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ABSTRACT: Hierarchical microstructures self-assembled
from A(BC)n multiblock copolymers confined between two
solid surfaces were explored by dissipative particle dynamics
simulations. The strategy using confinement allows us to
generate hierarchical microstructures with various numbers
and different orientations of small-length-scale lamellae. Except
for the hierarchical lamellar microstructures with parallel or
perpendicular arrangements of small-length-scale lamellae, the
coexistence of two different hierarchical lamellae was also
discovered by varying the film thickness. The dynamics of
hierarchical microstructure formation was further examined. It
was found that the formation of the hierarchical micro-
structures exhibits a stepwise manner where the formation of small-length-scale structures lags behind that of large-length-scale
structures. The present work could provide guidance for controllable manufacture of hierarchical microstructures.

1. INTRODUCTION

The hierarchical characteristic of materials, which appears in
collagen, abalone nacre, and dendrons, is ubiquitous in
nature.1−5 This natural phenomenon has stimulated researchers
to fabricate synthetic materials presenting complex hierarchical
microstructures. These materials have promising applications in
smart coatings, biosensors, and fuel cells.6 Benefited in the
latent applications of materials with hierarchical micro-
structures, the field of hierarchical microstructures has under-
gone rapid growth over the last decades. Block copolymers, an
important class of soft matter, are capable of self-assembling
into hierarchical microstructures.7−9 The possibility of forming
hierarchical microstructures from block copolymers could bring
a significant advance in applications requiring materials with
multiple-length-scale microstructures.
Recent efforts have greatly contributed to creating

hierarchical microstructures with double length scales by virtue
of the self-assembly of precisely building molecules such as
A(BC)n and A(BC)nBA multiblock copolymers consisting of
one or two tails and many midblocks. These types of
multiblock copolymers can self-assemble into parallel and
perpendicular packed hierarchical microstructures with two
different length scales.10−13 The orientation and number of
small-length-scale lamellae can be tailored by tuning the
parameters such as the number of the midblocks and the
interaction strength.13 Despite the advances in creating
microstructures with multiple length scales, it is still far from
understanding the nature of hierarchies and meeting the
demands in practical applications because diversified molecules

should be synthesized to generate the desired microstructures.
Thus, questions arise as to whether we can obtain the required
hierarchical microstructures with a different orientation or
various numbers of small-length-scale lamellae simultaneously
from one specific multiblock copolymer system. Using solid
surfaces to direct the self-assembly of multiblock copolymers in
thin films could be an effective way to obtain desired
structures.14−25

The thin films of block copolymers have been extensively
studied for their potential applications in fields of surface
coating, nanomembrane, and nanolithography.26,27 It was well
documented that, for the lamellar microstructures self-
assembled from diblock copolymers in confinement, the
number of the layers and the orientation of the layers to the
solid surfaces can be tuned by the film thickness.14,21,28−34

Likewise, directed self-assembly of multiblock copolymers in
thin films could, in principle, create hierarchical lamellae with
various numbers and orientations of small-length-scale lamellae.
To date, there are rare studies concerning the self-assembly of
multiblock copolymers in thin films, and therefore, how the
confinement influences the hierarchical microstructures still
remains unknown. In addition, insight into the dynamics of
hierarchical microstructure formation is also an important issue
which has not been well addressed yet due to the complexity of
the multiblock copolymer systems. As far as we know, less
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attention has been paid to the dynamics of the microphase
separation of block copolymer in thin films.
Theories and simulations have emerged as powerful tools for

studying self-assembly behaviors of complex copolymer
systems.35−38 One of the useful approaches is the dissipative
particle dynamics (DPD) method. The DPD method, originally
proposed by Hoogerbrugge and Koelman,39,40 is a particle-
based mesoscopic simulation technique particularly suitable for
complex fluids. It has been effectively employed to understand
the self-assembly behaviors of forming hierarchical micro-
structures.11,41 ten Brinke and co-workers have observed
hierarchical lamellae-in-lamellar microstructures with three,
five, or seven internal layers in the small-length-scale structures
self-assembled from ternary A(BC)nBA multiblock copolymers
by DPD simulation.11 Moreover, it has also been used to study
the phase behaviors of confined block copolymers. Liu et al.
have investigated the morphologies of diblock copolymers
confined in a cylindrical tube by DPD.42 It was found that,
when the tube wall is nonuniform toward the two blocks, as the
diameter of the tube increases, perpendicular lamellae change
first to parallel lamellae and then back to perpendicular
lamellae. These results suggest that the DPD method can well
be applied to study the hierarchical microstructures formed in
confined thin films of multiblock copolymers.
In this work, we employed the laterally parallel confinement

technique to direct the self-assembly of multiblock copolymers
with the architecture of A(BC)n style to self-assemble into
various controlled hierarchical microstructures. The DPD
method was employed for this study. The effects of the film
thickness and the interaction strength on the hierarchical
microstructures were examined. It was found that the
hierarchical microstructures exhibit not only a transition from
parallel to perpendicular hierarchical lamellae but also a
variation of the number of the small-length-scale lamellae. In
addition, the dynamics of hierarchical microstructure formation
was further studied.

