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We employ cell dynamics simulation based on the CH/BD model to investigate the self-assembly behavior of a
mixed system consisting of diblock copolymers (AB), homopolymers (C), and Janus nanorods. The results indicate
that, at different component ratios, the mixed system undergoes various phase transitions with an increasing
number of nanorods. Specifically, when the homopolymer component is 0.40, the mixed system transitions
from a disordered structure to a parallel lamellar structure, subsequently to a tilted layered structure, and ulti-
mately to a perpendicular lamellar structure as the number of nanorods increases. To explore this phenomenon
in greater depth, we conduct a comprehensive analysis of domain sizes and pattern evolution. Additionally,
we investigate the effects of the repulsive interaction strength between polymers, wetting strength, length of
nanorods, and degree of asymmetry on the self-assembly behavior of the mixed system. This research provides
significant theoretical and experimental insights for the preparation of novel nanomaterials.
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1. Introduction

Soft matter is characterized as a complex material state of matter that exists between solid and
ideal fluid forms, distinguished by its unique self-assembly capabilities that facilitate the formation
of intricate structures. This material exhibits pronounced macroscopic effects in response to minimal
external stimuli, thereby demonstrating a wide range of physical and chemical properties [1-4]. In the
field of materials science, a significant enhancement of material properties can be achieved through the
blending of various types of atoms, compounds, or macromolecules, especially pronounced in polymer
systems [5]. Polymers, and block copolymers in particular, have demonstrated considerable potential
to be applied in the fields such as nanolithography, optoelectronic devices, and biomedicine, owing to
their unique molecular architectures and characteristics of microphase separation [6H16]. Furthermore,
polymer nanocomposites, which are synthesized by incorporating nanorods or nanoparticles into polymer
matrices, exhibit remarkable properties in various fields such as optics, electronics, magnetics, and
mechanics, thus attracting significant interest as a focal point of research within materials science [17-
23].

Wu and Lu [24] explored the selective partitioning of silver nanowires in polystyrene/poly(vinyl
pyrrolidone) (PS/PVP) blend films, demonstrating that the incorporation and surface modification of
silver nanowires considerably affect the morphology of the blend, thereby offering potential applications
in the regulation of phase-separated structures. Chiu et al. investigated the distribution and self-assembly
behavior of gold nanoparticles in various block copolymers including polystyrene-poly(2-vinylpyridine)
(PS-PVP) [23]], polystyrene-b-2-vinylpyridine (PS-P2VP) [26], and polystyrene-b-poly(2-vinylpyridine)
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(PS-b-P2VP) [27,128]]. Their findings indicated that modifications to the surface chemistry of the nanopar-
ticles facilitated a precise positioning and a controlled distribution within the block copolymer matrix.
Yeh et al. [29] investigated the morphological transitions induced by cadmium sulfide (CdS) nanoparti-
cles in poly(styrene-b-4-vinylpyridine) (S4VP) block copolymers, revealing that the introduction of CdS
nanoparticles led to a transformation of the S4VP block from a hexagonal close-packed cylindrical struc-
ture to a lamellar structure. Park et al. [30] studied the morphological transition in a bilayer film of poly
(acrylic acid) (PAA) and polystyrene (PS) block copolymer (BCP) induced by magnetic nanoparticles
(MNPs). Their research demonstrated that the aggregation of nanoparticles could induce a morphological
transition in the BCP bilayer film, resulting in a shift from a bilayer structure to spherical micelles. Numer-
ous additional studies have elucidated the mechanisms by which nanoparticles regulate the phase behavior
of copolymers [31H33]]. Li et al. [34] synthesized a substantial quantity of ZnO nanorods utilizing polar
polymer polyvinyl alcohol (PVA) as soft template,controlling the growth of the nanorods by varying
the annealing temperature. Zhang et al. [35] developed pH-responsive nanoparticle/polymer compos-
ite microcapsules through the polyamine-salt polymerization method. These composite microcapsules,
which possess pH-sensing capabilities and drug-loading functionalities, are particularly advantageous
for real-time monitoring of local intracellular pH during drug delivery processes.

