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The self-assembly of symmetric diblock copolymers confined films with embedded nanorods is inves-
tigated by the self-consistent field (SCF) theory. We obtain some phase diagrams as a function of film
thickness H and nanorod diameter D. The increase in preferential nanorod diameter D can promote the
formation of incomplete cylindrical and spherical structures near the film surfaces, and can also induce
complete lamellar, cylindrical and spherical structures in the interior. The formation of these induced
self-assembled structures is due to the competition between inner surface confinement (two parallel
surfaces) and outer surface confinement (nanorods). This investigation can provide some insights into
the self-assembly of diblock copolymers with complex confinements.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most fascinating properties of diblock copolymers
(DBCPs) is their ability to self-assemble into various ordered
microstructures, and these structures depend on the relative length
of the blocks, the molecular weight, and the interaction parameter
between the blocks [1,2]. These ordered bulk microstructures
include lamellae (H), bicontinuous gyroid (G), hexagonally packed
cylinders (C), and closed-packed spheres (CPS) [3]. Materials with
various ordered structures have promised for application toward
the design of diversified nanodevices such as photonic crystals
[4,5]. Therefore, recent research has explored various additional
external influences on self-assembly of block copolymers, such as
surface confinement [6–8], templating by surface patterns [7,9],
shear [10–12] and electric fields [13–15]. The effects of surface
confinement on self-assembly of DBCPs have received tremendous
attentions for various confinement surfaces, including one-
dimensional (substrate and two parallel surfaces) [16–24], two-
dimensional (cylindrical surface) [25–35] and three-dimensional
(spherical surface) [27,29,36,37] confinements. When the DBCPs
are confined to physically or chemically defined surfaces, besides
the pertinent factors applying to ordering in bulk samples, the
polymer–surface interactions and confined geometry exhibit great
x: þ86 571 87951328.
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influences on the self-assembled morphologies, which will be
extremely different from those observed in the bulk. Therefore,
introducing a surface confinement into the DBCPs system is proven
to be another efficient method to explore the novel morphologies
of DBCPs [38].

Many experimental [39–41], theoretical [42–45], and computer
simulation [24,46,47] studies of the microstructure of symmetric
DBCPs confined films (one-dimensional confinement) have been
carried out in the last decades. By finely tuning the polymer–
surface interactions and confinement geometry, one can achieve
molecular-level process to control the self-assembly of polymers,
and can also obtain much richer morphologies such as hybrid
structures. Recent studies have also used a variety of simulation
techniques to investigate the effects of nanoparticles (NPs)
dispersed in complex fluids such as block copolymers [3,48–55]
on self-assembly of block copolymers. The NPs are another
external influence on self-assembly of block copolymers, which
can be regarded as an outer surface confinement for polymers,
and can provide a different type of confinement surface from
those inner confinement surface mentioned above. The physical
and chemical properties of embedded NPs significantly affect the
final morphologies of block copolymers. For example, recently, we
extended this concept to investigate the effects of spherical NPs
on the lamellar phase separation of diblock copolymers [56].
Meanwhile, the NPs can be produced with a wide range of
shapes, including sphere, rod, branched rod, cube, and pyramid.
Especially, nanorods (NRs) are interesting for photovoltaic
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applications since the long axis of the rod provides a continuous
channel for transporting electrons, an advantage over spherical
nanoparticles. A large increase of interest has been focused on
suspended NRs used to direct nanoscale block copolymer
assembly [57–62].

Buxton et al. used simulations to show that NRs partitioning into
the minority phase of a polymer blend could result in a bicontin-
uous morphology with a percolated network of NRs and enhanced
mechanical properties [57]. Laicer and co-workers also experi-
mentally examined the impacts of Au nanorods on self-assembly of
polystyrene-block-polyisoprene (PS-b-PI) copolymer solution [58].
Their results show that Au nanorods act as morphological seeds
that specifically template the growth and direction of copolymer
cylindrical-phase domains. Additionally, they also investigated the
effects of nanorod diameter and polymer–surface interactions on
the morphology [59]. They found that selective interactions
between either PS or PI block and the nanorod surface are sufficient
to template the organization of the surrounding cylindrical meso-
phase, and that a wide range of nanorod diameters can successfully
seed cylinder-phase domains.