2. SIMULATION METHOD
2.1. Dissipative Particle Dynamics. Dissipative particle

dynamics (DPD) is a combination of molecular dynamics,
lattice-gas automata, and Langevin dynamics. It obeys Galilean
invariance, isotropy, mass conservation, and momentum
conservation. In the DPD simulation, a particle with mass m
represents a block or cluster of atoms or molecules moving
together in a coherent fashion. These DPD particles are subject
to soft potentials and governed by predefined collision rules.43

The time evolution of the particle system can be found by
solving Newton’s equations of motion

= =α
α α

α
αt

m
t

r
v

v
f

d
d

,
d
d (1)

where mα, rα, vα, and fα denote the mass, position, and velocity
of the αth particle and the force acting on it, respectively. For
simplicity, the masses of the particles are set to be unity.
The time integration of motion equations is done by a

modified velocity-Verlet algorithm44,45
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where vα̃(t + Δt) and vα(t + Δt) denote the erroneous and
modified velocities at t + Δt. According to the work of Groot
and Warren,44 we chose λ = 0.65 and Δt = 0.04τ (τ is time
unit).
In the method, the nonbonded force acting on a particle, fα,

is a pairwise additive force, consisting of the conservative force
(Fαβ

C ), dissipative force (Fαβ
D ), and random force (Fαβ

R )44

∑= + +α
β α
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f F F F( )C D R

(3)

The conservative force is a soft repulsion taking the form as

ω= ̂αβ αβ αβ αβa rF r( )C
(4)

where aαβ is the maximum repulsive interaction between
particles α and β, rαβ = rα − rβ, rαβ = |rαβ|, rα̂β = rαβ/rαβ, ω(rαβ) is
the weight function, given by
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according to the study by Groot and Warren,44 and rc (rc = 1.0)
is the cutoff radius. The dissipative force is a friction force that
acts on the relative velocities of particles, defined as

γω= − ̂ · ̂αβ αβ αβ αβ αβrF r v r( )( )D D
(6)

and the random force, compensating the loss of kinetic energy
due to the dissipative force, is defined as44

σω θ= ̂αβ αβ αβ αβrF r( )R R
(7)

where vαβ = vα − vβ, γ is the friction coefficient, σ is the noise
amplitude, ωD(rαβ) and ωR(rαβ) are weight functions vanishing
for r > rc that describe the range of the dissipative and random
forces, and θαβ is a randomly fluctuating variable with Gaussian
statistics

θ θ θ δ δ δ δ δ⟨ ⟩ = ⟨ ′ ⟩ = + − ′αβ αβ α β α βt t t t t( ) 0, ( ) ( ) ( ) ( )kl k l l k

(8)

In order to satisfy the fluctuation-dissipation theorem and for
the system to evolve to an equilibrium state that corresponds to
the canonical ensemble, only one of ωD(rαβ) and ωR(rαβ) can
be chosen arbitrarily and the other one is then fixed by the
relation44,46

ω ω ω= =αβ αβ αβr r r( ) [ ( )] ( )D R 2
(9)

And the values of parameters γ and σ are coupled by

σ γ= k T22
B (10)

where kB and T are the Boltzmann constant and temperature,
respectively. In addition, for bonded particles of the multiblock
copolymers, the interaction force is considered as the harmonic
spring force

= − ̂αβ αβ αβC r rF r(1 / )S
eq (11)

In this work, we chose the spring constant C = 100 and the
equilibrium bond distance req = 0.86.
In the DPD method, reduced units are adopted for all

physical quantities.44 The units of mass, length, time, and
energy are m, rc, τ, and kBT, respectively. The time unit τ can be
obtained by τ = (mrc

2/kBT)
1/2. In the simulations, we

constructed a coarse-grained model of Ax(ByCz)n multiblock
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copolymers confined between two parallel substrates (denoted
by W), separated by a distance Δ, as typically shown in Figure
1. The x, y, z, and n represent the length of A-, B-, and C-blocks

and the number of the BC-midblocks, respectively. The two
parallel plates are modeled by a set of fixed substrate particles,
which are placed at the lattice points of FCC crystal in three
layers. The interface contacting with polymer thin films is the
(1, 1, 1) surface. The distance between the substrate particles is
0.50rc, which is small enough to prevent polymers from
penetrating the substrates.
All the simulations were performed in a simulation box of 20

× 20 × Δ, containing 20 × 20 × Δ × 3 DPD beads, where the
NVT ensemble and periodic boundary conditions were
adopted. The friction coefficient γ and the noise amplitude σ
are, respectively, set to be 4.5 and 3.0, and thus, kBT = 1.0. The
repulsive parameters for the conservative force between DPD
particles are defined so as to produce segregation between A, B,
C, and W. They are listed in Table 1. In this work, 3 × 106

DPD steps were carried out so that the computing time is long
enough for the system to achieve an equilibrium state.

2.2. Structure Factor. The structure factor is a
mathematical description of how a material scatters incident
radiation, which is a particularly useful tool in interpretation of
interference patterns obtained in X-ray, electron, and neutron
diffraction experiments. In polymer systems, the structure factor
is a measure of the correlation between particle positions. To
clearly display the layer structure, the structure factor47,48

∑= | |
β α≠

· αβS
N

q( )
1

eiq r 2

(12)

was calculated along the X, Y, and Z axes, as well as in the (X,
Y), (X, Z), and (Y, Z) planes with the scattering number vector
q being commensurable with the box size, where i is the
imaginary unit. All data, except those instant response functions
to monitor the structural evolution, were calculated after the
system has reached the steady state, as indicated by the fact that
the potential energy and pressure tensor components no longer
change with time.

2.3. Order Parameter. To measure the order of the
structures, we introduced an order parameter S to describe the
order degree of the lamellar alignment. The order parameter Sα
for the αth normal vector of the domain surface is defined as49
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where φI(r) is the density of I-blocks at position r, u(r) is the
αth normal vector of the domain surface, and ud is the
normalized vector of orientation direction. By choosing
different ud, we can obtain various S, where the S is calculated
as the average value of Sα. The order parameter for the domain
is determined as the maximum value of S.

