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The self-assembly of flexible bolaamphiphilic molecules in a solution is studied by dissipative particle dy-
namics simulations. In particular, we investigate the effect of the interaction difference, Aa, between the two
different hydrophilic end groups on the self-assembly in a bolaamphiphilic solution. Our simulations show that
two types of self-assembled structures, spherical vesicles and worm-like micelles, are obtained from a random
configuration of bolaamphiphilic molecules in a solution. We find that the worm-like micelles are formed when
Aa > 0, whereas spherical vesicles are obtained when Aa < 0. It is also ascertained that the size of the spherical

vesicles decreases as Aa decreases.
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1. Introduction

Recently, spontaneous formation of structures has
gained considerable interest in nonequilibrium and non-
linear systems, including plasma systems and soft matter
systems. We aim at improving plasma confinement by
clarifying the self-organizing properties common to these
systems. To this end, we investigate the structure forma-
tion in soft matter systems, e.g., the formation of micelles
and mesophases in amphiphilic molecular systems [1-9]
and the formation of orientationally ordered structures in
polymeric systems [10-15]. Amphiphilic molecules, such
as surfactants and lipids, comprise both hydrophilic and
hydrophobic groups. In aqueous solvents, they sponta-
neously self-assemble into various structures such as mi-
celles, lamellar structures, and vesicles [16—18]. Numer-
ous computer simulation studies have been conducted on
the structure formation of amphiphilic molecules, each of
which is composed of a hydrophilic head group and a hy-
drophobic tail group. In contrast, few theoretical and sim-
ulation studies have been carried out on the structure for-
mation of bolaamphiphilic molecules, each of which con-
sists of a hydrophobic stalk group and two hydrophilic end
groups. Although a few molecular simulation studies have
been performed to investigate the phase behavior of a bo-
laamphiphilic solution [9, 19] and the shape transforma-
tions of vesicles formed by amphiphilic triblock copoly-
mers [20], little is known about the detailed self-assembly
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processes in a bolaamphiphilic solution at the molecular
level.

The purpose of this study is to determine the effect
of the interaction difference between the two different hy-
drophilic end groups on the self-assembly in a bolaam-
phiphilic solution. To investigate the self-assembly in a
bolaamphiphilic solution at the molecular level, we per-
form dissipative particle dynamics (DPD) simulations of
a bolaamphiphilic solution and analyze the formation pro-
cesses of micelles and vesicles.

2. Simulation Model and Method

The computational model used is similar to the one
used by Li ez al. [20]. A bolaamphiphilic molecule is repre-
sented by a coarse-grained flexible chain, AB3;C, compris-
ing a hydrophobic stalk with three particles (denoted by B)
and two hydrophilic ends (denoted by A and C), each of
which consists of one particle. A solvent molecule is mod-
eled as a hydrophilic particle (denoted by S). The mass of
each particle is assumed to be unity. The total force on
particle i is written as the sum of four components, a con-
servative force FS., a dissipative force Fg, a random force
F?I., and a harmonic spring force FI.Sj, to represent the bond
stretching between the bonded neighboring particles:

F,-:Z(FS+F3+F§}+F§). (1)
JEI

The conservative force is a soft repulsion of the form

FC = { aij(1 = ripty;  (ri; <1) @

0 (I‘,‘jZ 1)
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Here, a;; is the maximum repulsion between 7 and j, and
rjj = r; —rj, 1;j = |ryl, £;; = r;; / r;j, where r; is a position
vector of particle i. The dissipative (or drag) force and the
random force are, respectively, given by

FB = —ywP ()R - vip)kij )
and
FS = o wR(rip)0k;;. @

Here, y and o are the friction coefficient and the noise
amplitude, respectively; wP and wR are the weight func-
tions, which provide the range of interaction for the dis-
sipative and random forces; 6;;(¢) is a randomly fluctu-
ating variable with Gaussian statistics: (6;;(¥)) = 0 and
0;j (') = Oudji + 64d )0t — t'); and v;; = v; — v},
where v; is a velocity vector of particle i. According to
Espafiol and Warren [21], the equilibrium distribution of
the system becomes the Gibbs-Boltzmann distribution if
the weight functions (WP and w®) and the coefficients of
the dissipation and the random forces (y and o) satisfy the
following conditions:

(r<1

rz1’ )

2
wP(rij) = WR(rpl* = { a Or)

o =2ykgT. (6)

This is the fluctuation-dissipation theorem for the DPD
method. The values o = 2.4 and y = 4.5 are used in
our simulation, and the temperature of the system is main-
tained at kgT = 0.64, where kg is the Boltzmann constant.
The harmonic spring force for the bond stretching between
the bonded neighboring particles is given by

