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COMPUTER SIMULATIONS OF PHASE
SEPARATIONS IN SURFACTANT SOLUTIONS
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We investigate formation processes of complex domain structures in a phase separating binary mixture
containing surfactant (amphiphilic molecules) with the use of the author’s hybrid approach, where a
molecular description and a continuum description are combined. We emphasize the importance of several
molecular degrees of freedom of the surfactant molecule, when a macromolecular block copolymer is used
as a surfactant. Relation of our hybrid approach to more microscopic approaches using fully molecular
descriptions and to macroscopic approaches using fully continuum descriptions is discussed.

KEY WORDS: Surfactant, amphiphilic molecule, block copolymer, phase separation, computer
simulation.

1 INTRODUCTION

Systems containing amphiphilic molecules, or surfactants, are known to exhibit a
variety of complex domain structures, which are caused by the low interfacial tension
of surfactant-adsorbed interfaces [1]. A well-known example is the microemulsion
phase of oil/water/surfactant mixtures, where the system is divided into oil-rich
domains and water-rich domains with mesoscopic scales that are separated by
surfactant monolayers. When the volume fractions of the oil and the water are
comparable and there is enough amount of surfactant, water domains and oil do-
mains are mutuallly interconnected and form so called “bicontinuous microemul-
sion” [2]. Similar domain structures can also be found in binary polymer blends
containing amphiphilic block copolymers. Here the block copolymer is a polymer
chain composed of two (or more) chemically distinct chains, which are chemically
bonded at their ends, and can serve as a surfactant. Although there have been many
studies on the static properties of binary mixtures containing surfactants [3], studies
concentrating on the dynamic properties of such ternary mixtures have just been
started only recently [4,5]. The aim of the present article is to review recent devel-
opments in the study of the formation and dynamics of domain structures in binary
mixtures containing surfactant.

*The present article is a review of the author’s recent studies published. in references 5-8 and related
works.
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There have been several attempts to study surfactant solutions using computer
simulation techniques from different points of view [6—15]. Microscopic approaches
using fully molecular descriptions with simplified model potentials [9—14] show that
a relatively short chain composed of A-monomers and B-monomers can play the
role of surfactant in a binary solvent composed of A-monomers and B-monomers.
On the other hand, phenomenological models on a macroscopic (or mesoscopic)
scale using the so-called Ginzburg-Landau expansion of the free energy for such
ternary mixtures are also successful [15]. It can be shown [5] that most of these
approaches are applicable to relatively small surfactant molecules whose molecular
properties other than the amphiphilic nature pilay a minor role in the dynamics of
domain structures. When we consider macromolecular surfactant such as biock
copolymers, however, their molecular properties such as molecular size and shape
can no longer be negligible. In order to study the effects of macromolecular surfac-
tant on the phase separation dynamics, we introduced a hybrid description, a com-
bination of a molecular picture for the surfactant and a continuum picture for the
binary solvent [6]. In our model, the molecular shape of the surfactant is explicitly
taken into account through the interaction potential between the surfactant mol-
ecule and the binary solvent.

In this short review, we try to clarify the relations between our hybrid approach
and other approaches such as molecular models using fully molecular descriptions
or macroscopic models using fully continuous descriptions. In the next section, we
give the essence of the hybrid model by explaining how to derive it from a micro-
scopic model. In section 3, as an example of the hybrid approach, we show simula-
tion results of the hybrid model for a phase separation system containing surfactant
molecules with an asymmetric shape. Section 4 is devoted to a similar but a different
approach using a fully continuum description and we discuss the effect of the chain
length of the added block copolymer on the phase separation dynamics. In the final
section, we give concluding remarks.