3. RESULTS AND DISCUSSION
In this work, we mainly focused on the effect of the film
thickness on the microstructures of the multiblock copolymers.
The molecular architecture of the multiblock copolymers
considered was A30(B5C5)3 (x = 30, y = 5, z = 5, and n = 3).
The two substrates were chosen to be attractive to A-blocks and
identically repulsive to B- and C-blocks by setting aAW = 25 and
aBW = aCW = 200. This allows A-blocks to be adsorbed on the
surface of the substrates.
The multiblock copolymers can be classified into two

categories: one is the nonfrustrated case that the interaction
strength between A- and C-blocks is comparable or higher than
those between other blocks, and the other is the frustrated case
that the A/C interaction strength is smaller than the A/B
interaction strength.13 Therefore, we first undertook a DPD
study on these two types of multiblock copolymers in the bulk
without confinement. The results were presented in Figure 2.

As shown in Figure 2, the multiblock copolymers self-assemble
into parallel lamellae-in-lamella (aAB = 80, aAC = 80, aBC = 400,
nonfrustrated case, Figure 2a) and perpendicular lamellae-in-
lamella (aAB = 160, aAC = 80, aBC = 400, frustrated case, Figure
2b). The results agree well with our previous self-consistent
field theory calculations.13 In contrast to the bulk without
confinement, in thin films of each case, hierarchical micro-
structures with either parallel or perpendicular packed small-
length-scale structures could, in principle, be obtained through
simply tuning the film thickness.

Figure 1. DPD model of A(BC)n multiblock copolymers confined in
thin films with n = 3. The blue, red, green, and gray colors are assigned
to A, B, C, and substrate (W) particles, respectively. The symbol of Δ
represents the film thickness.

Table 1. Interaction Parameters aαβ (in DPD Units) Used in
the Simulations

A B C W

A 25 80−200 80 25
B 80−200 25 400 200
C 80 400 25 200
W 25 200 200 25

Figure 2. Hierarchical microstructures self-assembled from A(BC)3
multiblock copolymers in the bulk without confinement with aAC = 80
and aBC = 400: (a) aAB = 80 and (b) aAB = 160. The blue, red, and
green colors are assigned to A, B, and C particles, respectively.
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3.1. Thin Films of Nonfrustrated Case. We first
examined the nonfrustrated system of the A30(B5C5)3 multi-
block copolymers confined in thin films by setting aAB = aAC =
80 and aBC = 400. In the bulk without confinement, the parallel
lamellae-in-lamellae with five BCBCB-layers are formed (see
Figure 2a). However, in the confinement system, the
morphologies of hierarchical microstructures become richer.
Figure 3 shows the representative lamellae-in-lamellar micro-
structures observed at various film thicknesses Δ. The beads of

A-, B-, and C-blocks are, respectively, denoted with blue, red,
and green colors, while the substrate (W) particles are omitted
for clarity. As shown in Figure 3, the observed hierarchical
lamellae-in-lamellar microstructures include singly periodic
parallel lamellae-in-lamella with three BCB-layers (L31, see
Figure 3a), singly periodic perpendicular lamellae-in-lamella
(L⊥1, see Figure 3b), singly periodic parallel lamellae-in-lamella
with five BCBCB-layers (L51, see Figure 3c), and doubly
periodic parallel lamellae-in-lamella with five BCBCB-layers

Figure 3. Hierarchical microstructures self-assembled from A(BC)3 multiblock copolymer thin films: (a) L31, (b) L⊥1, (c) L51, (d, e) L32⊥L⊥1, and
(f) L52. (g) One-dimensional diagram for hierarchical microstructures as a function of Δ/rc. From parts a to f, the film thickness Δ/rc is 11, 13, 17,
22, 24, and 32, respectively. The interaction parameters are aAB = aAC = 80, aBC = 400, aAW = 25, and aBW = aCW = 200. The blue, red, and green
colors are assigned to A, B, and C particles, respectively. The two parallel substrates (wall particles) are omitted.

Figure 4. (a, d) Structures formed by all molecules. (b, e) Structures formed by molecules-I whose A-blocks are absorbed to the substrates. (c, f)
Structures formed by molecules-II whose A-blocks keep away from the substrates for the coexisting microstructures of L32⊥L⊥1. The coexisting
microstructures shown in parts a and d correspond to those in Figure 3d and e, respectively. The blue, red, and green colors are assigned to A, B, and
C particles, respectively. The substrate particles are omitted.
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(L52, see Figure 3f). Note that, in the representations such as
L31, the first bold letter L, subscripts, and last number denote
lamellae, the number of the parallel packed small-length-scale
lamellae (the symbol ⊥ means that the small-length-scale
lamellae are perpendicular to the large-length-scale lamellae),
and the number of the large-length-scale structures, respec-
tively.
Figure 3g displays the one-dimensional phase diagram of the

multiblock copolymer thin films as a function of Δ/rc. When
the thin films are very thin (Δ/rc ≤ 11), L31 were observed
(Figure 3a). With increasing film thickness (12 ≤ Δ/rc ≤ 14),
the multiblock copolymers prefer to form perpendicular
lamellae-in-lamella, L⊥1 (Figure 3b). As the thickness further
increases (15 ≤ Δ/rc ≤ 20), the microstructures transform to
parallel lamellae-in-lamella, but the number of the small-length-
scale lamellae increases from three to five. For example, as Δ/rc
= 17, the five parallel alternating BCBCB-layers are parallel to
the large-length-scale lamellae formed by A-blocks (see Figure
3c). At a larger value of Δ/rc (≥29), the periodicity of the large-
length-scale lamellae increases and becomes double (see Figure
3f).
In addition, coexistence of two hierarchical microstructures

