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Abstract The microphase separation dynamics of the
triblock copolymer surfactant P103 [(ethylene oxide);;
(propylene oxide)so(ethylene oxide);;] was investigated by
a dynamic variant of mean-field density functional theory.
Different self-assembled aggregates, spherical micelles,
micellar clusters and disk-like micelles, are explored in
the solution. The spherical micelle above critical micelle
concentration (CMC) is a dense core consisting mainly of
PPO and a hydrated PEO swollen corona, and is in good
agreement with the experimental results concerning their
structures. At a concentration of 10—15%, micellar clusters
with a larger PPO core form as a result of coalescence
among spherical micelles. At concentrations above 16% by
volume, a series of disk-like micelles come into being. The
order parameters show that spherical micelles are easily
formed, while the micellar clusters or disk-like micelles
need a longer time to reach steady equilibrium. The results
show that mesoscopic simulation can augment experimental
results on amphiphilic polymers, and provide some meso-
scopic information at the mesoscale level.
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Introduction

Pluronics, also termed Poloxamers or Synperonics, are
block PEO-PPO-PEO copolymers of poly(ethylene oxide)
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(PEO) and poly(propylene oxide) (PPO). In aqueous
solution, these block copolymers behave like surfactant
molecules and can build a wide variety of aggregates as a
consequence of their amphiphilic character. Under appro-
priate conditions, they can form multimolecular micellar,
bicontinuous, hexagonal and lamellar phases. The proper-
ties of Pluronic aggregates have been extensively investi-
gated via many techniques such as microcalorimetry [1-3],
small-angle neutron or X-ray scattering [4—7], static [8] and
dynamic [9, 10] light scattering, and rtheometry [11-14]. In
such studies, spherical micelles, in which a hydrophobic
block is gathered into a spherical core and the hydrophilic
block is solvated by water, are typical. Experimental
investigations on different aggregates are helpful in
understanding the structures and properties of a Pluronics
solution [15, 16].

In the past decade, computer simulation methods have
proven to be valuable tools in studies of the phase behavior
of polymers. All-atomic molecular dynamics (MD) simula-
tion approaches permit modeling of morphological evolu-
tion in polymeric systems during phase separation.
Furthermore, mesoscopic simulation methods, such as
dissipative particle dynamics (DPD) [17, 18] and self-
consistent field theory (SCFT) [19-21], are promising
simulation approaches that have been widely accepted.
These latter methods treat the polymeric chains in a coarse-
grained (or mesoscopic) level by grouping atoms together,
which can be extended to several orders of magnitude in
length and time scales as compared to all-atomic MD
simulations [22, 23]. The SCFT method is basically a self-
consistent field approximation with “plugged in” phenom-
enological density dynamics, and it does not take into
account polymer chain dynamics, hydrodynamic interac-
tions, etc. Compared with conventional particle simulation
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methods, field-based methods like SCFT have relatively
high computational efficiency. This has led to significant
advances in the investigation of the microphase separation
of block copolymers [24-28].

Using SCFT simulations, we recently investigated the
phase behaviors of Pluronic P65 under shear [29] and
discussed the effect of a weakly charged block on the
lamellar phase of Pluronic P85 [30]. In present study, the
same SCFT method is used to investigate the phase
behavior of Pluronic P103 in aqueous solution. Figure 1
shows the different micellar phases of P103 solution at low
concentration, i.e., spherical micelle, micellar cluster and
disk-like micelle. In fact, at high concentrations (above
45% vol, see the supporting information), bicontinuous and
lamellar phases are also found. In this paper, we focus only
on morphologies found at low concentration (below 20%
vol). In Fig. 1 it can be seen that spherical micelles form
only at concentrations from 4 to 9% vol, and their sizes are
around 3.5 nm; micellar clusters of more than 5.0 nm are
formed by the coalescence of different spherical micelles
form at concentrations of 10-15% vol; disk-like micelles
form above 16% vol.

The paper is arranged as follows: first, approaches to the
transition Gaussian chain and the interaction parameters
used in SCFT are elaborated, and the background of the
method is simply described; then, different morphologies
are shown via the 3D density fields; finally, the effect of
temperature on the spherical micelles is discussed.

