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ABSTRACT: Monte Carlo simulations have been employed to identify the morphologies of symmetrical AB
diblock copolymer melts under the confinement of nanocylindrical tubes. The effects of (i) the incommensurability
between the diameter of the tube and the lamellae period in the bulk and (ii) the preference of the tube surface
for one of the segments have been investigated. Lamellae normal to the tube axis and circular lamellae have been
observed under the conditions investigated, in agreement with experiment and density functional calculations.
Furthermore, porous lamellar (mesh) morphologies, lamellae parallel to the tube axis as well as single and double
helixes have been identified.

I. Introduction

The phase behavior of diblock copolymer melts has been
considered an important topic by theorists and experimentalists
due to the rich microstructures and interesting applications in
the nanotechnology and biological areas.1,2 The initial investiga-
tions were concerned with bulk block copolymer melts. Spheres
and cylinders as well as lamellae and bicontinuous gyroid
structures have been identified both experimentally and theoreti-
cally.3,4 However, these microscale ordered structures change
their orientation in various parts of the system, and at macro-
scale, the structure may no longer look ordered. It is also well-
known that the structure of the self-assembly of polymers is
strongly affected by external fields, which can break the
symmetry of the morphologies present when the field is absent,
generating more ordered morphologies. To achieve ordered
periodical structures, surface, shear as well as electrical fields
have been employed.5-22

Lamellae normal to the surfaces have been observed in
symmetrical AB diblock copolymer melts confined between
neutral or weakly selective parallel walls.6-8 When the interac-
tion between the wall and blocks became stronger and the melted
films were sufficiently thin, the orientation of the lamellae was
determined by the commensurability between the film thickness
and the characteristic periodL0 of the lamellae in the bulk melt.8

For film thicknessesnL0 for symmetrical walls and (n + 1/2)L0

for asymmetrical ones, wheren is an integer, lamellae parallel
to the surfaces were observed. In contrast, whenn was an integer
+ 1/2, the parallel lamellae were replaced by normal ones. When
very strong selective walls and sufficiently thick but not too
thick copolymer melt films were employed, parallel lamellae
were formed.8

He et al.23 investigated by Monte Carlo simulation the
morphologies of AB diblock copolymer melts confined in
cylindrical tubes selective for one of the blocks, and identified
curved lamellae parallel to the tube wall. Performing two-
dimensional Monte Carlo simulations for a circle, they identified
lamellae parallel to the latter when the surface of the circle was
selective for one of the blocks and lamellae in the form of arcs
of circles that contacted the wall at their ends with the tendency
to become normal to the latter for neutral walls. Sevink et al.,24

employing the density functional theory (DFT), identified a
stacked-disk macrodomain normal to the tube axis for neutral
or almost neutral walls, and circular lamellae parallel to the
tube surface for strong preferential interactions with one of the
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Figure 1. Motions considered in the modified bond-fluctuation and
vacancy diffusion Monte Carlo algorithm.

Figure 2. Distribution of the lamellae periodsL0 of AB diblock
copolymer melts in the bulk (the number near each of the points in the
figure refers to the number of times that value ofL0 occurred in our
calculations).
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Figure 3. Morphologies of AB diblock copolymer melts confined in cylindrical tubes with lengths of 66× lattice parameter, various diameters,
andεAB ) 0.30kBT, εAV ) εBV ) 0, εAA ) εBB ) εVV ) 0, εAS ) - 0.05kBT andεBS ) εVS ) 0. Key: red, A segments; blue, B segments; white,
vacancies. (a)d/L0 ≈ 1.5-1.6; (b)d/L0 ≈ 1.9-2.0; (c)d/L0 ≈ 2.5-2.6; (d)d/L0 ≈ 3.0-3.1.

