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Phase behaviors in a binary mixture of diblock copolymers confined
between two parallel walls∗
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The phase behaviors in a binary mixture of diblock copolymers confined between two parallel walls are investigated
by using a cell dynamics simulation of the time-dependent Ginzburg–Landau theory. The morphological dependence
of the wall-block interaction and the distance between walls (confinement degree) has been systematically studied, and
the effect of repulsive interactions between different monomers is also discussed. It is interesting that multiple novel
morphological transitions are observed by changing these factors, and various multilayered sandwich structures are formed
in the mixture. Furthermore, the parametric dependence and physical reasons for the microdomain growth and orientational
order transitions are discussed. From the simulation, we find that much richer morphologies can form in a binary mixture of
diblock copolymers than those in a pure diblock copolymer. Our results provide an insight into the phase behaviors under
parallel wall confinement and may provide guidance for experimentalists. This model system can also give a simple way to
realize orientational order transition in soft materials through confinement.
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1. Introduction
Self-assembly in soft matter systems is a powerful

method for creating novel phase structures on the nanoscale.
Polymeric materials with novel structures can exhibit novel
physical properties and have a variety of potential appli-
cations, such as nanolithography, fabrication of nanoporous
membranes for advanced separation media, and photonic
crystals.[1–4] The phase separations in block copolymers and
multi-component mixtures have been a hot topic both exper-
imentally [5–12] and theoretically [13–18] due to their potential
importance in materials engineering.

However, the problem of using block copolymers is how
to control their nanostructure. There are a large number of
experimental and theoretical works which address the prob-
lem of tailoring a desired nanostructure. Applied external
fields are promising candidates to achieve that goal.[19] Such
fields can be an electric field,[20–26] shear flow,[27–31] and sur-
face fields.[32–38] By using self-consistent field theory, Matsen
has examined the undulation mode in films of parallel lamel-
lae and calculated the critical electric field, beyond which
the mode becomes unstable.[20] Recently, our group has also
investigated the orientational order transition of striped pat-
terns in microphase structures of diblock copolymer–diblock
copolymer mixtures in the presence of periodic oscillatory
particles.[22] Moreover, Morozov and coworkers have pro-
duced many works about the shear-induced phase transi-

tions in polymer mixtures.[28–30] Surface fields are, in partic-
ular, prominent in confined geometries, such as parallel wall
confinement,[39–57] nano-cylinder tube confinement,[57–70] and
spherical confinement.[57,71–75] In experimental studies, Kel-
logg, Walton, and Mayes have studied the specificity of block-
wall interactions of diblock copolymer films confined between
parallel walls; they observed that for highly specific interac-
tions, one block component segregates to both interfaces, and
the frustration due to incommensuration between film thick-
ness and the diblock’s bulk period is accommodated by the
formation of layers parallel to the walls with a perturbed pe-
riod; in contrast, reduced specific interactions allow the frus-
tration to be accommodated by perpendicular ordering of the
diblock, such that both block components are present at the
walls.[45] Further experiments have also revealed that lamellae
parallel to surfaces appear in a symmetric diblock copolymer
confined between walls which preferentially attract one of the
two blocks.[46,47] In theoretical studies, Chen and Chakrabati
presented results from a numerical study of a coarse-grained
model of diblock copolymer thin films confined between hard
walls.[48] Using self-consistent field theory, Pickett and Bal-
azs have studied the microdomain morphologies of diblock
copolymers when they are confined between two neutral or
attractive plates. Their results indicated that a lamella phase
occurs in both cases, and that the lamellae are perpendicular
to the plates if neutral walls are adopted; and then it turns to
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parallel to the plates when the attractive strength is added.[49]

Recently, Feng, Liu, and Hu have performed Monte Carlo sim-
ulations and used the cell dynamics simulation method (CDS)
to investigate the microphase separation and morphology of
symmetric and asymmetric diblock copolymer thin films con-
fined in a slit with neutral or attractive surfaces, and they found
that when the walls are neutral, a parallel ordered lamella
structure only exists over a short range, while irregular mi-
crodomain morphology occurs over the whole region; when
directional quenching is applied, or the walls are attractive to
one of the blocks, a periodical lamellar structure of alternating
A-rich and B-rich layers occurs over the whole region of the
film, and the change of slit width and interaction strength will
influence the period and arrangement of the lamella.[52,53]

