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Dissipative particle dynamics (DPD) method is applied to model the self-assembly of diblock copolymer
poly(ethyl ethylene)-block-poly(ethylene oxide) (PEE-b-PEO) and homopolymer poly(propylene oxide)
(PPO) in aqueous solution. In this study, several segments are coarse-grained into a single simulation
bead based on the experimental density. For the self-assembly of pure diblock copolymer PEE-b-PEO in
dilute solution, the DPD simulation results are in good agreement with experimental data of micelle
morphologies and sizes. The chain lengths of the block copolymers and the volume ratios between PPO
and PEE-b-PEO are varied to find the conditions of forming multicompartment micelles. The micelles
with core–shell–corona structure and the micelles with two compartments are both formed from the
mixture of PEE-b-PEO and PPO in aqueous solution.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

As new and advanced nanomaterials, multicompartment micelles
attract researchers in both academic and application fields due to
their potential applications in biomedicine, drug delivery, and
biotechnology [1,2]. The concept of multicompartment micelles was
firstly proposed by Ringsdorf in order to mimic basic behaviors of
natural systems such as serum albumin, which are not only respon-
sible for the transport of poorly water-soluble compounds in the
blood, but also uptake and release of different ‘‘transport goods’’
selectively [1]. Multicompartment micelles possess a hydrophilic
shell and one to several compartments in a hydrophobic core, which
can perform an array of distinct functions. Although such an inno-
vative concept is very appealing, the precise preparation and control
of stable multicompartment micelles are still at the start.

In the past few years, diverse approaches based on triblock
copolymers for preparing multicompartment micelles had been
developed by several groups [1–15], since diblock copolymers can
only be divided into ‘‘core’’ and ‘‘corona’’ domains. Some progresses
to self-assemble several discrete subdomains within one hydro-
phobic core had already been made with linear triblock copolymers
[11–15]. For example, Laschewsky and co-workers found the
All rights reserved.
‘‘spheres on spheres’’ multicompartment micelles prepared by the
self-assembly of linear ABC triblock copolymers poly(4-methyl-4-
(4-vinylbenzyl)morpholin-4-ium chloride)-block-polystyrene-block-
poly(pentafluorophenyl 4-vinylbenzyl ether)(PVBM-b-PS-b-PVBFP)
in aqueous medium [11]. Thünemann et al. observed two-sphere and
cylindrical multicompartment micelles formed from linear ABCBA
pentablock copolymer in dilute aqueous solution [12]. Since the
pioneer work by Lodge and co-workers [3], most investigations
had been focused on the structure and morphology of multi-
compartment micelles formed from star triblock copolymers. They
synthesized a series of ABC miktoarm star triblock copolymers
m-[poly(ethyl ethylene)][poly(ethylene oxide)][poly(perfluoropro-
pylene oxide)] (m-EOF) in dilute aqueous solution, and visualized
clearly two separated compartments in a single micelle [3]. They
further demonstrated that two incompatible agents could be sepa-
rately or simultaneously stored in the discrete subdomains of the
multicompartment micelles [4].

For multicompartment micelles to be most effective in applica-
tions, their sizes, shapes, and chemical structures must be controlled
precisely. A promising strategy to tune the multicompartment
micelle structures is by mixing different types of polymer compo-
nents. Li et al. obtained a unique ‘‘hamburger’’ multicompartment
micelle, from a binary mixture of spherical micelles, formed from EO
diblock copolymers, and segmented worm-like micelles, formed
from m-EOF miktoarm star terpolymers [5]. Exciting examples for the
preparation of stable multicompartment micellar systems have been
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Table 1
Molecular parameters in the system. The monomer volumes are calculated using the
molecular weight and the experimental bulk densities at room temperature [7].