2 MODELING OF SURFACTANT SOLUTIONS

Surfactant is a material which plays a role of a compatibilizer in immiscible binary
mixtures. Such a compatibilizing effect originates from the amphiphilic nature of the
surfactant molecule, which is composed of two chemically dissimilar parts. For
example, a molecule composed of an A-part and a B-part serves as a surfactant in a
C/D binary mixture if the A-part and the B-part have chemical affinity to the
C-component and the D-component of the binary mixture, respectively. Due to the
amphiphilic nature, surfactant molecules are adsorbed onto interfaces of the phase
separating binary mixture and stabilize the interface by lowering the interfacial
tension. Such a compatibilizing effect dominates the dynamics of formation of do-
main structures in surfactant solutions [4,5] as well as the statistics of the final
equilibrium domain structures [3]. In the following, we focus on the dynamics of
domain formation processes.

The simplest method to model the amphiphilic nature of surfactant is to use a
dimer of two different monomers. As an example, let us consider a surfactant in an
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A/B binary mixture composed of A-monomers and B-monomers. In this case, a
dimer of an A-monomer and a B-monomer is the simplest model of a surfactant.
Plenty of models in such a direction have been proposed and were used to study
equilibrium properties of surfactant solutions [3]. Recently, trials to apply such models
to dynamics have been started by several authors [10,12,14]. The present author
performed a Monte Carlo (MC) simulation of the above model on a 2-dimensional
square lattice, where the surfactant is regarded as a dimer connected by a rigid bond
[12]. By this simulation, we showed that the added surfactant decelerates the phase
separation dynamics in the early stage of the phase separation just as impurity
molecules. In this case, the amphiphilic property of the surfactant molecule does not
play any major role in the dynamics, and only the excluded volume effect of the
surfactant molecule is important. However, the amphiphilic property becomes more
and more important in the late stage. Laradji et al. performed a molecular dynamics
(MD) simulation on a similar model, where the surfactant molecule is modeled as a
dimer connected chemically by a harmonic spring and they investigated the late
stage dynamics of the phase separation [14]. They showed that the phase separation
dynamics is considerably slowed down in the late stage due to the low interfacial
tension of the surfactant-adsorbed interfaces. Such an effect, of course, originates
from the amphiphilic nature of the surfactant molecules.

Such a simple model of a dimeric surfactant can be generalized by using a linear
diblock copolymer, which is composed of two different blocks of consecutive mono-
mers of the same kind. For block copolymers with relatively small polymerization
indices (so-called oligomers), results of both lattice MC simulations [9,11] and
off-lattice MD simulations [13] have been reported mainly on the equilibrium
properties of the domain structures and extensions to dynamics of phase separation
have been relatively few. In these simulations using short chain block copolymers,
the molecular size of the binary mixture and that of the block copolymer are of the
same order, which means that there is no clear separation in length scales between
the binary mixture and the block copolymer. In such a case, we have to rely on fully
molecular descriptions of the system just like those used in the above-mentioned
MC or MD simulations.

On the other hand, when we consider a block copolymer with a large polymeri-
zation index as a surfactant, there is a room for us to reduce the degrees of freedom
of the model by applying a coarse-graining procedure [S]. As the length scale of a
large block copolymer molecule can be of the same order as the characteristic
wave-length of the composition fluctuations of the binary mixture, small length scale
fluctuations in the conformation of the block copolymer or in the composition
distribution of the binary mixture can be eliminated. Such a procedure leads to a
model which is described by only long wave-length fluctuations. The important
point here is the fact that the discrete nature of the individual block copolymer
molecule may have to be retained even in the coarse-grained model while the
monomer density distribution of each block copolymer molecule can be described
by continuum variables. Examples of such discrete nature of the block copolymer
molecule is the molecular shape and size of each block copolymer molecule. This
leads to the idea of the hybrid description of a molecular description and a continu-
um description. Here we reproduce the essence of a coarse-graining procedure from
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the molecular description to the hybrid description. For the details, readers should
refer Reference [5].

