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The different confinement shapes can induce the formation of various interesting and novel morphologies, which
might inspire potential applications of materials. In this paper, we study the directed self-assembly of diblock copoly-
mer confined in irregular geometries with a soft surface by using self-consistent field theory. Two types of confinement
geometries are considered, namely, one is the concave pore with one groove and the other is the concave pore with two
grooves. We obtain more novel and different structures which could not be produced in other two-dimensional (2D) con-
finements. Comparing these new structures with those obtained in regular square confinement, we find that the range of
ordered lamellae is enlarged and the range of disordered structure is narrowed down under the concave pore confinement.
We also compare the different structures obtained under the two types of confinement geometries, the results show that the
effect of confinement would increase, which might induce the diblock copolymer to form novel structures. We construct
the phase diagram as a function of the fraction of B block and the ratio of //L of the groove. The simulation reveals that the
wetting effect of brushes and the shape of confinement geometries play important roles in determining the morphologies
of the system. Our results improve the applications in the directed self-assembly of diblock copolymer for fabricating the

irregular structures.
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1. Introduction

Block copolymers can form a rich variety of novel and
new structures, these structures have potential applications,
for example, photonic crystals, lithographic templates for
nanowires, high-density magnetic storage media, and drug
delivery.['?l So the self-assembly of block copolymer sys-
tems has attracted a great deal of attention in recent years.
The simplest block copolymer is a diblock copolymer, which
can self-assemble into cylinders, lamellae, spheres, and gy-
roid structures depending on the block volume fractions and
the repulsive interactions between the different blocks.l?] We
can put block copolymers into geometries, which can add the
parameters to control their phase behaviors, such as the inter-
action between the confined surface and the block copolymers,
which can make the block copolymers rebalance between

2451 and affect the self-assembly of

the entropy and energy,|
the block copolymers, as previously demonstrated in a lin-
ear AB diblock copolymer.!>¢! The AB linear diblock copoly-
mer is the best example of being enforced into various con-
finement geometries.!”! The computational modeling to de-
scribe polymer morphology is now widespread,®! such as the
self-consistent field theory (SCFT),°-?] and the cell dynam-

ics simulation method (CDS).!'3-13) In previous years, stud-
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ies mostly have focused on thin films about the confinement
effect for one-dimensional (1D) confinement.!'6-23] In exper-
imental studies, Koneripalli er al.’?*! studied the symmetric
poly(ethylenepropy lene)-poly-(ethylethylene) (PEP-PEE) di-
block copolymer confined between two solid surfaces and
found that the lamellae phase was always parallel to the sur-
face, which was in accordance with the theoretical studies of
Shull.[>! For two-dimensional (2D) confinement, in experi-
mental studies, Xiang et al.[*! investigated both the symmet-
ric and asymmetric polystyrene-b-polybutadiene (PS-b-PBD)
block copolymers under cylindrical confinement and found
that the results were in qualitative agreement with the simula-
tion results investigated by Li ez al.[*”] The self-consistent field
theory was used to study the microstructures from confined
asymmetric diblock copolymer, and the Monte Carlo method
was adopted to investigate the symmetric diblock copolymer
under cylindrical confinement, and many novel structures were
obtained by changing the ratio between the pore diameter and
the bulk period (D/L).183% For three-dimensional (3D) con-
finement, Chen and Liang studied the self-assembly of asym-
metric diblock copolymer under spherical confinement, and
observed many new structures that were different from those

[31

observed in 1D or 2D confinement.*!1 In order to fully study

*Project supported by the Specialized Research Fund for the Doctoral Program of Higher Education of China (Grant No. 20121404110004), the Research
Foundation for Excellent Talents of Shanxi Provincial Department of Human Resources and Social Security, China, and the Scientific and Technological
Innovation Programs of Higher Education Institutions in Shanxi Province, China.

