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Abstract Mathematicians work with experimental researchers to predict new
morphologies of soft materials that have potential applications in nanotechnol-
ogy. In this study, a novel lamellar morphology is presented for which a diblock
copolymer system confined within a polar geometry is confined and a cell dynam-
ics simulations (CDS)model is applied to the polarmesh to investigate the specific
effects of confinement on the self-assembly behaviour. The CDS model is an ef-
ficient simulation method in which a stencil with a set of 9 points is considered
to discretize the Laplacian operator under the FTCS numerical formulation. The
evolving lamella morphology through simulations is presented for different sizes
of circular-annular pores with and without confinement. A comparative evalu-
ation of the lamella morphologies obtained by simulation versus experimental
study is also presented. Symmetric and asymmetric forms of confinement have
also been thoroughly investigated.
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1 Introduction
The properties of soft materials are between liquids and solids, the discovery of which has revolutionized
nanotechnology. These materials include polymers, colloids, liquid crystals, and surfactants. These ma-
terials are flexible, sensitive, functional and durable. Mathematicians are engaged in the discovery and
prediction of new morphologies of these materials through computational modelling and simulation, en-
abling the development of nanodevices [11, 12, 19, 24, 46]. Two polymeric blocks joined by chemical bonds
form a diblock copolymer system. For the past decade, theoretical scientists have been investigating how
polymers self-assemble in the melt state of this system and how their morphologies are affected in the
presence and absence of external influences [22, 33]. Diblock copolymers are capable of self-assembling
into nanoscale structures with sizes ranging from 10 to 100 nm. Because of this feature, block copolymers
show promise for applications requiring molecularly ordered structures at the nanoscale scale [16, 42].
The chemical incompatibility of the polymer blocks in block copolymers causes them to separate. This
allows them to spontaneously produce a wide variety of nanostructured patterns, tuned by parameters
like composition ratio, block design, block strength, molecular properties, and external confinement ge-
ometries. These parameters lead to the formation of a large variety of controllable, self-assembled shapes
[7, 15, 27, 36, 45].

Figure 1. Bulk phase diagram of diblock copolymers system

The bulk phase diagram of diblock copolymers (Figure 1) has been well studied theoretically and practi-
cally, revealing a variety of microdomain structures capable of self-assembly in the melt state. Depending
on the length of the respective block and the temperature used, structures such as lamellae, cylinders,
gyroids, and other shapes have been found. Diblock copolymer systems enable the creation of a wide
range of nanostructured patterns [2, 3, 5, 9, 13, 14, 40].

The term "confinement" describes the process of constraining the geometry of a system through phys-
ical barriers such as films, substrates, and nanopores. This presents the interface at which the internal
phase separation behaviour of the microdomains competes against their growth by lowering their energy.
Thin film pores are common examples of confinement, which can cause long-range ordering. Domains re-
arrange to form patterns that satisfy boundaries. Often, the lamellae are aligned parallel to the interface.
The shape is guided by confinement length scales such as circles in small pores, cylinders inmediumpores,
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and lamellae when larger than the natural spacing. Discouraging boundary forms can lead to the forma-
tion of increasingly complex self-contained patterns. Both computational models and experiments shed
light on how confinement affects phase behaviour, orientation, and defects. Technologically, controlling
self-assembly through confinement is advantageous for applications in drug administration, membranes,
and nanopatterning. When polymer blocks are stacked in a periodic pattern, the alternating layers of each
block produce a large number of lamellae. The block size ratio is one of the factors that determines the
width of layers. Lamellae are forced to rearrange when they are confined between surfaces that are closer
to each other than the equilibrium lamellar spacing.[1, 8, 21, 38].

Lamellar layers can align themselves in a vertical, perpendicular or mixed manner concerning the
substrate using thin film geometries. Some artefacts may occur, such as periodic holes or parallel lines.
Confinement introduces competing effects of minimizing surface-lamella and lamella-lamella domain in-
terface energies. This leads to unique self-assembled structures not seen in the bulk. Both experimen-
tal techniques such as atomic force microscopy and computational modeling have been used to study
lamellae recovery under nanoscale confinement. Understanding these effects provides a way to control
block copolymer self-assembly and direct the composition of nanostructured materials with applications
in nanolithography, biomaterials, and more. Lamellae are a frequently ordered structure seen in diblock
copolymer melts, where sheets of each block alternate and pack in a layered pattern. To reduce inter-
actions at the interface, the lamellae of these systems adopt distinct orientations when enclosed within
nanoscale geometries. Gaining insight into the creation of nanostructured lamellae under confinement
opens up possibilities for manipulating material properties via self-assembly [4, 28, 31, 39, 41].

