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ABSTRACT: We report dynamic Monte Carlo simulations of polymer crystal growth induced by a template
layer in the melt and semidilute solutions. The molecular simulations evidenced intrinsic regime transitions in
the temperature dependence of crystal growth rates, which have been interpreted on the basis of the-Lauritzen
Hoffman model, a specific model among the diverse points of view on the general mechanism of polymer
crystallization in the literature. We found that, corresponding to the regimélItransition, there exists a
morphological transition from single to multiple lamellar crystal growth, implying the style of spherulite formation
changing from a sequential filling to a completed inner filling at low temperatures. Meanwhile, stem-length
distributions in the crystallites also exhibit a shift. Dilution makes more perfect chain-folding upon crystal growth,
in accord with experimental observations. However, we could not observe the predicted smooth crystal growth
front in regime |. In addition, contradictory to the previous expectation, the probability of adjacent chain folding
increases slightly at low temperatures. We proposed a new interpretation of regime transitions on the basis of the
intramolecular-crystal-nucleatiormodel for a better understanding of both experimental and simulation
observations.

I. Introduction surface nucleation rate, and thus influences the next event of
nucleation on the new substrate, as first considered by Hillig
for small molecules and later-on developed into the growth of
lamellar crystals by Fran® Sanchez and DiMarzio derived the
corresponding nucleation rate for the one-dimensional spreading
on the growth front of polymer lamellar crystafsThis analysis
was immediately adopted into the LH theory by Lauritzen and
Hoffman and was termed as regime!1#8 in order to be
distinguished from the high-temperature region named as regime
I. Since the overall width of the growth front can be much larger
than the actually occupied width for each event of subsequent
crystal nucleation, the situation in regime Il is featured as
multiple nucleation on the smooth substrate, in contrast to the

I . . situation in regime | as single nucleation on the smooth substrate.
from the equilibrium melting pointT(,°). Several book chapters ith further d f llizati h
and reviews have well summarized the achievements of our With further decrease of crystallization temperatures, the

current understanding about the temperature dependence Oﬁrt:ove regime analysis of the c_rystal_%r(_)wthl rates sqmetimeks
polymer crystal growth rates? which constitute a solid S OW‘?d a new ftengraturlez region r\:wlt Its soplEe t“Jn'rl‘EgobaC
background of our present study. to regime l, as found in po yoxymethylene (POMand P »
. o . - Being regarded as an extension of regime Il, the new region at
At high crystallization temperatures with minimal supercool- ; . .
. . . low temperatures was given the name of regime Ill by Phillips
ings, polymer crystal growth is usually dominated by the ' .
) . and then was adopted into the LH theory by Hoffndam this
secondary nucleation on a smooth crystal growth ffoFfhis

; ) 4 . case, due to the higher frequency of surface nucleation at the
idea was inherited from the classical crystal growth models for )

. lower temperatures, the widths of smooth substrates turn out to
small molecules by the well-known Lauritzefoffman (LH

10 p b . be close to the thickness of single stems; therefore, the influence
or HL) model!® which is only one specific model among the X . .
. D . of lateral spreading becomes negligible, and the advancing of
diverse models on polymer crystallization in the literat(r®.

In the microscopic details, the LH model assumes that the the crystal growth front IS domlnated_ again by the rate of
A . .. secondary crystal nucleation. The situation is featured as
secondary crystal nucleation is initiated by placing the first : : . :
. .+ multiple nucleation on the multilayer substrate, in other words,
crystalline stem on a smooth crystal growth front, followed with the kinetic roughening on the crvstal arowth front
lateral spreading via regular chain folditlg13 Therefore, under 9 9 ystal g '

small supercoolings, the advancing speed of the crystal growth According to the above regime analysis, the measured linear
front is controlled by the rate for generating one surface nucleus 9"oWth rates of polymer lamellar crystals can be described by
on a smooth crystal growth front. the rate equation of classical nucleation theory in three separate

With the decrease of crystallization temperatures, the lateral regimes of crystallization temperatures (denoted from high to

spreading rate becomes relatively slow in comparison with the low as I, 1I, and Ill), as given by

Polymer crystallization is one of the fundamentally important
phase transitions in polymer materials. It determines the structure
and then the application properties of more than two-third of
synthetic polymeric products in the present world. Flexible
polymers show a strong habit of chain folding that forms
lamellar crystallites upon crystallization, as found dating back
to 50 years ago in the observations of polyethylene (PE) single
crystalst—3

In experiments, the kinetics of lamellar crystal growth are
usually reflected by the radial growth rates of polymer spheru-
lites, which show a strong dependence on the supercodify (
the overshooting of the crystallization temperatufg dway

G = G, exp[-U/RI(T — T,)] exp[-K/T/AT] (1)
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whereGy is a prefactor of crystal growth ratdd,the activation substantial breaks into the temperature dependence of crystal
energy for a short-range diffusion across interfaéethe gas growth rates. Therefore, the intrinsic regime transitions for the
constant, T, the Vogel temperature, andy the so-called folded-chain crystal growth of flexible polymers call for more
nucleation constant subject to the change among three regimegeneral evidence.
with the following ratios: Kq(I):Kg(I): Kg(I1l) = 2:1:2. Dynamic Monte Carlo (MC) simulations on the basis of a
Up to now, the regime analysis has been widely applied in simple lattice polymer mod®l are capable to provide general
the study of crystallization kinetics of polymers. Those ratios evidence to the intrinsic crystal-growth behaviors of polymers.
for all three regimes can be observed in proper molar-massFor example, simulations of lattice polymers have recently

fractions of several bulk polymers, such as #Hsotactic reproduced the phenomenon of molecular segregation on crystal
polypropylene (iPP¥# poly(ethylene oxide) (PECY, poly(p- growth* The simple lattice model of polymers offers not only
phenylene sulfide) (PP$jcis-polyisoprenedis-P1),2” and poly- a general implication but also a cheap solution to the simulations.

