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 In the framework of a hybrid particle-fi eld simulation technique where self-consistent fi eld 
(SCF) theory and molecular dynamics (MD) are combined, specifi c coarse-grained (CG) models 
for Pluronic block copolymers are developed. In particular, the behavior of the model in the 
correct reproduction of micellar and non-micellar phases has 
been tested for Pluronic L62 and L64. At different temperature 
and polymer contents of the water–polymer mixture, the pro-
posed model is able to correctly describe the different mor-
phologies that are experimentally found. The proposed CG 
models, still very close to atomistic ones, allow the reconstruc-
tion of full atomistic structures by applying suitable reverse 
mapping techniques. This opens the way to all atom descrip-
tion of these systems.    
  1. Introduction 

 The triblock copolymers of poly(ethylene oxide)  m  –
poly(propylene oxide)  n  –poly(ethylene oxide)  m   (PEO  m  –
PPO  n  –PEO  m  ) are an important family of amphiphilic 
polymers. They are commercially known and available as 
Pluronic or Poloxamer. The hydrophilic–lipophilic char-
acters of these block copolymers can be tuned by varying 
the block length and the molecular weight of both PEO 
and PPO blocks. Such adaptability has allowed these copol-
ymers to be employed in many fi elds, like foaming, deter-
gency, dispersion stabilization, emulsifi cation, lubrication, 
wileyonlin
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cosmetic formulation, [  1  ]  and surface modifi cation for bio-
compatibility [  2  ]  for medical applications. [  3  ]  The Pluronic 
micelles used for drug delivery are one of the most studied 
for medical applications. [  3  ]  Such micelles have the capa-
bility to include hydrophobic drugs inside the PPO core [  4  ]  
and transport them in the body. Recently, Pluronic micelles 
have also been used in the cancer therapy. [  5  ]  For these rea-
sons, the micellar phase has been investigated in depth 
by numerous experimental techniques. For example, the 
critical micelle concentration (CMC) and the critical micelle 
temperature (CMT) have been studied by dynamic light 
scattering [  6  ]  and fl uorescence spectroscopy. [  7  ]  Extensive 
experimental studies of the Pluronic phase behavior in 
water has been reported by Alexandridis [  8–10  ]  and Yang   [11]  
and Chu. [  12  ]  

 A study of the micellization kinetics of Pluronic L64 
in water, measured by dynamic light scattering, shows 
that the self-assembly process is a complex multistep 
phenomenon that occurs on a time scale of the order of 
microseconds. [  6  ]  

 Atomistic simulations, due to the large length and time 
scales involved, cannot be directly applied to study these 
self-assembly phenomena. Just to have an idea about 
elibrary.com  DOI: 10.1002/macp.201300214 
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     Figure  1 .     The mapping scheme used for the model of Pluronic. 
Each EO bead corresponds to three heavy atoms. For PO, each 
bead corresponds to four heavy atoms. The effective beads are 
centered on oxygen atoms (depicted in red) for both EO and PO 
types. The bead type W corresponds to four real water molecules.  

   Table  1.     Parameters for bond potential represented by 
 Equation 3 . 

 Bond type  r  bond 

   [nm] 
 K  bond  

  [kJ mol  − 1  nm  − 2]  

PEO – PEO 0.28 8000.00

PPO – PPO 0.28 5000.00

PEO – PPO 0.28 6500.00

   Table  2.     Parameters for angle potential represented by 
 Equation 4 . 

Angle type   θ  
  [ ° ]

 K  θ    
 [kJ mol  − 1 ]

PEO – PEO – PEO 155.00 40.00

PEO – PPO – PPO 140.00 40.00

PEO – PEO – PPO 140.00 30.00

PPO – PPO – PPO 140.00 30.00
the size, if we consider a simulation of 300 Pluronic L62 
chains hydrated by 56 000 water molecules, which is, the 
smallest system studied in the present work, it would 
involve about 200 000 particles. Atomistic simulations, 
due to their computational costs, are usually confi ned to 
systems on time and length scales of nanoseconds and 
few nanometers. 