Several researchers have respectively investigated the effects
of inner surface confinement (e.g. parallel surfaces) and outer
surface confinement (e.g. nanoparticles) on self-assembly of
nanoparticles. Marco et al. investigated morphologies of DBCPs
confined in-between two concentric spheres with radii R1 and R2,
where the inner sphere models the surface of nanoparticle and
the outer sphere models the free surface of diblock copolymer
film [60]. The obtained structures include: parallel, perpendicular,
mixed and perforated lamellae, parallel and perpendicular cylin-
ders and spheres. Their simulation suggests that novel nano-
structures can be guided by combining with various types of
surface confinements. Although the shapes of the inner and the
outer surface confinements are all sphere in their model, some
special morphologies are obtained [60]. If the shapes of inner
surfaces are different from the outer ones, it may self-assemble
into some new ordered microstructures. Here, we employ the
self-consistent field (SCF) method to study cooperative surface-
induced self-assembly of symmetric diblock copolymers confined
films with the embedded nanorods. Different polymer-surface
interactions, film thicknesses, and nanorod diameters are
considered.
Fig. 1. Configurations for confined films with embedded one (a) or two NRs (c). Here the diam
L0, see (b), and (d). The film thickness is H. One NR is located at 0.5H, and two NRs are loc
2. Theory and model

In this report, we discuss cooperative inducement from inner
and outer surface confinements to self-assembly of symmetric
DBCPs, which can form a lamellar phase (L) in the bulk with the
period of lamella L0. Two cases are considered here: one nanorod
and two nanorods are embedded with the distance of the period of
lamella L0, see Fig. 1. The top and bottom parallel surfaces model
inner surface confinement, and NRs model outer surface confine-
ment, respectively.

We choose the repeat box with the size of Lx� Ly�H to match
the characteristic period of bulk lamella L0, here Lx¼ L0, and
Ly¼ 2L0. In our study, the top and bottom surfaces are neutral and
unpenetrable, and periodic boundary conditions are imposed in the
x and y directions. The NRs with infinite length are arranged peri-
odically along the y-direction, and the positions in the z-direction
are 0.5H for one nanorod case, see Fig. 1(a) and (b), and 0.25H and
0.75H for two nanorods case, see Fig. 1(c) and (d).

For the DBCPs with surface confinement, the self-consistent
field theory free energy per chain in the unit of kBT has the form:

F ¼ �ln
�

Q
V

�
þ 1

V

Z
dr½cABNfAfB � uAfA � uBfB þ hNAfA

þ hNBfB � Pðf0 � fA � fBÞ�
(1)

In this expression, fA and fB are the monomer densities, and
f0¼ fAþ fB is the total monomer density. The single-chain parti-
tion function Q ¼

R
dr qðr;1Þ is the partition function of a single

diblock copolymer chain in the mean fields, uA and uB. These mean
fields are in turn produced by the surrounding chains. The end-
segment distribution function q (r, s) gives the probability that
a chain segment of contour length S and containing a free chain end
has its ‘‘connected end’’ located at r. The function q (r, s) and its
conjugate q0 (r, s) satisfy the modified diffusion equations:

v

vs
qðr; sÞ ¼ R2

gV2qðr; sÞ � Nuqðr; sÞ (2)

� v

vs
q0ðr; sÞ ¼ R2

gV2q0ðr; sÞ � Nuq0ðr; sÞ (3)
eter of nanorod is D, and the distance between two successive NRs in the x direction is
ated at 0.25H and 0.75H in the z-direction.
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with the initial conditions q (r, 0)¼ 1 and q́(r, 0)¼ 1. Here, Rg is the
radius of gyration for an ideal Gaussian chain. For 0� s�fA, u¼uA

and fA� s� 1, u¼uB. We use the Crank–Nicholson scheme in
solving the modified diffusion equations. In Eq. (1), hNA and hNB

represent the surface fields that the outer surface of nanorods acts
on, namely, A or B monomer, respectively. P is a Lagrange multiplier
(as a pressure) to ensure the incompressibility condition. Minimi-
zation of the free energy with respect to the densities and mean
fields leads to the following SCFT equations:

uAðrÞ ¼ cABðfBðrÞ � fBÞ þ UAðrÞ þ PðrÞ (4)

uBðrÞ ¼ cABðfAðrÞ � fAÞ þ UBðrÞ þ PðrÞ (5)

fAðrÞ ¼
V
Q

Z fA

0
dsqðr; sÞq0ðr; sÞ (6)

fBðrÞ ¼
V
Q

Z 1

fA

dsqðr; sÞq0ðr; sÞ (7)