Boundaries can be naturally accounted for in the formulation by transforming the physical issue into a
boundary-fitted coordinate system such as polar, spherical, or cylindrical coordinates. By doing this, utiliz-
ing standard Cartesian grids to handle interfaceswith irregular shapes eliminates problems thatwould oth-
erwise develop. The modified coordinates align with the boundary geometry, streamlining the depiction
and facilitating precise confinement effect simulation irrespective of boundary intricacy. Block copolymer
self-assembly patterns are directed by confinement within cylindrical pores, and this may be accurately
modelled numerically thanks to the use of a polar coordinate system, which incorporates the boundary
geometry into the problem definition. Because of problems with the boundary geometry, modelling block
copolymer self-assembly under curvilinear confinement is difficult when using cartesian coordinates. The
problem is transformed by using polar coordinates, which leads to the implicit and natural definition of
the cylindrical boundary as r = R. This makes it possible to discretize and rewrite the governing equations
on a uniform polar grid that follows the boundary. This polar coordinate representation offers an accurate
means of simulating how cylinder confinement dictates patterns of self-assembly while avoiding problems
seen when using a cartesian grid [17, 23, 34, 35, 37].

Depending on temperature and material, compatible diblock copolymer melts containing equal parts
of two incompatible polymer blocks can exhibit ordered or disordered microphase separation states. En-
tropy takes over at high temperatures, causing the blocks to randomly mix and create a chaotic state. To
reduce the repulsive interactions between the blocks, as the temperature drops, the energy facilitates
the microphase separation into ordered structures such as spheres, cylinders, or lamellae. A disorder
transition occurs between these states in an orderly manner depending on the relative contribution of
enthalpic and entropic forces. The formation of microphase separation structures in asymmetric diblock
copolymers, characterized by uneven volumes of the two polymeric blocks, is highly dependent on the
minority block’s relative volume fraction. The morphology changes from cylinders to a complicated bi-
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continuous gyroid network and finally to a layered lamellar structure with increasing minority lamellae
thickness as the minority proportion rises. More intricate structures, such as perforated layers, can also
arise for intermediate asymmetries between the spherical and cylindrical morphologies, contingent on
variables such as overall chain length and segregation strength [25, 29].

Controlling pore geometries and characterizing nanostructures are difficult tasks for experimental re-
search on diblock copolymer formation under confinement. To systematically analyze lamellar morpholo-
gies as a function of polar confinement parameters, which are challenging to explore experimentally, cell
dynamic simulation offers a potent complementary method. Creating a thorough phase diagram and
clarifying the mechanisms regulating self-assembly under idealized pore conditions are the goals of this
computational work, which will also provide basic insights into spinodal breakdown routes and serve as a
guide for future experimental design. Thin films of block copolymer may find use in biomaterials, energy
harvesting, optics, electronics, sensors and nanolithography. Due to competing surface and curvature
energy, unique self-assembly phenomena arise when diblock copolymer lamellae are restricted in polar
geometries like cylindrical pores. This work aims to clarify how morphological alterations caused by polar
confinement differ from those caused by bulk lamellae. Comprehending these impacts will enable the
regulation of feature dimensions and alignment for technological uses necessitating extended ordering
of nanoscale domains. Given this research gap, we present our research and study of confinement effects
in polar geometries to predict novel morphologies in symmetric fA = fB and asymmetric fA ̸= fB diblock
copolymers.

2 Methodology
2.1 Discretization
Continuous physical domainsmust be discretized into a uniform computing grid or space to apply finite dif-
ference approaches for numerically solving partial differential equations. Nevertheless, this discretization
is not compatible with cartesian coordinate systems for domains whose boundaries are irregular. These
problems are solved by curvilinear coordinate systems, like polar grids (Figure 2), which enable the com-
putational grid to adapt to the borders of physical domains like pores or particles without experiencing
significant clustering or cut cells. Dispersing points when gradients are minor, improves computational
efficiency and allows for the precise resolution of big gradients close to boundaries through point cluster-
ing. Curvilinear coordinates, thus, are well-suited for simulations of issues involving domains with curved
boundaries, such as confinement, since they preserve grid uniformity while meeting the essential require-
ments of finite difference methods for accuracy in resolving large gradients and efficiency [20].
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Figure 2. Discretization in polar mesh and 9-point stencils

The point u(i, j) is an averaging point of the other eight neighbouring and mixed neighbouring points.
∆r is interval of radial follows periodic boundary conditions and△θ is radian interval in any cell follows the
reflective boundary conditions. Pore size d is the difference between the external radius rb and internal
radius ra.

2.2 Cell dynamic simulation
The macromolecule of diblock copolymers (Figure 3) is discretized into a 9-point stencil in polar mesh
for isotropic Laplacian involved in the CDS model. FORTRAN codes are generated to run simulations to
predict novel Lamellae morphologies for both symmetric and asymmetric study of diblock copolymers
systems. In the end, predicted morphologies are provided in comparison with existing experimental
morphologies to validate our proposed study.
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Figure 3. Algorithm of cell dynamic simulations model

The order parameter ψ(t, i) of the diblock copolymers system.

