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ABSTRACT: The segregation of the low-molecular-weight fractions on the crystal growth of polydisperse
polymers has been identified as a general phenomenon by means of dynamic Monte Carlo simulations of
lattice polymer systems. Its mechanism was elucidated on the basis of the intramolecular nucleation
model. A unified scheme has been proposed to interpret all three scenarios of molecular segregation
according to the location of the crystallization temperature Tc demarcated by two melting points of short-
chain fractions, namely Tm

0 for the bulk extended-chain crystals and Tm2D for two-dimensional single-
folded-chain crystals on a smooth crystal-growth front. In the first scenario, Tc > Tm

0 , and short-chain
fractions are thermodynamically forbidden in crystallization, like the small solvents in conventional
monotectic polymer solutions. In the second scenario, Tm

0 > Tc > Tm2D, and short-chain fractions are fully
excluded by their failures on the intramolecular secondary nucleation for folded-chain crystal growth. In
the third scenario, Tc j Tm2D, and short-chain fractions are partially segregated due to their much less
free energy gains in the intramolecular secondary nucleation than long-chain fractions. When Tc , Tm2D,
both short-chain and long-chain fractions cocrystallize without any molecular segregation. In addition,
an upper limit of molecular weights in crystallization fractionation has been explained.

I. Introduction
Crystallization of polymer chains usually involves

close packing of molecules that is very sensitive to any
mismatch in chemical structures. Segregation is, there-
fore, a common phenomenon in polymer crystallization.
This is true especially when polymer chains contain
irregularities of sequences such as different chemical
species (including short branches), geometrical connec-
tions, or stereoisomers. However, the segregation occurs
not only in the size scale of repeat units but also in much
larger scales. For instance, a homogeneous distribution
of irregular sequences among copolymer chains exhibits
sequence-length segregation during crystallization,1
while a heterogeneous distribution leads to a liquid-
liquid phase separation driven by the component-
selective crystallizability like in a polymer blend.2
Nevertheless, even without any irregularities on the
sequence, a polydispersity of molecular weights still
gives rise to molecular segregation in polymer crystal-
lization. For instance, since the melting point has a
strong chain-length dependence at the short-chain end,
it is easy to see the molecular segregation when the
melting points of the short-chain fractions are lower
than the crystallization temperature of the long-chain
fractions. Furthermore, when the short-chain fractions
are not so short and perform chain-folding crystalliza-
tion, they undergo molecular segregation even below the
equilibrium melting point, as observed in the experi-
ments of polyethylene (PE) and poly(ethylene oxide)
(PEO).3,4 In the experiments, in addition to the above-
mentioned thermodynamics scenario of molecular seg-
regation, two more scenarios of molecular segregation
have been observed in the supercooled regions, showing
full segregation and partial segregation.5-8 Thus far,
however, the molecular segregation in the supercooled
regions has not been further studied or been accepted
as a general phenomenon for all other polymers. Re-

cently, dynamic Monte Carlo simulations of lattice
polymer systems have reproduced some basic facts of
chain folding on polymer crystallization, such as the
integer folding of short chains9 as well as the chain-
folding sectorization of single crystals.10 An evidence of
molecular simulations to identify the general phenom-
enon of molecular segregation in the supercooled regions
is worthy of expectation, as will be the focus in this
paper.

