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Copolymer—homopolymer mixtures in a nanopore*
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We have performed the cell dynamics simulation with the time-dependent Ginzburg—Landau theory to study the self-
assembled morphology of A-B diblock copolymers and C homopolymers in a neutral nanopore. The nanopore diameter
and length are systematically varied to examine their effects on the structures of various morphologies and their phase
transition. From the simulation, it is observed that the equilibrium morphology of the confined system is sensitive to pore
diameter D and pore length Lyore, the phase behavior in neutral nanopores is due to an interplay of two factors: the surface
effect and the extension effect. When the nanopore length and the lamellae spacing are not commensurate, the surface
effect prevails at small nanopores (small diameters or short lengths), the extension effect takes over at larger nanopores
(large diameters or long lengths). When the nanopore length and the lamellae spacing are commensurate, the surface effect
dominates. Furthermore, the interactions between different monomers are also discussed and we obtain a transition from a
tilted pancakes/cylinder structure (Lj‘_lted) to a concentric cylindrical structure with defects and to a concentric cylindrical
structure (L;|). We also investigate the effect of the relative concentrations of diblock copolymer-homopolymer and obtain
a transition in which the position of the C blocks changes from the outer of the cylinder to the middle of the cylinder and

then to the inner of the cylinder with the concentration of the C blocks decreasing.
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1. Introduction

The phase behavior of block copolymer melts has been
the focus of a substantial amount of theoretical and exper-
imental investigations due to the interesting applications in
nanotechnology and biological areas.!'~”! Applying external
fields is a promising method to obtain a desired nanostructure.
Such fields can be surface fields,!14 electric fields,[!>-20]

5.121-231 The surface fields are, in particular,

and shear flow
prominent in confined geometries. Confinement is a power-
ful tool to break the symmetry of a structure, allowing ma-
terials to self-assemble into new morphologies that usually
are not present in the bulk. Therefore, the phase behav-
ior of the polymer system under a cylindrical nanopore con-
finement has a variety of potential applications. According
to the confined geometries, confinement can be divided into
three kinds: one-dimensional (1D) confinement, 2432 two-
dimensional (2D) confinement,*3-°7! and three-dimensional
(3D) confinement. [68-80]

So far, the research on the 1D confinement has reached
a mature stage, and the 2D confinement of block copolymers
has attracted more attention. The phase behavior of confined
systems have been studied in theory by means of the self-
consistent field theory (SCFT), Monte—Carlo (MC) simula-
tions, dissipative particle dynamics (DPD) methods, molec-
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ular dynamics simulation (MD) methods, and cell dynamics
simulation (CDS) methods. Using MC calculations, Chen et
al.'* observed a variety of morphologies, including stacked-
disk, single-helix, catenoid-cylinder, gyroidal, stacked-circle,
and concentric cylindrical barrel structures. Feng et al.!>*! ob-
served the lamellae normal to the tube axis, circular lamel-
lae, mesh, lamellae parallel to the pore axis, single helix,
and double-helix structures. Using the DPD simulation, Feng
et al.®! found double helices, stacked disks, and parallel
lamellae. Wu er al.1* used the SCFT calculations to pre-
dict the behavior of a cylinder-forming system in cylindri-
cal nanopores. They found that with the increasing diame-
ter, spheres, straight cylinders, helix, multihelix, and finally
the concentric inner shells form. Their results are in a good
agreement with the experimental results. Yu et al.[®>63 stud-
ied a cylinder-forming asymmetric diblock copolymer con-
fined in cylindrical pores using the simulated annealing tech-
nique. They found many novel structures that were not present
in the bulk ranging from spheres and cylinders to helices and
toroids. Using the MD simulation, Li et al.!%”! found that a
graphene nanoribbon (GNR) could helically wrap and be in-
serted into a single-walled carbon nanotube (SWNT) to form
helical configurations. Using the CDS simulation, Pinna et
al.B7) studied in detail the lamellar-, cylinder-, and eventu-
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ally sphere-forming diblock copolymer melts in cylindrical
nanopores. The structures they observed were controlled by
the interplay of four factors: pore diameter, affinity of the
pore wall to the copolymer blocks, block copolymer com-
position, and the mismatch between the pore length and the
domain spacing, which led to the formation of many novel
structures that were not present in the bulk block copoly-
mer systems. Most of the above mentioned studies have fo-
cused on the self-assembly of individual block copolymers.
It is significant to study the self-assembly of complex poly-
mers under confinement. The self-assembly of mixtures of
block copolymers and homopolymers in a solution has also