Corresponding author. E-mail: zhangjinjun @sxnu.edu.cn
© 2015 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

126403-1


http://dx.doi.org/10.1088/1674-1056/24/12/126403
mailto:zhangjinjun@sxnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 24, No. 12 (2015) 126403

the two-dimensionally confined system, Yu et al. studied di-
block copolymer confined in channels of various shaped cross
sections, including regular triangle, rectangle, square, regular
hexagon, and ellipse. They found that the shape and size of the
confinement geometries had a great effect on the morphologies

5.13233] Tang and Ma investigated the

of the block copolymer
directed self-assembly of block copolymers on 2D sparse rect-
angle lattice template and pointed out that the template spac-
ings could modulate the local spacings and the orientation of
the block copolymer microdomains.**! Above these studies
mostly focused on regular confinement geometries, there are
few studies about irregular confinement geometries. In addi-
tion, the confinement geometries used in the experiment are
not always regular. Thus, we should study the block copoly-
mers confined in irregular geometries.

Tuning the interfacial energies between block copolymers
and the confined surface is extremely important, which can
enhance the mechanical, electronic, and photonic properties
of materials.>>*!1 An effective way to modify the interfa-
cial energies is to graft polymers on the confined surfaces,
which is widely used now. The polymer chains are grafted
by one end to a solid surface and stretched away from the
surface, forming a polymer “brush”.[*?l Polymer brushes can
change surface properties including adhesion and wetting be-
haviors. For grafted polymer systems, the theoretical research
methods have developed rapidly, which include self-consistent
field theory,*>*! analytical theories, 71 and Monte Carlo

48491 Xje et al. simulated the hard and soft con-

simulations. !
finement effects on the glass transition of polymers confined
in nanopores, and found the two confined surfaces had fun-
damentally different properties.>°! Ren et al. studied the mor-
phologies of asymmetric diblock copolymer confined between
polymer-grafted surfaces and pointed out that due to the in-
terfacial affinity and the interaction between the entropy ef-
fects of stretched brushes, the reentrant structures varied from
the lamellar to hexagonal phases, and also found the struc-
tural frustration could be relieved by being out of shape of the
polymer brush surface in contrast to the hard-wall cases.>!]
They also studied the phase behaviors of colloid-polymer mix-
tures confined between two soft surfaces and found that the
brush-mediated interaction played an important role in the
self-assembly of colloid.!>?! Li and Zhu pointed out that the
effect of the entropic elasticity of polymer brushes played an
important role in controlling the morphology of the diblock
copolymer confined in a cylindrical nanopore with polymer-
grafted surface.[>’] The development of the experiment has
also made significant progress. Tang et al. successfully syn-
thesized polymer brushes by combining ring-opening poly-
merization with living anionic polymerization. >*!

Inspired by these studies, we study the self-assembly

and construct phase diagram of the diblock copolymer con-

fined in irregular geometries with soft surface by using SCFT,
which has proven to be a successful theory for predicting the
morphologies. > The rest of this paper is arranged as fol-
lows. In Section 2, the model and the SCFT method are in-
troduced. In Section 3, we mainly discuss the shapes of con-
finement geometries, the fraction of B block, the heights and
the widths of grooves on the morphologies of diblock copoly-
mer and some conclusions are drawn from the present study in

Section 4.

2. Model and method

We consider an incompressible melt of n., AB diblock
copolymer confined in irregular geometries with the surface
grafted by np A-type homopolymer chains. The cross sec-
tion of the irregular geometries is a concave pore, which is
set in the x—y plane. Both diblock copolymer and homopoly-
mer chains consist of N segments of length a and the length
is expressed in units of the radius of gyration, R, of the poly-
mer. The fractions of A and B monomer in a copolymer chain
are denoted by f; (i = A,B) (0 < f; < 1) and each segment
has a fixed volume 1/p. The grafting density is defined as
01 = nie/2(Lx + Ly + h) for a concave pore with one groove
and 0 = ny/2(Ly + Ly + 2h) for a concave pore with two
grooves. For the diblock copolymer melt confined in irregular
geometries with volume V, the free energy F' can be obtained

as follows:
NF
pkgTV
Qbr) Qco
= —@prIn — @0 In
% <V¢br Peolnlyzg,)