With respect to the interpretation, the chain-folding
mechanism of polymer crystal growth is still a big
challenge to our understanding.11-13 Enlightened by the
knowledge of small molecules, the well-known Lau-
ritzen-Hoffman (LH) model has achieved many suc-
cesses.14-18 This model assumes that the rate of crystal
growth is dominated by the secondary nucleation that
is hindered mainly by the growth of the first crystalline
stem on a smooth crystal-growth front. As a complement
to explain the kinetics-controlled molecular segregation,
Hoffman19 has tried to consider the coexistence of a
separate folded-chain nucleus with two free chain ends
that bring an additional surface free energy penalty to
the secondary nucleation. The similar idea has been
discussed by Lindenmeyer and Peterson.20 Thus, adding
each new macromolecule on the crystal growth front
may incur an additional difficulty, as proposed by
Wunderlich and his collaborators in a speculative
concept of molecular nucleation.21-24 They assumed that
the crystal growth of each new macromolecule must be
initiated by a separate folded-chain secondary nucle-
ation on the crystal-growth front. When the sizes of
macromolecules are smaller than the critical unstable
size of the nuclei, they will be excluded by the crystal
growth of those higher-molecular-weight fractions. This
concept provided deep insights and stimulated the
recent proposition of the intramolecular nucleation (IN)
model.25 The IN model assumes that for long-chain
polymers all the events of secondary nucleation are
mainly initiated by the intramolecular chain-folding* E-mail: wbhu@nju.edu.cn.
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process, and the criterion for molecular segregation is
the critical stable size of nuclei that is larger than their
critical unstable size. A quantitative interpretation to
the kinetics-controlled molecular segregation can be
obtained. In this paper, a unified scheme to interpret
all three scenarios of molecular segregation, namely
thermodynamics, kinetics, and rate competition, will be
further proposed, for a specific fraction of molecular
weights under variable crystallization temperatures
from high to low, or equivalently, for a specific crystal-
lization temperature with variable critical molecular
weights from low to high.

In the following text, after a simple introduction to
the simulation techniques, the molecular segregation in
variable supercooled regions of a half-half-volume blend
of 32-mers and 128-mers will be observed upon the
isothermal crystal growth. The mechanism is elucidated
in a detailed introduction of the IN model. Then, a
unified scheme for the interpretation to all three
scenarios of molecular segregation will be proposed.
Furthermore, an upper limit of molecular weights in
crystallization fractionation is explained. Finally, the
paper ends up with some concluding remarks.

II. Simulation Techniques

A simple lattice model was employed in the dynamic
Monte Carlo simulations, where polymer chains were
“living” in a cubic box of 643 lattice with periodic
boundary conditions. The microrelaxation of polymer
chains allowed the single-site monomer to jump into a
void neighbor, with partial sliding diffusion along the
chain if necessary.26 Meanwhile, double occupations and
bond crossings were avoided to mimic the volume
exclusion of polymers. 960 chains, each containing 128
monomers, and 3840 chains, each containing 32 mono-
mers, were well mixed in the disordered coil states to
construct a half-half volume blend. The polymer chains
were fully flexible, and the mutual mixing between
components of two chain lengths was athermal. In the
conventional Metropolis sampling, the potential energy
of parallel packing of neighboring bonds Ep was consid-
ered as the molecular driving force for crystallization.27

Therefore, the system temperature was represented in
a reduced form kBT/Ep, where kB was Boltzmann’s
constant and T the temperature.

Since the high efficiency of molecular segregation can
only be obtained in the crystal growth process rather
than in the primary crystal nucleation, we focused our
attention on the crystal growth only. To this end, we
made the first 64 long chains (128-mers) fixed at once-
folded extended conformations to form a double layer
of terraced substrate. This substrate will induce polymer
crystal growth under quite small supercoolings that are
required for observing molecular segregation. The simi-
lar strategy to template crystal growth has been applied
in the molecular simulations reported in ref 28.

In the following simulations, we first measured the
equilibrium melting point of the pure 32-mers, and then
we observed the molecular segregation on the crystal
growth of the binary blend of 32-mers and 128-mers at
the temperature below that melting point.

