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ABSTRACT: Crystallization and melting are fundamental thermal processes in crystalline polymers. In
contrast to recent considerable efforts to simulate molecular processes of crystallization, investigations of
melting in polymer crystals are still rare. The present report deals with molecular dynamics modeling of
melting in chain-folded lamellae of short polyethylene-like molecules made of 100 methylene units. We
observe two types of melting with distinct molecular mechanisms: equilibrium melting at the fold surface and
nonequilibrium melting at the growth front. The former fold-surface melting is very quick and reversible,
giving increasingly thinner lamellae at higher temperatures. Large molecular mobility in the crystal is
suggested to be the essential prerequisite for this specific mode of melting. The latter type of melting at the
growth front is much slower and irreversible, and it becomes apparent right after the end of rapid surface
melting. It is found that the rate of the irreversible melting shows intriguing similarity to the supercooling
dependence of the crystallization rate. Large dynamic heterogeneity in the chain-folded crystals is also found,
the molecular mechanism of which is closely correlated to the chain conformation at the fold surface. The
presence and specific time dependence of solid-state diffusion between different phases (crystalline phase,
amorphous phase at the fold surfaces, and isotropic melt phase) are also discussed.

1. Introduction

Many polymeric materials, whether synthetic or natural, are
crystalline. They consist of chain-folded lamellar crystals and
intervening amorphous regions. Since mesoscopic and macro-
scopic structures of the polymeric materials dominate many of
their physical properties, the molecular mechanism of polymer
crystallization has been one of the central issues in macromo-
lecular science.'* Molecular dynamics of long intertwined chains
building up neat chain-folded crystals have given researchers
many inspirations, but they are quite com;)lex and pose great
obstacles for experimental investigations.””~

Polymer molecules usually crystallize from highly supercooled
melts or solutions, thereby giving mesoscopic structures not fully
equilibrated in thermodynamic sense. The polymer crystals often
show unusual thermal behavior; they melt at much lower tem-
peratures than equilibrium melting points, and melting and
crystallization often go together, making their clear separations
very difficult."®® Though melting of polymer crystals has not so
far attracted as much attention as crystallization, renewed inter-
est is recently shown in the melting owing to the advent of new
experimental techniques in thermal analysis, NMR, X-ray dif-
fraction, etc., and also to the necessity of deeper understanding of
annealing and recrystallization processes.'* '

Computer simulation studies, with various molecular models of
different fidelity, have been regorted to clear up unsolved mysteries
in polymer crystallization.**'°~>" However, molecular level inves-
tigations of melting in chain-folded crystals are still rare.”® We here
attempt a molecular dynamics (MD) simulation of melting in a
simple polyethylene-like polymer. We will show the presence of two
kinds of melting: fast reversible melting at the fold surface and slower
irreversible melting at the growth front. We will also find that the
molecular mechanisms of the surface melting are closely related to
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large molecular mobility in the crystalline phase and that there exists
peculiar heterogeneity in dynamical properties of crystalline chains.

2. Simulation Method

2.1. Model and Method. In this paper, we focus on universal
features in crystallization and melting of a simple model polymer.
Complex chemical structures and conformations such as those in
helical polymers pose %peciﬁc problems, but they are separate
subjects of research.”** We here consider a polyethylene (PE)-
like polymer, for which crystallization has been studied in our
earlier papers.”?** Our polymer molecules are rather short,
being composed of 100 beads; studies on much longer polymers
are undoubtedly very important, and they are themes of our
future investigations. The beads are considered to have molecular
mass 14 representing the methylene units, and they are connected
by harmonic springs with a potential energy of the form

Up(r) = kg(r—ro)%/2 (1)

and each pair of beads more than two bonds apart interact via
van der Waals forces of the Lennard-Jones type

vty =] (£) = 0]

,where the interactions are cut off at » = 2.00. The molecules are
semiflexible, the flexibility of which is adjusted to reproduce the
characteristic ratio of real polyethylene, by adding the potential
for bond angle bending

(2)

Vient (0) = a— b(cos 6 — cos 6) +d(cos 6 — cos 6)°  (3)

where 0 is the C—C—C bond angle and 6, = 108.78°; the poten-
tial (3) is devised to give the lowest energy of 0 kcal at 6 = 180°,
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Figure 1. (a) Potential form of the bending energy V.., representing the stiffness of our model polymer. (b) Chain-folded lamella growing from the left
substrate. The lamella grows along the z-axis, and the direction of crystalline chains is along the y-axis. (¢) A schematic image of the amorphous phase
chains; once-folded chains (A), “half-crystallized” chains with long cilia (B), and chains floating within the interface (red dotted line). In both figures,

crystalline stems are depicted in gray, folds in green, and cilia in red.

