
Some aspects of the crystallization of ethylene copolymers

J.R. Isasia,1, J.A. Haigha, J.T. Grahama,2, L. Mandelkerna,* , R.G. Alamob

aDepartment of Chemistry and Institute of Molecular Biophysics, Florida State University, Tallahassee, FL 32306-4380, USA
bDepartment of Chemical Engineering, College of Engineering, Florida Agricultural and Mechanical University and Florida State University,

2525 Pottsdamer Street, Tallahassee, FL 32310-6046, USA

Dedicated to the memory of Prof. A. Keller in honor of his contributions to polymer science.

Received 4 October 1999; received in revised form 10 February 2000; accepted 19 February 2000

Abstract

This report presents a continuation of studies from these laboratories that have been concerned with the crystallization behavior of ethylene
copolymers. More specifically a comparison is made between the thermodynamic properties of ethylene–norbornene copolymers with those
of the 1-alkene copolymers. In addition a detailed comparison is made of the thermodynamic, tensile, morphological and structural properties
and the overall crystallization kinetics between the ethylene–1-alkene copolymers that do or do not contain small concentrations of long-
chain branches. Except for the crystallization kinetics, the crystallization properties have been found to be essentially the same for both types
of copolymers. A correlation has also been developed between the lamellar and supermolecular structures, the chemical nature of the
comonomer and its concentration. Supermolecular structures range from spherulitic to micellar, depending on both comonomer type and
concentration. Analysis of the overall crystallization kinetics demonstrates that the interfacial free energies that govern nucleation are
independent of the lamellar and superstructures that evolve.q 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Copolymers; Norbornene; Crystallization kinetics

1. Introduction and background

Investigations on the crystallization of ethylene copoly-
mers have accelerated in the recent years with the advent of
the metallocene type catalysts. These catalysts yield poly-
mers that have most probable molecular weight and rela-
tively narrow composition distributions. In this paper, we
elaborate on the previous reports from our laboratory that
dealt with the crystallization behavior of the ethylene–1-
alkene copolymers [1–4]. New results that have been
obtained with ethylene–norbornene copolymers will also
be introduced. The previous work was limited to copoly-
mers that did not contain long chain branches [1–3]. It is,
therefore, of interest to compare the crystallization proper-
ties of the ethylene–1-alkene copolymers that contain small
concentrations of long chain branches [5,6] with those that
do not. More specifically, we shall examine melting
temperatures, crystallinity levels determined by different

methods, crystallization kinetics, some aspects of mechan-
ical properties and the relation between the lamellar and
supermolecular structures in terms of composition and the
chemical nature of the comonomer of both copolymer types.

In designing these, as well as other studies, certain basic
concepts have to be kept in mind that are unique to random
copolymers. A major factor that needs to be recognized is
that both the molecular weight and composition are inde-
pendent variables [4]. This is a very fundamental principle.
Therefore, when properly comparing properties both the
molecular weight and copolymer composition need to be
matched as closely as possible. We shall follow this protocol
in the present work. The properties that are observed will
depend on the temperature-time path taken from the melt
[7]. This is particularly true after isothermal crystallization.
To avoid complications in interpretation due to the variety
of crystallization pathways that are available, we have
limited our studies to two crystallization modes. One
involves rapid cooling (quenching) from the melt. The
other involves isothermal crystallization without cooling
subsequent to initiating the fusion process. In this paper,
attention will be given to the former process. The important
results obtained when the latter isothermal crystallization
mode is followed will be reported subsequently [8]. When
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studying the crystallization of copolymers, it is necessary a
priori to establish whether or not the crystalline phase
remains pure. When the comonomer enters the lattice it has
to be established further whether it does so on an equilibrium
basis or as a true defect. This complex problem has been
simplified for the copolymers studied here since it has been
shown that except for the methyl groups of 1-propene, other
comonomers of the 1-alkenes do not enter the lattice [4,9].

Composition and molecular weight distributions also
effect the crystallization behavior of random copolymers
of ethylene. Consequently our studies have been limited to
composition and molecular weight fractions of Ziegler–
Natta type copolymers, metallocene catalyzed copolymers
and hydrogenated poly(butadienes). The latter are equiva-
lent to random ethylene–butene copolymers of very narrow
molecular weight�Mw=Mn . 1:1 2 1:2� and composition
distributions. The source and catalyst type has been reported
already [1–3]. The ethylene–norbornene copolymer falls in
the same category. The long-chain branched copolymers
were received from the Dow Chemical Co. and are similar
to those described by others [5,6].