Molecular weight
M(g/mol)

Density
r(g/cm3)

Monomer
volume V(Å3)

Monomer number per
DPD bead

Water 18 1.0 30 20
PEE 56 0.866 107 6
PEO 44 1.12 65 9
PPO 58 0.821 118 5

Y. Zhao et al. / Polymer 50 (2009) 5333–53405334
realized, but the hitherto employed synthetic methods are compli-
cated. Therefore, more simple and economical approaches to form
multicompartment micelles are requested. In this work, we investi-
gate the formation of multicompartment micelles from the mixture
of diblock copolymer poly(ethyl ethylene)-block-poly(ethylene
oxide) (PEE-b-PEO) and homopolymer poly(propylene oxide) (PPO)
in dilute aqueous solution by dissipative particle dynamics (DPD)
simulations, which had been illustrated to be a powerful tool for
better understanding the self-assembly mechanism of the multi-
compartment micelles [16–23]. In this study, several polymer
segments are systematically coarse-grained into a single simulation
bead based on the experimental density. Different beads are assumed
to have equal volume, and the interaction parameters between beads
are estimated from Flory–Huggins c parameters, obtained either
from available experiments or from atomistic molecular dynamics
simulations.

2. Mesoscale simulation method and coarse-grain mapping

2.1. Mesoscale simulation method: dissipative particle dynamics

DPD is a mesoscopic simulation technique introduced by Hoo-
gerbrugge and Koelman in 1992 [24]. A DPD bead represents
a group of atoms or a volume of fluid that is large on the atomistic
scale but still macroscopically small [25]. The force experienced by
particle i is composed of three parts: a conservative force FC,
a dissipative force FD, and a random force FR. To model the block
copolymers, we tie the adjacent beads in a single polymer chain by
harmonic spring force FS. Each force is pairwise additive:

Fi ¼
X
jsi

ðFC
ij þ FD

ij þ FR
ij þ FS

ijÞ: (1)

The sum runs over all other particles within a certain cutoff
radius Rc. The different parts of the forces are given by:

FC
ij ¼ �aiju

C�rij
�
eij; (2)

FD
ij ¼ �guD�rij

��
vij$eij

�
eij; (3)

FR
ij ¼ suR�rij

�
xijDt�1=2eij; (4)

where rij¼ ri� rj, rij¼ jrijj, eij¼ rij/rij, ri and rj are the positions of
particle i and particle j, respectively. vij¼ vi� vj, vi and vj are the
velocities of particle i and particle j, respectively. aij is a constant
which describes the maximum repulsion between interacting
beads. g and s are the amplitudes of dissipative and random forces,
respectively. uC, uD, and uR are three weight functions for the
conservative, dissipative, and random forces, respectively. For the
conservative force, we choose uCðrijÞ ¼ 1� rij=Rc for rij< Rc and
uCðrijÞ ¼ 0 for rij� Rc. uDðrijÞ and uRðrijÞ follow a certain relation
according to the fluctuation–dissipation theorem [26],

uDðrÞ ¼
h
uRðrÞ

i2
; s2 ¼ 2gkBT : (5)

Here we choose a simple form of uD and uR following Groot and
Warren [25],

uDðrÞ ¼
h
uRðrÞ

i2
¼
�
ð1� r=RcÞ2 ðr < RcÞ

0 ðr � RcÞ
(6)

xij is a random number with zero mean and unit variance, chosen
independently for each interacting pair of beads at each time step Dt.
A modified version of velocity-Verlet algorithm [25,27] is used here to
integrate the equations of motion. For easy numerical handling, we
have chosen the cutoff radius, the particle mass, and the temperature
as the units of the simulated system, i.e., Rc¼m¼ kBT¼ 1. As
a consequence, the unit of time s is s ¼ Rc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m=kBT

p
¼ 1.

The conservative interaction strength aij is chosen according to
the linear relation with Flory–Huggins c parameters by

aijzaii þ 3:497cij ðr ¼ 3Þ; (7)

where the interaction parameter between the same type of bead aii

equals 25 to correctly describe the compressibility of water [25],
and r¼ 3 is the number density in our simulations. The spring force
Fij

S ¼ Crij, and the spring constant C is set to be 4.0, which is enough
to keep the adjacent beads connected together along the polymer
backbone [27].

