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Abstract The phase behavior of nanoparticle-filled ABC star triblock copolymers was investigated by dissipative particle dynamics simulation.
Two typical structures, the three-color lamella and polygonal tiling structures, were selected to demonstrate the effect of filling the nanoparticle.
Results showed that the filling effects were obvious on the lamellar structure but not on the tiling structure, where the high concentration of
fillers can destroy the lamellar structures. The dynamic processes of nanoparticle filling were investigated for the lamellar and tiling structures,
where three stages can be sorted by analyzing the system energies and chain conformations. Moreover, the mechanical properties were
evaluated for the lamellar structures by exploring the interface tensions. The findings can help us understand the potential applications of
microstructures based on complex block copolymers and nanoparticle mixtures.
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INTRODUCTION

The structures self-assembled from block copolymers are
gaining increased attention due to their potential applications
in emerging areas and the understanding for the basic
problems in the self-assembly. Many factors affect the self-
assembly of block copolymers, including polymer parameters,
topology of polymer chains, confinement environments,
polymer gradient, and nanofillers!'! Among these factors,
chain topology plays a special role in the self-assembly of block
copolymers. For example, ABC triblock copolymers with star
topology have distinct features from those of ABC linear triblock
copolymers, where the star topology results in several unique
self-assembly structures, such as polygonal-tiling structures with
translational symmetry /!

In ABC star triblock copolymers, the three arms are connec-
ted at a conjunction point to form a special topology. The star
topology enables the polymer to self-assemble into a series of
typical microstructures, ranging from the common layered
structures, such as three-color lamella (LAM) structure, to the
specialized cylindrical structures with translational symmetry,
such as polygonal tile (PT) structure. PT structures have poly-
gonal cross sections and their points of connection are ar-
ranged in straight lines, which are extensively observed in ex-
periments.[’-9 These structures have been reproduced in self-
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consistent field theory (SCFT) calculations and dissipative
particle dynamics (DPD) simulations.'-4 For example,
Takano et al. reported three types of PT microdomain struc-
tures, i.e., (6.6.6), (4.8.8) and (4.6.12), for ABC star triblock co-
polymers as demonstrated by transmission electron micro-
scopy (TEM). The PT structure was assembled from the pre-
pared ABC star triblock copolymer in bulk, and was observed
by TEM after a series of operations, such as annealing, dyeing
and slicing. The TEM images showed that the hexagonal cylin-
ders are arranged hexagonally with junction points aligned
one dimensionally.”? Subsequently, these three tiling pat-
terns are confirmed by microbeam small-angle X-ray scatter-
ing in addition to TEM.!® Hayashida et al. reported the phase
transitions among the PT structures, i.e,, [5.3, 5.3, 8], [4.5, 6, 9],
[5, 5, 10] and [4, 6.7, 10], by varying the block ratios in the ex-
periments. Usually, triangle phase diagrams are constructed
by SCFT calculations based on the block ratios for three
blocks in these studies, the closer the position is to the tri-
angle Angle, the higher the volume fraction of one of the
three blocks, and the lower the volume fraction of the other
two blocks, where the interaction parameters between the
blocks are kept constant. For example, Tang et al. studied the
triangle phase diagram of ABC star triblock copolymers
through SCFT calculations and found nine stable micro-
phases, including three-color lamella (LAM) and a series of PT
structures.['0 Similar triangle phase diagrams are also con-
structed using various Flory-Huggins parameters, where the
phase behavior of the tiling structures are investigated in de-
tail by SCFT analysis.''121 The phase behavior of ABC star tri-
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block copolymers differs from those in ABC linear triblock co-
polymers due to the junction constraint at the center of ABC
star triblock copolymer and the additional entropy effect. Ac-
cordingly, the central knot becomes a powerful topological
constraint governing the formation of various geometric
structures.

Meanwhile, the nanoparticle (NP) filler provides an alterna-
tive method of acquiring desired nanostructures with various
properties. Nanocomposites containing NPs and block co-
polymers have been extensively investigated over the years
due to their special properties.['5-3% For example, NPs can en-
hance the mechanical and optical properties of microstruc-
tures compared with those based on neat block copolymers.
In turn, the block copolymers can also affect the distribution
of NPs in the nanocomposites.l22! In particular, by controlling
the dispersion and aggregation of NPs in NP-block copoly-
mer composites, the properties of the composites can be af-
fected.l3-271 Meanwhile, the co-assembly of NPs and block
copolymers can break the phase-diagram balance of bulk
self-assembly and induce new structures.[28-3% |nevitably, the
distributions of NPs and the morphology construction of
block copolymers are also important characteristics of nano-
composites.3139 For example, Lo et al. investigated the ef-
fects of thiol-terminated polystyrene-tethered NPs on the
morphology of nanocomposite containing poly(styrene-
2vinylpyridine) in an experiment. (281 Chen et al. used DPD to
investigate the effect of NP aggregation on the morphology
of block copolymer-NP composites.[26271 Nanocomposites
have a significant impact on nanotechnology with their
unique magnetic, optical, electrical, and mechanical proper-
ties. Moreover, materials with better 2D and 3D ordered nan
oparticles in polymer matrix nanocomposites can also be
used as advanced catalysts, selective membranes, and mag-
netic and photonic band gap materials. However, most of
these studies focus on the NP-filled linear block copolymers
and the equilibrium states. Therefore, investigating the dy-
namic processes for the co-assembly of NPs and ABC star tri-
block copolymers remains necessary.