81-85] One of the authors, Zhang, and coworkers,

been studied.!
studied the phase separations of a copolymer—homopolymer
mixture under oscillatory particles and observed the orienta-
tional order transition of a striped microphase structure from
the isotropic state to a state parallel to the oscillatory direction,
and from the parallel state to a state perpendicular to the oscil-
latory direction,®!) then they studied the phase separation of a
copolymer—homopolymer mixture containing doping wettable
nanoparticles with a preferential attraction for one component
of the copolymers and obtained many novel structures, such as
single stripes, hexagonal chains, and bistripes in microphase
stripe structure.[®?1 Later, they studied the phase separation
in a diblock copolymer—diblock copolymer mixture and ob-
tained an onion-ring morphology.[®3 Therefore, we choose the
cell dynamics simulation method to systematically investigate
the self-assembly of mixtures of copolymer—homopolymer un-
der a cylindrical confinement, and we find many novel self-
assembled structures which may aid in the design of novel
polymeric nanomaterials under confinement.

This paper is organized as follows. In Section 2, we de-
scribe the model and the CDS method. In Section 3, we dis-
cuss the effects of pore confinement and repulsive interactions
between different monomers on the phase separation as well
as the effect of the relative concentrations of A-B diblock
copolymers and C homopolymers. In the last section, we pro-
vide a short summary.

2. Model and method

We consider a system which consists of A-B diblock
copolymers and C homopolymers in a cylindrical pore. Each
copolymer chain is composed of monomers A and B with a
short-range repulsive interaction between them. The interac-
tion between monomer C in a homopolymer and monomer
In ad-
dition, the hydrodynamic effects, which prevail in the very

B in a copolymer is also assumed to be repulsive.

latest stage of phase separation in polymer blends, are ne-
glected in the present model. We use ;i to denote the in-
teraction between monomers i, j, and k, where i, j, k = A,
B, C. In the process of phase separation, fluctuations are

dominant, so we should investigate the local volume frac-
tions of monomers A, B, and C. They are denoted, respec-
tively, by @a (x,¥,2), ¢8(x,¥,2), and ¢c(x,y,z). The polymer-
ization indices of these polymers are Na, N, and Nc, respec-
tively. The block ratio of a block copolymer, f, is defined
as f = Nao/(Na+Ng). In this paper, we restrict ourselves
to diblock copolymers with f = 1/2 (or Ny = Ng) in order
to understand the essence of the phase separation phenom-
ena in A—B/C systems. Under the incompressibility condi-
tion, two of the local volume fractions are independent. It
is convenient to take @(x,y,z) = @a(x,y,z) + ¢ (x,y,z) and
O (x,y,2) = Pa(x,y,2) — P (x,y,z) as the independent variables.
The variable @(x,y,z) is useful to describe the segregation of
copolymers and homopolymers, while ¢ (x,y,z) plays the role
of an order parameter in the microphase separation. Further-
more, we use 1 (x,y,z) = @(x,y,z) — @ instead of @(x,y,z),
where ¢, is the volume fraction at the critical point of the
macrophase separation and is a constant determined by the
paremeters of the system.