 On the other hand, different computational approaches 
based on mean fi eld density functional theory have 
been proposed for these systems. [  13,14  ]  Fraaije and co-
workers [  15  ]  proposed a model to study the morphologies 
of nondilute water–Pluronic solutions. In the framework 
of self-consistent fi eld (SCF) theory, the model systems are 
not represented by particles, but by density fi elds, and the 
mutual interactions between the segments are decoupled 
and replaced by interactions between the segments and 
static external fi elds. Such approaches are computation-
ally less expensive and reach time and length scales able 
to reproduce the morphologies of different phases. Their 
disadvantage is that in such models the chemical speci-
fi city and the link with atomic structure are diffi cult to 
achieve. 

 A different approach, based on reference atom-
istic data, using a coarse-grained (CG) implicit solvent 
model has been reported by Bedrov and co-workers, [  16,17  ]  
whereas a similar CG model for symmetric triblock 
copolymers, but having explicit water beads, has been 
reported by Hatakeyama and Faller. [  18  ]  Such CG models 
are computationally less expensive compared with atom-
istic models, but are still expensive compared with SCF 
approaches and are of quite limited use for the investiga-
tion of the formation of phase patterns. 

 We present a computational study of the phase 
behavior of binary Pluronic–water mixtures, based on 
the hybrid particle-fi eld (PF) molecular dynamics (MD) 
method. [  19,20  ]  The idea behind the hybrid PF-MD approach 
is to obtain a strategy, as far as will be possible, having 
a similar accessibility to large time and length scales of 
pure SCF methods, and including, at the same time, the 
chemical specifi city of atomistic and CG models. Recently, 
PF models of phospholipids [  21,22  ]  have been reported 
to study the phase behavior of phospholipid–water 
mixtures. Such models have shown the possibility of 
reaching large time and length scales, comparable with 
SCF approaches, and keeping, at the same time, chemical 
specifi city. 

 In particular, we investigate the phase behavior as 
function of the composition and temperature for the Plu-
ronics PEO 6 –PPO 34 –PEO 6  (L62) and PEO 13 –PPO 30 –PEO 13  
(L64). 

 At a low polymer concentration in a water solution, 
Pluronic chains self-assemble in micellar phases. The 
micelles are formed by a hydrophobic core, mainly com-
posed of PPO blocks, and by a hydrophilic corona formed 
www.MaterialsViews.com
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by hydrated PEO blocks. At higher polymer wt% content, 
the Pluronic chains self-assemble in different phases, 
passing through the lamellar phase to isotropic solutions 
at high polymer contents. [  8  ,  23–25  ]  

 The aim of this work is to present and validate the CG 
model for micellar and non-micellar phases. In particular, 
the transferability of the model to systems at different 
polymer contents has been investigated. 

 The paper is organized as follows: Section 2 will briefl y 
describe the basic concepts of hybrid PF-MD. In addition, 
in the same section, the model and the computational 
details will be given. In Section 3, results will be discussed, 
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   Table  3.     PF interaction matrix.   χ  KK   ’  *RT  [kJ mol  − 1 ]. 

 Water PEO PPO

Water 0.00 1.50 4.60

PEG 1.50 0.00 16.00

PPO 4.60 16.00 0.00
and fi nally the reproduction of the phase behavior of the 
model will be described.  

  2. Computational Method 

 The main feature of the hybrid PF-MD approach is that 
the evaluation of the nonbonded force and its potential 
between atoms of different molecules can be replaced by 
the evaluation of an external potential, which depends 
only on the local density at position  r  in the PF simulations. 
According to the spirit of the SCF theory, a many body 
problem like molecular motion in many molecule systems 
can be reduced and treated like a problem of deriving the 
partition function of a single particle in an external poten-
tial  V ( r ) .  Non-bonded force between atoms of different 
molecules can be obtained from a suitable expression of 
the potential  V ( r ) and its derivatives. 

