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The micelle formation and the dynamic coexistence in amphiphilic solution are investigated by
molecular dynamics simulation of coarse-grained rigid amphiphilic molecules with explicit solvent
molecules. Our simulations show that three kinds of isolated micelles �disk, cylindrical, and
spherical micelles� are observed at a lower temperature by quenching from a random configuration
of amphiphilic molecules in solution at a higher temperature. The micellar shape changes from a
disk into a cylinder, and then into a sphere as the hydrophilic interaction increases whereas it is not
so sensitive to the variation of the hydrophobic interaction. This fact indicates that the hydrophilic
interaction plays an important role in determining the micellar shape in the range of the interaction
parameters used. It is also found that in a certain interaction parameter range, two kinds of micellar
shapes coexist dynamically. From the detailed analyses of the dynamic coexistence, it is ascertained
that the dynamic coexistence of a cylindrical micelle and a spherical micelle accompanies the
coalescence and fragmentation of micelles while that of a disk micelle and a cylindrical micelle does
not, but exhibits the continuous change between them. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3105341�

I. INTRODUCTION

In aqueous solutions, amphiphilic molecules such as lip-
ids, surfactants, and block copolymers spontaneously self-
assemble into a wide variety of structures ranging from mi-
celles and bilayers to bicontinuous cubic structures.1–3 These
structures can transform from one to another by changing the
solution conditions such as concentration, temperature, and
other physicochemical parameters. Such self-assembly phe-
nomena of amphiphilic molecules are of principal impor-
tance in many biological and industrial processes. Surfac-
tants have a wide range of important applications in the
pharmaceutical, cosmetics and textile industries. Recently,
self-assembled bolaamphiphile nanotubes have been used as
templates to produce metal-coated nanowires.4 Investigation
of the self-assembling nature of amphiphilic molecules is
essential to control such nanometer-sized structures. How-
ever, the initial process of self-assembly and the transient
intermediate structures formed during the transition between
two equilibrium phases have received little attention until
recently due to the experimental difficulties. Millisecond
time-resolved small-angle x-ray scattering study has revealed
the transient states in the formation of unilamellar vesicles
only recently.5

The method of molecular simulations is very useful in
investigating not only the static properties but also the dy-
namical properties of amphiphilic molecules. Over the last
two decades, many simulation studies have been done in

relation to the self-assembly of amphiphilic molecules.6–25

Smit et al.6,7 carried out molecular dynamics �MD� simula-
tions of the spontaneous aggregation of surfactants for a
simple oil/water/surfactant system and analyzed the detailed
structure of a water/oil interface in the presence of micelles.
MD simulations of coarse-grained amphiphilic molecules in
solution were performed by Goetz et al.10,11 in order to in-
vestigate the spontaneous self-assembly of amphiphilic mol-
ecules into spherical micelles, cylindrical micelles, and bi-
layers. Marrink et al.12 studied the kinetics of spontaneous
micelle formation by means of MD simulations of surfactant
molecules in water. In these two studies,10–12 the formed cy-
lindrical micelles and bilayers were not isolated but periodi-
cally connected ones without edges. The self-assembly and
fusion dynamics of vesicles were studied by Noguchi et
al.13,14 using a Brownian dynamics simulation of simplified
amphiphilic molecules without solvent. Dissipative particle
dynamics simulations were also performed to investigate the
phase behavior of amphiphilic solution,16,17 budding and fis-
sion dynamics of two-component vesicles,18 and spontane-
ous self-assembly process for threadlike micelles.19 Klein
and co-workers20–22 proposed several approaches to build
coarse-grained models for aqueous surfactants. Several in-
vestigations on the dynamics of micellar fusion and fission
have recently been made.23–25 Although simulation studies
on the dynamics of amphiphilic molecules in solution have
thus been done intensively, little is known about the detailed
mechanism of micelle formation in amphiphilic solution at
the molecular level. In particular, the formation processes of
the isolated cylindrical micelles and bilayers with edges have
not so far been analyzed in detail.
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The purpose of this paper is to clarify the molecular
mechanism of micelle formation in amphiphilic solution.
Our particular concern is to investigate how the micellar
shape changes depending on the hydrophilicity and hydro-
phobicity. With a view to investigating the self-assembling
processes of amphiphilic molecules in solution at the mo-
lecular level, we carry out the MD simulations of coarse-
grained amphiphilic molecules with explicit solvent mol-
ecules and analyze the dynamical processes of micelle
formation systematically. The molecular mobility and the mi-
cellar shape change will be discussed in the subsequent
paper.26

This paper is organized as follows. In Sec. II we describe
the concept of opposing force1,2,27 and explain in detail our
simulation model and method. Our simulation results and
discussion on the micelle formation and the dynamic coex-
istence are presented in Sec. III. In Sec. IV conclusions are
given.