Here we propose a two-order-parameter model.80-89]

The free energy of the system is given by
F=FK+Fs. (1)

The long-range part Fi, and the short-range part Fg are given
by

A= [[ arar'cra)ow - w6l @
R = [[] ar[ 2L 0+ 22 (V002

where o, D1, and D, are all positive constants. The long-range
part is relatively simple, in which G(r,7’) is the Green’s func-
tion defined by the equation —V2G(r,r') = §(r — '), and o
is the spatial average of ¢. We must set ¢o = O in the case
of symmetric copolymers. As for the short-range part, the D
and D, terms correspond to the surface tensions. Functions
Jfn and fy are assumed to be even functions and have double
minima below the respective critical temperatures. We choose
the following interaction between 1) and ¢:

fin(n.0) =bimo — Zno2 @
Equation (4) describes the minimal model of the short-range
part of the free energy in our system. In the symmetric case,
by = (—xac +xBc)/2, by = 1/(@2Ny). Itis now clear that the
b term mainly originates from the interaction between the A—
B copolymer and the C monomer. If the repulsive interaction
strength ypc between B and C is large enough, b is positive.
The b, term represents the fact that the microphase separation
should occur only in the copolymer-rich phase. In terms of

the free energy in Egs. (1)—(4), we obtain a set of two coupled
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where M; and My are the transport coefficients, the relative
magnitude of these two coefficients is not known experimen-
tally, so we set My = My = 1.0 for simplicity.

We carry out computer simulations of the model system
in three dimensions by using the cell dynamical simulation
proposed by Oono and Puri,°*?! and the CDS equations cor-
responding to Eqgs. (5) and (6) in their space—time discretized
forms are written as

N(x,y,2,t + A1) = N(x,y,2,1) + My (((I)) —In), (1)
O(x, 3,21+ A1) = ¢ (x,3,2,1) + Mo { ({{Iy)) — 1)
_a[q)(xayazvt)_%”’ (8)

where
1
Iy =—Di({(n)) —n) —Aptanhn +n+b1¢ — §b2¢2, €))

Iy =—Dy(((9)) — ¢) —Agtanh ¢ + ¢ + by —bano, (10)
1

6 3
N=—YXx+=— Y x+— Y x. (11)
0= 50 55 50, & 50

Here subscripts NN, NNN, and NNNN stand for nearest-

neighbor, next-nearest-neighbor, and next-next-nearest-
neighbor cells, respectively.

In our simulations, we set My = My = 1, D; = 1.0,
Dy =0.5, ¢ =00, bp =02, Ay = 1.1, Ay = 1.12. Ac-
cording to the previous work, in the present simulation, in the
case of a = 0.02, by the formula ¢ = 12/N? fi, (1 — f;,) (f;, de-
notes a block ratio), we can obtain Ny = Ng = 24, Nc = 34,

XABNAB =20.26.

3. Numerical results and discussion
3.1. Lamellae period Ly in bulk states

Equilibrium bulk phases are obtained in rectangular boxes
of sizes Ly X Ly x L, with the periodic boundary conditions
in all three directions. The composition ratio of C to A-B is
59.4/40.6, by = 0.001, and L,, Ly, and L, are varied so that the
box is commensurate to the period of the ordered structure. In
order to probe the lamellae period Lo of A—B diblock copoly-
mers in the mixture, we obtain the morphological patterns in
a 20 x 20 x 20 lattice, as shown in Fig. 1. The black, pink,
and green regions stand for A-rich, B-rich, and C-rich regions,
respectively. For clearness, we denote the A-rich domain for
¢ > 0 and the B-rich domain for ¢ < 0, whereas the C-rich
domain for n < 0.

From Fig. 1, we can see A—B diblock copolymers form
four lamellae periods with a sequence of A—-B—A-B-A-B-A-
B, and blocks C aggregate to the surface which is perpendicu-
lar to the A-B diblock. In the case of b; = 0.001, we can figure

out yac = 0.227 and ypc = 0.229. We can see that the repul-
sive interactions between the A, B blocks and the homopoly-
mer are nearly equal (Yac ~ Xsc), which means that phases A
and B have the same chance to get in touch with phase C. In
our simulations, the distance between blocks A and B is var-
ied, so we can choose the distance between blocks A and B
(Lo =7.1) to be compared with the size of the nanopore. In
addition, we also investigate the lamellae period (L) of A-B
diblock copolymers and C homopolymers in the bulk states,
and we observe a series of concentric cylindrical structures
with the pore diameter D and pore length Lyore increased.