ψ = ϕA – ϕB + (1 – 2f ). (1)

where f = NA
NA+NB The rate of change in ψ is given as

∂ψ(r, t)
∂t = –∇j(r, t) (2)

j(r, t) is flux, given as The rate of change in ψ is given as

j(r, t) = –M∇µ(r, t) (3)

where µ(r, t) is given as

µ(r, t) = δF[ψ]
δψ

(4)

The rate of change in ψ associated with CHC is

∂ψ

∂t = M∇2(δF[ψ]
δψ

)
+ ηξ(r, t). (5)

Here M = 1 and η is the amplitude of noise and ξ(r, t) is a gaussian noise follows (0, 1). The Product KT of
Boltzmann constant K and absolute Temporal constant T is connected with scale of microscopic thermal
energy. We divide the free energy Functional by KT and get.

F[ψ(r)] =
∫
dr

[
H(ψ) + D

2
∣∣∇ψ∣∣2] + (B2 )

∫
dr′G(r – r′ )ψ(r)ψ(r′ ). (6)
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The free energy is calculated with H[ψ]

H[ψ] = (–τ2) + (
A
2)
(
1 – 2f

)2
ψ2 + v(1 – 2f )ψ3 + (u4)ψ

4 (7)

Here τ is a temporal parameter, and A, v and u All of these parameters are related to the properties of the
molecule and are all remarkably stable phenomenological constants. Here

τ = A(1 – 2f )2 – τ ′

and

τ
′ = –

(
Nχ – s(f )

4f2(1 – f )2
)

D = b2
48f

( 1
1 – f

)
B =

( 3
2Nbf (1 – f )

)2
Here χ is the parameter used to interactive parameter between the blocks A and B, N is the degree of
polymerization, b is the segment length of blocks chain. Now, our CDS model equation is given as

∂ψ

∂t +∇.(υψ) = ηξ(r, t) +M∇2 δF[ψ]
δψ

(8)

Numerically, we the CDS equation is given as [10, 26]

ψ(n, t + 1) = ψ(n, t) – {⟨⟨Γ(n, t)⟩⟩Γ(n, t) + Bψ(n, t) – ηξ(n, t)

+12
˜̇γỹ[ψ(nx,ny ,nz + 1, t) – ψ(nx,ny ,nz – 1, t)]} (9)

In this equation ⟨⟨Γ(n, t)⟩⟩Γ(n, t) is 9-point isotropic stencils of Laplacian. Here

Γ(n, t) = g(ψ(n, t) – ψ(n, t + 1) + D{⟨⟨ψ(n, t)⟩⟩ψ(n, t)} (10)

In this equation ⟨⟨Γ(n, t)⟩⟩Γ(n, t) is 9-point isotropic stencils of Laplacian.

g(ψ) = ψ[1 – A(1 – 2f )2 + τ ] + ψ2(1 – 2f )υ – ψ3u (11)

The 9-point isotropic approximation of discrete Laplacian is derived in the polar geometry and given as

⟨⟨Γ(n, t)⟩⟩ = α

nr∑
i=1

nθ∑
j=1

[
1

3(△r)2
X + 1

6(r∆r)Y +
1

3(r∆θ)2
Z}
]

–
nr∑
i=1

nθ∑
j=1

ψi,j (12)

Here
X = {ψi+1,j+1 – 2ψi,j+1 + ψi–1,j+1 + ψi+1,j + ψi–1,j + ψi+1,j–1 – 2ψi,j–1 + ψi–1,j–1},
Y = {ψi+1,j – ψi–1,j + ψi+1,j+1 – ψi–1,j+1 + ψi+1,j–1 – ψi–1,j–1},
Z = {ψi,j+1 + ψi,j–1 + ψi–1,j+1 – 2ψi–1,j + ψi–1,j–1 + ψi+1,j+1 – 2ψi+1,j + ψi+1,j–1} and waiting factor
α =

[
3(r∆r∆θ)2

2{(r∆θ)2+(∆r)2}

]
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3 Simulations and Results
3.1 Lamellae forming system
Computational and mathematical simulations are used to study the intrinsic phase separation behavior
of the confined diblock copolymer system and to account for the preferential affinity of one kind of poly-
mer block towards the confining pore surface. This is accomplished inside the simulation methodology by
designating an energy bias for one block at the pore-polymer interface. Then, in addition to confinement
size and geometry, the effects of this additional competing element of surface energetics are investigated
to offer mechanistic insights into how surface-directed self-assembly affects the morphological structures
beyond thosemerely driven by bulk segregation inclinations. We have studied the diblock copolymers sys-
tem in two dimensions and predicted the novel Lamellae morphologies confined in circular annular pores
for their different pore sizes. The cell dynamic simulations are carried out by using periodic boundary con-
ditions in the angular domain 0 ≤ θ ≤ 360 with angular step θ = 2π

360 and reflected boundary conditions
in radial domain r with radial step ∆r = 0.1. Pore d is the circular region between two concentric circles
with fixed interior radius ra = 3, 5, 7 while variation in outer radius defines the variation in pore sizes. The
affinity of one block of the system with walls is described by the interactive strength α. The neutral wall
study is investigated by taking α = 0 and for the attractive walls study we set α = 0.2. The simulation is
done for 1 million time steps.
Table 1 shows the parameters used CDS model to investigate the lamella-forming system in the absence

Table 1. CDS parameters for development of Lamellae forming system

A B D u v f τ ∆r ∆t α ∆θ

1.50 0.20 0.50 0.50 2.30 0.50 0..36 0120 0.10 0.00 0.017453292

of attractive walls. Both blocks in the system are set fA = 0.5 = fB to study the Lamellae morphologies in
symmetric blocks.