In the current study, we concentrated on LAM and PT struc-
tures for ABC star triblock copolymers to investigate the ef-
fects of NP fillers. We used the DPD simulation method to in-
vestigate cases of low and high NP concentrations in the dy-
namic processes. We analyzed the dynamic processes by the
molecular conformations and mechanical properties by inter-
facial tension through the DPD method based on a coarse-
grained (CG) model. Section 2 presents the method and mod-
el. Section 3 is the results and discussion, and Section 4 shows
the summary.

METHOD AND MODEL

Method

We used the DPD method to investigate the ABC star triblock
copolymer and NP mixtures in melts. DPD is one of the most
efficient mesoscale coarse-grained methodologies for modeling
complex fluids, such as soft matter and membrane.*-*! It was
first proposed by Hoogerbrugee and Koelman and improved by
Groot and Warren.*54”! |n the DPD method, a group of atoms
are coarse grained to be a single bead or particle. These DPD
beads interact with one another in a manner according to

Newton’s law. Three types of forces, namely, conservation
force, dissipative force, and random force, are introduced to
describe the movement of particles between the i and jt"
pairs. These three types of forces are radial along the line
between the i and jt" pairs.

Then, the total force acting on the jth particle can be ex-
pressed as follows:40-45,48-50]

C D R
F = Z,ﬂ(F,-, +Fj +F}) )

where the sum runs over all other particles within a certain
cutoff radius r.. The conservative force Fg is a soft repulsion
force that describes the interaction among coarse-grained
particles, which can be expressed as follows:

I,
Fy = a,,.(1 - r—”)f,-j o))

C

where the subscript index ij refers to the relative quantity
between the i and j particles; and a; is the repulsion
parameter between the " and j" particles, which is related to
the Flory-Huggins x-parameter®! Here, r;=r,—r; is the
relative position between the ™ and j particles, and
¥j = r;/ |ry| is the unit vector where the norm r; = |r;|. The
conservative force vanishes beyond the cutoff distance r..
Dissipative force F,-[j) represents the viscous resistance among
moving particles, and it has a linear relationship with the
velocity:

2
D i \* "
Fij = V(1 - E (r,-j . V;j)l','j (3)
where v; = v; — v; represent the relative velocity, and y is the

friction coefficient. The random force F,F} is a stochastic force,
which can be expressed as follows:

2.
F = 0(1 - é) N (4)

where (; represents a randomly distributed value between 0
and 1 with a Gaussian distribution; o is the noise amplitude. y
and o are related as o’ = 2ykgT, where T is the absolute
temperature, and kg is the Boltzmann constant; 0=3.0 and
y=4.5 are usually used as standard values in the simulation.>"

Then, the motion of the ith particle is governed by Newton
equations of motion,

dV,‘ -F dr; _ )
m’dt - udt =V

where m; is the mass of the " particle. To solve these equations,
the velocity-Verlet algorithm was used in the simulation, which
has been proven to be efficient:0>2

r(t+ Af) = 1; (1) + Atv; (1) + 1/2(08)F (¢)

v; (t+ At) = v; (t) + AL (t)

f; (t+ At) = f;(r(t + At), v; (t + At))

v; (t+ At) = v; (t) + 1/2A¢t (f; () +F; (t + At))
where, At is time step in the simulations. The entire simulation

was performed under the NVT ensemble system by using large-
scale atomic/molecular massively parallel simulator.?!

Model

Star triblock copolymers have been modeled in MC simulations
and SCFT simulations, in which CG models are extensively
used.l'1254-571 However, we choose to use DPD method

(6)
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because compared with MC simulation and SCFT simulation,
DPD simulation can better study the dynamic process and
mechanical properties in the simulation. In the current DPD
simulation, we used a simple CG model, in which a group of
molecules were coarse grained into a particle, as shown in Fig. 1.
In the star topology, three arms were connected at a point, and
these chains repulsed one another. The atomic representation
of the ABC star triblock copolymer is shown in Fig. 1(a). The
atomic clusters circled by the dotted lines are coarse-grained
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Fig. 1  Self-assembly of ABC star triblock copolymers and NPs. (a)
The atomistic representation of ABC star triblock copolymer is
demonstrated in the left and (b, ¢) the coarse-grained of ABC star
triblock copolymer and NPs models are in the right, (d) the
microstructure with a volume fraction of is in the below. The red, blue
and yellow colors represent A-, B- and C-blocks, respectively, and NPs
are represented in purple colors.

DPD beads. Red, blue, and yellow represent chains A, B, and C,
respectively, is also shown in Fig. 1(b). NPs are the purple
particles as shown in Fig. 1(c). An example of the NP-filled
microstructures is also shown in Fig. 1(d). These consecutive
particles connected with an additional elastic harmonic force:

i = k(1 - 2JF; @

S

where k; and ry are the spring constant and equilibrium bond
length, respectively. Based on previous works,?'>8 we adopted
ks =120.0 and r, = 0.7r. in the current simulation. To adjust
chain flexibility, an extra bending force caused by a harmonic
constraint on two consecutive was introduced:33°-61!

F¥ = —V k(6 - 6,)] ®)
where, k, 6, = 180° and 0 are the bending constant, equilibrium
angle and inclination angle, respectively.