Up to now, most studies have focused on the pure block
copolymers under confinement. In this paper, we systemati-
cally investigate the phase behaviors of a diblock copolymer
mixture under parallel wall confinement by using the cell dy-
namics simulation of the time-dependent Ginzburg–Landau
theory proposed by Oono and co-workers.[76–78] Novel self-
assembled structures are expected to be observed in such a
system. The paper is organized as follows: in Section 2, we
describe the experimental model and CDS method; the re-
sults and discussion are presented in Section 3, we discuss
the effects of wall-block interaction, walls confinement de-
gree, and repulsive interactions between different monomers
on the phase separation; conclusions are drawn in Section 4.

2. Model and simulation method
We consider a binary mixture system of two different AB

and CD diblock copolymers confined between two parallel,
smooth and impenetrable walls. The walls locate at the y di-
rection. Here, we use the x and y axes to stand for the hori-
zontal and vertical directions, respectively. There is a short-
range repulsive interaction between two kinds of copolymer
chains in each diblock copolymer. The monomers in AB and
CD copolymers are mutually incompatible. Moreover, in the
present model we ignore the hydrodynamic effects, because
they just play a role in a very late stage of phase separation in
polymer blends.

The polymerization degrees of A, B, C, and D blocks are
NA, NB, NC, and ND, respectively. In this paper, we assume
that the polymerization degrees of A and B blocks are equal
(NA = NB), and they are also the same for C and D blocks
(NC = ND). The interaction between monomers i and j is de-
noted by the Flory–Huggins parameter χi j, where i, j = A, B,
C, and D. φA, φB, φC, and φD are the local volume fractions
of these monomers. Under the incompressibility condition,
the total density φA + φB + φC + φD is constant, so we take
ψ = φA + φB, φ = φA− φB, and ξ = φC− φD as the indepen-
dent variables, which are similar to our previous work.[22,36]

These three quantities are the order parameters to describe the
phase behavior of the system. Among them, ψ reflects the
segregation of binary mixture, whereas φ and ξ are the local
concentration differences between monomers A and B and be-
tween monomers C and D, respectively.

For the binary mixture system of two diblock copolymers,
the free-energy function is

F = FL +FS, (1)

the long-range part FL is given by

FL =
α

2

∫∫
d𝑟d𝑟′G(𝑟,𝑟′)[φ(𝑟)−φ0][φ(𝑟

′)−φ0]

+
β

2

∫∫
d𝑟d𝑟′G(𝑟,𝑟′)[ξ (𝑟)−ξ0][ξ (𝑟

′)−ξ0], (2)

where α and β are positive constants corresponding to the
polymerization degrees of AB copolymer (NAB) and CD
copolymer (NCD). G(𝑟,𝑟′) is the Green function defined by
the equation−∇2G(𝑟,𝑟′) = δ (𝑟−𝑟′), while φ0 and ξ0 are the
spatial averages of φ and ξ , respectively. In the case of sym-
metric diblock copolymers, φ0 = 0, and ξ0 = 0. In contrast
to the long-range part, the short-range part FS is a little more
complicated and is given by the equation,[52,53,79]

FS =
∫∫

dxdy
[

d1

2
(∇ψ)2 +

d2

2
(∇φ)2 +

d3

2
(∇ξ )2

+ f (ψ,φ ,ξ )− s(y)φ
]
, (3)

here, d1, d2, and d3 terms correspond to the surface tensions,
and the last term on the right is the surface field of the wall-
block interaction.[79] Furthermore, we use η = ψ−ψc instead
of ψ ,[18,21,22,34,80,81] where ψc is the volume fraction at the
critical point of the macrophase separation of two different
copolymers. It is obtained as ψc = N1/2