II. SIMULATION MODEL AND METHOD

Before explaining our simulation model and method, we
should describe the concept of opposing forces which was
originally proposed by Tanford.1,2,27 The major forces that
govern the self-assembly of amphiphilic molecules are the
hydrophobic attraction at the hydrocarbon-water interface
and the hydrophilic repulsion of the head groups. The former
attractive interaction arises mainly from the interfacial ten-
sion forces at the hydrocarbon-water interface. On the other
hand, the latter repulsive interaction includes several contri-
butions such as a steric contribution, a hydration contribution
and an electrostatic contribution.

The computational model is the same as that used in the
previous work,28,29 which is based on the models of Goetz et
al.10,11 and Noguchi et al.13,14 An amphiphilic molecule is a
rigid rod which consists of one hydrophilic particle and two
hydrophobic particles. A solvent molecule is modeled as a
hydrophilic particle. The mass of each particle is m. The
interaction between a hydrophilic particle and a hydrophobic
particle is modeled by a repulsive soft core potential,

USC�r� = 4�SC��SC

r
�9

, �1�

the interaction between a hydrophilic head particle and a
solvent particle is modeled by a Lennard-Jones potential,

ULJ
hs�r� = 4�hs���

r
�12

− ��

r
�6� , �2�

and all other interactions are modeled by a Lennard-Jones
potential,

ULJ�r� = 4����

r
�12

− ��

r
�6� , �3�

where r is the interparticle distance, �SC is an interaction
parameter for the intensity of the hydrophobic interaction,
and �hs is that for the intensity of the hydrophilic interaction.
The parameter �SC is set to be �SC=1.05� as in Ref. 10 and
the cutoff distance for these potentials is rc=3.0�. We use
the shifted force variant of these potentials,

V�r� = U�r� − U�rc� − 	 �U

�r
	

r=rc

�r − rc� , �4�

in order to avoid discontinuities both in the potential energy
and in the force. In our simulation model, the intensity of the
hydrophobic attraction and the hydrophilic repulsion can be
controlled by the interaction parameters between the hydro-
philic particles and the tail particles ��SC� and those between
the head particles and the solvent particles ��hs�, respectively.
We show, in Fig. 1, the schematic illustration of the interac-
tion parameters ��SC, �hs, and �� and the effects of the hy-
drophobic attraction ��SC� and the hydrophilic repulsion ��hs�
on the curvature of the tail-solvent interface. As �SC de-
creases or �hs increases, the interfacial curvature tends to
increase.

In what follows, we represent dimensionless quantities
by an asterisk, e.g., energy �hs

� =�hs /�, number density ��

=��3, time t�= t
� /m�2 and temperature T�=kBT /�, where
kB is the Boltzmann constant. The equations of motion for all
particles are solved numerically using the leap-frog algo-
rithm at constant temperature �T�=1.3� with a time step of
�t�=0.0025 and the temperature is controlled at every 10
time steps by ad hoc velocity scaling.30 We apply the peri-

(a)

ε

εε

εhs

εSC εSC

(b)

εhsεSC

FIG. 1. �Color online� Schematic illustration of �a� the interaction param-
eters: �SC, �hs, and � and �b� the effects of the hydrophobic attraction ��SC�
and the hydrophilic repulsion ��hs� on the interfacial curvature. Dark gray
�or orange color�, gray �or green color�, and light gray �or light blue color�
denote the hydrophilic head particles, the hydrophobic tail particles, and the
solvent particles, respectively. The curvature of the tail-solvent interface
�thick line� tends to become larger with the decrease of �SC or with the
increase of �hs.
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odic boundary conditions and the number density is set to
��=0.75.

