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ABSTRACT: We report a numerical study of crystallization and melting in bulk statistical homogeneous
(random), homogeneous (slightly alternating), and heterogeneous (produced in a batch reaction) copolymers
formed by crystallizable monomers and noncrystallizable comonomers. In our dynamic Monte Carlo
simulations of lattice chains, the current model further assumes that the comonomers cannot move into
crystalline regions by sliding diffusion of the chains. We find that both the overall composition and the
statistical distribution of the monomers affect the phase-transition temperature, the resulting relative
crystallinity, and the crystal morphology. However, the final absolute crystallinity of homogeneous
copolymers seems insensitive to these parameters. Intramolecular segregation between monomers and
comonomers is accompanied by crystallization, demonstrating the concept of sequence segregation or
nanophase separation of statistical copolymers with assembling structures like in thermoplastic
elastomers. Moreover, if crystallization of homogeneous copolymers has started but not yet completed on
cooling, subsequent heating will show cold crystallization before melting, which can be attributed to
insertion-mode lamellar growth. For heterogeneous copolymers, intermolecular segregation occurs on
cooling before crystallization. On the basis of our observations, a pair of master melting and crystallization
curves for the crystallinity of a statistical copolymer as a function of temperature are suggested to reflect
the characteristic of the monomer-sequence-length distribution. This suggestion facilitates the clarification
to the kinetic disturbance in local temperature regions and to the principle of some fractionation methods,

such as temperature rising elution fractionation (TREF).

1. Introduction

Crystallization and melting of synthetic polymers are
particularly sensitive to the sequence irregularities
along the chains. The invention of Ziegler—Natta cata-
lysts for the synthesis of polyolefins in the 1950s
resulted in improved sequence regularities. This devel-
opment gave an impetus to the study of crystallization
and crystal morphology of semicrystalline polymers. In
recent years, metallocene-based catalysts have enabled
even better control of the sequence regularity. This
opens the prospect of better control of crystallization and
morphology and, as a consequence, the possibility to
design polymers with improved properties. However, our
present knowledge about the relationships between
sequence (ir)regularities and phase-transition behavior
is still very limited, even for the most widely studied
ethylene-based copolymers.1—3

Typically, the sequence (ir)regularities in polymers
can have their origin in nonhomogeneous chemical
composition, in variations in bond geometries, or in the
mixing of stereoenantiomeric monomers. In general,
irregular sequences give rise to a different spatial shape
than regular sequences and therefore lack the ability
of regular sequences to form close-packed structures at
a specific temperature. Such packing is the source of
the enthalpy gain, i.e.,, the main driving force for
polymer crystallization, which should compensate for
the entropy loss during phase transition. If we consider
the units of irregular sequences as noncrystallizable
comonomers, it is possible to simulate the matching of
the units of crystallizable sequences using a microscopic
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model based on the packing energy difference between
monomer pairs and pairs containing comonomers, re-
sulting in a simulation of the crystallization and melting
behavior of copolymers.*5

Early in 1947, Flory suggested an equilibrium theory
to predict the melting-point depression due to exclusion
of comonomers from the crystallites.®” This theory was
subsequently extended to allow for partial inclusion of
comonomers in the crystallites in order to fit the
available experimental results.®° Although the predic-
tions of these equilibrium theories!® are qualitatively
correct, it is actually impossible to verify the quantita-
tive predictions with the experimental results of copoly-
mers.!! First, there is no characteristic melting point
for copolymers, since the distribution of sequence lengths
gives rise to a distribution of crystallization tempera-
tures, resulting a wide crystallite size distribution and
hence, a wide melting temperature range. Second, a true
equilibrium distribution of sequence lengths in corre-
sponding crystallites cannot be approached in reality
due to the irreversible nature of polymer crystallization.
During copolymer crystallization, the difficulty of long-
distance diffusion of molecules makes a complete frac-
tionation of sequence lengths at the crystal-growth front
impossible. Moreover, Flory-type theories assume that
the crystallizable sequences are fully extended in the
crystallites. In practice, however, the resulting crystal-
lites usually exhibit appreciable chain-folding. Only in
specific situations, for instance during crystallization of
ethylene-based copolymers under high pressure, 213 are
the long ethylene sequences expected to be more ex-
tended in the crystallites.

The difficulty of molecular diffusion is due to both the
high viscosity of polymer melts and the restriction that
some chain units are incorporated in the present crys-
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tallites.’* Moreover, sliding diffusion of copolymers is
difficult because the usually large-sized comonomers
cannot pass through close-packing regions of monomers.
Such close-packing regions can be located in the crys-
tallites or even be generated by thermal fluctuations in
the melt. This kind of restriction is quite general for
ethylene-based copolymers, and in Flory-type theories,
it was simply treated as exclusion of comonomers from
the crystallites, disregarding its practical hindrance to
approach the extended-chain crystallites with equilib-
rium distribution of sequence lengths inside. In our
simulations, this kind of restriction can be taken into
account explicitly in such a way that partial sliding
diffusion is possible in the microrelaxation of the lattice
chains.t®

The crystallization and subsequent melting of bulk
statistical copolymers with three different kinds of
sequence distribution were studied by dynamic Monte
Carlo simulations. In describing the sequence distribu-
tions, we use the nomenclature for copolymers recom-
mended by the Commission on Macromolecular Nomen-
clature of the IUPAC Macromolecular Division.'® The
first kind of sample follows zeroth-order Markovian
statistics corresponding to the results of random co-
polymerization, the second kind of sample follows first-
order Markovian statistics with quite different reactivity
ratios between monomers and comonomers and a fixed
feed composition, corresponding to the homogeneous
copolymers produced in a continuous reaction process
with a single-site catalyst, and the last kind of sample
also follows first-order Markovian statistics with dif-
ferent reactivity ratios between monomers and comono-
mers but with a significant compositional drift, corre-
sponding to heterogeneous copolymers produced in a
batch reaction process with a single-site catalyst. We
applied the same cooling and subsequent heating proc-
esses to all copolymers under study and traced the
evolution of crystallinity and morphology with temper-
atures for variable comonomer contents and sequence
distributions.