As for the model of NPs, there are many modeling meth-
ods according to the specific situation. For example, atomic
modelling—NPs are made of single atoms and are small in
size; Low coarse-grained modeling—NPs are composed of
multiple beads to form a single bead with a larger size; High
coarse-grained modeling—NPs consist of multiple atomic
clusters, are relatively small in size.62 In most cases, the size
of the NP model chosen is relatively large and rigid, which can
be better distinguished from other molecules in the
system,[183637.5162-641  gych as endocytosis of the
membrane,’62 penetration of the NP in the membrane,[5162]
and graft of the NP onto the polymer.l'83637] |n other cases,
NPs are modeled to be small in size and not rigid (e.g., NPs
made of colloids or polymers).24651 The model we chose for
the NPs is rather crude, coarse-grained into a simple DPD
particle composed of atomic clusters. We focus on the effect
of NPs on the assembly of the polymer when the number of
NPs is similar to that of one of the polymer blocks, ignoring
the effects of the NP size and shape. In the current simula-
tions, we modeled the NP as a simple one DPD particle, simil-
ar to those in previous works.[2627.336266] There have also
been other studies in which the NPs have been modelled as a
simple DPD beads, but with different sizes.[6367-69 There are,
of course, more complex models of NPs.[70.71.72]

Parameters

The parameters can be classified as polymer and simulation
parameters. The parameters in star triblock copolymers are
complex, so they cannot be used to explore the properties of
star triblock copolymers in full-parameter space. Hence, we
investigated the ABC star triblock copolymers in a subspace by
fixing several polymer parameters. In the current simulation, we
set the repulsive interaction parameters between two DPD
particles, namely, g; =15 and a; =45, for the same and
different types of particles in the simulations, which is applied
extensively in previous works.“%73! For a description in detail,
the interaction parameters are shown in Table 1, in which the
other parameters are also listed. Thus, there is a repulsive
interaction between NPs, which can avoid overlapping and
infiltration between NPs as much as possible. The interaction
parameters in DPD related to the Flory-Huggins parameter
proposed by Groot and Warren was adopted:1*”!

X = 0.689 (a; — a;) 9)

https://doi.org/10.1007/s10118-023-3021-4


https://doi.org/10.1007/s10118-023-3021-4

Yan, M. et al./ Chinese J. Polym. Sci. 2023, 41, 1462-1476 1465

Table 1 System parameters in the simulation box.

DPD
parameters

Q@ 9
Beads J

o -

J 45 45 15

u 45 45 45 15

@0 L aecthe A-, B- and C-blocks of ABC star triblock copolymer,
respectively, @ is NP.

p=5 0=3.0 y=4.5

45 15

where p = 5 is the particle density. Hence, the Flory coefficient
between two different beads is about 20.67, which is located in
the strong segregated regime. The chain length plays an
important role in the properties of star triblock copolymers. In
the current simulations, we set the chain length to be two cases,
ie, fo:fg:fc =0.5:0.4:0.1 and fp:fg:fc = 0.4:0.3:0.3; and we
set the radius of NP to be r = r.. In these two cases, we adjusted
the polymer-flexibility parameter K and the concentration of
NPs @yp.

In the DPD simulations, the mass, length, and time were
scaled to be unity. In particular, the mass of DPD particle m
was taken as 1, and the length was scaled to be the cutoff ra-
dius r.. The cutoff radius was related to r. = (pr)1/3, where
V,, denotes the volume of individual particle.l*’I The time was
scaled as the normalized unit 1, defined as follows:

T=roym/ksT (10)

where, m is the particle mass, kg is the Boltzmann constant, and
T is the temperature. kgT is the energy scale. In the current
simulations, we set the timestep t = 0.057 in the modified
velocity-Verlet algorithm.

We performed our DPD simulations similar to the previous
works.l7475] In particular, we set the periodic boundary condi-
tions of three directions in the current simulations, and the
simulation is limited to a cubic box with three side lengths of
L, x L, x L,. To avoid the effect of finite size,’*! we optimized
the box size by trial and error and used various box sizes with
L =10 — 30r, in different polymer systems. We set the total
DPD time steps as 200000 in the dynamic process to obtain
equilibrium structures. The system can reach the equilibrium
state when the process was about 200000 DPD time steps,
and an example is shown in Fig. 2. Moreover, the system pres-
sure and temperature were uniformly distributed throughout
the simulation boxes. We used multiple initial states to ac-
quire a structure with the minimum energy value. Then, we
selected the structure with the lowest energy as the most
stable structure in the simulations.

RESULTS AND DISCUSSION

We selected two typical structures by fixing the block ratios, i.e.,
LAM  with  fy:fg:fc=0.5:04:0.1 and the PT with
fa:fz:fc=0.4:0.3:0.3. We adjusted two parameters, the NP

74
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Fig. 2 An example for obtaining the equilibrium state in the
dynamic process. The total energy Er/kgT as function of time steps.

The inset represents the morphology of ABC star triblock copolymers
at the time step of 800r.

concentration @yp and the polymer flexibility parameter k, to
investigate the dynamic processes and mechanical properties of
ABC star triblock copolymers. The microstructures of NP-filled
ABC star triblock copolymers are presented in subsection IIIA
(Figs. 3 and 4); We concentrated on the dynamic processes for
the LAM structures with various NP concentrations in
subsection llIC (Figs. 5-9), and mechanical properties for LAM
structures with various @yp and k values in subsection IlID (Figs.
10and 11).