 In the framework of SCF theory, a molecule is regarded 
to be interacting with the surrounding molecules, not 
directly, but through a mean fi eld. 

 We assume that the interacting potential  W  depending 
on the density takes the following form:

 

W
[{

φK (r)
}]

=
∫

dr

(
kBT

2

∑
KK′
χKK′ φK (r) φK′ (r)

+
1

2κ

(∑
K

φK (r) − 1

)2
⎞
⎠

  

(1)

   

where each component species is specifi ed by the index  K , 
and   φ  K  ( r ) is the CG density of the species  K  at position  r . The 
term   χ  KK’   is the mean fi eld parameter for the interaction of 
   Table  4.     Simulated system. 

Systems Composition (no. of molecules)

L62 L64 Water Particl

I 304 0 56 016 70 0

II 791 0 33 614 70 0

III 1065 0 21 010 70 0

IV 1370 0 6980 70 0

V 0 250 56 000 70 0

VI 0 650 33 600 70 0

VII 0 875 21 000 70 0

VIII 0 1125 7000 70 0

IX 0 1 8500 855

X 0 3696 23 000 230 0

    a) System IX was also simulated at temperatures of 288, 293, and 298 
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a particle of type  K  with the density fi elds due to particles 
of type  K' , while  k  is the compressibility, which is assumed 
to be suffi ciently small, and   φ   0  is the total number density 
of segments (we assume that the volume for all segments 
is the same). 

 It can be shown that using the so-called saddle point 
approximation, the external potential is given by:

 

VK (r) =
δW φK (r)

δφK (r)

= kBT
K

χKK φK (r) +
1

κ
K

φK (r) − 1
  

(2)
    

 The main advantage of the hybrid PF-MD scheme is 
that the most computationally expensive part of the 
MD simulations, the evaluation of the nonbonded force 
between atoms of different molecules, is replaced by 
the evaluation of forces between single molecules with 
an external potential. Connecting the particle and fi eld 
models is necessary to obtain a smooth CG density func-
tion directly from the particle positions. This function 
is obtained by implementing a mesh-based approach, 
which is also suitable to obtain the density derivatives 
needed to calculate the forces. The details of the imple-
mentation of this approach and a complete derivation 
of  Equation 2  are described in refs. [  19,20  ]  The simulations 
www.MaterialsViews.com

Polymer 
[wt%]

Temp. 
[K]

Box size 
[nm]  

Simulated 
time [ μ s]e no.

00 20 303 20  ×  20  ×  20 2.7

00 52 303 20  ×  20  ×  20 3.3

00 70 303 20  ×  20  ×  20 3.5

00 90 303 20  ×  20  ×  20 3.5

00 20 303 20  ×  20  ×  20 3.5

00 52 303 20  ×  20  ×  20 3.7

00 70 303 20  ×  20  ×  20 4.3

00 90 303 20  ×  20  ×  20 3.3

6 24 303 a) 10  ×  10  ×  10 0.3

00 90 303 30  ×  30  ×  30 6.0

K.   
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     Figure  2 .     Time behavior of SCF potential for the composition of 
20 wt% polymer content. a) System I of Pluronic L62. b) System V 
of Pluronic L64. c) Representative snapshot of the micellar phase 
in which the system has been extended in the  xy  plane. Only the 
hydrophobic PPO blocks are depicted. The different colors, orange 
and green, assigned to the PEO beads of Pluronic L64 and L62 
have been assigned to enable the L62 and L64 to be easily dis-
tinguished in the snapshots of the simulations. No differences in 
the mapping scheme or interaction parameters exist. The water 
beads W are omitted for clarity.  
reported here were performed using the parallel version 
of the OCCAM code. [  26  ]  

  2.1. Model and Parameters 

 The CG model used in this study is parameterized on the 
basis of the results of atomistic models reported by some 
of us in a previous paper. [  27  ]  Moreover, we tested the repro-
duction of the structural properties of a single micelle of 
Pluronic L64 compared with the experimental data. [  28  ]  

