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The phase behavior of the (EO)13(PO)30(EO)13(Pluronic L64)/water/p-xylene system in the mesoscopic region
was investigated using MesoDyn, a new dynamic density functional method. The “equivalent chain” method
was used to perform the parametrization of the Gaussian chain. In this paper, we compare the mesoscopic
morphology formations of systems at different concentrations of solvents and discuss the effect of water on
the formation of micelles. The calculated results show that Pluronic L64 does not form polymolecular micelles
in purep-xylene or in the presence of a small amount of water, but with an increase in the concentration of
water, polymolecular micelles in different shapes were formed. By analyzing the water distributions of the
systems after 1000 simulation steps, we prove that free water does exist in the micellar core. The effects of
temperature and PEO and PPO block sizes are also investigated. The results indicate that the formation of
reverse micelles is exothermic, and so the formation of reverse micelles becomes more difficult and the rate
becomes slower with increasing temperature. Moreover, PEO block size has a stronger effect on the formation
of reverse micelles compared with that of the PPO block size.

1. Introduction

In the microscopic region, phase behavior can be modeled
using a detailed molecular description, often with techniques
such as molecular dynamics (MD) and Monte Carlo (MC)
simulations. In the macroscopic region, phase separation models
can be based on equations of state, which are fitted to
macroscopic phase diagrams. In the mesoscopic region, local
concentration fields can be used as collective variables to obtain
a description of self-assembly structures. The mesoscopic
dynamics models are receiving increasing attention as they form
a bridge between fast molecular kinetics and slow thermo-
dynamic relaxations of macroscale properties.

Pluronic (PEO-PPO-PEO block copolymer, PEO) poly-
(ethylene oxide), PPO) poly(propylene oxide)), one type of
nonionic surfactant, is widely used in detergents, foam forma-
tions, dispersion stabilizations, lubrication, and drug delivery
and has received wide attention in the literature.1-5 The action
of Pluronic depends strongly on system morphology, which is
known to include micelles that can reversibly gel, as well as
on bicontinuous, hexagonal, and lamellar phases. There are
several factors contributing to the morphology formation
including the temperature, the solvent quality, the PEO and PPO
block sizes, etc. In the past decade, much work including
experiments and simulations has been done on Pluronic in
aqueous solution;6-11 also there are a few experimental papers
about Pluronic in double solvents,12-16 but there have been few
theoretical simulations in double solvents. Taking account of
the long period and the poor repeatability of the experiments,
the simulation work in double solvents is very important, which
must be helpful for us to further investigate this type of system.
In the current work, the MesoDyn method was used to simulate

the (EO)13(PO)30(EO)13(Pluronic L64)/water/p-xylene system.
The influences of the temperature, the PEO and PPO block sizes,
and the concentrations of two solvents were investigated
systematically.

2. Method

The basic idea in the MesoDyn method is the density
functional theory. It is based on the idea that the free energyF
of an inhomogeneous liquid is a function of the local density
functionF. From the free energy, all thermodynamic functions
can be derived so that for instance phase transitions can be
investigated as a function of the density distribution in the
system.

In MesoDyn, the method used to model the time evolution
of a mesoscopic system is the time-dependent Ginzburg-Landau
model. Ginzburg-Landau models generally consist of a phe-
nomenological expansion of the free energy in the density, which
is used to model thermodynamic forces and a set of stochastic
diffusion or modified Navier-Stokes equations to predict the
time evolution. The numerical calculation involves the integra-
tion of functional Langevin equations, given an implicit inverse
Gaussian density functional expression for the intrinsic chemical
potentials. Local nonideal interactions are included via a mean
field. Mesoscopic fluctuations are introduced by the explicit
inclusion of noise sources according to the fluctuation-
dissipation theorem. Work on coarse-grained time-dependent
Ginzburg-Landau models can be found in refs 17-21. For a
detailed description of the theory of the MesoDyn, see ref 22.

On a coarse-grained time scale,FI
0(r) is defined as a

collective concentration field of the beads of type I at an instant
in time and serve as a reference level. There will be a certain
distribution of bead positions, defined asΨ(R11,...,RnN), where
Rγs is the position of a beads from chain γ. Given the
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distribution Ψ, we can define the collective concentration of
beadss from all chains by the average of a microscopic density
operator:

whereδIs
K is the Kronecker function with a value of 1 when

beads is of type I and 0 otherwise. It is assumed that in the
slowly relaxing liquid the interactions do not depend on the
momenta.

