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Abstract

Atomistic and mesoscopic simulations are the most important tools to predict the
morphologies of block copolymers. In this study, inter-bead interactions and
essential parameters for meso-structure polymeric models were optimized for
poly(ethylene oxide)-block-poly(methyl methacrylate) (PEO-b-PMMA; O-b-M)
binary systems. A coarse-grained model in a mesoscopic dynamic was used to
represent polymeric chain. Gaussian chain is calculated from polymer chain length
concerning its characteristic properties. Free energy density was considered by
setting suitable time steps and inter-bead interactions for meso-structure simulations.
The interaction energies of 1:1, 2:1 and 4:1 molar ratio of O to M segments were
3.67, 4.66, and 5.92, respectively. These values are obtained from Flory-Huggins
parameters in atomistic simulations. Morphology at equilibrium was obtained in five
different types: worm-like micelle, defected lamellar, lamellar, spherical micelle and
bicontinuous at 400 K from M5-1M2-05, 04-04M6, M4-M505, 010-2M122-010
and M11-1M2-010, respectively. The obtained morphologies correlate with order

1. Introduction

Block copolymers (BCPs) are interesting
materials in the plastic industry as they can present
tuneable microstructure, thermal and mechanical
properties [1-3]. Morphology of BCPs depends on
various factors including temperature which is used to
control the obtained structure in the manufacturing
[4,5]. Various self-assembly of BCPs provides
nanoscale patterning possibility and have been
extensively studied due to their unique chain
architecture and physical properties [6-8].

Poly(ethylene oxide), PEO and poly(methyl
methacrylate), PMMA are biocompatible materials
and biomedical polymers with  different
hydrophilicity. PEO is a flexible and non-toxic
polymer [9-11]. It has been used in many
commercial applications by vary their molecular
weight such as packaging and moisture barrier film
[12]. PEO and PMMA copolymers have been
widely applied in engineering field and synthesized
amphiphilic graft copolymers for drug carriers [13].
It is well known that PEO and PMMA have a weak
interaction between polymeric chains. They are

parameter developed from the simulations.

quite immiscible in molten and solid state [14,15].
Although synthesis and characterization of
amphiphilic copolymers composed of PMMA and
PEO and compatibility of PEO/PMMA blends have
been broadly investigated, there is still limited
report about self-assembling properties of PMMA-
PEO block copolymers. To predict miscibility
between PEO and PMMA, the Flory-Huggins
parameter, y is considered. y can be obtained from
some experimental methods, including solvent
diffusion, and inverse gas chromatography.
Numbers of modelling and simulations have been
carried out for fitting the required parameters to
properties of polymer compatibility. The blending
between poly(vinyl alcohol), PVA and PMMA was
studied by atomistic and mesoscopic simulations.
The results shown the order parameter of the
polymer blend is less than 0.1 when PVA
composition is more than 60 wt%, the blend is
miscible. The experimental differential scanning
calorimetry data supported this observation [16].
Mu et al. [17] studied polystyrene, PS and PMMA

blends by atomistic and mesoscopic simulations.
They found few ways to enhance the compatibility
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of these polymer blends. The first one is addition of
a block copolymer which consisting of PS and
PMMA on phase morphology. The same composition
between added block copolymer and a blend were
linked together. This way can induce the
compatibility of the blend, especially adding the
block copolymer with high PS composition. In
addition, applied the shear stress and added the
nanoparticle are others way to enhance the
compatibility. This effect not only depends on types
of factor were used but they also depend on their
composition.

In this work, inter-bead interaction and essential
parameters were analysed from the six poly(ethylene
oxide)-block-poly(methyl methacrylate) (PEO-b-
PMMA,; O-b-M) models to predict the morphologies
of BCPs. Atomistic and mesoscopic simulations
were employed to study phase separation dynamics
correlating with morphologies. The order parameter
and free energy density values which are important
parameter to examine the phase behaviour were
considered.