2.2. Coarse-grain mapping

To find more simple and economical approach of forming
multicompartment micelles, we consider to mix diblock copolymer
and homopolymer in water. PEE-b-PEO is a suitable choice as the
diblock copolymer since it can self-assemble into various nano-
aggregates in water [7]. The homopolymer should be hydrophobic
and immiscible with PEE to form different cores of the multi-
compartment micelles. Thus, PPO may be the choice which cannot
only satisfy the above criterion but also is nontoxic and economical.
Therefore, we consider the system which contains water, diblock
copolymer PEE-b-PEO and homopolymer PPO.

First of all, we need to determine the volume of the simulation
beads in order to construct a mesoscopic model. Different beads
that represent a number of monomers are assumed to have equal
volume, which is necessary to conform to the Flory–Huggins theory
and the standard DPD model [28–33]. The same density of the
beads for all species is restricted to make stronger link with
experiments [34]. According to the molecular weights and the bulk
densities of the pure species in experiments [7], the volumes of the
monomers can be obtained, as shown in Table 1.

In Ref. [7], the diblock copolymers PEE-b-PEO are designated by
EO(x� y), where x and y denote the molecular weights divided by
1000 of the PEE and PEO blocks, respectively. To coarse-grain map
onto these experimental systems of EO(x� y), we take 20 water
molecules together and group them into one bead in our simula-
tions. Therefore, the reference volume of one bead adds up to
600 Å3, which approximately equals to the volume of 6 PEE
monomers, or 9 PEO monomers, or 5 PPO monomers. Thus, the
experimental systems of EO(x� y) are coarse-grained and the
corresponding simulation models are shown in Table 2.

The key parameters, characterizing the bead–bead interactions
in DPD model, can be estimated from the Flory–Huggins c param-
eters via Eq. (7). First, we try to look for the Flory–Huggins
c parameters in the literatures. Since PEO is miscible with water at
almost any concentrations, the value c(PEO�water)¼ 0.3 is used
here in agreement with the value obtained by Groot and Rabone for
the two species [35], which is also adopted in other literatures
[34,36]. In Refs. [36–38], they used c(PEO� PPO)¼ 3.0 estimated
from group contribution method corresponding to the bead volume



Table 2
The experimental samples EO(x� y), where x and y denote the molecular weights divided by 1000 of PEE and PEO blocks, respectively, are coarse-grained to EaOb, where a and
b denote the number of the PEE and PEO beads in the DPD simulations. fPEO is the volume fraction of PEO in diblock copolymer. The hydrodynamic radius Rh can be measured by
dynamic light scattering (DLS). The sizes of the micelles are calculated from the mean radius of gyration Rg and Rg, c of the overall micelles and the micellar cores. S and C
represent sphere and cylinder micelles, respectively.

Experiment [7] Simulation

Sample fPEO Rh(nm) Morphology Coarse-gained Rg(Rg, c)(nm) Morphology

EO(1.4–2) 0.52 21 Sþ C E4O4 C
EO(1.4–5) 0.74 19 S E4O11 4.4(2.3) S
EO(2–4) 0.59 23 Sþ C E5O8 4.8(3.1) Sþ C
EO(2–6) 0.69 23 S E5O13 4.8(2.5) S
EO(2–7) 0.72 23 S E5O15 4.8(2.3) S
EO(2–9) 0.78 24 S E5O20 5.1(2.1) S

Table 3
Molecule and molecule interaction parameters cij.

Water PEE PEO PPO

Water 0.00
PEE 15.02 0.00
PEO 0.3 2.74 0.00
PPO 8.4 1.38 12.0 0.00

Y. Zhao et al. / Polymer 50 (2009) 5333–5340 5335
of 150 Å3. Hence, the Flory–Huggins interaction parameter
c(PEO� PPO)¼ 12.0 is estimated here in accordance to the bead
volume of 600 Å3 in our simulations. Similarly, c(PPO�water)¼ 8.4
corresponding to the bead volume of 600 Å3 is also deduced from
the published data [36].