The MD simulations are performed in the following way.
At first, we provide a randomly distributed configuration of
97 amphiphilic molecules immersed in a bath of solvent par-
ticles at high temperature �T�=10� for various values of the
interaction parameters �SC

� and �hs
� �1.0��SC

� , �hs
� �4.0�.

The number of solvent particles is 5541, which leads to the
amphiphilic concentration of 0.05 and the side length for the
cubic simulation box of 19.8. The system is then quenched to
T�=1.3 and MD simulations of t�=4.0�104 �1.6�107 time
steps� are carried out for each simulation run typically. In
Sec. III, we study the micelle formation process and the dy-
namic coexistence of micellar shapes in detail.

III. SIMULATION RESULTS AND DISCUSSION

A. Micelle formation

1. Spontaneous aggregation into micelles

In order to see the micelle formation process, we show,
in Fig. 2, the snapshots of the spontaneous aggregation pro-
cess at various times �t�=0, 1000, and 40 000� for
��SC

� ,�hs
� �= �1.0,1.0�. Gray shadows of the amphiphilic mol-

ecules projected on three planes and an isosurface of tail
particles, which is calculated by Gaussian splatting tech-
niques, are depicted in Figs. 2�c� and 2�d�, respectively, to
show the micellar shape clearly. Note that solvent molecules
are not depicted in this figure. We find the following features
from Fig. 2: �i� At the initial time �t�=0�, the configuration of
the amphiphilic molecules is random and almost all the am-
phiphilic molecules are isolated. �ii� As time elapses, small
micelles are formed in several positions �t�=1000�. �iii� Sev-
eral small micelles then coalesce into a large micelle and the

disk micelle is finally formed �t�=40 000�. We show, in Figs.
3 and 4, the snapshots of micelles formed by amphiphilic
molecules for ��SC

� ,�hs
� �= �1.0,2.0� and �1.0, 4.0�, respec-

tively. Isosurfaces of tail particles are depicted also in these
figures. Figures 3 and 4 tell us that the micellar structure
formed for ��SC

� ,�hs
� �= �1.0,2.0� is cylindrical and that for

��SC
� ,�hs

� �= �1.0,4.0� is almost spherical. As can be seen in
Figs. 2–4, three kinds of micellar shapes �disk, cylinder, and
sphere� appear in our simulation. The dependence of the mi-
cellar shape on the intensity of the hydrophilic or hydropho-
bic interaction will be analyzed more elaborately in Sec.
III A 4. Our simulations also indicate that the micellar shape
changes from a disk into a cylinder, and then into a sphere as
the intensity of the hydrophilicity ��hs

� � increases. The snap-
shots of micelles formed for ��SC

� ,�hs
� �= �2.0,1.0� and �3.0,

1.0� indicate that only disk micelle can be observed for large
values of �SC

� �figure not shown�. These facts suggest that the
micellar shape depends primarily on the hydrophilicity in our
interaction parameter range.

2. Potential energy

Here, we examine the energy relaxation during the mi-
celle formation process. We show, in Fig. 5, the time depen-
dence of the total potential energy for ��SC

� ,�hs
� �= �1.0,4.0�,

�1.0, 1.0�, and �3.0, 1.0�. This figure indicates that, more or
less, potential energies relax in a stepwise manner. We also
find that such stepwise nature is enhanced as the intensity of
the hydrophilicity ��hs

� � decreases �Figs. 5�a� and 5�b�� or that
of the hydrophobicity ��SC

� � increases �Figs. 5�b� and 5�c��.

(a) t∗ = 0 (b) t∗ = 1000

(c) t∗ = 40000 (d) t∗ = 40000

FIG. 2. �Color online� Snapshots of the self-assembly process for
��SC

� ,�hs
� �= �1.0,1.0�: �a� t�=0, �b� t�=1000, and �c�, �d� t�=40 000. The

self-assembled structure formed in this process is a disk micelle. In �c� and
�d�, gray shadows of the disk micelle projected on three planes and an
isosurface of tail particles are, respectively, depicted to make the micellar
shape understandable. The isosurface is calculated by Gaussian splatting
techniques. Dark gray �or orange color� and light gray �or green color�
particles denote hydrophilic head particles and hydrophobic tail particles,
respectively. Note that solvent molecules are not displayed for clarity.

