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ABSTRACT: The compatibility of six groups 12 miktoarm polystyrene-block-poly(methyl methacrylate) copolymers is studied at 383,
413, and 443 K via mesoscopic modeling. The values of the order parameters depend on both the architectures of the block copolymers
and the simulation temperature, whereas the change tendency of the order parameters is nearly the same at 413 and 443 K. Obviously,
temperature presents more obvious effect on long and PMMA-rich chains. A study of plain copolymers doped with nanoparticles shows
that the microscopic phase is influenced by not only the properties of the nanoparticles, such as the size, number, and density, but also
by the composition and architecture of copolymers. Increasing the size and the number of the nanoparticles used as a dopant plays
the most significant role on the phase morphologies of the copolymers at lower and higher temperatures, respectively. Especially, the
13214-type copolymers, which are PMMA-rich composition, present microscopic phase separation as varying degrees of lamellar phase

morphologies at 443 K, alternated with PS and PMMA component. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000000, 2012
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INTRODUCTION

As a fertile source of soft materials, block copolymers attract
researchers in both academic and application fields because they
have novel properties resulted from their self-organized micro-
phase-separation structures.” The synthesis of a block copolymer
with a unique architecture, such as star, comb, and ring shape,
makes it possible to diversify its applications and investigate the
effect of the chain architecture on its physical properties.” Thin
films formed by block copolymers with well-defined nanostruc-
tures have received considerable attention owing to their poten-
tial nanofabrication applications.”™'® In these applications, the
ability to control the morphology of the block copolymer thin
film by adjusting various influential factors to obtain an ordered
phase-separated microdomain has potential significance.

Mesoscopic dynamic (MesoDyn) models have been receiving
increasing attention, as they form a bridge between microscale
and macroscale properties.''™* Compared with atomistic simu-
lation methods, the mesoscopic dynamics'>™7 can make the
scale of the simulation large by several orders of magnitude,
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which can deal with the polymer chain at a mesoscopic level by
grouping atoms together and then coarse graining them to be
persistent length polymer chains. It utilizes dynamic mean-field
density functional theory (DFT), in which the dynamics of
phase separation can be described by Langevin-type equations
to investigate polymer diffusion. As a useful simulation tech-
nique for fluids, MesoDyn has been successfully applied to
study the microphase separation of block copolymers in our
former researches.'®>?

Polystyrene  (PS)/poly(methyl
blends is a well-known immiscible combination,
observed bulk and surface phase separation.’"*

methacrylate) PMMA  binary
270 and can be

Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) co-
polymer is a polymer composed of two immiscible polymers
blocks, which was studied in our former study; we had obtained
the representative chain lengths of PS and PMMA chain, the
data of 10 different compositions which can cover most compo-
sitions at 383, 413, and 443 K,”° and these data could be
applied as the input parameters to deal with the PS-b-PMMA

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37510

1



2

AT
X X

Figure 1. The schematic miktoarm PS-b-PMMA copolymer models used in
this study. The black particles represent the PS component denoted as A,
whereas the white particles represent the PMMA component denoted as B.

copolymers in this study. Immiscible graft and block copoly-
mers made of PS and PMMS blocks have received increasing
attention owing to their potential applications in keratoprosthe-
sis modification, drug carriers,>* and biomedical materials.>>*°
However, there are no reports on the inducing effects of nano-
particles on the miktoarm PS-b-PMMA copolymer. We gained
some useful results in the study reported in this article that can

be applied to nanofabrication to improve its function.

SIMULATION METHOD AND MODEL CONSTRUCTION

Mesoscale structures are of utmost importance during the pro-
duction processes of many materials, such as polymer blends,

Table I. The Molecular Information of Miktoarm PS-b-PMMA Copolymer
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block copolymer systems, surfactant aggregates in detergent
materials, latex particles, and drug delivery systems. Our simu-
lation processes were all carried out with the MesoDyn package
in the Materials Studio commercial software provided by
Accelrys on an SGI workstation. MesoDyn is a state-of-the-art
mesoscale simulation program. It utilizes a dynamic variant of
mean-field DFT with Langevin-type equations to investigate
polymer diffusion, providing a coarse-grained method for the
study of complex fluids, their kinetics, and their equilibrium
structures at large length and time scales. The thermodynamic
forces are found via mean-field DFT, using the Gaussian chain
as a model. The coarse-grained Gaussian chain consists of beads
with equal lengths and equal volumes. With time evolution, the
free energy of the system results in no discernible changes,
whereas the phase separation is considered completed.