We can define a set of distribution functionsΨ with the
constraintFI[Ψ](r) ) FI

0(r):

All distributionsΨ of the setΩ lead to the same densityFI
0(r).

On the basis of this set of distribution functions, an intrinsic
free-energy functionalF[Ψ] can be defined:

The first term is the average value of the Hamiltonian for internal
Gaussian chain interactions.23,24 The second term in the free-
energy functional represents the Gibbs entropy of the distribution
- kBTΨ ln Ψ. The third termFnid[F0] is the mean-field nonideal
contribution.

The key rudiment of dynamic density functional theory is
that now on a coarse-grained time scale the distribution function
Ψ is such that the free-energy functionalF[Ψ] is minimized.
Hence,Ψ is independent of the history of the system and is
fully characterized by the constraints that it represents the density
distribution and minimizes the free-energy functional. This
constraint on the density fields is realized by means of an
external potentialUI.

The constraint minimization of the free-energy functional
leads to an optimal distribution, which in turn, and by the one-
to-one relation between densities, distributions, and external
potential, can be written as

Finally, a Flory-Huggins-type interaction is introduced for
the nonideal (interchain) interactions:

whereεIJ(|r - r′|) is a mean-field energetic interaction between
beads of type I atr and type J atr′.

The mean-field intrinsic chemical potentials can easily be
derived by functional differentiation of the free energy:µI(r)
) δF/δFI(r). At equilibrium,µI(r) ) constant, which results in
the familiar self-consistent-field equations for the mean-field
Gaussian chain model. In general, these equations will have
many solutions, one of which will be a state of lowest free
energy; most states will be metastable. When the system is not
in equilibrium,- ∇µI(r) is a thermodynamic force that by the
inversion of the density functional and the explicit form of the
nonideal interactions is a unique functional of the density. On

the basis of these equations, we can set up the generalized time-
dependent Ginzburg-Landau theory.

The derivation of the diffusive dynamics of the molecular
ensemble is based on the assumption that for each type of bead
I the local flux is proportional to the local bead concentration
and the local thermodynamic driving force:JI ) - MFI ∇µI +
J′I, whereJ′I is the stochastic flux (related to thermal noise).
Together with the continuity equation

this leads to simple diagonal-functional Langevin equations
(stochastic diffusion equations) in the density fields with a
Gaussian distribution of the noise:

However, the fluctuations in the total density of this simple
system are not realistic because finite compressibility is not
enforced by the mean-field potential chosen (see below).
Therefore, total density fluctuations are simply removed by
introducing an incompressibility constraint:

whereνB is the average bead volume. This condition then leads
to exchange Langevin equations:

Here,M is a bead mobility parameter. The kinetic coefficient
MVFAFB models a local exchange mechanism. Hence, the model
is strictly valid only for Rouse dynamics.

The distribution of the Gaussian noise satisfies the fluctua-
tion-dissipation theorem and ensures that the time integration
of the Langevin equations generates an ensemble of density
fields with Boltzmann distributions:

In the MesoDyn method, the molecules are defined on a
coarse-grained level as “Gaussian chains of beads”. Each bead
is of a certain component type representing covalently bonded
groups of atoms such as those given by one or a few monomers
of a polymer chain. Chemically specific information about the
molecular ensemble enters into MesoDyn via material param-
eters such as the self-diffusion coefficients of the bead com-
ponents, the Flory-Huggins interaction parameters, the bead
sizes, and the molecular architecture (chain length, branching,
etc.).

The dynamics of the system is described by a set of so-called
functional Langevin equations. In simple terms, these are
diffusion equations in the component densities that take account
of the noise in the system. By means of numerical inversions,
the evolution of the component densities is simulated, starting

FI[Ψ](r) ≡ ∑
γ)1

n

∑
s)1

N

δIs
KTr Ψ δ(r - Rγs) (1)

Ω ) {Ψ(R11,...,RnN)| FI[Ψ](r) ) FI
0(r)} (2)

F[Ψ] ) Tr(ΨHid + â-1Ψ ln Ψ) + Fnid[F0] (3)

âF[F] ) n ln Φ + â-1 ln n! - ∑
I
∫UI(r) FI(r) dr +

âFnid[F] (4)

Fnid[F] ) 1
2∫∫εAA(|r - r′|) FA(r) FA(r′) +

εAB(|r - r′|) FA(r) FB(r′) + εBA(|r - r′|) FB(r) FA(r′) +
εBB(|r - r′|) FB(r) FB(r′) dr dr′ (5)

∂FI

∂t
+ ∇JI ) 0 (6)

∂FI

∂t
) M∇FI ∇µI + ηI (7)

(FA(r , t) + FB(r , t)) ) 1
νB

(8)

∂FA

∂t
) MVB ∇FAFB ∇[µA - µB] + η (9)

∂FB

∂t
) MVB ∇FAFB ∇[µB - µA] - η (10)

〈η(r,t)〉 ) 0 (11)

〈η(r, t) η(r′, t′)〉 ) -
2MνB

â
δ(t - t′)∇r × δ(r - r′)FAFB∇r′

(12)
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from an initially homogeneous mixture in a cube of typical size
100-1000 nm and with periodic boundary conditions.