III. Simulation Results

To make sure that the observation is made under a
crystal-growth temperature supercooled for the short-
chain fractions, it is first desirable to determine the
equilibrium melting point of the short-chain fractions

in our simulations. To this end, we prepared a single
extended-32-mer crystal embedded in the melt of 32-
mers, by simply rejecting all the trial moves of those
crystalline chains on athermal annealing of the preset
fully ordered state. The result is demonstrated by the
snapshot in Figure 1a. After that, the restriction of
mobility was removed, and the sample was heated with
the step length of 0.02 in a smart program starting from
T ) 4.00Ep/kB. The smart program decided a jump to
the next temperature step after each block of 500 Monte
Carlo (MC) cycles according to the internal energy of
those chains belonging to the extended-chain crystal and
showing the crystallization tendency. By this way, the
overshooting of crystal melting induced by the fast
temperature scanning can be diminished and the oc-
currence of melting transition can be sharpened. Here,
the internal energy of the single crystal is defined as
the mean number of nonparallel neighbors around each
bond in the unit of Ep, and one MC cycle is defined as
one trial move per monomer summed over all the
monomers in the sample system. As shown in Figure
1b, the melting temperature occurs at Tm

0 ) 4.78Ep/kB,

Figure 1. (a) Snapshot of the extended-chain single crystal
(lateral size 50 × 64) embedded in the melt of 32-mers in a
643 cubic lattice with periodic boundary conditions. The
occupation density is 0.9375. All the bonds are drawn in
cylinders. (b) Heating curve of the internal energy of the single
crystal showing the tentative equilibrium melting point Tm

0 )
4.78Ep/kB.
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which can be regarded as the tentative equilibrium
melting point of 32-mers in our simulations.

Then, to observe the molecular segregation on the
crystal growth of the binary blend, we chose the
supercooled temperature at 4.5Ep/kB. The results are
shown in Figure 2a. In this figure, the crystallinities
that are defined as the mean fraction of bonds contain-
ing more than five parallel neighbors are calculated for
two fractions of chain lengths separately. They indeed
show that in the limited time window of our observation
only the long-chain fraction is crystallizable at this
temperature. The baseline crystallinity of the short-
chain fractions at about 0.2 can be mainly attributed
to the thermal fluctuations and substrate adsorption in
the supercooled melt. However, at the slightly lower
temperature 4.45Ep/kB, the short-chain fraction can
crystallize a little but much slower than the long-chain
fraction, as shown also in Figure 2a. In this case, further
crystallization of the short-chain fraction seems to

require new events of primary crystal nucleation. Under
even lower temperatures such as 4.2Ep/kB, both fractions
of chain lengths cocrystallize although the short-chain
fraction reaches at a slightly lower crystallinity with a
slightly lower speed. Therefore, under the chosen three
supercoolings for the short-chain fractions, three pairs
of crystallinity curves in Figure 2a demonstrate full
segregation, partial segregation, and no segregation,
respectively, in accordance with the experimental ob-
servations on PE and PEO.5-8

Molecular simulations have the advantage to see the
molecular details of crystal morphologies. We, therefore,
made the snapshot of long-chain crystals grown at the
temperature of 4.5Ep/kB, as shown in Figure 2b. From
this figure, one can see that the long-chain fractions are
in priority of the crystal growth on both sides of the
terraced substrate. The crystal growth front appears
clearly wedge-shaped. It is ready to imagine that the
very slow secondary nucleation at this temperature can
be mainly attributed to the slow reorganization of the
highly folded chains at the tip of crystal growth front.
The small size of wedge tips inhibits further secondary
crystal nucleation upon it. A typical case of such has
been found as the so-called self-poisoning for the crystal
growth of the extended chains inhibited by the meta-
stable once-folded chains on the crystal growth front.29

IV. Intramolecular Nucleation Model
To interpret the above simulation results, the IN

model should be introduced first. This model assumes
that in a long-chain system both primary and secondary
crystal nucleations are dominated by the intramolecular
correlation of the chain units.25 It should be considered
that in the melt polymer coils are interpenetrated into
each other, and some other chains may be involved into
the nucleation events of a single chain. We do not prefer
to reject the coexistence of the intermolecular nucleation
that should be dominant in the crystallization of very
short chains and in particular, of small molecules. But
here, for the chain-folding crystallization of long-chain
samples, we suppose that in thermal/density fluctua-
tions those nucleation events are mainly activated by
the strong intramolecular correlation of one chain, and
the other chains are involved rather passively. There-
fore, we focus our attention only on the crystallization
and melting of a single chain and neglect the distur-
bance of involving other chains at this moment.