2. Experimental

This paper consists of two calculation steps;
atomistic and mesoscopic simulations. In this study,
all simulations were performed using Materials
Studio software package version 5.5 (Accelrys)
[18]. The Flory-Huggins parameter is an intermediate

parameter for connecting between the microscale
and mesoscale. In this study, the morphologies of
copolymer that consists of poly(ethylene oxide), -
CH2CH20-, and poly(methyl methacrylate), -
CH2C(CH3)(COOCHE3)-, will be carried out. In this
research, six architectures which were Ms-1M2-Os,
04-04sM6, M4-Ms0s, 010-2M122-0O19, M11-1M2-
O10 and Os-2Mg2-Os were investigated. O and M
represent poly(ethylene oxide) and poly(methyl
methacrylate),  respectively.  These  models
represented branch architectures will be defined in
as in mesoscopic simulations. The branch
architectures had different arm and length. Effects
of arm number, chain length as well as an

Table 1. Initial conditions of PEO/PMMA models.

arrangement of polymers will be analysed and
discussed in this study.

2.1 Atomistic simulations

The solubility parameters of both pure and mixed

polymers were calculated by atomistic simulations.
The COMPASS [19] (condensed-phase optimized
molecular potentials for the atomistic simulation
studies) force field was used in the interatomic
interaction calculations. In general, the COMPASS
force field is an appropriate choice to calculate
solubility parameter which correlates with cohesive
energy density value, particularly, for polymeric
systems. The total energy (Er) of system was
considered as summation of bonded and non-
bonded interactions as follows.
Er=Ey+ Eg+ Eg+ Eqop T Epe + Evgw + Eg (1)
In above equation, the first five terms represent the
bonded interactions, which corresponding to the
bond (Ey ), bond angle bending (£, ), torsion angle
rotation ( Eg ), out of plane (£, ), and potential
energy (£, ). The last two terms represent the non-
bonded interaction, which consisting of the van der
Waals interaction ( E,4,), and electrostatic force
(Eq)- In this force field, E.q4, was described by the
Lennard-Jones 6-12 potential, while the electrostatic
energy was calculated from the partial charges of
atoms in the system, which estimated by the charge
equilibrium method. Electrostatic interaction was
calculated according to the Ewald summation
method since it calculated long-range interaction
more accurately.

The representative polymer chain length, RCL, is
the same, 50 repeating unit, for both PEO and
PMMA. The details of all initial systems are shown
in Table 1. The molar ratio of PEO-PMMA for
blend models, including the number of minimum
representative polymer chain length per unit cell,
the percentage of PEO weight, and its density are
presented. 3 D atomistic models for these initial
structures are shown in Figure 1.

Model Composition wt% of PEO Density (g/cm?) [20]
| Pure PMMA 1IPMMA 0 1.188
I 1/1 1PEO, 1IPMMA 30.6 1.1849
i 2/1 2PEO, IPMMA 46.8 1.1833
v 4/1 4PEO, IPMMA 63.8 1.1816
\% Pure PEO 1PEO 100 1.178
VI Pure PEO 2PEO 100 1.178
VI Pure PEO 4PEO 100 1.178
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Figure 1. Initial structure of seven models (a) model
I: IPMMA (b) model 1I: 1PEO, IPMMA (c) model I1I:
2PEO, 1IPMMA (d) model IV: 4PEO, 1IPMMA (e)
model V: 1PEO (f) model VI: 2PEO and (g) model
VII: 4PEO. Red represents the PEO chain(s) and
Green represents the PMMA chain.