(a) (b)

FIG. 3. �Color online� Snapshots of the cylindrical micelle formed by am-
phiphilic molecules at t�=40 000 for ��SC

� ,�hs
� �= �1.0,2.0�. In �a� and �b�,

gray shadows of the cylindrical micelle projected on three planes and an
isosurface of tail particles, respectively, are also depicted to make the mi-
cellar shape understandable. Dark gray �or orange color� and light gray �or
green color� particles denote hydrophilic head particles and hydrophobic tail
particles, respectively. Note that solvent molecules are not displayed for
clarity.

(a) (b)

FIG. 4. �Color online� Snapshots of the spherical micelles formed by am-
phiphilic molecules at t�=28 000 for ��SC

� ,�hs
� �= �1.0,4.0�. In �b�, an isosur-

face of tail particles is also depicted to make the micellar shape understand-
able. Dark gray �or orange color� and light gray �or green color� particles
denote hydrophilic head particles and hydrophobic tail particles, respec-
tively. Note that solvent molecules are not displayed for clarity.
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This observation can be interpreted in the following way. In
the case of small hydrophilicity ��hs

� � or large hydrophobicity
��SC

� �, the energy gain due to the coalescence of micelles
becomes large since the cohesive energy by amphiphilic
molecules increases as �hs

� decreases or �SC
� increases. This

large energy gain by the coalescence of micelles for small �hs
�

or large �SC
� causes the enhancement of the stepwise nature

of the total potential energy.

3. Radius of gyration

In order to investigate the micelle formation process at
the molecular level, we define a micelle as a collection of
amphiphilic molecules whose tail particles are located close
to each other.7 A micelle is precisely defined in the following
way. Two amphiphilic molecules, i and j, belong to the same
micelle if the following condition is satisfied: mink,l�rk

i −rl
j�

�r0, where rk
i is the position vector of the kth tail particle in

the ith amphiphilic molecule. In our calculations, we set r0

=1.4�. In Fig. 6, we show the radius of gyration Rg
� of the

largest micelle as a function of time for ��SC
� ,�hs

� �
= �1.0,4.0�, �1.0, 1.0�, and �3.0, 1.0�. As can be seen in this
figure, Rg

� is found to increase in a stepwise manner in con-
nection with the energy relaxation �Fig. 5� in the course of
the initial micelle formation process. Sharp bumps are ob-
served when such stepwise increases of Rg

� occur, which im-
plies that the micelle formation proceeds through the coales-
cence of smaller micelles. We also find that the increases or
decreases occur repeatedly in the case of large values of �hs

�

�Fig. 6�a��, which means that the coalescence and fragmen-
tation of micelles occur frequently for large hydrophilicity
��hs

� �.

4. Micellar shape distribution

In this subsection, we examine the micellar shape distri-
bution in order to investigate quantitatively how the micellar
shape changes depending on the intensity of the hydrophilic-
ity and hydrophobicity. In our previous paper,29 we proposed
the orientational order parameters as the indices to character-
ize the micellar shape. Here, we introduce the coordinate
system with three principal axes of inertia of each micelle. In
this coordinate system, the origin is located at the center-of-
mass position of the micelle, the x-axis is the principal axis
with the largest moment of inertia and the z-axis is that with
the smallest moment of inertia. The orientational order pa-
rameters px, py, and pz are defined by

pi = � 3 cos2 �i − 1

2

 �i = x,y,z� , �5�

where �i is the angle between the vector along the molecular
axis of an amphiphilic molecule and the i-axis �i=x ,y ,z�,
and �¯� denotes the average over all amphiphilic
molecules.31 Note that the average is taken for the am-
phiphilic molecules in the vicinity of the center-of-mass po-
sition of the micelle, that is, those in the region of −�r
�x ,y ,z��r. We set �r=2.5� in the calculation of pi. Ide-
ally, the orientational order parameters take the following
values: �px , py , pz�= �1,−0.5,−0.5� for a disk, �px , py , pz�
= �0,0 ,−0.5� for a cylinder, and �px , py , pz�= �0,0 ,0� for a
sphere. It is found from the detailed analysis of the distribu-
tion functions of these orientational order parameters that, in
practice, three types of micellar shapes are clearly distin-
guishable by the orientational order parameters: 0.5� px