Table 1. List of Parameters and Their Values

parameter values units
m 14 x 1073 kg/mol
ky, 3.5 x 10%° J/(m® mol)
o 0.154 nm
a 7.440 x 10° J/mol
b 2.297 x 10* J/mol
d 7.386 x 10* J/mol
6o 108.78 deg
£ 598.64 J/mol
ol 0.392 nm

“ ¢ is a unit length in reduced unit.

the local minimum of 2.51 kJ/mol at & = 90° (90° kink), and the
energy barrier of about 12.54 kJ/mol at & = 130° (Figure 1a). All
the values of relevant parameters are listed in Table 1, and they
were found to reproduce various physical properties of short
polyethylene such as the heat of fusion AH = 0.97 kcal/mol of
atoms, the melting point 7}, around 380 K, the characteristic
ratio oo = 7.8, and also the center-of-mass diffusion coefficient
Dg = 1.34 x 107% cm?/s in the melt at 370 K.*

We place 1280 chains within the MD cell of a given size
L, = 300, L, = 300, and L. = 700, where the volume of the
MD cell is taken slightly larger than that of fully melted state
in order to reserve an empty space on the right side of the cell,
thereby keeping zero pressure condition. By use of periodic
boundary conditions in the x- and y-axis directions, we
consider a film of thickness 700 extending infinitely over
the substrate (Figure 1b). In order to provide nucleation sites
for the growth of large single crystals of a given orientation,
we consider, as in our previous papers,”>>* a solid substrate
which exerts strong attraction for the chains, where the

substrate—polymer interactions are calculated by use of a
method proposed by Steele.*! Present simulations are con-
ducted with a conventional NV'T ensemble by use of the
leapfrog method, with a time step of 3.2 fs, and the tempera-
ture is controlled by the velocity scaling every 30 steps.
Throughout the paper, the unit length is taken as the van der
Waals parameter o.

2.2. Static and Dynamic Order Parameters. First, we must
identify crzystalline domains in the system. As in our previous
studies,”**** we consider that the crystal domains are made
of well-aligned and closely packed C—C bonds. We pick up
all C—C bonds that are nearly parallel to the y-axis with
angles less than 20°. Out of these candidate C—C bonds we
consider those having at least three neighbors as crystalline
bonds; the two bonds are considered neighboring when the
vector r = (ry,r,,r;) connecting the centers of the bonds
satisfies the following relations: 0.70 < (r*> +r.%)"? < 1.30
and |r,| < ro/2. Then the crystallinity y., the fraction of
atoms within the crystal domains, is the simplest measure of
crystallization and melting.

Besides the crystalline atoms described above and the
chains floating in the noncrystalline regions, we must find
atoms forming chain folds and cilia (Figurelc); the former
are connecting crystalline stems of the same lamella, while
the latter are segments with free chain ends. We have also
atoms forming crystal defects (kinked bonds), whose C—C
bond directions deviate from the y-axis more than 20°. In
most of the present discussions, except estimating the y.,
defect atoms (bonds) are included in the crystalline compo-
nent, since they are parts of the crystalline phase from the
structural point of view.
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Figure 2. (a) Decrease in crystallinity y. during fast stepwise heating 5 K/198 ps. (b) Snapshots of surface-melting lamellae during the heating run:
initial lamellae at 340 K and at 360 and 380 K (red circles in (a)). The snapshots are viewed along the x-axis, where white lines represent crystalline stems

of the chain-folded lamellae and red background is the melt phase.

A typical dynamical property of chains in the melt is center-
of-mass diffusion coefficient Dg, which we estimated to be
1.34 x 107% cm?/s at 370 K from the squared displacements
within several tens of nanoseconds.?® In the present study of
mobility in crystals, however, the chains are restricted to move
along the folded contours, and Dg is not always a suitable
variable to describe chain diffusion in crystals. We here
consider a short-term mobility in terms of average displace-
ment of atoms within 7 of about a hundred picoseconds,
wn(T) = () — 1t + )3, and the distribution P(x) du
representing the number of atoms whose mobility u,, satisfies
U<ty < p+du.

3. Results of Simulations

3.1. Melting of Chain-Folded Lamellae. Our previous
simulations showed that the crystal growth of chain-folded
lamellae virtually halts around 380 K, and the temperature
was regarded as the approximate melting point 7, or more
precisely the melting point of once-folded lamellae as will be
discussed later. When the lamellae grown at lower tempera-
tures are brought close to 7', they show appreciable melting.
Melting at the fold surface takes place even at temperatures
far below Ty,. At temperatures around 77, or above T;,, the
lamellae also show usual melting with retreating growth
front. We here investigate these two types of melting sepa-
rately and find that they have different characteristic times
and distinct molecular mechanisms.

