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We study the ordering dynamics of polymer crystallization using molecular dynamics simulations, in which
the polymers are confined to small nanodomains surrounded by a noncrystalline medium. Although the ad-
sorption process and surface diffusion of polymer chains play a major role in the case of the crystalline
interface, the domain interface which consists of noncrystalline medium does not have such a crystal substrate
to induce the growth of a crystal layer, which may lead to different ordering dynamics. We found that existence
of a noncrystalline domain interface has two opposite effects. In the case of semiflexible polymer systems, the
domain interface accelerates crystallization in the initial period, whereas it suppresses crystallization in the
intermediate or late period. When the rigidity of polymer chains increases, the acceleration effect of the initial
crystallization induced by the domain interface is sometimes hidden by spontaneous homogeneous nucleation.
These ordering behaviors can be explained by the restriction on the local chain direction near the domain
surface in the crystal nucleation stage and the restriction of large orientation relaxation and coalescence in the
crystal growth stage. Simulation results reveal that the confinement by the noncrystalline medium does not
have a simple effect on the polymer crystallization dynamics, but has various conflicting effects combined with
the time stage, the rigidity of polymer chains, and the strength of the surrounding domain interface.
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I. INTRODUCTION

In recent years, the crystallization of polymers in a small
nanospace has been studied experimentally, mainly using
crystalline-noncrystalline block copolymer systems �1–8�.
There are characteristic behaviors and properties in the crys-
tallization processes of the system confined to the nan-
odomain, which are different from those of the crystalliza-
tion in the bulk polymers. Although the crystallinity, the
orientation of chains, the crystallization temperature, and the
ordering dynamics have been examined experimentally in
various polymer systems, there remain many unresolved
problems since crystallization is a complicated ordering pro-
cess in which various factors are jointly concerned. For ex-
ample, when we compare the crystallization in the micro-
domain with that in the bulk, it is very difficult to maintain
the condition of impurities experimentally. Hence, it is con-
sidered that homogeneous nucleation dynamics is dominant
in the nanodomain samples, whereas heterogeneous nucle-
ation dynamics prevails in the case of bulk samples due to
possible impurities in the system. The cause of the lower
crystallization temperature in the nanodomains has been as-
cribed to this effect. However, since the amount of impurities
cannot be controlled experimentally, discussions on these
have to depend on indirect evidence. In addition, one might
consider the additional constraint in the block copolymer
cases. The junctions of the crystalline block and the noncrys-
talline block of polymer chains would exist in the domain
interface region. Thus, it has been difficult to estimate the
role and effect of various factors individually and obtain sys-
tematic knowledge for the ordering mechanism.

For the study of these complicated phenomena, molecular
simulation is a useful tool. However, the precise reproduc-
tion of the experimental results by simulation using the full
atomistic model is not always easy, mainly owing to the

limitation of computational time and resources. In the case of
these kinds of problems, coarse-grained models, which sim-
plified unnecessary degrees of freedom and detailed struc-
tures, are useful for examining the basic mechanism of the
ordering dynamics. Recently, molecular simulations of the
crystallization have been applied to the system of dense
polymer melts �9–24�. In these studies, the simulations of the
polymer crystallization in the bulk have been carried out by
imposing the periodic boundary condition. These simulation
results showed the unique ordering behaviors that originate
in the large internal degrees of freedom of polymers. In the
meantime, simulations of polymer crystallization on the sur-
face have been attempted mainly on the system of a planar
crystalline interface, in which the dynamics of the growth of
a crystal layer on this planar crystal substrate is the main
subject of interest �16�. In this case, the principal processes
required to control the ordering dynamics are the adsorption
to the crystal substrate and the reorientation of the polymer
chain on this crystalline surface, which are closely related to
the secondary nucleation in the polymer crystallization.
Quite recently, a Monte Carlo study on the crystallization of
block copolymers that are two-dimensionally confined in cy-
lindrical shape has been reported �24�. This study would give
valuable information about the role of block junctions on
chain orientation inside domains. However, detailed ordering
dynamics, especially the difference between crystallization
in the bulk, is still an unsettled question. Hence, the simula-
tion of crystallization dynamics of dense polymer melts con-
fined to three-dimensional nanodomains, in which the do-
main interface consists of the amorphous surface with no
regular crystal structure, has not been systematically investi-
gated until now.

It is worth noting that the studies of polymers confined to
walls or thin films have been explored mainly on the con-
figuration or thermal properties of polymer chains in the so-
lution or melt �25–30�. As consequences, these systems are
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often in the liquid states and well above the crystallization
temperature if it exists. In these liquid simulations, the
boundary conditions are mainly the confinement between
two planes or thin free surface layer. Under such confine-
ment, these polymer systems show features that differ from
those of bulk systems, especially when the layer thickness is
smaller than the radius of gyration of polymer chains. Al-
though these results give us some insight on polymer behav-
iors in some kinds of small confined spaces, they are not
always directly applicable to the crystallization problems in
nanodomains. In the case of polymer crystallization in nan-
odomains, the size of a domain is not necessarily much
smaller than the radius of gyration of polymer chains. The
domain structure is usually formed by self-assembly and no
forces compress the chains in a specific direction beyond the
equilibrium distribution size of the chain. Therefore, the
simulation results of the polymer configurations in liquid
thin layers are not necessarily related to the ordering dynam-
ics of polymer crystallization in nanodomains. In the case of
polymer crystallization in nanodomains, it is not clear
whether the dynamics of ordering processes might differ be-
tween a system confined to a crystalline interface and a sys-
tem confined to a noncrystalline interface. This is because in
the case of the crystalline interface, chain adsorption to the
interface and reorientation by slip diffusion on the surface
may play an important role, whereas in the case of the non-
crystalline interface, there would be no explicit driving force
to attract and align polymer chains on the domain surface. In
addition, it may be interesting to investigate the effect of
boundary shape, such as cubic geometry or spherical geom-
etry, on the crystallization dynamics. Hence, in this study, we
carried out molecular simulations of polymer crystallization
both in the bulk and in nanodomains, and considered
the effect of the noncrystalline interface on the ordering
dynamics.