In the remainder of this paper, the principles for the
preparation of three kinds of copolymer are described
in some details. After that, we give a simple description
of the model and the simulation algorithm used. Next,
the simulation results are reported, followed by discus-
sion and conclusions.

2. Simulation Techniques

2.1. Sequence Statistics of Copolymers. The statistical
distribution of monomers in a copolymer is determined by the
various monomeric polymerization reactions to form the chains
or by the various substitution reactions on the side-group of
chains. For the sake of convenience, we focus our attention on
statistical copolymers produced in the copolymerization process
of free-radical addition with a single-site catalyst, while mono-
mers form the crystallizable regular sequences and comono-
mers contribute to noncrystallizable irregular sequences. The
distribution of reacted (co)monomers along the chains is
supposed to follow a Markovian process,¢17.181920 which
characterizes random copolymers as zeroth order (Bernoullian
statistics). In the first-order Markovian process, the propagat-
ing probability depends only upon the last unit added to the
chain (the terminal model). For the second-order Markovian
process (the penultimate model), the last two units incorpo-
rated in the chain determines the probability of subsequent
(comonomer addition. Although the penultimate model may
fit better to reality at the expense of complexity,?* we will use
only the first-order Markovian process for simplicity. The
propagation reactions of copolymer chains for such a process
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can be represented using rate constants kj; with i, j €{1, 2}
where 1 stands for the crystallizable monomer and 2 denotes
the noncrystallizable comonomer:
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Here, Mi* with i {1, 2} represents the concentration of
propagating chains with the end species i, and M; with i {1,
2} the concentrations of (comonomer i. The corresponding
propagation probabilities are then defined as

Py = Kk ;MM */(k;;M; M * + K ,M,M,*) = r,F/(r,F + 1)
(5)
Ppo=1-Py (6)

P2 = KypMuM*(KpuMoMp* + ki MiM,*) = 1pf/(r, + F) - (7)
Py =1-Py 8

where r; = Kkii/kiz and r, = kapo/kp; are the (co)monomer—
reactivity ratios, and F = M1/M, is the feed mole-fraction ratio
of monomer and comonomer. In this modeling process, the
polymerization Kinetics can be fully accounted for by one set
of r; and r, (characterizing the catalyst) plus the feed composi-
tion F. In this way, it is straightforward to model the sequence
distribution of statistical copolymers.??

The product of r; and r, determines the nature of the
sequence distributions. If ryrp > 1, cross propagation will be
unlikely and a copolymer with long blocks will result. If rir;
< 1, cross propagation will be dominant, thus favoring
alternating copolymer sequences. Most of the practical copoly-
mers turn out to have statistics between alternating and
random, i.e.,, 0 < rir; < 1.

Copolymerization is typically done in a continuous reaction
process with a single-site catalyst, so there will be no difference
between the chains with respect to statistics of (comonomer
incorporation: there is both intra- and intermolecular homo-
geneity. Such statistical copolymers are usually called homo-
geneous.?? If the propagation probabilities that determine the
composition of the chains are not constant either within one
chain or from one chain to the next, the copolymer may be a
mixture of chains with quite different comonomer contents and
sequence distributions. In such cases, the copolymer is said
to be heterogeneous. An example is a batch reaction process
with a single-site catalyst. If the reactivity ratios are very
different, then there will be an appreciable change in feed
composition as the reaction proceeds. This compositional drift
is avoided in continuous reaction processes, and the hetero-
geneity of most copolymers is caused by the multisite nature
of catalysts, i.e., multiple r-sets. This is, for instance, the case
for linear low-density polyethylenes (LLDPES) produced with
heterogeneous-type Ziegler—Natta catalysts.?*~26 The implica-
tions of the latter source of heterogeneity in copolymers will
be reported in the near future.?”

2.2. Sample Preparation. We produced three kinds of
copolymer with sequence statistics corresponding to the above-
mentioned homogeneous (random), homogeneous (alternating-
to-random), and heterogeneous (produced in a batch reaction)
copolymers and, for each kind, samples having different
comonomer contents. In a cubic lattice box with its linear size
of 64, we placed 1920 chains, each chain occupying 128
consecutive sites, so the density of the samples is as high as
0.9375. Initially, we marked a long, single macromolecule for
all the chains. Along this single macromolecule, the first site
is labeled as being a monomer (denoted as 1) or a comonomer
(denoted as 2) according to the probability determined by the



Macromolecules, Vol. 36, No. 6, 2003

Table 1. Number of Crystallizable Monomer Bonds in the
Three Kinds of Copolymers

comonomer random  Slightly alternating

mole monomer monomer  heterogeneous

fraction bonds F set bonds monomer bonds
0.06 215391 0.610 215030 226 015
0.12 188462 0.275 187 041 208 759
0.24 140863  0.108 134 806 175529
0.36 99862 0.0541 89 679 143 174
0.44 76 506  0.0356 63 563 122 111

specified composition, the next site and so on are labeled
according to the specified propagation probabilities. A series
of samples for each kind of copolymer were then generated
with comonomer mole fractions of 0.06, 0.12, 0.24, 0.36 and
0.44, respectively.