Fig. 1 Simulated phase diagram
of Pluronic polymer in aqueous
solution at 298 K. Phases are
labeled as Dis (disorder), SM
(spherical micelle), MC (micel-
lar cluster), DM (disk-like
micelle)

Methods and model

The basic idea of the SCFT method is that the free energy, F,
of an inhomogeneous liquid is a function of the local density
function, p, from which all thermodynamic functions can be
derived. The SCFT model consists of various types of beads, I,
J, ..., with interactions described by harmonic oscillator
potentials for the intramolecular interactions [31]. Each bead
is a certain component type representing covalently bonded
groups of atoms such as those given by one or a few
structural units of a polymer chain. The dynamics of such a
system is described by a set of functional Langevin
equations. These represent diffusion equations in the compo-
nent densities, which take account of the noise in the system.

On a coarse-grained time scale, p?(r) is defined as a
collective concentration field of type I beads at an instant in
time and serves as a reference level. There will be a certain
distribution of bead positions, defined as w(Ryy,...,R,y),
where Ry is the position of bead s from chain A. Given the
distribution w, the collective concentration of bead s from
all chains can be defined by the average of a microscopic
density operator:

ZZ&ﬁTrW r—Ry) (1)

r=1 s=

(6% is the Kronecker function with value 1 when bead s is
of type 7 and 0O otherwise). It is assumed that, in a liquid

12%

(9

ﬁﬁ.
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with high viscosity (slowly relaxation), the interactions do
not depend on the momenta. A set of distribution functions
y is defined with the constraint p?(r) = p,[y](r). All
distributions y belonging to the same density p¥(r) form an
equivalence class, €2, of distribution functions:

Q= {y(Rir...., Ry lw](r) = A1)} @)

On the basis of this set of distribution functions, an intrinsic
free-energy functional F[y| can be defined:

Fly] = Tr(yH" + B~ 'y Iny) + F"[p"] (3)

The first term is the average value of the Hamiltonian for
internal Gaussian chain interactions [32]. The second term
in the free-energy functional represents the entropy of the
distribution —kgTyIny. The third term is the mean-field

2

a1 eanIr — P Doa(Opa () + eas(r — ¥
=5 || [ 25(F)pa(F) + £a5(Ir — P )py(F)ps(c)

+epa(Jr —1'|)pp(r

)P4(1)pp(r)

nonideal contribution. y is independent of the history of the
system, and is fully characterized by the constraint (on the
density distribution that minimizes the free-energy func-
tion). This constraint is realized by means of an external
potential Uj.

The constraint minimization of the free-energy function-
al leads to an optimal distribution, which can be written in
terms of densities and external potential as:

Flp] = —8""nin® 4 5 " Inn! — Z JUI(r)p,(r)dr + FMd[p]

I
(4)
@ is partition function of the chain. Now the model for the
nonideal free-energy functional is introduced,

drdr’ (5)

where g;;(Jr — r'|) is a mean-field energetic interaction
between beads of type I at r and type J at r".

The mean-field intrinsic chemical potential can easily be
derived via functional differentiation of the free energy:
wy(r) = 8F /op,(r). At equilibrium, py(r)= constant, which
results in the familiar self-consistent-field equations for the
mean-field Gaussian chain model. In general, these equations
have many solutions, corresponding to stable or metastable
states; the one with the lowest free energy is of particular
interest. On the basis of these equations, the generalized
time-dependent Ginzburg-Landau theory can be set up [32]

Op 4(r
PA0) A 9ty — ] ©)
Opa(r
pgt( ) =MVV - pppVipp — iyl +1 (7)

The distribution of the Gaussian noise 7 satisfies the
fluctuation-dissipation theorem:

(n(r,t)) =0 (8)

2M
(n(r, (', ) = _%50 — 1) x Ve 3(r = v)pypsVe

9)
where M is a bead mobility parameter. The kinetic
coefficient Mvp pp models a local exchange mechanism.
The Langevin equations are constructed for an incompress-
ible system with dynamic constraint:

pale, ) +palr 1) = (10)

where v is the average bead volume.