II. MODEL

We performed coarse-grained molecular dynamics simu-
lations. Polymers are represented by the beads-springs
model, in which the connectivity and bending rigidity of
polymer chains are considered �9–11�. This polymer model is
simpler than the united atom polymer model, which is often
used for the simulation of alkane chain molecules. The seg-
ment unit of the coarse-grained model does not necessarily
correspond to one carbon atom of a main chain. The segment
sometimes corresponds to a group of carbon atoms in the
united atom model, as in the case of theories of polymer
dynamics in solutions and melts. The advantage of the
coarse-grained model is the ease of crystallization and fast
ordering dynamics. In the case of the united atom model, the
rotational energy barriers slow down the chain dynamics sig-
nificantly, which results in large amounts of calculations for
the ordering processes. For the study of basic mechanisms in
the ordering dynamics of polymer systems, simpler models
that neglect inessential modes would be effective in elucidat-
ing the universal features and underlying physics of the com-
plicated ordering processes.

In our coarse-grained model, the chain connectivity is in-
troduced by standard harmonic potentials between the

nearest-neighbor segments of the same main chains, as given
by U�b�= 1

2K0�b−b0�2. Here, b0 is the equilibrium bond
length and K0 is the force constant. The chain rigidity is
given by U���= 1

2Kb�cos �−cos �0�2, in which � is the angle
formed by two adjacent bonds and Kb is the force constant.
For the pairwise interaction of polymer segments, we applied
the Lennard-Jones- �LJ-� type potential given by U�r�
=4���� /r�12− �� /r�6� between different segments, except for
the interaction between nearest-neighbor or second-nearest-
neighbor segments along the main chain. The cutoff distance
of the LJ interactions was 3�.

Simulations were performed for both bulk samples and
confined samples. In the case of the bulk samples, we ap-
plied the periodic boundary condition. For the confined
samples, the noncrystalline boundary wall could be intro-
duced by various methods. One possible method would be an
atomistic one in which the wall particles are randomly
placed. Although this atomistic method could reveal the de-
tailed microscopic features of the boundary wall, it requires
many simulation runs with different wall atom allocations in
order to avoid the effect of the specific initial configuration
of wall atoms. Hence, we used the flat-wall 10-4 potential
given by U�r�=4��� 1

5 �� /r�10− 1
2 �� /r�4�+Coffset within the

cutoff distance �rcutoff=� ,Coffset=1.2���, and U�r�=0 out-
side the cutoff distance �31–33�.

In this study, we considered the simple cases in which
crystalline polymer chains are confined within a noncrystal-
line structureless wall. From the viewpoint of strict corre-
spondence to the experiments, in which the crystalline-
noncrystalline block copolymers are often used, one could
construct a simulation model in which one end of the poly-
mer chain is always attached to the wall boundaries. We
thought that this additional condition would make the order-
ing phenomena more complex to analyze, especially when
we compare the results between confined samples and bulk
samples. Hence, we started with the condition in which poly-
mers are simply confined with no additional constraint to the
chain end, which would be an ideal first step in the study of
polymer crystallization under confinement.

The model parameters and simulation results are ex-
pressed in dimensionless reduced units, where the segment
diameter �, the energy parameter � of interaction potential,
and the segment mass are all 1.0. The equilibrium bond
length b0 was 0.4, the elastic constant K0 of the bond springs
was 9000, and the equilibrium angle �0 was 0. The bending
force constant Kb was 1000 or 2000 for the semiflexible
chain molecules and 4000 for the semirigid chain molecules.
The number of segments per polymer chain was 40, and the
number of polymers in the system was 640. The static prop-
erties of our polymer model, which were calculated at T
=15, are shown in Fig. 1. In the case of periodic boundary
condition, the initial size of simulation box was 25.0. In the
case of cubic domain samples, the initial size of whole simu-
lation box was 27.0 including the depth 1.0 of repulsive
walls at both sides. In the case of spherical domain samples,
the initial radius of whole simulation sphere was 16.52 in-
cluding the depth 1.0 of repulsive wall. We have chosen
these system sizes so that the polymer segment density in the
free region becomes almost identical. The initial states were
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prepared by thermally equilibrating using NVT ensemble at a
temperature of 15.0, which is well above the melting points
of chain molecules. Then the temperature of the system was
suddenly cooled by velocity scaling. Since the degree of su-
percooling might affect the crystallization dynamics, we
have chosen the supercooled temperature to be 0.75Tm,
where Tm is the melting point of chain molecules. The rela-
tionship between the chain rigidity Kb and the melting point
Tm in our model polymer is shown in Fig. 2. In our simula-
tion, the supercooled temperatures were 6.68, 7.50, and 8.32
for the chain molecules with the bending force constants of
1000, 2000, and 4000, respectively. Simulations were carried
out using the NPT ensemble for bulk systems, and the NVT
or NPT ensemble for confined samples. Temperature and
pressure if required were kept constant during the crystalli-
zation processes using the Nose-Hoover method. We calcu-
lated pressure using the internal pressure. The mass of ther-
mostat was 25 600, the external pressure was 0.007, and its
mass parameter was 1.0. The equations of motion are inte-
grated using a forth-order predictor-corrector method with a
time step of 0.001. Since the crystallization processes from
dense melts are affected by their kinetic paths, which are
simply related to the accidental neighboring molecular posi-
tions, it may not be sufficient to discuss the evolution curves