For the homogeneous random copolymers, r1 = r, = 1, and
F is a constant calculated from a preset comonomer content.
For simplicity in the following text, we denote this series of
samples as random copolymers. For the homogeneous alter-
nating-to-random copolymers, r; = 24.7 and r, = 0.017 were
taken in analogy to the copolymerization of ethene and
1-octene using a vanadium-based Ziegler—Natta catalyst.® The
value of F is chosen to be consistent with the specified content
of comonomers in the final product (see Table 1). Since rir, =
0.42, the sequence distribution of this type of homogeneous
copolymers will reflect a tendency toward alternating. For
simplicity in the following text, we name this series of samples
as slightly alternating copolymers.

For the heterogeneous batch-reaction-produced copolymers,
rn = 24.7, r, = 0.017, but F defined by the (co)monomers in
the unreacted residue is not constant, while the preset total
composition is fixed. Since the monomers have the highest
chance in reaction, the feed monomers are depleted quickly,
and chains containing high comonomer content will be gener-
ated subsequently. We refer to this series of samples as
heterogeneous copolymers.

In our model, two consecutive monomers along the chain
form a monomer bond, and only the interactions between
adjacent-but-nonbound monomer bonds contribute to the en-
thalpy gain. The number of crystallizable monomer bonds in
a copolymer changes with the sequence distribution, even
though the comonomer content may be constant. Table 1 lists
the total number of monomer bonds for samples representing
three kinds of copolymer, which are useful in the calculation
of absolute crystallinities as defined later on.

Figure 1a shows the probability distribution of monomer-
sequence lengths for three kinds of copolymer, all with a
comonomer content of 0.44. For the homogeneous copolymers,
the distribution agrees with the theoretical prediction that the
probability to generate a monomer-sequence length of n is
given by P2;P11;" Py, for n > 0 and by Py, for n = 0. The very
long sequences are lost when we split the long single macro-
molecule into short chains. However in our cases, their number
is so small that the distribution is not affected much, as
demonstrated in Figure 1a. The most probable sequence length
of the slightly alternating copolymers corresponds to n = 1
rather than n = 0 due to the preference for alternating. This
preference causes the slightly alternating copolymer to contain
fewer long monomer sequences and, as a consequence, fewer
crystallizable monomer bonds than the random copolymer at
the same comonomer content. However, the heterogeneous
copolymer contains a significant number of both the longest
and the shortest monomer sequences.

Figure 1b shows the population distribution of chains that
have a specified number of comonomer units at constant
overall comonomer fraction 0.44. The figure shows that the
random and the slightly alternating copolymers have a single-
peaked distribution while the heterogeneous copolymer ex-
hibits a double-peaked distribution. For heterogeneous co-
polymers, the number of chains consisting exclusively of
comonomers is about 660, i.e., close to one-third of the total
number of chains (1920). Hence, this system can be regarded
as a blend of crystallizable and noncrystallizable chains.
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Figure 1. Microstructure characterizations of random, slightly
alternating, and heterogeneous copolymers with a comonomer
mole fraction of 0.44. (a) Number distributions of monomer-
sequence lengths. The solid lines are for the long single
macromolecule, the dotted lines are for the chains resulting
after splitting the single macromolecule, and the dashed lines
are the theoretical predictions (see text). (b) Chain distribu-
tion according to the number of comonomer units in the chain.
Only the segments connecting the data points are drawn for
clarity.

2.3. Microrelaxation Model and Algorithm. The Monte
Carlo scheme that we use to simulate polymer motion belongs
to the class of single-site jumping models that was pioneered
by Larson et al.?® Larson et al. considered models based on
kink generation and end-to-end sliding-diffusion. The kink-
generation scheme was subsequently developed into the bond-
fluctuation model.?®3° A hybrid model that combines kink
generation with the sliding diffusion was suggested by Lu and
Yang.®! In this scheme, it is assumed that sliding diffusion
can start in the middle of the chain but finish at a chain end.
In our hybrid model, based on de Gennes’s original picture of
defect diffusion along a chain,® we assume that the region of
sliding diffusion can be terminated by decreasing the sharp-
ness of the kink conformation in the middle of the chain.'®

Kinks can only be generated if the required void space is
locally available. To enhance the efficiency of our simulation
algorithm in dense systems, we first randomly select one of
the small number of void sites. Next, we randomly select a
site adjacent to this void. If this site is occupied by a chain
unit, then a microrelaxation step is attempted.

In our simulations, we use periodic boundary conditions. We
use a cubic box shape, but this is not essential. A lattice site
can be occupied by one monomer at most, and polymer chains
cannot cross to each other. Inter-monomer bonds are possible
either along six lattice directions or along 12 face diagonals
and eight body diagonals. Hence, the coordination number of
a monomer is 6 + 12 + 8 = 26.
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In the present simulations, we also have to consider the
effect of the comonomers on the sliding diffusion. In particular,
we have to implement a rule that takes into account that
comonomers cannot diffuse into crystalline regions. This we
do as follows: if a comonomer were to move along a bond
previously connecting two monomers, we test whether this
bond has more than one neighboring parallel bond. If so, the
region is considered locally crystalline, and the trial move is
rejected.

To initiate our simulations, the chains were placed regularly
on the lattice. During equilibration, the chains are allowed to
relax to the coil state. This equilibration is performed at high
temperatures and without any restriction on sliding diffusion.
After that, we make a distinction between monomer and
comonomer units. The system is cooled, and the dynamics
proceeds by microrelaxation steps with sliding diffusion,
including the constraints on comonomer diffusion.