3.1.1. Reversible Melting at the Fold Surface. Well-devel-
oped lamellae crystallized at 340 K were heated rapidly up to
385 K by a stepwise increase of temperature (5 K/196 ps).
Figure 2a shows that the crystallinity y. decreases continu-
ously from 0.29 to 0.18. However, the lamellae did not show
expected retreat of the growth front (Figure 2b); the rapid
melting must be taking place at the fold surface.

To confirm the surface melting, we calculated profiles of the
lamella thickness. In order to reduce statistical errors, the
lamella thickness /(x, z) at given position (x, z) was estimated
from the numbers of crystalline atoms (including crystal-
defect atoms) within the rod region along the y-axis of volume
20 x 20 x L,. The region includes ~3.7 crystalline stems, and
the thickness given in Figure 3 is about 3.7 times the real
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Figure 3. Changes in the lamella thickness profile with heating: initial
lamella at 340 K (O), r = 198 psat 360 K (A), and ¢ = 198 ps at 380 K (O).
The abscissa z is the distance from the substrate, and the lamella thickness
was estimated from the number of crystalline bonds (including defects)
within the rod regions of width (20)” along the chain axis, thereby giving
about 3.7 times the real stem length. The horizontal lines are only
approximate measures of average thickness of the lamellae.

lamella thickness; the thickness /(x, z) was further averaged
over x to give a depth profile /(z) vs z from the substrate
(Figure 3). We can notice considerable lamellar thinning of
about 18% by the temperature increase from 340 to 380 K; the
lamella thinning of about 18% might seem to be inconsistent
with the corresponding decrease in y. of about 30% (Figure 2a),
but this is due to the fact that in estimating the lamella thickness
we included defect atoms as members of the crystalline stems.

Melting at the fold surface has been studied in various
synthetic polymers, such as polyethylene, poly(ethylene oxide),
etc.'®11415 Tt is now well-established that the surface melting is
reversible and occurs at temperatures well below 77,,'* and that
the surface melting is fast enough to follow rapid temperature
modulation of 1 °C/60 s at least."! Simple thermodynamic
arguments were also proposed to explain how the boundary
between the crystal core and the fold surface moves.'*!> By use
of modulated temperature DSC, Hu et al. recently proposed an
interesting molecular model of surface melting and maintained
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that active chain diffusion within the crystalline phase (or the
presence of crystalline dispersion) is an essential prerequisite for
the surface melting.'”

Though the time scales of experiments are quite different
from our MD simulation, we here test the reversibility of the
surface melting by heating and cooling runs of 5 K/196 ps. As
will be explained in the next section, the characteristic time of
the surface melting in our present system is of order of 500 ps.
By the temperature jump every 200 ps, we expect that the
lamella follows approximate equilibrium conditions. Figure 4
shows the changes in y. during the heating and cooling runs.
By a small temperature cycle AT = 10 K, from 350 K (a) to
360 K (b) and back to 350 K (a’), the crystallinity decrease of
about 3% is nearly recovered. The decrease in crystallinity of
about 3% within 10 K gives excess heat capacity C, = AH
dy/dT" of about 0.84J g~ ' K~ !, where the heat of fusion AH
is around 280 J g~! from experiments and simulation.'®*
Correspondence with a recent experimental C, of about
0.6J g~ ' K™ 'is rather surprising, taking much smaller crystal-
linity of our system compared with those of experiments.
When the temperature is raised up to 380 K (c), on the other
hand, irreversible melting is considered to make large con-
tributions, and the recovery of y. (a”) is only partial.
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Figure 4. Changes in the crystallinity y. during heating (®) and cooling
from 360 K (B) (O) to 340 K (A) and from 380 K (C) to 320 K (A). Both
the heating and cooling rates are 5 K/198 ps. By the small temperature
cycle (ABA), the crystallinity nearly recovers (a b a’), while by the larger
temperature cycle (ACA) the crystallinity does not fully recover at least
by the present fast heating and cooling.
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The molecular mechanism of the surface melting/recrys-
tallization is of considerable interest. A simple picture is to
consider it to be a simple breathing mode where the melting
at the fold surface gives longer folds and cilia while recrys-
tallization is a simple reverse process back to the original
compact forms. If such a simple melting/recrystallization
would take place at the fold surface, we could expect parallel
increase/decrease in the fractions of folds and cilia atoms
with decreasing/increasing crystallinity. We here examine
the changes in the amount of cilia and folds during the
surface melting. In order to avoid complexity due to con-
tributions from wedged growth front, we consider a region
3.50 < z < 350 where the lamella has nearly constant
thickness (Figures 2b and 3). During the progress of surface
melting, decrease in the number of crystalline core atoms
AN, causes the increase in the number of cilium atoms
ANiia, fold atoms ANp,qs, and atoms forming crystal
defects ANgefects:

ANcore + ANcilia + ANfolds + ANdcfocts =0 (4)

Considering that crystalline atoms are sum of core atoms and
defect atoms, Neryst = Neore + Naefects, We here define the
fractions of crystalline, fold, and cilia atoms, ¥'c, ¥ folds» X cilias
within the region 3.5 < z < 35 as theratios y/. = Neryst/ Nats
X citia = Neitia/ Naits ¥ o1ds = Nrolds/ Nan, Where Ny = 63 564 is
the total number of atoms within the region. Then, fromeq 5,
the changes in y'c, ¥'tolas» ¥ ciia Satisfy the relation Ay'. +
Ay citia + Ax'tolas = 0. Figure 5 shows the changes Ay, =
X (1) = 7' (To)s A to1as = X so1as(T) = X'tolas(T0)> AY citia =
¥ citia( 1) = & citia(To) vs T during (a) the rapid heating (T =
340 K) and (b) the rapid cooling (7, = 360 K). By heating
from 340 to 370 K, the decrease in y'. of about 0.05 is
compensated by the increases in y'rogs and y'ciiia of about
0.01 and 0.04, respectively (Figure 5a). Contrary to the
simple breathing mode of the surface melting, the elongation
of folds is unexpectedly smaller than that of cilia; the fold
loops loosened by the surface melting are suggested to be
tightened up by the transfer of atoms from folds to cilia
through sliding diffusion of chains.

To estimate the degree of chain transport quantitatively,
we show in Table 2 the changes with temperature in various
relevant quantities. We can assume that the total number
of atoms N, within the region 3.50 < z < 35¢ is nearly
constant, while Nijia, Nfoids, and Nepyse vary with progress of
surface melting. The total number of atoms N, is the sum

L (b)
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095 360
temperature (K)

380330 340 350 360 370

temperature (K)

Figure 5. Changes in the fraction of crystalline (plus defect) bonds y. (®), fold bonds y';145(Q), and cilia bonds ¥’ (A) (@) during stepwise heating
from 340 to 370 K and (b) during cooling from 360 K back to 340 K. Fractions y’ are here defined as the number of crystalline, cilia, and fold atoms
within the region 3.5 < z < 35 divided by the total number of atoms (62 564) within this region; the lines are fitted by the least-squares method with
second-order polynomials. The folds loosened by the surface melting are suggested to be tightened through chain transfer to cilia.
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Table 2. Characteristic Values of Parameters vs Temperature

parameter unit 340 K 350 K 360 K 370 K
Nan atoms 62564 62564 62564 62564
Neitia atoms 14395 15002 15553 16836
Nrolds atoms 4836 5102 5271 5461
Nerysi atoms 33268 32395 31675 30202
Nsum atoms 52499 52499 52499 52499
Nehain chains 525 525 525 525
2 e 0.53 0.52 0.51 0.48
Nigpe A chains 359 359 359 359
Nigpe B chains 166 166 166 166
Neilia-seg segments 1050 1050 1050 1050
Nitems segments 884 884 884 884
Leitia bonds 13.7 14.3 14.8 16.0
Lf()]ds bonds 13.5 14.2 14.7 15.2
Lgtems bonds 37.6 36.6 35.8 34.2

of Naiia» Nroids» and Nepys, Which shows us the number of
relevant chains Ngpains that constitute the growing lamella.
The number of type A chains, that is, the number of folds,
was counted directly to be Niype o = 359, which we can be safely
assumed to be constant within the present temperature cycle.
Then the number of type B chains is given by Nypes = Nehains —
Niypea = 166. Since each chain has two chain ends, the total
number of cilia segments Nejjiy-sep 15 given as 2Nepains = 1050.
The number of crystalline stems is also estimated as Nyems =
2Niype A + Niype = 884. Using these values, the average lengths
of cilia, folds, and stems are given by Lgia = Neitia/Nilia-segs
Lfolds = N folds/ N, type A» and Lstcm = N, cryst/ N, stems (T‘lb]e 2)