2. Experimental

The molecular characteristics of the new copolymers
studied here are given in Table 1. Table 1 gives the mole-
cular weight and composition of the ethylene–norbornene
copolymers in terms of the mole percent (mol%) comono-
mer incorporated into the chain. Table 1 gives the same
characteristics for the 1-alkene copolymers that contain
small concentrations of long-chain branches [5,6]. The last
column in Table 1,I10/I2 is the ratio of the melt flow index at
1908C at loads of 10 and 2.16 kg, respectively. This ratio
reflects the number of long-chain branches [5,6]. A value of

6 indicates the virtual absence of long branches. The char-
acteristics of the copolymers that are devoid of long-chain
branches, and with which the comparisons are being made,
have already been described [1–3].

The experimental techniques employed in the present
work have been described in great detail in the previous
reports from these laboratories [1–3] and need not be
repeated here. In brief, the thermal analysis and differential
scanning calorimetry (DSC) were carried out using a
Perkin–Elmer DSC2 calibrated with indium. The measure-
ment of the enthalpy of fusion from the standard DSC
endotherm was carried out by calculating the area in the
temperature interval between258C (̂ 58C depending on
the copolymer) and the melting point. The variation of the
heat capacity of the liquid polymer with temperature was
approximated to a straight line. The measured enthalpies of
fusion were converted to the degree of crystallinity,
(1 2 l )DH, by taking the enthalpy of fusion of the perfect
macroscopic crystal to be 290 J/g (69 cal/g) [10]. The crys-
tallization kinetics of the metallocene copolymers were
measured by DSC using the endothermic method described
previously [11]. To obtain reproducible results from the
crystallization kinetics, it was necessary that the polymers
be purified and residual catalysts removed. To accomplish
this, the copolymers used in the kinetic studies were pressed
into thin films and cut into small pieces. They were then
dissolved inp-xylene at about 1008C at a concentration of
about 0.2 g/ml. After complete dissolution, the solution was
cooled to room temperature and the copolymers were preci-
pitated by the addition of cold methanol. The copolymer
precipitates were collected by filtration, washed several
times with methanol and dried under vacuum for 24 h.

The sample densities were measured at 238C in a 2-propa-
nol–water density gradient column calibrated with standard
glass floats [1]. The density values were converted to the
degree of crystallinity, (12 l )d, by the relationship given
by Chiang and Flory [12].

The force–elongation curves were obtained in an appa-
ratus that has been described previously. Deformation prop-
erties can be determined using as little as 100 mg of the
sample [13].

The small-angle light scattering patterns (SALS) were
obtained using a photometer developed by Stein, and its
use has been described previously [14]. The description
and designation of the supermolecular structures observed
has been defined previously also [14,15]. The transmission
electron micrographs (TEM), were obtained utilizing the
Kanig method [16] as has been defined [17,18]. This tech-
nique was applied to the study of hydrogenated poly(buta-
dienes) as well as other random ethylene copolymers [19].

As was indicated above, we have adopted deliberately a
rapid crystallization procedure to allow for a rational
comparison to be made between the different copolymers.
Therefore, prior to study, the samples were initially crystal-
lized by quenching from the melt into a mixture of isopropyl
alcohol and dry ice, at2788C.
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Table 1
Molecular characteristics of copolymers (EB-Ethylene butene; EO-Ethy-
lene octene)

Designation Mw Mw/Mn 1 2 XA × 100 I10/I2
a

(A) Ethylene–norbornene
A 80,800 2.3 1.0
B 86,300 2.1 1.6
C 111,300 2.4 2.1
D 111,900 2.4 2.5
E 97,400 2.5 3.6

(B) Ethylene–1-alkenes (long branches)
EB-A 100,800 2.0 1.4 7.56
EO-B 121,700 2.0 6.5 7.26
EO-C 142,800 2.1 6.3 7.75
EO-D 103,300 2.3 4.1 8.50
EO-E 91,600 2.3 2.5 8.12
EO-F 87,800 2.3 1.95 9.58
EO-G 84,500 2.2 1.5 9.88
EO-H 71,200 2.10 0.35 7.11

a This ratio is described in the text.
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Fig. 1. Plot of observed melting temperatureTm against mol% of structural irregularities in chain. Comonomers indicated. HPBD stand for hydrogenated
poly(butadiene).