4 [ ArlanNoA(r)gu(r) + 2N en(r) gu(r)
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where kg is the Boltzmann constant and 7 is the temperature.
The free energies come from the entropic and energetic contri-
butions. The entropic part originates from the configurations
of A block, B block, and brush in the mean fields, which can
be obviously affected by the confinement geometries. The en-
ergetic part originates from the repulse interactions between
blocks and brushes. The Flory—Huggins interaction param-
eters are expressed by y;; (i,j = A,B, brush), @a, ¢, and
@y are local volume fractions of A segment, B segment and
brush, w4, wg, and wy, are the mean fields of monomer
blocks and sing brush that are produced by the surrounding
chains, @, and @, are the average volume fractions of the di-
block copolymer and the brushes, ¢co = ncoNp~'/V and ¢y, =
neNp~!/V. E(r) is a Lagrange multiplier to ensure the in-
compressibility of the system. Qc, = [ drg(r,s)q™ (r,s) and
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Obr = [ drgu(r,s)g; . (r,s) are single-chain partition func-
tions of diblock copolymer and homopolymer brushes in the
mean fields. The end-segment distribution function g(r,s) is
the probability that a polymer chain segment of contour length
s with a free chain end has its other end located at r. The
chain propagators g(r,s) and its conjugate g* (r,s) obey the
following modified diffusion equations:

dq(r,s)

5 = (Re)*V2q(r,s) — o(r)g(r,s), )
and
+
D) (g2t ) - o (). G

with @(7,s) = wa(r) for 0 < s < f4 and ©(r,s) = o (r) for
fa < < 1. The initial condition for copolymer is ¢(r,0) = 1
and ¢*(r,1) = 1, and the initial condition for brushes is
qor(r =11,0) = 1 (qor(7 # 13,0) = 0,i =x,y) and gy (7, 1) = 1,
where r, presents positions of two planes at x =1 and x = L,
and r, presents positions of two planes aty = 1 and y = L, and
the boundary of the irregular geometries which are shown in
Fig. 1 is set to 1. Minimizing the free energy in Eq. (1), with
respect to the monomer densities and mean fields leads to the
set of mean-field equations:

oV [T
oa(r) = 2V [ asq(r,5)g* (r.5), @
Qco 0
COV 1
os(r) = 2V [ dsg(r, )" (r.9), 5)
Qco fa
_ uV ! +
(Pbr(r) - Qbr /0 dSQbr(r>s)qbr(7"7S)7 (6)
OA (1) = xaBN@B(T) +&(7), (7
(1) = XABN @A (7) + XBorN @ (1) + & (), (8)
O (1) = XBorN @B (1) + & (1), &)
and
PA(T) + @B () + Que(r) = 1. (10)

In our study, outside the irregular pore, there is no di-
block copolymer, so we set the end-segment distribution func-
tions to be 0. We focus on the case of the equal interac-
tions among A, B, and brushes with yaAgN = xgu:N = 20.0,
the fraction of homopolymer chains is set to be f, = 0.6 and
the chain lengths of the diblock copolymer and homopolymer
chains are both set to be N = 100. For our system, the calcu-
lation is performed in a lattice of (L x Ly) 100 x 100, and the
chain contour length for each block is discretized into 100 seg-
ments. We take fixed boundary conditions in our calculation.
The calculation is started by using initial random value of the
field, (r). The diffusion equations are solved by using the
Crank—Nicholson scheme and the scheme has been proven un-
der different confinement conditions.®”) The free energy can
then be obtained by Eq. (1), the volume fractions are evaluated

by Egs. (4)—(6), and the fields are calculated by Eqgs. (7)-(9).
Then updated fields are inputted into Egs. (2) and (3). All cal-
culations are iterated until the free energy difference between
two sequential steps is less than 10712, We should point out
that the grafted chain ends are treated as being mobile on the
substrate for computational efficiency.

