see Fig. 9(b)).

Table 6 presents the values of the constants required to
calculate a theoretical micelle size from eqn. (13). Fig. 10(a)
shows a comparison of the calculated average micellar radius
from the simulation, R,y , and the theoretical average micellar
radius, R, from eqn. (13). The observed micellar radius,
Rops, Was taken from the average surfactant tail positions
calculated in the previous section, minus the distance between
the centre of the tailgroup particle and the ‘back’ of the
headgroup,

Robs = Rtail - lb + Gw/z (17)

where Ry, 1s the average radial distance of the surfactant tail
particle from the centre of mass of the micelle, /, is the surfac-
tant bond length and o, is the diameter of the water-like moiety
of the surfactant. As can be seen from Fig. 10(a), the agreement
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Table 6 Values of the constants required to calculate the theoretical
average micellar radius, Re,e, from eqn. (13). The radius of the oil
and water molecules are, 7o and ry,er respectively, the volume of these
particles are vy and vy,er. The circular area of the surfactant pro-
jected onto the micellar core and the surfactant tail length are apeaqg
and /,;; which are defined in Fig. 9

K Toil Voil F'water Vwater Qhead llui]

1 0.5 0.524 0.500 0.524 0.785 0.500
2 0.5 0.524 0.397 0.262 0.602 0.603
3 0.5 0.524 0.347 0.174 0.503 0.653
4 0.5 0.524 0.315 0.130 0.438 0.685
5 0.5 0.524 0.293 0.104 0.393 0.707

between theory and the observed values is quite poor for all
simulations. The simulation value is larger than the prediction
of eqn. (13) by as much as a factor of two. The model proposed
for the theoretical size is clearly inadequate to represent these
model micelles. One of the assumptions made in constructing
this model is that the surfactant headgroup has zero volume and
therefore does not affect the volume of the water swollen
micellar core. This assumption is perhaps justified when dealing
with a system of real surfactants with very small head groups,
especially if the water core is large. The headgroups of the
surfactants in these simulations are comparatively that much
larger, and the volume of the water-like part should be taken
into account in any theoretical model. The volume of the core,
Veore, therefore must include the contributions from head-
groups. Eqn. (10) needs to be revised as follows,

4n R
Veore = NdispVdisp + NsurfVsurf = 3 (18)
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Fig. 10 (a) Comparison of the computed and calculated values for
the average micellar radius for simulation series Da, here R . is de-
fined in eqn. (13) and Ry, is defined in eqn. (17). (b) Comparison of
observed and calculated values for the average micellar radius for si-
mulation series Da using the alternative model of eqn. (19).
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Since in this model, vgisp = Vsurr We can make the further sim-
plification to a form analogous to eqn. (13),
3Vdisp (Ndisp + Nsurf)

Reale =
Asurf Nourt

(19)

Eqns. (14) and (16) still apply in this revised model.

Fig. 10(b) shows the results of the comparison between the
calculated and observed average micellar radii using the
alternative treatment of eqn. (19). The data clearly shows a
much-improved agreement with the simulation data. Data
from the simulations Da2 to Da5 are, within statistics, in
excellent agreement with the theoretical line, while only the
radii of the micelles in simulation Dal are visibly lower than
the predicted value. This may be due to the fact that the
simulation does not contain enough water to form a single
micelle of the optimum size. Application of this model may
only be relevant to simulations with more than one micelle,
thus ensuring that at least one of the micelles present has
achieved an ‘optimum’ or thermodynamically most stable size.
The number of water molecules is insufficient to accommodate
an optimum representation of the micellar species for the low
values. Simulations Db and Dc show the same trends. Fig. 11
shows a plot of the observed micellar radius against the cal-
culated radius for all simulations that self-assembled into
discrete water-swollen reverse micelles. There is now a good
agreement between the observed and calculated micellar radii
for simulation series Da to Dc, for the smaller micelles at least.

The total surface area presented to the interface by water by
a single micelle can be expressed as follows,

Avyater = 47TR2

water-core
— 4x 37T]Vwatervdisp 3
4 (20)
2/3
273 (3mvdis
= 47'[Nw/atel' (Tp)
where,
3N v\ 3
Ryater-core = (W) (21)

Hence the surface area presented to the interface by a
single spherical micelle varies as the power of 2/3 of the number
of water molecules. The total surface area that the surfactant
molecules are able to cover, however, varies according to Ngy,r,

Asurt = Nsurt@surf (22)

Consequently increasing the number of particles in the simu-
lation, while preserving the ratio of the number of water to

8
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Fig. 11 Comparison between the calculated (from eqn. (19)) and MD
micellar radii for all simulations that formed micelles in simulation
series Da, Db and Dc.
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surfactant molecules, should result in a greater increase in the
surface area the surfactant can cover, Ay,r, than the surface
area presented by the water, Ayaer. Hence, increasing the
number of water particles and surfactant molecules while pre-
serving the ratio of all components should result in a micelle
with surface that is more effectively, or more optimally, cov-
ered by surfactant molecules. Improved agreement between
the calculated and observed average micellar radius should
then be facilitated by increasing the total number of particles
in the system size while preserving the ratio of the compo-
nents. This will only apply to the simulations where one mi-
celle is observed and particularly to the systems where the
interface is only sparsely populated by surfactants (e.g., Dbl).