In addition to experimental investigations, theoretical research concerning polymer nanocomposites
has attracted considerable scholarly interest, with the anticipation that theoretical results will corroborate
experimental findings and offer insights for the future developments of innovative nanomaterials. Balazs
and his colleagues developed a coarse-grained model [36] to study the phase separation dynamics of
nanoparticles and nanorods in a binary mixture. Their finding indicated that when nanoscale low-volume
rods are immersed in a binary phase-separated blend, they self-assemble into a needle-like permeable
network [37]], which confirmed experimental findings of Wu and Lu [24]]. Subsequently, they explored
the self-assembly behavior of composites made from block copolymers and nanoparticles [38] and under
confinement between two hard walls [39], revealing the mechanism by which nanoparticles regulate the
phase behavior of copolymers. Ma and his research team revealed the physical mechanisms of interac-
tions between nanoparticles by using dissipative particle dynamics (DPD) methods [40] and studied the
migration processes of nanoparticles [41]. They also researched on the morphological control of nanopar-
ticles using Monte Carlo simulation methods [42]]. Kalra et al. [43] investigated the dispersion behavior
of selective and non-selective nanoparticles in symmetric diblock copolymers under shear flow using
molecular dynamics simulations. There findings indicated that shear flow has a substantial impact on the
positioning of nanoparticles, which can serve as a parameter to control the self-assembly of nanocom-
posites. Selective nanoparticles exhibited a tendency to aggregate at the ends of the copolymer chains
to which they are attracted, whereas non-selective nanoparticles predominantly localized at the interface
between the two phases. Zhang and colleagues employed a third-order parameter model, examined the
phase behavior of diblock copolymer-homopolymer mixtures with modulated wettable particles [44] and
oscillatory particles [45]]. They subsequently analyzed the phase behavior in the binary blend of diblock
copolymers mixtures induced by the oscillatory nanoparticles [46]], and wettable nanoparticles [47]] using
cell dynamics simulation. Additionally, they investigated the self-assembly behavior of diblock copoly-
mers [18}[19] and block copolymer-homopolymer mixtures [48] induced by nanorods, thereby providing
valuable insights for the development of novel high-performance nanomaterials. Diaz and colleagues
used cell dynamics and brownian dynamics simulations to study the co-assembly behavior of nanoparti-
cles in BCP systems, considering the effects of nanoparticles with different affinities, concentrations, and
sizes on the phase behavior of BCPs [49-52]]. They also found that non-spherical nanoparticles can inter-
act anisotropically with both the surrounding medium and with themselves [53]]. Taylor and colleagues
investigated the diffusion of thin nanorods within entangled polymer melts by applying coarse-grained
molecular dynamics simulations, emphasizing the impact of nanorod length and roughness on their
dynamics [54]. Zhou et al. [55] investigated the influence of nanorod surface properties on the phase
separation kinetics and morphological transition of immiscible polymer blends under both shear and
shear-free conditions through dissipative particle dynamics simulations. Osipov et al. [56] explored the
orientational ordering and spatial distribution of nanorods of varying lengths within the lamellar phase
of diblock copolymers using a combination of theoretical models and dissipative dynamics simulations.
Huang also used this methodology to simulate and investigate the self-assembly behavior of mixtures of
amphiphilic block copolymers and nanoparticles within nanotubes of various sizes and surface proper-
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ties [57]. This study demonstrated that by altering the dimensions and surface properties of the nanotubes,
nanoparticles can be assembled into various structures, including nanowires, nanotubes, stacked disks,
single helices, and double helices. Yao et al. [S8]] examined the supramolecular polymerization behavior
of polymeric nanorods mediated by block copolymers, observing that block copolymers can modulate the
interactions between nanorods, facilitating the formation of bundles. Furthermore, the BCPs ultimately
led to the development of helical nanopatterns on the surfaces of these bundles.

Janus nanoparticles, a new type of nanomaterial characterized by their unique asymmetry, outper-
form conventional nanoparticles due to their special structures and properties [59]]. This lends them
considerable research importance across various fields [S9H660], consequently urging extensive interest
and attention [67H75]. As one of the anisotropic particles, Janus nanorods are gaining significance as
additives in the production of polymer composites. The incorporation of nanorods into polymeric mate-
rials results in composites that exhibit superior mechanical properties compared to polymers containing
an equivalent volume fraction of spherical inclusions [18]]. Yan and his colleagues demonstrated that the
Cahn-Hilliard/Brownian dynamics (CH/BD) model is capable of effectively studying and predicting the
self-assembly behavior of Janus nanorods in a polymer matrix [[76], as well as regulating these behaviors
through external conditions such as shear fields [[77]. Subsequently, they employed dissipative particle
dynamics to investigate the self-assembly behavior of nanoparticles at interfaces, highlighting the signif-
icant influence of entropy in the organization of nanoparticles 78 [79]. Diaz and his team utilized cell
dynamics and Brownian dynamics simulation to investigate the co-assembly behavior of Janus nanopar-
ticles within block copolymer systems [69]. Li et al. [70] employed DPD method to investigate the role of
Janus nanoparticles in the phase separation dynamics of polymer blends. Their findings showed that these
nanoparticles have a dual function of accelerating decomposition at early stages and delaying it at later
stages. Paiva et al. used DPD method to study the oriented assembly of Janus nanorods, demonstrating
the tunability of their rolling behavior at interfaces through shear rate, interaction potential, and particle
concentration [80]. Zhou et al. also employed the DPD method to explore the impact of Janus nanorods
on interfacial tension in A/B homopolymer blends, highlighting the significance of the rod length in
controlling their orientation due to complex entropic and enthalpic interactions [81]. Wang et al. found
that Janus nanoparticles placed at block copolymer interfaces through molecular dynamics (MD) simu-
lation can considerably improve the stress-strain behavior [82]. Burgos-Marmol et al. conducted a study
on the structural and dynamic properties of Janus nanodimers dispersed in diblock copolymer lamellar
phases using MD simulation, demonstrating that tailored interactions can facilitate a precise control
over the spatial distribution and orientation of these nanodimers [83]]. Osipov et al. also employed MD
simulations to study the orientational ordering and spatial distribution of Janus nanoparticles in lamellar
diblock copolymers, confirming their preferential localization and highly ordered arrangement at the
boundary region, which is driven by differential affinities for distinct monomer structural domains [|84].
These studies highlight the adaptability and potential applications of Janus nanoparticles and nanorods
in modulating the properties of polymer systems.