Each system was minimized by using the
conjugate gradient method with energy convergence
limit of 1.0 x 107° kcal/ mol. The minimized
configurations were relaxed under constant temperature
and density by NVT ensemble molecular dynamics
(MD) simulation for 200 ps. A time step of 1 fs was
used to ensure the stability of simulation and the
temperature was controlled by Anderson thermostat
at 400 K where PMMA-b-PEO can be found in a
two-phase regime [21]. Next, polymer chains were
annealed at temperature range from 270 K to 320 K
and from 370 K to 440 K for PEO and PMMA
systems, respectively [22,23]. The duration for each
annealing cycle is set at 10 ns. The lower and upper
temperature is the value between glass transition
temperature, 7, and crystalline melting temperature, 7y,
of each polymer respectively. Then, to reduce the
end- to- end interactions of the polymer, MD
simulations under constant temperature and
pressure (NPT ensemble) were carried out for 200
ps, this process was repeated for three times.
Finally, the equilibrium configurations were
obtained by MD simulations with NVT ensemble
for 100 ps to collect data.

2.2 Mesoscopic simulations

Mesoscopic dynamics simulation was used to
predict polymeric morphology. Gaussian chain is

J. Met. Mater. Miner. 28(2). 2018

calculated from polymer chain length concerning its
characteristic properties; characteristic ratio (C,).
Each bead is a representative of the polymer with
the length equivalent to statistical segments.

There are two sets of essential parameters for
morphologies predictions in mesoscopic dynamics
simulation: There are a molecular topology which
described by beads and interaction energies. The
coarse-grained model of PEO and PMMA could be
designed from its minimum representative polymer
chain length as a repeating unit and characteristic
ratio of polymers. The characteristic ratio of PEO
and PMMA are 9.89 and 8.65, respectively, and the
minimum representative polymer chain length of
PEO and PMMA are 50 repeating units. For PEO,
the coarse-grained length of PEO is 5 units for the
minimum representative polymer chain length. In
the same way, the coarse-grained length of PMMA
is 6. Accordingly, the atomistic chain of the polymer

PEOso and PMMAs, was projected to model Os and
Ms.

Six different coarse-grained models of PEO-b-
PMMA copolymers were designed: O4-OsMs, M4-
|V|505, M5—1M2—05, 05—2M52—05, M11—1|V|2—Olo,
and O10-2M122-O1o, their O to M segments ratio are
1:1,1:1, 2:1,4:1, 2:1 and 4:1 respectively. The code
name for these block copolymers were separated in
two parts. For the first part, the letter demonstrates
the polymer bead type of branched point; O for
ethylene oxide and M for methyl methacrylate. The
subscript number is number of bead for each
polymer segment and the in-line humber indicates
the arm number for each branched point. The next
part is branched point and it is located after and/or
before the hyphen symbol. Taking Ms-1M2-0Os as

an example, this block copolymer has a methyl
methacrylate as branched point. It consists of three
branches from a methyl methacrylate. One is a

methyl methacrylate which each branch consists of
five beads and other branches are ethylene oxide
chains consisting of five beads. The schematic

illustration of coarse grain models was shown in
Figure 2.

All simulations were performed at 400 K. The
grid dimensions were taken as 32 x 32 x 32 nm?3
with the grid spacing of 1.0 nm and the bond length
was 1.1543 nm. A bead diffusion coefficient was set
as 1.0 x 107cm?s™". The total simulation time is 2.5
ms and the number of step is 50000 steps. The
constant noise-scaling parameter of 100 and the
compressibility parameter of 10.0 were chosen in
this simulation.
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Figure 2. Coarse grain models of (a) M4-MsOs (b)
04-0;Ms (C) Ms-1M2-O5 (d) 010-2M122-0O19 (e) Mjis-
1M2-0yp and (f) Os-2Mes2-Os, Red bead represents the
PEO and Green bead represents the PMMA.

3. Results and discussion

3.1 Atomistic simulations

In this study, the binary systems consist of the
PEO and PMMA. The density of PEO and that of
PMMA are 1.178 g/cm?® and 1.188 g/cm?® was set
for atomistic simulations. The density of the mixed
polymer depends on the molar ratio of system and
correlate with number of polymer in the simulation
box.