was observed at intermediate thickness (21 ≤ Δ/rc ≤ 28).
Shown in Figure 3d and e are the coexisting microstructures
L32⊥L⊥1. To clarify these coexisting microstructures, the
molecular chain distributions in the thin films were further
presented, which is shown in Figure 4. The molecules were
divided into two categories, according to whether their A-
blocks are absorbed to the substrates (molecules-I) or not
(molecules-II). It is evident from Figure 4b and e that the B-
and C-blocks of molecules-I can hardly stretch to the center of
the thin film to form L71 or L91 but to form two domains of
L31. From Figure 4c and f, we discovered that the small-length-
scale BC-layers in the center of the thin films, marked by white
rectangles, are mostly assembled from the B- and C-blocks of
molecules-II, indicating that the marked small-length-scale BC-
layers are perpendicular to the A-domains self-assembled from
A-blocks of molecules-II in the unconfined space to form L⊥1.

In addition to forming L⊥1, the molecules-II join the formation
of the L32. Therefore, we denoted these coexisting micro-
structures as L32⊥L⊥1.
In the thin films of the nonfrustrated case, both the parallel

and perpendicular lamellae-in-lamella can be observed by
varying the film thickness. To further understand the
microstructures, we took one of the parallel lamellae (L51)
and perpendicular lamellae (L⊥1) as examples to examine the
structure factor S(q) of the small-length-scale structures. Figure
5a shows the structure factor S(q) of the vertical configuration
along the Z axis for the B-layers in L51. The single peak at q0 ≈
1.85 illustrates the perfect small-length-scale lamellae. The
spacing of the small-length-scale lamellae can be calculated by
D = π/q0, and that is about 1.70rc. Then, we calculated the
structure factor scanning in the (X, Z) plane for a constant
wave length |q| = q0 ≈ 1.85. As exhibited in Figure 5b, two
peaks of the same amplitude at 180 and 360° (or 0°) in the (X,
Z) plane indicate that the normal of small-length-scale lamellae
is along the selected Z direction. For the small-length-scale B-
layers of L⊥1, a significantly single peak at q0 ≈ 1.26 can be
found, as shown in Figure 5c. This demonstrates that the small-
length-scale lamellae are well aligned. The spacing of the small-
length-scale lamellae is D = π/q0 ≈ 2.49rc, which is larger than
that of L51. Figure 5d shows the structure factor of the small-
length-scale B-layers in the (X, Y) plane at a constant wave
length |q| = q0 ≈ 1.26. It exhibits two sharp peaks at 27 and
207° (the X direction is the reference direction), indicating that
the small-length-scale lamellae are 27 or 207° angle tilted in the
(X, Y) plane.
With increasing film thickness, we not only observed the

increase of the number of the small-length-scale lamellae but
also found a variation of the orientation of the small-length-
scale lamellae, e.g., a L31-to-L⊥1 phase transition. In bulk
without confinement, changing the orientation of the small-
length-scale lamellae requires a change of the type of multiblock
copolymers (frustrated-to-nonfrustrated). Therefore, it is of
significance to understand such a phase transition in thin films.
The transition from L31 to L⊥1 is due to the fact that the

Figure 5. Structure factor scan for the small-length-scale B-layers of L51 (a) as a function of the wave vector q along the z direction and (b) as a
function of angle at q = q0 in the (X, Z) plane. Structure factor scan for the small-length-scale B-layers of L⊥1 (c) as a function of the wave vector q
along the director direction and (d) as a function of the angle at q = q0 in the (X, Y) plane.
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thickness is highly incommensurate with the period of the
three-layered small-length-scale structures. Through forming
L⊥1, the frustrations of B- and C-chains within small-length-
scale structures can be relieved, since the perpendicular
arrangement of small-length-scale lamellae allows the layers to
retain their bulk period. However, the L⊥1 cannot be
maintained to a large value of film thickness. This is because
the B- and C-chains must be highly stretched normal to the
large-length-scale lamellae in order to fill the domains of the
extended small-length-scale lamellae. To alleviate such chain
frustration, parallel hierarchical lamellae with more small-
length-scale lamellae are formed. In these morphological
transformations, the surface energy becomes less favorable,
but the entropy is favored. As the film becomes thicker, the film
thickness approaches the double period of L31 and thus the
double periodic hierarchical lamellae are formed instead of
single periodic hierarchical lamellae with more small-length-
scale lamellae. However, before forming well-defined doubly
periodic microstructures, the coexistence of two hierarchical
microstructures L32⊥L⊥1 appears.
To examine whether the L32⊥L⊥1 microstructures are in

equilibrium or not, we carried out a further study on the
L32⊥L⊥1 microstructures at various XY-spaces. Note that the
time step was set to 3 × 106 which is long enough to achieve an
equilibrium state. The simulation results for Δ/rc = 22 and Δ/rc
= 24 are shown in Figure S1 in the Supporting Information.
The influence of the size of the unconfined X- and Y-space, LX
and LY, was demonstrated. It was found that the L32⊥L⊥1 stays
unchanged and cannot be relaxed to L32 or L⊥2 as LX and LY
varies. This suggests that the L32⊥L⊥1 microstructures are in
equilibrium essentially. The physical origin that the L32⊥L⊥1
structures appear at certain film thickness can be explained as

