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The dissipative particle dynamics (DPD) simulation method was applied to simulate the aggregation behavior
of three block copolymers, (EO)16(PO)18, (EO)8(PO)18(EO)8, and (PO)9(EO)16(PO)9, in aqueous solutions.
The results showed that the size of the micelle increased with increasing concentration. The diblock copolymer
(EO)16(PO)18 would form an intercluster micelle at a certain concentration range, besides the traditional
aggregates (spherical micelle, cylindrical micelle, and lamellar phase); while the triblock copolymer
(EO)8(PO)18(EO)8 would form a spherical micelle, cylindrical micelle, and lamellar phase with increasing
concentration, and (PO)9(EO)16(PO)9 would form intercluster aggregates, as well as a spherical micelle and
gel. New mechanisms were given to explain the two kinds of intercluster micelle formed by the different
copolymers. It is deduced from the end-to-end distance that the morphologies of the diblock copolymer and
triblock copolymer with hydrophilic ends were more extendible than the triblock copolymer with hydrophobic
ends.

1. Introduction

Poly(ethylene oxide)-poly(propylene oxide) block copoly-
mers are an important class of amphiphilic molecules whose
physicochemical properties have been studied by many
researchers.1-6 Attention arises from both their interesting
behavior in self-assembly and their wide application in deter-
gency, formulation of cosmetics dispersion stabilization, lubrica-
tion, inks, pharmaceuticals, bioprocess, separations and synthesis
of nanoparticles, and others. The action of block copolymers
depends strongly on their aggregation in the system. It is well-
known that block copolymers have the ability to form micelle,
bicontinuous, hexagonal, and lamellar phases. There are several
factors contributing to the aggregate morphology, such as
temperature, the length ratio of each block, the concentration
and structure (i.e., relative block size and block sequence) of
the copolymer,7,8 and others discussed in literature.9-12 Among
block copolymers of three kinds, PEO-PPO, PEO-PPO-PEO,
and PPO-PEO-PPO (where PEO and PPO are the abbrevia-
tions for poly(ethylene oxide) and poly(propylene oxide)), the
type of PEO-PPO-PEO attracts more attention than the
others.13-17 The characterization methods reported on the
aggregations of copolymers include NMR,13-15 X-ray scatter-
ing,16 DSC (differential scanning calorimetry) and SAXS (small-
angle X-ray scattering),4 and so on.17,18

Computer simulation is able to provide more microscopic-
level information than experiment. The simulation methods often
used are dissipative particle dynamics (DPD),19-23 discontinuous
molecular dynamics (DMD),24 Monte Carlo simulations,25 and
Brownian dynamics simulations.26,27 DPD, the mesoscopic
method developed by Hoogerburgge and Koolman, is especially
appropriate for the simulation of solutions of amphiphilic
polymer.28-30 DPD simulation technique can be used to
investigate systems that contain millions of atoms.31-36 The

parameters used for carrying out DPD simulation can be
obtained from the Flory-Huggins theory.37 The elementary units
in the DPD method are soft beads. A bead contains at least
several molecules or molecular groups, but is still macroscopi-
cally small.38 In our previous works, we had investigated
aggregation behavior39 and phase diagram36 of surfactant
systems and the interaction between surfactant and polymer.32,40

In the present paper, the aggregations of three block
copolymers, (EO)16(PO)18, (EO)8(PO)18(EO)8, and (PO)9(EO)16-
(PO)9 in aqueous solution were simulated by the DPD method.
The aim was to obtain the information on the aggregates formed
by block copolymers with the same composition but different
architecture. It had been found from these simulations that there
were different aggregating behaviors as the concentration or
structure of the copolymer was altered. The density distribution
of beads and the end-to-end distance of copolymers could also
provide important information about their aggregation.