We have obtained the representative chain lengths of PS and
PMMA chain in our former study.'® Therefore, the block copoly-
mer chains are constructed by PS (denoted as “A”) and PMMA
(denoted as “B”) components as A(A;Bg)s, As(Bs)z, A[A(Bg)2]a,
B(BsA3)s, Bg(Asz),, and By[B(Asz),],, named as 11111, 12112,
13114, 21111, 22121, and 23141. Corresponding schematic mod-
els to these six components are shown in Figure 1, they are al,
a2, a3, bl, b2, and b3, respectively. The latter three models are
the component exchange between “A” and “B” from the corre-
sponding former three. When these six models are double large,
we can gain other six models, A(AsB12)s As(B12)2 A4[A(B12)2]o,
B(B11A¢)s Bi2(Ag)2, and Big[B(Ag),],, named as 11211, 12212,
13214, 21211, 22221, and 23241, respectively. Table I lists the
grouping, molar ratio of blocks, molecular architecture, symbol,
and corresponding scheme in detail.

We choose the nanoparticles in column shape for more induc-
ing factors, such as the size, number, and density. The details
about seven arrangements of designed doped nanoparticles
arrangement are summarized in Table II; it involves the number
of nanoparticles in each layer (N,), the radius of each nanopar-
ticle (r,), the height of each nanoparticle (h,), the number of
layers (Np), and the total number of nanoparticles added as
dopant (N,). They are also shown in Figure 2. The 4-3-4-2
arrangement, with four nanoparticles in each layer, a nanopar-
ticle radius of 3 nm, a nanoparticle height of 4 nm, and two

Group number Molar ratio of A5-B6 Architecture Symbol Scheme in Figure 1

Group 1 1:1 A(AsBs)as 11111 al
AlAsB12)4 11211

Group 2 1:2 As(Bg)o 12112 a2
As(B12)2 12212

Group 3 1:4 AlABg)2lo 13114 a3
A4AB12)2]2 13214

Group 4 1:1 B(BsAs)4 21111 b1
B(B11As)a 21211

Group 5 2:1 Bsl(As)> 22121 b2
B12(Ag)2 22221

Group 6 4:1 B4[B(A3)s]l> 23141 b3
B1o[B(Ag)zl2 23241
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Table II. The Information of Doped Nanoparticles

System Np ro (nm) hp (nm) N¢ Nip
4-3-4-2 4 3 4 2 8
4-3-4-3 4 3 4 3 9
4-3-4-4 4 3 4 4 16
4-3-8-2 4 3 8 2 8
4-3-8-3 4 3 8 3 9
4-6-8-2 4 6 8 2 8
8-3-4-2 8 3 4 2 16

layers, is set as the basic reference; that is, the other six are
derived from it. Adding one more nanoparticle to the center
of the base case yields 4-3-4-3 arrangement; increasing the
number of layers to four without changing any other settings
produces 4-3-4-4 arrangement; doubling the nanoparticle
height leads to 4-3-8-2 arrangement; adding one more nano-
particle to the middle of the simulation box in 4-3-8-2 to
increase the number of layers to three gains 4-3-8-3 arrange-
ment; doubling the nanoparticle radius in 4-3-8-2 produces 4-
6-8-2 arrangement; and doubling the nanoparticle density of
every layer in 4-3-4-2 yields 8-3-4-2 arrangement. The 12
miktoarm PS-b-PMMA copolymers constructed above (11111,
11211, 12112, 12212, 13114, 13214, 21111, 21211, 22121,
22221, 23141, and 23241) are modeled with the inducing
effect of each nanoparticle arrangement. Thus, the main objec-
tive of modeling these cases is to determine the factor that
exerted the most influence on phase separation: the size, the
number, the density, or the arrangement of the nanoparticles.
However, we also explored the effect of varying the tempera-
ture on the phase separation.

