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Effect of rigidity on the crystallization processes of short polymer melts

Toshiaki Miura, Ryoichi Kishi, Masuhiro Mikami, and Yoshikazu Tanabe
National Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki 305-8565, Japan

~Received 25 October 2000; published 25 May 2001!

Order formation in crystallization processes of the dense melts of chain molecules has been studied by the
coarse-grained molecular dynamics method. For semirigid molecules, the parallel orientation and elongation of
chains take place simultaneously. However, for semiflexible molecules, long induction periods are observed.
Time evolution studies of local order parameters indicated that two different processes occur, which implies
that a precondition exists. For flexible molecules, the structures become mostly amorphous at certain sharp
threshold conditions of chain rigidity. It was determined that the rigidity of the main chains strongly influences
the dynamic behavior of crystallization for dense melts, particularly in the early stage.
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I. INTRODUCTION

Order formation processes during the crystallization
polymer systems have been extensively studied from b
experimental and theoretical points of view. The crystalliz
tion phenomena of polymer systems have various uni
features in their ordering processes and morphology that
not observed in other molecular systems@1#. When polymer
systems are supercooled, they form lamella structures
consist of regularly folded polymer chains. Crystallizati
initially occurs principally through homogeneous nucleatio
After crystal nuclei are created by thermal fluctuations, cr
tals grow on the surfaces of these nuclei. In some de
polymer systems, the formation of higher order structu
such as spherulite is also observed. Many experimental s
ies have attempted to explore these complex phenomen
crystallization processes using various methods such as
rimetry, spectroscopy, scattering, and microscopy. The
sults provide valuable information on the evolution of t
overall order structure. The crystallization of polymers h
also been studied by means of computer simulations. Si
lations are useful for examining the dynamical behavior o
single polymer chain. Examples include the secondary nu
ation on a growth surface of a polymer crystal@2# or the
formation of a crystal nucleus in dilute polymer solutio
@3,4#. Difficulties in the numerical simulation of polyme
crystallization are due to the slow dynamics of the syste
being studied and the numbers of interactions between
many polymers which must be included in the calculatio
Hence, in comparison to dilute solution systems or
growth surface process, the simulation of the crystallizat
of dense polymer melts has not been fully studied, excep
the cases of static crystal structures and for melting p
properties@5–7#. Recently, order formation processes duri
the induction period and the early stage of the crystallizat
process of polymer melts have attracted interest. There
some experimental reports which suggest that the par
ordering of polymer segments increases during the induc
period of crystallization@8,9#. Although this concept seem
reasonable to some extent, it requires further experimenta
simulation studies to clarify what occurs during the inducti
period. Simulations for studying the dynamical aspects
order formation in the crystallization process have been
1063-651X/2001/63~6!/061807~6!/$20.00 63 0618
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tempted for polyethylene melts@10–12#. These studies use
the united atom model of polyethylene in order to investig
the trans-gauche transition of main chains. The simulat
results showed that the number of trans segments incre
before crystal growth occurred. However, these behav
are not always clear due to fluctuations of the order para
eters, and it also remains unclear whether these are univ
properties of chain molecules or features specific to
model polyethylene systems. Thus, the order formation p
cess during the crystallization of polymer melts is not fu
understood. Another interesting feature of the crystallizat
of polymer melts is its similarity to the isotropic-nemat
transition of liquid crystals. If long sequences of rigid tra
conformation are required for the crystallization of polym
melts, these sequences can be regarded as mesogen gro
liquid crystal molecules. In that sense, details of the tra
gauche conformation are not essential, and we may reg
the rigidity of polymer chains as one important parame
that determines how crystallization proceeds. Rigid rodl
polymers might form nuclei more easily than less rig
chains because the rigid chains can easily associate in
elongated state. On the other hand, crystallization could
suppressed as a result of the lack of chain mobility. Henc
is likely that crystallization processes strongly depend on
rigidity of polymer chains. To the best of our knowledg
there have been no studies which examine this effect in
dense melts of chain molecules. Thus, further in-depth an
sis is necessary in order to understand the microscopic
tures of order formation during crystallization. In this stud
we have employed the coarse-grained polymer model
includes a parameter to control the rigidity of main chain
We carried out the molecular dynamics simulation for t
crystallization processes of the model melts of chain m
ecules. We found that the degree of crystallization or
order parameters show a sharp transition at certain thresh
of chain rigidity. Our study also indicates that the time ev
lution of order formation is influenced by the rigidity of th
main chains, particularly in the induction period.