The Flory–Huggins c parameters for PEE–PEO, PEE–PPO, and
PEE–water at T¼ 298 K are not found in the literatures. In fact, the
c parameters for polymer beads (PEE–PEO and PEE–PPO) can be
calculated from the solubility parameters of the pure species [39],
which are obtained from molecular dynamics (MD) simulations in
this research. Each chain of PEE, PEO, and PPO possesses roughly
the same volume (600 Å3) in our MD simulations, where PEE
consists of 6 monomers per chain, PEO 9 monomers per chain, and
PPO 5 monomers per chain. This method that the volume of each
polymer chain is the same is consistent with that in Ref. [40]. In the
simulations, the PEE, PEO, and PPO chains are firstly constructed in
a side length L¼ 18 Å box with 3-D periodic boundary conditions at
the experimental densities, respectively. A high-quality force field
COMPASS (condensed-phase optimized molecular potentials for
atomistic simulation studies) [41–43] is adopted, which is known to
accurately reproduce experimental structures, densities, and solu-
bility parameters [39]. The Coulomb interactions are calculated via
Ewald summation [44,45]. In the beginning of the simulations,
energy minimizations are performed to relax the local unfavorable
structures of the chains. Subsequently, 1000 ps MD simulations are
performed under NPT thermodynamic ensemble with integration
time steps 1 fs. Each simulation is performed for six times with
different initial configurations to ensure the reliability of the
results. Constant temperature T¼ 298 K and pressure P¼ 0.1 GPa
are controlled through the Berendsen thermostat and barostat [46].

In our MD simulations, we can obtain the cohesive energy Ecoh

by [47]

Ecoh ¼
 Xn

i¼1

Eisolated
nb ðiÞ � En

nb

!,
n; (8)

where Enb
isolated(i) is the nonbonded energy for the ith isolated chain

in vacuum, and Enb
n the nonbonded energy of the model with

n chains in periodic boundary conditions. The solubility parameter
d is the square root of the cohesive energy density [39],

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ecoh=V

p
; (9)

where V is the volume of the box at equilibrium. The Flory–Huggins
c parameter can be calculated from the solubility parameters by the
equation [48]

c12 ¼
Vbead

kBT
ðd1 � d2Þ

2
; (10)

where Vbead is the volume of the bead size in DPD. Therefore, we can
obtain the solubility parameters from MD simulations, d(PEO)¼ 20.74
(J/cm3)1/2, d(PEE)¼ 16.41 (J/cm3)1/2, and d(PPO)¼ 19.49 (J/cm3)1/2,
subsequently estimate the Flory–Huggins interaction parameters
between DPD beads c(PEE� PEO)¼ 2.74 and c(PEE� PPO)¼ 1.38.

For a dilute solution, the volume fractions of water and polymer
are very different. In this case we have to adopt the following
equations [40]:

c ¼ Vbead

�
DEmix

kBT

�
; (11)

DEmix ¼ fA

�
Ecoh

V

�
A
þfB

�
Ecoh

V

�
B
�
�

Ecoh

V

�
AB
; (12)

to estimate the c parameter between water and PEE. Here, DEmix is
the mixing energy. fA and fB are the volume fractions of the two
components in the dilute solution. In this work, fwater z 1 and
fPEE z 0 are used. We calculate ðEcoh=VÞAB ¼ 2191.48 J/cm3 from
MD simulations and then estimate c(PEE�water)¼ 15.02 using
Eqs. (11) and (12). The Flory–Huggins c parameters between
different types of molecules are summarized in Table 3.