(a)

Fig. 1. (color online) Morphological pattern in a 20 x 20 x 20
lattice with the composition ratio of C to A-B being 59.4/40.6,
by =0.001: (a) three-dimensional structure, (b) copolymers struc-
ture. Phase A is represented by the black regions, phase B by the
pink regions, and phase C by the green regions.

3.2. Effects of nanopore diameter

For the simulations of confined self-assembly, the A-B
diblock copolymers and C homopolymers are confined in a
long cylindrical nanopore of diameter D. The confinement is
realized in the volume V = L X Ly X L, with Ly =L, =D+m
and Lpore = L;, where m = 2 when D is odd and m = 3 when
D is even. Polymers cannot occupy the wall sites which are
the lattice sites outside the cylinder with diameter D. There-
fore the polymers are confined in an approximate cylindrical
nanopore of diameter D.5°! The extra m in L, and L, ensures
that each site inside the cylindrical nanopore has 26 neigh-
bor sites. These neighbor sites are either inside the pore or
in the wall. We choose the most simple model, in which the
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preference of copolymer blocks to surfaces is described by the
Dirichlet boundary condition.7]

In our simulations, we use the neutral surface with var-
ious nanopore diameter, the composition ratio of C to A-B
is 59.4/40.6, by = 0.001, and Lpore/Lo = 5.3. Figure 2 dis-
plays the structures of diblock copolymers and homopoly-
mers mixtures within cylinders of various diameters, we find a
more complex situation ranging from piled pancakes/cylinder
structure, tilted pancakes/cylinder structure, and multiple he-
lices/cylinder structure. These structures for symmetric di-
block copolymers and homopolymers mixtures in a neu-
tral cylindrical nanopore are not found. When D/Ly = 5.1
(Fig. 2(a)), diblock copolymers A-B form a piled-pancake
structure in the center of the cylinder, whereas homopolymers
C form an outer cylindrical layer, and blocks A and B form
piled-pancake structures. Moreover, these A and B disks are
aligned perpendicular to the cylinder axis (L,). However,
above a certain diameter, this structure is not found (Fig. 2).

(a)
(d)

(b) (c)
i1
(e) (f)

When D/Ly = 5.7-5.9 and D/Ly = 6.5-6.9 (Figs. 2(b) and
2(d)), diblock copolymers A-B form a double-helix struc-
ture in the center of the cylinder, homopolymers C form an
outer cylindrical layer, blocks A and B form single-helix struc-
tures. When D/Ly = 6.1-6.3 and D/Ly = 7.3 (Figs. 2(c) and
2(e)), diblock copolymers A—B form a tilted-pancake structure
(L'} in the center of the cylinder, homopolymers C form an
outer cylindrical layer, and blocks A and B form tilted-pancake
structures. When D/Ly = 7.6 (Fig. 2(f)), diblock copolymers
form a quadrupole-helix structure in the center of the cylin-
der, homopolymers C form an outer cylindrical layer, blocks
A and B form double-helix structures. In addition, we find that
the final morphology of the orther system in a nanopore can
also form helical structures. Li et al.!%! studied the interac-
tion between a graphene nanoribbon and a single-wall carbon
nanotube (SWCNT), they observed that the GNR can enter the
SWCNT and form a helical configuration spontaneously.

Fig. 2. (color online) Morphological patterns constrained in cylinders of various diameters with the composition ratio of C to A-B
being 59.4/40.6, by = 0.001, Lyore /Lo = 5.3, (a) D/Ly = 5.1; (b) D/Ly = 5.7-5.9; (¢) D/Lg = 6.1-6.3; (d) D/Ly = 6.5-6.9; (e)
D/Ly =1.3; (f) D/Ly = 7.6. The left of each graph shows the section structure, the right of each graph shows block A. Phase A is
represented by the black regions, phase B by the pink regions. Phase C by the green regions.