Figure 4. Lamellae forming system with neutral walls
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In Figure 4, we have presented the systematics formulation of Lamellae in a symmetric diblock copoly-
mers system in various time steps. For this purpose, we have fixed the internal radius ra = 5 and set the
external radius rb = 11 to get pore size d = 6. We have recorded the formulation of morphologies at differ-
ent time steps t=10 (Figure 4a), t=100 (Figure 4b), t=1000 (Figure 4c), t=10000 (Figure 4d), t=100000 (Figure
4e), and t=1000000 (Figure 4f) respectively. Before the blocks start to separate from one another in the
early stages of the simulation, they are mixed haphazardly and without any kind of structure. Gradually,
when strongly interacting blocks segregate, loosely defined domains appear randomly. In due course, the
blocks completely split into parallel, well-defined lamellar layers that are consistently spaced and reflect
the equilibrium morphology as long-range order develops.

3.2 Symmetric Lamellae forming system with neutral walls
In Figure 5, We have presented the lamellae formations between two concentric circles for polar geome-
tries without attractive walls. We have fixed the internal circle with a radius ra = 3 and the external circle
with radius rb = 6, 7, 8, 11, 12, 13 to observe the variation in pore sizes from d = 3, 4, 5, 8, 9 and 10 respec-
tively. Simulation is carried out for one-million-time steps. The interactive strength of attractive walls is
set at α = 0.

Figure 5. Symmetric Lamellae forming system ra = 3 with neutral walls for various pore sizes d=3 in (a), d=4 in (b), d=5
in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

The simulation investigated how enlarging a circular pore affects the morphological structures that a
restricted block copolymer system forms inside of it. A radially directed parallel array of u-shaped strips
was seen at the smallest pore size of 3 units. The initially homogeneous parallel strips, however, started
to warp and change into various orientations, such as alternating U-shaped and perpendicular Y-shaped
geometries, as the pore size increased. Even greater pore sizes produced highly curved winding cylinders
and intricately structured slanted w-shaped strips as the relaxation of confinement made it possible to
minimize interfacial energy through a variety of orientations and continuous polar shapes. Interestingly,
a perforated or hole-containing morphology did not materialize even at the largest pore sizes, indicating
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that this specific block copolymer, when spatially restricted within a circular pore, preferentially adopts
non-perforated morphologies over other possible microdomain types.

Figure 6. Symmetric Lamellae forming system at ra = 5 with neutral walls for various pore sizes d=3 in (a), d=4 in (b),
d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

The lamellae formations limited in concentric rings for polar geometries without attractive walls are
shown in Figure 6. To observe the fluctuation in pore sizes from d = 3, 4, 5, 8, 9, and 10, respectively, we
have fixed internal circles with radius ra = 5 and external circles with radius rb = 8, 9, 10, 13, 14 and 15.
The simulation runs for a million iterations. At α = 0, the walls’ interaction strength is fixed. The simu-
lation that looked at how a circular pore’s internal radius affected the morphology of block copolymers
revealed that, at small internal radii, expanding the unconstrained inner cavity led to the formation of u-
and y-shaped striped structures that were oriented both parallel and perpendicular to the radial direction.
This phenomenon was similar to increasing the overall pore size. Enlarging the inner surface, however,
preferentially stabilized well-defined, uniformly parallel alignments of lamellar-like layers along the cir-
cumferential edge rather than more intricate non-parallel orientations or transformations into various
shapes, in contrast to altering the pore size. This suggests that rather than further disrupting morpholo-
gies, as was observed when the total pore size was increased instead of just the internal radius, expanding
the inner pore surface primarily served to relieve geometric frustrations driving normal orientations while
maintaining a degree of overall confinement. This resulted in a clearer parallel alignment of strips paral-
lel to the circular boundary. Figure 7 displays the lamellae formations between two concentric circles for
polar geometries without attractive walls that are visually pleasing. We have fixed internal circles with a
radius ra = 7 and external circles with a radius rb = 10, 11, 12, 15, 16 and 17 to study the variation in pore
diameters from d = 3, 4, 5, 8, 9, and 10, respectively. Onemillion iterations of the simulation are performed.
The interaction strength between the walls is fixed at α = 0.
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Figure 7. Symmetric Lamellae forming system at ra = 7 with neutral walls for various pore sizes d=3 in (a), d=4 in (b),
d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

