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a b s t r a c t

The morphologies of multiblock copolymer melts (for simplicity, we consider tetra blocks) and their
configurations when they are confined in cylindrical nanopores were examined by Lattice Monte Carlo
simulations. The dependence of their morphologies and of the configurations of the copolymers (through
the radius of gyration) on the nanopore diameter, intersegment interaction energies (repulsive inter-
action energies between different kinds of segments of the copolymers), and attractive interactions
between one kind of segments and the surface of the nanopore was investigated. The results indicate
that the morphology of a copolymer melt is connected to the configuration of the copolymer chain. It was
found that: (i) stacked disks are generated when the polymer chains are preferentially directed along the
nanopore axis, and (ii) helixes or lamellae parallel to the nanopore axis are formed when the copolymer
chains are preferentially directed normal to the nanopore axis.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, a large number of reports on the self-assembly of
diblock or triblock copolymer melts and copolymer solutions
confined in cylindrical nanopores were published [1–21]. Obviously,
the tetrablock copolymer melts which are of interest in the present
paper exhibit more complex morphologies than the di- or triblock
copolymers. The linear tetrablock copolymer Poly(styrene-block-
isoprene-block-dimethylsiloxane-block-2-vinylpyridine), generates
a four-phase triple coaxial cylindrical microdomain morphology
[22]. A four-phase six-layer lamellar structure (–(ABCDCB)n–) was
obtained from Poly(isoprene-block-styrene-block-2-vinylpryidine-
block-4-trimethylsilylstyrene) and identified by both Transmission
Electron Microscopy and small angle X-ray scattering [23]. Jaffer et al.
[24] investigated, by employing a self-consistent mean-field theory,
the phase behavior of ABCD tetrablock copolymer melts. They found
a noncentrosymmetric (NCS) lamellar phase (with the sequence
.ABCDABCD.) in some regions of the phase diagram. Two partially
mixed centrosymmetric (MCS) lamellar phases were also identified
during the disordered to fully ordered phase transition.

All the above studies have shown that the morphologies of
multiblock copolymers are more complex and only few papers have
been concerned with them. In addition, the relation between the
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morphology of a block copolymer confined in a nanopore and its
molecular configuration was not examined. If a relation between
the morphology of a block copolymer and its molecular configu-
ration could be established, it may help in the design of the
morphology of block copolymers. The present paper has the goal to
examine the connection between the molecular orientation and the
morphology of the ABCD tetrablock copolymer melts. The effects of
the nanopore diameter, of the repulsive interaction energies
between different kinds of segments of the copolymer, and of the
attractive interactions between one kind of segments and the wall
of the nanopore on the morphologies of the tetrablock copolymer
melts and the configurations of the copolymers are investigated.

This paper is organized as follows. In Section 2, some details on
the Monte Carlo simulations are provided. In Section 3, the
dependencies of the morphologies of the copolymer melts and
configurations of the copolymer on the repulsive interactions
between different kinds of segments, the attractive interactions
between the segments and the wall of the nanopore, and on the
nanopore diameter are explored. Then, the connection between the
morphology and the molecular alignment is examined. The last
section summarizes the conclusions.

2. Simulation details

The bond fluctuation model [25] and the volume diffusion
algorithm [26] were employed in the Lattice Monte Carlo simula-
tions employed in this paper. Each attempted motion either kept
the bond length fixed or changed the bond length from 1s to s
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in the opposite direction (s being the lattice parameter) in the bond
fluctuation model; the vacancy governed the motion in the volume
diffusion algorithm. For more details one can see References [25–
27]. The simulations were performed in a canonical ensemble. Each
lattice point was occupied either by a segment (A, B, C, or D) or by
a vacancy. All the attempted motions followed the excluded volume
rule, the no-bond-crossing, and the above bond length restrictions.
Any attempted motion was considered as accepted or rejected by
using the traditional Metropolis algorithm.