F}, = k(1 = rij/rokyj, @

where k is the spring constant and ry is the equilibrium
bond length. In our simulation, we use ks = 10.0 and rg =
0.86.
A modified version of the velocity-Verlet algorithm

[22] is used to advance the set of positions and velocities:

ri(t + Ar) = 1,(t) + Atvi(r) + $(AD*Fi(1),

Vi(t + At) = v;(t) + AALF;(p),

F;(t + At) = F;(x(t + A1), ¥(t + Ap)),

vi(t + Ar) = vi(t) + %At (Fi(t) + Fi(t + Ap)),

®)

where At is a time step and A is a variable factor. Note that
the actual velocity-Verlet algorithm would be recovered for
A = 1/2, if the force did not depend on velocity. Using the
time step At, the random force can be rewritten as

FY = owR(ripsiar ' ey, 9)

where ¢;; is a random variable with zero mean and unit
variance. The appearance of Ar~'/? in Eq.(9) can be de-
rived by integrating the underlying stochastic differential

equations and interpreting the random force as a Wiener
process [21]. The heuristic argument as to why A¢r~'/? ap-
pears can be seen in Ref. [23].

The DPD simulations with 4 = 0.65 and At = 0.04 are
performed using COGNAC in the OCTA system [24]. We
apply periodic boundary conditions and the number den-
sity is set at p = 3.0. The repulsive interaction parameters,
a;j, in Eq. (2) are given by

A B C S
A aaa 200 200 25
B 200 25 200 200 |, (10)
C 200 200 30 25
S 25 200 25 25

where asa varies from 20 to 50. In this study, we discuss
the self-assembled structures obtained by our DPD simula-
tion from the viewpoint of the curvature of the hydrophobic
stalk-solvent interface, which is related to the interaction
difference of the two hydrophilic ends, Aa = aaa — acc.
The effect of Aa on the interfacial curvature for a fixed
value of acc is illustrated in Fig. 1.

The simulations are initiated from a random config-
uration of 1000 bolaamphiphilic molecules, AB;C, and
40000 solvent molecules, S, in a 24.66 x 24.66 X 24.66
cubic box. The total number of particles is 45000. We
perform the DPD simulations of # = 4.0 x 10* (1.0 x 10°
time steps) for each simulation run and analyze the self-
assembly processes for various values of the interaction
difference between the two hydrophilic end groups, Aa =
aaa — acc = aaa — 30 (=10 < Aa < 30).

(@) Aa<0

:AAAA‘\: AD EAb SA8 A @R
S & & © e) & (o () (e

() Aa=0

Fig. 1 Schematic of the effects of the interaction difference of
the two hydrophilic ends, Aa(= aaa — acc), on the in-
terfacial curvature for a fixed value of acc: (a) Aa < 0,
(b) Aa = 0, and (c) Aa > 0. Yellow, orange and green
particles denote the hydrophilic particles (A and C) and
the hydrophobic particles (B), respectively. The curva-
ture of the hydrophobic stalk-solvent interface (thick line)
changes sign at Aa = 0.
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(@) t=0

(b) = 4000

Fig. 2 Images of the self-assembly process for axa = 20 (Aa =
—-10): (a) t = 0, (b) t = 4000, and (c), (d) ¢ = 40000. Yel-
low and orange particles denote the hydrophilic particles,
whereas green particles denote the hydrophobic particles.
Solvent molecules are not displayed in (a) - (c), whereas
in (d), they are represented by transparent light blue par-
ticles.

3. Simulation Results and Discussion
3.1 Formation of self-assembled structures
In order to demonstrate the formation processes of the
self-assembled structures, we present images of the spon-
taneous aggregation process at various times for aaa = 20
(Aa = —10), aaa = 30 (Aa = 0), and ass = 40 (Aa = 10),
in Figs.2-4, respectively. The following characteristic
features are observed from these figures. (i) Spherical vesi-
cles are obtained at Aa < 0, whereas worm-like micelles
are formed at Aa > 0. (ii) The size of the spherical vesicles
decreases as Aa decreases. (iii) In the case of Aa = 0, the
configuration of the bolaamphiphilic molecules is random
at the initial time (Fig.3 (a)). As time elapses, small disc
micelles are formed at several positions (Fig. 3 (b)). Sev-
eral small disc micelles then coalesce into a large micelle,
and the spherical vesicle is finally formed (Figs. 3 (c¢) and
(d)). Asillustrated in Fig. 1, the curvature of the hydropho-
bic stalk-solvent interface tends to zero, when Aa = O.
Therefore, for Aa = 0, the disc micelles and the spherical
vesicles are observed rather than the worm-like micelles.