Moves that are not rejected because of hard-core overlap or
bond crossing can result in a change of the potential energy
due to a change in the number of parallel bonds. This leads to
a potential-energy change pEp, where p is the decrease in the
number of neighboring parallel bonds for those monomers
jumping and releasing a void site. In addition, a potential-
energy penalty for chain bending and the potential-energy
exchange between the pairs of monomer and those of co-
monomer could have been included.>32 However, for the sake
of simplicity, we supposed that the chains are fully flexible
and that the mixing between monomers and comonomers is
athermal. Trial moves are accepted with a probability given
by the Metropolis criterion.

2.4, Temperature Scanning Programs. In analogy to a
differential scanning calorimetry (DSC) measurement, we
stepwise changed the reduced temperature kgT/E, in steps of
size 0.01. During each step, we carried out 300 Monte Carlo
(MC) cycles, where one MC cycle is defined as one trial move
per (comonomer averaged over the sample system. The first
100 MC (equilibration) cycles are discarded. Averages were
computed during the subsequent 200 MC cycles. The molten
chains were first cooled from the reduced temperature of 6 to
2 or to 1. In this temperature range, crystallization is expected
to occur. Then, the crystallized samples were heated from the
lower temperatures back up to the initial temperature, where
the melting is expected to occur. We compared two heating
curves with different depths of cooling for the random and the
slightly alternating copolymers.

In addition, we performed a cooling process with a stepwise
increase in the value of the reduced reciprocal temperature
E/(ksT) starting from zero (infinitely high temperature), to
check out possible segregation between two species of chain
units above the crystallization temperature.

2.5. Traced Quantities. In the crystalline region, the
maximum of crystallizable monomer bonds packing in parallel
around one monomer bond can be 24, which is the coordination
number of 26 minus two intrachain bonds. Meanwhile in the
amorphous region, the amount of parallel packing is usually
found to be close to zero. To distinguish disordered regions
from (partly) crystalline regions, we used a criterion of 5 that
would effectively identify the amorphous state and the crystal-
line state, even when defect-rich. During the temperature
scanning, the crystallinity was therefore defined as the fraction
of monomer bonds, which contain more than five neighboring
parallel monomer bonds, in the total amount of monomer
bonds. This crystallinity is not equal to the total crystallinity,
which is the fraction in the total amount of bonds without
distinction in composition of monomers and comonomers, i.e.,
the sample mass. Nor does it represent the relative crystallinity
where the denominator is the number of monomers, rather
than the number of monomer bonds. One can view the present
definition of crystallinity as a measure of the absolute crystal-
linity, since it reflects the fraction of maximum attainable
crystallizability. In contrast, experiments only report the
results by means of the total crystallinity or the relative
crystallinity.

The (de)mixing of monomers and comonomers was traced
by evaluating the mean fraction of neighboring sites of each
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Figure 2. Relative crystallinities (a) and absolute crystal-
linities (b) (see definitions in text) as a function of reduced
temperature on cooling and subsequent heating (see arrows)
for a series of random copolymers with variable comonomer
mole fractions as denoted. The solid curves are for cooling from
6 to 1, the dashed curves are for heating starting from 2, and
the dotted curves are for heating starting from 1.

comonomer occupied by other comonomers. This quantity,
which can be called as the demixing parameter of comonomers,
is sensitive to changes in the local environment of the
comonomers due to any composition segregations.

3. Results

3.1. Random Copolymers. Figure 2 shows the
curves of the relative crystallinity (a) and the absolute
crystallinity (b) for the series of random copolymers on
cooling and subsequent heating. The significant hys-
teresis between heating and cooling curves reflects
nucleation-controlled first-order phase transition on
cooling. Before major crystallization sets in, the melt
may already have an appreciable level of crystallinity
due to local fluctuations. The onset of phase transitions
is found to be very sensitive to the comonomer content.
This is, in fact, well-known from experiments: increas-
ing the comonomer content moves the crystallization
and melting transitions to lower temperatures. Also, the
relative crystallinity on cooling follows the sequence of
comonomer content, which is consistent with the ex-
perimental observations, such as those on homogeneous
ethylene-1-octene copolymers.3* However, the absolute
crystallinities saturate at around 0.8. This saturation
value seems insensitive to the comonomer content. The
only exception is the pure homopolymer, which shows
a higher crystallinity (0.9). It seems likely that the



Macromolecules, Vol. 36, No. 6, 2003

Bulk Statistical Copolymers 2169

‘.)\‘g;n_\\-.g

Ve

< RIE L

Figure 3. Snapshots of random copolymers with variable comonomer mole fractions in a cubic lattice with periodic boundary
conditions at the reduced temperature of 1. Parts a—f are for the comonomer content of 0.0, 0.06, 0.12, 0.24, 0.36, and 0.44,
respectively. The polymer bonds are drawn in cylinders, and the bonds containing comonomer units have double thickness.

amorphous monomer bonds are situated at the surface
of metastable crystallites. For copolymers, more meta-
stable crystallites are generated than in homopolymers.
This may explain why the crystallinity of homopolymers
saturates at a higher value.