According to Eq. (7), the repulsion parameters aij between DPD
beads are calculated from the Flory–Huggins c parameters and
shown in Table 4. Although DPD is a simple but intrinsically prom-
ising simulation method to study the multicompartment micelles,
computational cost is still a limiting factor. Our DPD code is thus
parallelized using a spatial domain decomposition method [49,50]
with the aid of the standard message passing interface library. In our
previous works [23,51], the parallel DPD code is verified to be
accurate and possesses high efficiency. In this research, our parallel
DPD simulations are performed in a cubic box of size 40� 40� 40Rc

3

containing 1.92�105 beads. The concentration of the block copoly-
mers is f¼ 0.05–0.10 to guarantee the dilute solution. Periodic
boundary conditions are applied. The integration time step Dt is
taken as 0.05, 2�105 DPD time steps are carried out for each system.

3. Results and discussion

In general, PEE-b-PEO dilute aqueous solution can be well
equilibrated after about 1�105 time steps. To examine whether the
simulations are completely equilibrated, the variation of mean
aggregate number CPD with time is calculated. The mean aggregate
number CPD can be expressed as CPDn, which is defined by
CPDn ¼

P
i Pini, where ni denotes the number fraction of the



Table 4
DPD bead–bead interaction parameters aij.

Water PEE PEO PPO

Water 25.00
PEE 77.52 25.00
PEO 26.05 34.58 25.00
PPO 54.37 29.84 66.96 25.00

Fig. 2. The morphologies of PEE-b-PEO: (a) E4O4, (b) E4O11, (c) E5O8, (d) E5O13,
(e) E5O15, and (f) E5O20. The volume fraction of the polymers (PEE-b-PEO) is always 0.10
to guarantee the dilute solution. Red particles represent hydrophilic PEO block, and
green ones represent hydrophobic PEE block. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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aggregate with aggregation number equals to Pi and
P

i ni ¼ 1 [52].
As an example, the typical variation of the mean aggregate number
CPDn with time for E5O15 system is shown in Fig. 1. CPDn is determined
every 2000 steps before 1�104 time steps and every 10,000 steps
after 1�104 time steps. It can be seen that after 1�105 time steps,
the value of CPDn is almost constant, which clearly demonstrates that
the system reaches equilibrium [52].

Fig. 2 shows the equilibrium morphologies corresponding to
2�105 time step simulations of PEE-b-PEO dilute solutions. Model
E4O4 (fPEO¼ 0.52, fPEO is the volume fraction of PEO in the diblock
copolymer), which is in accordance to the experiment model
EO(1.4–2) (cf. Table 2), forms cylindrical micelles as shown in
Fig. 2(a) when the concentration of E4O4 is 0.05. Model E5O8

(fPEO¼ 0.59) in dilute solutions forms the mixtures of spherical and
cylindrical micelles, E4O11 (fPEO¼ 0.74), E5O13 (fPEO¼ 0.69), E5O15

(fPEO¼ 0.72), and E5O20 (fPEO¼ 0.78) in dilute solutions can form
spherical micelles, as shown in Fig. 2(b)–(f), respectively. These
results are in good agreement with the experimental results [7].

To estimate the sizes of the micelles, the mean radius of gyration Rg

of the micelles are calculated. The whole simulation box is firstly
divided into many small equivalent cubic cells. Then according to the
positions of the beads of the block copolymers, we can find whether
there are block copolymers in each cubic cell. There must be no DPD
beads belonging to the block copolymers in the cells which are located
between different micelles, so we can find which block copolymer
beads belong to the same micelles. Then, the number of the micelles is
calculated. Finally, we calculate the radius of gyration of each micelle
with the positions of block copolymer beads, and the mean radius of
gyration of the micelles can also be obtained by averaging the radius
of gyration of each micelle. Since the volume of one bead is 600 Å3 and
the number density is rRc