2. Simulation Method

2.1. Theory. In the DPD method, the time evolution of the
interacting particles is governed by Newton’s equation of
motion34 as given in eqs 1a and 1b

whererbi,νbi,fBi are the position vector, the velocity, and the total
force for theith bead, respectively. All bead masses are set equal
to unity for simplicity. In the DPD model, the total force of
beads is given in eq 234
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whereFij
C is a conservative force which is linear in the bead-

bead separation,Fij
D is a dissipative force which is proportional

to the relative velocity of beadsi and j, andFij
R is a random

force between a beadi and its neighbor beadj. They are given
by

whererij ) |rbi - rbj|, r̂ ij ) rbij/rij and whereaij is the maximum
repulsive force between particlei and particlej. Unlike the
conservative force, the weight functionsωD(rij) andωR(rij) of
the dissipative forces and random forces couple together to form
a thermostat. Espagnol and Warren33 show the relations between
the two functions

whereσ andγ are the two multiplicative constants which are
related by temperatureT, andT is the absolute temperature and
kB is the Boltzmann constant. For simplicity, a choice ofωD(r)
is taken as follows:

The Newtonian equation of position and velocity of particles
is solved by a modified version of the velocity Verlet algo-
rithm.41 In the simulation, the radius of interaction, the particle
mass, and the temperature were chosen asrc ) m ) kT ) 1
and σ ) 3.67, while the particle densityF ) 3 (taking into
account the computational efficiency,F ) 3 is a reasonable
choice). The only parameter to be determined is the maximum
repulsive forceaij, which is chosen according to the linear
relation with Flory-Hugginsø parameters37

Theø parameter between DPD pairs of particles can be obtained
from the calculation of the mixing energy with Blend module
of Cerius 2. In Blend module, the interaction energies of mixing
between different particlesEmix are calculated using the fol-
lowing equation:42

whereEij is the interaction energy of the complex composed of
one moleculei and one moleculej, andZij is the coordination
number, i.e., the number of moleculesj which can surround
one moleculei in space. After the mixing energy of two particles
has been calculated, the interaction parameter can be obtained
via the following equation:42

whereZ denotes the average coordination number andVseg is
the volume of one polymer segment, whileRT is the product
of the gas constant and the Kelvin temperature. The interaction
intensity between different molecules can be indicated by the
interaction parameters.

The diffusion coefficient of a DPD particle is a dimensionless
parameter characterizing the fluid and can be interpreted as the
ratio between the time for fluid particles to diffuse a given
distance and the time for hydrodynamic interactions to reach
steady state on the same distance. The diffusion coefficient can
be derived as follows:34

Focus on the equation of motion of a single particle and
ignore the conservative forces.

The drag force is linear in the velocity difference, and thus, the
part due to the motion of theith particle may be separated out.
Dropping the other part but retaining the random force gives a
Langevin equation for the motion of theith particle

where

Replacing the sum for the drag factor by an integral, and
likewise in the calculation of the statistics of the random force
FR, obtains

The Langevin equation is solved straightforwardly, and therefore

The fluctuation-dissipation theorem in this case takes the form

Inserting the expression for the dissipative function gives the
diffusion coefficient

2.2. Simulation Parameters.Three kinds of copolymers
(EO)16(PO)18, (EO)8(PO)18(EO)8, and (PO)9(EO)16(PO)9 were
chosen in order to simulate the aggregation process of block
copolymer with various structures in aqueous solution. Suppose
we had a mixture of copolymer and water with the amountsnp

andnw, and a total amountn ) np + nw of the mixture. Then,
the fractionnp/n would be the relative amount of component
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copolymer present, which would be called the molar fraction
of copolymer and denotedxp.

PPO, PEO, and water were represented by DPD beads P, E,
and W as shown in Figure 1. According to the references,8,43

one bead E represented four ethylene oxide molecules, one bead
P represented three propylene oxide molecules, and one bead
W represented one water molecule for convenience in Blend
module of Cerius 2. So, three kinds of copolymers mentioned
above were simply represented by E4P6, E2P6E2, and P3E4P6 in
the simulation. Thus, copolymers were constructed by connect-
ing the neighboring beads together via the harmonic springsFi

S

) ∑jCrij.37 The spring constant was chosen as 4 according to
ref 43. In the simulation, a 3D box of size 10× 10 × 10 with

periodic boundary conditions was adopted. In Blend module,
four ethylene oxide molecules, three propylene oxide molecules,
and one water molecule were chosen as three units to calculate
the Emix, Z, and Vseg, in which several interactions were
considered, such as hydrogen bond, van der Waals interaction,
and so on. For example, the average coordination numberZWE

is 3.6, and the volume ofVE is 0.76 nm3. Then, the interaction
parameters between different beads obtained by eqs 9 and 10
were given in Table 1. At the simulation temperature, it could
be deduced from the interaction parameter that bead E was more
hydrophilic than P. The dissipative parameterγ was set to a
value of 4.5kT. The only length scale in the system was the
cutoff radiusrc which was the length unit in the simulation.
For each system, 20 000 time steps per simulation were carried
out.