3. Numerical results and discussion

For a bulk diblock copolymer melt, the phase behavior is
controlled by two parameters, f; (i = A,B) and yagN. When
the block copolymers confined in irregular geometries with
soft surface, there are more parameters to control the patterns
of diblock copolymer, such as the geometrical shape of con-
finement. In this paper, we focus on the effects of the shape of
confinement geometries, the fraction of B block, the height,
and the width of grooves on the morphologies of diblock
copolymer, and neglect the effect of grafting density, due to
the small changes, on the morphology of diblock copolymer.
Through changing the confinement geometries, the heights,
and the widths of grooves, we obtain a series of structures.
Two types of confinement geometries are considered as shown
in Fig. 1. The schematic diagram of a concave pore with one
groove is shown in Fig. 1(a), and the schematic diagram of a
concave pore with two grooves is shown in Fig. 1(b), where
h is the height of the groove, L is the width of the groove, L,
and Ly are the length and width of the irregular geometry. In
this paper, we consider the internal surface of the schematic
diagram of Fig. 1, which is grafted by A-type homopolymer
chains. In addition, it is worth mentioning that the blue color
represents the morphologies of the brush and A block and the
red color refers to the morphology of B block in our paper.

-
S
|

(b) -

L?‘a

L= h
L

L,

Fig. 1. Schematics of the shapes of confinement geometries of (a) con-
cave pore with one groove and (b) concave pore with two grooves.
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3.1. Morphology of diblock copolymer confined in concave
pore

3.1.1. Effect of the fraction of B block on morphology
of the diblock copolymer

We first change the fraction of B block to observe the
patterns of the diblock copolymer confined in a concave pore
with h =4.92R, and L = 4.92R,. In Fig. 2, we can see that the
B block forms cylinders and lamellae, and finally the A block
forms cylinders dispersed in the B domain with increasing the
fraction of the B block. Because the surface of the concave
pore is grafted by A-type homopolymer chains, the A compo-
nent forms structures around the concave pore. In Fig. 2(a),
the major A component provides a background where the mi-
nority B component forms the cylinders when fg = 0.25. In
Fig. 2(b), when fg = 0.45, B block forms one lamellae along
the edge of the concave pore and another one parallel lamel-
lae in the center of the concave pore. Figure 2(c) shows one
concentric lamellae formed by the B block in the center of
the concave pore besides one lamellae along the edge of the
concave pore with fg = 0.5. This is because the lamellar struc-
tures are formed when the two blocks have equal lengths. In
contrast, increasing the fraction of B block, the A block starts
to form cylindrical structures and B block provides a back-
ground. When fg = 0.65, hexagonal structures are formed by
A block and dispersed in the B domain as shown in Fig. 2(d).
While the fraction of the B component increases to 0.75, the A
block forms tetragonal structures where the B block provides
a background as shown in Fig. 2(f). From simulation results,
first, we can conclude that the asymmetric diblock copolymer
can form cylindrical structures of the minor component, which
are dispersed in the major component. While the symmetric
diblock copolymer can self-assemble into lamellar structures
under the concave pore, which is similar to what the diblock
copolymer in an unconfined system and a regular geomet-
rical confinement system do. Second, the most outstanding

(d)

Fig. 2. (color online) Morphologies of diblock copolymer as a function
of the volume fraction of B block with 4 = 4.92R,; and L = 4.92R,. The
blue color represents the morphologies of A block and the brush, the red
color refers to the morphology of B block. (a) fg =0.25, (b) fg =0.45, (c)
f8=0.5,(d) f8 =0.65, (e) fg =0.72, (f) fs =0.75.

characteristic is that the top layer cylinders are deviously ar-
ranged and the top layer lamellae is arranged parallelly to the
groove due to the effect of curvature.

3.1.2. Differences in diblock copolymer between con-
cave pore confinement and regular square con-
finement

Diblock copolymer can self-assemble into cylinders,
lamellae and spheres and gyroid structures, whether the di-
block copolymer is confined in a regular square or in a con-
cave pore. In order to study the differences between regular
square confinement and concave pore confinement, and study
the effect of the height of the groove on the morphologies
of diblock copolymer, we take fg = 0.65 for example due
to the more clear diversities of structures, which are shown
in Fig. 3. We can clearly see that the major B component
provides a background where the minor A component forms

cylinders or lamellar structures. First, the morphology of the A

block is disorderly arranged under regular square confinement

as shown in Fig. 3(a), while it can be seen from Figs. 3(b)-

3(e) that the A block forms different structures when diblock

copolymer is confined in a concave pore with increasing the

height of the groove, the morphology of A block changes from
the hexagonal cylinders to the lamellar structures and finally
to the trigonal cylinders. This is because the diblock copoly-
mer is confined in a concave pore, the increase of interfacial
areas results in the increase of interfacial energies, which in-
duces the interaction between homopolymer brushes and the
diblock copolymer to increase, so in order to reduce the ener-
gies, the structures of the A block are orderly arranged. Com-
pared with the morphologies in Fig. 3(b), fewer cylinders can
be accommodated in Fig. 3(e) due to the effect of the groove.