In Figure 2b, when the comonomer content is high
and the crystallinity is still far from maximum at the
reduced temperature of 2, the heating curves starting
from 2 show significant cold crystallization before melt-

ing. If the comonomer content is not high, the heating
curves with different starting points overlap almost
completely. Since the melting temperatures mainly
depend on the size and perfection of the polymer
crystallites, this observation implies that those crystal-
lites that melt in the overlapping temperature region
are not annealing as they are heated. The dependence
of the heating curves on the initial temperature, which
is observed for systems with a high comonomer content,
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Figure 4. Absolute crystallinities as a function of reduced
temperature on cooling and subsequent heating (see arrows):
(a) for a series of slightly alternating copolymers with variable
comonomer mole fractions as denoted; (b) for the slightly
alternating copolymer with a comonomer content of 0.36 after
annealing at the reduced temperature of 2 for variable periods
of time as denoted (x1000 MC cycles). The solid curves are
for cooling, the dashed curves are for heating starting from 2,
and the dotted curve is for heating starting from 1.

must be due to the difference in the thermal history of
smaller (less stable) crystallites.

Figure 3 shows the crystal morphologies of the series
of random copolymers at a reduced temperature of 1.
Figure 3a demonstrates that in a homopolymer system,
sliding diffusion of chains tends to thicken the initially
lamellar crystallites.® As a consequence, the crystal-
linity can be as high as 0.9. Figure 3b demonstrates that
just a small number of comonomers (mole fraction 0.06)
significantly change the crystal morphology. The lamel-
lae are rather thin and it seems that further thickening
is inhibited by the presence of comonomers on the fold
surface. This stability of the crystallite thickness has
been observed in small-angle X-ray scattering (SAXS)
experiments on syndiotactic polypropylene-1-octenes.3®
The well-developed lateral sizes of the lamellae imply
an apparent amount of chain folding in the crystallites
in order to avoid steric crowding of dangling ends at the
fold surfaces. At high comonomer content, Figure 3
shows small crystallites. The crystallites for the copoly-
mer with a comonomer content of 0.44 appear to have
granular texture, similar to the experimental observa-
tions on ethylene-based copolymers.3® The deterioration
of the crystallite morphology with the increase of
comonomer content is consistent with the experimental
observations dating back to Kilian and Fischer®” and
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Figure 5. Magnified partial region in a snapshot of the
slightly alternating copolymer with comonomer mole fraction
0.12. The polymer bonds are drawn in cylinders, and the bonds
containing comonomer units have double thickness.

also with the simulations* for homogeneous ethylene—
propylene copolymers.

However, the granular crystallites can be observed
even in Figure 3b, coexisting with the lamellar crystal-
lites. This coexistence of different kinds of morphology
has already been observed in experiments.3:38-40

3.2. Slightly Alternating Copolymers. Figure 4a
shows the evolution of the absolute crystallinity of the
slightly alternating copolymers on cooling and subse-
guent heating. As expected on the basis of the monomer-
sequence-length distribution, the phase-transition tem-
peratures are slightly lower than those for the corre-
sponding random copolymers, in particular for the
samples with high comonomer content. However, the
saturation value of the absolute crystallinity on cooling
is almost the same as in the case of random copolymers.
Heating curves with different starting points are seen
to merge in the later stage of melting, as is the case for
random copolymers.

For the slightly alternating copolymer with a comono-
mer content of 0.44, cold crystallization does not occur
when the heating starts from 2. Probably because, on
cooling crystallization has not started yet at this tem-
perature though the melt is supercooled. This implies
that cold crystallization only happens if the system
contains some crystallites.

Figure 4b shows that if the sample with a comonomer
content of 0.36 is stopped on cooling at the reduced
temperature of 2 and then be annealed for variable
periods of time, the crystallinity curves eventually
merge both on heating and on further cooling. This
demonstrates that annealing disturbs both heating and
cooling crystallinity curves only locally. This observation
is consistent with recent DSC measurements on ethyl-
ene-1-octene copolymers394! and reveals a kind of
master curve irrespective of local disturbances caused
by the scanning rate or the isothermal annealing. It
seems logical to conclude that, on cooling, long se-
quences crystallize earlier forming large crystallites that
remelt only at higher temperatures. Short sequences
crystallize at lower temperatures and form small crys-
tallites that remelt earlier. Depending on the sequence-
length distribution determined by the statistics of
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Figure 6. Cooling curves of the absolute crystallinity (dashed
line) and the demixing parameter of comonomers (solid line,
see the definition in text) for the slightly alternating copolymer
with a comonomer content of 0.36, upon cooling from the
infinite temperature and with a stepwise increase in the value
of Ep/(ksT) starting from zero with a step length of 0.002 and
a step period of 300 MC cycles.
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Figure 7. Absolute crystallinities as a function of the reduced
temperature on cooling and subsequent heating (see arrows)
for a series of heterogeneous copolymers with variable overall
comonomer mole fractions as denoted. The sequence of chains
in the sample system was randomized at the initial state before
cooling. The solid curves are for cooling from 6 to 2, and the
dashed curves are for heating from 2 to 6.

(coymonomer incorporation during polymerization, there
should exist a pair of master cooling and heating curves
for each statistical copolymer. Differences with respect
to the depth of cooling, the cooling rate, and the
annealing temperature and period of time, just give rise
to local deviations from these master curves.

The crystallite morphologies of slightly alternating
copolymers at the reduced temperature of 1 are quite
similar to those shown in Figure 3. Figure 5 shows an
enlarged part of a snapshot for a slightly alternating
copolymer with a comonomer content of 0.12. Since the
bonds containing noncrystallizable comonomers are
drawn in double thickness, one can recognize that
comonomers tend to accumulate in the regions around
the crystallites. This is actually an illustration of
sequence segregation during the crystallization of co-
polymers.*?