It is interesting to notice that the structures shown in
Fig. 2 exhibit periodicity along the pore. The pitch of these
helices or two neighboring lamellae is slightly larger than
the equilibrium spacing between the layers in the bulk phase
(Lp). We observe a piled pancakes/cylinder morphology in
the nanopore of a small diameter (D/Ly = 5.1). When the
nanopore diameter increases, it is interesting to notice that he-
lices/cylinder and tilted pancakes/cylinder morphologies are
repeated alternately in the radial direction. When Lpore /Lo is
slightly smaller than nLy, helices/cylinder morphologies ap-
pear (D/Ly =5.7-5.9, 6.5-6.9, 7.6); when Lyore /Lo is slightly
larger than nLy, tilted pancakes/cylinder morphologies appear
(D/Ly = 6.1-6.3, 7.3). It is worth mentioning that a simi-
lar conclusion has been obtained by Pinna er al.’’! already.

They discovered that for the diblock copolymer in a neutral
nanopore of D/Ly > 2.24, the helical and tilted pancakes mor-
phologies are alternately repeated.

For the above mentioned phenomenon, we have the fol-
lowing explanations. The phase behavior in neutral nanopores
is due to the interplay of two factors: the surface effect pro-
duced by the confinement boundary and the extension effect
when the nanopore length and the lamellae spacing are not
commensurate. For D/Ly < 5.1 (Fig. 2(a)), the surface effect
is strong, the elastic chain deformation associated with the par-
allel structures is avoided, and the perpendicular structures are
favored instead. Due to the strong surface effect, the parallel
structures (surface reconstructions) will be promoted by sur-
face fields above a certain threshold field strength. The effect

096401-4



Chin. Phys. B Vol. 22, No. 9 (2013) 096401

of the neutral surface, which prefers L, scales with the sur-
face area up to large surface field strengths. For D/Ly > 5.7,
the surface effect has a limited range, the extension effect takes
over. We know that the available space in the confined ge-
ometry dictates the degree of chain compression or extension.
When the diameter of the nanopore increases, the available
space also increases, which requires for parallel structures,
but the extension effect prevents the parallel structures, the
novel helices/cylinder and tilted pancakes/cylinder structures
are formed instead. When a tilted pancakes/cylinder structure
transforms into a helical/cylinder structure, the reconnection
of the domains in the tilted pancake/cylinder structure should
take place. Such a reconnection of the domains requires a
large amount of deformation energy when the diameter of
the cylinder is large. Therefore, the helical/cylinder domains
are observed only for the case with a smaller diameter of the
cylindrical domain (Fig. 2(b)), and the tilted pancake/cylinder
structures for the larger diameter of the cylindrical domain
(Fig. 2(c)). Moreover, as the nanopore diameter continues to
increase, the available space increases, large chain frustrations
give rise to an entropically unfavorable situation and may even
prevent the formation of tilted pancakes/cylinder structures, al-

(d)

ternative structures are then formed instead (Figs. 2(d)-2(f)).
For the above result, we also investigate the case in which the
nanopore length and the lamellae spacing are commensurate.

Figure 3 displays the structures of diblock copolymers
and homopolymers mixtures in cylinders of various diameters,
the composition ratio of C to A-B is 59.4/40.6, Lyore /Lo =4.0,
b1 =0.001. Figure 3 shows piled pancakes/cylinder structures
in the nanopore of the same diameters (D/Ly = 5.7, 6.2-6.3,
6.6), where the helices/cylinder and tilted pancakes/cylinder
structures are present in Fig. 2. An interesting observation is
that the piled pancakes/cylinder structures always form with
changing nanopore diameter (Fig. 3). When the nanopore
length and the lamellae spacing are commensurate, the final
morphology is independent of the nanopore diameter, the dis-
tance between two neighboring lamellae has the same value as
Ly. When the nanopore length and the lamellae spacing are
commensurate, the extension effect has little effect, the sur-
face effect takes over, and the piled pancakes/cylinder struc-
tures are formed. Our results are in good agreement with the
results of Yu et al.,!%?! who studied the diblock copolymer in
a neutral nanopore.