of only one sample. Therefore, we carried out eight simula-
tion runs from the different initial states and examined the
average properties of all simulation runs.

III. RESULTS

A. Crystallization under fixed nanodomain boundary

Snapshots of polymer chains during the crystallization
processes are shown in Figs. 3 and 4. Polymers in these
figures are the semiflexible chains whose bending force con-
stant is 2000. The results for the cubic domain sample are
shown in Fig. 3 and the results for the spherical domain
sample are shown in Fig. 4. For the time being, we consider
the case in which the structures of the domain interface have
not been destroyed during crystallization. This corresponds
to the condition in which the glass transition temperature of
the noncrystalline polymer around the domain is sufficiently
high. In the simulations, the NVT ensemble satisfies this
condition. At time 0, chain molecules are randomly allocated
within the domain. After temperature cooling, they began to
form an ordered structure and eventually became a large
crystal region. For a better perspective of the nucleation in
the initial time stage, only the molecules that belong to the
ordered regions are shown in Figs. 3�d� and 3�e� for the cubic
domain sample. In this sample, while most of the chain mol-
ecules are in the disordered state at t=100, we can observe a
small ordered area near the domain interface. Comparison of
the ordered region at t=100 and t=200 reveals that crystal
growth proceeded largely around these small nuclei, whereas
nucleation continued in the other area. Crystallization behav-
iors in the spherical domain interface, which are shown in
Fig. 4, are generally the same as those in the cubic domain
interface.

To analyze the detailed ordering behaviors during poly-
mer crystallization in bulk samples, cubic domain samples or
spherical domain samples, we calculated the order param-
eters of main chain orientation and the crystallinity. Orienta-
tion order parameters are given by �3cos2�−1� /2, where � is
the angle formed by two bond vectors of the main chains.
The orientation order parameters can be classified into three
types by the averaging method. The global order parameter is
obtained by averaging over all bond pairs in the entire sys-

FIG. 1. �a� Relationship between the chain rigidity Kb and the
angle correlation of two successive bond vectors. �b� Relationship
between the chain rigidity Kb and the radius of gyration Rg. Squares
and solid line indicate the �Rg

2�. Circles and dashed line indicate the
ratio �Ree

2� / �Rg
2�, in which Ree is the end to end distance of poly-

mer chains.

FIG. 2. Relationship between the chain rigidity Kb and the melt-
ing temperature.
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tem region except for bond pairs within the same molecules.
The intermolecular local order parameter is calculated only
for the pairs of adjacent bonds of different chain molecules.
In our simulation, we regard two bonds to be adjacent when
the distance between them is less than 1.5. The intramolecu-
lar local order parameter is calculated for the pairs of adja-
cent bonds within the same molecules. These orientation or-
der parameters are useful for analyzing the chain ordering
dynamics in various length scales. On the other hand, the
entire crystallization behaviors cannot be traced effectively
by the global order parameter alone, since its absolute value
is strongly influenced by the formation of crystal multido-
mains. Hence, the crystallinity may be useful in the analysis
of the entire behaviors. The crystallinity is the ratio of the
number of atoms that belong to the crystals over the number
of entire atoms in the system. In our simulation, the crystal
domain is defined as the group of segments whose bond
vectors are within 1.5 of each other and whose orientation
difference is less than 10 degrees. We did not include any
group of less than 50 segments among the crystal domains.

In Fig. 5, we show the time evolution of the crystallinity
of the semiflexible polymer systems under the bulk condi-
tion, cubic domain condition, and spherical domain condi-
tion. The values of crystallinity including error bars at the
initial and late time stage are summarized in Table I. The
bending force constant Kb of these semiflexible chains is
2000. A short induction period is observed just after cooling.
Then ordering began to proceed at around a time of 150. The
time evolution curves of the crystallinity largely deviate from
the sigmoidal function since the build up and saturation
curves are not symmetrical in shape. These evolution curves
are roughly expressed by the stretched exponential function
given by C=1−exp�−Ktn�, in which the exponent n is
around 2. Strictly, there are slight differences between the
simulation results and the stretched exponential curve in the

FIG. 3. Snapshots of crystallization processes of semiflexible
polymer systems confined to cubic domain. In �a�, �b�, and �c�,
whole polymer molecules are shown. In �d� and �e�, only the poly-
mers that belong to the crystal regions are shown.