In terms of experimentation, Liu et al. fabricated Janus particles of block copolymer/homopolymer
(BCP/hP) blends through three-dimensional confined self-assembly (3DCSA) guided by dynamic neu-
tral interfaces, and then employed a self-templating selective direct carbonization strategy to prepare
composite asymmetric mesoporous carbon microparticles (MCMPs) [75]]. Zhang et al. investigated the
mechanisms governing the self-assembly of block copolymers within emulsion droplets, and prepared
Janus particles through a combination of selective crosslinking and disassembly techniques [85]]. Han et
al. successfully synthesized Janus-structured nanorods harnessing hydrogen bonding interactions, demon-
strating their potential in nanomaterial fabrication [86]. Li et al. successfully synthesized 3-miktoarm
star terpolymers (PEG-star-PCL-star-P(CL-co-THF)) via Janus polymerization, yielding high-aspect-
ratio nanorods and needle-like structures upon self-assembly at interfaces [87]. Yang et al. delved into
how designing and manufacturing Janus nanoparticles can regulate their interfacial distribution within
block copolymers, thereby influencing the structure and properties of the composites [88]]. These studies
not only highlight the critical significance of Janus nanoparticles in composite materials but also present
the strategies for optimizing the properties of these composites through modifications in nanoparticle
composition and processing parameters.

Our research focuses on thoroughly investigating the self-assembly behavior of a diblock copoly-
mer/homopolymer/Janus nanorod mixed system, with the goal of developing nanomaterials that possess
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unique functions and advancing scientific research and technological innovation in related areas. Sec-
tion [2] outlines the computational methods used in this study, while section [3] presents the results and
discussions, and sectionE]concludes the findings.

2. Theoretical models and simulation methods

We employ a combined method based on CH/BD (Cahn-Hilliard/Brownian Dynamics) model [36/89-
91] to investigate the self-assembly behavior of a symmetric diblock copolymer (AB)/homopolymer
(C)/Janus nanorods mixed system. The diblock copolymer consists of A and B blocks connected by
covalent bonds, while the homopolymer consists of iterating units of monomer C. In our model, we use
the CH model to describe the polymer system, while for the Janus nanorods system, we use the BD model
to describe it.

The dynamic equations for the diblock copolymer/homopolymer mixed system are complex, and their
specific expressions are given as follows:

on 2 OF
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ot v oY 2.2)

In these equations, M;, and M, denote the mobilities of the respective polymers. The variable ¢y = ¢ —¢p
describes phase separation in the diblock copolymer, while 7 = ¢ +¢p—ic characterizes phase separation
between the diblock copolymer and the homopolymer. The term ¢ = V/Nc/(V/Nag + VNc) represents
the critical volume fraction for phase separation, which depends on the degree of polymerization of each
component. Here, Nag = Na + Np, where N, N, Nc are the polymerization indices of blocks A, B,
and hompolymer C, respectively.

The motion of Janus nanorods is described by Langevin equations:
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dt or; *é 2.3)
00; M>0F
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M, and M, are the mobility coefficients related to the motion and rotation of the nanorods, while ¢;
and &; denote thermal fluctuations where r; and 6; represent the center-of-mass position and orientation
angle of the i-th Janus nanorod, respectively. The parameters satisfy the fluctuation-dissipation relations.
The free energy F [36}92] of the diblock copolymer (AB)/homopolymer (C) /Janus nanorods mixed

system is composed of three parts:
F = FgL + FcpL + FRrr. (25)

Fg1, describes the Ginzburg-Landau free energy of the diblock copolymer:

_ _a.n é 4, ¢ 2 _a_’2 b_’4 C_’ 2
FGL(n,w)—Jdr[( AR +2(Vw))+( S +2(V77)

1
thun = shan?|+ 5 [[arar G vl —uel. 26)

where a, b, ¢, a’, b’, ¢’, by and b, are constants, by [93][94] is the repulsive interaction strength between
polymers, expressed as b1 = (yBc — yac)/2, ba [95] is defined as the expression by = 1/yycNa. G(r, 1)
is the Green’s function defined by the equation —V>G(r,r’) = 6(r — r’), « describes the strength of
the long-range force owing to the covalent linkage between the A and B components. For a symmetric
diblock copolymer, the average value of ¢ is denoted by ¢y = 0; by contrast, for asymmetric diblock
copolymer, o # 0 [96-98].
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Figure 1. (Colour online) The phase diagram of symmetrical diblock copolymer/homopolymer/Janus
nanorods mixed system as a function of NL and fc, ¥ =0, L =3, Lg = 1, @ = 0.02, b1 = 0.10,
Vo = 0.08, y = 0.5. The morphologies without Janus nanorods are shown on the left-hand and right-
hand sides, while the corresponding morphologies with Janus nanorods are shown below. Phase A is
represented in red, phase B is represented in blue, phase C is represented in green, and the Janus nanorods
are represented in black.

FcpL describes the interaction free energy between the polymer and Janus nanorods, expressed as
follows:
—|r — sl

FopL = J dr Z J ds; Vo exp (—) [W(r) - W, Q.7)

ro

where s; = r; + 0s; denotes a point on the surface of the i-th Janus nanorod, and fdr represents the
integral over the length of the i-th nanorod. When W(r) = ¢ = ¢4 — ¢ and Wy, = 1, Janus nanorods
are preferentially wetted by phase A. When W(r) = ¢ = ¢ — ¢p and W, = —1, Janus nanorods are
preferentially wetted by phase B. When W(r) = n = ¢4 + ¢ — ¥c and W,, = —1, Janus nanorods
are preferentially wetted by phase C. V(r — s;) = Vpexp[(—|r — s;])/ro] denotes the short-range wetting
interaction, where the wetting strength of Janus nanorods on the polymer is denoted as Vjy, and r indicates
the range of the interaction.