3. Simulation Results and Discussion

With one diffusion plot (Figure 2) of the simulation results
as an example, it could be seen that equilibrium was reached
before 3000 time steps, so 20 000 time steps per simulation was
sufficient for the simulation. It could be seen from Figure 2
that the diffusibility of bead E was better than that of bead P.

3.1. Morphology of Aggregates. The aggregates of
(EO)16(PO)18 at different concentrations were shown in Figure
3. The red portion represented the hydrophobic bead P, the green
one represented the hydrophilic bead E, and the water was
neglected in all figures for clarity (the same for Figures 4-6).
It was seen that diblock copolymer (EO)16(PO)18 could form
spherical (Figure 3a), cylindrical (Figure 3b), intercluster micelle
(Figure 3c), and lamellar phase (Figure 3d) with increasing
concentration, and in addition, the aggregate sizes increased with
increasing concentration. The hydrophilic EO chains were
located outside, while the hydrophobic PO chains were located
inside the aggregates.

The probable reasons for formation of spherical and cylindri-
cal micelles were the hydrophobic interaction between the
hydrophobic PO chains and the hydrogen bonds between EO

Figure 1. Schematic representation of block copolymer and water in
DPD system.

Figure 2. Diffusion plot of beads of E2P6E2 with the simulation steps
increasing atxp ) 0.19.

Figure 3. Snapshots of typical aggregates from simulation for (EO)16(PO)18 at different molar fractions.

TABLE 1: Interaction Parameters aij (in DPD units) of the
Simulation System

E P W

E 25.00 48.87 35.93
P 48.87 25.00 38.32
W 35.93 38.32 25.00

Figure 4. Snapshots of typical aggregates from simulation for (EO)8(PO)18(EO)8 at different molar fractions.
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and water. The mechanism of the intercluster and lamellar phase
formation may be that different aggregates shared the same
hydrated layer. In the hydrated layer, hydrophilic chains of
different aggregates formed hydrogen bonds with water, which
were linked together by hydrogen bonds between water mol-
ecules. Thus, there were also two kinds of forces contributing
to the formation of intercluster micelles and lamellar phase:
hydrogen bonds between EO and water and between water and
water of the hydrated layer; hydrophobic interaction between
hydrophobic sections of different copolymer chains. The results
agrees with those obtained from theory and experiment.44

Figure 4 showed the simulated results of (EO)8(PO)18(EO)8
at different concentrations. Triblock copolymer (EO)8(PO)18-
(EO)8 could form spherical (Figure 4a) and cylindrical micelles
(Figure 4b), as well as lamellar phase (Figure 4c) in aqueous
solution with increasing concentration increasing. There had
been no report on the formation of cylindrical micelles from
triblock copolymers with hydrophilic ends and a hydrophobic
middle block up to now. To understand the formation process
of the cylindrical micelle well, the variation of the morphology
of (EO)8(PO)18(EO)8 aggregates with simulation time was shown
in Figure 5 at the molar fractionxp ) 0.19: the copolymers
started to form small aggregates with their hydrophobic chains
attracted together by hydrophobic interaction as soon as the
copolymers were added to water. Bigger aggregates formed by
hydrophobic interaction when the hydrophobic chains of dif-
ferent small aggregates contacted other because of collision.
The hydrophobic chains of large aggregates minimized their
exposure to water as much as possible. On the contrary, the
hydrophilic chains preferred contact with water molecules. So,
aggregates readjusted to form cylindrical micelles.