FIG. 4. Snapshots of crystallization processes of semiflexible
polymer systems confined to spherical domain. In �a�, �b�, and �c�,
whole polymer molecules are shown. In �d�, only the polymers that
belong to the crystal regions are shown.

FIG. 5. Time evolution curves of crystallinity of semiflexible
polymer systems �Kb=2000� under cubic domain, spherical domain,
and bulk conditions.
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intermediate time region and some correction to the fitting
equation might be necessary. As shown in this figure, crys-
tallization processes in cubic and spherical domain samples
are faster than crystallization processes in bulk samples in
the initial time region until about t=500. The crystal growth
in these confined domain samples gradually slow down, and
finally the crystallinity of confined domain samples is sur-
passed by that of bulk samples in the late time region. To
investigate the ordering dynamics in microscopic levels, we
show the time evolution of the global order, intermolecular
local order, and intramolecular local order in Figs. 6�a�–6�c�.
As shown in Fig. 6�a�, the intramolecular local order param-
eters grow in almost the same manner in the entire time
region for the bulk, cubic domain, and spherical domain
samples. This indicates that the persistent length of a poly-
mer chain is mostly governed by the free energy of the local
bending of the main chain. The development of the intramo-
lecular configuration has almost finished before the onset of
overall crystallization without any large effect of outside
chains. On the other hand, in the case of the time evolution
curves of the intermolecular local order, there is a marked
difference between the confined domain samples and the
bulk samples as shown in Fig. 6�b�. In the initial time region,
the intermolecular local order of the cubic and spherical do-
main samples are much larger than that of the bulk samples,
whereas the difference between the cubic and spherical do-
main samples is relatively small. This result indicates that
there is some enhancement effect on the ordering processes
for the confined domain samples in the initial time region.
However, in the intermediate or late time region, all three
samples show similar order growths, and no significant dif-
ference was observed. The behaviors of global orders are
slightly different from those of local orders as shown in Fig.
6�c�. For all three samples, the growth of order is very slow.
Although the global order of the bulk samples showed steady
growth in the intermediate or late time region, the growth of
the global order of the cubic or spherical domain samples is
inhibited. The final global order of confined domain samples
reaches only about 1 /3 of bulk samples. The global order for
the bulk samples is larger than those for the confined domain
samples in the whole time region. When the nucleation rate
is high, crystal domains with various chain orientations are
formed, which sometimes lower the values of the global or-
der parameters.

In Fig. 7, we show the crystallization processes of semi-
flexible polymer systems, in which the bending force con-
stant Kb of the polymer chain is 1000. This polymer is more
flexible than the polymer used in Figs. 5 and 6. As the poly-
mer chains become flexible, the speed of time evolution de-
creases. The induction period of crystallization was until
around t=250 for this polymer system. Other than the longer

time scale of ordering, the overall behaviors of the crystal-
linity or the orientation order parameters are generally the
same as those of the polymer systems of Kb=2000. In the
initial time region until t=700, the crystallization processes
of the confined domain samples are faster than the crystalli-
zation processes of the bulk samples, whereas in the inter-
mediate or late time region, the crystallization of the con-
fined domain samples is inhibited to some extent.

Next, we studied the crystallization processes of semirigid
polymer systems whose bending force constant Kb was 4000.
Time evolution curves of the crystallinity are shown in Fig.
8. The values of crystallinity including error bars at the ini-
tial and late time stage are summarized in Table II. In the

TABLE I. Crystallinity �%� of semiflexible polymers.

Time Cubic domain Spherical domain Bulk

150 3.74±1.23 5.26±1.83 0.93±0.86

250 11.20±2.34 16.66±5.68 7.11±3.31

2000 42.95±4.97 43.25±1.47 56.69±2.75

FIG. 6. Time evolution curves of order parameters of semiflex-
ible polymer systems under cubic domain, spherical domain, and
bulk conditions. The intramolecular local orientation orders, inter-
molecular local orientation orders, and global orientation orders
correspond to �a�, �b�, and �c�, respectively. The time evolution
curves of the bulk samples are plotted in thin lines. The time evo-
lution curves of the cubic and spherical domain samples are plotted
in bold lines.
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case of these rigid chain molecules, all three samples, which
are the cubic domain, spherical domain and bulk samples,
show very rapid growth curves. These curves are approxi-
mately expressed by a single exponential function given by
1−A exp�−t /��. Strictly, there is a slight difference in the
intermediate time region. The use of a double exponential
curve such as 1−A1 exp�−t /�1�−A2 exp�−t /�2� gives an ex-
act fitting, in which the longer relaxation component might
be related to the slow domain merging process. As shown in
this figure, in the case of polymer systems with large chain
rigidity, the system becomes unstable below the crystalliza-
tion temperature and shows a rapid time evolution just after
time 0. We compare the crystallization dynamics of the con-
fined domain samples with that of the bulk samples in the
initial time region until around t=200. The time evolution
curve of the crystallinity of the cubic domain samples is
almost the same as that of the bulk samples. In short, the
domain interface does not affect the crystallization dynamics
for the cubic domain samples in the initial time region. On
the other hand, in the case of the spherical domain samples,
the value of the crystallinity is larger than that of the bulk
samples, which indicates that there is still some kind of en-
hancement effect in the initial time region. In the intermedi-
ate and late periods of crystallization, the growth of the crys-
tallinity of both the cubic and spherical domain samples is

somewhat more inhibited than that of the bulk samples.
Thus, in the intermediate and late periods, the crystallization
behaviors of semirigid polymer systems have the same ten-
dency as those observed in the semiflexible polymer systems.