In addition, the first layer cylindrical structures curve along the

groove because of the effect of curvature of diblock copolymer

under concave pore confinement, while in regular square con-
finement, there is no curvature, so the structures are squarely
arranged.

Fig. 3. (color online) The morphologies of diblock copolymer confined in
a regular square and in a concave pore with fg = 0.65 and the fixed L =
4.92R,: (a) regular square, (b) h = 2.46Ry, (c) h = 4.92Rg, (d) h = 7.38Ry,
(e) h=9.84R,.
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To systematically study the differences between the regu-
lar square confinement and the concave pore confinement, we
investigate the phase transition between cylinder and lamellae,
which is plotted as a function of the volume fraction of the B
block as shown in Fig. 4. Figure 4(a) shows the phase stability
regions as a function of the fraction of the B monomer in regu-
lar square confinement, and figure 4(b) shows the phase stabil-
ity regions as a function of the fraction of B monomer in con-
cave pore confinement with 7 = 7.38R,; and L = 4.92R,. First,
we can see that the same feature is that the lengths of cylindri-
cal structures and mixed cylinders and lamellae are formed by
the B block in a regular square confinement, which is similar to
those observed in diblock copolymer under the concave pore
confinement. There are, however, significant differences be-
tween the two geometrical confinements. The most visible dif-
ferences are the length of lamellae in a concave pore confine-
ment is much longer than that in a regular square confinement
and the length of mixed cylinder and lamellae that are formed
by the A block in a concave pore confinement is much shorter
than that in a regular square confinement, for example, diblock
copolymer forms lamellar structures in the concave pore con-
finement and forms mixed cylinder and lamellae in the reg-
ular square confinement when fg = 0.65, which we can see
in Figs. 3(a) and 3(d). This means when diblock copolymer is
confined in a concave pore, we can obtain many ordered lamel-
lae through tuning the height of the groove. The other feature
that is the same is the lengths of cylinders are formed by the
A block in concave pore confinement are almost like those
in regular square confinement. We can obtain more ordered
lamellae and less disordered structures in diblock copolymer
within a concave pore than in a regular square confinement,
and this can effectively improve the properties of materials and
can inspire potential applications for the materials involved in
irregular structures.

C C+L L C+L C

(a)

L | 1 1 ]

0.2 0.4 0.6 0.8 1.0
/8

Fig. 4. (color online) Phase transitions with volume fraction of B block
in regular square confinement and in concave pore confinement. The
C and the L represent the cylindrical and the lamellar structures, re-
spectively. (a) The phase stability regions of different morphologies
in regular square confinement. (b) The phase stability regions of dif-
ferent morphologies in concave pore confinement with 2 = 7.38R, and
L=4.92R,.

o

3.1.3. Phase diagram of diblock copolymer confined in
concave pore

To gain a comprehensive insight into the morphologies of
diblock copolymer confined in a concave pore, we construct

the phase diagram of the AB diblock copolymer as a function
of the fraction of B block and the ratio of //L of the groove
in Fig. 5. When 0.45 < fg < 0.55, the morphology of diblock
copolymer is of a mostly lamellar structure. When fg < 0.45
or fg > 0.55, the diblock copolymer forms the cylindrical or
mixed cylindrical and lamellar structure, which is similar to
the phase diagram of the diblock copolymer in bulk or in regu-
lar square confinement. There are, however, remarkable differ-
ences between them. First, our phase diagram includes more
interesting structures such as the pentagonal, tetragonal, and
trigonal cylinders, which do not exist in the phase diagram
of the bulk system nor the regular square confinement sys-
tem. Second, our phase diagram has less mixed cylindrical and
lamellar structure than the phase diagram of the unconfined
system and the regular square confinement system. These dif-
ferences result from the diblock copolymer confined in irregu-
lar geometries, with the height of the groove increasing, fewer
cylinders can be accommodated, so tetragonal and trigonal
cylinders emerge. Another reason is that the increase of in-
terfacial area results in the increase of interfacial energy, and
the surfaces of irregular geometries graft A-type homopoly-
mer chains, the new surface favors the A block, which can
add extra interfacial energies to the free energy, so the diblock
copolymer forms new ordered lamellae and cylinders in order
to reduce the energies.

