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The self-assembly of dissolved symmetric bolaamphiphilic molecules is studied using dissipative particle
dynamics simulations. Specifically, we investigate how interactions between the dual hydrophilic ends of the
molecules aﬀect the self-assembly process. Simulations show that four types of self-assembled structures (spherical micelles, tubes, vesicles, and wormlike micelles) are obtained from a random configuration of symmetric
bolaamphiphilic molecules in solution. We find that the self-assembled structures change from spherical micelles
to tubes, then to vesicles, and finally to wormlike micelles as the repulsive interactions between the hydrophilic
ends increase. The molecular shapes in vesicles tend to be more rodlike than those in spherical micelles, tubes,
or wormlike micelles.
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1. Introduction
The study of self-organization in nonequilibrium and
nonlinear systems such as plasma systems and soft-matter
systems has recently attracted growing interest. Understanding the properties of self-organization that are common among these systems is extremely important to improving plasma confinement. To this end, we investigate
the formation of structure in soft-matter systems, such
as the formation of orientationally ordered structures in
polymeric systems [1–5] and the formation of micelles
and mesophases in amphiphilic molecular systems [6–13].
Amphiphilic molecules such as lipids and surfactants are
composed of both hydrophilic and hydrophobic groups. In
aqueous solvents, the amphiphilic molecules self-assemble
spontaneously into structures such as micelles, vesicles,
and lamellae [14–16]. The self-assembly of amphiphilic
molecules plays a key role in several biological and industrial processes. For example, the process can be exploited
to template inorganic minerals [16].
Not many simulation studies have investigated the formation of structure in bolaamphiphilic molecules. These
molecules consist of a hydrophobic stalk and two hydrophilic ends. In contrast, numerous computer simulation studies have addressed the structure formation of amphiphilic molecules, which consist of a hydrophilic head
group and a hydrophobic tail group. Although a few
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molecular simulations have been performed to investigate
the formation of structure and the structural changes in
a bolaamphiphilic solution [9, 12, 13, 17], little is known
about the molecular-scale details of the self-assembly processes in a bolaamphiphilic solution.
This study clarifies the eﬀect of the interaction between the hydrophilic ends of bolaamphiphilic molecules
on the self-assembly process. With a view to investigating self-assembly in a symmetric bolaamphiphilic solution at the molecular level, we performed dissipative particle dynamics (DPD) simulations of symmetric bolaamphiphilic molecules in solution and analyzed the formation
processes of micelles, vesicles, and other structures.

2. Simulation Model and Method
The computational model discussed below is essentially the same as that used in our previous work [13],
which is based on the model of Li et al. [17]. A symmetric bolaamphiphilic molecule is represented as a coarsegrained flexible chain, AB3 A, which consists of a hydrophobic stalk with three particles (denoted by B) and two
hydrophilic ends with one particle each (denoted by A).
The solvent is modeled as hydrophilic particles (denoted
by S). The mass of each particle is set to unity. The total
force acting on particle i is written as the sum of the following four components, a conservative force FCi j , a dissipative
R
force FD
i j , a random force Fi j , and a harmonic spring force
FSi j which represents the stretching of the bond between
neighboring particles:
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S
Fi =
FCi j + FD
i j + Fi j + Fi j .
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The conservative force is a soft repulsion of the form

ai j (1 − ri j )r̂i j (ri j < 1)
.
(2)
FCi j =
0
(ri j ≥ 1)
Here, ai j is the maximum repulsion
between particles i and
 


j, and ri j = ri − r j , ri j = ri j , r̂i j = ri j /ri j , where ri is the
position vector of particle i. The dissipative and random
forces are, respectively, given by
D
FD
i j = −γw (ri j )(r̂i j · ui j )r̂i j ,

(3)

FRi j = σwR (ri j )ςi j Δt−1/2 r̂i j .