SIMULATION RESULTS AND DISCUSSION

We start the simulations by placing the block copolymers ran-
domly in the simulation box, followed by an equilibration of 10
ms until the free-energy density (RT/volume) reaches a relative
stable value. The time step is set as 50 ns to stabilize the numer-
ical calculations. The noise parameter value is 75.002, by
default, is used for the numerical speed and stability. The
adopted grid dimensions are 32 x 32 x32 nm’, and the size of
the mesh over which density variations are to be plotted in
MesoDyn length 1 nm.

The Flory—Huggins interaction parameter, y data of 10 different
compositions which can cover most composition at 383, 413,
and 443 K,' and these data can be applied as the input param-
eters to deal with the miktoarm PS-b-PMMA copolymer in this
study. The connection between the microscale and the meso-
scale is as follows:

IPM = y,,RT

where the parameter y,, is calculated by atomistic simulation
for each blend composition at different temperatures. R is the
molar gas constant, 8.314 ] mol ' K™, and T is the simulation
temperature. IPM is the abbreviation of “Input Parameter of
MesoDyn” used to describe the interaction between beads.
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Figure 2. The scheme of seven kinds of nanoparticle arrangements. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The order parameter, B, is defined as the average volume of the
difference between local density squared and the overall density
squared, as given by the following equation

e AGRAE
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-0.0005

& L s s s L L s | | [ 443K]
13114 13214 12112 12212 21211 21111 11111 22121 11211 23241 22221 231

PS-b-PMMA Copolymer Configuration

Figure 3. P-values of 12 miktoarm PS-b-PMMA copolymers at 383, 413,
and 443 K. Red represents PS component; green PMMA. The isodensity
surfaces of these copolymers at 383 and 413 K are displayed at the top
and bottom, respectively. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 4. P- and VROP values of 12 miktoarm PS-b-PMMA copolymers doped with seven kinds of nanoparticles at 383, 413, and 443 K, respectively.
The isodensity surfaces on the top of three subfigures al, a2, and a3 are the copolymers induced by 4-3-4-3 nanoparticle effects at 383, 413, and 443 K;
the isodensity surfaces on the top of three subfigures bl, b2, and b3 are the copolymers induced by 4-3-8-3 nanoparticle effects at 383, 413, and 443 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

where #; is dimensionless density for species i. The larger the
value of the order parameter is, the more obvious the phase
separation is. A decrease in P indicated better compatibility or
miscibility, and the polymer phases mixed more randomly.

We define a new parameter to describe the inducing effect of
doped nanoparticles. The order parameter value of every
undoped (“plain”) miktoarm PS-b-PMMA copolymer is named
as “a’; in addition, the order parameter value of the corre-
sponding copolymer with nanoparticle inducing effect is
named as “b” The value of (b — a)/a is defined as variation
rates of order parameter (VROP). By comparing the VROP
values, we can figure out the effective factor of doped nano-
particles on changing the phase morphology of miktoarm PS-
b-PMMA copolymer, it is the size, density, or the arrange-
ment. The larger the value of VROP, the greater the inducing
influence.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37510
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Modeling Plain Miktoarm PS-b-PMMA Copolymer

Figure 3 shows the P-values of the 12 plain PS-b-PMMA
copolymers at 383, 413, and 443 K. There are several features of
this figure that are worth noting:

1. The order of P-values at 413 and 443 K is nearly the same,
except 23141-type copolymer, but it changes at 383 K. The
P-values of the PS-b-PMMA copolymers at 443 K are
higher than the P-values at 383 and 413 K for the same
copolymer type, except 21111-, 11211-, and 23141-type
copolymers, which all have four PS blocks and are
long- and short-chain copolymers in Groups 4, 1, and 6,
respectively. This could be owing to the differences in
compatibilities of the PS and PMMA component at differ-
ent temperatures. Especially, for it at high temperature,
such as 443 K could present microscopic phase separation
easily.
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2. The P-values of 13114-, 13214-, 12112-, and 12212-type
PS-b-PMMA copolymers at 383, 413, and 443 K are nearly
the same. The 13114- and 13214-type copolymers belong
to Group 3, whose block ratio is 1 : 4 (PS to PMMA), in
addition, 12112-, 12212-type copolymers belong to Group
2, whose block ratio is 1 : 2 (PS to PMMA). Combined
with the isodensity surfaces showed, it suggests that when
the copolymer with the same architecture, long, or short-
chain copolymer could present nearly the same P-values,
especially for the copolymer rich in PMMA blocks. The
diffusion rate of PMMA is higher than PS, and hence the
PMMA-rich copolymers would move much faster and
congregate with the same blocks more easily.

