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Effect of rigidity on the crystallization processes of short polymer melts
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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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[. INTRODUCTION tempted for polyethylene melf40-12. These studies used
the united atom model of polyethylene in order to investigate

Order formation processes during the crystallization ofthe trans-gauche transition of main chains. The simulation
polymer systems have been extensively studied from botkesults showed that the number of trans segments increased
experimental and theoretical points of view. The crystalliza-before crystal growth occurred. However, these behaviors
tion phenomena of polymer systems have various uniqudre not always clear due to fluctuations of the order param-
features in their ordering processes and morphology that ai@ers, and it also remains unclear whether these are universal
not observed in other molecular systefaig When polymer properties of chain molecules or features specific_ to the
systems are supercooled, they form lamella structures th&todel polyethylene systems. Thus, the order formation pro-
consist of regularly folded polymer chains. Crystallization Cess during the crystallization of polymer melts is not fully
initially occurs principally through homogeneous nucleation.understood. Another interesting feature of the crystallization
After crystal nuclei are created by thermal fluctuations, crys©f polymer melts is its similarity to the isotropic-nematic
tals grow on the surfaces of these nuclei. In some dens&ansition of liquid crystals. If long sequences of rigid trans
polymer systems, the formation of higher order structuregonformation are required for the crystallization of polymer
such as sphertlite is also observed. Many experimental studdelts, these sequences can be regarded as mesogen groups of
ies have attempted to explore these complex phenomena liguid crystal moIe_cuIes. In that sense, details of the trans-
crystallization processes using various methods such as calgauche conformation are not essential, and we may regard
rimetry, spectroscopy, scattering, and microscopy. The rethe rigidity of polymer chains as one important parameter
sults provide valuable information on the evolution of thethat determines how crystallization proceeds. Rigid rodlike
overall order structure. The crystallization of polymers hasPolymers might form nuclei more easily than less rigid
also been studied by means of computer simulations. simwehains because the rigid chains can easily associate in their
lations are useful for examining the dynamical behavior of selongated state. On the other hand, crystallization could be
single polymer chain. Examples include the secondary nucleSUppressed as a result of the lack of chain mobility. Hence, it
ation on a growth surface of a polymer crysfa] or the i likely that crystallization processes strongly depend on the
formation of a crystal nucleus in dilute polymer solutions rgidity of polymer chains. To the best of our knowledge,
[3,4]. Difficulties in the numerical simulation of polymer there have been no studies which examine this effect in the
crystallization are due to the slow dynamics of the systemélense melts of chain molecules. Thus, further in-depth analy-
being studied and the numbers of interactions between th@S is necessary in order to understand the microscopic fea-
many polymers which must be included in the calculationsfures of order formation during crys.tallization. In this study,
Hence, in comparison to dilute solution systems or theve have employed the coarse-grained polymer model that
growth surface process, the simulation of the crystallizatiorincludes a parameter to control the rigidity of main chains.
of dense polymer melts has not been fully studied, except iNVe carried out the molecular dynamics simulation for the
the cases of static crystal structures and for melting poin€rystallization processes of the model melts of chain mol-
propertied5—7]. Recently, order formation processes duringecules. We found that the degree of crystallization or the
the induction period and the early stage of the crystallizatiorPrder parameters show a sharp transition at certain thresholds
process of polymer melts have attracted interest. There a@f chain rigidity. Our study also indicates that the time evo-
some experimenta] reports which Suggest that the para”é‘lﬂion of order formation is influenced by the I’Igldlty of the
ordering of polymer segments increases during the inductiofain chains, particularly in the induction period.
period of crystallizatior{8,9]. Although this concept seems
reasonable to some extent, it requires further experimental or
simulation studies to clarify what occurs during the induction
period. Simulations for studying the dynamical aspects of We used the molecular dynamics method to study the
order formation in the crystallization process have been atsimulation of the crystallization process of dense melts
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FIG. 1. The schematic picture of coarse grained polymer model. Rigidity parameter s,

Here modified LJ potential was introduced to control chain flexibil- . o
ity between second nearest segments along the same polymer chain. FIG. 2. The relation between the rigidity paramesgrand the
angle correlation of two successive bond vectors.