Figure 4. Morphologies of AB diblock copolymer melts confined in cylindrical tubes with length of 66× lattice parameter, various diameters, and
εAB ) 0.30kBT, εAV ) εBV ) 0, εAA ) εBB ) εVV ) 0, εAS ) -0.11kBT, andεBS ) εVS ) 0. Key: red, A segments; blue, B segments; white,
vacancies. (a)d/L0 ≈ 1.5-1.6; (b)d/L0 ≈ 1.9-2.0; (c)d/L0 ≈ 2.5-2.6; (d)d/L0 ≈ 3.0-3.1.
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blocks. Xiang et al.25 investigated experimentally the self-
assembly of PS/PBD (polystyrene/polybutadiene) diblock co-
polymers confined in cylindrical nanopores and identified similar
structures. Shin et al. found experimentally stacked-disk mi-
crodomain normal to the tube axis in highly incommensurate
nanotubes, and circular lamellae parallel to the tube surface in
commensurate ones.26 Furthermore, regarding the asymmetrical
PS/PBD melts, Xiang et al. found a helical morphology in
nanotubes with a diameterd of 33-45 nm (d/L0 ∼ 1.1-1.5).27

They speculated that this helical morphology was generated

through the transformation of the hexagonal cylinders formed
in tubes with large diameters (e.g.,d ∼ 120 nm andd/L0 ∼
4.1) into helixes, because of the strong confinement by the tubes
with small diameters. Wu et al. observed single and double
helixes in silica-surfactant composites confined in cylindrical
nanochannels by both experiment and self-consistent field
calculations.28 Very recently, Li et al. presented a phase diagram
for a diblock copolymer melt under cylindrical confinement.29

By considering that the structures of AB diblock copolymer
melts are translationally invariant along the axis of the cylinder
they reduced the problem to a two-dimensional one. However,
previous results indicated that some structures will be missed
if the three-dimensional case is replaced by the two-dimensional
one.

This paper is focused on the morphologies of symmetrical
AB diblock copolymer melts confined in nanocylindrical tubes.
The effects of thed/L0 ratio, of the preference of the tube wall
for one of the segments and of the interaction between different
segments will be investigated by Monte Carlo simulations.

II. Method

A cubic lattice model was employed in the simulations.
Because of the high concentrations of the involved segments
of the blocks, the algorithms that have been successfully
employed for dilute polymer solutions could not be effectively
extended to the present case. We adopted a combination10

between the bond fluctuation model,30 in which each attempted
motion either kept the bond length or changed the bond length
from 1× to x2× lattice parameter or in the opposite direction,
and the volume diffusion algorithm,31 in which the master of
motion was the vacancy. The considered motions are presented
in Figure 1. Any attempted motion should obey the excluded

Figure 5. Morphologies of AB diblock copolymer melts confined in cylindrical tubes with length of 66× lattice parameter, various diameters, and
εAB ) 0.30kBT, εAV ) εBV ) 0, εAA ) εBB ) εVV ) 0, εAS ) -0.30kBT, andεBS ) εVS ) 0. Key: red, A segments; blue, B segments; white,
vacancies. (a)d/L0 ≈ 1.5-1.6; (b)d/L0 ≈ 1.9-2.0; (c)d/L0 ≈ 2.5-2.6; (d)d/L0 ≈ 3.0-3.1.

Figure 6. Number of layers in cylindrical tubes with length of 66×
lattice parameter, various diameters andεAB ) 0.30kBT, εAV ) εBV )
0, εAA ) εBB ) εVV ) 0, εAS ) -0.30kBT, andεBS ) εVS ) 0.
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volume, no-bond-crossing, and the above bond length restric-
tions. The traditional Metropolis algorithm was employed to
select the acceptance or rejection of any attempted motion.

In this paper, the A5B5 (five segments of A and five segments
of B) diblock copolymer with a volume fraction of 0.909 was
investigated. The remaining volume fraction is occupied by
vacancies. In most cases, the length of the cylindrical tube was
66× lattice parameter. To verify that the structures obtained
were not artificial consequences of the periodic boundary
conditions, tube lengths of 99× lattice parameter were also
considered in some cases. To increase the probability that the
structures were stable, all the results presented in this paper were
obtained after the large number 5× 107 of Monte Carlo steps.