(4)

and

Here, wD and wR are weight functions that provide the
range of the interactions for the dissipative and random
forces, γ is the friction coeﬃcient, σ is the noise amplitude, ςi j is a Gaussian random variable with zero mean and
unit variance, Δt is the time step, and ui j = ui − u j , where ui
is the velocity vector of particle i. An explanation for the
appearance of Δt−1/2 in Eq. (4) is given in Refs. [18, 19].
According to Español and Warren [18], the equilibrium
distribution of the system becomes the Gibbs-Boltzmann
distribution if the weight functions (wD and wR ) and the
coeﬃcients of the dissipative and random forces (γ and σ)
satisfy the following conditions:

2  (1 − r)2 (r < 1)
D
R
,
(5)
w (ri j ) = w (ri j ) =
0
(r ≥ 1)
σ2 = 2γkB T.

(6)

These equations represent the fluctuation-dissipation theorem for the DPD method. In the present simulation, the
values σ = 2.4 and γ = 4.5 are used and the temperature
of the system is maintained at kB T = 0.64, where kB is the
Boltzmann constant. The harmonic spring force is given
by
FSi j = ks (1 − ri j /rs )r̂i j ,

(7)

where kS is the spring constant and rS is the equilibrium
bond length. The values kS = 10.0 and rS = 0.86 are used
in our simulation.
Numerical integrations of the equations of motion for
all particles are performed using the modified velocity Verlet algorithm [20]:
ri (t + Δt) = ri (t) + Δtui (t) + 12 (Δt)2 Fi (t),
ũi (t + Δt) = ui (t) + λΔt Fi (t),
Fi (t + Δt) = Fi (r(t + Δt), ũ(t + Δt)) ,

(8)

ui (t + Δt) = ui (t) + 12 Δt (Fi (t) + Fi (t + Δt)) ,
where λ is a variable factor. DPD simulations with λ =
0.65 and Δt = 0.04 were carried out using the OCTA system’s COGNAC engine [21]. Periodic boundary conditions were applied in all three directions. The repulsive

Fig. 1 Schematic illustration of a flat membrane (left) and a
curved membrane (right) in (a) the AB3 C model (Ref.
[13]) and (b) the present AB3 A model. Yellow and orange represent hydrophilic particles, and green represents
hydrophobic particles. The hydrophobic stalk-solvent interface is represented by a thick line.

interaction parameters between the particles, ai j , in Eq. (2)
are given as
⎛
⎞
⎜⎜⎜
A
B
S ⎟⎟⎟
⎟
⎜⎜⎜⎜ A a
200 25 ⎟⎟⎟⎟
AA
⎟,
ai j = ⎜⎜⎜⎜
(9)
⎜⎜⎜ B 200 25 200 ⎟⎟⎟⎟⎟
⎝
⎠
S 25 200 25
where aAA , the repulsive interaction parameter between the
hydrophilic ends, varies from 10 to 50. Note that the packing of the bolaamphiphilic molecules becomes less dense
as aAA increases.
The symmetric bolaamphiphilic model studied in this
paper, AB3 A, diﬀers from the previously reported asymmetric bolaamphiphilic AB3 C model in several relevant
ways [13]. We here consider the cases with aAA =
aCC = 30 in the AB3 C model and with aAA = 30 in
the AB3 A model. When the bolaamphiphilic molecules
form a flat membrane structure (left panels in Figs. 1 (a)
and 1 (b)), the energies of the AB3 C and AB3 A models
are the same. When the bolaamphiphilic molecules form
a curved membrane structure by bending some constituent
bolaamphiphilic molecules, i.e., by changing the rodlike
conformation to a U-shaped conformation (right panels in
Figs. 1 (a) and 1 (b)), the models diﬀer. The curved membrane structure in the AB3 C model is energetically unfavorable because of the large repulsion between the A and
C particles. This diﬀerence suggests that the symmetric
AB3 A model has the potential to form a wider variety
of self-assembled structures than the asymmetric AB3 C
model.
The simulations were started from a random configuration of 1000 bolaamphiphilic molecules and 40,000 solvent particles in a 24.66 × 24.66 × 24.66 cubic box, which
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leads to the number density of ρ = 3.0. We conducted DPD
simulations with t = 4.0 × 104 (1.0 × 106 time steps) for
each simulation run. The self-assembly processes for various values of the repulsive interaction parameters between
the hydrophilic ends, aAA , are analyzed below.