II. MODEL

We used the molecular dynamics method to study
simulation of the crystallization process of dense me
©2001 The American Physical Society07-1
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@13,14#. In order to investigate the universal behavior
chain molecules, we adopted a coarse-grained mode
which the segments are represented by beads; these seg
are connected to each other by springs as shown in Fig
We applied the Lennard-Jones~LJ! type potential given by
U(r )54e@(s/r )122(s/r )6#, for the interaction between th
segments, except for the interaction between near
neighbor or second-nearest-neighbor segments along
same chain. We employed dimensionless reduced units
which the length and energy are scaled by the strengthe)
and the length scale (s) of the LJ interaction, respectively
The time scale is also scaled by (ms2/e)1/2, wherem is the
mass of one segment. For the interaction between
nearest-neighbor segments of the same chains, we us
harmonic potential given byU(b)5k(b2b0)2. The chain
rigidity can be introduced using various methods. It may
possible to control the distribution of chain conformation
changing the potential energy of the trans and gauche s
or the potential barrier between trans and gauche states i
united atom alkane model. However, these parameters
not a direct measurement of chain rigidity but rather are
lated in a more complicated manner. Instead, we added
ditional interactions between the second-nearest-neigh
segments of the same chains. This interaction has the LJ-
potential given byU(r )54e@(s2 /r )122(s2 /r )6#, in which
the chain rigidity can be easily controlled by the value (s2)
of the interaction range. In our model, we used the sa
value for the strength parameter (e) as for the LJ potential.
Strictly speaking, the difference in the interaction betwe
second-nearest-neighbor segments may cause a slight d
ence in the average bond length. We think that it can
negligible, as the difference is less than 10% in our simu
tion range. For the simulation of chain molecules, it is i
portant to consider how the geometrical constraints of
main chains where a chain cannot cross another contribu
the slow dynamics of dense melt systems. This can
achieved by choosing values for the equilibrium spri
length that are sufficiently lower than the diameter of t
segments. In that case, the excluded volume effect of
chain segments prevents bond crossing. In our simulati
parameter values were 1.0 for the segment diameters, 0.4
for the equilibrium bond lengthb0, and 9000 for the elastic

FIG. 1. The schematic picture of coarse grained polymer mo
Here modified LJ potential was introduced to control chain flexib
ity between second nearest segments along the same polymer c
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constantk of the bond springs in reduced units. The numb
of segments in one chain molecule is 20 in our simulati
Initially, the number of chain segments appears to be ra
small considering the fact that simulations of polymer d
namics in melts have been carried out with more than 1
chain segments@15,16#. However, in the case of the simula
tion of crystallization, there are some restrictions. One is t
the attractive LJ potential has to be included in order
achieve crystallization at low temperature, which results i
higher segment density in the melting state than that of po
mer melts with purely repulsive LJ potential. Another fact
is that the size of the simulation box should be sufficien
large that the fully extended chain in the crystal state sho
not exceed the periodic boundary conditions. The latter c
dition is particularly critical and we had to compromise t
chain length to some extent in order to satisfy it. In o
simulation, the initial system size was a cubic region with
length of 12.5 in reduced units, which was chosen to
greater than the length of the fully extended chains. Perio
boundary conditions are applied to the simulation box.
large number of chain molecules were placed in this reg
so that the number density became 1.64. Then we prep
the initial states by thermally equilibrating these oligom
melts at temperatures well above the crystallization temp
ture. For simulations of the crystallization processes,
temperatures of the systems were suddenly quenched to
temperatures. Both the temperature and pressure were
constant using the Nose-Hoover methods.

III. RESULTS AND DISCUSSION

In order to examine the properties of the rigidity para
eters2, we first calculated the correlation of the bond vecto
in dilute solution. In Fig. 2, we show the average cosi
angle of two successive bond vectors along the chain. In
simulation, the chain length was 50 and the temperature
6.0 in reduced units. We varied the value of the parametes2
between 0.4 and 1.0. As shown in this figure, the angu
correlation linearly increases as the parameters2 approaches
1.0. In the case ofs251.0, the value of the average cosine
0.92 and the chain conformation is nearly rodlike, while t

l.
-
ain.FIG. 2. The relation between the rigidity parameters2 and the
angle correlation of two successive bond vectors.
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EFFECT OF RIGIDITY ON THE CRYSTALLIZATION . . . PHYSICAL REVIEW E63 061807
chain can be regarded as almost flexible fors250.4. Thus, it
was confirmed that the parameters2 is an appropriate vari-
able for controlling the chain rigidity in future simulation
In Fig. 3, we show a typical crystallization process for sem
rigid chain melts. The crystallization regions grow gradua
after cooling and finally become large domains. Although
is possible to form a large single crystal domain from app
priate initial states, in many cases the crystal structure c
sists of several domains and some amorphous regions.
like crystallization growth from dilute solutions, man
crystal nuclei appear for dense melts under very rapid c
ing conditions. These nuclei form crystal regions, each w
a different orientation. Some of them are absorbed into o
larger crystal domains, but the rest remain as defects. In
4, we demonstrate the typical dependence of the initial s
in the ordering processes. Here, we prepared many sam