C /
(
N1/2

A +N1/2
C

)
. The

local interaction term f (η ,φ ,ξ ) is

f (η ,φ ,ξ ) =

(
− 1

2
c1η

2 +
1
4

µ1η
4
)
+

(
− 1

2
c2φ

2 +
1
4

µ2φ
4
)

+

(
− 1

2
c3ξ

2 +
1
4

µ3ξ
4
)

+b1ηφ −b11ηξ − 1
2

b2ηφ
2 +

1
2

b22ηξ
2. (4)

The important physical results will be mainly included in it.
In our model, we choose two kinds of symmetric diblock
copolymers, so the η2φ term and the η2ξ term will vanish.
In Eq. (4), all the coefficients c’s, µ’s, and b’s are deter-
mined, for example, b1 =

1
4 [−χAC− χAD + χBC + χBD], b11 =

1
4 [−χAC + χAD − χBC + χBD], b2 = b22 = (N−1/2

A +N−1/2
C )2,

for NA = NB and NC = ND. The b1 term and b11 term orig-
inate from the short-range interactions between monomers,
whereas the b2 term and b22 term arise from the conforma-
tion entropy of the copolymers. Here, we choose b1 > 0 and
b11 > 0, so that there is a relatively large repulsive interaction
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between monomers B and D. Equation (4) prescribes the min-
imal model of the short-range part of the free energy in our
system. From the b2 term and b22 term, one can see that a mi-
crophase separation could occur in the copolymers. In fact, the
b2 term implies that a large absolute value of φ is favorable in
the region η > 0, whereas the b22 term means that a large ab-
solute value of ξ is more favorable in the region η < 0. Com-
petitive interactions in the free-energy functional will lead to
phase separations in our diblock copolymers mixture.

In terms of the free-energy functions in Eqs. (1)–(4), the
coupled equations for the three order parameters are

∂ η

∂ t
= Mη ∇

2 δ F
δ η

, (5)

∂ φ

∂ t
= Mφ ∇

2 δ F
δ φ

, (6)

∂ ξ

∂ t
= Mξ ∇

2 δ F
δ ξ

, (7)

where Mη , Mφ , and Mξ are the positive transport coefficients.
We carry out the numerical solutions of the above model sys-
tem in an L× L two-dimensional square lattice by using the
cell dynamics simulation (CDS) approach. The CDS equa-
tions corresponding to Eqs. (5)–(7), in their space-time dis-
cretized forms, are written as follows:

η(𝑟, t +∆ t) = η(𝑟, t)+Mη(〈〈Iη〉〉− Iη), (8)

φ(𝑟, t +∆ t) = φ(𝑟, t)+Mφ{(〈〈Iφ 〉〉− Iφ )

−α [φ(𝑟, t)−φ0]}, (9)

ξ (𝑟, t +∆ t) = ξ (𝑟, t)+Mξ{(〈〈Iξ 〉〉− Iξ )

−β [ξ (𝑟, t)−ξ0]}, (10)

where

Iη = −d1(〈〈η〉〉−η)−Aη tanhη +η

+b1φ −b11ξ − 1
2

b2φ
2 +

1
2

b22ξ
2, (11)

Iφ = −d2(〈〈φ〉〉−φ)−Aφ tanhφ +φ

+b1η−b2ηφ − s(y), (12)

Iξ = −d3(〈〈ξ 〉〉−ξ )−Aξ tanhξ +ξ −b11η +b22ηξ , (13)

and

〈〈X〉〉= 1
6 ∑

NN
X +

1
12 ∑

NNN
X . (14)

The subscripts NN and NNN stand for the nearest-neighbor
and next-nearest-neighbor cells, respectively. In Eq. (12), the
last term s(y) is written as follows:

s(y) = Hi× (δ1,y +δLy,y). (15)

Here, i denotes the attractive bead; Hi is the strength of wall-
block interaction. We choose HA > 0 for A-block attractive

walls, HB < 0 for B-block attractive walls, and H = 0 for neu-
tral walls. In this paper, we just consider the neutral and A-
block attractive walls, and we can expect that the results of
B-block attractive walls are similar to A-block attractive walls.
δ1,y and δLy,y are Kronecker delta.

