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ABSTRACT: We report dynamic Monte Carlo simulations of polymer crystallization confined softly in
cylindrical microdomains of diblock copolymers. We observed both the breakout that generally raises
coalescence of microdomains and the breakdown that uniquely turns cylinders into strings of single crystallites.
They can be monitored by the disappearance of structure factors at the wave vector of the square root of
seven with reference to the highest peak of structure factors. By comparison of two cases with and without
the postgrowth crystal thickening, we found that for those tilted or perpendicular-oriented crystals in cylinders
their postgrowth isothermal thickening makes the breakout, while their lateral crystal growth is responsible
for the breakdown if the growth thickness goes beyond the thickness of cylinders. The results may facilitate
our better understanding of the morphological control in the crystallization of cylinder-forming diblock
copolymers.

I. Introduction

It is well-known that the self-assembly of asymmetric diblock
copolymers yields nanoscale arrays of cylinders under proper
segregation strengths and compositions in the bulk phase. These
arrays of nanowires have many potential applications in such
as the microelectronics, the device technology, and the drug
delivery.1-3 However, the industrial realization of their applica-
tions is very much related with the availability of a large-scale
uniform nanopattern upon fabrication. Crystallization of poly-
mers happens under such a quasi-one-dimensional spatial
confinement.4,5 Under a soft confinement, crystallization of
polymers often gives rise to the so-called breakout in the
cylindrical microdomains of diblock copolymers6-11 and thus
be one of the essential factors responsible for the ruin of
nanopatterns.

Recently, the observation under atomic force microscopy
(AFM) found another kind of frustration that is unique to the
fabrication of nanoarrays of cylinders: the cylinders are broken
down into strings of small microdomains induced by the
crystallization or annealing at high temperatures.12 Such a
behavior changes the nanopattern in the range limited inside
each cylinder, unlike the breakout which makes coalescence of
cylinders. Up to now, the microscopic mechanisms for both the
breakout and breakdown in the cylindrical microdomains of
diblock copolymers have not yet been clearly studied.

Molecular simulations are powerful tools to gain insights into
this sort of microscopic mechanism of polymers. We hereby
employ dynamic Monte Carlo simulations of lattice polymers
to address the above issue. The method has been applied to
study the breakout of lamellar microdomains of diblock co-
polymers13 where the postgrowth isothermal thickening of the
perpendicular-oriented crystals appears to be responsible for
the coalescence of lamellar microdomains at high temperatures.
The same approaches have also been applied to study the crystal
orientations under hard confinement of cylindrical microdomains
of diblock copolymers.14 In the sense of experiments, the soft
confinement is realized by the diblock copolymers with the glass
transition temperature of the noncrystallizable block lower than
the crystallization temperature of another block.15 We directly
make use of the cylindrical microdomains of diblock copolymers

prepared in the previous simulations to study polymer crystal-
lization under soft confinement. To monitor the breakout and
breakdown in our simulations, the disappearance of structure
factors at the wave vector of the square root of seven referenced
to the wave vector of the highest peak of structure factors will
be watched. The comparison between two cases with and
without crystal thickening reveals that the breakout can be
assigned to the isothermal thickening of those tilted or perpen-
dicular-oriented crystals after crystal growth, while the break-
down is attributed to the lateral crystal growth of those tilted
or perpendicular-oriented crystals with their growing thickness
larger than the thickness of cylinders.

In this paper, after the introduction, we make a brief
description to the simulation techniques, followed with the report
of simulation results and some discussions. The paper ends up
with a summary of our conclusions.

II. Simulation Techniques

Dynamic Monte Carlo simulations have been widely applied
in the study of crystallization behaviors of polymers.16 In this
approach, polymer chains are moving via the microrelaxation
model in the lattice space with periodic boundary conditions.
The microrelaxation model allows the monomer jumping into
its vacancy neighbor, sometimes with partial sliding diffusion
along the local chain. Double occupations of monomers and
the overcrossing of bonds are forbidden to mimic the volume
exclusions of polymer chains. 7860 chains, each containing 32
monomers, were put into a 643 cubic lattice and then were
allowed to relax into the bulk amorphous phase under athermal
conditions.