FIG. 3. Typical crystallization process of semirigid chain mel

FIG. 4. Development of order parameters during the crystall
tion processes for various initial melts. Filled squares indicate
global order parameters averaged over many samples. The
circles indicate the local order parameters averaged over sam
Solid lines indicate each crystallization process for various ini
melts.
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of the melts and observed their crystallization processes
order to compare each sample, we calculated both a gl
orientation order and a local orientation order, which a
widely used in polymer simulations. The global orientati
order is defined as the average of the order param
^3 cos2 u21&/2, whereu is the angle formed by two bond
vectors of the main chains. In this case, the averaging
cluded all bond pairs in the entire system region. The lo
orientation order is similar to the global orientation para
eter except that the averaging of bond pairs is only calcula
for adjacent bonds. In our simulation, we regard two bon
to be adjacent when the distance between them is less
1.5. As shown in Fig. 4, the time evolution of the local ord
parameter does not depend significantly on the initial st
However, in the case of the global order parameter, the t
evolution and final orientation order are strongly affected
the initial state. Since there are such large fluctuations in
evolution of the global order parameters, it may not be s
ficient to discuss the evolution curves of only one samp
Therefore, we decided to prepare many samples and us
average evolution curves. Although this requires signific
computational resources, we are thus able to estimate
effect of various external conditions on the crystallizati
processes of melts. In this report, we use the average
about 10 samples. It is well known that the crystallizati
processes are affected by the degree of supercooling. He
in order to simulate each crystallization process at the sa
degree of supercooling, we first examined the melting te
perature with various chain rigidities. For the determinati
of melting pointsTm , we prepared a well-ordered cryst
state and observed the orientation order and the system
ume at various temperatures. These values show a l
change atTm , and the simulation results are summarized
Fig. 5. As shown in this figure, the melting point increas
slightly as the chains become rigid. In our later simulatio
we decided to observe the crystallization processes at
temperature of 0.7Tm .

Next, we examined how the rigidity of chains affects t
crystallization time evolution and structure. In Fig. 6, w
show the influence of rigidity on the final crystal order atT
50.7Tm . Here, the global order and the local order are pl

.

-
e
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es.
l

FIG. 5. Relationship between the chain rigidity and the melt
temperature.
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MIURA, KISHI, MIKAMI, AND TANABE PHYSICAL REVIEW E 63 061807
ted on the same chart. For flexible chains wheres2 is near
0.4, we cannot observe large crystal domains. These flex
chain melts were frozen without forming a distinct order
structure, and the value of the global order parameter
proached zero. However, when the main chains became
beyond a certain threshold of rigidity, the formation of
ordered structure began sharply. It is also interesting that
local order parameter increases slowly in the range ofs2
between 0.8 and 1.0, while the global order parameter sh
a maximum at 0.9. This is due to the formation of smal
domains that have different orientation orders than the m
ordered domain. We shall return to this point later.

In previous arguments, we used the global order par
eter and the local order parameter. In order to closely ex
ine the relationships between the local chain conformat
the local chain association and the domain growth of cr
tals, we defined the following parameters. One is the deg
of crystallization, which is defined as the ratio of the numb
of bonds that belong to the crystal domain to the numbe
all bonds in the system. Here the crystal domain is define
the group of segments whose bond vectors are within
distance of 1.5 apart and the orientation difference betw
bond vectors is less than 5°. We did not include any group
less than 20 segments among the crystal domains. Othe
fined parameters include the intrachain local order param
and the interchain local order parameter. They have a d
nition similar to the local order parameter except that th
are calculated only for the same chains or different cha
respectively. Using these order parameters, we investig
the order formation process during the initial period of cry
tallization. In Fig. 7, we show the crystallization behavior
semirigid chain melts. The simulation parameters ares2
51.0 andT54.0 (50.7Tm). In the case of semirigid mol
ecules, chains extend very rapidly after cooling, as show
the time evolution of the intrachain local order paramet
The local chain alignment, which is represented by the in
chain local order parameter, proceeds on a slightly lon
time scale than the extension of single chains. Although
development of the global order parameter is slower t
that of the two local order parameters, it seems likely that
local chain alignment and the global crystallization proces