 The model of Pluronic employed in this study can be 
considered to be an extension of the GC model reported 
in ref., [   29   ]  from which the bonds and angle distributions 
have been used to parametrize the intramolecular inter-
actions. Different from the models already reported, in 
the framework of PF models, here, the intermolecular 
interactions have been evaluated using a fi eld theoretic 
approach. [  19,20  ]  

 The mapping scheme adopted for the CG model in the 
present work is depicted in Figure  1 . Each bead of the CG 
model for EO and PO corresponds to three (C�O�C) and 
four [C(CH 3 )�O�C] heavy atoms, respectively. Oxygen 
atoms (depicted in red in Figure  1 ) were considered as 
centers of each bead for both EO and PO repeating units. 
According to this, the bond length between two beads 
corresponds to the distance between two oxygen atoms 
of the two consecutive repeating units. The angle formed 
between two adjacent vectors corresponds to angle 
formed between three consecutive oxygen atoms of three 
consecutive monomers. The target distributions of bond 
and angle are calculated from atomistic simulations. [  27  ]   

 The force-fi eld parameters of the CG model, for 
the intramolecular part, were taken from previous 
papers. [  27  ,  29  ]  Such a CG force fi eld is based on the repro-
duction of both bond and angle distributions of atomistic 
simulations, [  27  ]  in which small oligomers of PEO and PPO 
have been simulated in water and different solvents. 
Force-fi eld parameters for intramolecular interactions are 
summarized in Table  1  and  2 . In particular, the bond is 
described by a harmonic potential of the form:

 
Vbond(r) = 1

2
Kbond(r − rbond)

2

  
(3)   

   

 where  r  bond  is the equilibrium bond length and  K  bond  is the 
force constant. 

 The stiffness of the chains is also taken into account by 
a bending potential  V  angle (  θ  ), which depends on the cosine 
of the angle   θ   between two successive bonds:

 
Vangle(θ) =

1

2
Kangle

{
cos(θ) − cos(θ0)

}2
  

(4)   

where  K  angle  is the force constant and   θ   0  is the equilibrium 
bond angle. Angle parameters adopted for the models in 
this paper are reported in Table  2 . 
www.MaterialsViews.com
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 The PF parameters ( Equation 2 )   χ  KK   ’  required to cal-
culate the interactions between a particle of type  K  and 
the density fi eld due to the particles type  K’  are listed in 
Table  3 .  
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     Figure  3 .     Time behavior of: a) number of Pluronic L62 clusters for the system I. b) Number 
of Pluronic L62 chains per cluster for the system I. c) Number of Pluronic L64 clusters for 
the system V. d) Number of Pluronic L64 chains per cluster for the system V. The number 
of clusters is calculated on the basis of a cut-off value (1 nm) on the shortest distance 
between PPO units of two different L64 chains.  
 The PF interaction parameters 
between PEO–water and PPO–water 
have been tuned to reproduce the radius 
of gyration in aqueous solutions of the 
PEO and PPO polymers, at different 
molecular weights. [  28  ]   

  2.2. Computational Details 

 The parallel program OCCAM [  26  ,  30  ]  was 
used for the MD simulations. All of 
the simulations were performed using 
a time step of 0.03 ps, with an  NVT  
ensemble, by keeping the temperature 
constant using an Andersen thermo-
stat with a collision frequency of 7 ps  − 1 . 
The grid density was updated every 
300 steps. Details of the systems compo-
sition and size used in the present work 
are summarized in Table  4 .    

  3. Results and Discussion 

 In principle, the parameters of a CG 
model are not easily transferable. In 
particular, the   χ  KK’   parameters required 
to calculate the interactions between a 
particle of type  K  and the density fi eld 
due to the particles type  K’  can depend 
on composition and temperature. This 
dependency cannot be known a priori 
and need to be investigated for every CG 
model. 