To make sure that sequence segregation does not
occur before crystallization on cooling, we performed
cooling process from infinite temperature (see section
2.4). Figure 6 shows the cooling curves for the demixing
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Figure 8. Snapshots of the heterogeneous copolymer with a
comonomer mole fraction of 0.36 in the cubic lattice box. Only
the chains containing more than 64 comonomers are drawn.
Key: (a) snapshot at the initial state of cooling in Figure 7
with randomization of the sequence of chains; (b) snapshot at
the reduced temperature of 3.5 in Figure 7.

parameter of comonomers and for the crystallinity in
slightly alternating copolymers with a comonomer con-
tent of 0.36. The figure clearly demonstrates that the
crystallization is accompanied by the segregation of
monomer sequences in homogeneous copolymers.

3.3. Heterogeneous Copolymers. The similar cool-
ing and subsequent heating programs were applied to
heterogeneous copolymers. Since the highly crystalliz-
able chains contain a very small amount of comonomers,
the phase-transition temperatures are significantly
higher than for two homogeneous types of copolymer,
but there is still the same dependence of the freezing/
melting on comonomer content (see Figure 7). The
crystallization temperatures are so high that the crys-
tallinities are almost saturated at a reduced tempera-
ture of 2 and further cooling does not have much effect.
The change in crystal morphology with increasing
comonomer content is not significant in heterogeneous
copolymers. At a reduced temperature of 2, well-
developed lamellae can be observed even for a comono-
mer content of 0.44. In addition, the ultimate crystal-
linity of heterogeneous copolymers seems sensitive to
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Figure 9. Cooling curves of the absolute crystallinity and the
demixing parameter of comonomers as denoted for the het-
erogeneous copolymer in Figure 8 with (solid lines) and
without (dotted lines) the hard restriction of sliding diffusion
of comonomers in the crystalline regions. The cooling program
is the same as in Figure 6.

the comonomer content. The observation that hetero-
geneous copolymers melt at a higher temperature than
homogeneous copolymers with the same composition,
agrees with the experimental observations on ethylene—
butene copolymers,*344 ethylene-1-octene copolymers,*®
and other LLDPEs.*¢

The heterogeneous copolymer can be regarded as a
blend of copolymers, i.e., partial molecules containing
high comonomer content and the other containing low
comonomer content. By tracing the morphology of those
chains containing high comonomer content, we find that,
in a well-mixed heterogeneous copolymer system, mo-
lecular segregation occurs on cooling, even before crys-
tallization (see Figure 8). This observation is in agree-
ment with the findings of recent small-angle neutron
scattering (SANS) measurements on heterogeneous
LLDPEs in a comparison with those on homogeneous
copolymers.*’

To verify the occurrence of molecular segregation in
the melt before crystallization, we computed the demix-
ing parameter of comonomers upon cooling from the
infinite temperature for the heterogeneous copolymer
with a comonomer content of 0.36. The results are
shown in Figure 9. The comonomer demixing parameter
curves clearly indicate a trend toward molecular seg-
regation before crystallization. If we release the restric-
tion on the sliding diffusion of comonomers in the crys-
talline region, the segregation transition becomes slightly
sharper (see Figure 9), while the subsequent crystal-
lization is not influenced. Furthermore, if the system
is reheated, we observe remixing of the polymers even
with this diffusion restriction, indicating that this tran-
sition is due to thermodynamics rather than Kinetics.

4. Discussion

In our simulations, we demonstrate that the comono-
mer content generally lowers the crystallization tem-
perature as well as the melting temperature. In actual
homogeneous copolymer systems, the content of comono-
mers lowers the crystallization temperature*® and can
be so high that the crystallization temperature may shift
even below the glass transition temperature, then, only
an amorphous state can be realized on cooling.3*4° Such
copolymers are usually named noncrystalline polymers
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or amorphous polymers. It has to be remarked that, in
our simulations, no such vitrification is included, which
is why the crystallinity curves can always go to high
values on cooling even for those copolymers with high
comonomer content, while in reality, they are usually
intercepted by the glass transition.

Comparing three kinds of statistical copolymer in our
simulations, it becomes clear that the bulk phase
transitions of copolymers are sensitive not only to the
comonomer content but also to their distributions within
the molecules, in agreement with recent experimental
observations® and single-chain molecular dynamic simu-
lations.5! Difference with respect to sequence distribu-
tion (see Figure 1a) between our random copolymers and
slightly alternating copolymers contributes to differ-
ences with respect to phase-transition temperatures (see
Figures 2b and 4a). With the same comonomer content,
more and longer monomer sequences favor higher
crystallization temperatures, larger crystallites, and
hence higher melting temperatures. This tendency
becomes extremely manifest for the heterogeneous
copolymers.

The above tendency suggests a pair of master crystal-
linity curves for crystallization and melting of each
statistical copolymer in correspondence to a wide se-
guence-length distribution. Actually, the idea of this
correspondence has been widely applied to explain the
multiple melting peaks of DSC curves for commercial
LLDPEs, dating back to Mathot?® and the temperature
correspondence of crystallization to melting for those
fractionated LLDPEs.52 Furthermore, it can even be
applied to intrachain heterogeneity of sequence distri-
butions.>® Deviations from these master curves can be
attributed mostly to Kinetic effects, for instance, cocrys-
tallization of monomer sequences of quite different
lengths, arising from quenching experiments and ex-
tensive recrystallization during subsequent heating of
ethylene-1-octene copolymers.5*

With the increase of comonomer content for those
homogeneous copolymers, the morphological deteriora-
tion of crystallites is quite significant. In experiments,
the large-scale aggregation of crystallites can be ob-
served to change from spherulites to dispersed granular
domains.338:3955 Clearly, the sizes of crystallites are
limited by the monomer sequence lengths. Long mono-
mer sequences can form well-developed lamellar crys-
tallites with chain folding. As the lateral dimensions of
lamellae decrease with increasing comonomer content
or diffusion difficulty at the lower temperatures, granu-
lar crystallites result. Then, chain folding becomes
unnecessary since crowding does not pose any problem
on account of the very small lateral sizes of crystallite.
In this case, it is also speculated that fringed micelles
result.5¢ Clusters of loosely packed monomer sequences
are thought to represent a final state having still some
order.