FIG. 6. Relationship between the rigidity of main chains and
final crystallization order. Circles are for the local order; squares
for the global order.
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take place almost simultaneously for semirigid melts. In t
case, the induction period of the crystallization proces
was not clearly evident from the time evolution curves of t
order parameters. We show the crystallization processe
semiflexible chain melts in Fig. 8. The simulation paramet
are s250.8 andT53.0 (50.7Tm). As the chains become
more flexible, the crystallization processes slow down.
addition, the time evolution curves of the order paramet
exhibit different behaviors from those of the semirigid mel
On cooling, the chains become straight, to some ext
within a short time range of 300. Then, the development
intrachain local order gradually reduces the speed. At a t
of 800, the crystal domains begin to grow slowly as sho
by the development of the global order parameter. T
growth of crystal domains is accompanied by chain reali
ment and packing, which leads to the second acceleratio
the development of local intra-chain order in the time ran
between 1000 and 2000. Thus, in the case of semiflex
chain melts, the induction period for crystallization can
clearly observed. Another interesting feature is the degre
crystallization. In Fig. 7, the degree of crystallization
semirigid melts reaches 0.75, which means that most of

e
re

FIG. 7. Order formation processes of semirigid chain me
Filled square are for intrachain local order parameter; filled cir
are for interchain local order parameter; open triangles are for
bal order parameter; solid lines are for the degree of crystallizat

FIG. 8. Order formation processes of semiflexible chain me
Symbols are the same as Fig. 7.
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EFFECT OF RIGIDITY ON THE CRYSTALLIZATION . . . PHYSICAL REVIEW E63 061807
chains belong to the crystal domains. However, the degre
crystallization of semiflexible melts was 0.58 in Fig. 8, a
though the value of the global order parameters is sligh
higher than that of the semirigid melts. In the case of se
rigid melts, chains easily associate with each other and f
crystal regions, but this condition promotes nuclei formati
Competition between the nuclei prevents the developmen
global order.

In the above discussion, we have examined the cryst
zation processes at the same degree of supercooling. It
be helpful to consider the crystallization processes at dif
ent degrees of supercooling. In Fig. 9, we showed the c
tallization processes of semirigid chain melts (s251.0) at a
lower temperatureT53.0 (50.53Tm), which is the same
temperature as the condition given in Fig. 8. As shown
this figure, the final values of the intrachain local order p
rameter and the degree of crystallization become slig
larger than those obtained atT50.7Tm , while the final value
of the global order parameter decreases. The simulation
sults at a higher temperature ofT55.0 (50.88Tm) also
confirm these temperature dependencies. Hence, in this r
of supercooling, the global orientation order of the crys
increases as the growth temperature becomes higher. H
ever, apart from the difference in the final values of ord
parameters, the dynamic behaviors of order parameters
main almost the same in this temperature range. Both
time scale of the local chain orientation and that of the glo
alignment slow down equally and we cannot observe
distinct changes in the relationship between the deve
ments of local and global orientation orders.

In this study, we have mainly focused on the effect
chain rigidity at certain temperature conditions of the sa
quench degree. Since the simulations of crystallization fr

FIG. 9. Order formation processes of semirigid chain melts
T53. Symbols are the same as Fig. 7.
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melts require heavy computational resources, simulation
the crystallization behaviors at very small quench tempe
tures remain as future tasks. Simulations with longer po
mer chains would be preferred as well. However, it is ve
difficult at present to simulate the slow crystallization pr
cesses of the entangled melts of long polymers. Thus,
have neglected the formation of the folding structure a
have concentrated on the relationship between the deve
ment of the internal molecular order and the overall syst
order. We consider that the simulations on short polym
melts would give us some keys to the elucidation of the or
formation dynamics of real polymer systems in the ea
stage of crystallization.

IV. CONCLUSION

In summary, we have investigated the crystallization p
cesses of dense melts of chain molecules, mainly focusin
the effect of chain rigidity. We found that the final cryst
order drops sharply below a certain threshold of chain rig
ity. The ordering dynamics during the crystallization are a
affected by chain rigidity. In the case of semirigid cha
melts, the change of single chain conformation and the p
allel orientation of chains take place almost simultaneou
It is very difficult to distinguish these processes from t
observation of order parameters. However, in the case
semiflexible chain melts, we can observe a long induct
period and two different processes in the development
local order parameters. One of them is the stretching
single chain molecules, which occurs on a short time sc
The other is the chain association and packing that lead
the formation of crystal domains, which requires a long
time scale for melts. The latter process causes the reacce
tion of the time evolution of the local intrachain order p
rameter for semiflexible chain melts. These results supp
the consideration that in the crystallization of the molecu
with large internal degrees of freedom, a preparatory proc
is necessary within the molecules before the overall orde
processes can begin. However, these processes are n
ways clearly detectable even by monitoring the microsco
properties of chains as in the case of the semirigid ch
melts. In the case of further flexible chain melts, most of
regions become amorphous and we cannot observe any
tinct crystal domains. It is also observed that the final lo
order of the crystal increases as the chains become r
while the final global order of crystal takes its maximu
value at a certain rigidity of main chains. Thus, our stu
indicates how the rigidity of chains affects the ordering d
namics in the early stage of the crystallization processe
short polymer melts.
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