 The main purpose of the present 

work was to study and validate the PF model for both 
micellar and non-micellar phases corresponding to low 
and high block-copolymer contents, respectively. In par-
ticular, two different block copolymers, Pluronic L62 
and Pluronic L64, were chosen. Although the molecular 
weights of Pluronic L62 and L64 are comparable ( ≈ 2900), 
the ratio of PEO:PPO is quite different, and consequently 
the hydrophobic–lipophilic balance (HLB), which sum-
marizes the structural differences, assumes values of 7 
for L62 and 15 for L64. [  31  ]  The HLB is defi ned as the ratio 
of the lengths of the EO on PO blocks. It can be expressed 
by the following empirical form: [  31,32  ] 

 
HLB = −36.0

NPO

NPE + NPO

+ 33.2
  

(5)   
 

 We investigate a binary block copolymer–water 
system of both Pluronic L62 and L64 to observe the 
spontaneous formation of different morphologies 
Macromol. Chem.  Phys. 2
© 2013  WILEY-VCH Verlag Gm
as a function of concentration and temperature. 
To this aim, four different polymer concentrations 
were considered (polymer contents of 20, 52, 70, and 
90 wt%). 

  3.1. Micellar and Hexagonal Phases 

 The time behavior of the SCF potentials ( Equation 2 ) of the 
systems at different concentrations is reported in Figure  2 . 
Representative snapshots of the systems are included 
above the plots. The compositions of the simulated sys-
tems are reported in Table  4 . At low Pluronic concentra-
tion (20 wt%), in agreement with the experimental phase 
behavior, [  8  ]  a micellar morphology was found. At that con-
centration, the block-copolymer molecules self-assemble 
into spherical micelles for both L62 and L64 (Figure  2 a,b). 
The micellar phase reproduction is not surprising because 
the model used in this work was parameterized at a similar 
concentration and tuned to reproduce the experimental 
www.MaterialsViews.com
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     Figure  4 .     a) Average number of Pluronic chains per cluster 
depending on the temperature for both L62 and L64. b) Radius 
of gyration of a L64 single chain in water, calculated at different 
temperatures (system IX). The red cross represents the experi-
mental value. [  40  ]   

     Figure  5 .     Time behavior of the SCF potential for the composition 
of 52 wt% polymer content. a) System II of Pluronic L62. b) System 
VI of Pluronic L64.  
radii, of core and corona, of an L64 micelle. In Figure  2 c, a 
representative snapshot of micellar phase is reported. To 
favor the visualization, the system has been extended in 
the one plane.  

 The time behaviors of both the number of clusters 
and the number of chains per cluster (i.e., aggregation 
number,  N  agg ) are reported in Figure  3 . From the plots, 
it is clear that, starting from 2  μ s for both L62 and L64, 
the number of clusters and the aggregation number 
fl uctuate around a constant value. The time needed 
for the formation of stable micellar structures is of 
the same order of magnitude as that reported from 
experiments. [  33,34  ]   

 The temperature dependence of the cluster size was 
also investigated. The calculated  N  agg   =  24 at 303 K is 
comparable to the experimental value of 19 found at the 
same temperature. [  35  ]  As reported by Alexandridis and co-
workers [  36  ]  for a diluite solution of Pluronic L64 (2.5 wt%), 
 N  agg  increases from 37 to 54 in the temperature range 
www.MaterialsViews.com
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37–55  ° C. In a nondilute water/L64 solution (31.9 wt%), 
an increase of  N  agg  from 1 up to 69 in the temperature 
range 8–35  ° C has been reported by Wu et al. [  37  ]  A sim-
ilar behavior of the temperature dependency of  N  agg  has 
been found for different Pluronics, P85, [  23  ,  35  ]  F88, F68, and 
F127. [  35  ]  

 As pointed out by Alexandridis et al.,   [36]    the hydro-
phobic block of the Pluronic is responsible for the micelli-
zation due to the diminishing hydrogen bonding between 
the water and the PPO with increasing temperature. Cor-
respondingly, the PEO–water and PPO–water   χ   interac-
tion parameters increase with tempereature [  38  ]  and the 
PEO–PPO interaction parameter decreases. [  39  ]  