Microstructures of NP-filled ABC Star Triblock
Copolymers

We considered typical bulk structures for ABC star triblock
copolymers, which have been investigated in experiments and
self-consistent field theory calculations. Two typical bulk
structures, LAM and PT structures, were taken as examples. We
demonstrated the lamellar structures with f, :fz: fc =0.5:0.4:0.1
in Fig. 3. The bulk structures without NPs are shown in Figs. 3(a1)
and 3(a2), where the lamellar structures are illustrated. Fig. 3(a1)
shows the density distributions in two-dimensional space, i.e.,
the x-z plane, indicating that the A-, B- and C-blocks self-
assembled into the ftriple lamellar structures. To clearly
demonstrate the lamellar structures, we plotted the volume
fractions as functions of positions along the z axis for the A-, B-
and C-blocks, respectively, as shown in Fig. 3(a2). The C-blocks
were distributed between the A- and B-block domains. Our DPD
simulations about the lamellar structures agreed with previous
SCFT calculations and experimental observations, where
lamellar  with  three alternative colors have been
observed.”101213 Then, we added a small number of NPs, ie.,
®np=0.005, into the LAM structure, as shown in Figs. 3(b1) and
3(b2), where the triblock copolymers and NPs are
demonstrated. Fig. 3(b1) indicates that the ABC star triblock
copolymers maintained their lamellar structure when small
numbers of NPs were added, which was probably due to the
strong repulsive interactions among different blocks.””? We
further observed that the NPs were distributed between the
distinct block domains in the ABC star triblock copolymer
matrix. This finding was similar to those observed in the diblock
copolymer matrix in the experimental and SCFT calculations,
where the NPs were distributed between the A- and B-block

https://doi.org/10.1007/s10118-023-3021-4
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Fig. 3 The LAM and NP composites. The volume fractions of LAM are fy:fy:f-=0.5:0.4:0.1. (a) The morphology of LAM with the NP
concentration of Qe = 0. The top view is in the left (a1) and the density profiles of A-block, B-block and C-block chains is in the right (a2). (b) The
NP concentration is @y = 0.005. The morphology of LAM is in the left (b1) and NP distribution is in right (b2). (c) The NP concentration is
®yp = 0.330. The morphology of LAM is in the left (c1) and NP distribution is in right (c2). The red, blue and yellow colors represent A-, B- and C-

blocks, respectively, and NPs are represented in purple colors.

domains.378-80 This fact suggested that entropy played an
important role in the NP-directed distributions. When the
numbers of NPs were increased to be high concentration of
®np=0.330, we observed a special structure, as shown in Figs.
3(c1) and 3(c2). In this structure, the ABC star triblock assembled
into an unperfected lamella but with flat interfaces, whereas the
NPs were pushed into four columnar zones. The previous DPD
simulation suggested that the large numbers of NPs led to the
twisting of lamellar structures in the diblock copolymer matrix,
in which the NP concentration exceeded 0.2.8" Herein, we
observed that the LAM with the star topologies limited the

distortion of flat interfaces instead of enforcing the NPs into
cylinder domains. This phenomenon provided a possible way to
acquire the NP aggregation shape by directed assembly with
star triblock copolymers. The polymer-based nanocomposites
can be used as catalysts, magnetic materials, photoengraving,
food packaging and more.

Additionally, we demonstrated the NP-filled structures of
star triblock copolymers with f:f3:fc = 0.4:0.3:0.3, as shown
in Fig. 4. In the bulk structure without NPs, the ABC star trib-
lock copolymers had a tiling structure, as shown in Figs. 4(a1)
and 4(a2). This PT structure belonged to the [6.6.6] tiling pat-

https://doi.org/10.1007/s10118-023-3021-4
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Fig. 4 The PT and NP composites. The volume fractions of PT are f,:fg:f-=0.4:0.3:0.3. (a) The morphology of PT with the NP concentration of
@yp = 0.The top view is in (a1) and the density profiles of A-block, B-block and C-block chains are in (a2). (b) The NP concentration is Qe = 0.003.
The morphology of PT is in (b1) and NP distribution is in (b2). (c) The NP concentration is @y = 0.232. The morphology of PT is in (c1) and NP
distribution is in (c2). The red, blue and yellow colors represent A-, B- and C-blocks, respectively, and NPs are represented in purple colors.

tern,['" as shown in Fig. 4(a1), and the sharp density profiles
in Fig. 4(a2) indicated that the phase separation was located
in the strong segregation region. Our observation about the
PT structure with fy:fg : fc = 0.4:0.3:0.3 was the same as the
previous experimental and SCFT results, although the interac-
tions between blocks were stronger than those in previous
works.7-12141 To examine the effects of filling NPs, we added
NPs with various concentrations into the PT structures, as
shown in Figs. 4(b) and 4(c), respectively. For the low concen-
tration with @y\p=0.003, we observed that the triblock co-
polymer matrix retained the PT pattern, as shown in Fig. 4(b1).

The NPs were distributed among the various cylinder do-
mains, as shown in Fig. 4(b2), similar to previous studies,
where NPs are uniformly distributed at the interfaces among
block domains.126271 Various distributions of NPs were found
in the diblock copolymer matrix where the NPs were located
within the cylinder block domains due to the shape of
particles.’82! For the high concentration with @ =0.232, we
observed that the triblock copolymer matrix retained the PT
pattern, as shown in Fig. 4(c1). We observed as well that the
NPs were not scattered and instead uniformly distributed at
the interfaces between the various hexagonal domains, as

https://doi.org/10.1007/s10118-023-3021-4
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shown in Fig. 4(c2). This is due to the repulsive interactions
between the different beads of DPD that tend to separate,
while the star topology, the presence of the copolymer cent-
ral junction, gives the copolymer connectivity and prevents
its macroscopic separation. In addition, the ratio of the
volume fraction of each block in the PT structure is 0.4:0.3:0.3,
which makes the volume fraction of each block similar. In this
way, when the system reaches equilibrium, the position of
the central node is not easily disturbed. Therefore, PT struc-
ture is more stable than LAM structure. Notably, the distribu-
tions of NPs had the same translation asymmetry as the star
triblock copolymer matrix. This translation along the z axis
originated from the special star topology of the triblock co-
polymer matrix, which enforced the joint points of star blocks
arranged into a line.”! It can be observed that the star topo-
logy has a strong constraint on the PT structure, resulting in a
small effect of nanoparticles on the PT structure. Here, our ob-
servation provided a possible way for the aggregation of NPs
with desired patterns.