The time evolution of the order parameters would give us
more detailed information on ordering dynamics. In Figs.
9�a�–9�c�, we show the development of the intramolecular

TABLE II. Crystallinity �%� of semirigid polymers.

Time Cubic domain Spherical domain Bulk

20 9.04±3.04 18.70±3.52 6.14±1.43

50 19.55±5.56 34.80±2.08 17.47±3.70

2000 55.33±3.79 52.10±1.10 63.77±2.19

FIG. 7. Time evolution curves of crystallinity of semiflexible
polymer systems �Kb=1000� under cubic domain, spherical domain,
and bulk conditions. These polymer chains are more flexible than
those shown in Fig. 5.

FIG. 8. Time evolution curves of crystallinity of semirigid poly-
mer systems �Kb=4000� under cubic domain, spherical domain, and
bulk conditions.

FIG. 9. Time evolution curves of order parameters of semirigid
polymer systems under cubic domain, spherical domain, and bulk
conditions. The intramolecular local orientation orders, intermo-
lecular local orientation orders, and global orientation orders corre-
spond to �a�, �b�, and �c�, respectively.
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local order, intermolecular local order and global order. As
shown in Fig. 9�a�, the time evolution curves of the intramo-
lecular local order are almost identical. Hence, the intramo-
lecular chain extension processes proceeded irrespective of
the existence of the domain boundaries. In the meantime, the
behaviors of the intermolecular local order of the confined
samples depend on the domain geometry as shown in Fig.
9�b�. Whereas the time evolution of the cubic domain
samples is almost identical to that of the bulk samples, the
growth of the spherical domain samples is faster than that of
the bulk samples in the initial period. These behaviors are in
good agreement with the results of the crystallinity, in which
only the growth of the spherical domain samples is faster
than the growth of the cubic domain or bulk samples. In the
case of the time evolution of the global order, the growth of
the confined domain samples is always smaller than that of
the bulk samples. This is the same tendency as that observed
in the semiflexible polymer systems. The domain boundary
restricts the large orientation relaxation over the whole sys-
tem, which leads to the formation of multicrystal regions
with various orientation directions. As mentioned above, the
order formation dynamics of the polymer crystallization in
nanodomains has various features due to the enhancement
effect of the nucleation processes and the suppression effect
of the large-scale chain relaxation processes, which are also
closely related to the rigidity of the polymer chains.

To elucidate the nucleation effect in the initial period, we
will study the relationship between the orientation order and
the depth from the domain surface for both semiflexible and
semirigid chain systems. In the calculation of depth profiles,
depth is defined as a distance from the nearest walls. In the
case of orientation orders, positions that correspond to the
center of mass of two bonds are used. In the calculation of
crystallinity, we first labeled the polymer segments that be-
long to the crystal region, and then calculated the ratio of
crystalline polymer segments in each depth region. In Fig.
10�a�, we show the depth profile of the crystallinity and the
intermolecular local order at time 150 for the cubic domain
samples of semiflexible polymer systems. The bending force
constant the polymer was 2000. The results shown in this
figure are the average of eight different samples. As shown in
this figure, both the crystallinity and the intermolecular local
order take larger values in the shallow depth region near the
domain interface. This result supports the assumption de-
scribed above that the domain interface induces the crystal-
lization in the initial period due to the restriction of freedom
of main chain orientation. In Figs. 10�b� and 10�c�, we show
the time evolution of the depth profiles of the crystallinity
and intermolecular local order, respectively. For the best per-
spective, the vertical axis of the graph of the crystallinity is
displayed on a log scale, because the values of crystallinity
are very small at the onset of crystallization and cannot be
effectively shown in the same chart using a linear scale. As
shown in these figures, even when the domain interface con-
sists of the noncrystalline medium, polymer crystallization
principally starts near the domain interface region and it
gradually progresses towards the inner part of the domain in
the case of semiflexible polymer systems. The results of the
depth profile of the semiflexible polymer systems confined to
the spherical domain are shown in Fig. 11. The ordering

behaviors in the spherical domain samples are generally the
same as those of the cubic domain samples. Therefore, in the
case of semiflexible chain systems, the shape of the domain
does not play a major role in the initial ordering dynamics,
and the existence of the domain interface is the important
factor for determining the ordering dynamics.

In Fig. 12, we show the time evolution of the depth profile
for semirigid polymer systems confined to the cubic domain.
The bending force constant the polymer was 4000. Figure
12�a� shows the development of crystallinity and Fig. 12�b�
shows the development of the intermolecular local order. In
the case of semirigid polymer systems in the cubic domains,
there is no large difference between the region near the do-
main surface and the internal region. The domain boundary

FIG. 10. Depth profiles of intermolecular local order and crys-
tallinity of semiflexible polymer systems �Kb=2000� confined to
cubic domain. �a� Profiles at beginning of crystallization �t=150�.
�b� Temporal change of depth profile of crystallinity. �c� Temporal
change of depth profile of intermolecular local order. In �b� and �c�,
squares, circles, triangles, and diamonds indicate the elapsed time
100, 150, 200, and 2000, respectively.
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does not enhance the nucleation in such conditions. These
results agree with the behaviors of the crystallinity of the
semirigid polymers in that there is no difference between the
cubic domain samples and the bulk samples in the initial
period. Next, we show the time evolution of the depth profile
for the semirigid polymer systems confined to the spherical
domains in Fig. 13. Unlike the results in Fig. 12, the depth
profile of spherical domain samples shows that the region
near the domain surface has slightly higher levels of crystal-
linity and intermolecular local order than the internal domain
region. Hence, in the case of spherical domains, there still
remains some enhancement effect of crystallization in the
initial period, which leads to the acceleration of the growth
of the crystallinity of the entire polymer system.