Since the absolute crystallinity realized at the lowest
temperatures (see Figures 2b and 4a) is not sensitive
to the comonomer content in the case of homogeneous
copolymers, all of the monomer sequences seem to have
the same chance to be finally included into (poor)
crystalline regions. During cooling, the thermodynamic
segregation according to the sequence length might be
true in the local amorphous regions;%” i.e., there may
exist a local thermodynamic segregation according to
the sequence length.5” This might be true in the local
amorphous regions, where short-range diffusion, even
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at the lowest temperatures, facilitates sequence selec-
tion for crystal growth. This is similar to the case of cold
crystallization where only the nearest neighbors per-
form crystallization.® Therefore, different kinds of
morphologies can coexist in the same copolymer system,
especially with middle comonomer content and wide
distribution of sequence lengths. A sequential bimodel
kinetics is helpful to clarify the description.>® According
to the master melting and crystallization curves, long
sequences will crystallize first on cooling, with signifi-
cant metastability on chain folding, while short se-
qguences will crystallize later, with a priority for melting
on heating. The short sequences without the necessity
of chain folding at the edge of lamellae, or in the
granular crystallites, fringed micelles, or clusters, may
pack quite loosely* and contribute to pseudohexagonal
crystallinity in ethylene-1-octene copolymers.50

However, in the case of our heterogeneous copolymers,
the attained absolute crystallinity seems sensitive to the
comonomer content. In association with the molecular
segregation in the melt, this implies that the maximal
probability of crystallization of the monomer sequences
is only in homogeneous phases. If the crystallizable
sequences are not homogeneously distributed in the
melt, the monomer sequences, which are scarce in the
comonomer-rich region, may not be able to form crys-
tallites of the right size to reach stability through short-
range diffusion.

Any crystallinity or DSC curves produced in a tem-
perature-scanning program can be regarded as the
master curves of a statistical copolymer. These master
curves just reflect the characteristic of sequence-length
distribution on account of a local sequence-length
segregation upon crystallization. The temperature func-
tion of equilibrium crystallinity, which can be ap-
proximately calculated from Flory-type theories, is not
applicable to the master melting curve due to the kinetic
reasons.!! On the experimental side, the master curves
cannot be quantitatively reproduced by the parallel
shifts of corresponding curves of fractions after frac-
tionation, since their crystallizations may happen with
different kinetics due to the difference in sequence-
length distributions.

Figures 2b and 4a show cold crystallization on heating
if the crystallization on cooling has started but not yet
completed. In our simulation systems, the crystallization
on cooling is generated by homogeneous primary nucle-
ation, while subsequent crystal growth needs less
supercooling than the primary nucleation. If the lateral
crystal growth of lamellae has not been completed yet
at the starting point of heating due to a fast cooling,
the lateral crystal growth will continue in the early
stage of heating. This could be the reason cold crystal-
lization occurs, and reflects the irreversible nature of
phase transitions. Since the crystallite thickness de-
pends on both the crystallization temperature and the
monomer-sequence length, overgrowth on the preexist-
ing lamellae gives rise to heterogeneity of thickness in
the same lamellae. The short monomer sequences tend
to perform crystal growth without chain folding, so the
crystal thickness on overgrowth is expected to decrease
quite fast due to surface crowding of the dangling ends
connecting with short monomer sequences. Actually,
experimental observations on LDPE have suggested an
insertion mode of secondary crystallization without
primary nucleation,’! although it is difficult to separate
the primary crystallization from conventional secondary
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crystallization due to the incompleteness of primary
crystal growth. This insertion mode means that the
overgrowth on the lateral sides of lamellae occurs with
decreasing thickness and higher content of short mono-
mer sequences between two lamellae and therefore be
applicable to the present case.

The crystallinity gain in cold crystallization may have
little association with the new thin lamellae formed in
the interval of the stacked lamellae,®? since the latter
still needs primary nucleation, which is very sensitive
to the temperature and will be suppressed on heating.

Naturally, the insertion mode could also happen on
cooling. This implies that the crystallinity gain at lower
temperatures is not always attributed to the granular
domains, but can also be the overgrowth of the lamellae.
In other words, sequence-length selection can happen
not only in the generation of new crystallites but also
in further growth of crystallites already present. The
insertion mode is also applicable to explain the signifi-
cant crystallinity gain after primary crystallization of
ethylene-1-octene copolymers.®3