The tetrablock copolymer A5B5C5D5, which posseses two outer
blocks, A5 and D5, and two inner blocks, B5 and C5, with a volume
Fig. 1. Representative nanostructures in ABCD tetrablock polymer melts. (a) M1: ABCDDCBA
disks with the period Lp¼ 21s; (c) M3: mixed structure of ABCDDCBA alternate stacked disks
A,B,C,D segments; (e) M5: mixed structure of alternate stacked disks (with the sequence ABC
B and C segments; (f) M6: single helixes of each of the A and D segmentsþ double helixes o
Red: A component; green: B component; pink: C component; and blue: D component. In ea
melts, morphology of A segments, morphology of B segments, morphology of C segments, m
legend, the reader is referred to the web version of this article).
fraction of 0.952 was considered. The remaining volume is occupied
by vacancies which are involved in the volume diffusion algorithm.
The length l of the nanopore (in the y direction) was 84s. The
diameter d of the cylindrical nanopore was varied between 9 and
29s. In each simulation, we used 1.0�107 Monte Carlo steps to
ensure that the final structures were stable. Only the interactions
between the nearest neighbor segments were taken into account.
The interaction between the same kinds of segments was consid-
ered zero, i.e. 3AA¼ 3BB¼ 3CC¼ 3DD¼ 3SS¼ 0, but the interactions
between different kinds of segments, 3AB, 3AC, 3AD, 3BC, 3BD, 3CD, and
between one kind of segments (A or B) and the surface of nanopore,
alternate stacked disks with the period Lp¼ 16.8s; (b) M2: ABCDDCBA alternate stacked
and single helixes of each of the A,B,C,D segments; (d) M4: single helixes of each of the

DDCBA)þ single helixes of each of the A and D segmentsþ double helixes of each of the
f each of the B and C segments; (g) M7: double helixes of each of the A,B,C,D segments.
ch subfigure, from left to right, the morphologies are: total morphology of copolymer
orphology of D segments. (For interpretation of the references to colour in this figure
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3AW and 3BW,were varied. The interactions between the vacancies
and the segments, and those between the segments C and D and
the nanopore surface, were considered zero. Here, A, B, C and D
stand for the segments A, B, C and D, S for the vacancies, and W for
the surface of the nanopore.
Fig. 3. Snapshots of the morphologies of the tetrablock copolymer A5B5C5D5 melt for
3AB ¼ 3AC ¼ 3AD ¼ 3BC ¼ 3BD ¼ 3CD ¼ 3 ¼ 0:15 kT , 3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS

¼ 0, 3AS ¼ 3BS ¼ 3CS ¼ 3DS ¼ 3WS ¼ 0, 3AW ¼ 3BW ¼ 3CW ¼ 3DW ¼ 0, l¼ 84s, and
d¼ 15s. (a) morphology; (b) two typical head-to-head (or tail-to-tail) alignment of
ABCD molecules; (c) enlarged two molecules of (b).
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3. Results and discussion

3.1. Neutral surfaces

Fig. 1 present seven kinds of microphase morphologies of the
linear tetrablock copolymer A5B5C5D5 for a neutral nanopore. They
are: the centrosymmetric stacked disks phase with the sequence
ABCDDCBA and the length Lp of the repeat unit of stacked
disks¼ 16.8s(M1); the centrosymmetric stacked disks phase with
the sequence ABCDDCBA and the period Lp¼ 21s(M2); the mixed
structure of alternate stacked disks with the sequence ABCDDCBA
and single helixes of each of the segments A,B,C,D(M3); the single
helixes of each of the A,B,C,D segments(M4); the mixed structure of
alternate stacked disks (with the sequence ABCDDCBA) plus single
helixes of each of the A and D segments plus double helixes of each of
the B and C segments (M5); single helixes of each of the A and D
segments plus double helixes of each of the B and C segments(M6);
and double helixes of each of the segments A,B,C,D (M7). The
calculations have been carried out for 3AB ¼ 3AC ¼ 3AD ¼
3BC ¼ 3BD ¼ 3CD ¼ 3, 3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS ¼ 0, 3AS ¼
3BS ¼ 3CS ¼ 3DS ¼ 3WS ¼ 0, 3AW ¼ 3BW ¼ 3CW ¼ 3DW ¼ 0, and
l¼ 84s. The morphologies of the tetrablock copolymer A5B5C5D5