To specify the chemical nature of the system, two sets of
parameters must be defined: one is the chain topology in
terms of repeat segments (or beads), and the other is the
interaction energy of the various components. For the first
set, the SCFT uses a Gaussian chain “spring and beads”
description, in which all segments are of the same size, and
the chain topology depends on the coarsened degree of the
original system. In this model, springs mimic the stretching
behavior of a chain fragment, and different kinds of beads
correspond to different components in the block co-polymer.
Lam [33] described the relationship between atomistic
chains and Gaussian chains of block polymers using the
Monte Carlo method. The Gaussian bond length is

X Y
a~—Lpgo = —Lppo (11)
X Y

Lpgo and Lppo are the monomer sizes of EO and PO,
respectively, estimated by assuming an all-trans conforma-
tion Lpgo=0.2910 nm and Lppp=0.3394 nm [33]. X and ¥V
refer to the number of units in the PEO and PPO block
polymer, respectively. x and y are the numbers of coarsened
chain topology. van Vlimmeren [34] derived another simple
relation for the atomistic and Gaussian chains:

—~ 43, —~33 (12)

Since both x and y have to be integers, the above
equations cannot be solved exactly. A few approximating
values in each equation are shown for Pluronic P103 in
Table 1. It is worth noting that these two approaches can
give a similar Gaussian chain, A4B;3A4, where the
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Table 1 Gaussian chain approximation for Pluronic P103

Real co-polymer chain Methods Calculated Approximated Gaussian chain
X y X y
PEO]7PP060PEOI7 Lam [33] 43 17.6 4 18 A4B18A4
van Vlimmeren [34] 4.0 18.2 4 18

solvophobic B beads represent PPO blocks and the
solvophilic A beads are PEO blocks.

The interaction energies & of the various types of
segments represent the pairwise interactions of beads,
similar to that defined in the Flory-Huggins model [33].
These can be derived either from atomistic simulation [33,
35], empirical methods [36] or from experimental data such
as vapor pressure data [34]. The simplest approach is based
on regular solution theory and relates the Flory-Huggins
model to the component solubility parameter . These
parameters can be considered as the nonideal interactions,
and the strength of repulsion interaction between different
components is characterized by £,45>0. In the calculations,
the simulation parameters of P103 are x43=3.0, Xx4s=1.3
and xps=1.7, reflecting the interaction strengths between
two components A (slightly solvophilic), B (slightly
solvophobic), and S (solvent), respectively. Of course, in
the mean-field model, any polymer surfactant solution with
the same properly scaled interaction parameters will behave
in exactly the same way. These defined parameters are
compared with experimental microphase diagrams of
Pluronic aqueous solution for our work [28-30] or other
studies [24-27, 33, 34]. The simulations will be stopped

Fig. 2 The isosurface of density
fields for spherical micelles in a
6% vol system with time evolu-
tion. a 0.125, b 0.25, ¢ 0.375, d
0.5, e 1.0 and f 2.5 ms

@ Springer

when the order parameters no longer change, which
represents the characteristics of phase separation and the
mean-squared deviation from homogeneity in the system.

Results and discussion
Morphology of the micellar phase

As shown in Fig. 1, three phases of the copolymer solution—
spherical micelles, micellar clusters and disk-like micelles—
are formed in low concentration (below 20% vol). In the
following, the different morphologies will be discussed using
3D density fields, and the changes of the order parameters
with time evolution are investigated.

Spherical micelles

As the copolymer concentration in water is higher than the
critical micellar concentration (CMC), micelles start to
form. In our simulation, the typical spherical micelles are
formed at a concentration of 4-9% vol. In order to gain
insight into phase separation, we carefully analyzed the
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typical micelles in a 6% vol system. Figure 2a—f shows the
isosurface of solvophobic B with time evolution at 0.125,
0.25, 0.375, 0.5, 1.0 and 2.5 ms, respectively. These
isosurfaces show that, to some extent, the solution is
homogeneous at the beginning of simulation (Fig. 2a);
raw micelles then come into being (Fig. 2b) and, finally, the
solution arrives at equilibrium about 0.375 ms (Fig. 2c) and
the typical spherical micelles are formed (several ms,
Fig. 2e,f). These micelle dynamics show that the hydro-
phobic blocks in the solution can aggregate the cores, and it
is easy to form spherical micelles in a short time (several
hundred microseconds). With time evolution, these equi-
libriums can be maintained due to the complex interactions
among the solvophilic block, solvophobic block, and
solvent. In the simulation, the typical micelles do not
coalesce together.