(3,3-dimethylthietane) (PDMT% There are even much more The approach of simple lattice polymers thus contains a much
experimental observations on single regime transitions. Here, wider time window than those approaches bearing chemical
we will attempt to make a brief summary on the main properties details. For instance, molecular dynamics simulations of poly-
of regime transitions. ethylene are accessible to the fast crystallization process in the
1. Morphological Transitions. For bulk PE, regime +lI time window of nanosecond§; > while dynamic MC simula-

transition has been supposed to be associated with the morphotions of lattice polymers may allow us to measure the linear
logical transition from axialites to nonbanded spherulites, and growth rates of polymer crystals in an extensive temperature
in regime 11l finely banded spherulites are expected, while high- 'ange possibly covering over regime transitions.

molecular-weight samples show only irregular spherufies. In this report, we launch dynamic MC simulations to observe
Finely structured spherulites were also found in regime Il of crystal growth induced by a template layer in both melt and
poly(L-lactic acid) (PLLAYC but also in regime Ill of POM? semidilute solutions. The simulations will reproduce the regime-
PEO2Z and poly(pivalolactone) (PPVI3LFor single PE crystals  transition phenomena in the sample systems with proper polymer
grown from the melt, Toda suggested that regim# transition concentrations. We further make some structural analysis, such
corresponds to the morphological transition from the sym- as stem-length distributions, probabilities of adjacent chain
metrical lenticular crystal to the truncated lozedgelowever, folding, and crystallinities and coil sizes to those polymers

the lenticular crystals could not be observed in the correspondingparticipating in the crystalline phase, in association with the

regime transition in PE solutiorf3.Since the morphological ~ regime transitions. We then put forward a new theoretical

transition and the regime transition may have different criteria, interpretation to the observed regime transitions on the basis of

they are not necessary to occur exactly at the same temperathe intramolecular-crystal-nucleation model.

tures34 Nevertheless, it is safe to say that, from high to low  The paper is organized as follows. After the introduction,

temperatures, regime transitions join together with the tendencywe describe the details of simulation approaches. Then, the

toward a denser branching of the ribbonlike lamellar crystals simulation results in the melt phase are presented, followed with

to form finely structured spherulités. those results in the solutions. We also make statistical evalua-
2. Concentration Effect.In dilute PE solutions with various  tions to chain conformation in the semicrystalline texture. After

kinds of solvent, only regime-l transition has been ob-  that, we propose a new interpretation of regime transitions. The

served®®35Regime 11l transition occurs in the concentrated ~ paper ends up with some concluding remarks.

and bulk PE3 The occurrence of regime Il seems to be . ) .

associated with the relatively slow reptation of polymer chains !l- Simulation Techniques

in the bulk phasé? We put 3840 chains, each chain consecutively occupying 128
3. Molecular Weight (MW) Effect. This property has been lattice sites, in a rectangular box of cubic lattice with the sizes
widely studied, for example, in the bulk P&23 Very short XYZ = 128 x 64 x 64. The occupation density is 0.9375 to
chains exhibit integer chain folding at small supercooliffgs? mimic a bulk polymer phase, and the small amount of single
With the increase of MW, the supercoolings for regimdll vacancy sites can be regarded as the free volume necessary for
transition are not sensitive to the middle range of MW. the mobility of polymers. This chain length is large enough to
Ultrahigh MW PE shows only regime Il behaviors (also called make heavily multiple chain-folding in the lamellar crystal
regime 111-A19).3% Similarly, with the increase of cross-link  growth (see the results below), and contains some aspects of
densities, the gel PE stays only in regime Ill, until to a high chain entanglement in the bulk ph&8eFor the polymer

enough density at which regimedIll transition restored® The solutions with preset concentrations, the total amount of chains
reptation model has been introduced into the discussion aboutwas reduced by removing some polymer chains randomly
the MW dependence of regime behavit4? chosen from the melt phase, and those vacancy sites were

Although there are so many successful applications of the presumably occupied by the phantom athermal solvent. In the
regime analysis, the suspicions have never been completelylattice, polymer chains were performing microrelaxation like
eliminated. In eq 1, there are as many as four parametirs ( this: the randomly chosen monomer jumps into a randomly
To, Kg, and T%) required to be specified in a certain range of chosen void neighbor, sometimes with partial sliding diffusion
appropriate values according to their physical backgrounds. along the chait? under periodic boundary conditions; mean-
Variations in the selection of values faf, T.. and T,° may while, both double occupations and bond crossings are not
give rise to different results dfy when they are fitted for the ~ allowed with regard to the hard-core volume exclusions between
experimental data. The width of a smooth substrate for regime polymers.
| is also difficult to be precisely specifidd; 4> which has raised The melt state was prepared by performing athermal relax-
argument®47 and even the doubt for the existence of regime ation of preset ordered chains for>1BIC cycles (each MC
1.8 In addition, some other factors, such as the molecular cycle has the number of trial moves equal to the total amount
fractionation?® the integer-folding of short-chain polymei%s! of monomers in the sample system, for instance >4 19 trial
and the sequence irregularities along the ch#drsjng also moves in the bulk phase), while the first eight chains exhibiting
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Figure 2. Theoretical phase diagrams of polymer solutions with an
athermal solvent anéy,/E. = 1 for lattice polymers with the chain
lengths 128, calculated from the developed mean-field lattice theory
for polymer solution$§?
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Figure 1. Snapshots of (a) the initial state for crystal growth and (b) Figure 3. Linear growth rates measured at variable temperatures from
the crystal growth state at the temperatures 4.50 after the period of 4.3ty melt phase, demonstrating two regimes of temperature dependences.
x 10" MC cycles for the melt samples containing a template of folded The curves are drawn to guide the eyes and the arrow indicates the
chains with folding lengths 16 & = 128. In part a, all the polymer  yansition temperature at 4.45.
bonds are drawn in tiny cylinders, and in part b, only the bonds

containing more than 15 parallel neighbors (presumably meaning the . . .
crystalline bonds) are drawn in tiny cylinders. thus shifts the melting point up to some extent. We quenched

the initial melt to variable low temperatures by setting the values
uniform fold lengths at 16 and 7 times folding were fixed at Of KT/Ec (simply denoted a3 below), and observed the crystal
the positionX = 128 for a template layer to induce crystal 9growth induced by the template layer. A snapshot for lamellar
growth. The snapshot of the melt phase is shown in Figure 1a.crystal growth initiated from both sides of the template layer
Crystal growth will be induced from both sides of the template in the melt phase is shown in Figure 1b. The crystal thickness
layer and develops along the long X-axis, as shown in Figure iS close to that of the template layer, demonstrating heavily
1b. multiple chain-folding in the crystal (about seven-times chain-