For the diblock copolymers mixture confined between
two hard parallel walls in this work, we adopt the bound-
ary conditions presented by Marko.[79] The periodic boundary
conditions are applied in the x direction and boundary condi-
tions in the y direction are set as follows:

X(x,0, t) = X(x,1, t), (16)

X(x,Ly +1, t) = X(x,Ly, t). (17)

Our ensuing simulations of the model system are per-
formed by choosing the parameters with Lx = Ly = 128, Aη =

1.3, Aφ = 1.1, Aξ = 1.1, d1 = 1.0, d2 = 0.5, d3 = 0.5, φ0 = 0,
ξ0 = 0, b2 = 0.2, b22 = 0.2, b1 = 0.09, and Mη = Mφ = Mξ =

1, the initial distribution of η , φ , ξ , are specified by random
uniform distributions in the range [−0.01,0.01]. For the origi-
nal cell dynamics simulation, the lattice size (∆x or ∆y) are set
to be 1, and the time step (∆ t) is set to be 0.8. In this paper, all
parameters are scaled, so all of them are dimensionless.[76] In
the present simulation work, in the case of α = 0.04, β = 0.03,
by the formula α = 12/[N2 fb(1− fb)] ( fb denotes a block
ratio),[82] one can obtain that NA = NB = 17, NC = ND = 20,
χABNAB = 15.05, and χCDNCD = 16, where NAB = NA +NB

and NCD = NC +ND.

3. Numerical results and discussion
3.1. Wall-block interaction effect on the ordering of the

mixture

In this section, we investigate the orientational order tran-
sition of microphase structures in diblock copolymers with
wall-block attractive strength HA increasing. Figure 1 shows
several typical equilibrium patterns with f = 51.7/48.3 ( f
means the composition ratio of AB diblock copolymer and CD
diblock copolymer) at time t = 5× 106, when the attractive
strength HA increases from 0 to 1.0 step by step. The parame-
ter b11 is set to 0.099.

From Fig. 1 we can see that in the absence of walls con-
finement, the overall macro-morphology is isotropic. The CD
diblock copolymer domains are surrounded by an AB diblock
copolymer, while the micro-morphology of both copolymers
is lamellar (Fig. 1(a)). When the mixture is confined between
two neutral parallel walls in the y direction, the microdomains
of both AB and CD diblock copolymers are ordered along the
direction perpendicular to the walls (Fig. 1(b)). When the
walls have a weak attractive effect on the A monomer, the sta-
ble morphology of the two polymers is broken, and the striped
structure begins to bend, both AB and CD diblock copoly-
mers reverse from perpendicular to parallel to the walls, shown
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in Fig. 1(c). As the wall–block attractive strength increas-
ing, the parallel morphology of the two copolymers become
larger, as shown in Fig. 1(d). When the attractive strength is
large enough, a complete phase morphology reversal of AB
and CD copolymers occurs, both copolymers are all parallel to
the walls, and a perfect sandwich structure with AB-rich and
CD-rich striped structure alternating forms finally, as shown in
Fig. 1(e).

(a) no walls (b) HA=0 (c) HA=0.07

(d) HA=0.3 (e) HA=1.0

Fig. 1. Pattern evolution of a 128× 128 two-dimensional lattice with
f = 51.7/48.3 at time t = 5× 106. Phase A is represented by the gray
region, phase B by the light gray region, phase C by the white region,
and phase D by the black region.