These dynamics can also be confirmed by time evolution
of the order parameter (Fig. 3). The order parameter P is the
mean-squared deviation from homogeneity in the system. It
captures the effects of both phase separation and compress-
ibility. Figure 3 indicates that the order parameter of the
spherical micelle with time evolution can be divided into
three stages [37]. In stage I, the order parameter increases
slowly in the beginning of the homogeneous system, but
without clear spherical micelles. This stage takes about
125 ps. Then, in stage II, spherical micelles are formed, and
the order parameter rapidly increases in a short time (about
100 ps). In stage III, the system evolves slowly to
overcome the defects formed in the earlier stage. This
process is time-consuming, and the order parameter reaches
equilibrium slowly. Since the volume fraction of solvent is
94%, the solvent aggregates more easily than the solvpho-
bic B. Therefore, the order parameter of solvent is more
than that of solvophobic B in the simulation, indicating

that, in low concentration, the solvent is still the primary
effector of the morphology of the system.

The numbers of spherical micelles formed are shown in
Fig. 4 with time evolution. Many spherical micelles are
formed in an 8 or 9% vol system in a short time, whereas
fewer micelles are found in a 4% vol system even over a
long evolution time. It is easy to understand that the
solvophobic B in the solution aggregates among the
hydrophobic cores more easily when the concentration is
above the CMC. It is worth noting that the number of
micelles barely changes when the system is in stage III,
characterized by the order parameters discussed in Fig. 3,
indicating that the system can reach equilibrium after a long
simulation time.

The structures of spherical micelles can be drawn
through the density field of different beads that represent
the block polymer or solvent molecules. For demonstration,
the 8% vol P103 system is considered. First, the best
density slices of EO, PO and water along the x-axis of a
cubic grid are created. Then, three slices are divided as
shown in Fig. 5a. Here, the same spherical micelle is
chosen in all three slices (shown by dotted lines in Fig. 5b).
From these slices, the density distribution curves of
different molecules (EO, PO and water) are obtained
(illustrated in Fig. 5c¢). There are two small peaks in the
density distribution of hydrophilic EO, a large peak for
hydrophobic PO, and a trough for water molecules. From
these features, we deduce the structure of spherical micelle
(see Fig. 5d): the flexible PEO block disperses in water and
forms the corona of the micelle, the PPO block is
hydrophobic and forms the micellar core, with very few
water molecules remaining in it. The segregation between
the PPO and PEO block is not strong enough to cause a
sharp boundary between micellar core and corona, and the

Fig. 3 Order parameter plot
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Fig. 4 The number of spherical micelles for P103 with time evolution

Fig. 5 Schematic structure of a
spherical micelle. a Total slices

of ethylene oxide (EO), propyl-

ene oxide (PO) and water mol-

ecules; b density slices of EO,

PO and water, respectively; ¢

density distributions of three (a)
compositions; d sketch structure
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diffusive interface between core and corona characterises
the spherical micelles formed by the Pluronic polymer. It
should be noted that the structure of core and corona is
unaffected by changes in Pluronic concentration. This result
confirms the structure of spherical micelles proposed by
experimental findings [38—41], i.e., a spherical micelle is
composed of a central core of dense PPO with an outer
corona of hydrated PEO units. It can be concluded that the
simulation can provide much mesoscale information for
block copolymers.