cence of smaller micelles into larger ones. (ii) A remarkable stepwise energy relaxation appears at t ≈ 4500 with
aAA = 15 (Fig. 3 (a)), which suggests that large-scale coalescence of the clusters occurred. This can be clearly seen

3. Simulation Results and Discussion
3.1

Self-assembled structures

Figure 2 shows snapshots of the four kinds of selfassembled structures (spherical micelles with internal
structures, tubes, vesicles, and wormlike micelles) that
formed in our DPD simulations with various values of the
repulsive interaction parameter (aAA = 15, 25, 30, and 50).
In this figure, both whole-view (left) and cross-sectional
view (right) snapshots are included. The solvent particles
are not shown except for those inside the tubes and vesicles in the cross-sectional view (Figs. 2 (b) and 2 (c)). The
self-assembled structures that formed in our DPD simulation are listed in Table 1. This table indicates that as the
repulsive interaction parameter aAA increases, the spherical micelles with internal structure are replaced by tubes,
then vesicles, and finally wormlike micelles.

3.2

Potential energy relaxation

Figures 3 - 6 show the total potential energy, Epot , and
the number of clusters that formed, nc , for aAA = 15, aAA =
25, aAA = 30, and aAA = 50, respectively. In Fig. 3 (a),
snapshots at t = 4000 and t = 5000 are also displayed for
clarity. Epot is defined as the sum of the potential energies
associated with FCi j and FSi j as follows:
⎡
 ⎤
 ⎢⎢ ai j 
2 kS rS 
ri j 2 ⎥⎥⎥
⎢
⎢⎣⎢
⎥⎥
Epot =
1 − ri j +
1−
2
2
rS ⎦
i< j
× H(1 − ri j ),

(10)

where H(1 − ri j ) is the Heaviside step function. The following three characteristics are demonstrated in these figures. (i) The total potential energy decreases with the decrease in the number of clusters or growth of clusters except for the case of the wormlike micelles that formed with
aAA = 50 (Fig. 6). In the case of the wormlike micelles,
the potential energy is not very sensitive to the coalesTable 1 Self-assembled structures obtained in our simulation.

Fig. 2 Overview (left) and cross section (right) of selfassembled structures: (a) spherical micelles with internal
structures at aAA = 15, (b) tubes and vesicles at aAA = 25,
(c) vesicles at aAA = 30, and (d) wormlike micelles at
aAA = 50. Orange, green, and light-blue particles represent the hydrophilic, hydrophobic, and solvent particles,
respectively. Note that the solvent particles are not displayed except inside the tubes and vesicles in the crosssectional view of (b) and (c).
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Fig. 3 Time evolution of (a) the total potential energy Epot and
(b) the number of clusters nc for αAA = 15. The snapshots
at t = 4000 and t = 5000 are also displayed in (a).

Fig. 4 Time evolution of (a) the total potential energy Epot and
(b) the number of clusters nc for aAA = 25.

Fig. 5 Time evolution of (a) the total potential energy Epot and
(b) the number of clusters nc for aAA = 30.

Fig. 6 Time evolution of (a) the total potential energy Epot and
(b) the number of clusters nc for aAA = 50.

3.3 Molecular shapes
from the snapshots at t = 4000 and t = 5000 shown in
Fig. 3 (a). (iii) The formation of wormlike micelles takes
more time (Fig. 6) than that of other self-assembled structures of spherical micelles, tubes, or vesicles (Figs. 3 - 5).

To better understand the molecular shapes in the selfassembled structures, we next examine the distribution of
the angles between the bond vectors of the two ends of a
chain. Figure 7 shows the distribution of the cosine of the
angles between the end-bond vectors along the same chain
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Fig. 8 Fractions of two kinds of molecular shapes (U-shaped
and rodlike) versus the repulsive interaction parameter
aAA .