From the above result, we can find the following expla-
nations. When the binary mixture of AB diblock copolymer
and CD diblock copolymer is asymmetric, the minority CD
diblock copolymer will form islands in the majority AB di-
block copolymer, and this has already been proved by our
previous works.[18,22] Furthermore, the incompatibility and the
short-range interactions of different monomers causes differ-

ent block copolymers to form micro-level striped structures
(Fig. 1(a)). When the system is confined between two neutral
walls, because the distance between walls that we chose is in-
commensurate with the natural period of the lamellae (L0), the
effect of wall confinement means that the copolymer chains
cannot extend freely along the direction perpendicular to the
walls. The rule of the free energy minimization drives the
mixture to form an ordered striped structure in the direction
perpendicular to the walls, so that the copolymer chains can
extend in the largest region (Fig. 1(b)). We will discuss the
effect of the wall confinement degree in detail later. When the
walls have a weak selective attraction to block A, monomer A
begins to gather on the walls, the original ordered structure is
disrupted, the AB block copolymer begins to reverse from the
perpendicular layered structure to a parallel structure in the
direction of walls, and the CD block copolymer also begins
to reverse from the perpendicular layered structure to a paral-
lel structure due to the repulsive interactions between differ-
ent monomers. In the end, a mixed structure with the layers
parallel and perpendicular to the walls in the two copolymers
forms (Fig. 1(c)). In addition, because the wall–block attrac-
tion is a short-range interaction, the phase separation process
of the parts far from the walls is slower than the parts close to
the walls (Fig. 1(d)). When the wall–block attraction is large
enough, more A monomers cover the surfaces of the walls,
and change the composition ratio of the AB diblock copolymer
and the CD diblock copolymer in the middle part, so that both
AB and CD copolymers in the whole range are parallel to the
walls, and a multilayered sandwich structure forms (Fig. 1(e)).
The phase transition of Fig. 1(d) and Fig. 1(e) can be seen
clearly in Fig. 2.

HA=0.3
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Fig. 2. The figures on the left-hand side are the domain patterns for HA = 0.3 and HA = 1.0 at t = 5×106. The color details are the same
as those in Fig. 1. The figures on the right-hand side display the volume fractions profile of φ (AB) and ξ (CD) along the line x = 43.
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Figure 2 shows the volume fractions profile of φ (AB) and
ξ (CD) along the line x = 43. We can see that with the wall–
block interaction changing from 0.3 to 1.0, the volume frac-
tions profiles of AB blocks and CD blocks change greatly. This
indicates that the wall–block interaction influences the distri-
bution of AB and CD copolymers in the middle part.

In summary, when the diblock copolymers mixture is
confined between two parallel walls, the morphology of the
mixture changes from isotropic to perpendicular to the walls
and then to parallel to the walls with the wall–block interac-
tion increasing, and a perfect parallel multilayered sandwich
structure forms in the end. The results provide a simple way
to realize the orientational transition in a copolymer mixture
by selecting different property substrates experimentally.

Furthermore, we study the domain growth of A, B, C,
and D blocks by investigating the pattern evolution with time.
Figure 3 displays the domain growth with f = 51.7/48.3,
b11 = 0.099, and HA = 1.0, corresponding to Fig. 1(e).

t/T4 t/T5 t/T6

Fig. 3. Domain growth of a 128× 128 two-dimensional lattice with
f = 51.7/48.3, b11 = 0.099, and HA = 1.0. Other details are the same
as those in Fig. 1.

Figure 3 shows that at the early stage (about t = 2×104),
the macrophase separation occurs whereas the microdomain
growth is weak; as t = 4× 105, the microphase separation
takes place obviously, and the growth of microdomains is
more rapid than that of macrodomains, and the effect of wall–
block interaction begins to appear; at the late stage, t = 5×
106, both the highly orientational ordered microdomains and
macrodomains form in the mixture. We find that a well striped
structure along the x direction has emerged in the long-range
process.

To consider this case in greater depth, we study the ef-
fect of the wall–block attractive strength on the microdomain
growth of the AB copolymer by calculating numerically the
domain size Ri(t) (i = x or y) in the x and y directions as a
function of time,

Ri(t) = 2π/〈ki(t)〉, (18)

where

〈ki(t)〉=
∫

d𝑘kiS(𝑘, t)
/∫

d𝑘S(𝑘, t). (19)

Here, S(𝑘, t) is the structure factor which is determined by
the Fourier component of the spatial concentration distribu-
tion φ(𝑟, t). It is defined by S(𝑘, t) = 〈|φ(𝑘, t)|〉2.[83] Figure 4

shows the time evolution of AB microdomain size Ri(t) in the
x and y directions as a function of time in double logarithmic
plots. The results are averaged over ten independent runs.
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a

0.01 0.10 1.00 10.00 100.00
t/105

Fig. 4. Time evolution of the characteristic sizes of AB diblock copoly-
mer microdomains Rx(t) and Ry(t) for f = 51.7/48.3, b11 = 0.099, and
different wall–block interactions. Curve a: no walls; curve b: HA = 0.0;
curve c: HA = 0.07; curve d: HA = 0.3; curve e: HA = 1.0.