We start from a lattice model of an A/B binary mixture containing A-B block
copolymer chains composed of M, monomers of the A-species and My monomers
of the B-species, respectively (M,, Mg > 1). It is well known that a lattice model of a
binary mixture belongs to the same universality class as the off-lattice (molecular)
models of phase separating binary mixtures in the long wave-length limit, and that a
lattice model of a polymer chain also shows the same scaling properties as the
off-lattice polymer models [16]. Therefore, the use of the lattice model does not
impose any special constraints on our modeling. The relevant and independent long
wave-length fluctuations, which are usually called the order parameters, in this case
are:

X(r)= @a(r) — ¢g(r)
Y(r) =y (r) — Yp(r)

and

Y(r) =ya(r) + Yp(r) (1

where ¢,(r) and ¢y(r) are the local monomer densities of the A and the B species of
the binary mixture at position r and ,(r) and ¥y(r) are the local monomer den-
sities of the A and the B species of the block copolymer chains (sum of contributions
from all block copolymer chains). Here we used the incompressibility condition

Pa(r) + Pp(r) + Y 4(r) + Yg(r) = constant 2)

in order to reduce the number of independent order parameters.
The central problem is to calculate the total Helmholtz free energy functional of
the system, which is given by

F=E—T(S, .0 * Sind) (3)

where E is the interaction energy between monomers, T is the absolute tempera-
ture, S, . is the mixing entropy of the monomers of the binary mixture and the
block copolymer molecules, and S, is the conformational entropy of the block
copolymer chains. Thus, S, contains the translational degrees of freedom of center
of mass of the individual molecule, and §,, contains all of the rest degrees of freedom
associated with the intramolecular degrees of freedom of the block copolymer
chains. Using the local mean field approximation, F can be described, apart from
S..» by the monomer density distributions ¢,(r), ¢g(r), ¥ o(r) and Yy(r). Then the
free energy F is expanded in a functional Taylor series in the order parameters
X(r), Y(r) and y(r) using the definitions of Eq.(1). Thus, we obtain a continuum
description of the free energy functional in terms of the order parameters, where the
microscopic details of the system are contained in the expansion coefficients. Such
an expansion is known as Ginzburg-Landau expansion in the field of critical phe-
nomena [17].

The essential point of the hybrid model is to decompose ¥ ,(r) and Yy(r) into
contributions from individual block copolymer chain. Thus g (r)(K =AorB) is

trans
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described as:
N
b= 3 ¥R @

where ¢ is the monomer distribution of the K-species of the i-th block copolymer
chain that depends on the block length M (K = AorB) and N is the total number
of the block copolymer chains in the system. As the function Y (r) specifies the
spatial distribution of the monomer density of the K-block of the i-th block
copolymer, it contains the information on the molecular shape of the block
copolymer. We will call this function as “form function”. The scaling theory on
polymers [16] tells us the functional form of the form function. For example, if we
assume the ideal chain statistics, the form function has a Gaussian shape. To deter-
mine the functional form of the form function is equivalent to specifying the con-
figurational entropy S,, in Eq. (3). If we neglect the shape deformation of the form
function, the conformational entropy S, , merely gives the chemical potential of a
single block copolymer chain.

Using the form functions thus defined, the i-th block copolymer molecule can be
specified by its position of center of mass, which is denoted as r;, and the director, i.e.
a unit vector pointing the direction from the center of mass of the B-subchain to
that of the A-subchain, which is denoted as §,. Then the total free energy functional
F is written in terms of the continuous field X(r) and discrete variables r,(¢} and
§,(1). By adopting the dipole approximation, we finally obtain the following hybrid
expression of the Helmholtz free energy functional F[6]:

int

F=Fyy+Fyp+Fpp

where

- 1 2_CSy2 Uy
xx—[dr[zD(VX) ~X +4X}

Fyp=uN+ Zfdr Vi(r—r)8;:VX(r)