follows. At a certain film thickness, for example, Δ/rc = 22, the
free energies cannot be minimized by forming either the double
L31 (or L32) or the double L⊥1 (or L⊥2). The entropy is
unfavorable in L32, and the enthalpy is unfavorable in L⊥2.
However, through forming L32⊥L⊥1, the entropy is gained
compared with L32 and the enthalpy is reduced compared with
L⊥2. Finally, the free energy is minimized in L32⊥L⊥1. The
appearance of these nonlamellar structures is essentially
consistent with the emergence of the coexistence of parallel
and perpendicular lamellae in the thin films of lamella-forming
diblock copolymers.33 At much larger Δ, the L52 are formed
and the coexisting hierarchical microstructures do not emerge.
At the end of this subsection, we would like to remark on the

aBC-parameter. Because the value of aBC is relatively larger, we
wondered if such a large value of the parameter can reflect
correct physics. To make a comparison, we have carried out an
additional simulation on the A(BC)3 multiblock copolymer thin
films with smaller values of aBC = 200. The results were
presented in Figure S2 in the Supporting Information. Figure
S2 shows the representative hierarchical microstructures self-
assembled from A(BC)3 multiblock copolymer thin films with
aAB = aAC = 80, aAW = 25, aBW = aCW = 200, and aBC = 200 at
various Δ. Similar to the nonfrustrated case with aBC = 400, the
hierarchical microstructures including L31 (Figure S2a,
Supporting Information), L⊥1 (Figure S2b, Supporting
Information), L51 (Figure S2c, Supporting Information),
L32⊥L⊥1 (Figure S2d,e, Supporting Information), and L52
(Figure S2f, Supporting Information) were observed. Figure
S2g (Supporting Information) displays the one-dimensional
phase diagram of A(BC)3 multiblock copolymer thin films as a
function of Δ/rc. Comparing with the nonfrustrated case with
aBC = 400, the morphological transformation in the sequence of

Figure 6. Hierarchical microstructures self-assembled from A(BC)3 multiblock copolymer thin films: (a) L⊥1, (b) L51, (c) L71, (d) L⊥2, (e) L51//
L⊥1, and (f) L52. (g) One-dimensional diagram for hierarchical microstructures as a function of Δ/rc. From parts a to f, the film thickness Δ/rc is 13,
19, 21, 28, 32, and 36, respectively. The interaction parameters are aAB = 160, aAC = 80, aBC = 400, aAW = 25, and aBW = aCW = 200. The colors appear
as in Figure 3. The substrate particles are omitted.
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L31, L⊥1, L51, L32⊥L⊥1, and L52 and the transition boundaries
are the same except for the transition boundary between L51
and L32⊥L⊥1 which shows a shift toward larger Δ. We noticed
no qualitative difference in the simulated results for aBC = 200
(Figure S2, Supporting Information) and aBC = 400 (Figure 3).
As a matter of fact, the B- and C-blocks are not strongly
separated at aBC = 400. Taking the perpendicular lamellae-in-
lamella (see Figure 3b) as an example, the order parameter SBC
is about 0.57 (SBC = 0 and 1 respectively represent disorder and
complete separation), indicating that the separation between B-
and C-blocks is relatively weaker. These results indicate that the
simulation for a higher value of aBC = 400 can reflect correct
physics.
3.2. Thin Films of Frustrated Case. In this case, the

molecular interaction parameters are set as aAB = 160, aAC = 80,
and aBC = 400. In the bulk without confinement, the
perpendicular lamellae-in-lamellae are favored (see Figure
2b). Figure 6 shows the representative hierarchical lamellae
obtained at various film thicknesses. Similar to the non-
frustrated cases, the hierarchical microstructures including L⊥1,
L51, L71, L⊥2, and L52 were observed. Shown in Figure 6g is
the one-dimensional phase diagram. As can be seen, when the
films are relatively thin (Δ/rc ≤ 15), only the L⊥1 (see Figure
6a) are formed. Ranging from Δ/rc = 16 to Δ/rc = 20, the
parallel lamellae-in-lamellae with five BCBCB-layers (L51, see
Figure 6b) are favored. With an increase in Δ/rc from 21 to 22,
the L71 are observed, as shown in Figure 6c. The doubly
periodic lamellae-in-lamellae L⊥2 (Figure 6d) and L52 (Figure
6f) are formed at 23 ≤ Δ/rc ≤ 30 and Δ/rc ≥ 33, respectively.
In the region of the transformation from L⊥2 to L52, a
coexistence of two hierarchical lamellae of L51//L⊥1 (see
Figure 6e) emerges. The structural transformation is similar to
the nonfrustrated case, where the multiblock copolymers self-
assemble into singly periodic hierarchical lamellae at small
thickness and doubly periodic hierarchical lamellae at large
thickness.
The structural transformation of L⊥1 → L51 → L71 → L⊥2

→ L51//L⊥1 → L52 is also due to the mismatch between the
periodicity of the small-length-scale structures and the film
thickness. A more remarkable phenomenon is the appearance
of the coexistence of hierarchical lamellae, i.e., L51//L⊥1. The
entropy in the coexisting hierarchical lamellae can be more
favorable than those in either doubly periodic L⊥2 or doubly
periodic L52. The case is different from the coexisting
microstructures of L32⊥L⊥1 observed in the nonfrustrated
case (see Figure 3d and e). The microstructures in Figure 3d
and e are the coexistence of parallel and perpendicular lamellae
where they are perpendicular, while the present microstructures
are the coexistence of parallel and perpendicular lamellae where
they are parallel with each other. The appearance of the
different orientations of the coexisting structures is due to the
difference in the (frustrated and nonfrustrated) cases. The
formation of the former one can effectively reduce the ratio of
perpendicular lamellae as compared to the latter one, and vice
versa, because the perpendicular hierarchical lamellae are
unfavorable in the bulk of the former one but are favored in
the bulk of the latter one.
To illustrate the effect of the interaction strength between