Following the classical crystal-nucleation theory30,31

except that we regard a fully extended chain embedded
in the bulk crystalline phase as the ground state, the
free energy of a single chain can be estimated according
to the body free energy change due to partial melting
plus a surface free energy penalty, as given by25

where n is the number of molten bonds, ∆f3D the body
free energy change of each bond on melting, σ3D a
constant corresponding to the surface free energy den-
sity and absorbing all the prefactors, and N the total
amount of bonds in the single chain. In previous
simulations,25 the molten bonds have been defined as
those bonds containing less than five parallel neighbors.
Equation 1 estimates the free energy of the single chain
on the basis of one single crystal for primary nucleation.

In the case of secondary nucleation, the single chain
forms a single two-dimensional crystal on a locally

Figure 2. (a) Time evolution of the paired crystallinity curves
corresponding to two chain lengths at the crystal growth
temperatures of (A) 4.5Ep/kB, (B) 4.45Ep/kB, and (C) 4.2Ep/kB.
The sample system is a half-half volume blend of two chain
lengths (32-mers and 128-mers) in a 643 cubic lattice with
periodic boundary conditions, and a terrace substrate formed
by 128-mers exists to initiate the crystal growth under low
supercoolings. (b) Snapshot of 128-mer crystals grown at the
temperature of 4.5Ep/kB. In addition to the double-layer
terraced substrate, only the bonds containing more than 10
parallel neighbors are shown in cylinders.

∆F3D(n) ) n∆f3D + σ3D(N - n)2/3 (1)
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smooth crystal-growth front. The smoothness may not
be a strict prerequisite of the following free energy
estimation, since the intramolecular nucleus covering
over a step of terrace on the crystal growth front may
not change the result much. Similarly, the total free
energy of this single chain is estimated according to a
body free energy change due to partial melting plus a
lateral surface free energy penalty, as given by25

The free energy barrier for intramolecular primary
nucleation is thus calculated as

The validity of this equation has been quantitatively
verified by our previous molecular simulations.25 Since
∆f3D is roughly proportional to the supercooling, this
equation predicts that the height of free energy barrier
has a reciprocal dependence on the square of supercool-
ing. This result is well-known for the homogeneous
primary crystal nucleation and in agreement with
experimental observations on real polymers.32 Further-
more, this equation shows that under a fixed temper-
ature (fixed ∆f3D) the height of free energy barrier
should be independent of the chain length. This result
is also consistent with recent experimental observations
on both extended-chain crystals and folded-chain crys-
tals of PE33,34 as well as on the primary crystal nucle-
ation of polyethylene succinate.35

Correspondingly, the free energy barrier for intramo-
lecular secondary nucleation is calculated as

which predicts not only a reciprocal dependence on the
supercooling as already well-known but also an inde-
pendence on the chain length at a fixed temperature.
It has been verified in experiments that the free energy
barrier for secondary crystal nucleation of polymers has
a reciprocal dependence on the supercooling.36 The
chain-length independence of the critical free energy
barrier for crystal growth can also be verified by the
crystal growth rates of polyethylene succinate.37,38