�1.0 and −0.5� py , pz�−0.25 for a disk micelle, −0.25
� px , py �0.5 and −0.5� pz�−0.25 for a cylindrical micelle,
and −0.25� px , py , pz�0.5 for a spherical micelle.29 We now
calculate the fraction of each micellar shape on the basis of
the above-mentioned orientational order parameters. In Figs.
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7 and 8, the time dependence of the fraction of various mi-
cellar shapes �disk, cylinder, sphere, and others� of all mi-
celles is presented as histograms for �SC

� =1.0 and �hs
� =1.0,

respectively. The following characteristic features are found
from these figures. �i� The spherical micelles are dominant in
the course of the initial micelle formation process �Figs. 7
and 8�. �ii� For �hs

� =1.0, the disk micelle is dominant after an
isolated micelle is formed �Figs. 7�a� and 8�. The fraction of
the disk micelles becomes larger as the intensity of the hy-
drophobicity ��SC

� � increases �Fig. 8�. �iii� In the case of
��SC

� ,�hs
� �= �1.0,2.0�, the dominant micellar shape is a cylin-

der after an isolated micelle is formed �t�	3.0�104� �Fig.
7�b��. �iv� For ��SC

� ,�hs
� �= �1.0,4.0�, the dominant micellar

shape is a sphere although the alternative changes are ob-
served in the fraction of micellar shapes due to the coales-
cence and fragmentation of micelles �Fig. 7�c��. This alter-
nation can be a precursor of the dynamic coexistence
discussed below �Sec. III B�.

B. Dynamic coexistence

In Sec. III A, it was shown that, in the case of �SC
� =1.0,

the dominant micellar shape is a disk for �hs
� =1.0, a cylinder

for �hs
� =2.0, and a sphere for �hs

� =4.0. Here, we study the
micellar shapes observed in each intermediate parameter
range in the case of �SC

� =1.0: 1.0��hs
� �2.0 or 2.0��hs

�

�4.0. At first, the snapshots of the micelle formed at various
times �t�=22 000, 24 000, 31 500, and 34 500� are shown in
Fig. 9 for ��SC

� ,�hs
� �= �1.0,1.5�. This figure tells us that the

micellar shape becomes a disk �Figs. 9�a� and 9�c�� or a
cylinder �Figs. 9�b� and 9�d�� as the time elapses. Note that,
in the case of �SC

� =1.0, the dominant micellar shape for �hs
�

=1.0 is a disk and that for �hs
� =2.0 is a cylinder �Figs. 7�a�

and 7�b��. We then show, in Fig. 10, the snapshots of the
micelle formed at various times �t�=13 000, 14 000, 24 500,
and 39 000� for ��SC

� ,�hs
� �= �1.0,3.0�. It is found from this

figure that the micellar shape alternates between a cylinder
�Figs. 10�a� and 10�c�� and a sphere �Figs. 10�b� and 10�d��.
It must also be noted that, in the case of �SC

� =1.0, the domi-
nant micellar shape for �hs

� =2.0 is a cylinder and that for
�hs

� =4.0 is a sphere �Figs. 7�b� and 7�c��. Both of these fig-
ures indicate that two kinds of micellar shapes coexist dy-
namically.

Hereafter, we investigate the dynamic coexistence of mi-
cellar shapes in detail. We show, in Figs. 11 and 12, the time
dependence of the total potential energy Epot, the radius of
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FIG. 7. The fraction of various micellar shapes �disk, cylinder, sphere, and
others� of all micelles versus time t in the case of �SC

� =1.0 �a� for �hs
� =1.0,

�b� for �hs
� =2.0, and �c� for �hs

� =4.0. The figures are shown as histograms.
The classification of micellar shapes is based on the orientational order
parameters concerning the principal axes of inertia of the micelle �Ref. 29�.
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FIG. 8. The fraction of various micellar shapes �disk, cylinder, sphere, and
others� of all micelles vs time t in the case of �hs

� =1.0 �a� for �SC
� =1.0, �b�

for �SC
� =2.0, and �c� for �SC

� =3.0. The figures are shown as histograms. The
classification of micellar shapes is based on the orientational order param-
eters concerning the principal axes of inertia of the micelle �Ref. 29�.
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gyration Rg of the largest micelle, the number of micelles nm,
and the fraction of micellar shapes of the largest micelle for
��SC

� ,�hs
� �= �1.0,1.5� and ��SC

� ,�hs
� �= �1.0,3.0�, respectively.