different blocks, the morphological stable regions in aAB−Δ
space were mapped out for the thin films of A30(B5C5)3
multiblock copolymers, which is shown in Figure 7. The aAC
and aBC were fixed as 80 and 400, respectively. As aAB increases
from 80 to 200, the systems are transformed from the

nonfrustrated case to the frustrated case. In the diagram, each
point corresponds to a simulation result. The blue and yellow
regions include the singly and doubly periodic microstructures,
respectively. It can be seen that the film thickness has a marked
influence on the microstructures. The boundary between singly
and doubly periodic lamellae shows a shift to a higher value of
Δ as aAB increases, indicating that the domain size increases as
aAB increases. From the phase diagram, we found that the
parallel hierarchical lamellae with three BCB-layers (L31) are
only stable when aAB is less than or equal to aAC. In addition,
the phase boundary between L⊥1 and L51 shifts toward higher
Δ as aAB increases, implying that the L51 can transform to L⊥1
with increasing aAB within a special range of Δ/rc, as indicated
by the arrow in Figure 7. Such phase behaviors can be
rationalized by considering the interfacial energy. The increase
in aAB induces a greater increase in interfacial energy of L51
than that of L⊥1 due to the large area of A/B interfaces, leading
to a shift of phase boundary between L⊥1 and L51 to larger Δ/
rc.

3.3. Formation Dynamics of Hierarchical Micro-
structures in Thin Films. The dynamics of hierarchical
microstructure formation was further studied. The study was
first focused on two representative hierarchical microstructures:
one is perpendicular lamellae-in-lamella L⊥1, and the other is
parallel lamellae-in-lamella L51. The representative morpho-
logical evolutions were presented in Figure 8. The formation of
L⊥1 exhibits an obvious two-step self-assembly, as shown in
Figure 8a. At the initial stage (e.g., t = 2000τ), the A-blocks are
rapidly absorbed to the hard substrates, forming well-aligned
large-length-scale layers. However, the small-length-scale
structures formed by B- and C-blocks are still not well formed.
As time goes, the small-length-scale lamellae become ordered.
Thus, in the self-assembly of L⊥1, the large-length-scale
structures are first formed, and then the small-length-scale
structures are gradually formed. The formation process of L51
is similar to that of L⊥1, as shown in Figure 8b. At the initial
stage (e.g., t = 2000τ), neither the large-length-scale structures
nor the small-length-scale structures are ordered. Note that the
small-length-scale structures are almost perpendicular to the
large-length-scale A-domains. This implies that the initial self-
assembly performs as that in the bulk, since the bulk system
favors perpendicular hierarchical microstructures (see Figure
2b). As the A-blocks are perfectly absorbed to the substrates (t
= 6000τ), the small-length-scale structures become parallel to
the large-length-scale A-domains to adjust the BC-chains to

Figure 7. Observed microstructure regions as a function of Δ/rc at
various aAB for the A(BC)3 multiblock copolymer thin film with aAC =
80, aBC = 400, aAW = 25, and aBW = aCW = 200. The blue and yellow
regions include the singly and doubly periodic microstructures,
respectively.

Langmuir Article

DOI: 10.1021/la503985u
Langmuir 2015, 31, 2533−2544

2539

http://dx.doi.org/10.1021/la503985u


accommodate the confined space. Compared with the
formation of well-defined large A-domains, the ordering of
the small-length-scale structures was delayed slightly. With time
going, the well-arranged L51 is finally formed.
To further understand the formation dynamics of L⊥1 and

L51, we calculated the order parameters of different-length-scale
structures. The results are shown for L⊥1 and L51 in Figure 9,
where the order parameters of the normal vectors of the A-
domain surfaces (black line with squares, Slarge) and interfaces
between B- and C-domains (red line with circles, Ssmall)
represent the ordering of the large-length-scale and small-
length-scale structures, respectively. As can be seen from Figure
9a (L⊥1), the Slarge increases rapidly to a plain region at time t =
2800τ, while the Ssmall rises slowly until it reaches a steady value
of 0.34 at time t = 14800τ. It suggests that the well-defined
large-length-scale structures and small-length-scale structures
are settled at time t = 2800τ and t = 14800τ, respectively. In
other words, the formation of L⊥1 shows a two-step self-
assembly behavior, as also observed from Figure 8a. In Figure
9b (L51), both the Slarge and Ssmall increase and finally level off at
time t = 6800τ and t = 7600τ, respectively. It means that, for
L51, the formation of the large-length-scale structures is a little
faster than that of the small-length-scale structures.
In addition to the hierarchical microstructures mentioned

above, we also observed some other microstructures where two
hierarchical microstructures are coexisting. The formation

dynamics of these coexisting hierarchical microstructures was
studied. The results were presented in Figure 10. Figure 10a
shows the formation pathway of the coexisting microstructures
L51//L⊥1 where the parallel microstructures (L51) and
perpendicular microstructures (L⊥1) are parallel with each
other. With time going, partial A-blocks are adsorbed to the
substrates and the remainders stay in the body of the systems
(from time t = 0τ to 16000τ). However, the A-domains in the
body are not in the center but close to one side of the
substrates, dividing the BC-domains into an upper large space
and a lower small space (e.g., t = 4000τ, 8000τ, and 16000τ).
The small-length-scale lamellae formed by the BC-blocks tend
to be parallel to the A-domains within the upper large space
and perpendicular to the A-domains within the lower small
space (t = 8000τ and 16000τ). In addition, the A-domains in
the body are still not well-arranged and some defected cavities
are observed. Within the cavities, the small-length-scale
structures formed by the BC-blocks are perpendicular to the
neighboring A-domains (t = 8000τ and 16000τ). As time goes,
the defected microstructures are gradually absorbed into lower
perpendicular hierarchical lamellae and the small-length-scale
lamellae become well-aligned at time t = 28000τ. The confined
systems finally self-assemble into the coexisting hierarchical
microstructures consisting of parallel lamellae (L51) in the
upper large space and perpendicular lamellae (L⊥1) in the
lower small space. From Figure 10a, we can see that the

Figure 8. Dynamic process of the formation of (a) L⊥1 in Figure 6a and (b) L51 in Figure 6b for the A(BC)3 multiblock copolymer thin films at
different times. The interaction parameters are the same as those in Figure 6. The colors appear as in Figure 3. The substrate particles are omitted.