[13,14). In order to investigate the universal behavior of . ) )

chain molecules, we adopted a coarse-grained model iponstant of the bond springs in redu'ced u.n|ts. Thg numper
which the segments are represented by beads; these Segmé?{t§egments in one chain _molecule is 20 in our simulation.
are connected to each other by springs as shown in Fig. initially, the number of chain segments appears to be rather
We applied the Lennard-Jonés) type potential given by smaI_I cqn5|der|ng the fact that ;lmulatlon.s of polymer dy-
U(r) =4e[ (o/r) 2= (a/r)®], for the interaction between the Namics in melts have been carried out with more than 100
segments, except for the interaction between nearesfain segmentgl5,16. However, in the case of the simula-
neighbor or second-nearest-neighbor segments along tfiien of crystallization, there are some restrictions. One is that
same chain. We employed dimensionless reduced units, i€ attractive LJ potential has to be included in order to
which the length and energy are scaled by the streneth ( achieve crystallization at low temperature, which results in a
and the length scales{) of the LJ interaction, respectively. Nigher segment density in the melting state than that of poly-
The time scale is also scaled byng?/€)¥2 wherem s the ~ Mer melts with purely repulsive LJ potential. Another factor
mass of one segment. For the interaction between this that the size of the simulation box should be sufficiently
nearest-neighbor segments of the same chains, we used@yge that the fully extended chain in the crystal state should
harmonic potential given by(b)=k(b—bg)2. The chain not exceed the periodic boundary conditions. The latter con-
rigidity can be introduced using various methods. It may befition is particularly critical and we had to compromise the
possible to control the distribution of chain conformation by €Nain length to some extent in order to satisfy it. In our
changing the potential energy of the trans and gauche statdnulation, the initial system size was a cubic region with a
or the potential barrier between trans and gauche states in tiegh9th of 12.5 in reduced units, which was chosen to be
united atom alkane model. However, these parameters afeater than the length of the fully extended chains. Periodic
not a direct measurement of chain rigidity but rather are rePoundary conditions are applied to the simulation box. A
lated in a more complicated manner. Instead, we added ad@r9e number of chain molecules were placed in this region
ditional interactions between the second-nearest-neighbgi© that the number density became 1.64. Then we prepared
segments of the same chains. This interaction has the LJ-typB€ initial states by thermally equilibrating these oligomer
potential given byU(r)=4e[(s,/r)?—(s,/r)®], in which melts at temperatures well above the crystallization tempera-

the chain rigidity can be easily controlled by the valsg)( ture. For simulations of the crystallization processes, the
of the interaction range. In our model, we used the samiemperatures of the systems were suddenly quenched to low

value for the strength parametes)(as for the LJ potential. temperatures. Both the temperature and pressure were kept

Strictly speaking, the difference in the interaction betweerfOnstant using the Nose-Hoover methods.
second-nearest-neighbor segments may cause a slight differ-

ence i_n the average bond I_ength. We think '_[hat it can be IIl. RESULTS AND DISCUSSION

negligible, as the difference is less than 10% in our simula-

tion range. For the simulation of chain molecules, it is im- In order to examine the properties of the rigidity param-
portant to consider how the geometrical constraints of thesters,, we first calculated the correlation of the bond vectors
main chains where a chain cannot cross another contribute to dilute solution. In Fig. 2, we show the average cosine
the slow dynamics of dense melt systems. This can bangle of two successive bond vectors along the chain. In this
achieved by choosing values for the equilibrium springsimulation, the chain length was 50 and the temperature was
length that are sufficiently lower than the diameter of the6.0 in reduced units. We varied the value of the paranmter
segments. In that case, the excluded volume effect of thbetween 0.4 and 1.0. As shown in this figure, the angular
chain segments prevents bond crossing. In our simulationgorrelation linearly increases as the paramsjespproaches
parameter values were 1.0 for the segment diamefed.4  1.0. In the case of,=1.0, the value of the average cosine is
for the equilibrium bond length,, and 9000 for the elastic 0.92 and the chain conformation is nearly rodlike, while the
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FIG. 5. Relationship between the chain rigidity and the melting
temperature.