These equations can be solved self-consistently. For simplicity, the
polymer-surface interaction potential is assumed to be short-
ranged, and it is represented by contact interactions:

hNAðBÞ ¼
�

UNAðBÞ on the lattice next to the nanorods
0 bulk

ð8Þ

where UNA(B) is the strength of the surface field. In this study, two
types of outer surfaces of NRs are considered: (a) neutral surface,
for which the outer surface of NRs has no preference to the blocks
(UNA¼ 0 and UNA¼ 0); (b) strongly A-attractive surface, for which
the outer surface of NRs energetically prefers the A blocks
(UNA¼�60 and UNB¼ 0). In order to present the fact that the
polymer densities should approach zero at the confinement
surface, the incompressibility condition is modified, such that
fA(r)þ fB(r)¼ f0(r), where f0(r) is chosen to be 0.5 on the lattices
next to the surfaces and 1 everywhere else. On the surface sites of
the confinement, the end-segment distribution functions and
polymer densities are set to zero. In our calculations, we take 0.2Rg

as the lattice size. We calculate the characteristic period of bulk
lamella L0 for symmetric DBCPs, namely, L0¼ 4.4Rg. Meanwhile, the
free energies are run for several times using different random initial
mean fields uA and uB to ensure that the exact equilibrium
Fig. 2. Morphologies of symmetric DBCPs films with embedded one neutral NR. For differen
increases from 0 to 1.0 in step of 0.09. The red domains are A blocks and the blue domains a
the references to color in this figure legend, the reader is referred to the web version of th
morphology has been obtained. Moreover, two sequential iteration
steps are compared to determine the stable ones until the differ-
ence between them is less than 1�10�12 (in the unit of kBT). The
very stable morphology is obtained after long iteration steps.

3. Results and discussion

In this section, we present the results for symmetric DBCPs
confined in two parallel neutral surfaces with embedded one or
two NRs. Our main aim is to investigate the morphologies of
mixtures (copolymers/nanorods) for various film thicknesses H and
nanorod diameters D, and further to explore the cooperative
inducement of both inner surface confinement of two parallel
surfaces and outer surface confinement of NRs to self-assembly of
DBCPs.

3.1. One nanorod

First we present the morphologies of symmetric DBCPs confined
films embedded with one neutral NR. As shown in Fig. 2, the
perpendicular lamellae (Lt) of the melt are observed without NR
(i.e., D/L0¼ 0, see Fig. 2(a1) and (b1)), which is in full agreement
with the results from experiments [41], theories [44], and simula-
tions [47]. For the two cases with film thicknesses H/L0¼ 2.0 and H/
L0¼ 3.0, with the increase in nanorod diameter D/L0, we observe
that the neutral NR has almost no effect on the perpendicular
lamellae (Lt) of symmetric DBCPs confined films.

By contrast, in the case of A-attractive NR the situation is
different. Due to the adsorption of nanorod to A block, the central
nanorod surrounded by a ‘‘coating’’ consisting of A block always
forms a cylinder denoted by C0. Meanwhile, besides the central
cylinders (C0), some induced structures are also observed in Fig. 3,
which cannot be observed in neat symmetric DBCPs confined films.
For the cases of H/L0¼1.0 and H/L0¼ 2.0, when the value of D/L0

increases from 0.09 to 1.0 in step of 0.09, a series of integrated
morphologies of mixtures are denoted as C1/2þ C0, S1/2þ C0, Lk þ C0,
C1/2, and Lk þ C0, C1/2þ C0, S1/2þ C0, C0. For the case of H/L0¼ 3.0, the
morphologies of mixtures are respectively Cþ C0 and Lk þC0. Except
for the central cylinders (C0), these induced structures also include
C1/2 (a2, b3 and c2), S1/2 (a3, b4) and Lk (a4, b2 and c3), where C, S
and Lk represent the structures of cylinder, sphere and parallel
lamellae, respectively. The number of induced morphologies with
the film thicknesses of H/L0¼1.0 and H/L0¼ 2.0 is larger than that
t film thicknesses H/L0¼ 2.0 (a) and H/L0¼ 3.0 (b), the relative nanorod diameter D/L0