Fig. 3. (color online) Morphological patterns constrained in cylinders of various diameters with the composition ratio of C to A-B
being 59.4/40.6, by = 0.001, Lyore /Lo = 4.0, (a) D/Lo = 5.0; (b) D/Ly = 5.1-5.4; (¢) D/Ly = 5.6-5.7; (d) D/Ly = 6.0; (¢) D/ Ly = 6.2—
6.3; (f) D/Ly = 6.6. The left of each graph shows the section structure, the right of each graph shows blocks A. Phase A is represented
by the black regions, phase B by the pink regions, phase C by the green regions..

3.3. Effects of nanopore length

From the previous work of the cylindrically confined sys-
tem, it is found that the length of the nanopore as well as the
diameter plays an important role. In order to study the effect
of the different nanopore length on the morphology, we regu-
late the nanopore diameter (D/Ly = 7.3), the other parameters
are the same as those in Fig. 2. Similar to the bulk phases,
the nanopore length Lo is varied to obtain optimal equilib-
rium ordered structures. Figure 4 shows the evolution patterns
of the mixture with different pore lengths, when similar struc-

tures are found for a range of Lyore /Lo (indicated by a hyphen),
only representative examples are shown. For Lyore /Lo = 4.0,
5.0 (Figs. 4(a) and 4(d)), diblock copolymers A-B form a
piled-pancake structure in the center of the cylinder, whereas
homopolymers C form an outer cylindrical layer, and blocks
A and B form piled-pancake structures. For Lpore /Ly = 4.2
4.4, 5.1-5.4 (Figs. 4(b) and 4(e)), diblock copolymers A-B
form a double-helix structure in the center of the cylinder, ho-
mopolymers C form an outer cylindrical layer, blocks A and B
form single-helix structures. For Lpore /Lo = 4.5-4.6, 5.5-5.8
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(d)

—~

e) (f)

Fig. 4. (color online) Morphological patterns constrained within cylinders of various Lpore /Lo With the composition ratio of C to
A-B being 59.4/40.6, D/Ly = 7.3, other parameters are the same as those in Fig. 2: (a) Lyore/Lo = 4.0, (b) Lpore /Lo = 4.2-4.4, (c)
Lpore /Lo = 4.5-4.6, (d) Lyore /Lo = 5.0, () Lpore /Lo = 5.1-5.4, (f) Lpore /Lo = 5.5-5.8. When similar structures are found for a range
of Lpore /Lo (indicated by a hyphen), only representative examples are shown, the left of each graph shows the section structure, the
right of each graph shows blocks A. Phase A is represented by the black regions, phase B by the pink regions, phase C by the green

regions.

(Figs. 4(c) and 4(f)), diblock copolymers A-B form a tilted-
pancake structure in the center of the cylinder, homopolymers
C form an outer cylindrical layer, blocks A and B form tilted-
pancake structures.

We notice that the structures shown in Fig. 4 exhibit peri-
odicity along the nanopore. The pitches of these helices or
two neighboring lamellae have different values with varied
nanopore length. The structures shown in Fig. 4 also exhibit
a repeating pattern in the radial direction, which is different
from that in Fig. 2. Furthermore, the simulation results show
that when Lpore /Lo is close to an integer (Figs. 4(a) and 4(d)),
the final morphology is the piled pancakes/cylinder structure,
the distance between two neighboring lamellae equals to L.
When Lyjore /Lo is not an integer (Figs. 4(b), 4(c), 4(e), and
4(f)), the final morphology is the helices/cylinder or tilted
pancakes/cylinder structure, the pitch of these helices or two
neighboring lamellae is slightly larger than L.