We first prepared the cylindrical microdomains by initiating
the spontaneous microphase separation in the bulk amorphous
phase and then studied the crystallization under soft confinement
of cylinders. To this end, we employed the conventional
Metropolis sampling algorithm with the potential energy barrier
composed as* Corresponding author: E-mail address: wbhu@nju.edu.cn.
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where B is the mixing interaction between the monomers of
two different components, Ep is the nonparallel packing energy
for the pair of bonds in the crystallizable component, Ec is the
noncollinear connection energy for the pair of bonds consecu-
tively connected along the chain, Er is the frictional barrier for
the bond in the path of local sliding diffusion, b, p, and c are
the net changes of the number in each step of microrelaxation,
f(i) is the number of parallel crystallizable bonds around each
crystallizable bond in sliding diffusion, the summation is
integrated over all the contributions of those parallel bonds along
the path of local sliding diffusion, k is the Boltzmann constant,
and T is the temperature. In practice, we set B/Ec to adjust the
segregation strength and gave Ep/Ec ) 1 and Er/Ec ) 0.3 only
to those crystallizable bonds. Er/Ec ) 0.3 was chosen to block
any crystal thickening via sliding diffusion of polymer chains
after crystal growth,17 in comparison to the case of Er/Ec ) 0
where the crystal thickening may dominate the coalescence of
cylinders. Ec/(kT) was programmed as the reduced temperature.

In previous simulations,14 we have searched through the phase
diagrams of the various-shaped microdomains of the above
diblock copolymer systems with variable compositions and
found the well-defined hexagonal array of cylindrical micro-
domains for an asymmetric diblock copolymer with the first
nine monomers crystallizable and the remaining 23 monomers
noncrystallizable, after performing microphase separation at B/Ec

) 0.5 and kT/Ec ) 4.8 (other energy parameters were
temporarily set as zero), for 8 × 105 Monte Carlo (MC) cycles
(each MC cycle was defined as the number of trial moves equal
to the total number of sites in the lattice box). We directly made
use of the prepared cylindrical microdomains as the spatial
template for crystallization under soft confinement by switching
on Ep/Ec ) 1 to the crystallizable blocks. The hard confinement
is realized by rejecting all the microrelaxation involving the
noncrystallizable blocks. In the present simulations, we study
the case of Er/Ec ) 0 for crystallization with significant crystal
thickening, in comparison to the case of Er/Ec ) 0.3 for
crystallization without postgrowth crystal thickening.

Since in our simulations the parallel packing of the crystal-
lizable bonds represented the crystalline order, we monitored
the crystallization by tracing the crystallinity that was defined
as the fraction of crystallizable bonds containing more than five
parallel crystallizable neighbors. We also calculated the orien-
tational-order parameters defined as

P) 3〈cos2 θ 〉 -1
2

(2)

where the angle is referenced to long axis of the cylinders and
〈 ...〉 makes an ensemble average over those crystalline bonds
containing more than five parallel crystallizable neighbors. If
all the crystalline bonds are parallel to the cylinders, P ) 1; if
those bonds are perpendicular to the cylinders, P ) -0.5; and
if all the bonds are randomly oriented, P ) 0.

We further traced the time evolution of the collective structure
factors defined as the spherically averaged one-dimensional
results, as given by

S(q, t)) 1

3L3∑
j,k

exp(iq · rjk)〈σ(rj, t) σ(rk, t)〉 (3)

where q is the wave vector with discrete integers times 2π/L, t
is the time, L is the linear size of the cubic box, and the sum is

taken over all pairs of the lattice sites with a distance r. If a
lattice pair was occupied by the crystallizable monomers, σ )
1, and if containing other species, σ ) 0. The structure factors
have been familiar as the scattering intensity in those small-
angle X-ray scattering measurements on the corresponding
experimental systems. The quantity expressed in eq 3 has been
applied to study microphase separation of asymmetric diblock
copolymers.18

III. Results and Discussion

We first observed the cooling and heating curves of crystal-
linity under both hard and soft confinement. The results are
shown in Figure 1. One can see that the soft confinement makes
both higher crystallization and melting rates (larger slopes of
curves in the transition regions) than the hard confinement. In
addition, under soft confinement, a higher crystallinity can be
approached at low temperatures. These results are consistent
with the experimental observations on cylinder-forming poly-
(ethylene oxide)-block-polystyrene19 and similar to the previous
simulations of lamellar diblock copolymers.13 The slowness of
phase transitions under hard confinement can be attributed to
the frozen block junction that restricts the mobility of the
crystallizable block.

Next, we quenched the cylinders into various low tempera-
tures for isothermal crystallization under soft confinement. The
crystallinity and orientational-order parameters after the saturated
crystallization have been calculated, as summarized in Figure
2. One can see that with the increase of crystallization
temperatures the crystallinity decreases and the crystals prefer
to become tilted and even more perpendicular-oriented at high
temperatures. These results are similar to the previous simula-
tions of cylindrical diblock copolymers under hard confine-
ment.14 It has been identified that at high temperatures the
preferences of crystal orientation perpendicular to the cylinders
can be attributed to the crystal nucleation induced by the
perpendicular-oriented block junctions at the interfaces.14

We then went to the details of isothermal crystallization at
the high temperature 3.35 for the case without any sliding
restriction in the crystalline phase, i.e. Er/Ec ) 0. The time
evolution of crystallinity at this temperature is shown in Figure
3. One can thus define the saturated point of crystallization by

Figure 1. Comparisons of the cooling and heating curves of crystallinity
under soft and hard confinements, respectively, for the cylindrical
microdomains of diblock copolymers. B/Ec ) 0.4, Ep/Ec ) 1, and Er/
Ec ) 0. The hard confinement was realized by prohibiting all the trials
of microrelaxation involving the noncrystallizable component. The
arrows on the curves indicate the directions of stepwise scanning of
the temperature with step length 0.02 and step period 500 MC cycles.
The crystallinity was calculated at the end of each temperature step.
Only the segments connecting the data at each step are shown for clarity.
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making the interception between the curves extrapolated from
the transition region and from the horizontal region.