In our simulations, the crystallization was mainly driven by folding for the chain length 128 and the effect of integer folding

the parallel attractions between polymer bonds (denoted asbecomes negllglble)._ )
E,).5360 We also charged the potential energy penalty for ~\We measured the linear crystal growth rates under variable

noncollinear connection of consecutive bonds along the chain temperatures. To this end, we averaged over those slopes on
(denoted a&,) and the frictional barrier for crystal thickening the time evolution of the crystal growth front separately obtained
via c-slip diffusion of the chains in the crystalline phase (denoted at 16 equally spaced Y positions (eight positions on each side
as E).5! The mixing interactions between the monomer sites Of the template, see the inset in Figure 3), provided that the
and the solvent sites were set as zero for polymer solutions@dvancing of the crystal growth front exhibits a linear relation-
containing with an athermal solvent. Conventional Metropolis Ship with the time evolution. The crystal growth front on the
Samp“ng was employed in each tna' move with a potent|a| X-axis was I:egistered by the |argeSt distance of ConseCUtive|y
energy barrielE = (pE, + cE; + SfiEq)/kT = (pEy/Ec + ¢ + four crystalllne bond_s away from the template, _where each
SfE)EJ/KT, where p, ¢, and =f, were the net amount of crystallme bond c_ontalngad more than 15 parallel nelghl.:)ors.along
nonparallel pairs of neighboring bonds, the net amount of the Z-axis. The time windows for the program running in a
noncollinear connections of consecutive bonds along the chain,single PC machine (CPU 2.4 GHz) were set from several hours
and the sum of parallel neighbors along the path of local sliding t0 several weeks.

diffusion, respectively, an# was the Boltzmann constant. In Crystallization from the semidilute solutions manifests itself
practice Ey/Ec was fixed at one to drive the crystallization and as a condensation process. Therefore, crystal growth will
meanwhile to keep the chain flexible at crystallization temper- decrease polymer concentration in the amorphous phase of
atures; andg;/E; was fixed at 0.02 to prohibit a large extent of  solutions and thus changes the thermodynamic condition for
crystal thickening right behind the crystal growth front and thus further crystal growth. In reality, however, a large reservoir of
to secure the heavily multiple chain-folding in the crystl. solutions with an almost constant polymer concentration is
may provide an additional stability to the crystalline phase and usually present for the growth of single crystals. To mimic such

>
)
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a situation of reality, we inserted polymer chains away from 24
the crystal growth front to maintain the preset concentration in

the amorphous phase of solutions during crystal growth. To this 261 Kg(lll)=-13.94

end, we recorded the positions of polymer chains that contain 28]

at least one monomer located at the sectional Xrea64 in o

the initial melt. During crystal growth, one chain will be 09, 3.0 Kg(ll)=-6.99
randomly selected from these recorded chains and be inserted S - ’

into its initial position as soon as the polymer concentration in -3.24 TiI-11=4.45
the amorphous phase becomes lower than the preset value due

to crystal growth. Such an insertion process can maintain well 34
the preset concentration in the amorphous phase of semidilute 36 . . . . _ . .
solutions and hence preserves an almost constant thermodynamic 0.14 0.16 0.18 020 022 024 026 0.28
condition for crystal growth. @ 1/T/AT with Tm0=5~70
The crystallizability of polymers in an athermal solvent brings
a metastable liquidliquid-phase separation beneath the equi- 4
librium melting pointé263 The latter may influence the crystal
growth at low temperatures. We, therefore, calculated both
liquid—liquid binodal and liquid-solid coexistence curves on
the basis of the recently developed mean-field lattice tH8ory g 31
for the above polymer solutions. The results are shown in Figure < .
2. One can see that the metastable ligtiguid demixing occurs g . "
in the region much lower than the temperature window of our S P . ',_'____
observations reported below, and thus it will not influence the e, ey
studied crystal growth at low temperatures. "taaaumnnst
In the following, we report first the simulation results obtained
from the .bulk phase, followed with the results obtained frpm 15.0 55 60 65 70 75 8o
the solutions, and then we make some structural analysis of 0
chain conformation in the semicrystalline texture. After that, ® Tm
we provide a new interpretation to our observations of regime Figure 4. (a) Logarithmic linear growth rates vs T)/AT with T,> =
transitions. 5.70, showing two distinct regimes with the ratio of their slopes close
to two for crystal growth from the melt. The straight lines result from
I1l. Simulation Results and Discussion linear regression. The arrow indicates the transition temperature at 4.45.

. (b) Ratios of the nucleation constants between two regimes showing
A. Crystal Growth from the Melt. Under variable temper- the values around two in a wide range of melting points. The nucleation

atures, the linear growth rates of polymer lamellar crystals in constants were obtained from the linear regression of the growth rate
the melt are summarized in Figure 3. Two temperature regimesdata in each regime with the correlation coefficient higher than 0.99.

of crystal growth rates with the transition temperaturd at The dashed line indicates the values of two.
4.45 can be recognized. The lower temperature regime shows
a relatively strong temperature dependence of crystal growth Visual inspections on the snapshots of crystallites obtained
rates, implying the existence of regime III. at various temperatures show that with the decrease of temper-
We emp|0yed the regime ana|ysis by app|y|ng eq 1 to atures a mOfphOlOgical transition from single lamellar gl’OWth
calculate the ratio of nucleation constants between two regimesto multilamellar growth occurs exactly af = 4.45, as
observed in Figure 3. Since the simulations contained no demonstrated in Figure 5a,b in comparison with Figure 1b. One
significant activation energy for polymer diffusion in the melt, can see from Figure 5a that new lamellar crystals are not initiated
only the melting poinfl,° required for specification. We found by the template layer at the beginning of crystal growth; rather,
that if the melting point is deliberately chosen at 5.70, an itis produced by the intrinsic growth instability during crystal
excellent agreement with the regime-ll transition can be ~ growth. At this temperature or even higher, the baby lamella
observed, as demonstrated in Figure 4a. Furthermore, under thé2gs behind the parent lamella, characterized in a large-scale
conditions that the correlation coefficients of linear regression morphology as the lamellar branching (meaning side branching).
in each regime are higher than 0.99, all the possible melting Below this temperature, the baby lamella grows together with
points give the ratios of nucleation constants near the value of the parent lamella and shares the same positions of the growth
two, as shown in Figure 4b. Note that the above melting points fronts, as shown in Figure 5b, characterized in a large-scale
are all slightly higher than the theoretical melting point (5.20) Morphology as the lamellar splaying (meaning top branching).
calculated in Figure 2, probably due to the introductiorEpf ~ We also provide the corresponding movies of these crystal
energy in our simulations. Since traditionally, the supercooling 9rowth as Supporting Information in the journal website.
itself can be further calibrated due to the weak temperature Branching and splaying make two different filling styles of
dependence of both entropy and heat of fu$ititjn addition, spherulite formation at low temperatures, i.e., sequential filling
the weak temperature dependences of other factors in eq 1 ar@nd completed inner filling, respectively With a sequential
usually neglected, the practical ratios of nucleation constantsfilling, the dominant lamellae make first the frame of spherulite
are allowed to deviate slightly away from the precise value of and then its inner space is filled by the subsidiary lamellae
two. Therefore, the results in Figure 4b tell us that in a certain branching from the dominant lamellae either at lower temper-
range of melting points a precise selection of the value may atures or at later periods of crystallization. In contrast, with a
not be a vital factor to observe regime-lll transition. The completed inner filling, the high splaying rate of crystal growth
above observations thus evidence the generality of intrinsic makes the spherulite immediately filled with lamellae at the
regime I-IIl transition for folded-chain crystal growth of  crystal growth front. Such a continuous growth in the latter
polymers. case may endow the spherulite with a banded structure under
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Figure 6. (a) Stem-length distributions and (b) mean stem lengths in
| the crystallites grown from the melt under variable temperatures. The
stem length was defined as the number of consecutively connected
‘ crystalline bonds along the chain, each crystalline bond containing more
than 15 parallel neighbors. In part a, the curves are drawn with equally
spaced vertical offsets for clarity. In part b, the straight lines are drawn
to guide the eyes.