FPP=Z[Vz(ri_rj)+V3(ri_rj’§i’§j)] (5)
i<j

Fy 1s the contribution from the binary solvent mixture which has the usual form of
the Ginzburg-Landau model for phase separating binary mixtures, F,, is the contri-
bution from the interaction between the binary mixture and the block copolymers,
and F,, is that from the interactions between different block copolymer molecules,
respectively. Parameters D,c,u and u are model parameters, which are expressed
microscopically in terms of microscopic length scale and the monomer-monomer
interaction parameters and so on [5,6]. The functions V, V, and V; are expressed
by the form functions ¥y (r), whose explicit expressions are given in Ref. [6].
Physically, the first and the second terms of F, account for the chemical potential
of the block copolymer molecules and the amphiphilic nature of the block
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copolymer molecules, respectively. On the other hand, the first and second terms of
F,p originate from the interaction between centers of mass of two block copolymer
molecules and the interaction between directors of two block copolymer molecules,
respectively, the latter producing the bending elasticity of the interface. The express-
ions, Eq. (5), are for the case of a symmetric system that is invariant under the
exchange between A-species and B-species. If there is asymmetry, several extra terms
are added [7].

Here, we note that the form function ¢!(r) in general changes its shape depend-
ing on the local profile of the order parameters. In order to incorporate such a
deformation effect, one can rely on the standard random phase approximation
(RPA) for block copolymer melts [18], where the chain configuration is calculated
using a model ideal chain (Gaussian chain) in a self-consistent potential imposed by
the other chains.

Finally, the dynamics is introduced into the hybrid model by assuming purely
dissipative equations of motion for the variables X(r),r,(t) and §,(z), which are
driven by the thermodynamic forces derived from the free energy functional F
obtained by the above procedure [5,6]:

2 SF
e — LX 2
X = LV
d oF
7. = — [P
a0 =—L%
oF

S(t)=—L*[1 _§i§i]"a§ (6)

i

2w

where L¥,L? and L°® are Onsager kinetic coefficients and 1 is the unit tensor. A
rather complex form for the equation of motion for §; originates from the constraint
of |§;| = 1. The equations of motion Eq. (6) combined with the free energy functional
Eq. (5) define the hybrid model.

3 AN EXAMPLE: ASYMMETRIC SURFACTANT

Using the 2-dimensional hybrid model, we simulated a phase separation process of a
binary mixture into which block copolymers composed of asymmetric two blocks
are added as a surfactant [7]. It is well known that asymmetric block copolymer
chains induce spontaneous curvature of the interface when they are adsorbed onto
it. As the induced spontaneous curvature is an increasing function of the density of
the block copolymer on the interface, such spontaneous curvature effect is expected
to become gradually important when more and more block copolymers are adsor-
bed onto the interface.

In Figure 1, we show the temporal change of the average wave number of the
domain structure that is defined as the first moment of the scattering intensity
S(k)=1X,1% X being the Fourier component of X (r). The parameter R specifies the
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Figure 1 Temporal change of average wave number of the domain structure for the cases with asymmet-
ric surfactants. (taken from Reference [7]).

asymmetry of the block copolymer, which is defined as

R= Xaa — XaB %
BB~ XaB

where yy is the measure of the interaction energy between a K-monomer and a K'-
monomer. Thus, R =1 corresponds to the symmetric case between A and B. One
observes in Figurel a crossover phenomenon for the most asymmetric case
(R = 1.5), where the domain growth is considerably slowed down compared with the
other two cases. In order to understand the origin of such a crossover phenomenon,
we show in Figure 2 snapshot pictures of the system for the cases with (a) R=1.0
and (b) R = 1.5, respectively. It is clear that the crossover and the subsequent slow-
ing down of the phase separation is caused by a morphological change in the
domain structure from a bicontinuous one to a globular one. Such a morphological
change is induced by the increase of the spontaneous curvature of the interface as
the block copolymers are adsorbed onto it [7].