The average lamella thickness Lgm, (340 K) is about 37.6
bonds, which corresponds to the thickness given in Figure 3.
The decrease in /. from 0.53 (340 K) to 0.48 (370 K) suggests
the decrease in the lamella thickness to 37.6-(0.48/0.53) =
34.1 bonds, and indeed the estimated L., is 34.2 bonds
(Table 2). The shortening of stems by 3.4 bonds is considered
to be distributed to folds and cilia by the total ratio 1:4
(Figure 5a); this comes from the changes in the total numbers
of atoms for cilia and folds, N¢j, and Negs (Table 2).
Though the numbers of cilium and fold segments are not
equal, a detailed estimation in Table 2 shows that the average
cilia length L;, increases by 2.3 bonds, while the fold length
Lgogs increases only by 1.7 bonds. Since the fold has two legs,
each leg of the fold increases only 0.85 bonds in length. It is
thus considered that the decrease in the crystalline stem
length of about 3.4 bonds is roughly redistributed 2.3 bonds
to cilia and 0.85 bonds to folds, though with small numerical
errors. Equipartition of the melted crystalline bonds to folds
and cilia would give elongation of about 1.7 bonds for both,
but the present estimation shows that about half of the
loosened folds are transferred to cilia.

During cooling from 360 K back to 340 K, on the other
hand, the crystallinity lost during heating is almost recov-
ered. However, the shrink in the folds and cilia does not
follow exactly the reverse path (Figure 5b); faster tightening
of folds and slower shortening of cilia may be reasonable
when we consider that the former needs only slight adjust-
ments of chains while the latter requires long-range chain
transfer back to the original positions.

The elongation of cilia at the expense of tightening of folds
is entropically favorable, and in addition the presence of
longer folds would be geometrically unfavorable due to
overcrowding at the fold surface. These may provide good
reasons for the complicated molecular processes observed
during the surface melting. Sliding diffusion of our short
chains is much easier than in longer chains, which could
make the chain transfer very pronounced. In systems of
longer polyethylene, chains are folding many times, and
the tightening up of loose folds must be accomplished by

Yamamoto

chain transfer to other folds, not necessarily to cilia. In any
case, active chain diffusion within the crystal will be a
prerequisite for such mechanism to be operative in the sur-
face melting.'”

3.1.2. Irreversible Melting at the Growth Front. When the
chain-folded lamellae crystallized at lower temperatures are
jumped to temperatures around or above T, the rapid
surface melting first takes place which is then followed by
slower irreversible melting. Figure 6a shows the melting after
the temperature jump from 370 K to various higher tem-
peratures. Within the initial 1 ns after the temperature jump,
the crystallinity rapidly decreases due to the surface melting,
while the slower melting that follows represents usual melt-
ing of lamellae where the growth front withdraws, keeping
the wedge shape (Figure 6b).

The melting process is separated by assuming two distinct
contributions: y. = Xrst + Xslow- Lhe fast process can be
fitted by an exponential form, xps(f) = Xrasi o €XP(—1/Ts),
while the slower melting is well represented by a linear
decrease. Typical time evolutions of the former term y.q(?)
are plotted in log scale vs time in the inset of Figure 6a, which
shows that the typical time constant of the fast melting is
around 500 ps at both 380 and 400 K, more precisely within
the range between 370 and 400 K. The time constant of 0.5 ns
in polymer crystallization is considered surprisingly small,
though experimental information to be compared is at
present very scarce. The crystalline lamellae we obtained
by the simulation may be considered, as will be discussed in
the last section, metastable crystalline states.

Fold surfaces of the metastable lamellae could melt and
recrystallize within such a short time. However, it can also be
a reflection of our molecular model. Our molecular model
was originally so devised that it shows accelerated crystal-
lization, where we neglected the torsion angle potential and
made the straight chain conformation the most stable one.

Above 370 K, the processes of slow melting are rather
simple (Figure 6a). Figure 7 shows the rate of slow melting
(negative dy./df) vs temperature together with the crystal-
lization rate (positive dy./df) taken from our previous
papers.”® However, melting at lower temperatures is a little
bit complicated (see inset of Figure 7). At 360 K, the lamellar
crystal shows initial melting with decreasing crystallinity up
to 10 ns, but it soon resumes recrystallization. The melting
rate at 360 K (Figure 7) is thus estimated from the initial
slope within 10 ns; it is also found that the recrystallization
rate after 10 ns is very close to that observed in our previous
work.?

As shown in Figure 7, the slow melting becomes noticeable
around 360 K and is much accelerated above the “equilibrium”
melting point 380 K. As described before, higher temperatures
give increasing thinner lamellae due to the surface melting.
Subsequent slow melting is therefore the melting of these thinned
lamellae. Increasingly thinner lamellae at higher temperatures
could cause increasingly faster melting kinetics of Figure 7.