melts for various pore diameters and repulsive energy 3 are pre-
sented in Fig. 2. For diameters in the range considered in this paper
(9–29s), and at low repulsive interaction energies between different
kinds of segments (e.g. 3¼ 0.05kT), the systems are disordered. As
the repulsive interaction energy between different kinds of
segments increases, ordered phases are formed, and an order–
disorder transition (ODT) occurs at about 3 z 0.10kT. The first
ordered phase has a centrosymmetric structure (ABCDDCBA) with
alternate stacked disks with the period Lp¼ 16.8s. In this ordered
phase, the A and D blocks are located at the head and the end of the
tetrablock polymer, whereas the B and C blocks are located in the
middle. Centrosymmetric structures of the ABCD tetrablock copol-
ymers have been observed experimentally in bulk by Takano et al.
[23] and predicted theoretically by Jaffer et al. [24]. A similar phase,
d/σ
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Fig. 2. Effects of interaction energy and diameter of nanopore on the morphology of
the tetrablock copolymer A5B5C5D5 melts for 3AB ¼ 3AC ¼ 3AD ¼
3BC ¼ 3BD ¼ 3CD ¼ 3, 3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS ¼ 0, 3AS ¼ 3BS ¼ 3CS ¼ 3DS

¼ 3WS ¼ 0, 3AW ¼ 3BW ¼ 3CW ¼ 3DW ¼ 0,and l¼ 84s. Circle: Disordered Phase;
Square, hollow: M1; Square, solid: M2; Triangle Up: M3; Triangle Down: M4; Dia-
mond: M5; Horizontal mark: M6; Crosshair: M7.
consisting of ABCCBA alternate stacked disks, was found in triblock
copolymers confined in cylindrical nanopores by Feng and Rucken-
stein [15]. Takano et al. suggested [23] that such a morphology (i.e.
alternate stacked disks with the sequence ABCDDCBA) consisted of
a head-to-head alignment of ABCD molecules. Our simulations
confirm their suggestion (Fig. 3). For the small diameters d¼ 9s and
d¼ 11s, an increase in the repulsive interaction energy transformed
a part of the alternate stacked disks into single helixes for 3 equal or
larger than about 0.35kT. For d¼ 13s, as the repulsive energy
increases, the phase changes from a disordered to stacked disks, to
mixed alternate stacked disks (with the sequence ABCDDCBA) and
d/σ
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Fig. 4. Square radius of gyration of A5B5C5D5 for 3AB ¼ 3AC ¼ 3AD ¼ 3BC ¼
3BD ¼ 3CD ¼ 3, 3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS ¼ 0, 3AS ¼ 3BS ¼ 3CS ¼ 3 DS ¼ 3WS ¼
0, 3AW ¼ 3BW ¼ 3CW ¼ 3DW ¼ 0, and l¼ 84s.(a) 3¼ 0.10kT; (b) 3¼ 0.25kT.
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single helixes of each of the A,B,C,D segments. The mixed structure of
alternate stacked disks (with the sequence ABCDDCBA) and single
helixes of each of the A,B,C,D segments were formed for 3 equal or
larger than about 0.25kT. For the diameters d¼ 15s, d¼ 17s, and
d¼ 19s, the alternate stacked disks (with the sequence ABCDDCBA)
were changed into another of the ordered phases of Fig. 1 for 3 equal
or larger than about 0.25kT. The successive ordered phases are: the
mixed structure of alternate stacked disks (with the sequence
ABCDDCBA) and single helixes of each of the A,B,C,D segments; the
single helixes of each of the A,B,C,D segments; the mixed structure of
alternate stacked disks (with the sequence ABCDDCBA) plus single
helixes of each of the A and D segments plus double helixes of each of
the B and C segments; and the single helixes of each of the A and D
Fig. 5. Effect of the diameter of the nanopore on the morphology of the tetrablock
3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS ¼ 0, 3AS ¼ 3BS ¼ 3CS ¼ 3DS ¼ 3WS ¼ 0, 3BW ¼ 3CW ¼ 3DW