The morphologies of the sample system in Figure 3 were
also traced by visual inspections on the snapshots obtained
during isothermal crystallization. The interesting result is that
the probability to observe both the breakout and breakdown
becomes high in the time period around the saturated point of
crystallization. Figure 4a,b demonstrates two snapshots obtained
separately before and after the saturated point of crystallization.
One can see from Figure 4a that the cylinders are preserved
well although some extent of undulation (green circles), and
the occasional breakout (the red circle) can be observed due to
the effect of overcrowding at interfaces, as discussed in the
previous report.13 In Figure 4b, both breakout and breakdown
abundantly occur after crystallization has been saturated. A
movie showing this process has been made available as
Supporting Information.

The structure factors during the above isothermal crystal-
lization were also traced, as shown in Figure 5. One can see
that in the initial state the typically hexagonal packing of
cylinders exhibits two small peaks at the wave vectors of the
square roots of four and seven, respectively, with reference to
the wave vector of the highest peak. One interesting observation
is that around the saturated point of crystallization the peak at
the square root of seven disappears. This observation suggests

that we can make use of the disappearance of this peak as an
indication of the abundant breakout and breakdown. Figure 6
demonstrates the definition of the saturated point of the breakout
as the interception between two curves extrapolated from the
transition region and from the finished horizontal region
separately. Here, for the sake of simplicity, we named this
saturated point as only the breakout although both the breakout
and breakdown may occur simultaneously.

Now, we expanded the above observations to the whole
temperature range for isothermal crystallization in both cases
without any restriction (Er/Ec ) 0) and with a strong restriction
(Er/Ec ) 0.3) for sliding diffusion of the chains in the crystalline
phase. The saturated points of crystallization and breakout are
summarized in Figure 7. One can see that a strong restriction
for sliding diffusion of chains in the crystalline phase contributes
to the stability of crystals and thus makes a shift of the curves
to higher temperatures. The saturated points of crystallization
cross over those of breakout at a relatively high temperature
that splits the temperature region into two. Above the crossing
point, the breakout occurs during crystal growth, and below this
point, the breakout occurs during the postgrowth isothermal
annealing. In the case with a strong sliding restriction, no more

Figure 2. Crystallinities and orientational-order parameters yielded after
saturated isothermal crystallization under soft confinement at variable
low temperatures.

Figure 3. Time evolution of crystallinity for the cylindrical diblock
copolymers on isothermal crystallization under soft confinement at kT/
Ec ) 3.35, Ep/Ec ) 1, B/Ec ) 0.4, and Er/Ec ) 0. The saturated point
of crystallization is defined by the interception between the transition
curve and the horizontal curve as drawn to guide the eyes. Two vertical
arrows indicate the time periods at which the snapshots have been made
for Figure 4.

Figure 4. Snapshots of the sample system after isothermal crystal-
lization under soft confinement at kT/Ec ) 3.35, Ep/Ec ) 1, B/Ec )
0.4, and Er/Ec ) 0 for (a) 15 000 and (b) 52 000 MC cycles. All the
crystallizable bonds are drawn in yellow tiny cylinders, and all
the noncrystallizable bonds in blue tiny cylinders, in the 643 box.
The green circles indicate the undulation from the upper side to
down side of the sectional surface, the red circles indicate the
breakout, and the brown circles indicate the breakdown.
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breakout occurs below the crossing point although crystallization
still happens with very small saturated points unmeasured in
Figure 7.

In the cases without any restriction of sliding diffusion (Er/
Ec ) 0), the breakout occurs below the crossing point after
crystal growth has been saturated, i.e. in the isothermal annealing
process, while in the cases with a strong restriction (Er/Ec )
0.3) there is no more breakout. These different behaviors imply
that the breakout at low temperatures is related with the sliding
diffusion of polymers in the crystalline phase, which is
responsible for the crystal thickening upon isothermal annealing
after crystal growth. The similar mechanism has been found in
the coalescence of lamellar microdomains of diblock copoly-
mers, where perpendicular preferences of crystal orientation
favor the breakout via crystal thickening at high temperatures.13

We made a snapshot of the present system at the low
temperature 2.0 after the breakout has occurred, as shown in
Figure 8. In this snapshot, at the upper-left corner of the front
face, one can see coalescence of two crystallites with the same
crystal orientations via crystal thickening. A few cylinders can
be preserved well at low temperatures.