The solubility parameters (o) of the mixed and
pure components can be used to calculate the
cohesive energy density (CED). The relation

between them follows the equation:

CED = =2 = §? )

The assembly of each binary polymer chain
depends on the cohesive energy density of each
system. The different composition component will
result in different cohesive energy density.
Cohesive energy from both mixed and pure
components were applied to calculate the Flory-

Huggins parameter, y as shown below:

ABmix
2= (2N 3)

where, V,,,, is the unit volume of one monomer.
For this blends of PEO and PMMA, V,,,,, of one
monomer equals 140 cm®/mol. Then, AE,,;, of the
mixing binary blends can be obtained by:

=00 (), 0 (7)1, (5 0y
Where, ¢ is a volume fraction of each polymer, the
subscripts O and M represent PEO and PMMA,
respectively. The subscripts pure and mixed
demonstrate the cohesive energy density of pure
components and the mixing for binary mixture,
respectively. The cohesive energy per volume or the
CED of PEO, PMMA and the mixing binary

systems are presented in Table 2. For example, Ms-
1IM2- Os and Mui- IM2- Oyp had a molar ratio
between PEO and PMMA of 2:1; three systems
were used to calculate the energy of mixing,
including system number I, Il and VI which
represented the system of pure PMMA, the mixing
of PEO and PMMA with a molar ratio between PEO
and PMMA of 2:1, and pure PEO, respectively. The
interaction energies of the various bead types (eqpm)
calculated from the Flory-Huggins parameter, y at
400 K were shown in Table 3. A positive value of
eom Parameter indicates a repulsion interaction
between O and M beads. On the other hand, the
interaction energy between the same species is all 0

(emm = 0, €00 = 0).

Table 2. CED of PEO, PMMA and the mixing binary
systems.

Number of RCL o CED x 107
PEO PMMA (cal/cm?®)0s (cal/m?)

0 1 6.44021 4.14763

1 1 8.68708 7.54654

2 1 8.56458 7.33520

4 1 8.71396 7.59331

1 0 8.40341 7.06173

2 0 8.37415 7.01264

4 0 9.60658 9.22865

Table 3. The interaction energies of the various bead
types (eom)-

Ratio of O to M segments €oM
1:1 3.67
2:1 4.66
4:1 5.92

To understand whether both PEO and PMMA are
miscible or immiscible, a critical value of y,
(x ) should be calculated by the following

OM,cr.itical

equation:
1,1 12

Y= 2 (o T ) ®)
Where, mqg and my; represent the degree of
polymerization of O and M of representative
polymer chain length. There is existent number of
repeating unit or the number of representative
polymer chain length which obtained from
atomistic simulation. The critical values of y are
based on the same reference volume. According to
this equation, it can be used to indicate the
compatibility or incompatibility of the blends. In
general, the blends are miscible if (x, ) <

M, calculated
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(x ). For this case, the Gibbs free energy (4G,,)

OM, critical

is negative. On the other hand, if (yx ) >

OM, calculated

(x ), the blends are immiscible. So, they form

OM, critical

two separated phases. In the last case, if (x, )

M, calculated
and (;(OM ) 1) are small difference, the blends are

partially miscible. In our studies, PEO and PMMA
blends, we calculated the (y )ofl:1,2:1and

OM, calculated

4:1 molar ratio is 0.00221, 0.00280, and 0.00356,
respectively. The (;{OM H) of PEO and PMMA

blends is 0. 04, which is much higher than the
calculated ( y ) values. Therefore, it is

OM, calculated

indicated that the PEO and PMMA blends are
miscible at 400 K.

3.2 Mesoscopic simulations

Mesoscopic simulation was used to investigate
the phase separation dynamic of PEO/ PMMA
systems. In Mesoscopic Dynamics ( MesoDyn)

simulation, there are two essential parameters for a
simulation to predict the morphologies. The first
parameter is a coarse-grained length chain, called
Gaussian chain. It was used to determine the

polymeric chain of each polymer. Another parameter
is the interaction energies. This parameter can be
calculated through this equation:

Ve = %RT (6)
Where, Xijp the Flory-Huggins parameter, was taken

from previous atomistic simulation results of
PEO/PMMA blends using a different composition,
R is the molar gas constant (8.314 J/mol-K) and T
is simulation temperature kept at 400 K.