 We found a different behavior for our model; in fact, 
as shown in the Figure  4 a, the average number of Plu-
ronic L64/cluster decreases by increasing the tempera-
ture. The same behavior was found for the Pluronic L62. 
The origin of this disagreement between experiments 
and simulations can be ascribed to the use of fi xed   χ  KK’   
parameters at different temperatures. A better agreement 
1945
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     Figure  6 .     Temperature–time behavior: a) System VI Pluronic 
L64 forming a hexagonal morphology. b) System II Pluronic L62 
forming a lamellar morphology. c) Detail of hexagonal mor-
phology obtained for the Pluronic L64. The experimental value [  42  ]  
of apolar cylinder radius  R  is reported in the picture.  
could be obtained using a more-fl exible model, allowing 
the correct temperature dependency of   χ   PEO,W  and   χ   PPO,W  
(of the type  χ = χ0

(
A1 + B1

T

)
  ) and of   χ   PEO,PPO  (of the type 
46
Macromol. Chem.  Phys. 20
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 χ = χ
0

(
A2 + B2

T

)
  ), where  A i   and  B i   can be tuned to repro-

duce the correct experimental behavior.  
 In addition, the radius of gyration ( R  g ) of a single L64 

chain in water has been calculated at different tem-
peratures, and the results have been compared with the 
experimental value. [  40  ]  In Figure  4 b, the temperature 
behavior of  R  g  is reported. The red cross represents the 
experimental value of  R  g  measured by light scattering 
for a water solution of Pluronic L64 with a concentra-
tion below the CMC. We found, for our model at 283 K, a 
value of  R  g  of 2.3 nm, larger than the experimental one 
(1.8 nm). [  40  ]  Also in this case, temperature-dependent   χ   
parameters would lead to a better agreement. 

 The experimental phase diagram [  41  ]  of both Pluronic 
L62 and Pluronic L64 shows that the morphologies cor-
responding to the phases in the range of 50–80 wt% are 
different for L62 and L64. In particular, for the Pluronic 
L62, the lamellar morphology is stable in the range of 
60–70 wt%. Differently, the Pluronic L64, having a similar 
PPO block to that of L62 but longer PEO blocks, shows 
the presence of an additional hexagonal phase, which is 
rather narrow and extends from 46 to 52 wt% L64 con-
tent. Although the wt% content of the system II for the 
Pluronic L62 is not representative of a hexagonal phase, 
we studied that composition for both L62 and L64 to test 
the specifi city of our model in the reproduction of this 
peculiar phase behavior. 

 In Figure  5 a,b, the time behaviors of the SCF poten-
tial are reported. To speed up the self-assembly process, 
an annealing procedure was applied for both Pluronics. 
The systems were heated up to 830 K and cooled down 
to 303 K in about 0.6  μ s for both. Then, the temperature 
of the systems was kept constant, using an Andersen 
thermostat, at 303 K. The temperature–time behaviors, 
together with signifi cant snapshots of the systems, are 
reported in Figure  6 a,b. For the Pluronic L62, according 
to the experimental phase behavior, the hexagonal mor-
phology is not obtained. Differently, for the Pluronic L64, 
a hexagonal morphology, according to experimental 
phase diagram, [  41  ]  is reached after 2.1  μ s. In that phase, 
the PO chains self-assemble in cylindrical structures 
with a well-defi ned periodicity. A structural parameter 
of the hexagonal morphology, depending on the perio-
dicity, is the apolar cylinder radius ( R ) of the PPO block. 
In Figure  6 c, it is clear that the simulated structure well 
agrees with the experimental value of  R   =  4.1 nm reported 
by Alexandridis et al. [  8  ]     

  3.2. Lamellar Phase and High-Polymer-Content Isotropic 
Solution 

 According to the phase diagram, the composition of 70 wt% 
of polymer was chosen for both Pluronics. In Figure  7 a,b, 
www.MaterialsViews.com
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     Figure  7 .     Time behavior of the SCF potential for compositions of 70 and 90 wt% polymer content. a) System III of Pluronic L62. b) System IV 
of Pluronic L64. c) System VII of Pluronic L62. d) System VIII of Pluronic L64.  