3¼ 3, a cube of Rc
3, therefore, corresponds to

a volume of 1800 Å3. Thus, natural length scale in the simulations
can be obtained [35,53], Rc ¼

ffiffiffiffiffiffiffiffiffiffiffi
18003
p

A ¼ 1:22 nm. Accordingly,
the mean radius of gyration of the micelles (Rg) and the mean radius of
Fig. 1. The variation of mean aggregate number CPDn with time for block copolymer
E5O15 solution. The mean aggregate number CPDn is determined every 2000 steps before
1�104 time steps and every 10,000 steps after 1�104 time steps.
gyration of the micellar cores (Rg, c) are shown in Table 2. For example,
Rg and Rg, c for the micelles formed by E5O15 are 4.8 nm and 2.3 nm,
respectively.
Fig. 3. The typical variation of the mean radius of gyration, Rg, of overall micelles and
the mean radius of gyration, Rg, c, of the micellar cores with time for PEE-b-PEO.



Fig. 4. The morphologies are obtained for E4O4/PPO system. The red particles repre-
sent PEO block, the green ones represent PEE block, and the blue ones represent PPO.
The volume fraction ratios between E4O4 and PPO are 1:9, 3:7, 5:5, 7:3, and 9:1. The
chain lengths of PPO are 8, 20, and 30, in which the chain length of 8 is equivalent with
that of E4O4 block copolymer. The morphologies indicated by red lines are stable. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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The time evolution of Rg and Rg, c for PEE-b-PEO is shown in Fig. 3,
in which the values of the mean radius of gyration are calculated
every 1�104 time steps. It can be seen that the systems reach
Fig. 5. The morphologies are obtained for E4O4/PPO8 with g¼ 7:3, g¼ 9:1, and E4O4/PPO20 w
block, and the blue ones represent PPO. (a), (b), and (c) represent for the E4O4/PPO8 with g¼
for the E4O4/PPO20 with g¼ 9:1. (For interpretation of the references to colour in this figur
equilibrium after about 1�105 time steps, and Rg and Rg,c reach
plateau values. In experiments, the hydrodynamic radius Rh can be
measured by dynamic light scattering (DLS). The DLS measures the
radius of a hypothetical hard sphere with the diffusional properties
under examination. In practice, hypothetical hard spheres are non-
existent, and macromolecules in solution are non-spherical. So
hydrodynamic radius Rh is much larger than the radius of gyration Rg

of a micelle. In Table 2, we also show the experimental micelle sizes
obtained by DLS. As demonstrated above, our results of micelle sizes
are in qualitative agreement with those in experiments. Specially, we
find that Rg(E4O11)< Rg(E5O8)¼ Rg(E5O13)¼ Rg(E5O15)< Rg(E5O20),
which is in agreement with the size order in experiments. We
also find that Rg,c decreases with increasing hydrophilic PEO block
length, i.e., Rg,c(E5O8)> Rg,c(E5O13)> Rg,c(E5O15)> Rg,c(E5O20). This is
reasonable since when the ratio of hydrophilic PEO block increases,
the longer PEO block means less number of PEE-b-PEO chains in the
systems. Therefore, for the self-assembly of PEE-b-PEO in water, our
simulation results are consistent with those from experiments [7],
not only on the micelle morphologies but also on the micelle sizes,
which indicate that our coarse-graining procedure and the DPD
simulation method are appropriate for such a system.

Based on the coarse-graining and mesoscale simulation
strategy, we then consider the self-assembly of the mixture of PEE-
b-PEO and PPO in dilute aqueous solutions, and our main goal is to
find the conditions of forming multicompartment micelles. The
volume fraction of the total polymers (PEE-b-PEO and PPO) is kept
at f¼ 0.10. To study the possibilities and conditions of forming
multicompartment micelles, PPO of different chain length and PEE-
b-PEO with different ratios are mixed in dilute aqueous solution.

Take E4O4/PPO8 system as an example, here the subscript 8 means
the chain length of PPO is 8. The morphologies after 2�105 time step
ith g¼ 9:1 systems. The red particles represent PEO block, the green ones represent PEE
7:3; (d), (e), and (f) represent for the E4O4/PPO8 with g¼ 9:1; (g), (h), and (i) represent

e legend, the reader is referred to the web version of this article.)
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Fig. 6. The variation of mean aggregate number CPDn with the time for ExOy/PPO system: (a) E4O4/PPO8, (b) E4O4/PPO20, (c) E4O4/PPO30, (d) E4O11/PPO5, (e) E4O11/PPO20, (f) E4O11/
PPO30, (g) E5O15/PPO5, (h) E5O15/PPO20, (j) E5O15/PPO30.