For the above phenomenon, we can give the following
explanation. On one hand, when Lyor /Lo is close to an in-
teger, the surface effect is strong, the final morphology is in-
dependent of Lyore. The free energy minimization drives the
final morphology to be the lamellae structure perpendicular to
the axis of the nanopore (Figs. 4(a) and 4(d)). On the other
hand, when Lpoe/Lo is not an integer, the extension effect
takes over, the final morphology is slightly dependent on Lyore,
the tilted pancakes/cylider and helical/cylinder structures are
formed (Figs. 4(b), 4(c), 4(e), and 4(f) ), the mechanism of the
conversion between helical and tilted morphologies is analo-
gous to that given in the previous section. As the nanopore
length continues to increase, the confinement increases, the
extension effect diminishes relatively, we predict that the fi-

nal morphology is the piled pancakes/cylider structure, which
needs to be further studied. As a result, when the nanopore
length and the lamellae spacing are not commensurate, the ex-
tension effect prevails at short lengths, the surface effect takes
over at long lengths; when the nanopore length and the lamel-

lae spacing are commensurate, the surface effect dominates.

3.4. Effect of the interactions between different monomers

In this section, we discuss the value of b for the repulsive
interaction between the B block and a homopolymer. Figure 5
displays the domain pattern at + = 1000000 with the variation
of parameter b; from 0.001, 0.035 to 0.1, Lpore/Lo = 5.63,
the other parameters are the same as those in Fig. 4. For
b1 =0.001 (Fig. 5(a)), diblock copolymers A-B form a tilted-
pancake structure in the center of the cylinder, whereas ho-
mopolymers C form an outer cylindrical layer, blocks A and B
form tilted-pancake structures. For b; = 0.035 (Fig. 4(b)), di-
block copolymers A—B form a concentric cylindrical structure
with defect in the center of the cylinder, and homopolymers
C form an outer cylindrical layer. For b; = 0.1 (Fig. 5(c)),
diblock copolymers A-B form a concentric cylindrical struc-
ture in the center of the cylinder, homopolymers C form an
outer cylindrical structure, blocks A always aggregate near
the interface between copolymers and homopolymers. From
Fig. 5, we can see that the domains reverse from the tilted pan-
cakes/cylinder structure (Liﬂ‘ed) to the concentric cylindrical
structure with holes and to the perfect concentric cylindrical
structure (L) with by increasing.
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<)

Fig. 5. (color online) Morphological patterns constrained within
cylinders with varied by, Lyore/Lo = 5.63, (a) by = 0.001, (b)
by = 0.035, (c) by = 0.1, the other parameters are the same as
those in Fig. 4. The left of each graph shows the section struc-
ture, the middle of each graph shows the A-B diblock, the right of
each graph shows blocks A. Phase A is represented by the black
regions, phase B by the pink regions, phase C by the green regions.

(

For very small values of by (Fig. 5(a)), xac = 0.227,
xsc = 0.229, xac =~ XBc, phases A and B have the same
chance to get in touch with phase C. And because the nanopore
length and the lamellae spacing are not commensurate, the mi-
crophase separated pattern forms a tilted-pancake structure.
When b, increases (Fig. 5(b)), xac = 0.193, ypc = 0.263,
the repulsive interaction between the B blocks and homopoly-
mers (Xpc) continues to increase, blocks B gradually leave the
macrodomain interface, more A blocks aggregate near the in-
terface, a concentric cylindrical structure with defects appears.
When b; = 0.1 (Fig. 5(c)), xac = 0.128, xsc = 0.328, the re-
pulsive interaction between the B blocks and homopolymers
(xBc) is large enough, it means that the repulsive interaction
of the C homopolymers with the B blocks is larger than that
with the A block, so it makes the B blocks not favorable in
the macrodomain interface, the microphase separated pattern
forms a perfect concentric cylindrical structure. According to
the result, we can realize the orientational transition by chang-
ing the repulsive interaction between monomers, and it can be

achieved by selecting different copolymers in experiment.