Frr describes the interaction free energy between Janus nanorods, expressed as follows:

(2.8)

Fag = X2 2, (L—ri—rj)?- [%—C052(9i—91)], lri —rjl <L,
0, lri—rjl > L,

where y is the interaction strength between Janus nanorods, and L denotes the length of the Janus
nanorods.

We perform numerical simulations of the free energy expressions (2.3)—(2.8) and kinetic equa-
tions (2.1)—(2-4) for the polymer nanocomposite system using cell dynamics simulations [99-102]] based
on the CH/BD model in a 128 x 128 two-dimensional space with discretization and periodic boundary
conditions. In our simulation calculations, the homopolymer component is represented by fc. Further-
more, the Janus nanorods are designed as amphiphilic structures that can simultaneously wet both phase
B and C, with Lp representing the length of B-like sites of rod, and NL denoting the number of Janus
nanorods. Unless otherwise specified, the default parameters for the simulation calculations are defined
as: M; =1.0,M, =1.0,M,, =M, =1.0, Lg =1, b, = 0.2, At = 0.6. All parameters have been rescaled
into dimensionless units.
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Figure 2. The double logarithmic plots of the evolution of domain sizes Rx and Ry in the polymer
nanocomposite system as a function of time in different rod numbers at fc = 0.40. Curve a, NL = 4;
curve b, NL = 13; curve ¢, NL = 310.
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Figure 3. (Colour online) (a) Pattern evolution of the mixed system as a function of time corresponding
to the horizontal layered structure in figure[I[I). (b) The double logarithmic plot of microdomain sizes in
x and y direction.

3. Results and discussion

3.1. Phase diagram

The phase diagram of the symmetrical diblock copolymer/homopolymer/Janus nanorods mixed sys-
tem, as a function of NL and fc is presented in figure[I] In the absence of Janus nanorods, the polymer
system undergoes a phase transition with increasing fc: from a sideways “T” structure (fc = 0.3) to
a roundabout structure (fc = 0.4), to a pie-shaped structure (fc = 0.5), to a concentric circular ring
structure (fc = 0.6), and finally to a sea (phase C)-island (phase AB) structure (fc = 0.7). When fc is
small, phase C is surrounded by the phase AB. Conversely, as fc increases and the diblock copolymer
AB component gradually decreases, the phase AB transforms into the dispersed island-like structure
surrounded by the phase C. With the doping of Janus nanorods into the aforementioned polymer system,
the mixed system exhibits five distinct morphologies: (I) a horizontal layered structure, represented by
a thombus; (I) an tilted layered structure, represented by an equilateral triangle; (III) a vertical layered
structure, represented by a square; (IV) a faulted tilted layered structure, represented by an inverted
triangle. Furthermore, the disordered structure is represented by a pentagram.

Figure([T]illustrates that the number of rods ranges from 1 to 310. We observe that when fc is relatively
small (as shown in figure[T]with fc = 0.30 and fc = 0.40), the polymer system exhibits a phase transition
from disorder to tilted layered structures, and then to vertical layered structures with an increase of NL.
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Figure 4. (Colour online) (a) Pattern evolution of the mixed system as a function of time corresponding
to the horizontal layered structure in figure [T(II). (b) The double logarithmic plot of microdomain sizes
in x and y direction.

Notably, when fc = 0.40 and N L is low, horizontal layered structures are observed. When fc is relatively
large (as shown in figure [I| with fc = 0.50, fc = 0.65, and fc = 0.70), the polymer system exhibits
discontinuous tilted layered structures, which can be attributed to the reduction of phase AB. As NL
increases, this structure eventually transforms into a continuous tilted layered structure and then into
vertical layered structure. When fc is large (fc = 0.70), the scarcity of phase AB is pronounced, and
even a large N L value fails to reconnect the discontinuous tilted layered structure.

Notably, the polymer system undergoes a transition from a tilted layered structure to a faulted tilted
layered structure as fc increases within the N L range of 14 to 20. In contrast to the polymer system with
fc = 0.50, which forms a faulted tilted layered structure at NL = 10, the polymer systems with fc = 0.65
and fc = 0.70 necessitate a substantially elevated N L value of 15 for the realization of the same structural
morphology. We further note that for the polymer system, the formation of a vertical layered structure
occurs at NL = 270 when fc = 0.70. In the case of fc = 0.65, the onset of the formation of this particular
structure is observed at NL = 260. When fc is 0.50, the polymer system requires N L to reach 210 for
the initial appearance of the vertical layered structure. Interestingly, for fc values of 0.30 and 0.40, the
same vertical layered structure is formed at a relatively lower NL value of 150. This indicates that the
larger is fc, the fewer Janus nanorods are required for the formation of a vertical layered structure.

In this polymer system, b is set to be 0.10, representing the repulsive interaction strength between
polymers, which can be considered as the difference between the ypc and yac. Since ypc > yac, it
implies that the phase interface between the AB block copolymer and the homopolymer C should be the
red A phase. However, some regions of the phase interface unexpectedly exhibit the blue B phase, as
shown in the morphologies with Janus nanorods in figure[I] This phenomenon arises due to the presence
of Janus nanorods, which are amphiphilic and simultaneously wetten both the phase B and C. As a result,
the Janus nanorods induce the appearance of the B phase at certain interfacial regions.