To test the idea that the system size is having an effect on
the results of the cluster size analysis, two further simulations
were performed with the same ratio of water to surfactant as
for simulations series Db and Dc, but with more molecules of
each type, on a pro rata basis. Details of these additional
simulations, Dbl and Dcl, are given in Table 7. Fig. 12 shows
the results of large water-rich simulation series Dbl and Dcl.
Comparing this figure to Fig. 11, the agreement with the
theory shows some improvement. The fit between observed
and calculated micellar radii shows an improvement for
simulations Dbl3 and Dbl4. Simulation Dbl5 shows the same
(good) fit between the observed and theoretical cluster radius
as simulation DbS5. The observed radii from simulations Dbl1
and Dbl2, although still smaller than expected, are slightly
larger than the corresponding simulations Dbl and Db2. This
suggests that the increased system size has improved the
correlation between observed and calculated values of the
micelle size. However, this increase in the number of com-
ponents in the system is clearly not enough even for simu-
lations Dbll and Dbl2, in which the surfactants have an
infinite radius of curvature after all. The results of the larger
surfactant-rich simulation series Dcl are in much-improved
agreement with the calculated average micelle radius.
Noticeably, simulation Dcl2 showed well-defined discrete
water swollen reverse micelles, whereas at the lower system
size (Dc2) the system self-assembled into non-spherical
pockets of water interconnected by surfactants. For lower
surfactant radii of curvature, there is improved agreement
between the simulation and calculated values. This may be
due to an increased number of micelles when compared with
simulation series Dc that yield a more accurate average
cluster radii. Fig. 12 gives a comparison of the simulation
and calculated micellar radii for all simulations that self-
assembled into discrete micelles. This highlights the improved
match for simulations that were repeated at greater system
size (Db and Dbl, D¢ and Dcl) and clearly shows a good
correlation between the calculated and observed values for
the lower radius of curvature systems (i.e., smaller micelles).
Deviations from the expected values are most apparent where
only one micelle had formed, the reason for which may be an
insufficient number of water and surfactant molecules to form
an optimally stable micelle.

Conclusions

We have carried out ‘mesoscale’ molecular dynamics, MD,
simulations of model oil, water and surfactant systems at

Table 7 Details of increased system size simulations

Simulation

index Ny @ Ny @ N N, Ny Ny % surfactant
Dbl 20:2:1 3296 352 176 4.60

Dcl 20:1:2 3120 176 352 9.62
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Fig. 12 Comparison between the calculated (from eqn. (19)) and
observed micellar radii for all simulations that formed micelles in
simulation series Da, Db, Dc, Dbl and Dcl.

selected points in the ternary phase diagram. The surfactant
molecule was represented by a Hooke’s law dumbbell, the
‘water’ component with equal or smaller diameter than the
‘0il” moiety. The oil and water molecules were represented by
spheres of various relative diameters. The model systems self-
assembled into the phases expected from the phase diagram,
including a bicontinuous phase for the infinite radius of cur-
vature surfactants (x = 1) and micelle formation for the oil rich
systems. The bicontinuous phase could be broken up into
micelles using the smaller radius of curvature surfactants.

Oil-rich simulations were carried out, which showed self-
assembly of water and surfactant molecules into micelle-like
structures. With decreasing radius of curvature of the surfac-
tant molecule, the micelles broke up into smaller micelles. This
tended to be a somewhat discontinuous process for surfactant-
poor systems, though, and the micelles were larger in this case
also. The number of molecules present in the simulations
needed to be enough to form micelles of an optimal size for the
selected ratio and geometries of the components. For example,
the oil-rich water-swollen systems had a tendency to form
‘tube’ or rod-like micelles (taking advantage of the periodic
boundary conditions as an additional stabilising mechanism)
as a substitute for end-capping. The larger water content sys-
tem (by ca. 40%) resulted in a single micelle. A decrease in the
radius of curvature of the surfactant molecule generally
resulted in an increase in the number of isolated particles and
the number of clusters, with a decrease in the maximum and
average number of water-like particles in them.

The average size and shape of the micelles were also deter-
mined. This analysis showed that micelles are only roughly
spherical over a time interval in excess of =25 reduced units,
and that systems with multiple micelles had on average more
spherical micelles on this time scale. Over the longer time,
t=1000, the average shape of all the micelles was very close to
spherical. An asphericity order parameter was also calculated,
which showed that the shape of the micelle fluctuated quite
dramatically over a short time interval of ca. At=10-20.
However, the average shape of the micelle was spherical,
indicated also by values of A5 close to zero.

Comparison of the average radii of the micelles in a simu-
lation with a popular formula proved to be inaccurate because
the surfactant headgroup is assumed to contribute no volume
to the core of the water-swollen micelle in this treatment.
A modified approach that corrected this was derived and
shown to give a much-improved correlation between the
simulation and revised theory. Nevertheless, noticeable dis-
crepancies between the revised theoretical model and the
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simulation results were still present for model systems that
produced a single micelle with large radii of curvature sur-
factants. This suggests a guiding rule of thumb in simulations
of this kind, that micelles with an optimum size can only be
presumed when more than one micelle forms in the system.
There are still differences between the predicted and observed
micelle radius, even with this modified theory, because of the
limited number of particles present in a simulations. For
example, using eqn. (19) to calculate the radius of the micellar
core, for simulation Dbl we have a value of 7.7 6,; . At a ratio
of number of oil to water to surfactant molecules of 20 : 2 : 1,
this would require a system comprising of at least 15500 oil
particles, 1550 water particles and 775 surfactant molecules to
form a single micelle in an optimum state. Furthermore, to
ensure that the micelles present in the simulation are of an
optimum size, we would ideally prefer to have enough particles
to form at least two micelles of equal size. This would result in
a simulation involving at least 35650 particles, which repre-
sents a computational burden well beyond the current com-
puting capability, at least on a routine basis.
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