t=520 t=1600 of the melts and observed their crystallization processes. In
FIG. 3. Typical crystallization process of semirigid chain melts. Order to compare each sample, we calculated both a global
orientation order and a local orientation order, which are
widely used in polymer simulations. The global orientation

was confirmed that the parameteyis an appropriate Vari- order is defined as the average of the order parameter
b = PProp (3 cog 6—1)/2, whered is the angle formed by two bond

able for controlling the chain rigidity in future simulations. f th in chai In thi h T
In Fig. 3, we show a typical crystallization process for semi-veCtorS of the main chains. in .t Is case, € averaging In-
LS R . cluded all bond pairs in the entire system region. The local
rigid chain melts. The crystallization regions grow gradually ~ : N X ,

orientation order is similar to the global orientation param-

f"‘“ef cqollng and finally bec_ome large domam_s. Although Iteter except that the averaging of bond pairs is only calculated
IS POSS.'?'? to form a large single crystal domain from appros,, adjacent bonds. In our simulation, we regard two bonds
p_rlate initial states, N many cases the crystal struct.ure coNy be adjacent when the distance beiween them is less than
ﬁl'(sets é’rf :tea\lll?zrglnigr?marlgvsvtﬁn?rjr%mzili?;orgglzijizr:sgI?nn;ﬁ Uri'.S. As shown in Fig. 4, the time evolution of the local order

y ; 9 » many parameter does not depend significantly on the initial state.
crystal nuclei appear for dense melts under very rapid cool:

ing conditions. These nuclei form crystal regions, each WithHowever, In the case of the global order parameter, the time
9 R y 9 ' evolution and final orientation order are strongly affected by
a different orientation. Some of them are absorbed into other =" . . .
. . —the initial state. Since there are such large fluctuations in the

larger crystal domains, but the rest remain as defects. In qua

. A Svolution of the global order parameters, it may not be suf-
4, we demonstrate the typical dependence of the initial statg . . .
. . icient to discuss the evolution curves of only one sample.
in the ordering processes. Here, we prepared many sampl

r1"r?1erefore, we decided to prepare many samples and use the
average evolution curves. Although this requires significant
1.0 computational resources, we are thus able to estimate the
effect of various external conditions on the crystallization
processes of melts. In this report, we use the average of
about 10 samples. It is well known that the crystallization
processes are affected by the degree of supercooling. Hence,
in order to simulate each crystallization process at the same
degree of supercooling, we first examined the melting tem-
perature with various chain rigidities. For the determination
of melting pointsT,,, we prepared a well-ordered crystal
state and observed the orientation order and the system vol-
ume at various temperatures. These values show a large
change afl,, and the simulation results are summarized in
. Fig. 5. As shown in this figure, the melting point increases
Time slightly as the chains become rigid. In our later simulations,
FIG. 4. Development of order parameters during the crystalliza\V€ decided to observe the crystallization processes at the

tion processes for various initial melts. Filled squares indicate thdemperature of 0.7, o _

global order parameters averaged over many samples. The open Next, we examined how the rigidity of chains affects the
circles indicate the local order parameters averaged over samplegfystallization time evolution and structure. In Fig. 6, we
Solid lines indicate each crystallization process for various initialshow the influence of rigidity on the final crystal orderTat
melts. =0.7T,,. Here, the global order and the local order are plot-

chain can be regarded as almost flexibledp+ 0.4. Thus, it

0.8 -

Order parameters
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FIG. 6. Relationship between the rigidity of main chains and the FIG. 7. Order formation processes of semirigid chain melts.