B. Crystallization under isotropic deformation of nanodomain

In the previous section, we assume that the glass transi-
tion temperature of the noncrystalline medium, which sur-
rounds the domain boundary, is sufficiently high so that the
domain structure is not destroyed during crystallization. In
general, when the noncrystalline polymer block is glassy,
polymers crystallize with the nanodomain structure un-
changed, which justifies the simulation assumptions that the
domain boundary is fixed. However, the structure of the sur-
rounding amorphous medium may not always be strong. It
would be important to consider the case in which the domain
structure can be destroyed or transformed by the crystalliza-
tion within the domain. In fact, when the structure of the
noncrystalline part and the segregation force are weak, the
nanoscale domain structure is completely destroyed during
crystallization and a new crystal structure is formed. Of
course, this is an extreme case, and it would be better mod-
eled as a usual melt crystallization process with a specific
polymer interaction and an initial polymer allocation, rather
than the modified model of the polymer crystallization con-
fined to domains.

In this section, we will examine the situations in which
the isotropic volume change of the crystalline polymer do-
main is allowed, although the drastic destruction of the do-
main structure is not considered. In this case, the degree of
easiness of domain deformation, which corresponds to the
mass parameter of the pressure in the NPT ensemble, is an
important factor for ordering dynamics. In this study, we will

FIG. 11. Depth profiles of intermolecular local order and crys-
tallinity of semiflexible polymer systems confined to spherical do-
main. �a� Profiles at t=150. �b� Temporal change of depth profile of
crystallinity. �c� Temporal change of depth profile of intermolecular
local order. In �b� and �c�, squares, circles, triangles, and diamonds
indicate the elapsed time 100, 150, 200, and 2000, respectively.

FIG. 12. Depth profiles of crystallinity �a� and intermolecular
local order �b� of semirigid polymer systems �Kb=4000� confined to
cubic domain. Squares, circles, triangles, and diamonds indicate the
elapsed time 10, 20, 100, and 2000, respectively.
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consider the case in which the motion of the domain inter-
face is very easy as in the case of the liquid polymer melt in
the bulk. This condition was chosen as the case that was
completely opposite to that of the fixed volume condition
reported in the previous section. In actual cases, the ordering
behaviors would be in the middle of those observed in these
two conditions depending on the ease of domain deforma-
tion. In this simulation, we kept the pressure within the do-
main equal to atmospheric pressure and the mass parameter
of the pressure in the NPT ensemble was 1.0, which was the
same value as in the bulk polymer systems. This choice
would also be suitable from the viewpoint of a direct com-
parison with the bulk systems. We only considered the iso-
tropic deformation, where the symmetry of domain shape
was preserved. In simulations, the existence of movable re-
pulsive boundary walls makes the final system volume more
compact than that of periodic bulk samples. The volume re-
duction of the final crystal configuration with respect to the
initial configuration of the confined domain samples were
slightly more than 30%, while those of periodic bulk samples
were about 20%. Although it might be possible to choose
appropriate different pressure parameters to adjust the vol-
ume reduction rate, we used the same pressure parameters as
bulk samples for direct comparison, since our major purpose
was the verification of universality of simulation results ob-
tained at the previous section.

First, we show the crystallization behaviors of the semi-
flexible polymer chain systems, in which the bending force
constant is 2000. The time evolution of the crystallinity and

that of the intermolecular local order are shown in Figs. 14
and 15, respectively. For comparison, the simulation results
of the confined polymer systems in which the domain inter-
face did not move are shown as thin lines. As shown in Fig.
14, when the domain interface is very easy to deform, the
crystalline regions are often destroyed by the domain bound-
ary and the growth of the crystallinity is considerably inhib-
ited especially in the late period. However, in the initial pe-
riod, the growth of the crystallinity of the confined domain
samples is faster than that of the bulk systems. In this sense,
even when the domain boundary can be freely transformed,
these ordering behaviors are explained by the same frame-
work of the ordering dynamics of the confined domain
polymers.

Next, we show the results for crystallization behaviors
under domain deformation for the semirigid polymers in
Figs. 16 and 17. The bending force constant of the semirigid
polymer chain is 4000. Although some oscillations are ob-
served in growth curves, this is not essential. In the case of
the rigid chain systems, the initial shock of the volume
change due to instant temperature cooling is not effectively
absorbed by the relaxation inside polymer molecules, and the

FIG. 13. Depth profiles of crystallinity �a� and intermolecular
local order �b� of semirigid polymer systems confined to spherical
domain. Squares, circles, triangles, and diamonds indicate the
elapsed time 5, 20, 100, and 2000, respectively.