The simulation demonstrated that when the internal radius of the circular pore was raised from 5 to 7
units, the lamellar morphology created a more complex mixed orientation with both parallel and perpen-
dicular domains. Specifically, perforated hole formations began to emerge within the structure, and the
lamellar strips, which were primarily parallel or normal, displayed a greater range of tilted and curved ori-
entations at lower internal radii. It’s interesting to note how randomly parallel strip sets with perpendicular
orientations coexisted. This indicated that the geometric tensions that previously exclusively motivated
normal or parallel layouts have loosened. In contrast to higher degrees of orientational order stabilized
at smaller internal pore cavities, distinct orientational domains coexisted and displayed partial relaxation
of confinement effects when slanted, curved, and parallel-perpendicular strips were mixed. Overall, the
mixed morphology revealed a less limited intermediate state as compared to previous studies.

3.3 Symmetric Lamellae forming system with attractive walls
A diblock copolymer that forms symmetric lamellae and is confined between walls that preferentially at-
tract one of the polymer blocks is modelled using computational simulations. The lamellar morphology
orients itself normally to the surfaces at low attraction strengths between the walls and one block. This
minimizes the interfacial area between domains of alternating blocks and satisfies the surfaces’ preferen-
tial wetting. However, the influence of the surfaces becomes dominant above a critical strength of attrac-
tion, frustrating the equilibrium lamellar structure and reorienting the domains parallel to the confining
interfaces.

Table 2. CDS parameters for development of Lamellae forming system

A B D u v f τ ∆r ∆t α ∆θ

1.50 0.20 0.50 0.50 2.30 0.50 0..36 0120 0.10 0.20 0.017453292

The parameters involved in the CDSmodel for the simulation of symmetric Lamellae forming (fA = 0.5 =
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fB) confined in circular annular pores are presented in Table 2. We have set the interactive parameter
α = 0.2.
In Figure 8, We have presented the symmetric lamellae formations confined in circular annular pores
after discretization of Laplacian in polar geometries. We have fixed the internal circle with radius ra = 3
and the external circle with radius rb = 6, 7, 8, 11, 12 and 13 to observe the variation in pore sizes from
d = 3, 4, 5, 8, 9 and 10 respectively. Simulations are carried out for one-million-time steps. The interactive
strength of attractive walls is set at α = 0.2.

Figure 8. Symmetric Lamellae forming system at ra = 3 with attractive walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

The simulation demonstrated that the lamellar morphology self-organized into concentric rings of
lamellar domains within the pore when confinement was applied to the block copolymer system through
limitations within a circular pore shape. The creation of concentric layers in line with the circular contours
minimizes the curvature stresses imposed by the circular pore borders and their inherent polar symme-
try, which is responsible for the orientation of concentric lamellae. More well-formed concentric lamellar
structures were able to form and occupy the growing void volume while preserving the curvature-directed
alignment around the pore edgeswhen the size of the enclosing pore spacewas increased proportionately.
Enlarging the pore size allowed for a corresponding increase in the number of such concentric lamellar
domains filling the expanding confined volume. As a result, it was demonstrated that confinement within
the circular boundaries caused lamellae to preferentially align themselves into concentric circles. We have
observed some elongated perforated holes in disordered form at pore size 9.

In Figure 9, We have presented the symmetric lamellae formations confined in circular annular pores
after discretization of Laplacian in polar geometries. We have a fixed internal circle with radius ra = 5
and external circle with radius rb = 8, 9, 10, 3, 14 and 15 to observe the variation in pore sizes from d =
3, 4, 5, 8, 9 and 10 respectively. Simulation is carried out for one-million-time steps. The interactive strength
of attractive walls is set at α = 0.2.The morphology of concentric circular lamellar stacks did not change
significantly when the internal pore radius was increased from 3 to 5 units in the simulation. This suggests
that the curvature-directed self-assembly that oriented the lamellae into rings aligned with the circular
boundaries was not significantly perturbed. However, some localized distortions in the lamellar domains
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amid the concentric circles first appeared at a pore size of 6 units.

Figure 9. Symmetric Lamellae forming system at ra = 5 with attractive walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

A size-dependent transition where confinement is gradually relaxed to introduce small perturbations
to the oriented structure without transforming it entirely is demonstrated by the appearance of distorted
lamellae only above a threshold radius of about 6 units, but not at other pore sizes. As a result, expanding
the internal cavity within a specific size range did not change the curvature effects’ overall concentric
organization; however, expanding the cavity beyond a certain point resulted in the introduction of localized
instability due to warped lamellar formations among the otherwise well-oriented concentric stacks.

Figure 10. Symmetric Lamellae forming system at ra = 7 with attractive walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

In Figure 10, We have presented the symmetric lamellae formations confined in circular annular pores
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after discretization of Laplacian in polar geometries. We have fixed internal circle with a radius ra = 7 and
an external circle with a radius rb = 10, 11, 1215, 16 and 17 to observe the variation in pore sizes from
d = 3, 4, 5, 8, 9 and 10 respectively. Simulation is carried out for one-million-time steps. The interactive
strength of attractive walls is set at α = 0.2.