The order parameter (P;) is the mean squared
deviation from homogeneity in volume V. It is
defined as the average volume of the difference
between the local density squares and the overall
density squared following equation:

P=7 LI @)-n7 ] dr 7

where, n; is dimensionless density (volume
fraction) for species I. The larger the value of order
parameter is the stronger the phase separation. The
small value of order parameter indicates a mixed
state, which is a better compatibility or miscibility.
In addition, the free energy density [24,25] can be a
good index for evaluating the dynamic state. They
should asymptotically approach a stable value as the
system reaches dynamic equilibrium during the
mesoscopic simulation. The free energy density is
calculated based on the dynamic mean-field density

J. Met. Mater. Miner. 28(2). 2018

functional theory. Therefore, this density is no
routinely calculated for real systems, and it is not
possible to directly compare with experimental free
energy data [26].

Order parameter value and free energy density
value (RT/volume) are shown in Figure 3. It can be
seen that the dynamic evolution of mesostructured
can confirmed by both the order parameter and free
energy density values over time. In the initial state,
the morphology is homogeneous with low order
parameter. Then, the order parameters gradually
increase while the free energy density value
decreases over time. After 950 us, both the order
parameter and the free energy density are mostly
constant. It is indicating that the system has arrived
the dynamic equilibrium state. In this state, the
equilibrium morphology of each system was
obtained. As order parameters gradually increased
to approximately 950 s, the morphology slowly
changed into phase separation. However, the phase
change was not significantly observed until 550 ps.
The phase change was observed between 550 to 950
us and no phase changing was observed after 950

us.
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Figure 3. Order parameter and free energy density
during the meso-phase formation of M4-MsOs BCP
over time.

In this study, phase separation was observed in
agreement with experiment investigations [14,27]
and previous simulation study [20]. Six different
mesoscopic structures were obtained as shown in
Figure 4. The morphology at equilibrium state of
phase separation was obtained in five types: worm-
like micelle, defected lamellar, lamellar, spherical
micelle and bicontinuous for Ms- 1M2- Os, O4-
O4|\/|5, M4- M505, O10-2M122- 019 and Mi1-1M2-
O1o, respectively. Os-2Mg2-Os remains an unaltered
phase morphology, the structure persists disorder.
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In Figure 5 the evolution of the free energy density
was shown. This parameter is used to indicate the
equilibrium state of each morphology. In the initial
state, the free energy density rapidly decreasing in
the first 100 ps for worm- like micelle, lamellar,
defected lamellar, spherical micelle, and
bicontinuous without disorder phase. After that, it
reaches equilibrium. From this state, the morphology
of each structure was stable until the average of base
line for the free energy density was changed again.

Figure 4. Meso-structures of PEO-b-PMMA BCPs of
(a) lamellar (b) defected lamellar (c) worm-like
micelle (d) spherical micelle (e) bicontinuous and (f)
disorder phase. Red represents the O isosurface, green
represents the M isosurface, and gray correspond to
the interface between them.

0.24

disorder
worm-like micelle

0.23 H
lamellar
—— defected lamellar
spherical micelle

‘ R W wmp|m|1u""|1||"w}|W'\l'ﬂ

0.20 |
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0.19 1 1 1
0 500 1000 1500 2000 2500

Time (us)

Figure 5. The evolution of the free energy density
versus time (us) of each morphology.

Disorder phase had a different trend of free energy
density and it provided the highest free energy
density value. On the other hands, bicontinuous
structure provided the lowest free energy density
value but the value which fluctuated around an
average value at equilibrium state. Spherical
micelle structure resembled structure showing a
trend like bicontinuous structure, the value also

fluctuated around an average value at its
equilibrium state.  Free energy density at
equilibrium state of worm-like micelle, lamellar,
and defected lamellar are quite stable.