FIG. 14. Time evolution curves of crystallinity of semiflexible
polymer systems �Kb=2000� at cubic domain and spherical domain.
Deformation of the domain boundary is allowed here. Circles and
triangles indicate the results of the cubic domain and spherical do-
main, respectively. For comparison, the time evolution curve of the
bulk system and the time evolution curves of the confined domain
system with the fixed domain boundary are plotted in thin lines.

FIG. 15. Time evolution curves of intermolecular local order of
semiflexible polymer systems at cubic domain and spherical do-
main. Deformation of the domain boundary is allowed here. The
symbols are the same as those in Fig. 14.
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crystal structure of the polymer systems becomes very sen-
sitive to the change in internal pressure and volume in the
initial period. However, in actual cases, these oscillations do
not occur since the domain wall is not so movable as liquid
polymer melt and there is a limit in the temperature cooling
rate. In addition, in the case of real systems, there are many
domains in the system. The size of these domains and the
strength of the surrounding domain wall cannot be the same
for all domains since there will always be some variations
around average values. If we prepare simulation samples
with various domain sizes and various mobilities for sur-
rounding domain walls, the oscillation periods of each do-
main will differ and the average behaviors will become
smooth. Hence, in the following, we will consider the order-
ing behaviors on a time scale longer than this period. As
shown in Fig. 16, in the case of the semirigid polymer sys-
tems, the crystal growth is not markedly suppressed in the
intermediate or late period. In the cubic domain samples, the
time evolution curves of crystallinity are almost the same
between fixed and movable domain boundary conditions. In
particular, it is remarkable that the degree of the crystalliza-
tion of the spherical domain samples is larger than that of the
bulk samples even in the late time region. Thus, the effect of
the volume change of the polymer domain has various fea-

tures depending on whether the polymer chain is semiflex-
ible or semirigid. In the case of semirigid polymer systems, a
solid crystal structure is formed in the initial period, which
keeps the crystal structure firmly under the deformation to
some extent.

IV. DISCUSSION

As mentioned in the simulation results, the crystallization
dynamics of the polymer systems in the nanodomains con-
fined to the noncrystalline medium shows features that differ
from those of the crystallization dynamics of the bulk poly-
mers. In addition, the effect of the domain interface varies
with the time region and the rigidity of polymer chains. In
the case of semiflexible polymer systems, in which the inter-
molecular interaction is not so strong and the nucleation
from thermodynamically metastable states is dominant, the
confined domain samples show faster crystallization in the
initial period. Even when the domain interface consists of
noncrystalline molecules and there is no substrate to induce
the crystalline layer, restriction of the orientation of polymer
chains may enhance the intermolecular ordering processes.
Although there is some difference in the time evolution of
crystallinity owing to the shape of domains, domain shape
has a minor effect, and the existence of the domain interface
is a critical factor. In the intermediate or late period of crys-
tallization, the existence of the domain interface becomes an
obstacle for the global orientation relaxation of the polymer
chains. The crystallinity in the late period is smaller than the
crystallinity obtained from the bulk polymer systems by the
ideal homogeneous nucleation processes.

On the other hand, the behaviors of semirigid polymer
systems confined to nanodomains are different from those of
semiflexible polymers. In the case of semirigid polymer sys-
tems, where the effective intermolecular orientation interac-
tion is strong, the inductive effect of the nucleation due to the
restriction of the degree of the chain orientation by the do-
main interface cannot efficiently work, since the rapid spon-
taneous nucleation process inside the polymer melts becomes
dominant. This is especially pronounced in the samples of
cubic domain shape. In the case of semirigid polymer sys-
tems, ordering dynamics is affected by the domain shape.
The spherical domain samples show faster crystallization
than the cubic domain or bulk samples in the initial period.
The reason for this behavior is not necessarily clear, but we
consider the following. In general, when the system volume
is identical, the surface area of a sphere is 20% smaller than
that of a cube. However, in the case of the cubic domain
systems, the areas near the corners have a disadvantage in
ordering carried out by the parallel orientation packing of
polymer chains. Hence, from the point of view of the effec-
tive surface area in polymer crystallization, the spherical do-
main interface becomes superior to the cubic domain inter-
face, since the entire surface area contributes equally to
induce nucleation. Therefore, in the case of the spherical
domain system, the inductive effect of the nucleation brought
about by the domain interface still prevails, which leads to
the faster crystallization dynamics in the initial period.

Next, we will consider the relationship between experi-
mental results. In the case of experimental observations,

FIG. 16. Time evolution curves of crystallinity of semirigid
polymer systems �Kb=4000� at cubic domain and spherical domain.
Deformation of the domain boundary is allowed here. The symbols
are the same as those in Fig. 14.

FIG. 17. Time evolution curves of intermolecular local order of
semirigid polymer systems at cubic domain and spherical domain.
Deformation of the domain boundary is allowed here. The symbols
are the same as those in Fig. 14.
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there are many nanodomains within the observation area, and
the overall dynamics of these many domains are obtained. In
contrast, the simulation system contains only one domain in
the simulation box. However, in the case of our simulations,
we took many ensemble averages, which led to the same
simulation results for a large number of domains. Here, note
that most of the experiments on the polymer crystallization
in nanodomains focused on static properties, such as crystal
structures, and experiments on the ordering kinetics are very
limited. Therefore, it is not always certain whether the ob-
served kinetics are the universal behaviors for all confined
polymer systems or the peculiar behaviors only for specific
kinds of polymer systems.