3.4 Asymmetric Lamellae forming system with neutral walls
An asymmetric diblock copolymer with uneven volume fractions of the two blocks which leads to a prefer-
ential enrichment of one block at interfaces and a lamellar microphase separation morphology is studied
using computational simulations. To minimize the overall interfacial energy between the surface and the
favoured block at the interface, the asymmetric composition of this system, which is contained by neutral,
non-preferential walls, naturally orients the lamellar domains parallel to the confining interfaces. The sim-
ulations shed light on how variables such as volume fraction asymmetry and system size affect the layering
periodicity and orientation as they evolve from disordered beginning states. Additionally, they describe
the defect structures that appear at domain boundaries. These neutral surface simulations’ outcomes
provide a crucial starting point for comprehending how asymmetric diblock thin films self-assemble.

The Asymmetric lamellae morphologies are shown in Figure 11 for polar geometries without attractive
walls, contained within two concentric circles. For the Asymmetric study of the diblock copolymers system,
we have set the volume fraction of both blocks as fa = 0.48 and fb = 0.52. To see the variation in pore sizes
d = 3, 4, 5, 8, 9 and 10, respectively, we have fixed internal circles with radius ra = 3 and external circles
with radius rb = 6, 7, 8, 11, 12 and 13. One million iterations of the simulation are performed. Set at α = 0,
attractive walls have an interaction strength.The simulation showed that smaller initial pore sizes showed
some perforated hole forms and parallel-oriented lamellar strips along the pore boundaries within the
neutrally confined, asymmetric system without appealing walls.

Figure 11. Asymmetric Lamellae forming system at ra = 3 with neutral walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

However, increasing the pore size resulted in the development of sets of perpendicular-oriented lamel-
lar strips scattered among the pore-aligned domains, as well as more perforated holes emerging within
the morphology due to further relaxation of constraints against non-uniform structures. In addition, the
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expanded area permitted a variety of striped domain forms, such as u, λ, and y-shaped arrangements,
since the bigger pores relieved geometric tensions and permitted different morphologies and orienta-
tions other than parallel alignments to reduce interfacial energy. As a result, the self-assembled block
copolymer microdomains orientation and morphologies became more heterogeneous and asymmetric
as a result of the neutral confinement combined with gradually larger pore diameters.

Figure 12. Asymmetric Lamellae forming system at ra = 5 with neutral walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

Figure 12 displays the asymmetric lamellae morphologies for polar geometries with neutral walls en-
closed in two concentric circles. The volume fractions of both fa = 0.48 and fb = 0.52, have been set for the
asymmetric research of the diblock copolymers system. We have fixed internal circles with radius ra = 5
and external circles with radius rb = 8, 9, 10, 13, 14 and 15 in order to see the variation in pore sizes from
d = 3, 4, 5, 8, 9 and 10, respectively. There are a million simulation runs conducted. Attractive walls have
an interaction strength that is set at α = 0. Upon increasing the pore’s internal radius, a more intricate
mixed morphology emerged within the area, suggesting a greater relaxation of geometric restrictions as
compared to just increasing the pore’s overall size.

In addition to showing additional stress relief that allowed for non-uniformstructures to emerge among
the self-assembled block copolymer domains, newly formed perforated hole formations also showed evi-
dence of deformation from their previous shapes at smaller internal radii. The increased unconfinement
caused a significant topological remodelling and rearrangement of the microphase separation morphol-
ogy, as evidenced by the simultaneous development of new holes and distortion of existing ones. These
results, along with the previously noted diversity of orientations, highlighted the strong role that local-
ized confinement plays in determining structural development. Specifically, a larger degree of relaxation
caused by enlarging the internal pore cavity led to significant disruption and reorganization instead of
small-scale morphological changes.
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Figure 13. Asymmetric Lamellae forming system at ra = 7 with neutral walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f)

Figure 13 displays the asymmetric lamellae morphologies for polar geometries with two concentric
circles and no attractivewalls. The volume fractions of both blocks fa = 0.48 and fb = 0.52, have been set for
the asymmetric research of the diblock copolymers system. Wehave fixed internal circleswith radius ra = 7
and external circles with radius rb = 10, 11, 12, 15, 16 and 17 in order to see the variation in pore sizes from
d = 3, 4, 5, 8, 9 and 10, respectively. There are a million simulation runs conducted. Attractive walls have
an interaction strength that is set at α = 0. Initially, additional parallel and slanted parallel lamellar strips
emerged, projecting along the margins of the pores within this restricted size range, when the internal
radius of the circular pore was increased from 5 to 7 units. This demonstrated that the enlarged but
relatively small interior volume favourably facilitated the energetically advantageous development and
alignment of extra strips running parallel to the circular walls. But instead of being primarily parallel,
the morphology evolved into a mixed orientation with a variety of non-uniform nanostructures when the
internal radius was increased to considerably larger values than 7 units. Consequently, a transition took
place whereby small increases up to seven units preserved partially confined geometries that continued
to guide parallel self-organization, but large expansions sufficiently loosened constraints to bring about
topological alterations and the heterogeneous assembly patterns typical of a complex mixed morphology.