From Fig. 4(a), we see that in equilibrium when the
mixture is confined between two neutral walls, the AB mi-
crodomain size Rx decreases (from curves a to b), and then
gradually increases when the wall–block attraction increases.
This fact indicates that as the attractive strength increases,
the coarsening of microdomains is along the wall direction.
Different from Fig. 4(a), figure 4(b) shows that the AB mi-
crodomain size Ry first increases when the walls are neutral
and then decreases with the wall–block attractive strength in-
creasing. It means that as the wall–block attractive strength
is strong enough, the coarsening of the AB microdomain per-
pendicular to the wall direction is impeded. In addition, from
Fig. 4(a) and Fig. 4(b), we can see that at the early stage, there
are few differences between all the curves. It means that at
the early stage, the inner interaction is dominant. But at the
middle stage, the domain growth is very different between the
bulk and the confined systems. It is because that at the middle
stage, the effect of wall–block attractive interaction becomes
obvious, the competition between the inner interaction and the
surface field interaction leads to the sharp change of the do-
main growth. At the late stage, all the domains are stable.

In order to characterize the orientational order transition
of microphase striped domains, we calculate the orientational
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order parameter S of the AB copolymer in detail,

S = 〈2cos2
θ −1〉, (20)

where θ is the angle between the unit normal vector of a stripe
and the unit normal vector in the wall direction.[84] The spatial
average takes the value S = 0 for an isotropic phase, S = 1 for
a completely oriented phase parallel to the wall direction, and
S =−1 for another completely orientational phase perpendic-
ular to the wall direction. Figure 5 shows the variation of the
order parameter in a process of orientational order transition.

t/106
0 1 2 3 4 5

-1.0

-0.5

0

0.5

1.0 e

d

c

s

a

b

Fig. 5. Alignment kinetics of AB copolymer for different wall–block
attractive strength. Curve a: nowalls; curve b: HA = 0.0; curve c:
HA = 0.07; curve d: HA = 0.3; curve e: HA = 1.0.

As shown in Fig. 5, the orientational order parameter of
AB copolymer first transits from 0 to −1 and then to 1. From
curve a, we see that the order parameter S is near to 0, so the
AB microphase structure shown in Fig. 1(a) is isotropic due to
the inner interaction. When the system is confined between
two parallel walls in the y direction, the order parameter S is
near to −1 (curve b), it means that the AB microphase struc-
ture is perpendicular to the walls. When the walls have a selec-
tive attraction on the A block, the value of the order parameter
increases obviously (curves b to d) with the wall–block attrac-
tive strength increasing. This indicates that AB microdomains
coarsen along the direction parallel to the walls. As the at-
tractive strength increases to a suitable value, the order param-
eter S is near to 1, the AB microphase striped pattern along
the walls direction forms, as shown in curve e. Here, the AB
microphase structure transits from an isotropic state to a state
perpendicular to the wall direction and then to a state parallel
to the walls, as shown from Fig. 1(a) to Fig. 1(e). From curves
a to e in Fig. 5, we can see that the order parameter S changes
basically from 0 to−1 and then to 1. This process is a detailed
description of the orientational order transition. In addition,
the order parameter S almost has no change at the late stage,
so the microphase striped structures we obtain at last are sta-
ble.

3.2. Effect of the interactions between different monomers

In order to understand the multilayered sandwich struc-
ture further, we examine the dependence of the stable struc-

ture on the phenomenological parameter b11 in detail, which
is determined by the interactions between different blocks in
the copolymers, and they are χAC, χAD, χBC, and χBD. Fig-
ure 6 displays the patterns at t = 5× 106 for f = 51.7/48.3
with variation of the parameter b11 from 0.095 to 0.025, and
the value of wall–block attractive strength HA is 1.0.