For the molecular segregation under supercooling, we
will focus our attention on the secondary nucleation
since as mentioned before, the primary nucleation
involves only a little polymers and hence cannot provide
the high efficiency of molecular segregation. Opposite
to the secondary nucleation, the free energy barrier for
melting of single chains on the crystal-growth front is

which shows a significant chain-length dependence. This
implies that, under a specific crystallization tempera-
ture, ∆Fc2D is invariable while ∆Fm2D is variable with
the chain length. In this case, there should exist a
critical chain length Nc which meets the condition of
height equivalence between two free energy barriers of
opposite directions. This equivalence indicates the
thermodynamic equilibrium between crystalline and

molten states. Therefore, those chains shorter than this
critical chain will have the crystalline state less stable
than the molten state and hence have a potentiality to
dissolve/melt from the crystal growth front, and those
chains longer than this critical chain can survive in the
intramolecular secondary nucleation and contribute to
the advancing of the crystal-growth front. The depicted
free energy curves with variable chain lengths can be
found in Figure 3. This simple description reveals the
principle of kinetics-controlled molecular segregation on
polymer crystal growth.

For those chains of critical chain lengthes, the ther-
modynamic equilibrium between two states defines their
equilibrium melting point Tm2D at this specific crystal-
lization temperature. Applying this equilibrium condi-
tion into eqs 4 and 5, we have

This equation tells us that the higher the crystallization
temperature, the larger the critical chain length. There-
fore, on cooling of a highly polydisperse polymer melt,
the long-chain fractions that meet the critical condition
first will crystallize at high temperatures and contribute
to the thick dominant lamellae, while the short-chain
fractions only crystallize at low temperatures and
contribute dominantly to the thin subsidiary lamellae.
This explains the corresponding observations in experi-
ments.39,40 Furthermore, the scaling relationship (-1/
2) between the crystallization temperature and the
critical chain length of molecular fractionation has been
verified by the experimental data obtained from PE melt
crystallization.25

The measurement of a total chain length on the
crystal-growth front is actually an extreme case of the
IN model. In most of cases, the intramolecular nucle-
ation is not necessary to know the exact distance of
chain ends along a long chain, but rather to make
certain that they are outside the critical distance along
the chain. In thermal fluctuations of a long-chain
macromolecule, finding both chain ends requires the
correlation length larger than the coil size, while finding
the critical chain length is in a much smaller and
reasonable scale. Thus, only a small portion of chain
that reaches the critical chain length may be involved
in the nucleation events for advancing the crystal-
growth front. After the secondary nucleation is finished,

∆F2D(n) ) n∆f2D + σ2D(N - n)1/2 (2)

∆Fc3D )
4σ3D

3

27∆f3D
2

(3)

∆Fc2D )
σ2D

2

4∆f2D
(4)

∆Fm2D ) N∆f2D - σ2DN1/2 +
σ2D

2

4∆f2D
(5)

Figure 3. Depicted free energy curves for the secondary
nucleation of single chains with variable chain lengths on the
smooth crystal growth front. The dashed line indicates the
equilibrium condition at the critical chain length.

∆fe2D ) σ2DNc
-1/2 (6)
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the crystal growth along the chain spreads over the
smooth substrate but may not always complete at the
chain ends. Many factors will contribute to the termina-
tion of this spreading process, such as a finite size of
the crystal-growth front as has already been observed
in our previous simulations.10 The others can be the
impingements with other surface crystallites or the
feeding restrictions by slow long-chain disentanglements
in the melt. After the termination, the rest molten part
of single chains may be still long enough to make
another event of secondary nucleation. Therefore, a
long-chain macromolecule is expected to perform crystal
growth in an intermittent style and with many events
of intramolecular nucleation.10