The aggregates of copolymer (PO)9(EO)16(PO)9 simulated at
different molar fractions were shown in Figure 6. It was found
that the spherical micelles (Figure 6a) formed at low concentra-
tions. It was clearly seen that most of the copolymer chain
adopted the loop shape (Figure 6b) with the end blocks of the
copolymer chain aggregating together in the core and the
hydrophilic middle block in contact with water. A few copoly-
mer chains adopted extendible conformation. With the concen-
tration increasing, intercluster micelles (Figure 6b) formed for
the following reasons: different aggregates shared the same
hydrated shell, just as the intercluster micelles formed by the
diblock copolymer; middle blocks of the extendible triblock

Figure 5. Aggregation evolution of (EO)8(PO)18(EO)8 observed with
the simulation steps increasing atxp ) 0.19. (a) 1000, (b) 2000, (c)
3000, and (d) 20 000 steps.

Figure 6. Snapshots of typical aggregates from simulation for (PO)9(EO)16(PO)9 at different molar fractions.

Figure 7. Density distribution of beads alongx axis according to the different aggregates: the red line represents the density of P beads, green
represents the E beads, and the blue line represent W beads.
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copolymers bridged across different micelles, which led to
attractive interactions between the micelles. When the concen-
tration increased to a value (xp g 0.49), the attractive interactions
were strong enough to cause the formation of gels. Here, the
gel formed atxp ) 0.49 was given as an example (Figure 6c).

3.2. Density Distribution of Beads.Figure 7 showed the
density profile of aggregates of the three systems. It was clear
that water penetrated to the whole aggregate. These results
agreed with those of Won et al.45 and Yang et al.46 obtained
from the experiment with SANS. Despite the fact that water
swelled PEO chains, the hydrogen bond between them prevented
possible phase transition, thereby making the micelles more
stable. On the other hand, the presence of water between
aggregates was one reason for the intercluster micelle and gel
formation.

3.3. End-to-End Distance of Copolymers at Different
Concentrations.The end-to-end distance was a concept derived
from polymer science, which described the degree of curliness
for a polymer chain. From Figure 8, it was obviously seen that
the end-to-end distances increased with increasing concentration
at the lower concentration region, indicating that copolymers
were easily dissolved in water at low concentration. For all three
copolymers, the size of different aggregates increased with the
copolymer concentration, which made the end-to-end distances
increase. The end-to-end distances of triblock copolymer
(EO)8(PO)18(EO)8 and diblock copolymer (EO)16(PO)18 were
higher than that of (PO)9(EO)16(PO)9, indicating that (EO)8-
(PO)18(EO)8 and (EO)16(PO)18 were more extendible than
(PO)9(EO)16(PO)9 in aqueous solution. For most of the triblock
copolymer (PO)9(EO)16(PO)9, the possible conformation was
one in which the chain formed a loop-shaped structure with
the two hydrophobic ends assembled together in the hydrophobic
core while the hydrophilic middle was in contact with water
molecules. A few (PO)9(EO)16(PO)9 copolymers adopting an
extendible conformation could be inferred from higher end-to-
end distances. These extendible conformations attributed to the
formation of intercluster micelles and gels.

4. Conclusion

Aggregates of three block copolymers with the same com-
position but different architecture were simulated. The simula-
tion results indicated that the architecture and concentration of
copolymer influenced the aggregate shape and size. All the three
block copolymers would form spherical micelles at low
concentration. However, with the concentration increasing,

triblock (EO)8(PO)18(EO)8 took cylindrical micelles and lamellar
phase, diblock (EO)16(PO)18 tended to form cylindrical micelles,
intercluster micelles, and lamellar phase, and triblock (PO)9-
(EO)16(PO)9 tended to form intercluster aggregates and gels.
Different from the traditional aggregates formed by low mo-
lecular weight surfactants, aggregates formed by the three
studied copolymers included a large amount of water. For
diblock copolymer (EO)16(PO)18, intercluster micelles formed
because different aggregates shared the hydrated shell. For
triblock copolymer (PO)9(EO)16(PO)9, intercluster micelles
formed for two reasons: different aggregates shared the hydrated
shell and the hydrophilic block acted as a bridge. In comparison
with block copolymer (PO)9(EO)16(PO)9, the other two copoly-
mers adopted more extendible conformations in aqueous solu-
tion. The simulation results also showed that bead E diffused
more rapidly than bead P.
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