4 RELATION TO FULLY CONTINUUM MODELS

It will be worth to discuss here the relations between the hybrid model described in
the preceding two sections and more macroscopic models using fully continuum
descriptions. In a fully continuum description, the discrete nature of the individual
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Figure 2 Snapshot pictures of the system for (a) R=1.0 and for {(b) R= 1.5 respectively. (taken from
Reference [7]).

block copolymer molecule is also averaged out, and they are described by continu-
ous variables. In deriving the model free energy functional, the RPA mentioned in
section 2 is a convenient tool [18]. In RPA, the block copolymer chain is regarded
as an ideal Gaussian chain in a self-consistent field, which is a function of the local
configuration of the block copolymer and the binary mixture. Leibler pointed out
that there is a long-range interaction between monomers in block copolymer melts
using RPA [18]. Such a long-range interaction originates from the fact that a
macroscopic phase separation is inhibited in a block copolymer melt due to the
connectivity between different blocks of the block copolymer chain, which imposes

a penalty on long-range fluctuations in the local composition of the monomers

of the block copolymer. Recently, Ohta and Ito applied RPA to a block co-
polymer/homopolymer binary mixture and showed that there is also a long-range
interaction in such a system [197. It can be shown that the same approach is also
applicable to the present system of a ternary mixture of a block copolymer and a
binary solvent [20], and that there is a long-range interastion of the form:

FL=ajerdr’G(r—r’) Y(r)Y(r") ®)

for a symmetric diblock copolymer (For an asymmetric copolymer, there are extra
terms to Eq. (8). [19]). Here, G(r) is defined by V?G(r) = — 6(r) and « is a constant
depending on the chain length M as « oc M~ 2. As the long-range interaction originates
from the conformational entropy of the block copolymer chain, it gives an expression
for the long wave length part of S, in Eq. (3). The short wave length part of S, is, on
the other hand, expected to have the similar form as that of the binary mixture.

We performed a series of computer simulations using this model and investiga-
ted the chain length dependence (x-dependence) of the phase separation dynamics
[8]. In Figure 3, we show the calculated snapshot pictures of the above model
system, for the cases with (a) a longer block copolymer and with (b) a shorter block
copolymer, respectively. One confirms a significant difference in the domain structures



19: 21 14 January 2011

Downl oaded At:

PHASE SEPARATION IN SURFACTANT SOLUTIONS 55

Figure 3 Snapshot pictures of the fields X(r) (top), Y(r) (middle) and dy(r) (bottom) of the system
obtained by computer simulations on the continuum model for the cases with (a) a longer block
copolymer and with (b) a shorter block copolymer chain, respectively. Here dy(r) = ¢(r) — i, § being the
average of y(r). (taken from Reference [8]).

in these two cases. In case (a), the domain structure is maintained by the phase
separation of the block copolymer. In this case, as the block copolymer chains are
long enough, they can stretch up to the same order as the domain size of the binary
mixture and stabilize the domains by forming a network across the domains. How-
ever, when the block copolymer chain is short as in the case (b), the chains localize
around the interfaces and serve as a surfactant. We also confirmed that the dynami-
cs of the phase separation highly depends on the chain length of the block
copolymer [8]. These results and the results of the preceding section show that the
internal degrees of freedom of the surfactant molecule (in this case, the block
copolymer) strongly affect the macroscopic phase separation processes when the
surfactant is a macromolecule. Such an effect has not been considered in the previ-
ous studies on dynamics of surfactant solutions [10,12,14,15].

5 CONCLUDING REMARKS

As a conclusion, we would like to emphasize the importance of the internal degrees
of freedom of the surfactant molecule on the phase separation dynamics as was
shown in sections 3 and 4. Such molecular level properties have often been neglected
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or taken into account only partially in the previous models. Thus the advantage of
the hybrid approach as well as the continuum approach using RPA (section 4) is the
fact that the molecular level properties can easily be incorporated into these models
without loss of computational efficiency. This is crucial when we investigate dynami-
cs of large scale domain structures because we have to perform many independent
simulation runs to get accurate ensemble averages on time-dependent evolution
processes. We also showed that these models can be derived from a microscopic
molecular description by adopting the coarse-graining procedure as was shown in
section 2. Therefore we can obtain microscopic expressions of the model parameters
of the hybrid model or of the continuum model. This point will be important when
we compare the results of the present models with those of experiments.
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