Fig. 7. The morphologies are obtained for E4O11/PPO system. The red particles repre-
sent PEO block, the green ones represent PEE block, and the blue ones represent PPO.
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simulations with different compositions are summarized in Fig. 4.
The volume fraction ratios (g) between E4O4 and PPO8 are 1:9, 3:7,
5:5, 7:3, and 9:1. The red particles represent the PEO block, the green
ones represent the PEE block, and the blue ones represent PPO
homopolymers. When g¼ 7:3, the core–shell–corona (PPO–PEE–
PEO) micelles are observed, as shown in Fig. 4(d). The volume frac-
tion of the PPO8 chains is less than that of E4O4 in this system, so the
hydrophobic PPO domain can be wrapped by diblock copolymer
E4O4 to avoid its contact to water. Although the PEE block is more
hydrophobic than PPO, it is actually located between PPO and PEO
domains because of the covalent bonds between PEE and PEO blocks.
Thus, the micelle structure is core–shell–corona with PPO as the core,
PEE the shell, and PEO the corona. To observe the inner structure of
the multicompartment micelles clearly, the morphologies of E4O4/
PPO8 with g¼ 7:3 are shown in Fig. 5(a)–(c). The time evolution of
the mean aggregate number CPDn for this system is also obtained,
which demonstrates that after 2�105 time step simulation, the
system reaches equilibrium completely as shown by the blue line1 in
Fig. 6(a).

For E4O4/PPO8 with g¼ 9:1, except for core–shell–corona
micelles, we can also observe the multicompartment micelles with
two PPO cores sharing one PEE shell as shown in Fig. 4(e). The inner
structures of the multicompartment micelles are shown in
Fig. 5(d)–(f). From the purple line1 in Fig. 6(a) (CPDn), we find that for
this system, the morphology obtained after 2�105 time step
simulation is unstable. The time evolutions of the mean aggregate
number CPDn for E4O4/PPO8 with g¼ 1:9, g¼ 3:7, and g¼ 5:5 are
also calculated to examine whether the simulations are equili-
brated and shown in Fig. 6(a). The three systems are also unstable
after 2�105 time step simulations. Especially, for E4O4/PPO8 with
g¼ 1:9, we can observe only one PPO aggregate which is
completely phase-separated from water.
1 (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
To investigate the influence of the chain length of PPO on the
formation of the multicompartment micelles, we change the chain
length of PPO from 8 to 20 and 30, coarse-grained roughly from 40,
100, and 150 PO monomers, respectively. Increasing the chain
length of PPO to 20, only the system with g¼ 9:1 reaches equilib-
rium completely after 2�105 time step simulation (the purple line1

in Fig. 6(b)). The mixture of core–shell–corona micelles and the
micelle with three PPO cores sharing one PEE shell can be observed
The volume fraction ratios between E4O11 and PPO are 1:9, 3:7, 5:5, 7:3, and 9:1. The
chain lengths of PPO are 5, 15, and 30, in which the chain length of 15 is equivalent
with that of E4O11 block copolymer. The morphologies indicated by red lines are stable.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 8. The morphologies are obtained for E4O11/PPO5 with g¼ 9:1, E4O11/PPO15 with
g¼ 9:1, and E4O11/PPO20 with g¼ 9:1 systems. The red particles represent PEO block,
the green ones represent PEE block, and the blue ones represent PPO. (a), and
(b) represent for the E4O11/PPO5 with g¼ 9:1; (c) and (d) represent for the E4O11/PPO15