At high temperatures above the crossing point, the breakout
occurs before crystallization has been saturated in both cases

with and without the postgrowth crystal thickening. This priority
of the breakout implies that crystal growth rather than post-
growth isothermal thickening of the lamellar crystallites becomes
responsible for the observed breakout. Crystal thickening via
sliding diffusion appears no more relevant with the occurrence
of the present breakout. Again, we made a snapshot of the
sample system at the high temperature 3.75 after the observed
breakout has occurred in the case with a strong restriction of
crystal thickening, as shown in Figure 9. To our surprise, we
mainly observed the breakdown here. At the front sectional
surface, one can see a string of small crystallites, and inside
each crystallite the orientations of crystalline bonds are quite
uniform. This result is consistent with the reported experimental
observation at high temperatures.12 Since the crystal thickening
has been blocked in the present case, the observed breakdown
can be attributed to the fact that at high temperatures the growing
thickness of those tilted or perpendicular-oriented crystals can
be so large, even beyond the thickness of cylinders. Meanwhile,
at high temperatures, the crystals favor more the perpendicular
orientations, as revealed in Figure 2. The combination of these
results implies that when the growing thickness of crystals with
preferred tilted or perpendicular orientations becomes larger than

Figure 5. Time-evolution curves (labeled with units of MC cycles) of
collective structure factors on isothermal crystallization under soft
confinement at kT/Ec ) 3.35, Ep/Ec ) 1, B/Ec ) 0.4, and Er/Ec ) 0 for
the cylindrical diblock copolymers. The peak at the square root of seven
referenced to the wave vector of the highest peak disappears with time
evolution. The curves are shifted vertically with parallel offsets for
clarity. The segments are drawn to guide the eyes.

Figure 6. Time evolution of structure factors at the square root of seven
referenced to the wave vector of the highest peak of structure factors
for the sample system same as in Figure 5. The lines extrapolated from
the transition region and from the horizontal region are drawn to guide
the eyes.

Figure 7. Saturated points of crystallization and breakout as denoted
on isothermal crystallization under soft confinement at variable tem-
peratures for the cylindrical diblock copolymers. Each data is averaged
over five individual observations (different seeds for random number
generation). The segments are drawn to guide the eyes.

Figure 8. Snapshot of the sample system after isothermal crystallization
under soft confinement at kT/Ec ) 2.0, Ep/Ec ) 1, B/Ec ) 0.4, and
Er/Ec ) 0 for 90 000 MC cycles. All the crystallizable bonds are drawn
in yellow tiny cylinders, and all the noncrystallizable bonds in blue
tine cylinders, in the 643 box. The breakout occurs at the upper-left
corner of the front sectional face, as indicated by the red circles.
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the cylinder thickness, the cylinders have to break down the
continuity along their long axis and turn into strings of small
crystallites in order to maintain the almost constant total volume
of the crystallizable phase. Therefore, the lateral crystal growth
of a large crystal thickness, together with the tilted and
perpendicular crystal orientations, appears as responsible for the
occurrence of the breakdown at high temperatures.

IV. Conclusions

By means of dynamic Monte Carlo simulations, we visualized
the breakout and breakdown induced by crystallization that was
softly confined in the cylindrical microdomains of asymmetric
diblock copolymers. In comparison of the cases with and without
the postgrowth crystal thickening, we found that the breakout
can be assigned to the postgrowth thickening of those crystals
with their orientations preferring to stretch out of the cylinders,
while the breakdown can be attributed to the lateral growth of
these crystals with the growing thickness larger than the
thickness of cylinders. Such a microscopic understanding of the
breakout and breakdown may shed lights on the morphological
control in the crystallization of cylinder-forming diblock
copolymers.
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Supporting Information Available: Movie made by the
snapshots obtained from 15 000 to 50 000 with 1000 MC cycle
intervals for the cylinder-forming diblock copolymers during
isothermal crystallization under soft confinement at kT/Ec ) 3.35,
Ep/Ec ) 1, B/Ec ) 0.4, and Er/Ec ) 0; all the crystallizable bonds
drawn in yellow tiny cylinders, and all the noncrystallizable bonds
in blue tine cylinders, in the 643 box. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Figure 9. Snapshot of the sample system after isothermal crystallization
under soft confinement at kT/Ec ) 3.75, Ep/Ec ) 1, B/Ec ) 0.4, and
Er/Ec ) 0.3 for 50 000 MC cycles. All the crystallizable bonds are
drawn in yellow tiny cylinders, and all the noncrystallizable bonds in
blue tine cylinders, in the 643 box. The brown circles indicate the
breakdown on the cylinder.
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