3.2 Potential energy

Figures 5-7 show the total potential energy Ep and
the number of clusters n. for appa = 20 (Aa = -10),
aaa = 30 (Aa = 0), and aps = 40 (Aa = 10), respectively.
We observe the following features from these figures. (i)
The total potential energy decreases with decreasing num-

(b) ¢#=10000

Fig. 3 Images of the self-assembly process for asa = 30 (Aa =
0): (a) t =0, (b) r = 10000, and (c), (d) ¢ = 40000. Yel-
low and orange particles denote the hydrophilic particles,
whereas green particles denote the hydrophobic particles.
Solvent molecules are not displayed in (a) - (c), whereas
in (d), they are represented by transparent light blue par-
ticles.

(@ t=0 (b) £=10000

Fig. 4 Images of the self-assembly process for axa = 40 (Aa =
10): (a) t = 0, (b) r = 10000, and (c), (d) t = 40000. Yel-
low and orange particles denote the hydrophilic particles,
whereas green particles denote the hydrophobic particles.
Only hydrophobic particles (green) are shown in (d). Sol-
vent molecules are not displayed.
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Fig. 5 The time evolution of (a) the total potential energy Epq
and (b) the number of clusters n. for axs = 20 (Aa =

~10).
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Fig. 6 The time evolution of (a) the total potential energy Epq
and (b) the number of clusters n, for axs = 30 (Aa = 0).

ber of clusters (or growth of clusters). (ii) The total poten-
tial energy of the spherical vesicles (Figs. 5 (a) and 6 (a)) is
lower than that of the worm-like micelles (Fig.7 (a)). (iii)
Small vesicles are rapidly formed (Fig. 6 (a)) but the for-
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Fig. 7 The time evolution of (a) the total potential energy Epq
and (b) the number of clusters n, for ayp = 40 (Aa = 10).

mation of large vesicles takes a long time (Fig. 6 (b)).

3.3 Chain conformation

The chain conformation is examined to elucidate the
internal structures of the spherical vesicles and the worm-
like micelles. In Fig. 8, we show the distribution of the
bond angle P(0) for aaa = 20 (Aa = —10), ana = 30
(Aa = 0), and app = 40 (Aa = 10). The bond angles 6,
6,, and 65 represent the angles ZABB, /BBB, and /BBC,
respectively. For all values of aaa (or Aa), P(6;) and P(63)
exhibit a peak at 0;, 6; < n/3, whereas P(6,) presents a
peak at 6, > 7/3. The peak positions of P(6,) and P(653)
are the same, when axa = 30 (Aa = 0), due to the fact
that the two types of hydrophilic particles, A and C, are
indistinguishable from each other. It is also found that as
aaa (or Aa) increases, the peak position of P(6;) decreases,
whereas those of P(6,) and P(63) increase.

4. Conclusions

In this study, we carried out dissipative particle
dynamics simulations of coarse-grained bolaamphiphilic
molecules in a solution. By analyzing the self-assembly
processes of bolaamphiphilic molecules, the following re-
sults were obtained: (1) Two types of self-assembled
structures (spherical vesicles and worm-like micelles) are
formed from a random configuration of bolaamphiphilic
molecules in a solution. (2) Worm-like micelles are ob-
tained when the interaction difference, Aa, between the two
different hydrophilic ends is positive (Aa > 0), whereas

2401073-4



Plasma and Fusion Research: Regular Articles

Volume 11, 2401073 (2016)

0.4

('d) ﬁIAA = 2I0

0.3

()

0
0
B2 0

3

0.17F

0.0 t
(b) ayp =30
031

0.2

P(8)

0.1 F T

0.0

(€) app = 4.0

0.3
0.2
0.1

0.0 . .
0 /3 2n/3 b

bond angle 6

Fig. 8 Distribution function of the bond angle P(6) (a) for aaa =
20 (Aa = —10), (b) for axa = 30 (Aa = 0), and (c) for
aaa = 40 (Aa = 10). The bond angles 6, 6,, and 6
correspond to the angles /ABB, /BBB, and /BBC.

spherical vesicles are formed when Aa < 0. (3) The size of
the spherical vesicles is directly correlated with Aa.

In this study, we performed DPD simulations under
the condition acc = 30 > ags = 25. It would be very in-
teresting to investigate what types of self-assembled struc-
tures are formed when acc < ass. In our future study, we
will carry out DPD simulations for acc < ass. We will
also investigate the formation processes of worm-like mi-
celles and vesicles in a bolaamphiphilic solution by coarse-
grained molecular dynamics simulations.
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