(a) (b) (c)

Fig. 6. Pattern evolution of a 128× 128 two-dimensional lattice for
f = 51.7/48.3 with different b11 at time t = 5× 106. (a) b11 = 0.095;
(b) b11 = 0.035; (c) b11 = 0.025. Other details are the same as those in
Fig. 1.

From Fig. 6 we can see that the microdomains of the
CD copolymer reverse from parallel to perpendicular to the
macrodomain interfaces with b11 decreasing, whereas the
striped microdomains of AB copolymer are parallel to the
macrodomain interfaces at all times.

One can understand the process as follows: on the one
hand, because of the strong attractive strength of the walls
on the A block, the striped microdomain structure in the AB
copolymer does not vary. On the other hand, as we indi-
cated before, the parameter b11 represents the repulsive inter-
action strength of the AB copolymer to the C and D blocks
in the CD copolymer. When b11 is large enough, that is
χAD+χBD� χAC+χBC, it means that the repulsive interaction
of the AB copolymer to the D monomer is much larger than
the repulsive interaction to the C monomer, so it makes the
D monomer not favorable in the macrodomain interfaces. Fi-
nally, the C monomer dominates the interfaces of macrophase
separation perfectly, resulting in the parallel sandwich patterns
(Fig. 6(a)). When b11 decreases, the repulsive interaction be-
tween the AB copolymer and the D monomer reduces, so the
D monomer begins to aggregate to the macrodomain inter-
faces (Fig. 6(b)). When b11 is very small, χAD +χBD is almost
equal to χAC + χBC, so both C and D monomers can aggre-
gate in the macrodomain interfaces, resulting in CD striped
microdomains perpendicular to the macrodomain interfaces,
and the perpendicular multilayered sandwich structure forms
in the end (Fig. 6(c)).

According to the result, we can realize the orienta-
tional transition by changing the repulsive interactions be-
tween monomers. In experiment, one can achieve the orien-
tational transition by selecting different copolymers.

3.3. Effect of the confinement degree

The phase transition not only can be induced by HA and
b11, but also can be affected by the distance between walls d,
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which represents the confinement degree. Firstly, we calcu-
late the natural period of the binary mixture. Figure 7 shows
the bulk pattern and the volume fractions on the cross-line of
different copolymers with f = 51.7/48.3 and b11 = 0.099.
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Fig. 7. The figure on the left-hand side is the domain pattern for
f = 51.7/48.3 and b11 = 0.099 at t = 5× 106. The color details are
the same as those in Fig. 1. The figure on the right-hand side displays
the volume fractions profile of φ and ξ along the line y = 64. The line
with the larger amplitude indicates ξx, whereas the line with smaller
amplitude is φx.

From Fig. 7 we can see that in the bulk, both AB and CD
copolymers form a layer structure in their own domains. It
is widely accepted that the equilibrium mean thickness D of
phase-separated microdomains scaled by the degree of poly-
merization N of the copolymers obeys a power law of the
form D∼ Nθ and θ = 2/3 for the strong-segregation limit.[85]

Because of the similar degree of polymerization of different
monomers, the thickness of each layer is almost equal, so
we can estimate the natural period by calculating the average
thickness of each layer. Through our calculation, the natural
period L0 approaches to 7.5.

Next, we study the effect of the confinement degree d on
the morphology of the mixture. We regulate the distance be-
tween walls from 128 to 80, and figure 8 shows the evolu-
tion patterns for f = 51.7/48.3 under different confinement
degrees. In this part, the walls are neutral, and the value of
parameter b11 is 0.099.