To concretely consider the morphology at
equilibrium state, order parameter of each system
was considered together with free energy density.
These two parameters can be used to confirm the
morphology at equilibrium state. The trend of order
parameter value and free energy density value are in
opposite direction. The turning point of two
parameters occur at the same time e.g. at 950 ps for
lamellar structure. The evolution of the order
parameter of each morphology over time was
illustrated in Figure 6. It can be seen that disorder
phase had the lowest order parameter of PEO and
PMMA, it converges to zero. This lowest value
indicates better compatibility or miscibility of
system. The morphology is homogeneous, called
disorder phase. On the other hand, bicontinuous
structure had the highest order parameter of PEO
and PMMA with the lowest free energy density
while spherical micelle had a medium order
parameter and the free energy density is low. So,
this value indicates a strong phase separation for
bicontinuous. The free energy densities of these two
morphologies are in similar trend. The order
parameters of lamellar, defected lamellar and
worm- like micelle morphologies were nearly
identical, and they located at low order parameter
region.

FT T T T T T T T
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0.20 |

—— O-spherical micelle
—— M-spherical micelle
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—— M-disorder

0.00
0 500 1000 1500 2000 2500
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Figure 6. The evolution of the order parameter values
versus time (us) of each morphology.

In this study, lamellar, defected lamellar, and
worm- like micelle structures were mainly
discussed. The close- up evolution of the order
parameter values for their structures over time as
displayed in Figure 7. It can be seen that the trend

J. Met. Mater. Miner. 28(2). 2018
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of defected lamellar and worm- like micelle
structure are likely the same but they had different
value over time. The order parameter values
increased rapidly, it indicates that, the meso-
structures can hardly change for less than 100 ps.
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Figure 7. The close-up evolution of the order
parameter versus time (us) for lamellar, defected
lamellar and worm-like micelle structures.

The evolution of the meso-structures for defected
lamellar and worm-like micelle structures over time
is shown in Figure 8-9. For lamellar, defected
lamellar and worm- like micelle cases, each
structure is in disorder state in the first 5 ps. After
that, the structure hardly changed the characteristic
morphology which is mainly correlated with its
architectural structure. Although the order parameter
values were similar but the meso- structures were
distinct due to the different of the architecture and
interactions that make polymer chains are
irregularly arranged in system. The stability of
lamellar structures occurs over 950 ps. The
evolution of the meso- structures for lamellar
structures can be seen in Figure 10.

250 us 450 us 800 us 2500 ps

Figure 8. The evolution of the meso-structures versus
time (ps) for defected lamellar structures.

J. Met. Mater. Miner. 28(2). 2018

250 ps 800 ps 2500 ps

Figure 9. The evolution of the meso-structures versus
time (us) for worm-like micelle structures.

250 us 600 us 800 ps 2500 ps

Figure 10. The evolution of the meso-structures
versus time (us) for lamellar structures.

4. Conclusions

The annealing process and MD simulations
(NVT and NPT ensemble) are important process to
reduce the end-end interactions between polymers.
The solubility value of polymer in the simulated
systems are close to the experimental data by setting
suitable time steps and number of repeating unit.
The Flory-Huggins parameter, y can be calculated
from solubility of each system. The calculated

MesoDyn input parameter were carried out at 400
K and there were 3.67, 4.66, and 5.92 kJ/mol for
1:1, 2:1, and 4: 1 ratio of O to M segments,
respectively. This parameter depends on ratio of O
to M segments. For mesoscale simulations,

morphology of each system at equilibrium was
obtained in five types, including worm-like micelle,
defected lamellar, lamellar, spherical micelle and
bicontinuous at 400 K which were Ms-1M2-Os, O4-
O4M6, M4- MsOs, 010—2M122—010 and M11— 1M2-
O10, respectively which correlate with order
parameter that get from the simulation. The
morphology at equilibrium state can be confirmed
by both the order parameter and free energy density
values over time. When two parameters approach a
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stable value, the system has achieved equilibrium
state of morphology structure.
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