     Figure  8 .     Average  R  g , depending on the wt% polymer content, 
of: a) total chain of Pluronic, b) the PPO block, c) the PEO blocks. 
The empty black circle represents the Pluronic L64. The red whole 
circle is used for the Pluronic L62.  

Macromol. Chem.  Phys
© 2013  WILEY-VCH Verlag G
time behavior of the SCF potential is reported. During the 
simulations, the SCF potential quickly reaches an equilib-
rium, and a well-structured lamellar morphology, according 
to the experimental behavior, [  8  ]  was found for both Pluronic 
L62 and L64. We also extended the investigation of phase-
behavior reproduction of our model in the phase with 
polymer contents higher than 70 wt%. To this aim, the com-
position of 90 wt% of polymer was chosen. In Figure  7 c,d, 
the time behaviors of the SCF potential are reported for 
both Pluronics. For the L62, we obtain, at equilibrium, a 
lamellar morphology instead of complex interconnected 
structures, as postulated from the experiments. Similarly, 
for the Pluronic L64, we obtained a morphology close to the 
lamellar one, but with defects. Probably, these results are 
affected by fi nite size effects, due to the periodic boundary 
conditions (PBC) favoring the lamellar morphologies.  

 The behavior of  R  g  as a function of polymer composi-
tion was also investigated. In particular, we report in 
Figure  8  the  R  g  of the entire chain of PO and the partial 
 R  g  calculated for PEO and PPO segments separately. As 
expected, the high water content of the systems I and V 
plays a strong role in the PPO segregation, resulting in the 
smallest  R  g  found for all composition studied. Instead, at 
higher block copolymer contents, we observe an increase 
of the total  R g   and PPO. A signifi cant variation of  R g   of the 
PEO blocks was not observed (Figure  8 c).  
1947
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     Figure  9 .     Phase diagrams for Pluronic L62 (a) and Pluronic L64 (b). For any composition and temperature studied, a snapshot of the obtained 
morphology is depicted in the diagram. The phase diagrams are redrawn from ref. [  8  ]   
 All the morphologies obtained at different contents of 
polymer and different temperatures for both Pluronic L62 
and L64 together with the experimental-phase diagram 
are depicted in Figure  9 .  

 For the Pluronic L62, the morphologies found at 
303 K are in agreement with the experimental-phase 
diagram. [  8  ]  In fact, at low polymer content, we found a 
spherical micellar morphology, as expected. A lamellar 
morphology was observed at Pluronic L62 contents of 52, 
948
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70, and 90 wt%, as expected. Differently from the phase 
diagram, for the 90 wt%, we still found the lamellar mor-
phology instead of complex interconnected structures. 

 For the Pluronic L64, a similar fi gure has been shown. 
At 303 K, we found micellar, hexagonal, and lamellar 
morphologies according to phase diagram. [  8  ]  At tem-
peratures higher than 303 K, we found a stable micellar 
morphology for 20 wt% of L64. Instead, at 52 wt%, the 
hexagonal morphology is not stable, according to phase 
www.MaterialsViews.com
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     Figure  10 .     Snapshots of the system X (see Table  4 ) taken at dif-
ferent time. The box lengths is 1.5 times (30  ×  30  ×  30 nm) larger 
than used for the other systems studied in the present work.  

     Figure  11 .     a) Atomistic structure, obtained after reverse mapping 
procedure, and CG structure of the hexagonal morphology for the 
Pluronic L64. Each EO or PO bead corresponds to three or four 
heavy atoms, respectively. b) Calculated scattering intensities, as 
function of the wave number ( q ), for the atomistic structure of 
hexagonal morphology obtained for the Pluronic L64. The blue 
points represent the experimental values of the SAXS spectra. [  8  ]   
diagram, and a lamellar morphology with defects has 
been observed. 