3. The P-value of 23141-type copolymer at 383 K presents
the highest, which belongs to Group 6 with block ratio of
4 : 1 (PS to PMMA); the same as it is at 413 K; but it
presents the highest for 22221-type copolymer at 443 K,
which belongs to Group 5 with block ratio of 2 : 1 (PS to
PMMA). The 23141- and 22221-type copolymers are all
rich in PS blocks, and their architecture are all simpler
than it in Group 4, which are also PS-rich copolymers.
Furthermore, it is more compact in the architecture of
copolymers for 22221-type, compared with 23141-type
copolymer. Therefore, it is easier to move and adjust its
orientation during the phase assembling at higher temper-
ature, such as 443 K, then the PS-rich region could be
largened, and further microscopic separation could occur.

In summary, the architecture of copolymer is more vital
than the chain length of copolymer on P-values at 383, 413,
and 443 K.

Modeling Miktoarm PS-b-PMMA Copolymer Doped with
Nanoparticles

Subfigures al, a2, and a3 in Figure 4 show the P-values for the
12 miktoarm PS-b-PMMA copolymers doped with seven nano-
particles arrangements at 383, 413, and 443 K, respectively. Sub-
figures b1, b2, and b3 show the corresponding VROP values for
these doped copolymers. A reference line is drawn through R =
1 in subfigures bl, b2, and b3. When a VROP value lies above
this line, the doping can be considered to have a reinforcing
effect; otherwise, the doping can be considered to have a weak-
ening effect. Thus, the main objective of modeling these cases is
to determine the factor that exerts the most influence on phase
separation: the size, the number, the density, or the arrangement
of the nanoparticles. In addition, we can also explore which
type of miktoarm copolymer suffers the most by nanoparticles,
inducing effect on changing the phase morphology. The follow-
ing features of the plots are noteworthy:

1. It shows the P-values of copolymers with nanoparticles
doped are all higher than its plain copolymers in subfig-
ures al, a2, and a3. It means that each type of copolymer
suffers by the inducing effect of nanoparticles’ doping on
varying its phase morphology.

2. The general change tendency of P-values for the same co-
polymer type is Psgs2 > Ps3an > Pysgs > Piszgs >
P473—872 > P4,3,4,3 > P4,3,4,2 > Pplain at 383, 413, and 443
K, respectively. However, the change tendency of 13114-
and 13214-type copolymer is different from it, that is,
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Pyoso > Pgsan > Paszgs > Pasga> Pasgs> Py
> Pisan > Poin and Pysyy > Piggo > Pgsan >
Py3.83 > Pysys > Pysgo > Pisan > Pppin. The reason
leading to such differences in the relationship above is the
outstanding architecture in such two types of copolymers.
The 13114- and 13214-type copolymers containing the
block ratio of 1 : 4 (PS to PMMA) have the lowest PS
component content in the 12 copolymers. Furthermore,
the four PMMA blocks locate outside; these are the two
reasons for it, giving more opportunity to meet the same
block of the other copolymers during mixing compared
with other type copolymers.

The general highest P-value for the same nanoparticle arrange-
ment inducing effect on different architecture copolymers is
P,3541 at 383, 413, and 443 K, respectively, but it is P,314; for 4-
3-4-2 nanoparticle arrangement inducing effect at both 413 and
443 K. The 23141- and 23241-type copolymers containing block
ratio of 4 : 1 (PS to PMMA) have the highest PS content in the
12 copolymers, and four PS blocks locate outside, which makes
it congregate with the same blocks of the other copolymers eas-
ily. The 4-3-4-2 is the basic nanoparticle model, the simplest of
all the nanoparticle arrangements, has the most vacancy room.
High temperature could activate the activity of copolymers,
combined with the large vacancy room in the simulation box;
these two reasons force the copolymers to adjust their orienta-
tion further from assembling area, even from microscopic phase
separation.