Micellar clusters
Although the order parameters of a 15% vol system have

time evolution behavior similar to that of the spherical
micelles system, the curve of the order parameter is divided

2
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Fig. 6 Order parameter plot 0.080
with time evolution for a 15%
vol system. Inset Exploded view 0.075
of nucleation stage

0.070

L s
_'_".",a-,\.\mwﬁ?“"

0.060 Water
ol
T
o_ossfr
oosof
0045 L I n n "
025 050 _ 075 100 125 150
0.08 v 005
FTIPPO L
P [ : e and EEEa 004
2 i " !
g :..;0.'.. M Watcr E
@ i 1/ . 003
g |/
o :004f :
'g : 00z}
o : :
& |k
= $0.02 . 001}
N PEO I
50‘00 z.MU'ogm/ 001 002 0. 004 005
% 00 : 05 1.0 15 2.0 25

srnsnnnus

The simulation time / ms

into four stages (Fig. 6) as far as the morphologies of the
system are concerned. As shown in Fig. 6, in stages I and 11
the time evolution of the order parameters are similar to
those in the 6% vol system (Fig. 3), i.e., the order parameter
changes slowly from the starting homogeneous system, and
then increase rapidly. In the 15% vol system, these two
stages need a much shorter time than in the counterpart 6%
vol system. Formation of micelles is expected to be easier
at higher concentrations. Although the order parameters
increase rapidly in stage II, the number of spherical
micelles decreases slowly, and the duration of this stage is
very short (about 15 ps).

In stage III, the order parameter resumes a slow increase
with time evolution. Due to the coalescence of spherical

0.025 ms

0.005 ms

micelles, many “big micelles” are formed in the solution. It
is worth noting that the core sizes of these “big micelles”
are larger than those of spherical micelles, with the
difference between them being more than 2 nm. Herein,
we refer to these “big micelles” as micellar clusters, to
indicate that they result from coalescence of several
spherical micelles. In fact, cluster formation was also
reported by Brown et al. [42] in their dynamic light
scattering experiments for Pluronic F87 and F88 in aqueous
solutions. Our simulation confirms their findings that a
Pluronic solution can form micellar clusters at an appropri-
ate concentration. In the present simulation, micellar
clusters form only at concentrations of 10—15% vol at
298 K. To further reveal the coalescence between spherical
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Fig. 7 Coalescence of micelles
with time evolution for a 15%
vol system. 0 Spherical micelle
that coalesce. a 180 us, b

190 ps, ¢ 225 us, and d 250 us

micelles, some 3D density fields showing the phase
separation are shown in Fig. 7. It was noted that the two
spherical micelles randomly selected were able to coalesce
to form a big cluster in several tens of microseconds. The
third stage lasts about several hundred microseconds up to
1 ms in different systems. Otherwise, as shown in Fig. 6,
the order parameter of PO is more than that of the solvent
with time evolution in the third stage. Obviously, the
micellar clusters of PPO blocks become the primary
determinant of the morphology of the system when the
concentration is above the CMC.

When many micellar clusters have formed, the system
enters the most time-consuming phase, stage IV, in order for
the system to overcome the residue defects of morphology.
In the present study, the simulation is run for up to 2.5 ms,
and the results can be considered as stationary.

One of the primary characteristics of micelle structure is
its size. Figure 8 shows the core radius, R., with time
evolution. After spherical micelles start to form, their core
radius increases continually until coalescence among

(b)

spherical micelles ends. Coalescence finishes at about
1.1 ms for a 15% vol system, i.e., a longer time than that
required for an 11% vol system (Fig. 8). Viscosity in
copolymer solution is known to be directly related to the
volume fraction occupied by spherical micelles [33]. Since
the 15% vol system has more micelles, the solution has a
higher volume fraction of micelles. Thus, coalescence
among spherical micelles needs a longer completion time
in higher volume fraction (or in a high viscosity system).
After the logarithmic plot of core size versus simulation
steps is drawn (Fig. 8a,b), one interesting result is found.
The 15% vol system is analyzed as an example. On the
curve shown in Fig. 8a, one inflexion at 140 ps corresponds
to the time at which the spherical micelles begin to coalesce
(see Fig. 6). The logarithmic plot of core size with time
evolution can be divided into two stages according to the
different gradients. Considering the morphology formed in
the solution, the enlargement of core size is coincident with
the discussions about the second and third stages of order
parameter in Fig. 6. In stage II, spherical micelles are

Fig. 8 Growth of core radius 0.80
with time evolution for 11 and i
15% vol systems. /nset Log—log 8 gm
plot of growth region &
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formed at the beginning. Then, in stage III, micellar clusters
are formed due to coalescence of spherical micelles.
According to the discussion above, a definition of four
stages of order parameter with time evolution is reasonable
in the micellar cluster phase.