Figure 11 indicates the following features: �i� The stepwise
changes in Epot, Rg, and nm are observed until a single mi-
celle is finally formed through the coalescence of smaller
micelles �t�
12 000�. �ii� After the single micelle is formed
�t�	12 000�, Epot, Rg, and nm are almost steady whereas the

dominant micellar shape frequently alternates between a disk
and a cylinder as depicted in Fig. 9. �iii� The fraction of other
micellar shapes which are not classified into three kinds of
micellar shapes �disk, cylinder, and sphere� is relatively large
especially after the single micelle is formed �t�	12 000�.
The reason for this observation is that since no coalescence
and fragmentation of micelles occurs at t�	12 000, the mi-
cellar shape change between a disk and a cylinder is the
continuous one rather than the alternation between them,
which results in the relative large fraction of the intermediate
shapes between them. We find from Fig. 12 that after the
initial micelle formation �t�	4000�, Epot remains almost
steady, the sharp increases or decreases of Rg occur repeat-
edly, and nm fluctuates between 1 and 3. The fluctuation of
nm implies that the coalescence and fragmentation of mi-
celles occur frequently at t�	4000. It is also found from Fig.
12�d� that the dominant micellar shape alternates between a
cylinder and a sphere several times after the initial micelle
formation �t�	4000� as shown in Fig. 10. By making a com-
parison between the time evolution of Rg �Fig. 12�b��, that of
nm �Fig. 12�c��, and that of the fraction of micellar shapes for

(a) t∗ = 22000 (b) t∗ = 24000

(c) t∗ = 31500 (d) t∗ = 34500

FIG. 9. �Color online� Dynamic coexistence of a disk micelle and a cylin-
drical micelle for ��SC

� ,�hs
� �= �1.0,1.5�: �a� t�=22 000 �disk�, �b� t�=24 000

�cylinder�, �c� t�=31 500 �disk�, and �d� t�=34 500 �cylinder�. Dark gray �or
orange color� and light gray �or green color� particles denote hydrophilic
head particles and hydrophobic tail particles, respectively. Gray shadows of
the amphiphilic molecules projected on three planes are also depicted to
make the micellar shape understandable. Note that solvent molecules are not
displayed for clarity.

(a) t∗ = 13000 (b) t∗ = 14000

(c) t∗ = 24500 (d) t∗ = 39000

FIG. 10. �Color online� Dynamic coexistence of a cylindrical micelle and
spherical micelles for ��SC

� ,�hs
� �= �1.0,3.0�: �a� t�=13 000 �cylinder�, �b� t�

=14 000 �sphere�, �c� t�=24 500 �cylinder�, and �d� t�=39 000 �sphere�.
Dark gray �or orange color� and light gray �or green color� particles denote
hydrophilic head particles and hydrophobic tail particles, respectively. Gray
shadows of the cylindrical micelles projected on three planes are also de-
picted to make the micellar shape understandable. Note that solvent mol-
ecules are not displayed for clarity.
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FIG. 11. The time evolution of �a� the total potential energy Epot, �b� the
radius of gyration Rg of the largest micelle, �c� the number of micelles nm,
and �d� the fraction of various micellar shapes of the largest micelle in the
case of ��SC

� ,�hs
� �= �1.0,1.5�.
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the largest micelle �Fig. 12�d��, it is clearly found that Rg and
the micellar shapes change in association with the coales-
cence and fragmentation of micelles.