d¼ 19s; (f) d¼ 21–25s;(g) d¼ 29s.
segments plus double helixes of each of the B and C segments. For
large diameters, such as d¼ 21s, d¼ 25s, and d¼ 29s, and for 3 equal
or larger than about 0.15kT, the alternate stacked disks (with the
sequence ABCDDCBA) transformed into another of the ordered
phases mentioned above. A new kind of ordered phase, namely
double helixes for each of the A,B,C,D segments, were formed for
d¼ 29s. These results indicate that the morphologies of the tetra-
block copolymers depend on both the diameter of the nanopores and
the repulsive interaction energy. For small nanopore diameters,
there are fewer morphologies than for the large pore diameters. In
other words, a ‘‘confining effect’’ is present in the nanopores of small
diameters. As the nanopore diameter increases, the critical interac-
tion energy for the transition from an ordered centrosymmetric
copolymer A5B5C5D5 melts for 3AB ¼ 3AC ¼ 3AD ¼ 3BC ¼ 3BD ¼ 3CD ¼ 3 ¼ 0:2 kT,
¼ 0, 3AW ¼ �0:1 kT and l¼ 84s. (a) d¼ 9s; (b) d¼ 11–13s; (c) d¼ 15s; (d) d¼ 17s; (e)
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Fig. 6. Square radius of gyration of A5B5C5D5 for 3AB ¼ 3AC ¼ 3AD ¼
3BC ¼ 3BD ¼ 3CD ¼ 3 ¼ 0:2 kT , 3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS ¼ 0, 3AS ¼ 3BS ¼
3CS ¼ 3DS ¼ 3WS ¼ 0, 3BW ¼ 3CW ¼ 3DW ¼ 0, 3AW ¼ �0:1 kTand l¼ 84s.
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structure with alternate stacked disks to another ordered one
decreases because the ‘‘confining effect’’ becomes weaker.

To understand the connection between the configuration of the
molecules and the morphology of the copolymer melts, we calcu-
lated the square of the radius of gyration, which is defined as
follows:

R2
g;==y ¼

*
1
N

X
i

ðyi � ycomÞ2
+

(1)

R2
g;ty ¼

*
1
N

X
i

h
ðxi � xcomÞ2þðzi � zcomÞ2

i+
(2)

R2
g ¼

*
1
N

X
i

h
ðxi � xcomÞ2þðyi � ycomÞ2þðzi � zcomÞ2

i+
(3)

where, ðRg; ==y=sÞ2, ðRg; ty=sÞ2 and ðRg=sÞ2 stand for the square
radius of gyration of the copolymer in the y direction (in this paper,
the y direction is the cylindrical axis), the square radius of gyration
of the copolymer along the normal to the y direction, and the
square radius of gyration of the copolymer in the three dimensional
space, respectively. xi, yi, and zi represent the coordinates of the ith
segment; xcom, ycom, and zcom represent the coordinates of the
center of mass of the polymer chain, and N is the total number of
segments in the chain.