Disk-like micelles

Above a concentration of 16% vol, another phase forms. As
shown in Fig. 9, many disk-like aggregates in solution are
observed in a 20% vol system. In the present paper, the
morphology of this Pluronic solution is defined as disk-like
micelle, which describes the oblate disk. The system needs
several hundred microseconds to form these disk-like
micelles. Mortensen [38] verified the oblate micelles in a
solution of Pluronics P85 using small-angle neutron
scattering, thus indicating that the disk-like micelles are
not unique structures for the P103 system. In the simula-
tion, it is difficult to distinguish micellar clusters from disk-
like micelle phase only by depending on the data of the
order parameter in equilibrium. However, like the order
parameter of micellar clusters, the order parameter of disk-
like micelles with time evolution is still divided into four
stages. In Fig. 9, the morphology of hydrophobic B alters
from small micelles to big disk-like micelles. Finally, many
disk-like micelles are formed along one direction in the
simulation cell. This results from the interaction between
hydrophilic PEO blocks in neighboring disk-like micelles.

Throughout the simulations, it was noted that the disk-
like micelles form at concentrations of 16-20% vol. When
the concentration is above 20% vol, more complex
morphologies are found, such as two phases regions,

Fig. 9 The morphology with
increasing time steps for a 20%
vol system. a 15 ps, b 300 ps, ¢
500 ps, d 750 s, e the best
slice of 750 ps

bicontinuous phases and lamellar phases (see the support-
ing information). In this paper, we focus on morphologies
of Pluronics P103 at lower concentration (below 20% vol).

According to the simulations and discussions above, three
types of micelles—spherical micelles, micellar clusters and
disk-like micelles—are formed in P103 solution (below 20%
vol). Figure 10 shows a schematic representation of these
three micelles. In spherical micelle or micellar clusters
(Fig. 10b,d), the hydrophobic PO blocks are gathered into
spherical cores and the hydrophilic EO blocks are solvated
by solvent. In disk-like micelles (Fig. 10e), EO blocks
among different micelles twist together, and these micelles
rearrange themselves in one direction.

Structural properties in different phases

As discussed above, core size is an important parameter of
micellar structure. Figure 11a shows that the core size of the
P103 system is a function of concentration for spherical
micelles or in the micellar cluster phase. Since it is difficult
to calculate the radius of these disk-like micelles, the phase
of disk-like micelle in Fig. 11 is not concluded. It is easily
divided into two parts from the data of the P103 system.
Initially, with increasing the concentration, the radius of
spherical micelles decreases. At first glance, this may seem
inconsistent with the increase in concentration. It is known
from experiments that some water molecules are in the
hydrophobic cores of the spherical micelle [43, 44], and our
simulated structure also confirms this conclusion (see
Fig. 5). Further investigation reveals that water molecules
are extruded from the micellar cores with an increase in
polymer concentration. Above the CMC, the hydrophobic
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Fig. 10 Schematic representation of spherical micelles, micellar clusters
and disk-like micelles of PEO-PPO-PEO types of block copolymers with
increasing concentration. a Monomers in solution; b spherical micelles

interaction becomes strong, and the coalescence of PPO
blocks will extrude water molecules from the hydrophobic
cores. Thus, the loose spherical micelles become dense
spherical micelles, and the core size of the spherical
micelles decreases. Another interesting phenomenon is that
the core sizes of micelles in 7-9% vol are almost
unchanged, indicating that “dry” spherical micelles have
formed at these concentrations. When the concentration is
above 9% vol, the radius of the “dry” micellar clusters
increases rapidly. In this phase, the main driving force
becomes coalescence of spherical micelles due to the
hydrophobic interaction among PO blocks, and the addi-
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@ Springer

(d)

(c)

consisting of many copolymer molecules; ¢ aggregates of independent
hard-spheres; d micellar clusters due to coalescence of spherical
micelles; e disk-like micelles

tional PPO blocks will aggregate to form hydrophobic cores
when the concentration is higher than the critical concen-
tration of 9% vol of spherical micelles.