Fig. 7 Distribution function of the cosine of the angles between
both end bond vectors along the same chain P(cos θe )
for (a) aAA = 15, (b) aAA = 25, (c) aAA = 30, and (d)
aAA = 50. Note that cos θe < 0 corresponds to the rodlike molecules whereas cos θe ≥ 0 corresponds to the Ushaped ones.

P(cos θe ) against various values of the repulsive interaction parameter (aAA = 15, 25, 30, and 50). The end-bond
−−→
vector is defined as the vector from B to A (BA). Note that
cos θe < 0 corresponds to rodlike molecules, and cos θe ≥ 0
corresponds to U-shaped molecules. Figure 7 indicates
that the U-shape is dominant in the self-assembled structures in all cases. The distribution function is unimodal in
the case of the wormlike micelles (Fig. 7 (d)) whereas it is
bimodal in the other cases (Figs. 7 (a) - 7 (c)).
Figure 8 shows the fractions of the two molecular
shapes (U-shaped and rodlike) for various values of the repulsive interaction parameter aAA . The molecular shapes
in the vesicles (aAA = 30, 35, and 40) are more rodlike
than those in the other self-assembled structures.

4. Conclusions
In this study, we carried out DPD simulations of symmetric flexible bolaamphiphilic molecules in solution. Our

analysis of the self-assembly processes of these molecules
indicated the following: (1) Four types of self-assembled
structures (spherical micelles, tubes, vesicles, and wormlike micelles) form from the random configuration of symmetric bolaamphiphilic molecules in solution. (2) As the
repulsive interaction parameter aAA increases, the selfassembled structures change from spherical micelles to
tubes, then to vesicles, and finally to wormlike micelles.
(3) The fraction of rod-shaped molecules in the vesicles
is relatively large than that in the other structures. (4) A
greater variety of self-assembled structures are formed in
the symmetric AB3 A model than in the asymmetric AB3 C
model [13].
The third result shows that the molecular shape influences the self-assembled structures that form. Vesicles
and tubes are composed of membrane layers. The membrane curvature of a vesicle is, on the whole, lower than
that of a tube for a fixed number of constituent molecules.
In the case of the symmetric bolaamphiphilic molecules,
the membrane tends to be flat when more of the molecules
have a rodlike shape. Therefore, vesicles form because of
the smaller fraction of U-shaped molecules compared with
tubes.
The fourth result indicates that molecular symmetry
can aﬀect the diversity of self-organized structures that
form. This finding suggests that microscopic structure can
play an important role in the self-organization of the whole
system.
In the AB3 C model in Ref. [13], we discussed the selfassembled structures obtained by the DPD simulation in
terms of the interaction diﬀerence of the two hydrophilic
ends, Δa ≡ aAA − aCC . This parameter was introduced by
Li et al. in the context of studying the shape transformations of vesicles formed from amphiphilic triblock copolymers [17]. As shown in Refs. [13, 17], Δa is an appropriate
parameter for studying membranes and related structures,
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so long as the relation aCC ≈ 25(= aCS = aSS ) holds. In the
present AB3 A model, however, Δa is not a good parameter
to classify the obtained self-assembled structures because
the self-assembled structures are no longer membranes and
do not satisfy the above relation.
Comparing the simulation results from the two models
(Fig. 6 in Ref. [13] and Fig. 5 in this paper), we find that,
overall, vesicles take longer to form in the AB3 C model
than in the present AB3 A model regardless of the similar conditions (aAA = 30). This suggests that the molecular structure influences the energetic balance of the selfassembly process. In the AB3 C model, the energetically
unfavorable structure can be formed by neighboring A and
C particles as the membrane structure forms. This situation is not possible in the AB3 A model. The energetically
unfavorable structures in the AB3 C model are eliminated
by flipping the molecule, and this process is quite timeconsuming. This part of the process explains why, overall,
vesicles take longer to form in the AB3 C model.
In future work, we plan to carry out DPD simulations of semiflexible bolaamphiphilic molecules in solution to clarify the eﬀects of molecular rigidity on the selfassembly processes of bolaamphiphilic molecules.
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