In general, under moderate supercooling conditions, the
experimentally observed crystal growth of the polymer sys-
tem in the bulk is often expressed by the stretched exponen-
tial functions. This is because a thermodynamically unstable
condition is required in order to realize the exponential-type
rapid crystal growth in the bulk polymer systems. Such a
condition may be realized when the extended polymer chains
with a certain degree of persistent length exist at high density
in the system. There are some reports that crystal growth of
the exponential form was observed under certain molecular
or domain interface conditions, whereas the crystal growth
under other conditions was of the usual stretched exponential
form �1–3�. This behavior shows the same tendency as that
observed at our simulation, in which the existence of the
noncrystalline domain interface accelerates crystallization in
the initial period. If the nucleation in the initial period in-
creases to some extent, the system would approach the
exponential-type growth from unstable states. Thus, the
simulation results provide qualitative explanations to some
extent. However, in this simulation study, no considerable
change in the shape of the growth curves could be observed,
such as from the stretched exponential curves to the expo-
nential curves, between the bulk samples and the confined
domain samples. Of course, there remain some possibilities
that the function form of the growth curves of the crystalli-
zation might be greatly changed between the bulk and the
confined samples by an appropriate choice of simulation
conditions, such as molecular parameters, degree of super-
cooling or system size. However, we think that additional
conditions would be necessary in order to change the func-
tion type of the growth curve significantly. For example, in
this simulation study, we used the free polymer chains inside
the domain boundary rather than the block copolymers
whose noncrystalline unit constitutes the domain boundary.
This is because in order to understand the basic physics of
the crystallization dynamics induced by the confinement, a
simplified model is necessary for the comparison with the
bulk polymer systems. In the case of block copolymers, one
end segment of a crystalline polymer chain, which corre-
sponds to the junction of a crystalline-noncrystalline block
polymer, exists in the region near the domain interface at
high probability. Under these constraints, it is possible that
the time evolution curves of the semiflexible polymer sys-
tems confined to domains might change significantly from
those of the bulk, since the initial orientation of the polymer
chain could become easier.

In general, polymer crystallization confined to nan-
odomains is a complicated process, in which various factors

are concerned. Systematic investigation of the ordering
mechanism by changing a single factor has not been an easy
experimental task. For the elucidation of the fundamental
ordering mechanism, it is important to investigate each factor
independently. Our simulation results revealed the role of
confinement by a noncrystalline medium with other external
conditions being kept constant. Thus, the coarse-grained mo-
lecular dynamics simulation is an effective tool for this pur-
pose. In our present study, some factors are not considered
and their roles remain unresolved. These factors are the geo-
metrical constraint of block copolymer cases, the molecular
weight of the polymer chains, the size of the domains, and
anisotropic deformation of domain walls. These would be
interesting research subjects. We believe that our simulation
study, which considers the effect of confinement by a non-
crystalline medium, would be a useful first step towards un-
derstanding polymer crystallization in nanodomains.

V. CONCLUSION

In summary, we have investigated the ordering dynamics
of polymer crystallization, in which the polymers are con-
fined to small nanodomains surrounded by a noncrystalline
amorphous medium. We prepared two differently shaped do-
main structures, namely, the cubic domain and spherical do-
main structures, and compared the crystallization dynamics
with that of bulk polymers. We found that existence of a
noncrystalline domain interface has two opposite effects on
the crystallization processes. In the case of semiflexible poly-
mer systems, it accelerates the ordering processes in the ini-
tial period. When the boundary interface is of noncrystalline
structure, there are no adsorption and realignment processes
on the surface. However, restriction of the freedom of the
orientation order near the domain surface induces the nucle-
ation processes, which leads to the acceleration of crystalli-
zation processes in the initial period. On the other hand, in
the intermediate or late period of crystallization, the crystal
growth of the confined domain samples is suppressed. In the
late period, the existence of the domain interface interferes
with the relaxation of the orientation order of the polymer
chain on a larger scale, which results in smaller values of
crystallinity than those of bulk samples. The crystallization
dynamics of the confined domain samples is also affected by
the rigidity of polymer chains and the strength of the domain
boundary. In the case of semirigid polymer systems, there are
no large differences in the initial growth of the crystallinity
and the intermolecular local order between the cubic domain
samples and the bulk samples. When the rigidity of the poly-
mer chain is large, the acceleration effect of the nucleation
induced by the domain interface is hidden by the spontane-
ous homogeneous nucleation inside polymer melts, and the
effect of the domain interface in the initial period becomes
less important. The strength of the domain wall structure also
has two opposite effects, which are closely related to the
rigidity of polymer chains. In the case of semiflexible poly-
mer systems, the deformation of the domain wall suppresses
crystallization growth largely in the intermediate or late pe-
riod. In contrast, in the case of semirigid polymer systems,
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the deformation of the domain wall does not have a large
effect for the cubic domain samples, and it even accelerates
the crystallization for the spherical domain samples. Thus,
our simulation results revealed that the confinement by the

noncrystalline medium does not have a simple effect on the
polymer crystallization dynamics, but has various conflicting
effects combined with the time stage, the rigidity of polymer
chains, and the strength of the surrounding domain interface.
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