We here estimate the velocity of the retreating growth front.
We have confirmed that the slowly melting lamellac keep
constant thickness, and therefore the velocity of the growth
front position zgg(7) satisfies the relation zgg(7)/zGr(0) = x.(7)/
%(0). Since zggr(0) is around 400 (Figure 6b, for example) and
% and x(0) are known from Figures 6 and 7 to be about 2.4 x
107 ns™! (3.5 x 1072 ns™') and 0.23 (0.16), respectively, at
370 K (390 K), the velocity of the retreating growth front is
estimated to be around 0.16 nm/ns (0.32 nm/ns). Compared
with the velocity of the lamella thinning by the surface melting,
about 0.5 nm (3.4 bonds) retreat (Table 2) within the char-
acteristic time of about 0.5 ns, the velocity of the growth front
retreat is slightly smaller. Much slower decreases in y. for the



Article

Macromolecules, Vol. 43, No. 22, 2010 9389

0.30

0.25F 0 05 1

0.05r J
0'0001234567

time (ns)

(@)

(b)

Figure 6. (a) Melting of the lamellae, initially grown at 340 K, at 370 K (@), at 380 K (O), at 390 K (a), and at 400 K (a). After rapid initial decreases
in the crystallinity (yr.s) Within about 1 ns due to the surface melting, there follow gradual decreases (ysiow) that represent usual melting of lamellae.
Solid lines are fitted by the least-squares method. Initial changes in ygg are plotted in log scale (inset), which clearly show exponential decreases.
(b) Snapshots of gradually melting lamella vs time at 370 K. The growth front is appreciably retreating with time. A vertical yellow line is for the ease

of identifying withdrawal of the growth font.
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Figure 7. Rate of slow melting vs temperature (®), together with the
crystallization rate (O) taken from our previous work.” Shown in the
inset are the changes in y. with time after temperature jumps from 340
to 350 K (@) and to 360 K (O); transient melting is clearly observed at
360 K, which is followed by recrystallization. The melting rate at 360 K
was estimated from this initial transient melting, while the rate of
regrowth after 10 ns showed good correspondence with our previous
simulations of crystal growth directly from the substrate.”*

growth front melting (Figure 6) is considered largely due to the
fact that the growth front melting is a “one-dimensional”
melting of thin lamellae, while the surface melting takes place
at the wide “two-dimensional” surface of the lamellae.

It is also suggestive that the melting rate and its temperature
dependence are similar to those of crystallization (Figure 7). At
present, we have no definite idea as to the origins of such
similarity, but some authors suggested the presence of free-
energy barrier in the melting process.'? Hu et al. also reported
in their lattice Monte Carlo simulation a similar continuity
in the melting and crystallization rates vs temperature for the

integer-folded lamellae. They also observed transient melting of
folded-chain crystal which was followed by recrystallization into
extended form. Unfortunately, we could not observe crystal-
lization into chain-extended form even at temperatures close to
the melting point; we suspect crystallization of our polymer into
the extended chain form is too slow to be observed by direct MD
simulation.

Molecular trajectory of melting at the growth front is also
very intriguing. When the growth front retreats, the crystal-
line stem becomes shorter at the wedged growth front. The
shortening of the stems is accompanied by increased dis-
ordering of tails or cilia. The chains at the growth front
gradually lose conformational order and finally detach from
the crystal surface merging into the melt (Figure 8).

3.2. Heterogeneous Mobility in the Crystal and Structure of
the Fold Surface. Polymer crystals are usually conceived to be
ordered homogeneous objects with much lower molecular
mobility than in amorphous phases. However, many of the
amorphous segments (folds and cilia) are chemically linked
to the crystalline stems, and they are forced to move more or
less cooperatively with crystalline stems. The apparently
conflicting images about the chain mobility in such inter-
connected systems are not always well understood.

As described above, our present simulation of surface
melting suggested the importance of chain diffusion within
the crystals. Recent experiments by NMR have verified
active segment exchanges between crystalline and amor-
phous regions revealing very dynamic aspects in crystalline
polymers.* 3¢ Recent computer simulation studies also
suggested that large molecular mobility in crystalline regions
plays a very important role in the development and perfec-
tion of the crystalline order®” and also in reorganization or
lamella thickening.”

Our present concern in this section is the correlation between
chain mobility in crystal and conformation of chains at the fold
surface. We here study lamellae at 340 and 360 K; the former
lamellae are still growing, while the latter lamellae grow very
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Figure 8. Trajectories of eight chains near the growth front of lamella which is melting at 370 K: (a) at = 1.92ns, (b) at t = 3.84 ns, (c) at 1 = 5.76 ns,

and (d) at 7 = 9.6 ns.