Many recent observations contain certain supportive
implications to the IN model. In a visual inspection of
molecular dynamics simulations, Meyer and his col-
laborator found that intrachain nuclei were mostly the
starting point of crystal growth.41 By means of Brownian
dynamics simulations, Muthukumar’s group has ana-
lyzed the dynamics to generate several primary crystal
nuclei simultaneously along a single chain,42 although
multiple nucleation usually occurs at low temperatures
and they focused their attention on the entropic barrier
sourced from those connecting loops. Under the dynam-
ics point of view, each IN event can be reversible. This
behavior may give rise to many local reversals on the
crystal growth front9 and hence makes contributions to
the reversible heat capacity of semicrystalline macro-
molecules as reported in Wunderlich’s group.43 Quench-
ing the highly polydisperse sample to low temperatures,
the smaller critical chain length allows cocrystallization
of more chain-length fractions, as summarized in Ged-
de’s book.44 In this case, a very-long-chain macromol-
ecule may contain quite a few of intramolecular nuclei,
and therefore, in the contexture of semicrystalline
polymers, the trajectory of such a macromolecule may
travel over several thin lamellae or several positions in
the same lamella, without a significant sacrifice of the
coil-size scaling in the melt.

V. Unified Scheme for Interpretation of
Molecular Segregation

As summarized in the Introduction, there are three
scenarios of molecular segregation observed in experi-
ments. The first scenario exhibits the melting point Tm

0

of the short-chain fractions beneath the crystallization
temperature of the long-chain fractions, so the short-
chain fractions are forbidden to perform crystallization
by the thermodynamical driving forces and behave like
the small solvent in the conventional monotectic poly-
mer solutions. The second one requires chain folding
upon crystal growth, and the molecular segregation is
decided by the chain length compared to a critical chain
length with its two-dimensional melting point Tm2D
located at the crystallization temperature, as introduced
in the above section. Since two-dimensional crystals on
the smooth growth front are much less stable than the
bulk extended-chain crystals (i.e., Tm2D , Tm

0 ), the
second scenario of molecular segregation occurs under
a supercooling of the segregated short-chain fractions.
The third scenario shows only partial segregation and
can be assigned to the temperature region below but
near Tm2D, where the free energy gains of short-chain
fractions on the intramolecular secondary nucleation are
much smaller than those of long-chain fractions. In

other words, crystal growth by short-chain fractions
contains a high probability of reversal while crystal
growth by long-chain fractions has no reversal. There-
fore, as a consequence of the growth-rate competition,
the former will be gradually excluded from the crystal
growth front although the former may be still crystal-
lizable at later stages of crystallization. On further
lowering of the crystallization temperature, both frac-
tions will cocrystallize without any segregation.

On the basis of the above analysis, we may construct
a unified scheme to describe all three scenarios, namely
thermodynamics, kinetics, and rate competition, accord-
ing to the location of the crystallization temperature
demarcated by Tm

0 and Tm2D for a specific molecular
weight. An alternative choice is the location of the
critical molecular weight demarcated by its values
corresponding to two melting points equal to a specific
crystallization temperature. In the polydisperse polymer
with a wide molecular weight distribution, the shortest
chains perform thermodynamics scenario of molecular
segregation and the middle-length chains exhibit kinet-
ics scenario, while the longer chains are in partial
segregation or even in cocrystallization. A demonstra-
tion of this unified scheme is shown in Figure 4.

In the practical molecular fractionation, Tm
0 plays a

dominant role only in the chain-extending crystalliza-
tion of very short chains, while Tm2D is meaningful in
the chain-folding crystallization of those long chains.
Therefore, Tm2D is of practical importance in the crystal-
lization fractionation of conventional high polymers,
with the crystallization temperature scanning from high
to low for obtaining the variable fractions of molecular
weights. In the following section, Tm2D will be employed
to explain an upper limit of molecular weights in
crystallization fractionation.

VI. Upper Limit of Molecular Weights in
Crystallization Fractionation

There exists even an upper limit of molecular weights
in the chain-folding crystallization fractionation first
suggested by Mehta and Wunderlich22 and then con-
firmed by Glaser and Mandelkern45 in their experiments
of PE melt crystallization. Crystallization in a polydis-
perse polymer with all the chain lengths going beyond
this upper limit will not exhibit molecular segregation
anymore.