re B blocks. The blue poles in isodensity surfaces denote the NRs. (For interpretation of
is article.)
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Fig. 3. Morphologies of symmetric DBCPs films with embedded one A-attractive nanorod. The relative nanorod diameter D/L0 increases from 0 to 1.0 in step of 0.09. For the NR
arranged in the y-direction with different film thicknesses H/L0¼ 1.0 (a), H/L0¼ 2.0 (b), and H/L0¼ 3.0 (c), for the NR arranged in the z direction with finite length Lrod/L0¼H/L0¼ 2.0
(d), here, Lrod represents the NR length.
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of H/L0¼ 3.0, which indicates the fact that induced structures of
symmetric DBCPs confined films with embedded one A-attractive
NR are not only sensitive to nanorod diameter D but also to film
thickness H. Obviously, these new self-assembled structures are
formed from the cooperation between two parallel surfaces and
NR. To explore further the effects of the inner-outer surface
confinements, we discuss the self-assembly of symmetric diblocks
with H/L0¼ 2.0 in detail. An increase in D/L0 from 0.09 to 0.91 drives
an induced transition from lamellar (Lk) to incomplete cylindrical
(C1/2) and to incomplete spherical (S1/2) phases near the film
surfaces in Fig. 3(b2)–(b4), which is consistent with that of diblock
copolymers AnBm in the bulk (i.e. the value of fA reducing from 0.4 to
0.2). This result can be interpreted that when diblock copolymers
are embedded with a small NR, only a few A blocks are strongly
attracted to the nanorod forming the ‘‘coating’’, and the effective
symmetry in block composition is still kept, and this promotes the
formation of lamellar structure (Lk), see (b2). Then, with the
increase of D/L0, some A blocks are strongly attracted to the NR, and
it equivalently reduces the effective A block composition (feff) in the
remaining copolymers. This leads to promoting a transition from
lamellar phase to cylindrical structure (C1/2), see (b3). When the
diameter of nanorod D increases again, the more A blocks are
attracted to the NR. This leads the further reduction of effective A
block composition (feff) in remaining copolymers, and promotes
a transition from cylindrical phase to spherical structure (S1/2), see
(b4). However, due to the top and bottom surface confinements, we
only observe incomplete cylindrical and spherical structures (i.e.
C1/2, S1/2). The results also highlight the fact that the self-assembly
of symmetric DBCPs melt is cooperatively induced by the inner and
outer surface confinements. In our calculation, periodic boundary
conditions are adopted. Therefore, if the length of nanorod is finite,
nanorods are fixed and arranged in the y-direction, it is more
difficult to deal with more than one nanorods in experiments. Thus,
we present the results of the case that one NR with finite length
Lrod, located in the center of xy-plane along z direction in Fig. 3d.
Here, Lrod/L0¼H/L0¼ 2.0. Similarly, due to the strong adsorption of
nanorod to A block, there is also a central cylinders (C0) consisting of
the NR and A blocks. Besides the central cylinders (C0), the induced
structures include Lk (d2) and PL (d3), where PL represents
perforated.
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In the experimental studies [58,59], the NRs are always mobile
and have finite length. Therefore, it is more important in nano-
science to investigate the mesophases of the mixture of block
copolymers and mobile NRs with finite length. However, although
the self-consistent field (SCF) has proven to be a powerful method
for calculating equilibrium morphologies, it is restricted and even
incorrect to investigate the morphologies for the mixture of block
copolymer melts and mobile nanoparticles/nanorods. To study the
mixture of block copolymer/mobile NR, one should use new
modified SCF [52–54]. At the same time, dissipative particle
dynamics (DPD) is one of the most effective method to study the
effects of the nanorod length, the nanorod orientation, and the
nanorod–polymer interaction on the morphologies for the mixture
of block copolymer melts and mobile nanorods. However, in this
report, our aim is to study cooperative surface-induced self-
assembly of symmetric diblock copolymers with different inner
and outer confinements such as DBCPs confined in-between two
concentric spheres with radii R1 and R2 [60]. Therefore, although
such simulations are difficult to correspond to the real system in
experiments, the result is helpful to the researchers to understand
the self-assembly mechanism of composited block copolymer
system with nanorods [60].