In summary, the 4-6-8-2 nanoparticle arrangement exerts the
most influence on phase separation at all three temperatures,
except on 13214-type PS-b-PMMA copolymer. In addition,
23241-type PS-b-PMMA copolymer suffers the most influence
induced by all the nanoparticle arrangement inducing effect at
all three temperatures, except 4-3-4-2 nanoparticle arrangement.

The order of VROP for the same architecture of copolymer
with different nanoparticles inducing effect is generally the same
as the order of P at 383, 413, and 443 K, that is, VROP, ¢.g.» >
VROPg 34, > VROPy344 > VROP,3455 > VROP,;35, >
VROP, 545 > VROP,;3,, and the change tendencies of
13114- and 13214-type copolymer are the same as it in B that
is, VROP, 6.5 > VROPg 34, > VROP, 355 > VROP, 344 >
VROP, 35, > VROP, ;343 > VROP, 3,4, and VROP, 5,44 >
VROP, 5> > VROPg34, > VROP,3545 > VROP,5,5 >
VROP, 3.3, > VROP, 3 4,. However, the order of VROP for
the 22221-type copolymer at 383 K, 11211-type copolymer at
413 K, and 23141-type copolymer at 443 K does not follow the
same order as they are in B they are VROP, 45, > VROPg 5.4, >
VROP, 5335 > VROP,344 > VROP,35, > VROP,;3,435 >
VROP, 345, VROPsgg5, > VROPgs34, > VROP,;55; >
VROP, 344 > VROPs3435 > VROP,35, > VROP34,
and VROP,45, > VROPg 34, > VROP, 3435 > VROP, 344
> VROP, 553, > VROP, ;3435 > VROP, 5 4,, respectively. They
are three special cases resulted from peculiar architecture of
copolymer at peculiar temperature.

5. All cases presenting a reinforcing effect, that is the VROP
value is higher than 1, for the same architecture of copolymer
induced by different nanoparticle arrangements are as follows:

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37510
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Figure 5. Isodensity surfaces of 13214-type PS-b-PMMA copolymer doped
with seven kinds of nanoparticles at 383 K. Red represents PS component;
green PMMA. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

11111-type copolymer at 383 K, and it is in the order
VROP, 65, > VROPgs34, > VROP,34,, > VROP, ;s
13114-type copolymer at 383 K, and it is in the order
VROP, ¢35 > VROPg 5.4, 13214-type copolymer at 383 K, it
is 4-3-4-4 nanoparticle arrangement; 22121-type copolymer at
383 K, it is 4-6-8-2 nanoparticle arrangement; 23241-type
copolymer at 383 K, and it is in the order VROP, 45, >
VROPg 345 > VROP,344 > VROPs3453 > VROP,;35, >
VROP4 3435 > VROP, 3 4,; 11111-type copolymer at 413 K, it
is 4-6-8-2 nanoparticle arrangement; 13114-type copolymer at
413 K, and it is in the order VROP, 4.5, > VROPg3.,4, >
VROP,3535 > VROP4344 > VROP,35, > VROP, ;345 >
VROP, 5.4.,; 21211-type copolymer at 413 K, it is 4-6-8-2
nanoparticle arrangement; 22121-type copolymer at 413 K, it is
4-6-8-2 nanoparticle arrangement; 23241-type copolymer at 413
K, and it is in the order VROP,¢g, > VROPg;3,4, >
VROP, 544 > VROP, 353 > VROP, 35, 11111-type copoly-
mer at 443 K, it is 4-6-8-2 nanoparticle arrangement; 13114-
type copolymer at 443 K, and it is in the order VROP, 45, >
VROPg 3.4 > VROP, 343 > VROPy344 > VROP,;34, >
VROP, 5 435 22121-type copolymer at 443 K, it is 4-6-8-2 nano-
particle arrangement; 23141-type copolymer at 443 K, and it is

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37510
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in the order VROP, .5, > VROPg 5 4,; 23241-type copolymer
at 443 K, and it is in the order VROP, ¢35 > VROPg 5.4, >
VROP,.5.4.4 > VROP, 3535 > VROP, 5.5, > VROP, 543. The
VROP values of the other cases are lower than 1, which means
a reinforcing effect.