30 eC ' * L' " s pentagon A]trigon
* C+ hexagon = tetragon
25 ©¢ e & & & x *x & & e o
20F o e & *x * *x * & A e e A
i 1.5 @ o & & * * * *x x e e -
<
1.0F e & * *x *x *x @ ° J
0.5F ¢ e ¢ & * * * o o o o A
" 1 " 1 " 1 n 1 n 1 "
0.2 0.4 0.6 0.8
/B

Fig. 5. (color online) Phase diagram of the AB diblock copolymer as a
function of B monomer fraction fg and the ratio of /L of the groove
in concave pore confinement with the fixed L = 4.92R,, the circle, di-
amond, star, hexagon, pentagon, square, and uptriangle represent the
cylinders, mixture of cylinders and lamellae, lamellae, hexagon, pen-
tagon, tetragon, and trigon, respectively.

The region of cylindrical structures is longer than the
other ones with any volume fraction of B block when /L =
0.5, and the region of lamellar structures is longer than other
ones with any volume fraction of the B block when #/L = 1.5.
This is because the height of groove #/L = 0.5 is small, which
has little differences from the regular square, so the struc-
tures of the diblock copolymer under concave pore confine-
ment are similar to those obtained in regular square confine-
ment. Moreover, the height is moderate but not very big with
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h/L = 1.5, the effect of curvature impels the morphologies
Those
features can effectively control the structures and the proper-

near the groove to be more flatter than the others.

ties of the materials. The trigonal cylinders are formed when
f8 =0.65 and h/L = 2.0, the pentagonal cylinders are ob-
served when fg = 0.3 and 4/L = 1.5 and tetragonal cylinders
are formed when fg = 0.75 and //L = 1.0; those are because
with increasing the groove fewer cylinders can be accommo-
dated, and it is the result of the effect of curvature and the
competition of the interfacial energies between the two blocks
and the conformational entropy.

3.2. Morphologies of diblock copolymer confined in con-
cave pore with two grooves

Next, we discuss the second type of confinement geome-
try, that is, the concave pore with two grooves, which is shown
in Fig. 1(b). In this subsection, we obtain some new structures
by changing the fraction of the B block and the heights and the
widths of grooves.

3.2.1. Effect of the height of grooves on morphology
of the diblock copolymer

First, we discuss the morphologies of diblock copolymer
when we change the fraction of B block with i = 2.46R,,
which are shown in Figs. 6(a)-6(c). It is very interesting that
diblock copolymer is confined in the concave pore with two
grooves. The most outstanding characteristic is that the mor-
phologies of the top layer and the bottom layer are deviously
arranged along the grooves, which can be seen in Fig. 6. When
/s = 0.25, the B block forms hexagonal cylinders where the
A block offers a background in Fig. 6(a). With increasing the
fraction of the B block, when fg = 0.45, the B block forms two
parallel lamellae within the irregular geometry and forms one
curved square lamella along the edge of the irregular geome-
try in Fig. 6(b), owing to the fact that the diblock copolymer
favors AB interfaces with low curvature being nearly equal
volume fractions of the two blocks. When the volume frac-
tion increases to 0.75, the A block forms a hexagonal structure
dispersed in the B domain.

Then we discuss the morphologies of diblock copolymer
when we change the fraction of B block with h = 4.92R, as
shown in Figs. 6(d)-6(f). When fg = 0.25, the B domain is
cylindrically distributed in Fig. 6(d). Because the increase of
the height of grooves leads to the effect of confinement in-
creasing, the number of cylinders in the middle of irregular
geometry is less than that in Fig. 6(a). In Fig. 6(e), when
/B = 0.45, the B block forms one parallel lamella in the middle
of the irregular geometry and forms one more curved square
lamella along the edge of the irregular geometry surface than
that in Fig. 6(b) due to the effect of the high curvature and the
strong confinement, while the A block forms one new struc-
ture in the interior of the irregular geometry, “bone”. When

the volume fraction increases to 0.75, tetragonal cylinders are
observed and the B block provides a background in Fig. 6(f),
which is different from that in Fig. 6(c) because the effect of
the height of the groove resulting in fewer cylinders can be
accommodated.