As will be proved below, this upper limit is still an
inherent prediction of the IN model. According to the
basic thermodynamic expression ∆fe2D ) ∆he2D -
Tm2D∆se2D, where ∆h is the fusion enthalpy per chain

Figure 4. Demonstration of a unified scheme to interpret
three scenarios of molecular segregation in polymer crystal-
lization. The first text line shows the status of molecular
segregation, and the second line shows the scenarios of
molecular segregation. Below is the unified scheme according
to the crystallization temperature or alternatively, according
to the critical molecular weight.
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unit and ∆s the fusion entropy per chain unit, we can
obtain from eq 6 that

At this equilibrium melting temperature, the free
energy barrier is given by

Supposing that the critical chain length approaches
infinity, eq 7 implies that Tm2D will be saturated at a
definite value (∆he2D/∆se2D), while eq 8 shows that ∆Fe2D
will eventually go to infinity.

It is well-known that only when the thermal energy
approaches the free energy barrier can the spontaneous
events of nucleation/melting occur on the crystal-growth
front. The thermal energy has a proportional depen-
dence on the temperature (here, Tm2D). This relationship
implies that when the critical chain length goes to
infinity, the thermal energy will eventually reach a
definite value rather than infinity. Therefore, there
should exist an upper limit of the critical chain length,
above which the thermal energy will never catch up with
the free energy barrier that intends to increase with the
chain length up to infinity. Beyond that limit, no
polymer will be spontaneously excluded from the crystal-
growth front by the reverse of secondary nucleation, and
hence the phenomenon of molecular segregation disap-
pears.

To give a demonstrative estimation of this upper limit,
we draw the parameters from the lattice model of
polymer chains described in ref 25 and apply them to
eqs 7 and 8. We assume a lattice polymer chain
performing two-dimensional secondary crystal nucleation/
melting on a smooth crystal-growth front. The normal
direction of this front shall be aligned with one of lattice
axes. According to the applied microrelaxation model
in our simulations, the coordination number of each
lattice site (or each chain bond) includes all the neigh-
bors along the lattice axes (6) and the body (8) and face
(12) diagonals, and hence q ) 6 + 8 + 12 ) 26.
Therefore, each chain bond melting from the front will
lose the potential energy from its crystalline interactions
with nine neighbors belonging to the front, and their
sum is 9Ep. In addition, the melting bond will lose the
potential energy from its crystalline interactions with
eight neighbors belonging to its layer just above the
front, and their sum is 8Ep/2. Here, “2” is the symmetric
factor for pair interactions of the bonds belonging to the
concerning single chain. Thus, the fusion enthalpy of
each bond is their total, 9 + 4 ) 13Ep. The fusion
entropy of each chain bond is still conformational in
majority, and in analogy to a random walk it gives kB
ln(q - 1).25 So far so good; the last parameter in eq 7
needed to be specified is σ2D. In the case of primary
nucleation, the simulation results for the free energy
barrier of equilibrium melting in a single chain have
been fitted well by a single value σ3D ) 15Ep.25 Assum-
ing that three-dimensional crystal nuclei have a geo-
metrical prefactor of 6 (cubic) and two-dimensional ones
have a geometrical prefactor of 4 (square), a reasonable

value of σ2D is then σ3D(4/6) ) 10Ep. Taking all the
available parameters into eq 7, we have

Within an acceptable time window of our simulations,
the thermal energy has been found to be about 10kBT.25

Therefore, under the variable critical chain lengths, we
compare the available thermal energy 10kBTm2D with
the equilibrium free energy barrier ∆Fe2D calculated
from eq 8, as shown in Figure 5.

Figure 5 clearly demonstrates a crossover between
two curves. This crossover indicates an upper limit of
the critical chain length above which the thermal energy
will never catch up with the melting barrier; hence, the
spontaneous molecular segregation between different
length polymer chains will not occur. In other words,
those short-chain fractions are not short enough and will
never be spontaneously excluded from the crystal
growth front. Actually at their Tm2D, the free energy
barrier turns out to be so high that even secondary
crystal nucleation cannot spontaneously happen any-
more.