3.5 Asymmetric Lamellae forming system with attractive walls
Figure 14 displays the asymmetric lamellae morphologies for polar geometries with appealing walls that
are encapsulated in two concentric circles. The volume fractions of both blocks, fa = 0.48 and fb = 0.52,
have been set for the asymmetric research of the diblock copolymers system. Wehave fixed internal circles
with radius ra = 3 and external circles with radius rb = 6, 7, 8, 11, 12 and 13 to show the variation in pore
sizes from d = 3, 4, 5, 8, 9 and 10, respectively. There are a million simulation runs conducted. Attractive
walls have an interaction strength, set at α = 0.2.
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Figure 14. Asymmetric Lamellae forming system at ra = 3 with attractive walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

Due to the strong curvature effects around the polar boundaries, which imposed preferential orienta-
tion, concentric circular lamellar structures developed at the smallest internal pore size of 3 in this study of
an asymmetric diblock copolymer systemunder cylindrical confinementwithin circular pores. Up to a pore
size of five, this curvature-driven concentric ordering remained stable. Nonetheless, at increased pore di-
ameters of 8, 9, and 10, the lessened confinement permitted the formation of lamellar strips that were
oriented perpendicularly and parallel to the pore walls, as well as the partial development of concentric
layers. This release of geometric constraints resulted in the induction of variable domain alignments.

Figure 15. Asymmetric Lamellae forming system at ra = 5 with neutral walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

Moreover, perforations started to show up in the morphologies contained in the biggest pores, indicat-
ing further relaxing due to a reduction in edge effects. Thus, morphology changed from highly oriented
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concentric patterns subject to curvature at small sizes to more complex mixed structures coexisting with
rings at larger diameters as well as the introduction of various strip alignments and eventual perforations
as a result of increasingly relaxed boundaries.The asymmetric lamellaemorphologies for polar geometries
with attractive walls confined in circular annular pores are shown in Figure 15. The volume fractions of
the blocks, fa = 0.48 and fb = 0.52, have been determined for the asymmetric study of diblock copolymers.
To demonstrate the variation in pore diameters (d = 3, 4, 5, 8, 9, and 10), we fixed internal circles with ra-
dius ra = 5 and external circles with radii rb = 8, 9, 10, 13, 14, and 15. One million simulation runs were
carried out. The interaction strength of the attractive walls was set at α = 0.2. Concentric circular lamellar
structures emerged as the dominant morphology across most investigated pore sizes when the internal
radius was increased from 3 to 5 units. This aligns with the significant influence of curvature effects on
orientation enforcement.

However, the otherwise well-ordered morphology exhibited some deviations at the largest internal ra-
dius of 5 units. Among the concentric layers, some lamellar strips appeared parallel to the pore walls, and
several perforated holes within the lamellar structure also exhibited distortion from their typical shapes.
The fact that this disruption was limited to a pore radius of five units suggests that this size marked the
point at which geometric constraints started to loosen enough to allow for the introduction of small ab-
normalities. Consequently, expanding the internal cavity mainly maintained concentric alignment up to
5 units, after which the quasi-cylindrical boundary allowed slightly disturbed concentric organization with
a few parallel domains and distorted perforations, indicating a slight but noticeable loss of confinement
oversight.

Figure 16. Asymmetric Lamellae forming system at ra = 7 with neutral walls for various pore sizes d=3 in (a), d=4 in
(b), d=5 in (c), d=8 in (d), d=9 in (e) and d=10 in (f).

Figure 16 displays the asymmetric lamellar morphologies for polar geometries with appealing walls.
The block volume fractions for the asymmetric study of diblock copolymers, fa = 0.48 and fb = 0.52, have
been determined. As an example, we fixed internal circles with radius ra = 7 and external circles with
radii rb = 10, 11, 12, 15, 16, and 17 to demonstrate the difference in pore sizes for d = 3, 4, 5, 8, 9, and 10,
respectively. There are one million simulation runs. Attractive walls have an interaction strength of α =
0.2. Strong curvature effects maintained the morphology tightly oriented in a circular pattern within the
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lower pore diameters of 3, 4, and 5, while concentric circular lamellar structures formed when the internal
pore radius increased from 5 to 7 units. Again, indicating curvature dominance, only concentric lamellae
were seen at a slightly higher pore diameter of 8. But as the pore size increased to 9 and 10, deviations
from the purely concentricmorphology appeared. Size 9 showed partially concentric formations alongside
newly developed perforated holes, signaling the beginning of relaxation from confinement, while size 10
additionally included clustered strips oriented perpendicular to the pore wall.