Figure 9. Order parameters of the normal vectors of the A-domain surfaces (black line with squares, Slarge) and interfaces between B- and C-domains
(red line with circles, Ssmall) for (a) L⊥1 and (b) L51 with aAB = 160, aAC = 80, aBC = 400, aAW = 25, and aBW = aCW = 200. Slarge and Ssmall represent
the ordering of the large-length-scale and small-length-scale structures, respectively. The insets in parts a and b show the corresponding hierarchical
microstructures.
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ordering of small-length-scale lamellae changes followed by the
variation of large-length-scale lamellae, and thereby the
formation of well-aligned small-length-scale lamellae always
lags behind that of well-aligned A-domains.
Shown in Figure 10b is the formation of the coexisting

microstructures of L32⊥L⊥1 where the parallel microstructures
(L32) are perpendicular to the perpendicular microstructures
(L⊥1). As time goes, the A-domains, which are adsorbed to the
substrates and remain in the body, are first formed (from time t
= 0τ to 7200τ). Different from L51//L⊥1 in Figure 10a, the A-
domains in the body are nearly in the center between two
substrates (e.g., t = 2000τ, 3600τ, and 7200τ). The BC-blocks
then form small-length-scale structures to adapt to the large-
length-scale A-domains. The BC-blocks near the substrates
tend to form lamellae parallel to the A-domains (t = 3600τ and
7200τ). In the center A-domains, some defected cavities exist
and the BC-blocks form lamellae perpendicular to the
neighboring A-domains (t = 3600τ and 7200τ). With time
going, the cavities are fused and ultimately form one
perpendicular hierarchical lamella within the center A-domains
at time t = 12000τ. This lamella cannot be absorbed into the
parallel hierarchical lamellae, and therefore, the coexistence of
two hierarchical microstructures appears. It can be concluded
from Figures 8−10 that, in the self-assembly of the multiblock
copolymers in thin films, the large-length-scale structures are
first formed and then the small-length-scale structures are
adjusted to accommodate the large-length-scale structures.
3.4. Comparison with Existing Observations. In the

thin films of multiblock copolymers, the A-blocks are absorbed
to the hard substrates and form wetting surfaces for the
remaining (BC)n-blocks to phase separate. Therefore, the
formation of the small-length-scale structures can be regarded
as the phase separation of block copolymers in thin films
confined between two soft walls. Many experiments and
theories have dealt with the thin films of block copolymers such
as diblock copolymers.14−34 For example, Russell et al.

investigated the self-assembly of diblock copolymers in thin
films, and found that the lamellae parallel or perpendicular to
the thin films can alternatively appear and the number of the
lamellae increases with increasing film thickness.30,31 This is
because the chain frustration in parallel lamellae can be relieved
by forming perpendicular lamellae, although the latter has a less
favorable surface energy. In this work, we also found that the
small-length-scale structures can be transformed between
perpendicular lamellae and parallel lamellae, resulting in various
hierarchical lamellae with either parallel or perpendicular
packed small-length-scale lamellae (see Figure 6). Moreover,
the number of the small-length-scale lamellae increases as the
film thickness increases. Thus, the self-assembly of the small-
length-scale structures within large-length-scale structures is
essentially consistent with the phase separation of the thin films
of diblock copolymers.
However, the self-assembly of multiblock copolymers

between two surfaces shows distinctive phase behavior that is
unrevealed in conventional block copolymer thin films. First,
for the nonfrustrated case, the surface wetting by A-blocks
exhibits no preference toward B- and C-blocks, since aAB = aBC,
and therefore, it can be compared with the lamella-forming
diblock copolymers confined between two nonselective
surfaces. With increased film thickness, the perpendicular
lamellae are always stable for the diblock copolymer films.
However, for the multiblock copolymer films, the small-length-
scale lamellae undergo perpendicular-to-parallel transition by
changing the film thickness. The emergence of either parallel or
perpendicular lamellae is due to entropic reasons, because one
end of the B-blocks is connected to the A-blocks. Second, for
selective surfaces, the perpendicular lamellae in thin films of
diblock copolymers can emerge alternatively as long as the
surface repulsion is not too large. However, in the thin films of
frustrated multiblock copolymers, the perpendicular hierarch-
ical lamellae only appear at small film thickness. (Note that,
although the perpendicular lamellae with double periodicities

Figure 10. Dynamic process of the formation of (a) L51//L⊥1 in Figure 6e and (b) L32⊥L⊥1 in Figure 3e for the A(BC)3 multiblock copolymer thin
films at different times. The interaction parameters for parts a and b are the same as those in Figures 6 and 3, respectively. The colors appear as in
Figure 3. The substrate particles are omitted.