Long-term isothermal annealing at a crystallization
temperature facilitates further crystal growth and
perfection of the present crystallites by the continued
sequence selection. This can optimize poor crystal-
lographic structures of lamellar overgrowth and granu-
lar domains to a limited extent, as revealed by Figure
4b and DSC measurements.3%4! The melting of this part
of optimized crystallites can be accumulated at slightly
higher temperatures, leading to the so-called low endo-
therm. The low endotherm is just a local perturbation
of the master curves both for crystallization and for
melting, so it may not be attributed to the amorphous
entropy loss only;3® otherwise the subsequent cooling
curves at lower temperatures, away from the annealing
temperature, should show a dependence on the anneal-
ing time rather than a convergent tendency.*! Another
evidence of crystallite optimization is the decrease of
reversing heat capacity on annealing.*! For crystalline
homopolymers, the significant excess heat capacity over
the baseline (vibrational) heat capacity can be mainly
attributed to the reversible breathing (melting/crystal-
lization) at the fold surface of polymer crystallites as
proved by temperature-modulated DSC and X-ray
diffractions.64=%6 For copolymer systems, this kind of
reversible melting still exists and be probably more
significant due to the small sizes of crystallites and poor
crystallographic structures, which favor chain sliding
diffusion. The decay of excess heat capacity as a function
of time should be attributed to the optimization of
crystallographic structure, especially near the fold
surface, and without any increase in the lamellar
thickness.?® The excess heat capacity appears fully
reversible under temperature modulations and seems
not to be associated with the fully melting and recrys-
tallization of granular domains,° which should show a
hysteresis since their sizes are larger than the critical
nucleus during primary nucleation. Actually, this hys-
teresis has been observed in the low-temperature re-
gions of Figures 2 and 4.

In the crystallization of homogeneous copolymers
accompanied by sequence segregation, long sequences
will crystallize with chain folding while short sequences
will directly confine the size of crystallites. This is the
reason the thickness of crystallites is usually in the
nanoscale, and it demonstrates the concept of nanophase
separation driven by the crystallization of monomer
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sequences.®” For the homogeneous copolymers with high
comonomer content, the comonomers contribute to a
continuous soft amorphous matrix while most of the
monomers contribute to small rigid crystalline domains.
Long-chain molecules may pass through both phases
several times. Therefore, the crystalline domains can
act as physical cross-links under deformation. Actually,
it reflects a typical assembling structure of thermo-
plastic elastomers and explains why homogeneous
copolymers usually show high elasticity, as is the case
with low-crystallinity ethylene-1-octene copolymers.58

The master crystallinity curves as a function of
temperature for melting and crystallization can play a
role as a phase diagram in fractionation analysis, and
hence be useful to clarify the principles of temperature
rising elution fractionation (TREF),5%70 crystallization
analysis fractionation (CRYSTAF),t and other fraction-
ation methods based on crystallization/dissolution.123
TREF has been widely used to analyze the comonomer
distribution within the molecules and to prepare co-
polymer fractions with narrow-distributed comonomer
contents. In this method, copolymers crystallize very
slowly on a substrate from the solution, by which the
sequence selection takes place during crystal growth.
Molecules containing the longest monomer sequences
will precipitate in priority, while on subsequent dis-
solution, the reverse process takes place: Molecules
containing the shortest monomer sequences will be
dissolved first. It should be realized, however, that short
monomer sequences will only be released when the
longest monomer sequences in the same molecule dis-
solve, therefore, crystallization/dissolution methods
should perform better in the cases of intermolecular
heterogeneity and worse in the cases of intramolecular
heterogeneity.! For the latter cases, the analysis of DSC
fractionation is more applicable.”

The heterogeneous copolymers can be regarded as a
blend of copolymer molecules with quite different comono-
mer content and sequence distributions, see Figure 1b,
and the molecular segregation before crystallization has
actually been regarded as a liquid—liquid-phase separa-
tion in the blend.”3~7° Since we have set the mixing
exchange of the potential energy between the pairs of
monomers and comonomers as zero, the driving force
for the observed liquid—liquid-phase separation should
be attributed to the molecular difference in crystalliz-
able monomer content, which leads to a difference of
molecular interactions in the melt. On this interesting
topic, we will report further results and discussion later.

5. Conclusions

Many experimental observations about crystallization
and melting of bulk statistical copolymers have been
well reproduced by the simulations with a simple model
taking into account of a packing-energy difference
between monomer bonds and bonds containing comono-
mers and a sliding-diffusion restriction with respect to
comonomers in the crystalline regions. Much more
insights were then obtained. These include the follow-
ing:

1. By comparison of the bulk phase transitions of
three typical statistical copolymers, we demonstrated
that the sequence distribution is also a major independ-
ent variable for the description of structure—property
relationships of copolymers besides the backbone chain
length, the chemical nature of comonomers, and the
comonomer content.
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2. For statistically homogeneous copolymers, the
phase-transition temperature, the final relative crystal-
linity, and the crystal morphology are very sensitive to
the comonomer content as well as their distribution
within the molecules, but the saturated absolute crys-
tallinities of monomer sequences seem not to be sensi-
tive to these parameters. The latter is in accord with
strong sequence segregation during crystallization, or
in other words, nanophase separation driven by crystal-
lization of monomer sequences. This intramolecular
segregation leads to assembling structures as in typical
thermoplastic elastomers.

3. The master curves corresponding to crystallization
and melting of a statistical copolymer were suggested
on account of a local sequence-length segregation during
crystallization. The Kinetic effects of phase transitions
of copolymers and the principle of temperature rising
elusion fractionation and other fractionation methods
can be understood based upon the master curves
governed by the sequence-length distribution.

4. If the heating is performed before completeness of
crystallization on cooling, cold crystallization can be
observed. This reflects the irreversible nature of phase
transitions of bulk copolymers and can be explained by
an insertion mode of polymer crystal growth.

5. A liquid—liquid phase separation is observed in the
melt of heterogeneous copolymers. The driving force of
intermolecular segregation should be attributed to the
significant difference in the content of crystallizable
monomers between the copolymer molecules. This seg-
regation is slightly enhanced by the hard restriction of
sliding diffusion for comonomers in the crystalline
regions.
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