3.2. Evolution progress

To consider the above phenomenon in a greater depth, we numerically calculate the domain size R;(¢)
(where i = x or y) as a function of time. The domain size R; () is defined as an inverse of the first moment
of the structure factor S(k, ¢):

Ri(1) = 2n/(ki (D)), (3.1

where (k;(t)) = j dk k;S(k,t)/ f dk S(k, t), the structure factor S(k, ¢) depends on the Fourier compo-
nents of the spatial concentration distribution [103]]. Figure [2] shows the double logarithmic plots of the
microdomain size R;(¢) in the x and y directions as a function of time for different numbers of Janus
nanorods at fc = 0.40. Curves a, b and ¢ correspond to figure [T[I), (II), and (III), with the number of
Janus nanorods being NL =4, NL = 13, and NL = 310. All the results are averaged over 10 calculations.
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Figure 5. (Colour online) (a) Pattern evolution of the mixed system as a function of time corresponding
to the horizontal layered structure in figure E[III). (b) The double logarithmic plot of microdomain sizes
in x and y direction.

From figure a), in equilibrium, the domain size R (¢) decreases as NL increases (from curve a
to curve c). This indicates that curve a exhibits the largest microdomain coarsening in the x direction,
corresponding to the horizontal layered structure in figure [T(I). With an increase of NL (from curve
a to curve b), the coarsening of microdomain in the x direction is suppressed, aligning with the tilted
layered structure in figure [T{II). The coarsening of microdomain in the x direction reaches a minimum
as NL continues to increase (from curve b to curve c), corresponding to the vertical layered structure in
figure [T(III).

Figure b) shows that the domain size R, (¢) in equilibrium increases as N L increases (from curve a
to curve c), indicating that the coarsening of microdomain in the y direction intensifies with increasing
NL. This further validates the phase transition from a horizontal layered structure to a tilted layered
structure, and ultimately to a vertical layered structure. We can also see that the structure of microdomain
is stable since the domain size does not change with time at the later stage.

To monitor the process of forming the ordered structures corresponding to figure [T(T), (II), and (TII),
we present the pattern evolution of the mixed system for NL values of 4, 13, and 310, as shown in
figures [3] ] and 5] Meanwhile, we also provide a comparison between the microdomain sizes in the x
and y directions.

Figure 3] shows that the polymer system is in a disordered state in the early stage of phase separation
(t = 1000), with Janus nanorods distributed randomly at the phase interface. Correspondingly, the domain
size R, exceeds R, to a small extent, and they are approximately equal. During the middle stage of phase
separation (1000 < ¢ < 1000000), the polymer system begins to exhibit a tendency towards the formation
of a horizontal layered structure. In the late stage of phase separation (¢ > 1000000), the polymer system
exhibits an ordered horizontal layered structure, with the Janus nanorods anchored nearly perpendicular
to the phase interface between phases B and C. Moreover, it is evident that the domain size R, is
substantially greater than R, at equilibrium, providing further confirmation of the previously observed
parallel layered structure.

3.3. The influence of other parameters

When the number of Janus nanorods is 13, the resulting morphology exhibits a tilted layered structure.
The corresponding morphological evolution and the domain sizes R; are illustrated in figure 4] Similar
to figure[3] at the early stage of phase separation (+ = 1000), the polymer system also shows a disordered
structure. However, at this stage, R, is slightly larger than R, indicating a tendency for the structure to
transition towards a tilted layered configuration. Subsequently, the polymer system gradually transitions
to a tilted layered structure as time evolves, with the Janus nonorods being pinned at the phase interface
at a certain angle. The variations of R, and R, have slowed considerably compared to those observed in
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Figure 6. (Colour online) The influence of b and Vjj on the morphologies of polymer nanocomposite
system with different NL, fc = 0.40, L =3, Lg =1, = 0.02, y = 0.5. (al) b; = 0.01, V = 0.08,
NL = 4; (a2) by = 0.05, Vy = 0.08, NL = 4; (a3) by = 0.10, Vy = 0.08, NL = 4; (a4) by = 0.10,
Vo = 0.07, NL = 4; (a5) b; = 0.10, Vy = 0.01, NL = 4; (bl) by = 0.01, Vo = 0.08, NL = 13;
(b2) by =0.05, Vy = 0.08, NL = 13; (b3) b; = 0.10, Vy = 0.08, NL = 13; (b4) b1 = 0.10, Vy = 0.07,
NL = 13; (b5) b1 =0.10, Vy = 0.01, NL = 13; (c1) by = 0.01, Vy = 0.08, NL = 310; (c2) by = 0.05,
Vo = 0.08, NL = 310; (c3) b1 = 0.10, Vo = 0.08, NL = 310; (c4) by = 0.10, Vo = 0.07, NL = 310;
(c5) by = 0.10, Vi = 0.01, NL = 310. Phase A is represented in red, phase B is represented in blue,
phase C is represented in green, and the Janus nanorods are represented in black.

figure El However, R, ultimately remains greater than R,, further substantiating that the rusulting tilted
layered structure is oriented preferentially along the x— direction.