with g¼ 9:1; (e) and (f) represent for the E4O11/PPO20 with g¼ 9:1. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 9. The morphologies are obtained for E5O15/PPO system. The red particles
represent PEO block, the green ones represent PEE block, and the blue ones represent
PPO. The volume fraction ratios between E5O15 and PPO are 1:9, 3:7, 5:5, 7:3, and 9:1.
The chain lengths of PPO are 5, 20, and 30, in which the chain length of 20 is equivalent
with that of E5O15 block copolymer. The morphologies indicated by red lines are stable.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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as shown in Fig. 5(g)–(i). When the chain length of PPO is 30, these
systems with different compositions do not reach equilibrium after
2�105 time step simulation. Therefore, the mixture of core–shell–
corona micelles and the micelle with two or three PPO cores
sharing one PEE shell can be observed when the chain length of PPO
is 8 at g¼ 7:3 and 20 at g¼ 9:1.

For E4O11/PPO system, the chain length of PPO is chosen as 5, 15,
and 30, respectively. The self-assembly morphologies are shown in
Fig. 7. The systems with g¼ 9:1 reach equilibrium after 2�105 time
step simulations, which can be demonstrated by the time evolution of
the mean aggregate number CPDn as shown in Fig. 6(d)–(f). Due to
longer PEO block, the micelles with two independent spherical
compartments (PPO and PEE) are formed as shown in Fig. 8. To
investigate the influence of the chain length of PPO on the properties
of the multicompartment micelles, the mean radius of gyration Rg of
the overall micelles with g¼ 9:1 are calculated. We obtain
Rg¼ 9.7 nm with PPO chain length 5, Rg¼ 4.7 nm with PPO chain
length 15, and Rg¼ 8.5 nm with PPO chain length 30. This result
shows that when the chain length of PPO is shorter or longer than that
of PEE-b-PEO, it is easy to form larger multicompartment micelles.
For E5O15/PPO system with g¼ 9:1 and the chain length of PPO
is chosen as 5, 20, and 30, the PEO block is long enough to totally
protect all the PPO homopolymer and PEE block from contacting to
water. Thus, the micelles with two spherical compartments (one is
PPO and the other is PEE) are formed, as shown in Fig. 9(e), (j), and
(o). Moreover, we also observe that the systems with g¼ 9:1 reach
equilibrium completely after 2�105 time step simulations, as
shown by the purple lines1 in Fig. 6(g)–(i). It should be noted that
the overall micelle sizes are larger than those in E4O11/PPO system
with g¼ 9:1 due to different chain lengths of the polymers. The
mean radius of gyration Rg¼ 11.0 nm with PPO chain length 5,
Rg¼ 4.9 nm with PPO chain length 20, and Rg¼ 9.2 nm with PPO
chain length 30. This result also demonstrates when the chain
length of PPO is shorter or longer than that of PEE-b-PEO, larger
multicompartment micelles are easy to be obtained.
4. Conclusions

We adopt a systematic coarse-graining strategy that several
segments are coarse-grained into a single bead, and the interaction
parameters between beads are estimated from the Flory–Huggins
c parameters. Our DPD results in silico are in agreement with those
in the experiments not only on the micelle morphologies but also on
the micelle sizes [7]. We then adopt the approach to study the
mixing of PEE-b-PEO and PPO in water and try to find the conditions
of forming multicompartment micelles by changing the polymer
chain lengths and the volume fraction ratios between PPO and PEE-
b-PEO. Two kinds of multicompartment micelles are obtained for
the systems with small amount of PPO. The core–shell–corona
micelle is observed in the condition of short chain length of PEE-b-
PEO, whereas the micelle with two spherical compartments is
formed in the condition of long chain length of PEE-b-PEO. These
novel multicompartment micelle structures have not been observed
experimentally in these diblock copolymer/homopolymer/water
systems, and if experimentally verified they could provide cheaper
and simpler alternatives to miktoarm star polymers. The results in
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this work primarily complement the experiments with the possi-
bilities on the preparation of multicompartment micelles using
a more simple and economical approach.
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