Fig. 4 present the square radius of gyration of A5B5C5D5 as
a function of the diameter of the nanopore for 3AB ¼
3AC ¼ 3AD ¼ 3BC ¼ 3BD ¼ 3CD ¼ 3. ðRg; ty=sÞ2 and ðRg; ==y=sÞ2
provide the orientation of the tetrablock copolymer chains. As the
diameter of the nanopore increases, ðRg; ty=sÞ2, ðRg; ==y=sÞ2 and
ðRg=sÞ2 change very little for 3¼ 0.10kT (Fig. 4a), but they change
much more for 3¼ 0.25kT (Fig. 4b). For 3¼ 0.10kT, a small change of
the square radius of gyration does not induce any change in the
morphology as the diameter of the cylindrical nanopore is varied (See
Fig. 2). The calculations show that ðRg; ==y=sÞ2 > ðRg; ty=sÞ2 in all the
cases considered in Fig. 4a. This indicates that the copolymer is
preferentially directed along the y direction of the nanopore than
along the normal to the y direction. However, for 3¼ 0.25kT, as the
diameter of the nanopore increases, ðRg; ty=sÞ2 first increases, thus
forcing the morphology of the copolymer melt to change from
stacked disks to a mixed phase containing stacked disks and single
helixes, to a phase of single helixes of each of the A and D segments
plus double helixes of each of the B and C segments; further,
ðRg; ty=sÞ2 decreases leading to stacked disks; it increases again and
phases containing helixes are generated (See Fig. 2). ðRg; ==y=sÞ2 has
the opposite behavior; and ðRg=sÞ2, generally, increases as the
diameter of the nanopore increases.

The copolymer chains are preferentially directed along the y
direction than along the normal to the y direction in nanopores of
small diameters. By increasing the diameter, they become prefer-
entially directed along the normal to the y direction than along the
y direction; later, they become again preferentially directed along
the y direction than along the normal to the y direction, and further,
preferentially directed along the normal to the y direction than
along the y direction. These results indicate that morphology
transitions occur when the configuration of the polymer changes.
A morphology consisting of stacked disks is generated when the
copolymer chains are preferentially directed along the y direction
than along the normal to the y direction, whereas morphologies
containing helixes form when the copolymer chains are preferen-
tially directed along the normal to the y direction than along the y
direction. Hence, the configuration of the polymer chains plays
a key role in the morphology of the copolymer melts.
3.2. Attractive surfaces

Fig. 5 presents the morphologies of a tetrablock copolymer
as a function of the diameter d of a cylindrical nanopore
for 3AB ¼ 3AC ¼ 3AD ¼ 3BC ¼ 3BD ¼ 3CD ¼ 3 ¼ 0:2 kT, 3AA ¼ 3BB ¼ 3CC
¼ 3DD ¼ 3SS ¼ 0, 3AS ¼ 3BS ¼ 3CS ¼ 3DS ¼ 3WS ¼ 0, 3BW ¼
3CW ¼ 3DW ¼ 0, 3AW ¼ �0:1 kT and l¼ 84s. For the small diameter
d¼ 9s, a distorted stacked disks structure is generated by each of
the segments due to the attractive interaction between the A
segments and the surface of the nanopore. As the diameter of the
nanopore increases to d¼ 11 or 13s, distorted helixes are generated
by each of the segments. The helixes are nearer to the surface of the
pore for the segments A and D. For d¼ 15s, the structure is similar
to that for d¼ 13s, with the difference that the helix is nearer to the
surface of the nanopore only for the A segments. For d¼ 17s, the
segments A, B, and D generate single helixes, whereas segment C
generates a double helix. For d¼ 19s, a mixed phase of helixes and
lamellae parallel to the pore axis is formed by each of the segments.
For d¼ 21s to 25s, each of the segments generates lamellae parallel
to the nanopore axis in the sequence ABCDDCBA. For d¼ 29s,
a structure with perforated curved lamellae for each of the A and
the B segments and with fins for each of the C and D segments is
generated.

Comparing the morphologies of the systems without and with
interactions between A segments and the surface of a nanopore, we
find that helixes are formed for smaller nanopore diameters in the
latter. This means that the attractive interactions between
segments and the surface of the nanopore play an important role in
the morphology build up.

To examine the relation between morphology and configuration
of the molecules, the square of the radius of gyration and of its
components in the parallel and normal directions to the pore axis
are plotted for the A5B5C5D5 molecules of Fig. 5 versus d/s in Fig. 6.
ðRg; ty=sÞ2 first increases and ðRg; ==y=sÞ2 decreases as the diameter
of the nanopore increases, and this changes the morphology from
stacked disks to single helixes. Because ðRg; ty=sÞ2 is larger than
ðRg; ==y=sÞ2, helixes are formed for d¼ 17s. Further, as the diameter
increases up to 25s, the difference between ðRg; ty=sÞ2 and
ðRg; ==y=sÞ2 becomes increasingly larger and the morphology
acquires a lamellae structure parallel to the axis of the nanopore.
For d¼ 29s, ðRg; ty=sÞ2 slightly decreases and ðRg; ==y=sÞ2 slightly
increases, and the morphology acquires the structure in Fig. 5(g).