 At an L64 content of 90 wt%, as observed for L62, we 
found a lamellar morphology instead of the more com-
plex structures postulated from experiments. Probably, 
as discussed above, the simulation results are affected by 
fi nite size effects due to the PBC favoring lamellar mor-
phologies. To reduce such effects, we simulated a system 
in which the box lengths were increased by a factor 1.5 
(system X in Table  4 ). In Figure  10 , snapshots at different 
times for system X are depicted. The water beads and the 
PEO blocks are excluded from the snapshots. Complex 
and interconnected structures start to be formed at 1.5 
and 3.0  μ s. The system evolves, in 6  μ s, into a morphology 
having interconnected lamellae formed by PPO blocks. 
These complex structures, probably, are characterized by 
lengthscales of the same order as the box size, and further 
investigations with systems larger than those studied in 
the present work should be considered.  

 One of the important uses of CG models is to obtain 
well-relaxed structures useful for generating confi gura-
tions at a higher level of chemical detail. An example is 
the generation, by local relaxation, of the structure of 
dense polymer melts at the atomistic level starting from 
mesoscale models. [  43,44  ]  

 The Pluronic CG model presented in this work is based 
on atomistic models, as described in the computational 
method section. The mapping scheme proposed for that 
model is strictly connected to the atomistic scale. In fact, 
www.MaterialsViews.com
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every EO or PO bead includes three or four heavy atoms, 
respectively. Differently from Pure SCF or dissipative par-
ticle dynamics (DPD) [  45  ]  approaches, our model is still 
very close to an atomistic one. Such a feature allows the 
atomistic details to be reintroduced by reverse mapping 
procedures. 

 Moreover, as shown previously, we are able to obtain 
morphology patterns typical of the mesoscale length. 
Combining the possibility of our model to reintroduce 
atomistic detail with morphologies obtained from the CG 
model on the scales of microseconds and nanometers, we 
report an example of reverse mapping for the hexagonal 
morphology. The full atomistic confi guration obtained 
was formed from  ≈ 600 000 particles. In Figure  11 a, both 
atomistic and CG structures are depicted. From the atom-
istic structure, the scattering intensities as function of the 
wave number ( q ) are calculated and compared with the 
SAXS spectrum, [  8  ]  as shown in Figure  11 b.    
1949
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  4. Conclusion 

 A hybrid PF-MD CG model has been reported for Pluronic 
L62 and L64. The reproduction of morphologies depending 
on the concentration and temperature for water mix-
ture solutions of polymer has been tested. In particular, 
micellar and non-micellar morphologies reproduced by 
the model have been found in agreement with the exper-
imental-phase diagram. Furthermore, the reproduction of 
the hexagonal morphology specifi c for the Pluronic L64 has 
been obtained. In fact, in a narrow range of composition, 
between 46 and 55 wt%, the hexagonal phase is stable for 
the Pluronic L64, and, at the same composition, is absent in 
the Pluronic L62 phase diagram. 

 At polymer contents higher than 52 wt%, we obtain a 
lamellar morphology for both L62 and L64. In particular, 
at 90 wt% of L64, we also observe a complex lamellar 
morphology. 

 The features of the proposed model allow the possi-
bility of linking the CG confi gurations to the full atom-
istic confi gurations due to 1:3 and 1:4 mappings for the 
EO and PO beads. An example of reverse mapping of the 
peculiar hexagonal morphology of Pluronic L64 has been 
shown to this aim. 

 To have an idea about simulations reported in this 
paper, for systems X of Table  4 , it is possible to calculate 
about 0.5  μ s in 1 day using 32 processors (Intel E5530). The 
hybrid PF-MD approach is particularly effi cient in parallel 
simulations, especially for large systems when the use of 
a large number of CPUs is effi cient. [  26  ]  The validation of 
the models presented in this paper will allow their appli-
cation to large-scale systems.  
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