As the number of Janus nanorods increases considerably to 310, the polymer system ultimately evolves
into a vertical layered structure. The corresponding morphological evolution and the growth curve of
the domain size are illustrated in ﬁgureEl Similarly, the disordered structure corresonds to Ry =~ R,. As
time progresses, the polymer system first forms a defective tilted layered structure (¢t = 10000), at which
point Ry is considerably greater than R,. As time continues to increase, the polymer system gradually
transitions to a vertical layered structure. Thus, the domain size R steadily decreases, while R, gradually
increases, until it reaches a stable state where R, is considerably greater than R, corresponding to the
vertical layered structure.

Systematic evaluations of the effects of various parameters on the polymer system provide a valuable
guidance for the assembly of the nanocomposites. In addition to the number of nanorods and the
composition ratio, we also consider the effects of the repulsive interaction strength between polymers,
the wetting strength, the length of nanorods, and the degree of asymmetry.

3.3.1. The repulsive interaction strength and wetting strength

Figure[6]shows the influence of the wetting strength V; and the repulsive interaction strength between
polymers b; on the phase behavior of the polymer system. As shown in figure[6} the morphologies in the
first, second, and third rows correspond to different numbers of Janus nanorods (NL): 4, 13, and 310,
respectively. The morphologies in the central column correspond to by = 0.10 and V;) = 0.08, while the
two columns on the left correspond to »; values of 0.01 and 0.05, and the two columns on the right
correspond to Vj values of 0.07 and 0.01, respectively.

We observe that the polymer system undergoes a phase transition from parallel lamellar structures to
tilted lamellar structures and eventually to perpendicular lamellar structures as the number of nanorods

33602-9



Y. Q. Guo, J. Liu, H. R. He, N. Wu, J. J. Zhang

(al) (a2) (a3)
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Figure 7. (Colour online) The influence of V{y on the morphologies of polymer nanocomposite system
with different NL, fc = 0.65, L =3, Lg = 1, @ = 0.02, b1 = 0.10, y = 0.5. (al) Vy = 0.01, NL = 15;
(a2) Vp =0.08, NL = 15; (a3) Vo = 0.12, NL = 15; (b1) V) = 0.01, NL = 19; (b2) V) = 0.08, NL = 19;
(b3) Vo = 0.12, NL = 19. Phase A is represented in red, phase B is represented in blue, phase C is
represented in green, and the Janus nanorods are represented in black.

increases, a phenomenon also noted in the phase diagram presented in figure I} However, if either b;
or Vj decreases, different structures will emerge. When the number of nanorods is small (NL = 4), the
polymer system gradually transitions from the original parallel lamellae [figure [p[a3)] to perpendicular
lamellae [figure |§ka1)] as by decreases. For moderate values of by, the system exhibits a coexistence
structure of parallel and perpendicular orientations [figure [B[a2)]. The underlying reason is that when
by is large, the repulsive interaction between phase B and C is much stronger than that between phase
A and C, leading to a lamellar structure dominated by the red A phase at the phase interface. However,
since the Janus nanorods simultaneously wet both phases B and C, their effect results in the appearance
of the blue B phase at certain interfacial regions. As b; decreases further, the difference between ypc
and ysc diminishes. An increased interfacial contact area between the phases A and C leads to the
formation of a coexistence structure of parallel and perpendicular orientations. When the number of
nanorods is moderate (NL = 13), the polymer system transitions from a slanted layered structure with
parallel alignment of the AB phase [figure [§(b3)] to a slanted layered structure where the AB phase
coexists in both parallel and perpendicular orientations [figure [f[b2)] as b; decreases. As by decreases
further to 0.01, the polymer system transitions into a disordered state, with the interfacial contact area
between phases A and C being approximately equal to that between phases B and C. However, when
the number of Janus nanorods is relatively high (NL = 310), the polymer system has already formed
a perpendicular layered structure induced by the Janus nanorods. Thus, a decreasing b; has an effect
similar to the increasing number of nanorods. Consequently, the decrease of b, does not significantly
impact the polymer system, which remains in a perpendicular layered structure.

When decreasing the wetting strength Vj, it is evident that the interaction between the rods and the
phase is weakened, which implies that the effect of the Janus nanorods on the phase behavior of the
polymer system is also diminished. A larger rod number and a stronger rod-phase interaction result in the
formation of a perpendicular layered structure with Vy = 0.08 and NL = 310 [figure[6{c3)]. Nevertheless,
if Vj decreases, a similar tilted layere structure appears [figure [6{c4)], which is equivalent to the effect
of reducing the number of rods. A further decrease in Vjy causes the polymer system to transform into
a disordered state [figure |§[C5)]. In other cases, the effects of reducing the number of nanorods and
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Figure 8. (Colour online) The influence of L on the morphologies of polymer nanocomposite system
with different fc, Ly = 1, NL = 140, @ = 0.02, b; = 0.10, Vy = 0.08, y = 0.5. (al) fc = 0.40,
L = 3;(a2) fc = 040, L = 4; (a3) fc = 0.40, L = 12; (bl) fc = 0.70, L = 3; (b2) fc = 0.70,
L =4; (b3) fc =0.70, L = 12. Phase A is represented in red, phase B is represented in blue, phase C is
represented in green, and the Janus nanorods are represented in black.

decreasing the wetting strength on the phase behavior of the polymer system are comparable. This
conclusion is particularly evident when fc = 0.65, as shown in figure[7]

Overall, as the repulsive interaction strength b decreases and the number of nanorods N L increases,
the polymer system gradually transitions from a parallel layered structure to a tilted layered structure,
ultimately reaching a perpendicular layered structure. Furthermore, the changes in the wetting strength Vj
also influence this transition. As the wetting strength Vy decreases, the interaction between the nanorods
and the phase weakens, which results in a structural change trend similar to that observed when the
number of nanorods is reduced.