III. Results and Discussion

A. Lamellae Period L0 in Bulk for Symmetrical AB
Diblock Copolymer Melts. As noted in previous experiments
and calculations regarding thin diblock copolymer films, the
commensurability between the film thicknessh and the char-
acteristic periodL0 in the bulk plays an important role in
determining the orientation of the lamellae in films confined
between parallel surfaces. Similarly, in a tube, the com-
mensurability between the tube diameterd and the characteristic
periodL0 of the bulk determines in a major way the structure
of the melt. However, as well-known, the true value ofL0 cannot
be obtained easily by Monte Carlo simulations and the matching
between the size of the simulation box and the periodL0 of the
lamellae is crucial in determining the true value ofL0. Presently,
there is no way to obtain the exact value ofL0 by Monte Carlo
simulations. As an approximation, Wang et al. performed
simulations on bulk systems with various simulation box sizes
and calculatedL0 for each case. The value ofL0 with the highest
frequency of occurrence was considered as the “true” value (for
details one can see ref 8). Following their method, the lamellae

period L0 in the bulk for various simulation box sizes was
calculated and the results are presented in Figure 2. To determine
L0, the interaction energiesεAV, εBV, εAA, εBB, εVV were taken
as zero andεAB was taken as 0.30kBT, values which have been
employed in most of the simulations in part B. Above,T is the
absolute temperature,kB is the Boltzmann constant, and the
subscripts A, B, and V refer to the segments A and B and to
vacancies V, respectively. As shown in Figure 2, there is no
single value forL0, and the value ofL0 with the highest
frequency is 10.75× lattice parameter. One can therefore
estimate the “true” value ofL0 to be approximately in the range
of 10.5-11.0× lattice parameter.

B. Morphologies of AB Diblock Copolymer Melts Con-
fined in Cylindrical Tubes. Let us consider that the interaction
between the two segments A and BεAB ) 0.30kBT and that the
interactions between the polymer segments and the vacancies
εAV ) εBV ) 0. In addition, the interactions between the same
species are takenεAA ) εBB ) εVV ) 0. For the weak selectivity
of the surface of the tube for the A segmentsεAS ) -0.05kBT
andεBS ) εVS ) 0 (Figure 3), where the subscript S refers to
the surface of the tube, the symmetric AB diblock copolymer
melts form separate lamellae of A and B normal to the tube
axis in both the commensurate and incommensurate cases. These
results are in agreement with the density functional theory (DFT)
calculations of Sevink et al.26 This occurs because the interac-
tions between the segments and the surface are weak (even zero
for B) and the interaction between A and B is strongly repulsive.
By changing the strength of the selectivity of the tube surface
for the A segments toεAS ) - 0.11kBT, circular lamellae parallel
to the tube surface have been observed in the commensurate
casesd/L0 ≈ 1.9-2.0 andd/L0 ≈ 3.0-3.1 (Figure 4, parts b
and d), and normal lamellae were identified ford/L0 ≈ 1.5-
1.6 (Figure 4a). Circular lamellae are formed in the former case
as a result of the sufficiently strong interactions between the A

Figure 7. Morphologies of AB diblock copolymer melts confined in cylindrical tubes with length of 66× lattice parameter, various preferences
of the surface for segments A, andεAB ) 0.30kBT, εAV ) εBV ) 0, εAA ) εBB ) εVV ) 0 andεBS ) εVS ) 0. Key: red, A segments; blue, B
segments; white, vacancies. (a)εAS ) - 0.05kBT; (b) εAS ) -0.10kBT; (c) εAS ) -0.11kBT; (d) εAS ) -0.12kBT; (e) εAS ) -0.14kBT; (f) εAS )
-0.20kBT.

4902 Feng and Ruckenstein Macromolecules, Vol. 39, No. 14, 2006

CDV



segments and the surface. In the latter case, normal lamellae
are formed probably because the incommensurability between
the diameterd and the lamellae period in the bulkL0 plays a
more important role than the interaction energy of the tube

surface with the A segments. It is notable that circular lamellae
parallel to the tube surface are also present in the incom-
mensurate cased/L0 ≈ 2.5-2.6 (Figure 4c). This probably
occurs because the frustration of the lamellae thickness in the

Figure 8. Morphologies of AB diblock copolymer melts confined in cylindrical tubes with length of 66× lattice parameter, various preferences
of the surface for the A segments, andεAB ) 0.30kBT, εAV ) εBV ) 0, εAA ) εBB ) εVV ) 0 andεBS ) εVS ) 0. Key: red, A segments; blue, B
segments; white, vacancies. (a)εAS ) - 0.05kBT; (b) εAS ) -0.10kBT; (c) εAS ) -0.11kBT; (d) εAS ) -0.12kBT; (e) εAS ) -0.14kBT; (f) εAS )
-0.20kBT.