(b)

Figure 5. Snapshots of the crystal growth states at the temperaturestranSition' the phenomenon never observed before in the
() 4.45 and (b) 4.40 after the periods of &43L0* and 3.8x 10* MC experiments probably due to their limited resolution of observa-

cycles respectively for the melt samples containing a template of folded tions on the molecular-level details. Near the high-temperature
chains with folding lengths 16 & = 128. Only the bonds containing  end, the mean stem lengths become saturated, probably due to
more than 15 parallel neighbors are drawn in tiny cylinders. the crystalline phase containing too high frictional barrier for
sliding diffusion withE; energy and even beyond the efficiency
polarized optical microscoplf:®’ Phillips and Vatansever have,  of metropolis sampling. It is not surprise to see that before
indeed, observed that regime Il is prone to exhibit abundant satyration the mean stem lengths exhibit a nearly linear
lamellar branching on the crystal growth o&-Pl, while the dependence on the reciprocal of supercooling with the equilib-
branches become probably invisible in regime IIl with dense rium melting point selected at 5.70. Such a linear relationship
splaying upon lamellar growtH. Cheng et al. even observed  with the correlation coefficient higher than 0.99 can be found
that around regime HlIl transition, the spherulite of iPP in a wide range ofl;,Y from 5.3 to 7.4, evidencing the similar
gradually changes its optical sign from negative to positive under experimental observations on the temperature dependence of
polarized optical microscopi.Such positive spherulites of iPP crystal thicknes4s
correspond to the dominant cross-hatched epitaxial branching The measured crystal thickness is obtained at the later stage
for a complete filling of spherulites at low temperatuté€heng  of crystal growth after many complicated processes such as
et al. also observed the Maltese cross pattern occurring in regimeinstant thickening at the crystal growth frdfitisothermal
Il of PEO, implying well organized lamellar stacking due to  thickening inside the crystal, and crystal perfection. Therefore,
splaying growth of lamellar crystals along the radius directions the topics like the evolutions of crystal thickness and surface
of the spherulite$> Therefore, the simulation observations allow  free energies from the critical nuclei to the mature crystallites
us to assign the morphological aspects of lamellar growth in require for further elaborate studies. These topics, although very
separate regimes to the different filling styles of spherulites in interesting, have been beyond the scope of our present study.
the trend toward finely structured spherulites at lower temper-  |n regime Ill, multiple lamellae are generated as shown in
atures. Figure 5b. One polymer chain may participate both lamellae
Crystal thickness is another morphological character being upon their parallel growth. To check the probability of such
often studied in experiments. The crystal thickness is character-cases, we calculated the vertical outreach of those crystalline
ized by the stem lengths in the crystallites. We further checked bonds in each chain, i.e., the difference between the highest
the stem-length distributions and their mean values in the and the lowesZ-positions of those bonds containing 15 parallel
crystallites obtained from the melt under variable temperatures. neighbors in each polymer. The results for the distribution of
The results are reported in Figure 6a,b. One can see a smalpolymers are reported in Figure 7. One can see that the
break in the decaying crystal thickness at regimelill probabilities for single polymers joining two lamellae (vertical
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lines result from linear regression. The arrow indicates the transition

temperature at 3.65. (b) Ratios of the nucleation constants between
Figure 8. Linear growth rates measured under variable temperatures two regimes showing the values around two in a wide range of melting
for polymer solutions with three denoted polymer volume fractions. points. The nucleation constants were obtained from the linear
The arrows indicate the transition temperatures (in unitsfi) from regression of the growth rate data in each regime with the correlation
single-lamellar to multiple-lamellar growth. coefficient higher than 0.99. The dashed line indicates the values of
two.

outreach>20) rise in regime lll, but not approach the same
heights as those peaks standing for single lamella. This is
because in the initial melt the mean-square radius of gyration
of polymers (128-mers) are measured at about 30, showing the
vertical outreach of an average coil at about 11, comparable
with the crystal thickness of single lamella but much less than
the vertical outreach for double lamellae. Anyway, the parallel
growth of two lamellae within a distance comparable with the
coil sizes makes not only the tie molecules between them but
also the interlocks of their loops (also called as dead entangle-
ments), which will restrict the feeding of polymer chains for
lateral spreading at the growth front and thus gives rise to regime

lll behaviors. ) ) . We found again that the observations of regimé transition
B. Crystal Growth from Solutions. Crystal growthinregime  gre not sensitive to the selection of the melting point in a certain
| was extremely slow in the melt phase. This behavior prevented range of temperatures, as demonstrated in Figure 9b. Note that
us from observing regime-ll transition in the melt due to the  thjs range is still higher than the theoretical prediction of the
limited time window of our simulations. We therefore made equilibrium melting point (4.05) calculated in Figure 2, and this
dilution to the bulk phase and reduced the total amount of gifference can be attributed E energy in the crystalline phase.
polymer chains to enhance the computation efficiency in each The apove observations thus evidence the generality of intrinsic
MC cycle. The linear growth rates of polymer crystals in the regime Il transition for folded-chain crystal growth of
solutions with several polymer concentrations are summarized polymers.
in Figure 8. The arrows in the figure indicate the transitions ~ aAround regime +I1 transition shown in Figure 9a, the stem-
from single-lamellar to multiple-lamellar growth. In the lowest |ength distributions in the crystallites shift down continuously
concentration (polymer volume fraction 0.125), only single- ith the decrease of temperatures, as shown in Figure 10. It is
lamellar growth can be observed, implying no regime Il in this  again no surprise to see the linear dependence of mean stem
semidilute solution. lengths on the reciprocal supercoolings with the melting point
We employed first the regime analysis to the polymer solution selected at 5.10. We found that all the melting points selected
with the lowest concentration 0.125. As demonstrated in Figure in a wide range from 4.50 to 6.50 give the correlation
9a, the results show two temperature regimes if we select thecoefficients of linear regression higher than 0.99, evidencing