In figure[7] the corresponding number of Janus nanorods for (ai) and (bi) is 15 and 19, respectively,
with each column corresponding to the wetting strength of 0.01, 0.08, and 0.12. In the absence of
nanorods, the polymer system exhibits a regular concentric ring structure, as depicted in the morphology
in figure [T} Upon doping with Janus nanorods, both the wetting strength and the number of nanorods
influence the final morphological structure. At a low wetting strength, specifically at 0.01, the effect
of the nanorods is minimal, resulting in the formation of an elongated concentric ring structure of the
polymer system. When NL = 15 and the wetting strength increases to 0.08, it forms a faulted tilted
layered structure. Further increasing the wetting strength to 0.12 leads to the formation of a regular tilted
layered structure in the blend system. However, when the number of nanorods increases to 19, a tilted
layered structure forms even at the lower wetting strength of 0.08. This indicates that increasing the
number of nanorods has a similar effect on the phase behavior of the polymer system as increasing the
wetting strength. This conclusion is consistent with the findings presented in figure[d]

3.3.2. The length of nanorods

Additionally, we explore the effect of the length of nanorods on the polymer system. Figure [8| shows
the example of morphologies for the self-assembly of polymer system with different rod lengths. At
fe = 0.4 and NL = 140, when the length of the Janus nanorods is 3, the polymer system exhibits a
disordered structure [figure [8(al)]. Increasing L to 4 causes it to transition to a horizontally oriented
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Figure 9. (Colour online) The influence of ¢ on the morphologies of polymer nanocomposite system with
different NL, fc = 0.65, L =3, Ly = 1, @ = 0.02, b; = 0.10, Vy = 0.08, y = 0.5. (al) y = -0.25,
NL=0;@2)y =-0.25,NL=15;(@3) ¢ =-0.25,NL=19;(bl)y =0, NL =0; (b2) y =0, NL = 15;
b3)y =0, NL =19; (cl) ¥ =+0.25, NL = 0; (c2) ¢ = +0.25, NL = 15; (c3) ¢ = +0.25, NL = 19.
Phase A is represented in red, phase B is represented in blue, phase C is represented in green, and the
Janus nanorods are represented in black.

comb-like structure [figure[8|a2)]. Both in the disordered structure and in the horizontally oriented comb-
like structure, the Janus nanorods are pinned at the phase interface at a certain angle. However, due to
the excessive number of nanorods, some of them become detached from the phase interface and disperse
within phase C. When the rod length is further increased to 12, while the number of nanorods remains
constant, the increased rod length enhances the rod-phase interaction, causing the polymer system to
transform into a tilted layered structure [figure [§(a3)]. The Janus nanorods are too long for the spacing
between two layers to accommodate them; thus, they exhibit an end-to-end arrangement in a nanowire-like
structure that is nearly parallel to the phase interface.When f¢ is increased to 0.70, maintaining the same
number of nanorods, the polymer system transitions from a structure with coexisting concentric rings
and parallel layers [figure[§(b1)] to a parallel layered structure [figure[8(b2)]. Finally, when the nanorods
are long, the system forms a tilted layered structure [figure [§(b3)]. At this moment, the end-to-end
nanowire-like structure that is parallel to the phase interface becomes more orderly.

3.3.3. The degree of asymmetry

In all the previously described polymer systems, the diblock copolymer is symmetric, i.e., iy = 0.
However, if the diblock copolymer is asymmetric, the polymer system exhibits different phase transitions.
For instance, the polymer system with symmetric diblock copolymer displays a well-ordered concentric
ring structure [figure [O(b1)] in the absence of nanorods at fc = 0.65. After doping the Janus nanorods,
the system gradually transitions to a faulted tilted layered structure [figure O(b2)] as the number of
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nanorods increases, eventually forming an ordered tilted layered structure [figure[9[b3)]. However, when
¥ = —0.25, in the absence of nanorods, the polymer system forms a dispersed sea-island structure
[figure[O(al)], where phase C is the sea and phase AB forms concentric ring islands. Due to the scarcity
of the A component, the concentric ring island structure contains a very small proportion of the red A
phase. The introduction of Janus nanorods induces the aggregation of the dispersed island, resulting in an
elongated sea-island structure [figure[9(a2)]. Thereby on account of the decrease of phase A, the phase A
within the islands is not fully interconnected and some portions of it appear as point-like structure. As the
number of nanorods is increased to 19, the elongated sea-island structures are connected, forming a tilted
layered structure overall, where the AB phase takes on a pod-like configuration. When ¢ = +0.25, the
A component is considerably larger than the B component, leading to the formation of a lotus root-like
structure in the absence of nanorods [figure[9(c1)]. In the case of the number of Janus nanorods being 15,
the lotus root-like structure is similarly elongated [figure[9(c2)]. However, under the effect of a relatively
larger number of Janus nanorods, the polymer system also displays a tilted layered configuration, where
the AB phase also presents a pod-like structure, with the beans now being phase B [figure [9(c3)].