Table 1. Structures of A5B5 Diblock Copolymer Melts Confined in Nanocylindrical Tubes for Various Ratios of Diameter to Lamellae Period
(d/L0) and Various Surface preferences (EAS) under the Conditions EAV ) EBV ) EAA ) EBB ) EVV ) EBS ) EVS ) 0 and EAB ) 0.30kBT

d/L0

εAS 1.5-1.6 1.9-2.0 2.5-2.6 3.0-3.1

-0.05kBT lamellae normal lamellae normal lamellae normal lamellae normal
to the tube axis to the tube axis to the tube axis to the tube axis

-0.10kBT lamellae normal lamellae parallel
to the tube axis to the tube axis

-0.11kBT lamellae normal circular lamellae circular lamellae circular lamellae
to the tube axis

-0.12kBT lamellae normal circular lamellae
to the tube axis
(some connection between lamellae)

-0.14kBT mesh structure circular lamellae
-0.20kBT circular lamellae circular lamellae
-0.30kBT circular lamellae circular lamellae circular lamellae circular lamellae
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tube is, in this case, nearer to that of a commensurate one than
whend/L0 ≈ 1.5-1.6 (Figure 4a). WhenεAS is further changed
to -0.30kBT (Figure 5), circular lamellae parallel to the tube
surface are formed because the preferential interaction of the
tube surface with the A segments overcomes the effect of the
incommensuration between the diameter and the period of the
lamellae in the bulk. Figure 6 presents the relationship between
the number of layers with lamellar structures parallel to the tube
surface and the diameter of the tube, and shows that the same
number of layers occurs for the tubes withd/L0 ) n + (1/2) as
for the tubes withd/L0 ) n, wheren is an integer.

The above results show that the competition between the
incommensurability ofd andL0 and the preference of the tube
surface for the A segments plays a role when (i) the diameter
of the tube becomes comparable with the lamellae periodL0

(1.5-2.0 L0) and (ii) the preference of the surface for the A
segments is neither too strong nor too weak. When it is too
strong, circular lamellae are formed regardless of the value of
the ratio d/L0. When it is too weak, normal lamellae are
generated. The mentioned competition can induce some interest-
ing morphologies in diblock copolymer melts confined in

nanotubes. In Figure 7, the morphologies of the symmetrical
AB diblock copolymer melts confined in incommensurate tubes
with d/L0 ≈ 1.5-1.6 (d ) 17× lattice parameter) are presented
by varying εAS from -0.05kBT to -0.20kBT. As noted previ-
ously, when|εAS| was smaller than 0.11kBT, lamellae normal
to the tube axis were observed (Figure 7a-c). By increasing
|εAS| to 0.12kBT, some connections between the A segments of
the lamellae appeared (Figure 7d), and by increasing|εAS| to
0.14kBT, the normal lamellae became circular, parallel to the
tube surface, and contained pores (mesh phases) (Figure 7e).
Finally, by further increasing|εAS| to 0.20kBT, the sites on the
tube surface became mostly occupied by the A segments and
the mesh lamellae parallel to the tube surface were replaced by
circular lamellae parallel to the tube surface, because of the
higher preference of the surface for the A segments (Figure 7f).
For comparison, commensurate cases with a diameter ofd )
21× lattice parameter (d/L0 ≈ 1.9-2.0) have been also
simulated. As noted before, lamellae normal to the tube axis
were formed when the preference of the surface for the A
segments was weak (εAS ) -0.05kBT) (Figure 8a). Lamellae
parallel to the tube axis rather than lamellae normal to the tube

Figure 9. Single helix structure in AB diblock copolymer melts confined in cylindrical tubes with length of 99× lattice parameter,d/L0 ≈ 1.9-2.0,
andεAB ) 1.10kBT, εAV ) εBV ) 0, εAA ) εBB ) εVV ) 0, εAS ) -0.09kBT andεBS ) εVS ) 0. Key: red, A segments; blue, B segments; white,
vacancies. (a) Full image is shown. (b) The image contains only the A segments. (c) The image contains only the B segments.
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axis have been observed whenεAS became- 0.10kBT (Figure
8b). By changingεAS to -0.11kBT (which could not change
the morphology of the melt from normal lamellae to circular
ones in the incommensurate cased/L0 ≈ 1.5-1.6), circular
lamellae parallel to the tube surface could be identified in the
commensurate cased/L0 ≈ 1.9-2.0 (Figure 8c). The structure
in Figure 8b can be considered an intermediate stage between
the structures represented by Figure 8, parts a and c. By
increasing|εAS| further, circular lamellae parallel to the tube
surface continued to form (Figure 8d-f). In Table 1, a summary
of the structures obtained under various conditions is provided.