Langmuir Article

DOI: 10.1021/la503985u
Langmuir 2015, 31, 2533−2544

2541

http://dx.doi.org/10.1021/la503985u


can be formed at a relative large film thickness, their periodicity
is also increased.) This may be due to the fact that the large
values of aAB and aAC are chosen to ensure the phase separation
between A- and B/C-blocks. Third, the number of the layers in
parallel lamellae of diblock copolymer films can continuously
increase as the film thickness increases. However, in our
simulations, the number of the small-length-scale lamellae in
hierarchical lamellae is limited, since the (BC)n-blocks are
connected to the A-blocks. Instead of single periodic
hierarchical lamellae with more small-length-scale lamellae,
doubly periodic hierarchical lamellae are formed. The
distinctive phase behavior of the multiblock copolymers in
thin films can enrich the knowledge about the self-assembly of
block copolymers in thin films.
There are no direct experimental studies on controllable

hierarchical microstructures of such multiblock copolymer thin
film systems, and therefore, it is difficult to make a direct
comparison between theoretical predictions and experimental
observations. However, there are still some existing exper-
imental observations regarding the hierarchical microstructures
self-assembled from copolymer in thin films in the literature to
support our simulation results. For example, comb-shaped
supramolecules are a system capable of forming hierarchical
microstructures. In bulk, both the multiblock copolymers and
comb-shaped supramolecules can form hierarchical micro-
structures with similar arrangements, for example, parallel
lamellae-in-lamellae and perpendicular lamellae-in-lamellae.13,50

Therefore, in the present work, we utilized the results obtained
from comb-shaped supramolecules to make a comparison with
our predictions in terms of the hierarchical microstructures. ten
Brinke and co-workers have examined the phase behavior and
terrace formation of solvent vapor annealed thin films of
asymmetric comb-shaped supramolecules consisting of a
polystyrene (PS) block and a supramolecular block of poly(4-
vinylpyridine) (P4VP) hydrogen bonded with pentadecylphe-
nol (PDP) on silicon oxide.51 It was found that the lowest
terrace consisted of two wetting layers forming one lamella, the
second terrace contained perpendicular lamellae, and the
highest terrace consisted of parallel P4VP(PDP) cylinders.
Below the order−disorder transition temperature, the P4VP-
(PDP) combs form alternating layers of P4VP and PDP, and
the thin films of hierarchical microstructures are obtained. The
experimental results were presented in a morphology trans-
formation as a function of film thickness: the morphologies
transform from perpendicular hierarchical microstructures to
parallel hierarchical microstructures and then to perpendicular
hierarchical microstructures as the film thickness increases. This
is consistent with our calculations that the morphologies of the
multiblock copolymer thin films undergo a formation evolution
from L⊥1 → L51 → L71 → L⊥2 as the film thickness increases
(see Figure 6). The present simulation results realized the
controllable manufacture of the hierarchical morphologies and
also offered a direction of preparing thin films with different
hierarchical microstructures.
The thin films with controllable orientation and number of

the small-length-scale lamellae can afford a facile route to
generate hierarchical microstructures. The thin films may find
many applications in fabricating functional nanodevices, for
example, integrated circuit devices. In industry integrated circuit
design, fabrication of nonperiodic structures such as T-
junctions (a structure like capital “T”) and jogs is especially
crucial.52 A conventional way for block copolymer lithography
to fabricate nonperiodic structures is to devise confinement/

patterning strategies for block copolymer films. In this work, we
proposed an alternative for producing structures with non-
periodic features like T-junctions without devising confine-
ment/patterning strategies. Here, we introduced A(BC)n
multiblock copolymers that are capable of forming hierarchical
structures within two solid surfaces (to date, little is known for
the microphase separation of multiblock copolymers confined
between two solid surfaces). For example, the perpendicular
packed hierarchical lamellae, containing various T-junction
structures (for example, combining A- and B-domains and
cutting along the center line between substrates), can meet the
need for fabricating T-junctions in circuit devices. Since the
perpendicular packed hierarchical lamellae can be readily
obtained by regulating the film thickness, the thin films of
multiblock copolymers could be harnessed in a variety of ways.
In the applications, control of orientation and domain order can
also be achieved by tuning the film thickness. Beyond that, the
thin films described here can also offer many opportunities to
fabricate other functional devices, and the fundamental
principle for producing a series of hierarchical microstructures
could be potentially applicable to other polymer systems.

4. CONCLUSIONS
We employed the dissipative particle dynamics simulations to
investigate the hierarchical microstructures self-assembled from
A(BC)n multiblock copolymers in thin films, where the thin
films are confined between two solid substrates selective for A-
blocks. Two cases were examined according to the relative
interaction strength: one is the nonfrustrated case that aAB ≤
aAC, and the other is the frustrated case that aAB > aAC. For both
cases, either parallel or perpendicular lamellae-in-lamellae were
found. Not only can the periodicity of the large-length-scale
structures change from single to double, but the small-length-
scale structures also undergo a parallel-to-perpendicular
transition as Δ changes. As Δ increases, a morphological
transformation in the sequence of L31, L⊥1, L51, L32⊥L⊥1, and
L52 was observed for the nonfrustrated case, and a structural
transformation of L⊥1 → L51 → L71 → L⊥2 → L51//L⊥1 →
L52 was found for the frustrated case. In addition to the well-
defined hierarchical microstructures, novel coexisting hierarch-
ical microstructures such as L32⊥L⊥1 and L51//L⊥1 were
discovered. In the coexisting hierarchical microstructures, two
hierarchical microstructures can be either parallel or perpen-
dicular with each other. As aAB increases, the boundaries for the
transitions of single-to-double periodicity and perpendicular-to-
parallel arrangement show a shift toward larger Δ. The
dynamics of the hierarchical microstructure formation was
also studied. It was found that the formation of small-length-
scale structures always lags behind that of large-length-scale
structures. The results could provide the guidance for preparing
thin films with diversified, controllable hierarchical micro-
structures.
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