The order parameters of different phase regions are
shown in Fig. 11b. This can also be divided into two parts.
Since the order parameter represents the characteristics of
phase separation, the two stages of order parameter indicate
that two obvious different phases are formed. According to
the simulated morphologies, one is the phase of spherical

Table 2 Aggregation numbers of copolymer in micellar phases™®

Concentration 8 9 10 11 12 13 14 15
% vol

Aggregation 29 28 74 104 125 130 140 146
number

?Since the spherical micelles formed in 6-7% vol are not “dry”
micelles, the aggregation numbers of these system are not presented. In
fact, several small spherical micelles are found in a 10% vol system
along with micellar clusters. Thus, the average size of micelles in a 10%
vol system is considered only as a reference number. The morphology
of'a 10% vol system at room temperature is shown in Fig. 14

®Since a system in low concentration (such as 4% vol or 6% vol)
contains significant quantities of water, Eq. 6 cannot be used to
calculate the aggregation number at lower concentration, thus
aggregation numbers at lower concentrations are not exact. The
aggregation number of 10% vol is considered as a reference average
number, because there are several small spherical micelles in the
solution
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Fig. 12 The core sizes of micelles with increasing temperature. a 6% vol; b 7% vol; ¢ 8% vol; d 9% vol

Fig. 13 Simulated morphology
of a 6% vol system at 2.5 ms
with increasing temperature
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Fig. 14 Core sizes of micelles
with increasing temperature for
a 10% vol system
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radius / nm

micelles, the other is the phase of micellar clusters. The two
fitted lines of the different phases have different slopes,
with that of the micellar cluster phase being steeper than
that of the spherical micelle phase.

Another important parameter in Pluronic surfactant solu-
tion is the aggregation number. This can be independently
calculated from knowledge of the core dimension. Assuming
that the core consists only of PO—referred to as “dry” micelle
in the discussion above—it is possible to derive the
aggregation number (V) from the relationship [38]

47R} /3 = NYVpo (13)

where Y=60 is the number of units in the PO block
polymer; and Vpo=95.4A> is the PO unit volume [45]. The
aggregation numbers of different concentrations are listed in
Table 2. An aggregation number of N=28 is found for a 9%
vol system while N=104 for an 11% vol system at 298 K.
Using a numerical self-consistent-field model, de Bruijn et
al. [46] calculated N=58 for P103 solution. In fact, even
when using the same technique, different authors report
different aggregation numbers for the same Pluronics
solution. For example, the aggregation numbers of Pluronic
L64 are 88 at 315.5 K, 225 at 320.5 K [47], and 13 at
315 K, 50 at 318 K [48], calculated by different groups
using the same light scattering experiments. We propose that
our calculation of aggregate numbers provides another
reference for experiment or simulation. In the simulation,
the aggregation numbers of 10-15% vol concentrations are
several times greater than those of 89% vol systems.
Therefore, it is reasonable that the phase separations are
divided into spherical micelles and micellar clusters in the
discussion above.

The above discussion on changes of core size, aggrega-
tion numbers and order parameters with increases in
concentration lead us to conclude that a 9% vol system
can be considered as the boundary of spherical micelliza-
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tion. The system forms spherical micelles below 9% vol
concentration, while it forms micellar clusters above 9%
vol system. In spherical micelles, the hydrophobic PO
forms a dense core containing little water, and water is
extruded from the core with increasing copolymer concen-
tration. However, when “dry” spherical micelles are
formed, the core sizes of such micelles do not vary. If
additional copolymers are added to the solution, larger
cores of micellar clusters form due to the hydrophobic
interactions of PPO. When the concentration is high
enough, a string of disk-like micelles will be formed.