4. Conclusions

We use the cell dynamics simulation based on CH/BD model to investigate the self-assembly behavior
of the mixed system consisting of diblock copolymers (AB)/homopolymers (C)/Janus nanorods. The
results show that when fc is relatively small, the polymer system exhibits a phase transition from
disordered to tilted layered, and then to perpendicular layered structures with the increase of NL.
Notably, when fc = 0.40 and N L is in the lower range, horizontal layered structures are observed. When
fc is relatively large, the polymer system presents discontinuous tilted layered structures due to the
reduction of phase AB, which eventually transforms into a continuous tilted layered structure and vertical
layered structure as N L increases. However, when fc is large (fc = 0.70), the scarcity of phase AB is so
pronounced that, despite a substantially large N L, it fails to prompt the reconnection of the discontinuous
tilted layered structure in the polymer system. To validate this phenomenon in greater depth, we examined
the dynamic evolution of domain size and the pattern evolution as a function of time.

Additionally, the repulsive interaction strength between polymers, the wetting strength, the length
of nanorods, and the degree of asymmetry significantly influence the phase separation of the polymer
system. The effect of b; on the blend system differs depending on the number of nanorods. With a small
number of Janus nanorods, the polymer system gradually transitions from the original parallel lamellae
to a coexistence structure of parallel and perpendicular orientationsand then to perpendicular lamellae
as by decreases. With a moderate number of Janus nanorods, the system transitions from a slanted
layered structure with parallel alignment of the AB phase to one where the AB phase coexists in both
parallel and perpendicular orientations, and then into a disordered state. However, when the number of
nanorods is very high, decreasing b does not considerably impact the polymer system, which remains
in a perpendicular layered structure. Furthermore, increasing the wetting strength has a similar effect
on the phase behavior of the polymer system as increasing the number of nanorods. For the length of
nanorods, increasing L favors the emergence of a tilted layered structure, while the Janus nanorods form
the nanowire structure that is nearly parallel to the phase interface. In addition, if the diblock copolymer is
asymmetric, the polymer system exhibits different transitions with variations in the number of nanorods
at different degrees of asymmetry. These results provide both theoretical and experimental references for
the preparation of new types of high-performance nanomaterials.
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NoBegiHka camo36ipkn AN6/10KOBOrO
Kononimepy/romonosiimepy, iHagyKoBaHa HAaHOCTEP>XKHAMU
flHyca

I K. 1o, ax. o2, X, P. xe®, H. BYT, Ax. Ax. YkaHZE

L ®dakynbTeT XiMiYHOI iHXeHepii Ta MaTepiano3HaBCTBa, YHiBepcuTeT JltonsH, 033001 Jliwi, Kntai

2 |likona i3nkn Ta iHpopMaLiHoi iHxXeHepii, LaHbCicbKniA neaaroriyHmnii yHisepcmteT, 030031 TaiitoaHs,
Kuraii

3 Wambcilicbkuii iHCTUTYT Byrneximii, Kutaiicbka akagemist Hayk, 033001 TaiitoaHb, Kutai

4 LLikona ximii Ta ximiuHoi iHxeHepii, LUaHbCicbknii yHiBepcuTeT, 030006 TaiitoaHb, KuTaii

Mu BUKOPWCTOBYEMO MOZENOBaHHA AMHAMIKN KOMipOK Ha ocHoBi Mogeni CH/BD ans gocnifkeHHs nosegiH-
KM camMo36ipKun 3MiLLIAHOT CUCTeMU, L0 CKNAZAETLCS 3 Anbnok-kononimepis (AB), romononimepis (C) Ta HaHO-
CTepXHiB fIHyca. Pe3ynbTat NoKasyroTh, WO NPW Pi3HUX CMiBBIAHOLLIEHHAX KOMMOHEHTIB 3MillaHa cucTema 3i
36iNbLUEHHAM KiNbKOCTi HAHOCTePXKHIB 3a3HAE Pi3HNX Ga30BUX Nepexois. 30KpemMa, Ko KOHLEHTPaL,is romMo-
noniMepHoro KoMnoHeHTa ctaHoBUTL 0.40, 3MilLlaHa cucTeMa NepexoAnTb Bij HEBNOPSAKOBAHOI CTPYKTYPU A0
napanesibHOI NAaCTUHYACTOI CTPYKTYpY, NOTIM A0 MOXWAOI LLapyBaToi CTPYKTYPU i, 3peLuToto, A0 nepneHAmnky-
NAPHOI NNACTMHYACTOT CTPYKTYPU 3i 36iNbLUEHHAM KiIbKOCTi HAHOCTEPXHIB. LLlo6 rmnblLue gocnianTu Le asuLle,
MW NPOBOAMMO KOMMIEKCHWIA aHani3 po3mipiB AOMEHIB Ta eBostoLii CTpykTypu. KpimM Toro, Mu Aociigkyemo
BMAUB CUJIW BiALLITOBXYBaAbHOI B3aEMOZAIT MiXX NoaiMepamu, 3MOUyBaHHS, JOBXWHW HAHOCTEPXHIB Ta CTyneHs
acumeTpii Ha NoBeAiHKy caMo36ipku 3MilLaHoi cuctemu. Lie fOCifKeHHS Aa€ 3HaYHY TeOpeTUYHY Ta ekcnepu-
MeHTaNbHY iHpopMaLiito ANs OTPUMAHHS HOBUX HaHOMaTepianis.

KnrouoBi cnoBa: camo36ipka, 4n6/10k-cononimep, roMonosimep, HaHOCTePXHi AHyca
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