Figs. 7 and 8 present, respectively, the morphologies and radii of
gyration of a tetrablock copolymer as a function of the diameter of



Fig. 7. Effect of the diameter of the nanopore on the morphology of the tetrablock copolymer A5B5C5D5 melts for 3AB ¼ 3AC ¼ 3AD ¼ 3BC ¼ 3BD ¼ 3CD ¼ 3 ¼ 0:2 kT,
3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS ¼ 0, 3AS ¼ 3BS ¼ 3CS ¼ 3DS ¼ 3WS ¼ 0, 3AW ¼ 3CW ¼ 3DW ¼ 0, 3BW ¼ �0:1 kT and l¼ 84s. (a) d¼ 9–11s; (b) d¼ 13s; (c) d¼ 15s; (d) d¼ 17–25s;
(g) d¼ 29s.
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the cylindrical nanopore when the B segments (and not the A
segments) are attracted by the surface of the pore. Both ðRg; ==y=sÞ2
and ðRg; ty=sÞ2 are almost constant, but the former is always larger
than the latter. As a result, most morphologies acquire a stacked
disks structure. The length Lp of the repeat unit of the stacked disks
increases as the diameter d increases. It has values between 14s for
d/σ
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Fig. 8. Square radius of gyration of A5B5C5D5 for 3AB ¼ 3AC ¼ 3AD ¼
3BC ¼ 3BD ¼ 3CD ¼ 3 ¼ 0:2 kT , 3AA ¼ 3BB ¼ 3CC ¼ 3DD ¼ 3SS ¼ 0, 3AS ¼ 3BS ¼
3CS ¼ 3DS ¼ 3WS ¼ 0, 3AW ¼ 3CW ¼ 3DW ¼ 0, 3BW ¼ �0:1 kTand l¼ 84s.
d¼ 9–11s, and 16.8s for d¼ 13–15s. For d¼ 29s (Fig. 7e),
a centrosymmetric stacked disks phase with the sequence
ABCDDCBA and period Lp¼ 21s is formed.

Figs. 5–8 indicate that the attractive interactions between
different segments of the copolymer and the surface of the nano-
pore affect differently the components of the radius of gyration of
the molecules, as well as the morphologies of the copolymer melts.

4. Conclusion

In conclusion, the morphologies of tetrablock copolymer ABCD
melts and their configurations when they are confined in cylin-
drical nanopores were investigated by lattice Monte Carlo simula-
tions. The effects of the nanopore diameter, of the repulsive
interactions between different kinds of segments, and of the
attractive interactions between one kind of segments and the
surface of the nanopore on the morphology of a copolymer melt
and on its configuration were investigated. For a neutral wall of the
nanopore, a transition from disordered to an ordered phase occurs,
at a repulsive energy between different segments of the copolymer
of about 0.10kT. Above this critical value, a centrosymmetric stacked
disks phase with the sequence ABCDDCBA is first formed; further,
other ordered morphologies are generated. Cases in which in
addition to the repulsive interactions between different kinds of
segments, there is also attraction between the surface of the
nanopore and one kind of segments are also investigated. We found
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that the configuration of the polymer chain plays a key role in the
morphology of a copolymer melt. A morphology with stacked disks
is generated when the copolymer chain are preferentially directed
along the nanopore axis, whereas a morphology containing helixes
or lamellae parallel to the axis of the nanopore is formed when the
copolymer chain are preferentially directed normal to the nanopore
axis. The nature of the segment which is attracted by the nanopore
surface also affects the morphology of the polymer.
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