To understand comprehensively the cooperative inducement of
two parallel surfaces and the nanorod to self-assembly of
symmetric DBCPs, we construct a phase diagram for symmetric
DBCPs with embedded one A-attractive nanorod as plotted in Fig. 4.
Here, the film thickness H/L0 increases from 1.0 to 3.0, and nanorod
diameter D/L0 increases from 0 to 1.0. In this phase diagram, graphic
symbols represent the morphologies given at the bottom of Fig. 4.
For example, for the cases of D/L0¼ 0.18, 0.45 and 0.91, when H/L0

increases, the confinement-induced structure transitions can be
expressed as S1=2 þ C0/C1=2 þ C0/Lk þ C0/C1=2 þ C0; Lk þ C0/
S1=2 þ C0/C1=2 þ C0/Lk þ C0/C1=2 þ C0, and C0/S1=2 þ C0/
C1=2 þ C0/Lk þ C0/C1=2 þ C0. There is the same transition
ðS1=2 þ C0/C1=2 þ C0/Lk þ C0/C1=2 þ C0Þ in the three cases. It is
1.0

0.8

0.6

0.4

0.2

0.0

0.91

0.18

D
/
L
0

1.0 1.5 2.0 2.5 3.0
H/L

0

0.45

Fig. 4. The phase diagram for symmetric DBCPs films with embedded one A-attractive
NR. Graphic symbols present simulation points, while lines serve as guide to eye.
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0
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0
,
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0
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shown that the induced phase structures with different film
thicknesses H/L0and nanorod diameters D/L0 have some regularity
on the whole. In addition, we count the A/B block composition (fA
and fB) in final morphologies. The ratio of fA/fB is equal to 1.0, even
for large nanorods (i.e. D/L0> 0.8).
3.2. Two nanorods

We now consider the morphologies for diblocks with embedded
two nanorods (NRs), and the model is shown in Fig. 1(c)–(d),
respectively. Fig. 5 shows the results for two neutral NRs with the
film thicknesses of H/L0¼ 2.0 and H/L0¼ 3.0. When the diameter of
D/L0 increases, it is also observed that the neutral NRs have almost
no effect on the perpendicular lamellae (Lt) of symmetric DBCPs
confined films.

When two A-attractive NRs are embedded in diblocks in the
period of one lamellae, the results are similar to that of one NR.
Except for two central cylinders (C0), formed by two NRs and the
‘‘coating’’ consisting of A blocks, some new induced structures are
also observed in Fig. 6, which cannot be obtained in neat symmetric
DBCPs confined films. When H/L0¼ 2.0, H/L0¼ 3.0 and H/L0¼ 4.0,
with increasing D/L0 from 0 to 1.0, a series of integrated morphol-
ogies transitions of mixtures are predicted as:

Lt/C1=2 þ C þ C0/Sþ C0/Lk þ C0/C0/C0

Lt/C1=2 þ Lk þ C0/C þ C0/Lt þ C0/C0/C0

Lt/Lk þ C0/C1=2 þ Lk þ C0/S1=2 þ C þ C0/C0

Except for the central cylinders (C0), these induced structures
include mainly Cþ C (a2), S (a3), L// (a4, c2), C1/2þ L// (b2, c3), C (b3),
Lt (b4) and S1/2þ C1/2 (c4), where C, S, L// and Lt represent the
morphologies of cylinder, sphere, parallel and perpendicular
lamellae, respectively. To explore further how the film thickness H
and nanorod diameter D affect the self–assembled structures of
symmetric DBCPs, we consider the results of H/L0¼ 4.0 in detail.
Similarly, near the film surfaces, an increase in D/L0 from 0.09 to
0.91 drives an induced structure transition from lamellar (L//) to
incomplete cylindrical (C1/2), and to incomplete spherical (S1/2)
phases in Fig. 6 (c2)–(c4), which is consistent with that of diblock
copolymers AnBm in the bulk (i.e. value of fA decreasing from 0.4 to
0.2). These induced structures can also be interpreted that through
increasing nanorod diameter D, some A blocks are strongly
attracted to NRs, and it equivalently reduces the effective A block
composition (feff) in remaining copolymers. This leads one to have
the phase structure transitions from lamellar (L//) to incomplete
H / L0 = 2.0