0.9750
0.8531
0.7312
0.6094
0.4875
0.3656
0.2437
0.1219
0

(d) (e) (f)

Fig. 6. (color online) (a)—(c) Morphologies of diblock copolymer by chang-
ing the fraction of B block with 4 = 2.46R; and L = 1.23Rg; (d)—(f) mor-
phologies of diblock copolymer by changing the fraction of B block with
h=4.92R, and L = 1.23R,. From left to right the fractions of B component
are fg = 0.25, fg = 0.45, and fg = 0.75, respectively.

Comparing the morphologies in Figs. 6(a)-6(c) with
those in Figs. 6(d)-6(f), we find that the top and the bottom
layer structures are more curved in Figs. 6(d)-6(f), because
the increase of height of groove results in the effect of confine-
ment and curvature increase and also leads to the increase of
interface interaction between the surface of irregular geometry
and diblock copolymer. This may inspire potential properties
of many kinds of materials.

3.2.2. Effect of the width of groove on morphology of
the diblock copolymer

Now, we take the phase ordered degree from fg = 0.5 to
/8 = 0.75 for example to investigate the effect of the width of
groove on the morphology of the diblock copolymer in Fig. 7.

T T T T T T T T T T T
< order phase

» disorder phase

=

order phase

B

disorder phase

4F 4 » > 4 4 4 » 4 4 4 <« A

1F €« 4« 4 4 4 4« 4« » 4 4 «

! ! 1

0.60 0.70
/s

Fig. 7. (color online) Phase ordered degree of the diblock copolymer
as a function of fg in a range from 0.5 to 0.75 and the ratio of A/L of
groove with the fixed h = 4.92R,. The lefttriangle represents ordered
structure and the righttriangle represents disordered structure.

0.50

It is worth mentioning that the order phase includes cylin-
der, lamellae, and other structures which are regularly ar-
ranged and the disordered phase includes the structures which

126403-6



Chin. Phys. B Vol. 24, No. 12 (2015) 126403

are randomly distributed. The most remarkable characteris-
tic is that the phase ordered degree becomes better with the
width of grooves increasing. Because the increase of the
width of groove can induce the interfacial area to increase,
which results in the increase of interfacial energy and also
causes the interaction energy between homopolymer brushes
and the copolymer to increase, in order to reduce the en-
ergy, the structures are orderly arranged, which is similar to
that observed through changing the height of the groove. In
Fig. 8, we take examples from the phase diagram to illustrate
the phase ordered degree. We can see the morphologies of
diblock copolymer are regularly arranged when fg = 0.5 in
Fig. 8(a). When fg = 0.65 and h/L = 4, the structures are ran-
domly distributed, while the structures are regularly arranged
in the other two cases, which can be seen from Fig. 8(b). In
addition, the effect of confinement increases with the width of
groove increasing.

Fig. 8. (color online) (a) Morphologies of diblock copolymer by chang-
ing the width of groove with fg = 0.5 and the fixed & = 4.92R; (b) the
morphologies of diblock copolymer by changing the width of groove with
/B =0.65 and the fixed 1 = 4.92R,. From left to right the ratios of /L of
the groove are 4, 2.4, and 1, respectively.