From Fig. 8 we can see that when the walls are neutral,
if the ratio of d/L0 is an integer, in other words, the distance
between walls is commensurate with the natural period of the

mixture, the effect of walls confinement is weak, and the mor-
phology is similar to the bulk, the macrophase is isotropic.
When the ratio is not an integer, that is to say, the distance
between walls is incommensurate with the natural period, the
effect on the morphology is obvious, and the morphology be-
comes ordered and perpendicular to the walls. As a result, the
patterns display periodic oscillation with the distance between
walls decreasing. We can easily understand the reason for this
result: when the distance between walls is commensurate with
the natural period of the mixture, the chains of the copoly-
mers can extend in any direction, so the macro-morphology
is isotropic; but when the distance between walls is incom-
mensurate with the natural period, the extension of copolymer
chains is restricted by the walls, so the chains tend to unfold
along the direction of the walls, resulting in the striped struc-
tures in the whole range. On the other hand, the reinforcing of
the confinement effect leads to an increase of free energy, so
the system entropy decreases and an ordered structure forms
in the end.

d=128 (d/L0=17.1) d=120 (d/L0=16.0)

d=90 (d/L0=12.0)d=118 (d/L0=15.7)

Fig. 8. Domain patterns for f = 51.7/48.3 and b11 = 0.099 at t =
5× 106 with different confinement degree d. The color details are the
same as those in Fig. 1.

In addition, we can also see that with the distance be-
tween walls reducing, the macrolayer structure increases, so
we can predict that if we reduce the distance between walls
continuously, we can get a multiple layer structure perpendic-
ular to the walls with the alternating of AB-rich and CD-rich
microdomains.

d=30

Fig. 9. Domain pattern for b11 = 0.099 at t = 5×106 with d = 30. The
color details are the same as those in Fig. 1.
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Figure 9 shows that when the distance between walls is
small enough (d = 30), which means that the confinement de-
gree is strong enough, a multilayered structure appears in the
mixture. The reason for this result is that when the distance be-
tween walls is very small, the effect of confinement enhances,
so that the copolymer chains cannot move in the whole range
and the mixture cannot separate into two parts completely, so
a multilayered structure occurs in the system.

4. Conclusion
In this paper, we have investigated the phase behaviors

in a binary mixture of diblock copolymers confined between
two parallel walls by using cell dynamics simulation of the
time-dependent Ginzburg–Landau theory. The morphological
dependence of the wall–block interaction and the confinement
degree has been systematically studied and the repulsive inter-
actions between different monomers are also discussed.

From the simulation, we find that much richer morpholo-
gies can form in the asymmetric binary mixture of diblock
copolymers than in the pure diblock copolymer. We observed
the orientational transitions in the perfect striped sandwich
structures in the mixture, while it was not observed in the
pure diblock copolymer. When the wall–block interaction in-
creases, the morphology of the mixture changes from isotropic
to the state perpendicular to the walls, and then to the state
parallel to the walls. When the repulsive interactions between
different monomers decrease, the CD copolymer transits from
parallel to the macrophase interfaces to perpendicular to the
interfaces, resulting in the different morphologies of the sand-
wich structures. When the distance between walls decreases,
the morphologies of the mixture display periodic oscillation
between isotropic and perpendicular states, and we get mul-
tiple layer structures when the confinement degree is strong
enough. It is worth mentioning that Matsen[13] has already pre-
dicted that the mixture of different copolymers would display
more complex morphology when they are confined between
two parallel walls, and he developed a numerical method
for examining complex morphologies in thin films of block
copolymer, and evaluated the stability of parallel, perpendic-
ular, and mixed lamella phases. Interestingly, our results are
just in agreement with his conclusion, and a series of special
morphologies were observed in our work.

Furthermore, for the interesting multiple layer sandwich
structures, we discussed the parametric dependence and phys-
ical reasons for the microdomain growth and orientational or-
der transitions. We have examined in detail the formation pro-
cess and domain growth of the AB diblock copolymer striped
structure. The wall–block interaction, wall confinement de-
gree, and the strong repulsive interactions between different
monomers play an important role in the formation of striped
structures and the orientational transitions. It is expected that

the efficient values of the interactions are also related to the
other parameters of the system. Our results may provide guid-
ance for experimentalists, and the model system can also give
a simple way to realize orientational order transition in soft
materials through parallel wall confinement.
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