final crystallization order. Circles are for the local order; squares aré:'”efOI s_ql:areha_re Ifor ||ntre:jcha|n Iocaltor.der parta_meuler, f|IIedf C|rclle
for the global order. are for interchain local order parameter; open triangles are for glo-

bal order parameter; solid lines are for the degree of crystallization.
ted on the same chart. For flexible chains wheres near

0.4, we cannot observe large crystal domains. These flexiblgie place almost simultaneously for semirigid melts. In this
chain melts were frozen without forming a distinct orderedcase, the induction period of the crystallization processes
structure, and the value of the global order parameter apyas not clearly evident from the time evolution curves of the
proached zero. However, when the main chains became rigigrder parameters. We show the crystallization processes of
beyond a certain threshold of rigidity, the formation of an semiflexible chain melts in Fig. 8. The simulation parameters
ordered structure began sharply. It is also interesting that thge s,=0.8 andT=3.0 (=0.7T,,). As the chains become
local order parameter increases slowly in the ranges,0f more flexible, the crystallization processes slow down. In
between 0.8 and 1.0, while the global order parameter showgqition, the time evolution curves of the order parameters
a maximum at 0.9. This is due to the formation of smallerexhibit different behaviors from those of the semirigid melts.
domains that have different orientation orders than the maiyn cooling, the chains become straight, to some extent,
ordered domain. We shall return to this point later. within a short time range of 300. Then, the development of
In previous arguments, we used the global order paramntrachain local order gradually reduces the speed. At a time
eter and the local order parameter. In order to closely examyf 800, the crystal domains begin to grow slowly as shown
ine the relationships between the local chain conformationby the development of the global order parameter. The
the local ch.ain association and the domain grqwth of CrySyrowth of crystal domains is accompanied by chain realign-
tals, we defined the following parameters. One is the degrefent and packing, which leads to the second acceleration of
of crystallization, which is defined as the ratio of the numberine development of local intra-chain order in the time range
of bonds that belong to the crystal domain to the number ohetween 1000 and 2000. Thus, in the case of semiflexible
all bonds in the system. Here the crystal domain is defined aghain melts, the induction period for crystallization can be
the group of segments whose bond vectors are within thejearly observed. Another interesting feature is the degree of
distance of 1.5 apart and the orie_ntatior_1 difference bEtweeerystallization. In Fig. 7, the degree of crystallization of
bond vectors is less than 5°. We did not include any group ofemirigid melts reaches 0.75, which means that most of the
less than 20 segments among the crystal domains. Other de-
fined parameters include the intrachain local order parameter

and the interchain local order parameter. They have a defi- 10 |

nition similar to the local order parameter except that they 05 | i

are calculated only for the same chains or different chains, g ’ !

respectively. Using these order parameters, we investigated g i

the order formation process during the initial period of crys- E 0.6

tallization. In Fig. 7, we show the crystallization behavior of § i

semirigid chain melts. The simulation parameters sse 5 0.4 1

=1.0 andT=4.0 (=0.7T,)). In the case of semirigid mol- g

ecules, chains extend very rapidly after cooling, as shown in 0.2

the time evolution of the intrachain local order parameter. 4

The local chain alignment, which is represented by the inter- 0.0 ' ; , ‘ ' ;
chain local order parameter, proceeds on a slightly longer 0 1000 2000 3000 4000 5000 6000 7000

time scale than the extension of single chains. Although the
development of the global order parameter is slower than
that of the two local order parameters, it seems likely that the FIG. 8. Order formation processes of semiflexible chain melts.
local chain alignment and the global crystallization processeSymbols are the same as Fig. 7.