The phase behavior and phase structure of Pluronic L64/
water/p-xylene systems, which have the same concentration of
Pluronic L64 but different concentrations of solvents, have been
investigated by using the MesoDyn simulation method. The
influencing factors including the concentration of two solvents,
temperature, and PEO and PPO block sizes were discussed. The
time-evolution trajectory of the microphase separation kinetics
was also discussed in detail. All the mesoscale simulations and
analyses were done with the MesoDyn module in Cerius2 on a
2-CPU SGI Octane workstation.

3. Results and Discussion

Simulation Parameters.The chain of Pluronic L64 (EO)13-
(PO)30(EO)13 was defined as the Gaussian chain A7B16A7 by
the equivalent chain method.11,23 The bond length of the
Gaussian is 8.2 Å. The dimensions of the simulation lattice used
here are (32, 32, 32). The ratio of the bond lengthR to the
lengthh is automatically set toR/h ) 1.15430 to ensure isotropy
of all grid-restricted operators.10 To ensure a stable numerical
algorithm, as an approximation, all bead volumes of types A,
B, W, and X (A) PEO, B) PPO, W) H2O, X ) p-xylene)
were 150 Å3, and all bead diffusion coefficientsD ) â-1M of
the four types were set at 1.0× 10-7cm2 s-1. The simulation
temperature was set at 298 K, and the time step used was 50.00
ns. The noise-scaling parameter used here was 100, and the
compressibility parameter was fixed at 10.0.25,26

The solvent-polymer interaction parameters were estimated
as

whereδs andδp are Scatchard-Hildebrand solubility parameters
of the solvent and of the polymer, respectively,27 andVs is the
molar volume of the solvent. The interaction parameters of
p-xylene, H2O, and PEO-PPO are not suitable to be estimated
by the above equation, and consequently,øwx used here was
estimated to be 5.0 becausep-xylene is nearly insoluble in water;

øAB was estimated by group contribution methods.28,29 The
values for the interaction parameters of polymers and solvents
are given in Table 1.

It should be noticed here that in previous papers11,29øAw and
øBw were calculated from vapor-pressure data of aqueous
homopolymer solutionsusing the Flory-Huggins expression

wherep is the vapor pressure,θ is the polymer volume fraction,
andN is the chain length, which is the number of monomers
per bead. Calculated from the above equation,øAw is 1.4, and
øBw is 1.7. On the basis of the solubility of PEO in water, we
think these values are incorrect. Generally, whenøsp > 0.5, the
polymer is not easily dissolved in the solvent, soøAw ) 1.4
indicates that water is a poor solvent for PEO, which is clearly
not in agreement with the experimental results. In our opinion,
this problem may be mainly caused by the neglect of hydrogen
bonding between PEO and H2O in eq 14. This view can be
confirmed by øBw. There is much less hydrogen bonding
between PPO and H2O than between PEO and H2O, and in this
situation, the values oføBw calculated from eq 14 agrees with
experiments to some extent.

Figure 1. EO isosurface representations of six different systems after 1000 simulation steps.

TABLE 1: Interaction Parameters of Polymers and Solvents

PPO PEO H2O p-xylene

PPO 3.0 2.1 0.03
PEO 3.0 0.3 0.5
H2O 2.1 0.3 5.0
p-xylene 0.03 0.5 5.0

TABLE 2: Volume Fractions of Polymer/Water/p-Xylene in
Different Simulation Systems

system title L64 H2O p-xylene

A 20 0 80
B 20 5 75
C 20 10 70
D 20 30 50
E 20 70 10
F 20 80 0

øIJ ) θ-2{ln p/p0 - ln(1 - θ) - (1 - 1/N)θ} (14)

øsp ) (δs - δp)
2Vs/RT (13)
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Effect of Solvents. To compare the effects of solvents,
simulations were performed with the same polymer concentra-
tion. The volume concentration of the polymer in all cases was

20%. Detailed concentrations for each component are given in
Table 2.