IV. CONCLUSIONS

In conclusion, we have obtained the following new re-
sults by carrying out MD simulations of coarse-grained rigid
amphiphilic molecules with explicit solvent molecules. �1�
Three kinds of isolated micelles �disk, cylindrical, and
spherical micelles� are formed at a lower temperature by
quenching from a random configuration of amphiphilic mol-
ecules in solution at a higher temperature. �2� As the hydro-
philic interaction increases, the micellar shape changes from
a disk into a cylinder, and then into a sphere. �3� The micellar
shape, on the other hand, is not so sensitive to the variation
of the hydrophobic interaction. �4� The relaxation of the total
potential energies proceeds in a stepwise manner and the
degree of the stepwise nature is enhanced as the intensity of
the hydrophilicity decreases or that of the hydrophobicity
increases. �5� The dynamic coexistence of a cylindrical mi-

celle and a spherical micelle accompanies the coalescence
and fragmentation of micelles whereas that of a disk micelle
and a cylindrical micelle does not, but exhibits the continu-
ous change between them.

Here we discuss the relationship between the second re-
sult and the argument by Mitchell et al.32 They illustrated
that the micellar shape changes from a disk �bilayer� into a
cylinder �rod�, and then into a sphere as the curvature of the
tail-solvent interface �interfacial curvature� increases �Fig. 2
in Ref. 32�. Considering that the interfacial curvature tends
to increase as �SC decreases or �hs increases as in Fig. 1, the
second result is in agreement with the illustration by Mitchell
et al. in Ref. 32.

The second and third observations lead to the conclusion
that the hydrophilic interaction plays an important roll in
determining the micellar shape in the interaction parameter
range we used. The fourth result can be explained by the
following simple argument. The energy gain due to the coa-
lescence of micelles is considered to be large since the co-
hesive energy by amphiphilic molecules increases as the hy-
drophilicity decreases or the hydrophobicity increases.
Therefore, the energy difference between before and after the
coalescence of micelles can be larger as the intensity of the
hydrophilicity decreases or that of the hydrophobicity in-
creases.

It is worth mentioning the universal nature of the non-
equilibrium dynamics. The stepwise energy relaxation is ob-
served not only in amphiphilic systems but also in chain
molecular systems33–38 and in plasma systems39 when a sys-
tem is driven far from equilibrium. In chain molecular sys-
tems, the orientationally ordered structure of polymer chains
or chain molecules is formed at a lower temperature by
quenching from a random configuration at a higher tempera-
ture and its growth proceeds in a stepwise fashion.33–38 In the
case of plasma systems, the magnetic energy relaxes into a
self-organized state in a stepwise manner when the system is
initially excited into a nonequilibrium state.39 Moreover, the
dynamic coexistence of the orientationally ordered state and
the randomly oriented state is observed at a certain tempera-
ture in polymeric systems.37 We believe that these two find-
ings, the stepwise energy relaxation and the dynamic coex-
istence, will provide a key to the research on the universality
of the nonequilibrium dynamics.

We now refer to the characterization of micellar shapes.
In this paper, we classified the micellar shapes into disk,
cylinder, sphere, and others, on the basis of the orientational
order parameters concerning the principal axes of inertia of a
micelle. Such characterization of the micellar shapes may be
appropriate for small micelles,29 but its validity for large mi-
celles is not obvious because our classification is based on
the local information around the center-of-mass position of
the micelle. The characterization of large micelles such as
threadlike micelles can be seen in Ref. 19.

In a subsequent paper, we will study the molecular mo-
bility and the micellar shape change in amphiphilic
solution.26 For future works, we will analyze the dynamic
coexistence from a point of view of free energy. Further-
more, we will carry out MD simulations of semiflexible am-
phiphilic molecules in solution in order to investigate the
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FIG. 12. The time evolution of �a� the total potential energy Epot, �b� the
radius of gyration Rg of the largest micelle, �c� the number of micelles nm,
and �d� the fraction of various micellar shapes of the largest micelle in the
case of ��SC

� ,�hs
� �= �1.0,3.0�.
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effect of chain rigidity on the micellar shape and the forma-
tion processes of micelles and mesophases systematically.
We expect that the rigid amphiphilic molecules would favor
the formation of disks while the flexible tails would be able
to pack more easily into cylindrical or spherical micelles.
The preliminary simulation results on semiflexible am-
phiphilic molecules seem to lend support to this expectation,
that is, the micellar shape changes from a cylinder to a disk
as the chain rigidity increases.
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