Dynamic Processes of NP-filled ABC Star Triblock
Copolymers

In this subsection, we investigated the formation processes for
the structures of NP-filled ABC star copolymers by analyzing the
system free energy, mean square radius of gyration, and shape
factor. We concentrated on the LAM structure and PT structure,
and took the low- and high- concentrations of NPs, as two
examples to evaluate the dynamic processes.

We plotted the energies as functions of step time, as shown
in Fig. 5, where the typical structures were also inserted. In
both cases, the evolution processes can be divided into three
stages: initial, adjustment, and stable. For low-concentration
NP with ®yp=0.005, as shown in Fig. 5(a), we analyzed the en-
ergy evolution in the dynamic processes and the spatial distri-
bution of NPs. When t=01 and Eq./kgT=5.69, the NPs were
distributed randomly in space. In the initial stage of 0—1007,
the free energy rapidly decreased and NPs tended to be dis-
tributed in an orderly manner. When t=100-3007, the en-
ergy slightly oscillated and showed a weak downward trend,
in which the NPs and lamellar structure were in the adjust-
ment stage. When t=300-10007, the process was in the
stable stage for a long time, and the energy of the system
reached the corresponding stable value, Eq../kgT=5.45. In this
stage, the structure reached the equilibrium state. For the
high concentration with @yp =0.330, as shown in Fig. 5(b), the
dynamic process differed from that shown in Fig. 5(a). Spe-
cifically, when t=07, the energy FEqo/ksT=7.50 was much
higher than those in the @y =0.005 case, although the initial
input was randomly distributed similar to the @up=0.005
case. At the initial stage of t=0-230t, the structure obviously
changed and the energy rapidly decreased. Afterwards, the
structure turned to the adjustment stage with t=230-830r.
In this stage, the structure continued to adjust, and energy
had a slow downward trend. During this period, NPs gradu-
ally clustered into columns at the four corners of the space.
When t=830-1000T, the system developed into the stable
stage, and the energy and structure tended to be stable. In
this stage, NPs gathered in columnar shape on the four angles
of x=0-4.0r. and x=12.0-20.0r, along the z-axis. Here, we
compared the dynamic-evolution processes under the influ-

ence of low and high concentration NPs. For high-concentra-
tion NPs, the initial and adjustment stages were longer, and
the time to reach equilibrium was also longer. Previous stud-
ies have reported the dynamic paths of NP aggregation in the
melt of diblock copolymers and NPs.[26271 This process is
demonstrated by analyzing the morphology and nano-
particle distribution at different times. Here, we observed that
the dynamic processes of the system were similar to those
observed in other cooperative self-assembly systems of block
copolymers and NPs.[2426271 But we analyzed the process in
three stages by combining the free energy of the system with
the distribution of the nanoparticles.

Meanwhile, we plot the dynamic process of self-assembly
of the PT structure with NPs at different concentrations. The
evolution process is still divided into three stages: initial
stage, adjustment stage and stable stage, in which the typical
spatial distribution maps of NPs at different stages in the sim-
ulation process are inserted, as shown in Fig. 6. Fig. 6(a) shows
the situation where a small number of NPs are added, i.e., the
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Fig.5 The dynamics processes for LAM with the volume fractions of
fafgifc=0.5:0.4:0.1 The total energy Eq./kgT as function of the time
steps are shown. (a) The insets represent the distribution of NPs at the
time steps of 0t, 1007, 3007, and 10007, respectively, at the low NP
concentration of @y =0.005. (b) The insets represent the
distributions of NPs at the time steps of Ot, 2307, 8307, and 10007,
respectively, at the high NP concentration of @y, = 0.330. The NPs
are represented in purple colors.

https://doi.org/10.1007/s10118-023-3021-4


https://doi.org/10.1007/s10118-023-3021-4

Yan, M. et al./ Chinese J. Polym. Sci. 2023, 41, 1462-1476 1469

a
fpifgifc=0.4:0.3:0.3
$pp=0.003

FRrED R

t@W | 0 | 100 [ 300 [ 1000
b £ .f.£-0.4:03:
fofefc=0.4:0.3:0.3
Prp=0.232
S S—
pl Vol . %7 3 )]
]g?g.g',,o”] IRRRX g‘@Lg‘g.g';
2% 1.0_:'o_‘ i:‘: b :’: o™\ 0%y, #%
S-ademegl IS.etidTed) [3-203-000-
{ietie ot BEdel iet sf i del el s
S itisiry B PRI Lo I
RSt s g et ot I

\ 150 \ 350 \ 1000

Fig. 6 The dynamics processes for PT with the volume fractions of
fafgifc=0.4:0.3:0.3. (a) The insets represent the distribution of NPs at
the time steps of 0t, 1007, 3007, and 10007, respectively, at the low NP
concentration of @y =0.003. (b) The insets represent the
distributions of NPs at the time steps of Ot, 1507, 3507, and 10007,
respectively, at the high NP concentration of @y, = 0.232. The NPs
are represented in purple colors.