The isosurfaces of EO for six different systems (see Table
2) after 1000 simulation steps at 298 K are presented in Figure
1. To clearly demonstrate the formations of systems, both
isodensities of isosurfaces in Figure 1A and B are at 10%, and
the other four isodensities of isosurfaces are at 15%. (Because
no micelles are formed in A and B systems, the isosurfaces of
isodensity at 15% for systems A and B are blank.) The
formations of six systems indicate that Pluronic L64 does not
form polymolecular micelles in purep-xylene or in the presence
of a small amount of water, but with the increase in the
concentration of water, polymolecular micelles in different

Figure 2. EO isosurface representations of the C system after different
simulation steps (a-d refer to the EO isosurface represetations of the
C system after 100, 300, 400, and 1000 simulation steps, respectively).

Figure 3. Time evolution of the dimensionless order parameters of
the C and D systems. The labels A, B, C, and D refer to PEO, PPO,
H2O, andp-xylene, respectively.

Figure 4. H2O distribution profiles in reverse micelles of system C
and D after 1000 simulation steps.
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shapes were formed. Reverse micelles consisting of a PPO shell
and a PEO and H2O core are formed when the amount of water
is small. Different concentrations of water lead to different
formations of systems. When the amount of water is more than
the amount ofp-xylene, reverse micelles transfer to normal
micelles, consisting of a PEO shell and a PPO andp-xylene
core. It can be concluded that water induces the formation of
micelles in the pluronic/p-xylene system. The simulated results
are in good agreement with the experimental results qualita-
tively.12,13

Process of Phase Behavior.To gain insight into the process
of phase behavior, we carefully analyzed system C. Because
system C is at the turning point of the formation of micelles in
these six systems, the properties of the process of phase behavior
are more characteristic than those of the other five systems.
Figure 2 a-d gives the isosurface of EO of system C after 100,
300, 400, and 1000 simulation steps, respectively. All the
isodensities are at 15% except in Figure 2a, which is at 10%.
(Because no micelles are formed after 100 simulation steps, the
isosurface of isodensity at 15% was blank.) Figure 2 shows that
to some extent at the beginning of the process the solution was
homogeneous and micelles were formed along with the time

evolution and that finally the solution arrived at an equilibrium
state. These results also can be confirmed by the time evolution
of the order parameterP of system C (Figure 3a). The
dimensionless order parameterP is defined asP ) V-1 ∑
∫θI

2(r) dr - ∑ (θI
0)2. Figure 3a indicates that the time evolution

of the phase behavior can be divided into three stages. In the
first, micelles were formed, and the order parameter changed
slowly. In this stage, the morphology of the system varied little.
Then, micelles were formed, and the order parameter ascended
rapidly. In this stage, the system quickly formed the raw
morphologies of micelles. This stage is quicksabout 10 to 20
µs. Finally, the system changed in a slow way to overcome the
defects formed in the previous stage. This stage is time-
consuming.

We investigated the order parameters of other three systems
in which plenty of micelles were formed and found that these
systems went through a similar process (see Figure 3b). It can
be observed that in system D the process forming micelles is
much shorter than that in system C; compare Figure 3 part a
with part b. The only difference between system C and system
D is the water concentration. It can be concluded that the amount

Figure 5. Time evolution of the dimensionless order parameters of six systems at different temperatures.
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of water influences not only the occurrence of micelles but also
the rate of the formation of micelles. To our knowledge, there
has been little experimental work30 on water affecting the rate
of formation of micelles.

Water Distribution in Reverse (Water-in-Oil) Micelle. The
water distribution in the PEO-PPO-PEO/xylene/water reverse
micelle has been studied by several experimental methods,31

but there has been no exact experimental demonstration of the
water distribution in the micelle. By now, the general view is
that most of the water is bound with the PEO block, evenly
distributed in the core in the presence of a small amount of
water; with an increase in the amount of water, there is free
water in addition to the bound water in the reverse micelle.13,31-33