The exact molecular weight of this upper limit is still
controversial in experiments of PE melt crystallization.
Glaser and Mandelkern suggested a value at about 7700
Da,45 while Mehta and Wunderlich showed their expec-
tations for the molecular segregation on at least 2.2 ×
104 Da.22 In the present case, Figure 5 predicts an upper
limit of the critical chain length at about 1326 bonds.
This value corresponds to the molecular weight 1.9 ×
104 Da of PE. It is obvious that the exact molecular
weight of this upper limit depends on the details of
experimental and theoretical approaches, especially on
the time windows of observations. In fact, Sadler46 has
already observed that the molecular segregation of long
chains happens very slowly at high crystallization
temperatures. At even higher temperatures, the time
scale required for the observation of molecular segrega-
tion becomes too large to be accepted by experiments.
Moreover, Pennings47 found that a proper stirring will
make the high-molecular-weight fraction crystallize in
priority. The high orientation of chains in the melt will
decrease the fusion entropy and hence raises the equi-
librium melting temperature. There are two aspects for
the role of raising melting point in the acceleration of
molecular segregation. First, the effective supercooling

Tm2D )
∆he2D - σ2DNc

-1/2

∆se2D
(7)

∆Fe2D )
σ2D

2

4∆fe2D
)

σ2D

4
Nc

1/2 (8)

Figure 5. Demonstration of a crossover between two curves.
The solid curve is for the equilibrium free energy barrier ∆Fe2D/
Ep vs the critical chain length Nc, and the dashed curve is for
the available thermal energy at the equilibrium melting
temperature 10kBTm2D/Ep vs Nc. For the details of calculations,
see the text.

kBTm2D/Ep ) (13 - 10Nc
-1/2)/ln(25) (9)
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(the thermodynamical driving force) for crystallization
of those long chains is enhanced since their oriented
states can survive over a long term. Second, the
crossover point in Figure 5 will shift up since the
thermal energy increases with the equilibrium melting
point of those oriented chains while the equilibrium
barrier will not; hence, we expect to see that the
molecular segregation is allowed to occur at higher
temperatures for separating the fractions of longer
chains.

VII. Concluding Remarks
Molecular simulations are powerful tools to evidence

the general phenomenon of the molecular segregation
on polymer crystal growth. Its mechanism can be well
explained on the basis of the IN model. Furthermore,
all three scenarios of molecular segregation can be
interpreted under a unified scheme, as proposed in this
paper.

Molecular segregation in supercooled regions is a
unique phenomenon for polymer crystallization and
thus implies a different crystallization mechanism of
polymers from that of small molecules. The IN model
inherits the concept of molecular nucleation and has
assigned this uniqueness to the chain folding that is
initiated mainly through the events of intramolecular
primary and secondary nucleations.

A very special case of molecular segregation exists in
the blend of normal and deuterated polymers.48 The
nature of this isotopic effect can be attributed to a small
volume difference of repeat units.49 Thermodynamic
slowing down of interdiffusion has been found at the
critical composition of demixing.50 To some extent, this
behavior ruined the success of small-angle neutron
scattering measurements on polymer crystallization at
high temperatures. Here, in the discussion of molecular
segregation upon polymer crystallization, we leave this
potential contribution alone.

In this paper, we mainly discuss the term of critical
free energy barrier in the classical rate equation of
crystal nucleation. Many experimental observations on
the basic facts of polymer crystallization can be pre-
dicted according to the properties of this term. Our
discussions can be compatible with other discussions
focusing on other terms in the rate equation and later
stages of crystallization, such as the prefactor of the
barrier term that has been found responsible for the
molecular diffusivity in the melt (see refs 17, 18, and
33-37), the reorganization on the crystal growth front
including thickening or even a mesomorphic phase
transition accompanied,51,52 and so on.
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