Influence of temperature on micelles

Temperature is known to have a profound effect on the
phase separation of Pluronic copolymer in experiments due
to its low critical solution behavior. Herein, we focus on the
influence of temperature on spherical micelles. In this
paper, we examine 6—9% vol systems, in which spherical
micelles are formed at room temperature when equilibrium
is achieved. As can be seen in Fig. 12, the core radius of
spherical micelles in 6% vol system ranges from 3.3 nm at
278 K to 44 nm at 338 K. However, even at higher
temperature (338 K), the core size of spherical micelles is

Table 3 Times required for phase separation

Temperature (K) Time (us)
6% vol 7% vol 8% vol 9% vol

288 82.2 50.7 37.2 28.8
298 120.9 56.8 41.8 32.5
308 136.7 74.4 49.7 40.8
318 219.2 103.1 71.5 53.5
328 487.2 182.6 92.3 65.7
338 1206.7 250.9 150.1 95.3
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still smaller than that of micellar clusters, whose core sizes
are more than 5.0 nm for 11-15% vol systems at 298 K (see
Fig. 11). Therefore, we still define micelles as the spherical
micelles formed at high temperature for 6—7% vol systems,
not micellar clusters. The 3D density fields of the phase
separation for a 6% vol system at different temperatures are
shown in Fig. 13. Obviously, core size increases with
increasing temperature. Linse et al. [49] used a spherical
lattice model to calculate the core size of micelles of
Pluronics, and found an increase in hydrodynamic radius
with the increase of temperature. Our simulation confirms
Linse’s model.

For 8-9% vol systems (Fig. 12c,d) at low temperature
(278 or 288 K), two types of micelle of different size are
found together in solution. Since the difference in their core
sizes is more than 2.0 nm, we define these as spherical
micelles and micellar clusters. Alexandridis et al. [50]
investigated the micelle size of P104 in solution using
dynamic light scattering, and found that the polydispersiv-
ity of the micelle size decreases with temperature, i.c., the
distribution of P104 micellar size is narrowed with
increasing temperature. In our simulation for an 8-9% vol
system (Fig. 12), large micelles diminish above 298 K, and
only small spherical micelles with similar core sizes are
found, indicating that micelles with the same radius are
formed when the temperature is above a certain critical
temperature; this finding is coincident with experimental
results [50].

In a 10% vol system, since some spherical micelles with
a 3.5-4.0 nm core size are found in solution and others
have a core size above 5.5 nm, strictly speaking this system
contains spherical micelles and micellar clusters together.
Figure 14 shows the phase separation for a 10% vol system.
At 308 K, the micellar clusters vanish, and many spherical
micelles with the same core sizes form in the solution.
These simulation results show that temperature has a strong
impact on phase behavior of polymer solution. An increase
in temperature enhances the hydrophobicity of PPO blocks,
and the solubility of PEO and PPO in water decreases [51].
In contrast to PEO blocks, PPO blocks aggregate easily due to
their high hydrophobicity in solution, and form cores easily at
low temperature. Therefore, larger micellar clusters are found
at low temperature, such as at 298 K for a 10% vol system and
288 K for 8-9% vol systems. From Table 3, it is worth noting
that phase separation is more difficult and requires longer
time at high temperature for each system, indicating that the
hydrophobicity of the PO block is a very important factor
determining the morphology of polymer solution and phase
separation at different temperatures. As the temperature
increases, the phase separation process slows down.

Since experimental investigation of the micro-morphol-
ogy of Pluronic solution in low concentration is difficult,
until now, other than de Bruijn’s calculation [46] about the

aggregate number in the solution, there has not been
enough information about the micelle structure of P103
solution at the mesoscale level. Although experiments can
give more information on macro-properties, simulations
should be able to supply more mesoscale properties and
structures. Our mesoscale simulation provides another
method to investigate the morphology of Pluronic solution.

Summary

In this paper, the phase behaviors of Pluronic P103 solution
were simulated using an SCFT method. The results show
that, with increasing concentration of P123, the self-
assembled aggregates progressively change from spherical
micelles, micellar clusters, to disk-like micelles. In the
spherical micellar region, the results of simulation resemble
experimental results, in that they show that micelles
comprise a dense core consisting mainly of PPO and a
hydrated PEO swollen corona. Coalescence among spher-
ical micelles forms larger micellar clusters. Due to the
attraction between the PEO coronas of micellar clusters, a
series of disk-like micelles are formed. The order param-
eters show that phase separation of spherical micelles is
easily obtained, while micellar clusters or disk-like micelles
need a longer time to reach steady equilibrium. As the
temperature increases, micellar clusters vanish in solution,
and phase separation becomes more difficult.
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