H / L0 = 3.0

D/ L0=0 0.09~0.27 0.36~64 0.73~1.0

D/ L0=0 0.09~0.27 0.36~0.64 0.73~1.0

a

b

Fig. 5. Morphologies of symmetric DBCPs films with embedded two neutral NRs. For
different film thicknesses H/L0 ¼ 2.0 (a) and H/L0¼ 3.0 (b), the relative nanorod
diameter D/L0 increases from 0 to 1.0 in step of 0.09.
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b1 b2 b3 b4 b5 b6

D/ L0=0 0.09~0.55 0.64~0.82 0.91 1.0
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c

Fig. 6. Morphologies of symmetric DBCPs films with embedded two A-attractive NRs. For different film thicknesses H/L0¼ 2.0 (a), H/L0¼ 3.0 (b), and H/L0¼ 4.0 (c), the relative
nanorod diameter D/L0 increases from 0 to 1.0 in step of 0.09.
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cylindrical (C1/2), and then to incomplete spherical (S1/2) phases.
Likewise, due to the inner surface confinement from top and
bottom surfaces, there are only incomplete cylindrical and spher-
ical structures (i.e. C1/2, S1/2) observed near the film surfaces.
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Fig. 7. The phase diagram for symmetric DBCPs films with embedded two A-attractive
NRs. Graphic symbols represent simulation points, while lines serve as guide to eye.
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Surprisingly, there are also complete lamellar (L//, c2), cylindrical (C,
b3) and spherical (S, a3) structures formed at the interior of the
films. Hence, the induced morphologies with two NRs are much
richer than that of system containing one NR mentioned above.

We now combine our results for different values of H/L0 and D/L0

to sketch a phase diagram as shown in Fig. 7. For the given values of
D/L0¼ 0.18, 0.63 and 0.83, with the increase of H/L0, the confine-
ment-induced structure transitions can be expressed as
C0/Sþ C0/S1=2þ C þ C0/C1=2 þ C þ C0/C1=2 þ Lk þ C0/Lk þ C0;
C0/S1=2 þ C0/S1=2 þ C þ C0/C1=2 þ C þ C0/C1=2 þ Lk þ C0/Lk þ
C0 and C0/C þ C0/C1=2 þ C þ C0/C1=2 þ Lk þ C0, respectively.
There is the same underlined transition ðC1=2 þ C þ C0/C1=2 þ Lk þ
C0Þ in the three cases. Meanwhile, lines in phase diagram serve as
guide to eye and make out the range of various morphologies
regions. To some extend, the induced phase structures of the melt for
different film thicknesses H/L0and nanorod diameters D/L0 show
some regularity.

4. Conclusions

We studied the self-assembled structures of symmetric diblock
copolymers (DBCPs confined films with embedded one or two
nanorods (NRs) using the self-consistent field (SCF) theory. The NRs
are neutral or preferential to one of blocks. For neutral NRs, it has
almost no effect on the morphology of symmetric DBCPs confined
films. By contrast, it is quite different for the case of A-attractive
NRs. By changing film thickness H and nanorod diameter D, except
for the central cylinders (C0), we observe various induced struc-
tures, such as lamellar (L//), incomplete cylindrical (C1/2) and
incomplete spherical (S1/2) phases, which do not exist in neat
symmetric DBCPs confined films. It is interesting to note that an
increase in nanorod diameter D leads one to have an induced struc-
ture transition from lamellar (L//) to incomplete cylindrical (C1/2),
and then to incomplete spherical (S1/2) phases. In fact, the increase
of preferential nanorod diameter D equivalently changes the
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effective block composition (feff) in remaining copolymers, and this
leads one to form the induced structures (i.e. cylindrical and
spherical phases). However, due to the coexistence of the inner
confinement of two parallel surfaces, there are only incomplete
cylindrical and spherical structures (i.e. C1/2, S1/2) observed near top
and bottom surfaces. Surprisingly, for two preferential NRs, we also
predict the existence of complete lamellar (L//), cylindrical (C) and
spherical (S) structures formed in the interior. As a result, it shows
that these striking self-assembled structures are formed from
cooperative inducement of both inner confinement (two parallel
surfaces) and outer confinement (nanorods). Although it is difficult
to obtain the nanorods embedded in diblocks in experiments yet
now, this theoretical investigation helps us to understand the
morphologies under complex confinements.
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