melting point at 5.10. The ratio of the nucleation constants of
two regimes demonstrates a good regimd! ltransition. The
data points near the low-temperature end deviate from regime
II, but appear to be not the same as for regime Il according to
their growth morphologies of single lamella and the nucleation
constant. We attribute such a deviation from regime Il at low
temperatures as the influence of polymer diffusion in semidilute
solutions to crystal growth, where the inserted chains may
directly diffuse toward the fast advancing crystal growth front
without making a homogeneous distribution in the amorphous
phase of the solution. Below the lower end of temperatures,
the constant linear growth rates became unavailable.
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0.30 equilibrium melting point was selected at 5.40, which gave equal
slopes in regime | and regime Il but almost half in regime I,
2 0251 evidencing again the generality of intrinsic regime transitions
g 0201 for folded-chain crystal growth of polymers.
“g C. Chain Conformation in the Semicrystalline Texture.
£ 015 The adjacent-chain-folding model for polymer crystallization
g o101 \ has been challenged by the switchboard mdé#dlhe latter
& 3.85 considered that at low temperatures fast crystal growth in the
0.054 ?_gg-' bulk phase of interpenetrated random coils might not have
Reg. Il enough time to make regular chain folding in the lamellar
0.00 . . 7 3.20 crystal’®7* However, if all the stems are connected to random
0 8 12 16 20 A ; . )
coils without enough amount of immediate folding-back, there
(a) Stem length . . . .
exists a serious overcrowding problem for those coils on the
basal surfaces of polymer lamellar cryst@$iC simulations
100 based on the random-walking model have suggested the least
9.5 . amount of adjacent chain folding to avoid the overcrowding
9.0 problem’6-78 Such a lower limit has been supposed to be
£ o] Pa " reached in regime Ill, where the surface overcrowding gives
&5 Regime Il .} Regime | rise to PE stems significantly tilted in the crystallifés.
£ 801 . Therefore, the probability of adjacent chain folding in each
% 75 . regime is an interesting issue worth for an immediate addressing
é 701 .t in the present study.
651 . ) We defined the adjacent chain folding as the short loops
- (containing less than five monomers) connecting two different
6.0 30 32 34 36 38 20 stems within the distance of next neighbors in the lamellar

(b)

Temperature /E/k

crystallites. Its probability was further defined as the ratio of
the total amount of adjacent chain folding to the total amount

Figure 10. (a) Stem-length distributions and (b) mean stem lengths ¢ -y siajline stems. The results for several sample systems are
in the crystallites grown from the solution with polymer volume fraction

0.125 under variable temperatures. The stem length was defined as theUmmarized in Figure 13. One can see that dilution makes a
number of consecutively connected crystalline bonds along the chain, larger probability of adjacent chain folding. This observation
each crystalline bond containing more than 15 parallel neighbors. In is consistent with our common sense that perfect single crystals
part a, the curves are drawn with equally spaced vertical offsets for gre grown more easily from dilute solutions than from the
clarity. In part b, the dashed line indicates a regimél transition. melt?5 However, the probability of adjacent chain folding
again the experimental observations about the temperaturelncreases slightly with the decrease of temperatures and insensi-
dependence of crystal thickness. tlve.to the regime transmqns. The high probablhty of chgm
We made visual inspections on the snapshots of crystallitesf°|d'n9 at low temperatures is quite contradictory to the previous
obtained after crystal growth in the solutions. As shown in ©Xpectation for crystal growth at low temperatuéslbeit close
Figures 11a-d, deep coves can be easily observed at the crystal 10 the high value proposed by Guttman efdlo interpret the
growth fronts in regime II; while in regime | the growth fronts ~neutron scattering datd.We think that at the crystal growth
become gently smooth with their horizontals indicating the front, the surface crystal nucleation may generate the adjacent
crystalline registration for a facet of single crystals, although ¢hain folding with a probability increasing slightly with the
they are not so smooth as in a single crystalline layer. The increase of temperatures_; during |r_15tant_cryst_al thlcker_n_ng at
roughness of the crystal growth front cannot be mapped with the growth_front, more ad]acgnt chain folding will pe s_acnflced
microfacets, which has been proposed to explain the round 200t0 make thicker crystals at higher temperatures, like in the case
facet of PE single crystals grown in regimé’f’ Therefore, of decr_eas_lng |nteger number of chain folding fo_r sho_rt-chaln
the theoretical idea for single or multiple nucleation on a wide Crystallization at high temperatures. Such a thickening may
smooth crystal growth front is apparently not applicable in the "€Verse the temperature depe_ndence of th_e_ foldlng_ probablllt!es
present observations. and_thus explfauns the slightly higher probability of adjacent chain
The deep coves at the crystal growth front may easily generatefolding resulting at lower temperatures.
spiral dislocations upon lamellar crystal growth, especially when  We also checked the crystallinity of those polymer chains
the stems are tilted in the single crystals with curvatures like joining crystal growth, which was defined as the fraction of
tent- or chair-shapes, which have, indeed, been observed forcrystalline bonds (presumably containing more than 15 parallel
crystal growth in regime 112 Such a growth instability in width neighbors) in those polymers participating in the crystalline
is another conventional source of lamellar branching and phase. The results for several sample systems are summarized
splaying for spherulite formation at low temperatures, and be in Figure 14. One can see that dilution makes a higher
worthy of further studies in comparison with the growth crystallinity of polymer chains participating in the crystallites,
instability in height as observed in Figure 5a,b. again in agreement with our common sense for the crystal
The solution with the polymer volume fraction of 0.5 exhibits growth from dilute solutions. The observed crystallinities appear
only a regime I+l transition atT = 3.50, where again, the insensitive to the regime transitions and decrease with the
multiple lamellar crystal growth starts to happen. If we selected decrease of temperatures. The latter part of this result implies
the middle concentration at 0.25 between 0.5 and 0.125, bothmore amorphous fractions of polymers on the fold-end surface
regime Il and regime Il transitions can be observed, as of lamellar crystals at lower temperatures. Therefore, for the
demonstrated in Figure 12. Regime-lll transition occurs melt crystallization at low temperatures, the richness of the
exactly atT = 3.20 where multiple lamellae start to occur. The noncrystalline parts of chains rather than the lack of adjacent