In summary, regardless of a reinforcing or a weakening effect,
the 4-6-8-2 nanoparticle arrangement exerts the most remark-
able influence on changing the phase morphologies of the
miktoarm PS-b-PMMA copolymers at both lower and higher
temperature generally, except 13214-type copolymer.

Special Miktoarm PS-b-PMMA Copolymer: 13214-Type
Owing to the dramatically different P and VROP orders from
the other cases, for 13214-type copolymer induced by nanopar-
ticles’ doping, it is necessary to investigate such special
miktoarm PS-b-PMMA copolymer deeply.

We can detect the particularity in the architecture and property
of 13214-type copolymer, whose scheme is two times large as it
in the subfigure a3 shown in Figure 1: first, the block ratio of
PS to PMMA is 1 : 4, which has the highest PMMA percentage
of 12 copolymers; second, each joint has two PMMA blocks,
four PMMA blocks in total, which could provide much more

two more
layers added

4-3-4-3
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particle added
added in middle

density doubled
in each layer

4-3-4-2

height double

4-3-8-2
added in middle

particle double

Figure 6. Isodensity surfaces of 13214-type PS-b-PMMA copolymer doped
with seven kinds of nanoparticles at 413 K. Red represents PS component;
green PMMA. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

@WILEY i@l ONLINE LIBRARY



Applied Polymer

SCIENCE

two more
layers added
4-3-4-3
one more
particle added
added in middle

density doubled
in each layer

4-3-4-2

plain
height double

4-3-8-2

added in middle

particle double

Figure 7. Isodensity surfaces of 13214-type PS-b-PMMA copolymer doped
with seven kinds of nanoparticles at 443 K. Red represents PS component;
green PMMA. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

opportunity for copolymer to “meet” with the same blocks, fur-
ther form PMMA-rich region; third, such rigid structure-like PS
block locates in the middle of copolymer could force the
PMMA blocks to extend outside, further increase the “meeting
opportunity” during adjusting its placement and orientation,
even largen the congregating area; fourth, rigid phenyl of PS
block could help the PMMA blocks located at both ends to dis-
tribute more dispersedly, which can improve its congregating
change.

Figures 5-7 show the mesoscopic simulation results of 13214-
type copolymer induced by seven nanoparticle arrangements at
383, 413, and 443 K, respectively. We can see the transition in
phase morphology clearly. The cases present local phase separa-
tion owing to adding nanoparticles, especially at higher temper-
ature, such as 443 K, and they present as lamellar phase
morphologies.

CONCLUSIONS

We study the phase morphologies of plain miktoarm PS-b-
PMMA copolymers via MesoDyn simulation. It shows that the
values of P at higher temperature such as 413 and 443 K are
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nearly the same, but are a lot different from it at lower temper-
ature such as 383 K. For the PMMA-rich copolymers, such as
in Groups 2 and 3 could present nearly the same P-values at
such three temperatures. Furthermore, the architecture of copol-
ymer is vital factor, compared with the chain length.

We investigate the plain miktoarm PS-b-PMMA copolymers
doped with nanoparticles of various size, densities, and arrange-
ments via mesoscopic simulations. The simulation results show
that doping with nanoparticles is a good way of improving the
degree of order of the microscopic phases. A more orderly
phase morphology can be obtained by increasing the density,
size, and number of nanoparticles used as dopant. Among these,
increasing the size and the number of the nanoparticles is the
top two most efficient methods of enhancing the orderly phase
morphologies. The isosurface pictures show that the 13214-type
copolymers doped with regardless of any kind of nanoparticles
arrangement all present lamellar phase morphologies at 443 K.
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