3.5. Effects of the initial composition ratio of copolymer—
homopolymer mixtures

In the above research, we find that the C blocks form an
outer cylindrical layer in all cases. In order to explain that,
we also investigate the effect of the relative concentrations of
A-B diblock copolymers and C homopolymers by changing
only the initial composition ratio of the A-B copolymers and
the C homopolymers. Figure 6 displays the domain pattern
at r = 1000000 with the composition ratio of C to A-B from
59.4/40.6, 51.4/48.6 to 44.4/55.6, by = 0.1, the other param-
eters are the same as those in Fig. 4, the right side figures in
Fig. 6 show the order-parameter profile along y = 28, z = 40,
the red line represents the profile of 1, and the black line is that
of ¢. From Fig. 6, we can see that blocks A, B, and C form a
sequence of concentric cylindrical structures, and the A blocks
always aggregate near the interface between copolymers and
homopolymers because of the interaction b117¢. When the
composition ratio of C to A-B is 59.4/40.69 (Fig. 6(a)), the
diblock copolymers A—B take over the inner cylindrical layer,
homopolymers C form the outer cylindrical layer; when the
composition ratio is 51.4/48.6 (Fig. 6(b)), the diblock copoly-
mers A-B take over the inner and outer cylindrical layers, ho-
mopolymers C form the medial cylindrical layer; when the
composition ratio is 44.4/55.6 (Fig. 6(c)), the diblock copoly-
mers A-B take over the outer cylindrical layer, homopolymers
C form the inner cylindrical layer.
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Fig. 6. (color online) Morphological patterns constrained within cylin-
ders with various initial composition ratio of C to A-B: (a) 59.4/40.6,
(b) 51.4/48.6, (c) 44.4/55.6, by = 0.1, the other parameters are the same
as those in Fig. 4. The left of each graph shows the three-dimensional
structure, the right side figures show the order-parameter profiles, the
red line represents the profile of 1, and the black line is that of ¢ along
y =28, z=40. Phase A is represented by the black regions, phase B by
the pink regions, phase C by the green regions.
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In the case of b; = 0.1, the repulsive interaction of the
homopolymers with the B blocks is larger than that with the A
blocks, so the B blocks are far away from the macrodomain in-
terface, the A blocks appear near the macrodomain interface.
On one hand, the free energy minimization consequentially
asks for the minimum interface, which makes the macrophase
separation come up and the concentric cylindrical structures
form. On the other hand, in order to minimize the free energy,
there is a tendency for the components of the larger concentra-
tion to emerge in the the outer cylindrical layer. The position
of the C blocks transforms from the outer cylindrical layer to
the medial cylindrical layer and to the inner cylindrical layer
with decreasing concentrations of the C blocks.

4. Conclusions

In this work, using the CDS approach, we have investi-
gated the self-assembly of copolymer—homopolymer mixtures
under cylindrical confinement. We find that much richer mor-
phologies can form in the diblock copolymer—-homopolymer
mixture in the nanopore than that in the bulk. We propose
a minimum two-order-parameter Ginzburg-Landau model.
The morphological dependence of nanopore diameter and
nanopore length has been systematically studied, the interac-
tions between different monomers and the initial composition
ratio of C to A-B are also discussed. The competition of the
surface effect and the extension effect results in a series of
phase behaviors of the diblock copolymer-homopolymer mix-
ture in neutral nanopores. By changing the interactions be-
tween different monomers, we obtain a transition from a tilted
pancakes/cylinder structure (L‘L“‘ed) to a concentric cylindrical
structure with defects and to a perfect concentric cylindrical
structure (L) with by increasing. With the concentration of
the C blocks in the mixture decreasing, the position of phase
C changes from the outer cylindrical layer to the medial cylin-
drical layer and then to the inner cylindrical layer. Our model
and simulations provide a reference for realizing experimen-
tally ordered structures on the microphase separation consist-
ing of diblock copolymer—homopolymer mixtures and show
a possibility for the physical design of soft-matter materials
through the adjustment of the size of confined geometries.
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