Xiang et al.29 investigated the diblock copolymers of PS-
(styrene)-b-PBD(butadiene), in which the blocks PS and PBD
were highly immiscible. In their experiments, the volume
fraction of PBD was 0.36. It is notable that the morphology of
PS(styrene)-b-PBD(butadiene) melts confined in a tube acquired
a helix structure when the diameter of the tube became
comparable to the lamellae periodL0. In our simulations,
symmetrical AB diblock copolymer melts with high immiscibil-
ity between the segments A and B were considered. As shown
in Figure 9, a helix consisting of A segments coupled with
another helix of B segments were obtained in cylindrical tubes

with d ) 21× lattice parameter forεAB ) 1.10kBT andεAS )
-0.09kBT (the other interaction energies being the same as
before, zero). The formation of the two separated helixes of
the A and B segments can be attributed to the following: (i)
the relatively strong repulsion between the A and B segments
which prevents the occurrence of lamellae normal to the tube
axis; (ii) the attractive interaction energy between the tube
surface and the A segments is not high enough to generate
circular lamellae. Double helixes consisting of A segments
coupled with double helixes consisting of B segments have been
also observed forεAB ) kBT andεAS ) -0.10kBT (Figure 10).
The single and double helixes have been first observed for tubes
with a length of 66× lattice parameter. The same results were,
however, obtained for tubes with a length of 99× lattice
parameter. This indicated that the periodic boundary conditions
have not induced artificial structures. The helixes represent
structures intermediary between the normal and parallel lamellae.
The normal situation occurs when the selectivity of the surface
for one of the segments is relatively weak, whereas the other
occurs when the selectivity is strong. An intermediate selectivity
is required for helixes to be formed. The structure containing
lamellae parallel to the tube axis (Figure 8b) represents one of

Figure 10. Double helix structure in AB diblock copolymer melts confined in cylindrical tubes with length of 99× lattice parameter,d/L0 ≈
1.9-2.0, andεAB ) kBT, εAV ) εBV ) 0, εAA ) εBB ) εVV ) 0, εAS ) -0.10kBT andεBS ) εVS ) 0. Key: red, A segments; blue, B segments; white,
vacancies. (a) Full image is shown. (b) The image contains only the A segments. (c) The image contains only the B segments.
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the steps in the transition from the normal lamellae to the surface
to parallel lamellae with the surface.

After this work was completed, a paper was published by
Chen et al.,32 which considered the same kind of systems.
Lamellae normal to the tube axis and mesh morphologies as
well as single helixes were found by them. However, lamellae
parallel to the tube axis and double helixes were additionally
identified in our work.

IV. Conclusion

In this paper, the morphologies of symmetrical AB diblock
copolymer melts confined in cylindrical tubes have been
investigated by Monte Carlo simulations. Lamellae normal to
the tube axis have been observed in tubes of any diameter for
weak preferences of its surface for the A segments. By
increasing somewhat the preference for the A segments, the
simulations have shown that the competition between the
incommensurability of the diameter of the tubed and the
lamellae period in the bulkL0 and the preference of the surface
for the A segments became important for comparable values of
d andL0. Furthermore, the incommensurability has driven the
transformation of the morphology from circular lamellae, which
occur in the commensurate case for the same interaction energy,
to lamellae normal to the tube axis. High preferences for the A
segments led to circular lamellae in both the commensurate and
incommensurate cases. All the above results are consistent with
the previous experiments and theoretical calculations. Addition-
ally, we found mesh morphologies and lamellae parallel to the
tube axis in tubes withd/L0 ≈ 1.5-1.6 (d ) 17× lattice
parameter) andd/L0 ≈ 1.9-2.0 (d ) 21× lattice parameter),
respectively. Single and double helixes were also identified when
the two kinds of segments were highly repulsive and preference
of the surface for one of the segments was moderate.
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