volume fraction is ®yp=0.003. When t = 07, the NPs are ran-
domly distributed. In the initial stage, during t = 0—1007, the
ABC star triblock copolymer self-assembles to form a PT struc-
ture, while the NPs move rapidly to the junction of hexagonal
columns formed by different blocks, and begin to show an or-
derly distribution trend in the whole space. When
t=100-3007, the structure of PT and NPs is in the adjust-
ment stage, the distribution of NPs is no longer too dispersed
and begins to gather. When t=300-1000t, the process is in a
stable stage for a long time, the system reaches an equilibri-
um state, and the evolution of PT structure and NPs no longer
occurs. The NPs are aggregated and distributed in different
blocks forming hexagonal column junctions. The situation of
NPs with filled volume fraction is @yp = 0.232, shown in Fig.
6(b). The initial input is also randomly distributed, similar to
the addition of low-concentration NPs. When t=0-1507, the
system is in the initial stage, the structure has changed obvi-
ously. While the ABC star triblock copolymer self-assembled
to form the PT structure, most of the NPs moved rapidly to-
wards the junction of hexagonal columns formed by differ-
ent blocks, and a few remained in the region of hexagonal
columns formed by different blocks. Then, when
t=150-350r7, in the adjustment phase, a small number of NPs
in the region of hexagonal columns formed by different
blocks gradually move towards the junction of hexagonal
columns formed by different blocks. When t=330-10007, the
system develops to a stable stage and the structure is in a
state of equilibrium. At this stage, the NPs aggregate towards
the junction of hexagonal columns formed by different
blocks, and the junctions of each block of the PT structure as-

sembled by the ABC star triblock copolymer body are ar-
ranged in a line. By comparing the dynamic evolution pro-
cess under the influence of low and high-concentration NPs,
we can see that in the case of doping high-concentration NPs,
the initial stage and adjustment stage are longer, and the
time to reach equilibrium is longer. However, compared with
the dynamic process of self-assembly of LAM structures and
NPs, the initial and adjustment stages become very short. This
also indicates that the PT structure is more stable than the
LAM structure.

Then, we considered the mean-square radius of gyration in
the dynamic processes. Actually, the mean square radius of
gyration R; is a tensor that can be expressed as follows:(83.84]

2

2 2
Rgxx Rgxy Rgxz

2 2
Rayy  Rayz an

2
R 9zz

2 _ 2
Rg - RQ,VX

2 2
RQZX RQZY

2 .
where the element Rga/; is

(R3ap) = %, 2 A= rea) (rig = rep)) (12)

with a,B € {xy,z}, where r,, and r., represent the a-
coordinate of the ™ particle and the center of mass,
respectively; and N is the number of chains.

We demonstrated the dynamic processes by the mean-
square radius of gyration in Fig. 7. For the low volume frac-
tion of NPs with , as shown in Fig. 7(a), we plotted the three
components Ry, , Rgyys Ry, O Ryin the dynamic processes, ac-
cording to Egs. (11) and (12). Results showed that the aver-
age values of and were relatively close and greater than those
of when the number of NPs was small, indicating that the
LAM structures were relatively stretched in the x-direction
and y-direction but compacted along the z-direction. Actu-
ally, the addition of low-concentration NPs was similar to
those without NPs, where the average values of and were also
relatively close and greater than those of Ry,,. This result was
similar to the formation process previously observed in phos-
pholipid membranes.l75851 For high-concentration , as shown
in Fig. 7(b), this was not the case. The average values of Ry,
and Ry, were relatively close and greater than those of Ry,,,
indicating that the lamella structures were relatively stretched
in the y-direction and z-direction but compacted in the x-dir-
ection. This finding was due to the effect of NP cylinders that
pushed the triblock copolymers along the z-direction.
Moreover, for low-concentration NPs, the mean-square radi-
us of gyration did not significantly change, indicating that the
lamellar structure did not change in three stages. However, in
the case of adding high-concentration NPs, the mean-square
radius of gyration changed and the values of the three com-
ponents of exceeded the previous two cases, indicating that
the structural changes were relatively larger. This finding was
consistent with our simulation observations that the struc-
tures exhibit three stages in the dynamic processes.

Meanwhile, we also plotted the gyration radius of the PT
structure, as shown in Fig. 8. The dynamic process is different
from that of LAM structure. For the filled low-concentration
NPs with volume fraction of @ =0.003, as shown in Fig.
8(a), we observed three components in the dynamic process
Rgucr Rgyyr Rgzz- The results show that when the concentration
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Fig. 7 The average radius of gyration R; of LAM with the volume
fractions of fy:fg:fc=0.5:0.4:0.1 Three components are shown for the
radius of gyrations at two cases in the dynamics processes, (a) the low
NP concentration of @y =0.005 and (b) the high NP concentration
of Oyp =0.330.

of NPs is small, the average value of Rg,, and Ry, is relatively
close, but Ry, less than Ry, Ry and Ry, far greater than
Rgz- It indicates that the PT structure is relatively stretched in
the x-and y-directions, but relatively tight along the z-direc-
tion. In fact, ABC star triblock copolymer self-assembly into PT
structure, that is, the situation without NPs and low-concen-
tration NPs are similar, and the average value of Rg,, and Ry,
is relatively close, but Ry, less than Ry, Ry, and Ry, is also
much larger than Ry, and they are also close numerically.
This phenomenon indicates that the addition of a small num-
ber of NPs has no significant effect on the structure of PT.
When the volume fraction of NPs reaches @yp=0.232, as
shown in Fig. 8(b), high-concentration NPs do not have a
large impact on the structure of PT, and the trend is consist-
ent. The average value of Ry, and Ry, is relatively close, but
Rgu less than Ry, Ry, and Ry, far greater than Rgy,,. It indic-
ates that the PT structure is still relatively stretched in the x-
direction and y-direction, and relatively tight along the z-dir-
ection. However, the values of the three components are all
lower than those of the filled low-concentration NPs. These
phenomena indicate that the addition of a large number of
NPs has no obvious influence on the structure of PT, but the
aggregation of NPs compresses the structure of PT more
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Fig. 8 The average radius of gyration RS of PT with the volume
fractions of fy:fg:fc=0.4:0.3:0.3 Three components are shown for the
radius of gyrations at two cases in the dynamics processes, (a) the low
NP concentration of @y =0.003 and (b) the high NP concentration of
a)Np =0.232.

closely.