2056 Hu and Cai

T=3.55

Macromolecules, Vol. 41, No. 6, 2008

T=3.75

(a) (c)

T=3.65 T=3.85

(b) @
Figure 11. Snapshots of the crystal growth states at the temperatures (a) 3.55 in regime I, (b) 3.65 at rdgimamsition, (c) 3.75 in regime
I, and (d) 3.85 in regime | after the periods of 3.9110°, 5.24 x 1(P, 1.04x 1(f, and 1.60x 1(°F MC cycles respectively for the solution samples
(the volume fraction 0.125) containing a template of folded chains with folding lengths X6=a128. The cubic box has a linear size 128, and
the periodic boundary conditions occur at both= Z = 64 andX = 128. Only the bonds containing more than 15 parallel neighbors are drawn
in tiny cylinders. All the figures are viewed along tReaxis from the top of single lamella.
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Figure 12. Logarithmic linear growth rates vs [M/AT with T,.0 = Figure 13. Probabilities of adjacent chain folding in the crystallites
5.40, showing three distinct regimes with the ratios of their slopes close obtained from several polymer systems with denoted volume fractions
to two in the solution with polymer volume fraction 0.25. The straight under variable temperatures. For the definition of adjacent chain folding,
lines result from linear regression. The arrows indicate the transition see the text. Dashed short lines indicate the temperatures of regime
temperatures at 3.20 and 3.90, respectively. transitions.

chain folding will be responsible for the experimentally observed in Figure 15. One can see that dilution effectively decreases
surface overcrowding that leads to the tilting of PE stems in the coil sizes of semicrystalline polymers participating in the
the crystallites. crystallites, implying more perfect chain folding in those
The mean square radius of gyration of polymer chains can solution-grown crystals. This observation is in consistence with
be measured by the neutron scattering experiments, which reflecthe higher probability of adjacent chain folding and the higher
the deviation of coil sizes from the initial melt state. Cor- crystallinity of those polymer chains participating in the
respondingly, we calculated the average sizes of those polymer<rystallites upon dilution, as revealed in Figures 13 and 14. In
participating in the crystallites, and the results are summarized solutions with the concentrations 0.125 and 0.25, the coil sizes
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Figure 14. Crystallinities of those polymer chains participating in the
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crystal thickness!12 although later on, the idea was further
patched with the assumption of a partial deposition in the first
stem!317Point argued that the chain folding could happen even
before the first stem has approached to the length of crystal
thicknes<$485 Frank and Tosi suggested the consideration of
instant thickening at the crystal growth frdi§tThe thickening
growth of PE extended-chain crystals under a high pressure has
already been observed by Wunderlich and his collabor&tdfs.
Hikosaka developed the LH model to consider both lateral
spreading and thickening via sliding diffusion in two-dimen-
sional crystal growth at the growth froft8°Keller et. al further
introduced the concept of mesophase at the wedge-shaped
growth top of PE crystals under the consideration of the finite-
size stability?® This idea was recently expanded into a general

crystallites obtained from several polymer systems with denoted volume Scheme by Strobl to explain the experimental data obtained in
fractions under variable temperatures. For the definition of the his group?-92 An apparent instant thickening at the crystal

crystallinity, see the text. Dashed short lines indicate the temperaturesgrowth front is quite plausible, although the sliding diffusion

of regime transitions.
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Figure 15. Mean square radius of gyration of those polymer chains Pundle model initiated by Allegrét who proposed that the
participating in the crystallites obtained from several polymer systems crystal growth of polymers was preformed by the bundles of
with denoted volume fractions under variable temperatures. Dashed prefolded crystalline clusters. The most recently updated model

short lines indicate the temperatures of regime transitions.

may become very difficult inside the crystalline phase where
the defects have been mostly removed. The snapshots shown
in Figure 1b and Figure 5a,b clearly demonstrate the thickening
process at the crystal growth front. Such an important process
has, however, been missed in the LH model.

There are also existing converted points of view against the
above consensus adopted by the LH model, among which the
most representative model is the Sael&ilmer model3-9 or
the so-called entropy-barrier model in order to be distinguished
from the enthalpy-barrier model, for the LH model considers
the nucleation barrier dominated by the surface free entHafpy.
The entropy-barrier approach proposed that the crystal growth
is hindered by the pinning of ill-folded conformation at the
crystal growth front. Another representative approach is the

of this approach is the anisotropic aggregation model proposed

appear insensitive to the temperatures and regime transitionspy zhang and Muthukumd¥.For spherulite formation, phase-

In the melt and the solution with the concentration 05, the coil field simulations can reproduce various Symmetric and asym_
sizes of semicrystalline polymers decrease down to the initial metric dendrites under the interplay of long-distance diffusion
coil sizes (about 30) with the decrease of temperatures, and crystal growtl§® These approaches, although possibly
especially in regime IIl of the bulk phase. This is because at orked well in the large-scale morphology of polymer crystal
high temperatures the stem lengths are larger than the initialgrowth, disregarded the role of chain connection and the
coil sizes, and polymers become slightly stretched in the pycleation-controlled mechanism in the kinetics of polymer
crystalline phase. With the decrease of temperatures, polymercrysta| growth. Therefore, they made no sense to the regime
coils have less and less time for a large-scale reorganization t0gnalysis that rested on the nucleation-controlled process (see

adapt themselves into_ the fast advancing growth front at low eq 1) with chain folding. We have to leave them alone in the
temperatures, along with the decrease of average stem lengthsyrther discussions about regime transitions.
The extreme situation has been discussed under the cold

crystallization by Wunderlich and the Erstarrungsmodell
(solidification model) by Fische which provides a reasonable
background for the proposition of the switchboard mddét.
The behavior naturally yields a lower crystallinity for melt
crystallization at lower temperatures as revealed in Figure 14,
but that does not mean a smaller probability of adjacent chain

folding as revealed in Figure 13.
IV. Theoretical Interpretation

A. Consensus on Polymer Crystallization.As has been

In the LH model, the assumption for a large-scale smooth
crystal growth front is also arguablé&.*® Neutron scattering
experiments on the almost perfect single crystals grown from
dilute solutions revealed the general existence of superfolding
for polymers performing adjacent chain folding over several
crystal growth layer§? This result implies that, right after the
surface nucleation, lateral spreading may not be able to develop
over the scope of single polymer. It was supposed that the
impingement of surface nuclei generated long cilia, and the latter
would start another event of surface nucleation on the next layer

introduced at the beginning of this paper, the regime analysisto form superfolding®°° Such a cilium nucleation has been
rests on the general agreement that the lamellar crystal growthdiscussed by Sanchez and DiMaf2fdfor a dominant path of

is dominated by the secondary crystal nucleation on a smoothcrystal growth and by Toda et.8lfor the regime Il crystal
crystal growth front, in company with the subsequent lateral growth of long chains. Our simulations indeed demonstrate a
spreading?-17:21.22835ch a consensus has been well adopted rough surface for the crystal growth in regime I, as shown in

in the LH model.