To study the water distribution in the reverse micelle, we
analyzed the water distribution profiles in the reverse micelle
of system C (Figure 4a) and system D (Figure 4b) after 1000
simulation steps. The closed curve in Figure 4 is the isocon-
centration line of water, which represents the same concentration
of water along a curve. This profile is similar to the contour
map, and the concentration of water represented by the

isoconcentration line increases from the outside to the inside
of the round, and finally there is a maximum value of
concentration in the plateau of the round. The concentration of
every point is the same in the range of the plateau. Figure 4
shows that the isoconcentration lines are closely distributed in
the corona of the reverse micelle, indicating that the water is in
the bound-water state in this range; the isoconcentration lines
enclose a pond in the core of the reverse micelle, indicating
that the water is in the free-water state in this range. The amount
of water in system C (Figure 4a) just beyond the critical amount
of water inducing the formation of micelles is less than that in
system D (Figure 4b). On the basis of the above analyses, we
can draw the conclusion that most of the water molecules are
bound with the PEO block in the micelles when the amount of
water is small and that the water molecules exist in the form of
free water in the micelles when the amount of water increases.
Our simulated results proved that free water does exist in the
micellar core.

Effect of Temperature. To discuss the influence of temper-
ature on the phase behavior, six systems (20% L64, 10% water,

Figure 6. Time evolution of the dimensionless order parameters of different block-size systems (water in oil). a-c have different PEO block sizes
but the other conditions are the same. d-e have different PPO block sizes, butthe other conditions are the same.
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70% p-xylene) have been simulated at different temperatures:
273, 286, 298, 310, 323, and 348 K. Figure 5a-f shows the
dimensionless order parameters of six systems at different
temperatures. On the basis of Figure 5 a-f, it is indicated that
the temperature has a strong impact on the phase behavior of
the ternary block polymer-water-oil system in addition to the
water concentration. The formation of reverse micelles becomes
more difficult and the rate becomes slower with increasing
temperature, and even Pluronic L64 does not form reverse
micelles at 348 K. This indicates that the formation of reverse
micelles is exothermic. The effects of temperature on the phase
behavior can be understood from the fact that PEO and PPO
become more hydrophobic at increasing temperature; therefore,
the solubility of PEO and PPO in water decreases, andp-xylene
is expected to become an even better solvent for PEO and PPO,
which makes the copolymers less prone to association. The
experimental work of Mays gives a similar conclusion that the
rate of water-in-oil microemulsions increases with decreasing
temperature.30 Also, the above result is in agreement with
Alexandridis’ experimental work34 that shows that an increase
in temperature makes water a worse solvent and xylene a better
solvent for the copolymer and that the water solubilization
capacity increases with temperature for a PEO-PPO-PEO
copolymer with 40% PEO (L64 belongs to this kind of
copolymer).

Effects of PEO and PPO Block Size on Phase Behavior.
The relative sizes of the hydrophilic PEO block and hydrophobic
PPO block also affect the phase behavior (the formation of
reverse micelles). Five systems (20% L64, 10% water, 70%
p-xylene) under the same conditions but with different block
sizes were simulated. (Figure 4b and e are the same, and this
arrangement is very convenient by which to compare them.)
We also analyze the dimensionless order parameters to inves-
tigate the effects of PEO and PPO block size on phase behavior.
The comparison of Figure 5 part a withparts b and c shows
that PEO block size has a obvious effect on phase behavior,
but the comparison of Figure 5 part d with parts e and f shows
that PPO block size has little influence on phase behavior. The
formation of reverse micelles becomes much easier and faster
with increasing PEO block size. The effect of PEO block size
is similar to that of water content; it can be understood that
both PEO and water belong to the polar components, which
have similar properties. This simulation result agrees well with
the exprimental work of Alexandridis and co-workers,15 who
reported that the relative size of the “solvophobic” PEO block
(rather than the PPO block size) should be the controlling
parameter in the tendency of the polyoxyalkylene block
copolymers to form reverse mielles in organic solvents.

Conclusions

The phase behavior of the (EO)13(PO)30(EO)13(PluronicL 64)/
water/p-xylene system in the mesoscopic region was successfully
simulated using the MesoDyn equivalent chain method. The
simulation results show that water is the key factor affecting
the formation of micelles and that no micelles are formed in
pure p-xylene or in the presence of a small amount of water
but with increasing concentration of water, micelles with
different shapes are largely formed. The amount of water

influences not only the occurrence of micelles but also the rate
of the formation of micelles. By analyzing the water distributions
of the systems after 1000 simulation steps, we found that free
water did exist in the micellar core.

The influence of temperature on the phase behavior was
investigated. The results show that the temperature has a strong
impact on the phase behavior of the ternary block polymer-
water-oil system in addition to the water concentration. The
formation of reverse micelles is exothermic.

Finally, the influence of the relative sizes of the PEO and
PPO blocks was investigated. The results show that the PEO
block size has a bigger effect on the formation of reverse
micelles compared with the PPO block size.
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