To further describe the changes in the shape of ABC star
triblock copolymer, we extracted the shape factor of the poly-
mer molecules from the average radius of gyrations. Shape
factor (8) can be expressed as follows:[86:87]

2+ 122+ L§L§>

(13)
(L+L5 +15)

(6)y=1- 3<
where 3, 15, and L] are the three eigenvalues of the gyration
radius tensor Rg. For the special conformation, we noted that
the polymer chain had a spherical shape at (§) = 0 and the
polymer chain had a circular shape at (§) = 0.5. Meanwhile, the
polymer chain had a rod-like shape at (&) = 1, and the polymer
chain formed ellipses when () was between 0 and 1.188!

We plotted the variation of the shape factors in the self-as-
sembly process of lamellar structure and NPs at different con-
centrations. As shown in Fig. 9, in the absence of NPs, the ini-
tial value of shape factor was (&) = 0.450, and (&) = 0.445
when the system was in equilibrium, indicating that the ABC
star triblock copolymer chain always had an elliptical con-
formation. This result was similar to previous simulation ob-
servations.l’” For low-concentration NPs, (8) fluctuated
around 0.375, indicating that the conformation of ABC star
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Fig. 9 The shape factor <6> as function of time steps for LAM with
the volume fractions of fy:fg:fc=0.5:0.4:0.1, at the NP concentration of
®yp = 0.000, 0.005, 0.330, respectively.

triblock copolymer chain was also elliptical, but the chain was
relatively compact. However, the addition of high-concentra-
tion NPs made the ABC star triblock copolymer undergo spe-
cial changes. In particular, the shape factor was (&) = 0.540 in
the beginning; (&) first decreased in the initial stage of
t = 0—2301, subsequently increased, and finally decreased
again, indicating that the ABC star triblock copolymer chain

1471

continued to evolve. At t = 230-830t, (6) was about 0.490;
the ABC star triblock copolymer chains tended to have a cir-
cular conformation, and the system was stable at
t = 830—10007, where () increased to 0.510. In this stage,
the ABC star triblock copolymer chain also had an approxim-
ately circular conformation, but it was more relaxed than the
mutual adaptation stage. This result was similar to the dy-
namic process observed in phospholipids under shear.[8
Polymer chains all have an elliptical conformation during
evolution, and in our study, the chain conformation changes
more gently.

Mechanical Properties of ABC Star Triblock
Copolymers

In this subsection, we took the LAM structure as an example to
investigate the mechanical properties under the influence of
different NP concentrations and stiffness. We investigated the
mechanical properties by the interfacial tension.*073%091 Based
on the Irving-Kirkwood theory, we can define the tension
formula o0, along the x-direction:?>-%4

Ox = (pxx> - % ((pyy> + (pzz>) (14)

where the component of the pressure tensor p,, can be
achieved as follows:

1 Np Np N
Pxx = V <ZI.:1 miVixVix + Ziﬂ >1 Fijxxij> (15)

4 4
a b
3F 3t
5 fafg:fc=0.5:0.4:0.1 o fpifgifc=0.5:0.4:0.1
D $np=0.000 s 2r Ppp=0.005
= 3
:\:’ 1r Xx Tr
) v
\
ok WS 0 J /\/\[\/
VM i Mo MDA N ANVLA AN AN .
_'l - _‘I -
- . . . . . _ . . . . .
0 3 6 9 12 15 18 %0 3 6 9 12 15 18
x(r) x(rd
4
C
31 fufyf=05:04:0.1
5L @ne=0330
g |
S~
A oM.
R BN \/W\N\/\‘/\‘/\/
b \
-2 F
=30 4 8 12 16 20

x(ro)
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where V is the system volume, N, is the number of DPD beads,
and x; is the displacement between the " and j" beads in the
x-direction. Fy, is the force between the " and /" beads in the x-
direction. The elements p,, and p,, are similar to p,,, which
have similar expressions in Eq. (14), only replaced by the
corresponding subscripts.

The mechanical properties for the lamellar structures are
shown in Fig. 10, with the volume fractions f,:f3:f-=0.5:0.4:0.1
and Qyp=0.000, 0.005, 0.330, respectively. Fig. 10(b) shows
the addition of NPs (®yp = 0.005), where the value of g, oscil-
lated around 0, indicating that the interfacial tension of the
lamellar structure was about 0, so that it was basically in a no-
pressure state. Indeed, as shown in Fig. 10(a), the lamellar
structure had no interfacial tension without adding the NPs
(ONp=0.000), which has been observed in some
membranes.7475951 Herein, our observations indicated that
the small numbers of NPs were unable to influence the inter-
facial tensions. However, when in the number of NPs was in-
creased to a large value, for example, when Q@ =0.330, the
co-assembly led to variations in the structures of triblock co-
polymers and resulted in changes in interfacial tension, as
shown in Fig. 10(c). It can be observed that the value of o, ap-
peared only as the minimum value near x=4.0r. and
x = 12.0r., and other positions oscillated around zero. These
results showed that the surface tension was not zero at the in-