Time
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1.0 melts require heavy computational resources, simulations of
the crystallization behaviors at very small quench tempera-
) 0.8 1 tures remain as future tasks. Simulations with longer poly-
% mer chains would be preferred as well. However, it is very
5 0.6 difficult at present to simulate the slow crystallization pro-
H cesses of the entangled melts of long polymers. Thus, we
o 0.4 1 have neglected the formation of the folding structure and
2 have concentrated on the relationship between the develop-
o 0.2 ment of the internal molecular order and the overall system
order. We consider that the simulations on short polymer
0.0 , : : : : : melts would give us some keys to the elucidation of the order
0 500 1000 1500 2000 2500 3000 3500 formation dynamics of real polymer systems in the early
stage of crystallization.
Time
FIG. 9. Order formation processes of semirigid chain melts at IV. CONCLUSION

T=3. Symbols are the same as Fig. 7.

In summary, we have investigated the crystallization pro-
chains belong to the crystal domains. However, the degree aesses of dense melts of chain molecules, mainly focusing on
crystallization of semiflexible melts was 0.58 in Fig. 8, al- the effect of chain rigidity. We found that the final crystal
though the value of the global order parameters is slightlyorder drops sharply below a certain threshold of chain rigid-
higher than that of the semirigid melts. In the case of semiity. The ordering dynamics during the crystallization are also
rigid melts, chains easily associate with each other and formaffected by chain rigidity. In the case of semirigid chain
crystal regions, but this condition promotes nuclei formation.melts, the change of single chain conformation and the par-
Competition between the nuclei prevents the development ddllel orientation of chains take place almost simultaneously.
global order. It is very difficult to distinguish these processes from the

In the above discussion, we have examined the crystalliebservation of order parameters. However, in the case of
zation processes at the same degree of supercooling. It magmiflexible chain melts, we can observe a long induction
be helpful to consider the crystallization processes at differperiod and two different processes in the development of
ent degrees of supercooling. In Fig. 9, we showed the crydocal order parameters. One of them is the stretching of
tallization processes of semirigid chain melss£€1.0) at a  single chain molecules, which occurs on a short time scale.
lower temperaturel =3.0 (=0.53T,), which is the same The other is the chain association and packing that leads to
temperature as the condition given in Fig. 8. As shown inthe formation of crystal domains, which requires a longer
this figure, the final values of the intrachain local order pa-time scale for melts. The latter process causes the reaccelera-
rameter and the degree of crystallization become slightition of the time evolution of the local intrachain order pa-
larger than those obtained & 0.7T,,,, while the final value rameter for semiflexible chain melts. These results support
of the global order parameter decreases. The simulation réhe consideration that in the crystallization of the molecules
sults at a higher temperature df=5.0 (=0.88T,) also  with large internal degrees of freedom, a preparatory process
confirm these temperature dependencies. Hence, in this rangenecessary within the molecules before the overall ordering
of supercooling, the global orientation order of the crystalprocesses can begin. However, these processes are not al-
increases as the growth temperature becomes higher. Howays clearly detectable even by monitoring the microscopic
ever, apart from the difference in the final values of orderproperties of chains as in the case of the semirigid chain
parameters, the dynamic behaviors of order parameters reaelts. In the case of further flexible chain melts, most of the
main almost the same in this temperature range. Both theegions become amorphous and we cannot observe any dis-
time scale of the local chain orientation and that of the globatinct crystal domains. It is also observed that the final local
alignment slow down equally and we cannot observe anyrder of the crystal increases as the chains become rigid,
distinct changes in the relationship between the developwhile the final global order of crystal takes its maximum
ments of local and global orientation orders. value at a certain rigidity of main chains. Thus, our study

In this study, we have mainly focused on the effect ofindicates how the rigidity of chains affects the ordering dy-
chain rigidity at certain temperature conditions of the samenamics in the early stage of the crystallization processes of
guench degree. Since the simulations of crystallization fronshort polymer melts.
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