slowly and are nearly standing still (Figure 7). As a measure of
chain mobility in the melt, center-of-mass diffusion coefficient
D¢ or time constant of overall relaxation 7., ~ R,,z/DG has
been used; in our present model Dg was estimated to be about
1.3 x 10~%cm?/s,?* and the resulting 7, of order of 200 ns
was much longer than the time scale of our MD simulation. In
the present study of crystals, chains are strongly constrained to
move along their folded contours. In addition, many segments
change their positions from the crystalline region to the melt
and vice versa; polymer segments do not always spend a long
time within a single phase, long enough to define usual diffusion
coefficient. As a measure of chain mobility in crystals, we
therefore consider average displacement of each atom within
a given short interval of time 7, 1,(t) = ((r,(1) — r,(t + ))">;
as the time scale 7 we take 96 ps, which is much smaller than 7.
Figure 9a shows the number of atoms that satisfy u <
Un(96 ps) < u + du in crystalline phase (blue), in an isotropic
melt region far from the growing lamellae (red), and in the
whole system (black). The crystalline atoms are generally
seen to be less mobile compared with those in the melt, but
they have a wider spectrum of mobility. In search for molec-
ular origins of the wider spectrum of mobility in crystals, we
here divide atoms according to their mobility into three
types: low mobility type L with u, < 1, high mobility type
H with u,, > 2, and the intermediate mobility type M with
1 < u, < 2 (Figure 9a). In Figure 9b, we picked up all chains
comprising the crystal and displayed their conformations
with different colors according to the mobility of atoms,
L (blue), M (green), and H (red); for ease of drawing only
chains whose crystalline stems are located within the y—z
slab of thickness 2.50 are shown. All atoms within each
crystal stem have similar mobility (same color), which is a
natural consequence of cooperative translation of the atoms.
We notice that many of the amorphous segments (folds and
cilia) also have similar mobility as those of the connected
crystalline stems, which shows that the motions of crystalline
stems and connected cilia or folds are strongly correlated.
Also marked is that many of the crystalline stems linked to
longer cilia are highly mobile (red), while those connected by
tight folds seems to be severely restricted in motion (blue).
In order to confirm the expected correlation between the
mobility of crystalline stems and conformations of the connected

amorphous segments, we calculated for each chain j the averaged
mobility u(j) = 3212 u(7,)/100, where 1(i,j) is the mobility of the
ith atom in the jth chain and the number of atoms forming folds
or cilia Liggscitia(/) for the jth chain. In Figure 9c are plotted the
number of chains vs Lgygscilia fOr each u class: low mobility
chains # < 1, medium mobility chains 1 < x4 < 2, and high
mobility chains 2 < u. Chains with low mobility have a
distribution of Lygs citia peaked around 20 bonds, which corre-
sponds to the once-folded conformations of type A (Figure 1¢);
remember that the average stem length is about 40 bonds. On
the other hand, chains of intermediate and high mobility have
distributions peaked around Liygsicitia = 20 bonds and
Lioiasyciia. = 600 bonds; the latter peak evidently corresponds to
the half-crystallized chains of type B conformations (Figure 1c).
Thus, most of the low mobility chains are found to have
chain-folded conformation, supporting the general impression
obtained from Figure 9b.

We have thus seen the presence of active but heterogeneous
diffusion in crystals within a hundred picoseconds. Now we
examine chain diffusion in much longer time scales. Recent
NMR investigations on ultrahigh-molecular-weight PE have
shown direct evidence of large-scale interphase diffusion be-
tween the crystalline and the amorphous phases. Similar
observations were also reported in long-chain n-alkanes.>**
Though there is a great gap in the time scale of observation
between NMR experiments and MD simulations; we here
examine chain diffusion at 300 K, within our reachable time
scale, between the crystalline and the amorphous phases. We
count the number of atoms that have traveled between different
phases; Nxg(7) or Nxm(7) for example denotes the number of
atoms that have moved from the crystalline (X) phase to the
boundary (B) phase (folds and cilia) or to the melt (M) phase
within the time period between ¢ = 19.2 ns and ¢t = (19.2 + 1)
ns, where 1 = 19.2 ns is selected since the transient melting at
360 K is finished around 15 ns (inset of Figure 7). Thus, we have
obtained matrices of data {T(t)} showing frequencies of atomic
transfer within 7 = 0.192, 1.92, 9.6, 19.2, and 30.72 ns:

Nxx Nxg Nxu
T(r) = [ Nsx Nps Npu ()
Nux  Nus  Nxu
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crystal (XX; white), from crystal to boundary or melt (XB; green), and from boundary or melt to crystal (B + M to X; red).