3.2.3. Differences between the two types of irregular
geometry confinements

In order to investigate the differences between the two
types of irregular geometry confinements, we compare the pat-
terns of diblock copolymer under the two types of confinement
with fixed 4 = 4.92R, and L = 4.92R, as shown in Fig. 9. We
can conclude that the shape of confinement geometries plays
an important role in controlling the morphologies of AB di-
block copolymer. Compared with the scenario of the concave
pore confinement, the morphologies of concave pore with two
grooves have great changes, such as when fg = 0.55, the con-
centric lamella formed by the B block is observed in the mid-
dle of the concave pore in Fig. 9(a), while the B block forms
one new structure in Fig. 9(d), “ladder”. In Fig. 9(b), when
the diblock copolymer is confined in a concave pore, the A
block forms disordered structures, in contrast, when diblock
copolymer is confined in a concave pore with two grooves,
the A block forms two parallel lamellae and two perpendicu-
lar lamellae in Fig. 9(e). When fg = 0.65, hexagonal cylinders

are formed by the A block as shown in Fig. 9(c), meanwhile,
the A block forms four perpendicular lamellar structures in
Fig. 9(f). We attribute these to the increase of the effect of the
confinement when the diblock copolymer is confined in the
concave pore with two grooves, and the effect of the curvature
makes the diblock copolymer form the morphologies which
are different from those in concave pore confinement. In addi-
tion, in Figs. 9(d)-9(f), we can see that the lamella orientation
of the A block is inversed from the horizontal direction to the
vertical direction with the fraction of B block increasing.

(d)

Fig. 9. (color online) The different morphologies of two irregular geome-
tries confinement with 2 = 4.92R, and L = 4.92R;. From left to right the
fractions of the B component are fg = 0.55, fg = 0.6, and fg = 0.65, re-
spectively. When the diblock copolymer is confined in a concave pore, the
morphologies of diblock copolymer as a function of fg are shown in pan-
els (a)—(c); when the diblock copolymer is confined in a concave pore with
two grooves, the morphologies of diblock copolymer as a function of fp are
shown in panels (d)—(f).

Comparing the two types of confinements, we can find
some differences between them. First, when the diblock
copolymer is confined in a concave pore, the top layer cylin-
ders curve along the groove, while the diblock copolymer is
confined in a concave pore with two grooves, the top and
the bottom layer cylinders curve along the two grooves. The
second characteristic is that certain structures have rotational
symmetries in diblock copolymer under concave pore confine-
ment, while most structures have both rotational symmetries
and central symmetries when the diblock copolymer is con-
fined in the concave pore with two grooves.

4. Conclusions

We perform an SCFT study on the self-assembly phase
behaviors of diblock copolymer confined in irregular geome-
tries with soft surface. Two types of confinements are consid-
ered, i.e., diblock copolymer confined in a concave pore and
that in a concave pore with two grooves. The effect of con-
finement would increase, whether the width or the height of
the groove increases, so a variety of interesting morphologies
in various symmetries are observed. From this paper, some
inspiring conclusions are obtained. First, when the diblock
copolymer is confined in irregular geometry, we obtain more
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novel structures that cannot be observed in the bulk system nor
in other 2D confinement because the confinement shapes are
rather special. Second, the range of ordered lamellae formed
by the diblock copolymer is enlarged and the range of dis-
ordered structure is narrowed down under the concave pore
compared with that by the diblock copolymer under the reg-
ular square confinement, which might inspire potential appli-
cations of materials. Third, the cylinders near the grooves are
deviously arranged along the grooves in the diblock copoly-
mer under the irregular geometry confinement instead of the
flat arrangement in regular confinement due to the effect of
curvature. Fourth, the lamella orientation is inverted from the
horizontal direction to the vertical direction by increasing the
fraction of B block with 4 = 4.92R, and L = 4.92R,. This
might provide an effective way to control the properties of ma-
terials. In addition, when the diblock copolymer is confined
in a concave pore, certain structures have rotational symme-
tries, whereas most structures formed by the diblock copoly-
mer have central symmetries except for rotational symmetries
under a concave pore with two grooves. This observation
indicates that the symmetry of structures formed by diblock
copolymer is related to the shape of geometric confinement.

Our investigation show that for the diblock copolymer un-
der irregular geometry with a soft surface, the morphology can
be tuned by adjusting the shape of confinement geometry, the
monomer fraction of the diblock copolymer, the height, and
the width of groove. Our results are expected to inspire po-
tential applications in the self-assembly of diblock copolymer
for fabricating the irregular structures. For example, when the
diblock copolymer is confined in a concave pore, the patterns
have been widely employed in the keel of ceiling material in
the home improvement building material industry and in the
thermal insulation material in experiments.
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