Figure 11c,d. Therefore, for the surface nucleation on a smooth

In the LH model, the process of surface nucleation was substrate, the width of the smooth substrate may never be
assumed as putting the first stem with its length equal to the requested beyond the scope of single polymers.
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The intramolecular crystal nucleation as the dominant mode The free energy expression also predicts an equilibrium
of surface nucleation can fit well into the above consensus. We melting point of two-dimensional single-chain single crystal
proposed here a new interpretation of regime transitions on the (T,2P) for a specified chain length. In reverse, at each crystal-
basis of the intramolecular-crystal-nucleation model. A pre- lization temperature, there exists a critical chain lenif ith
liminary version of this idea has been presented recently at theits T,2® equal to the crystallization temperature, as given by
234th ACS National Meeting held in Boston, MA!

B. Chain Folding via Intramolecular Crystal Nucleation. N, = (S/f)2 4)
People are always curious to ask the question why so much
adjacent chain folding can be generated to form the lamellar For a polydisperse polymer sample, those chains with their
crystallites in the crystallization of flexible polymers. In |engths smaller thaN. will not be able to participate into crystal
principle, the fully extended chains earn the greatest enthalpy growth due to theiif;42° lower than the crystallization temper-
of the crystalline phase to stabilize the bulk phase at low ature, and thus exhibit molecular segregation, as evidenced
temperatures. Considering the cold crystallization, the switch- recently by molecular simulatior¥$.0n the other handT 22
board model, and the solidification model, chain foldlng is the is much lower thaﬁ'mo_ This feature exp|ains Why the initiation
most economic path toward a metastable crystalline phaseof polymer crystallization with chain folding always requires
without a large-scale reorganization from the initial melt. for a large supercooling. After each event of surface crystal
However, these models may not convince the assumption thatnucleation, lateral spreading by feeding monomers along the
a high percentage of adjacent chain folding can be restored fromchain is supposed to stop before reaching both chain ends, since
the initially interpenetrated random coils. So chain folding must many factors, such as the impingement of surface nuclei, the
be originated through an activation process and the appropriatélimited size of the crystal growth front, and the entanglement
candidate for such an activation process is the crystal nucleation restriction for the diffusion along the chain, will prohibit further
Polymer chains sequentially join into the crystalline phase at |ateral spreading. Therefore, if the rest part of the chain at one
the crystal growth front according to their original locations in  chain end, often called as cilia, is longer tHapat the crystal
the amorphous phase. If we look at a single isolated chain growth front, it will continue to perform another event of
performing crystallization, for example, tifesheet formation  secondary crystal nucleation on the crystal growth front. It is
upon protein folding, we will see that adjacent chain folding is imaginable that along each long chain several events of
a natural wisdom for the single chain to make the most parallel secondary crystal nucleation will be eventually generated either
packing and meanwhile the least contacts with the surroundingsin the different positions of the same crystallites to form loops
at low temperatures. This wisdom implies that an intramolecular or in the different crystallites to form tie molecules, especially
crystal nucleation via adjacent chain folding can effectively at low temperatures wheN,; becomes much smaller. Such a
decrease the crystal nucleation barrier, and thus becomes thejicture can be well described by the variable-cluster model
dominant kinetic path of polymer crystal nucleatton. discussed by Hoffmaf?

Intramolecular crystal nucleation means that both primary and  Note that the intramolecular crystal nucleation does not reject
secondary crystal nucleation are initiated by those monomersthe existence of intermolecular crystal nucleation. There are
belonging to the same chains. Wunderlich and Mehta have many cases where the intermolecular crystal nucleation may
proposed a speculative concept of molecular nucleation to dominate the crystallization process, such as for very short
address the crystal nucleation initiated by each new pol§@€r.  chains, for very rigid chains, for stretched chains, and in the
This concept was recently developed into a theory of intramo- polymerization process, etc. Adjacent chain folding is not a
lecular crystal nucleation, evidenced by the simulations of single commonly favorite result in these cases.
polymers performing intrachain crystallizatié#:'%* In this C. New Interpretation of Regime Transitions.As illustrated
theory, the classical nucleation theory has been applied to thein Figure 16a, we assume that on the crystal growth front, the
isolated single-chain system. A body free energy gain and aintramolecular secondary crystal nucleation is initiated by the
surface free energy penalty constitute the total free energy|ocal slack part of the chain. The length of this slack part of the
change on crystal nucleation. For the secondary crystal nucle-chain is denoted &8 (>N,), representing those monomers along
ation, assuming the fully extended state of a single polymer the chain that can be activated to form the folded-chain
buried inside the bulk crystalline phase as the ground state, thecrysta”ite on the crystal growth front. The surface crystal
free energy change of the single polymer partially attached onto nycleation usually runs over the course not well designed, so

the crystal growth front is given B the chain-folded nuclei may contain many defects and very
limited fold lengths. An instant reorganization process including
F =nf+s(N— n)*? 2 the crystal thickening and lateral spreading must follow the

nucleation process. Further lateral spreading (also accompanied

wheren is the number of molten monomefss the free energy by crystal thickening) will pull the rest part of the chain from
of fusion per monomers is the surface free energy density the amorphous surroundings, and this process requires for a
absorbing all the prefactors, ahds the chain length. According ~ long-distance diffusion along the polymer chain.

to this expression, the free energy barrier for secondary crystal In regime I, the surface nucleation rate is so slow that lateral
nucleation becomes spreading has enough time to provide a wide new layer, and

on the new layer the next event of surface nucleation can be
E = 32/(40 3) hosted, as depicted in Figure 16b. So the advancing speed of
¢ the growth front is dominated by the rate of intramolecular

) ) ) . secondary nucleation, as given by
This result predicts two basic facts: the free energy barrier

for crystal growth is of independence on the chain lengths and 14t =ilL (5)
exhibits a linear relationship with the reciprocal of supercooling

sincef contains an approximately linear relationship with the wheret is the incubation period for surface nucleatidrthe
supercooling. lamellar thickness at the crystal growth frohtis the spreading
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Surface nucleation in a slack part of the chain  Regime II: Spreading slow and involved of long chains with the reptation mode in the entangled
amorphous phase, as discussed by Hoffman and his co-
workers1041.42|n this sense, dilution helps the long-distance
diffusion of polymer chains and thus enhances the lateral
spreading more, so it will shift regime-ll transition to lower

[ temperatures, as when comparing Figure 9 with Figure 12.