Thus, there was a transition from concentric-only patterns at smaller pore sizes to curved orientation
with asymmetric features like holes and non-concentric domains at higher diameters, as the enlarging
boundaries began to release more control over self-assembly beyond pore size 8.

3.6 Comparison with experimental study
Unlike experiments, computational modelling uses simulation techniques to study lamellae formation
and determine the effects of pore shape, composition, and wall interactions. An understanding of
directed self-organization is provided by both theoretical and empirical methods, which when combined,
strengthen the analysis of block copolymer phase behaviour under confinement. Empirical validation of
computer models is achieved through experimental research, which visualizes constructed morphologies
under various real-world settings [6, 18, 30, 32, 43, 44].

Figure 17. Comparison of predictedmorphologies 1(a) and 2(a) with experimental studies, 1(b) Directing block copoly-
mer self-assembly on patterned substrates, 1(c) and 2(c) Study of the ordered assembly morphologies of diblock
copolymers on the same substrate, 1(d) Thin film morphologies of bulk-gyroid polystyrene-block polydimethylsilox-
ane under solvent vapour annealing, 1(e) Nanoscale patterning with block copolymers, 2(b) Morphology of symmetric
block copolymer in a cylindrical pore, 2(d) Directing the self-assembly of block copolymers, 2 (e) Self-assembly of di-
block copolymers under confinement.

In Figure 17, Diblock copolymer lamellar morphology (1a) with neutral walls is anticipated by computa-
tional modelling using cell dynamics simulations. This morphology closely resembles experimental pore
architectures 1(b – e) with higher curvature effects. Assembled nanopatterns from theoretical prediction
and actual observation agree strongly when compared directly. Computational predictions of concentric
circular morphologies 2(a) with appealing walls closely matched actual dartboard designs 2(b – e). Under
these confining conditions, a strong agreement was also established between theoretically built structures
and experimental results.
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4 Conclusion
Polymeric molecules known as diblock copolymers are made up of two chemically different blocks that
are joined together. They form organized nanoscale domains by self-assembly. Geometric limitations
imposed by containing diblock copolymers inside precisely sized nanopores can affect the shape of the
copolymer self-assembly process. Cell dynamics simulations facilitate the modeling of self-assembly be-
havior in confinement and the observation of ensuing molecular morphologies. There are several levels
of confinement, ranging from weak to strong, depending on the pore diameter. This affects the restricted
copolymers’ chosen morphology. Another parameter that is varied in the simulations is the surface con-
tact strength between the copolymer blocks and the pore interface. Increased surface affinity often causes
one block of wetness at the interface, which has an impact on interior self-assembly. The goal of the ef-
fort was to map out and predict in a systematic way the many morphologies that arise under certain
combinations of surface energy and confinement strengths. This provides information about creating
nanostructures with diblock copolymer self-assembly inside different sized patterned nanopores. When
diblock copolymers are trapped in circular nanopores, lamellar structures alternating layers of the two
block domains are seen experimentally. In certain circumstances, the restricted diblock copolymers also
self-assemble into lamellar structures in the cell dynamics simulations carried out for this work. The sim-
ulations’ predictions of lamellar patterns agree well with the results of the experiments. This proves that
the behavior of diblock copolymers during self-organization and self-assembly at the nanoscale under
confinement can be precisely simulated and predicted using cell dynamics models. In particular, the di-
block copolymers arrange themselves as either parallel-to-the-curvature circular lamellae or concentric
circular lamellae. This happens to pore walls that attract one block domain and to neutral pore walls
that have no preferential attraction for either block. The finding confirms that computer modeling is a
dependable method for understanding the mechanics and reproducing self-assembly processes at the
nanoscale length scale. The diblock copolymer’s self-assembly is significantly guided by the curvature of
the circular nanopores. Parallel to the curvature, they arrange themselves into alternating lamellar or con-
centric circular patterns. The organization is also affected by the surface energy or affinity between the
pore interface and the copolymer blocks. Positive user interfaces produce unique "dartboard patterns".
The work provides fresh perspectives on the effects of confinement and interfacial interactions on diblock
copolymer self-assembly by adjusting the curvature and surface energy parameters. Most importantly,
there is a strong correlation between the nanostructures seen in experiments andmodels. This illustrates
how useful computational modeling can be for logically and rationally creating novel materials before
doing experiments. Self-assembling structures can be predicted by simulations, and parameters can be
optimized for desired morphologies. This work creates a connection between simulation-generated con-
trolled virtual worlds and industrial outcomes that can be achieved experimentally. Through the examina-
tion of block copolymer self-assembly inside precisely defined constrained geometries, a more profound
comprehension of self-organization mechanisms is gained. The acquired knowledge has implications for
guided self-assembly of block copolymers to create complex nanostructured materials. Due to the abil-
ity to arrange block copolymers into ordered structures, biomaterials and nanotechnological devices are
among the potential uses. Future research will examine additional system features like various polymer
topologies and pore geometries. This will contribute to the expansion of the found structure-property
connections and offer more design recommendations for the synthesis of materials.
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