For any 7, the matrix T was found to be approximately interest are off-diagonal elements Nxg, Ngnp, and Nxy VS T
symmetric (Ngx = Nxg, etc.), which indicates that the atomic (Figure 10a). The number of atoms that have moved from X to
transfers between the two phases are balanced. Of special M or B to M is small and nearly constant, while the number of
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atoms that have traveled from X to B is much larger and
changes greatly with 7. It shows sharp initial increase but comes
to saturate around 10 ns. Thus, interphase diffusion of chains
within the present time scale of simulation is very active, but it is
restricted probably due to pinning by the chain ends (see a
schematic picture in Figure 10a). Now let us remember that
the average length of cilia is about 15 bonds (Table 2). Possible
average traverse of chains until the chains are pinned at the
crystal surface is about 15 bonds (inset in Figure 10a). Since
the number of the crystalline stems in the system is around 800 or
slightly more (Table 2), the maximum number of transported
atoms would be around 10* when we adopt the chain-end
pinning mechanism. The limiting value of Ny in Figure 10a
is thus consistent with the chain-end pinning.

Figure 10b shows atoms immigrated, within 30.72 ns at
360 K, from X to X (white), from X to B or X to M (green),
and from B to X or M to X (red); for ease of viewing we
showed only atoms within the y—z slab of thickens 4o
parallel to the crystalline chain axis. It is clearly noticed that
considerable numbers of atoms are moving into the crystal-
line region (red), while about the same number of atoms are
moving out of crystal into the boundary region (green).

4. Conclusions and Comments

In this paper we investigated the molecular process of melting
in the chain-folded lamellae. We observed two types of melting
with distinct molecular mechanism: reversible melting that takes
place at the fold surface and irreversible melting at the growth
front.

The fold-surface melting is nearly reversible if the temperature
cycle is small and well below T, and it gives increasingly thinner
lamellae at higher temperatures. It was found that the surface
melting/recrystallization is not a process of simple release/recovery
of the crystalline order at the fold surface, but active chain
diffusion within the crystal is an essential prerequisite at least in
our short polyethylene-like polymer.

The rate of the irreversible melting at the growth front, on
the other hand, was found much slower and showed peculiar
dependence on the degree of superheating. It would be interesting
to consider that the accelerated melting at larger superheating
would be in part due to progressively thinner lamellae as a
consequence of larger surface melting. The molecular process
of melting at the growth front involves the shortening of crystal-
line stems, detachment of whole chains, and final merging into the
isotropic melt phase.

We also found that the mobility of chains in crystals have a
rather wide spectrum. Many of the crystalline stems are less
mobile than chains in the melt, but some stems connected to
longer cilia or looser folds have unexpectedly large mobility. Such
large dynamic heterogeneity in crystals was found to be closely
correlated to the chain conformations at the fold surface.

Large diffusion of chains in the crystal was confirmed to
yield frequent exchanges of constituent atoms between different
phases: crystalline phase, surface amorphous phase, and the
isotropic melt phase. Especially interesting was the segment
transfer between the crystal and the surface amorphous layers.
A considerable amount of segments moving between the crystal-
line and boundary/melt phases confirmed the dynamic aspect of
the crystalline polymer.

Our present system consisted of short polyethylene-like poly-
mers of uniform length just like long n-alkanes. Long n-alkanes
usually take highly crystallized integer-fold structures.*> How-
ever, it was recently reported that at the very beginning of
crystallization under large supercooling, the crystallinity is rather
small (around 50%) and the crystals are composed of both
integer-folded chains and “half-crystallized” chains with long
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cilia and that the defective crystals reorganizes into much ordered
ones after sufficient time of annealing.*® Our simulated lamellae
were grown at 340 K, the supercooling of about 40 K, within a
hundred nanoseconds. Therefore, we may be studying the early
stage of crystallization probably into a metastable crystalline
state of long n-alkanes in highly supercooled conditions. Indeed,
the simulated structures correspond well to those observed in
long n-alkanes at the early stage of crystallization. In usual high-
molecular-weight polymers, the dynamic heterogeneity must be
much smaller, but similar structural heterogeneity at the fold
surfaces will be present to some degree, causing similar dynamics
heterogeneity in the crystals.

Our series of MD simulations including the present work cover
time ranges of several hundreds of nanoseconds at the longest
which are undoubtedly much shorter compared with experi-
ments, even though the very early stage of crystallization of
n-alkanes can be much faster than those in usual polymers. We
must keep it in mind that the crystallization into the metastable
states can be quantitatively different from usual crystallization.
Indeed, the crystallinity attained in our simulation was only 50%
in spite of experimental observations of highly crystalline states
obtained in usual crystallization conditions. Therefore, various
characteristic time constants reported in this work must not be
taken as they are. In many cases, exact quantitative predictions
are beyond the reach of our present simulations. Nevertheless,
I believe the simulation methods can clarify and predict many
essential features of crystallization in systems of long intertwined
polymer molecules.
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