4

a
| fa=05 —— k=05
—— k=10.0

<oz>/(kBT/r2)

terfaces between the different lamellar domains, but no inter-
facial tension existed within the cylinder where NPs were
gathered and the lamellar domains were located. While
x =4.0r. and x = 12.0r, are at the junction of the columnar
structure formed by NPs and the lamellar structure, therefore,
o, will have a sudden change. Previous SCFT calculation and
MC simulation studies also report zero interfacial tensions at
the interfaces between two different domains in NP-filled dib-
lock copolymers, thereby confirming our DPD results.[96:97]
Additionally, we investigated the interfacial tensions in the
LAM structures with different chain flexibilities for ABC star
triblock copolymers, and results are shown in Fig. 11. We took
k = 0.5 as the flexibility chain and k = 10.0 as the rigidity one.
For the first case shown in Fig. 11(a), we set the A-block to be
k =0.5 and 10.0, whereas the B- and C-blocks were com-
pletely flexible. When only the A-blocks varied their chain
form from flexible to rigid, the interfacial tension o, changed
near the boundaries of the A- and B-block domains. We ob-
served similar variations in the interfacial tension o, when the
stiffnesses were k=0.5 and 10.0, as shown in Fig. 11(a). This
behavior also appeared in the diblock copolymers where the
chains were flexible.l?097] To examine the star topology in the
triblock copolymers, we changed the chain flexibilities for B-
and C-blocks, as shown in Fig. 11(b). We observed that the
variations were not obvious for the rigidity case than those in
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Fig. 11 The interface tension <o,> as function of time steps for LAM with the volume fractions of f,:fg:fc=0.5:0.4:0.1, at two different stiffness
k = 0.5, 10.0. (a) The stiffness of A-block, (b) the stiffness of B- and C-block, and (c) the stiffness of A-, B- and C-block.
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the flexibility case. In other words, the ABC star triblock co-
polymers exhibited obvious interfacial tensions between the
different block domains when the chains were flexible. When
we changed the flexibilities for all A-, B- and C-blocks, the
variations in interfacial tension o, became more obvious, as
shown in Fig. 11(c). In particular, the interfacial tension o,
changed smoothly across the interfaces between two do-
mains when k=10.0 but more drastically when k=0.5. In the
flexibility case, the chains stretched more completely and had
greater interfacial width than those in the rigidity case, lead-
ing to obvious variations between the two domains in the
flexibility case.

CONCLUSIONS

We investigated the co-assembly of NP-filled ABC star triblock
copolymers through CG model-based DPD simulation. We
selected the LAM and PT structures to examine the filling effects
of NPs in two cases, the low- and high-concentration NPs. We
investigated the co-assembly for the ABC star triblock
copolymers and NPs in equilibrium states and dynamic
processes. We also evaluated the mechanical properties of ABC
star triblock copolymers by using interfacial tensions.

For the equilibrium states, a low NP concentration was un-
able to affect the LAM and PT structures of ABC star triblock
copolymers, whereas the LAM and PT directed the NPs to dis-
tribute between the interfaces among the different domains.
However, the high NP concentrations affected the LAM and
PT structures in different ways. In LAM structures, the NPs
were forced into four cylindrical zones and coexisted with the
polymer LAM, whereas the NPs were still distributed at the in-
terfaces between the tiling domains at high NP concentra-
tions. Such different aggregation behaviors were due to the
strong star-topology confinement in the tiling structures of
the triblock copolymers. The repulsive interactions between
the different beads of DPD tend to separate the different
blocks, and the star topology, which is the presence of the
heart knot in the copolymer, gives the copolymer connectiv-
ity and prevents its macroscopic separation. We sub-
sequently investigated the dynamic processes of the NP-filled
LAM and PT structures for ABC star triblock copolymers. The
dynamic processes can be sorted into three stages, i.e., the
initial, adjustment, and stable stages, in low and high NP con-
centrations. For LAM structures, the energy of the system is
lower and the time to reach equilibrium is shorter when the
low-concentration NPs are added. According to the radius of
rotation and shape factor, the addition of a small number of
NPs has no significant effect on the microstructure. When
high-concentration NPs are added, the energy of the system
is higher, the structure is destroyed, and the time to reach
equilibrium becomes longer. The observation of gyration ra-
dius shows that the high-concentration NPs have a strong ef-
fect on the molecular conformation of ABC star triblock co-
polymer, which is further confirmed by the results of shape
factor. For PT structures, the filled of low-concentration NPs is
similar to that of high-concentration NPs. The radius of rota-
tion indicate that the PT structure is only compressed more
tightly when filled with a large number of NPs. The dynamic
process and chain conformation of the two microstructures
are compared, and it is found that the PT structure is more
stable than the LAM structure. Moreover, we investigated the

mechanical properties by analyzing the interfacial tensions
for the LAM structures. Results showed that the surface ten-
sion was not zero at interfaces between the different lamellar
domains, but no interfacial tension existed within the cylin-
der where NPs were gathered and the lamellar domains were
located. In particular, the interfacial tension o, changed
smoothly across the interfaces between two domains at the
rigidity of k=10.0 but more drastically at the flexible case
with k=0.5, in which the chains were stretched more com-
pletely and had greater interfacial width than those in the ri-
gidity case, leading to obvious variations between the two
domains. It should be pointed out that although the simple
NP modelling can describe the main features of NPs in the
current simulations, this model cannot characterize the ef-
fects of the size and shape of NPs. We still need to model the
complex NP in the future. For example, if the NPs can reach
block size, it can be predicted that the NPs may cause more
severe deformation of the structure and hinder the self-as-
sembly of the star triblock copolymer, which is a topic worthy
of further investigation. We expect abundant microstructures
with various NP concentrations to predict the dynamic pro-
cesses and mechanical properties in the future and thus
provide a deeper understanding of the co-assembly of block
copolymers with special topologies.
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