In regime Ill, the feeding for lateral spreading is completely
restricted by some reasons, so the advancing of the crystal
growth front has to be determined solely by the surface
nucleation rate of the slack part of the chain on a width-restricted
substrate, as depicted in Figure 16d. Following eq 5, we have

1k =ilL’ (8)
\4 Y wherel' is the width of the substrate completely covered by
the slack part of the chain and can be calculated as
®) (@ a%

L' ~ b%sI| 9)

Regime |: Spreading fast enough Regime II: Spreading restricted

Figure 16. Depictions of intramolecular secondary crystal nucleation . . .
on the wedge-shaped growth front of a lamellar crystal. Key: (a) slack Since the width-restricted substrate should be narrower than

part of the chain performing surface nucleation; (b) regime I; (c) regime that in regime |, i.e.l’ < L, otherwise the surface nucleation
II; (d) regime I1I. The thick slack chain starts the next event of surface will not be influenced by the spreading, one can deflive
nucleation on the new substragedenotes the length of the slack part g2 > phNV2 = phgf. This result implies that at low temperatures
of the chain with the coil size marked by the dashed circlg, the : :
thickness of the growth front,is the surface nucleation rate per area, the substrate th_lc_kness to host the s_urface nucleatlpn must be
andg is the spreading rate on the crystal growth front. larger than a minimum value proportional to the reciprocal of

) o supercooling. This minimum thickness will eventually evolve
width of the smooth substrate, aids the rate of secondary into the higher thickness of those mature crystallites measurable
nucleation in the unit area Of the substrate surfa}ce. The width in the experiments. However, the details of this evolution process
of the smooth substrate required for an event of intramolecular js still unclear, which possibly contains a mesophase transition
nucleation in eq 5 can be estimated as the outreach range ofs considered by StroP#.

the slack part of the chain, as given by The reasons for restricting the feeding of monomers along
2 the chain can be various. When two nearby lamellar crystals
L~ bS (6) grow in parallel, tie molecules and dead entanglements in the

amorphous region between two lamellae will frequently prohibit
the feeding along the chain for further lateral spreading at the
rFrystal growth front. This restriction will force the crystal growth
to switch from regime Il to regime lll, and thus explains our
simulation observations on regimedlll transition in company
with the morphological transition from single to multiple

whereb is the linear size of a monomer. Here, the slack is
assumedh priori random coil, so its linear size is abdo2,

insensitive to the temperature change. The previous assumptio
for a large-scale smooth substrate in the LH theory can thus be
avoided. In addition, the fold ends, loops and cilia rather than

the lateral surface of stems contribute dominantly the surface - o
lamellar crystal growth. The same restriction also exists in the

free energy barrier of nucleation, so the substrate may not be b A tal thickening for th wrat tal thick
necessary to have a perfect crystalline smoothness even withippuPsequent crystal thickening for the saturate crysta’ thickness,

the scope of the slack part of the chain, but shall have an enoug as reflected by a small shift in the stem-length distributions in
thickness to accommodate the crystalline stems. Local steps o |gsureh6a,b. ricti v when two | I .
stems on the substrate are thus allowed at the crystal growth uch a restriction occurs only when two lamefiae grow in
front in regime |, as observed in Figure 11c,d. Nevertheless, parallellwnhln. a distance comparable V.V'th the coll sizes. The
under the thermodynamic driving forces for perfect crystals with growth_mstabmty at low temperatures will eventu_ally _ma_ke the
minimum surface tensions, the reorganization after nucleation branching den_slty of lamellar cryst_als reach this crlt_erlon, SO
and spreading intends to smoothen the growth front within the the_morphologmal_t_rend of spheruhteg can be _assomated with
incubation period of the next event of surface nucleation. regime I—ll transition. In polymers with ultrahigh MW or a

Theref h h | Aightly cross-li_nked_structure,_ t_he long-distance diffusion for
froﬁ:eogrri,gtirser}elappears to be no deep cove atthe crystal growt lateral spreading will be prohibited by the dead entanglements

In regime Il, the surface nucleation rate becomes faster, andland Itlhe. (t:rrloss]:llnks |r; the _spaﬁ?bbﬁtwgen neﬁrbybgrowngg
lateral spreading cannot catch up with the nucleation rate in \aMe"ae; therelore, only regime 11 benavior can beé observed.

the preparation of the new substrate layer, as illustrated in FigureIn the case of ultrahigh MW, two lamellae growing in parallel

16c. The spreading rate thus interferes with the advancing speed’v'” t|gfr1]ten up thosg t'te moI(etﬁules arédtrl]ntercljoclfetd It%opsl n Iihe "
of the crystal growth front. Labeling the lateral spreading rate amorphous region between them and thus depiete the siack par

- f the chain to prevent new crystals from growing in this region,
on the crystal growth front ag, the width of a new layer to ~ ©° ; LY
host the é/ubse%uent nucleaat‘%n event is giveri. by Zg%./ So although they may have a large distance but shall be within the

putting thisL into eq 5, the advancing speed of the crystal scope of coil sizes. So with the increase of ultrahigh MW, the
growth front becomes ' crystallinity significantly decreases and meanwhile the long

spacing of lamellar crystals increases, as observed in the
1 = (2i|g)1’2 @) experir_ne_nté?5 Such a depletion prohibits the branching lamel-
lae to fill into the amorphous space between these lamellae and
The extent of enhancement of lateral spreading to meet thethus be responsible for the irregular spherulites of ultrahigh MW
requirement of a fast nucleation is limited by the diffusion speed PE!° In a heavily cross-linked structure of PE, regime Il
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restores® This regime Il behavior can be attributed to the Supporting Information Available: Three movies showing the
noncrystalline cross-links (like comonomers) shortening the crystal growth from the melt induced by the template layeF at
crystallizable sequences and then decreasing the nucleation rate#-40, 4.45 and 4.50, respectively. Each frame was recorded in every
so the requested size in lateral spreading can be fulfilled by the 1000 MC cycles. Only those bonds containing more than 15 parallel
slack part of the chain if the nucleation is not very fast, for neighbors are drawn as the crystalline bonds in tiny cylinders. This

example, low-density PE exhibits normally regime Il behawfors. ?uzaggr;agsl(s)r;vallable free of charge via the Internet at http://
At high temperatures, the more extent of lateral spreading T
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