Fig. 2. Plot of degree of crystallinity, (12 l)DH, against mol% of structural irregularities. Comonomers indicated. HPBD stands for hydrogenated poly
(butadiene).



3. Results and discussion

We consider first the thermodynamic behavior of the
ethylene–norbornene copolymers and compare their prop-
erties with those reported previously for the ethylene–1-
alkenes and other random ethylene copolymers. The
observed melting temperature,Tm, is plotted against the
mol% of structural irregularities in Fig. 1 for the different
copolymer types. In this plotTm has been taken as the peak
melting temperature in the thermograms. As has been
pointed out properly, the final melting temperature should
be used [20]. However, the difference between the two melt-
ing temperatures is small so that the use of the maximum
does not sensibly alter the plot and the conclusions reached.
As expected, there is a smooth monotonic decrease in the
melting temperature with the comonomer concentration of
each copolymer. We see from this plot that the observed
melting temperatures of the alkene copolymers are indepen-
dent of the chemical nature of the branch or co-unit. This is
expected, since for a random copolymer, whose crystalline
phase remains pure, the depression in the melting tempera-
ture only depends on the mol% of non-crystallizing units
and not on their chemical nature. These results for the
alkene copolymers were initially reported about 16 years
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Fig. 3. Plot of observed melting temperature,Tm, against mol% branch
points. HPBD stands for hydrogenated poly(butadiene). MB represents
metallocene catalyzed copolymer with long-chain branches; MU represents
metallocene catalyzed copolymers without long-chain branches.

Fig. 4. Plot of degree of crystallinity (12 l)DH against mol% branch points of metallocene crystallized copolymers. Copolymer with long-chain branches,
MB; without long-chain branches MU.



ago. They have been confirmed in a recent report [21]. Of
particular interest are the results for the norbornene copoly-
mers. Surprisingly, the melting temperature–composition
relation for this set of copolymers is identical with those
of the 1-alkenes. One might have expected that the insertion
of the ring in the chain would affect the chain conformation
and thus the entropy of fusion. However, in the range of
copolymer compositions studied here there is no perceptible
influence of the ring structure on the observed melting
temperature. Based on the equilibrium theory the melting
temperature will depend on the sequence propagation prob-
ability. However, for the rapid crystallization procedures
used here, the resulting thin crystallites, and the interfacial
free energy associated with the basal plane, will dominate
the melting. However, we have found that even after
isothermal crystallization at elevated temperatures, the
melting temperatures of the norbornene copolymers are
the same as those for the 1-alkenes [8].

Fig. 2 is a plot of the crystallinity, normalized for the
mass fraction of ethylene, against the mol% of comonomers
for the same copolymers. The crystallinity levels for both
types of copolymers decrease monotonically with the como-
nomer concentration. The results for the 1-alkene copoly-
mers are the same at each composition, independent of the
length of the short chain branch. These results have also
been confirmed in a recent report [21]. The (12 l )DH values
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Fig. 5. Plot of degree of crystallinity, (12 l)d, against mol% branch points
for ethylene–1-alkene copolymers. MB represents metallocene catalyzed
copolymers with long-chain branches; MU represents metallocene cata-
lysed copolymers without long-chain branches.

Fig. 6. Force–elongation curves of a matched pair of ethylene–octene metallocene catalysed copolymers. Copolymer B,�Mw � 84;500 1.5 mol% branch
points) contains long-chain branches. Copolymer U�Mw � 79;000; 1.4 mol% branch points) does not contain long-chain branches.



for the norbornene copolymers follow the same pattern as
the 1-alkenes. We can conclude that the thermal properties
of ethylene–norbornene copolymers are virtually identical
to those reported earlier for ethylene–1-alkene copolymers
for this mode of crystallization.

In comparing the long and non-long chain branched ethy-
lene 1-alkene metallocene catalyzed copolymers, we first
consider thermodynamic properties. Fig. 3 is a plot of the
melting temperature against mol% branch points for the frac-
tions and both types of metallocene copolymers. The metal-
locene copolymers are indicated by M followed by B for long
branched and U for non-branched. All of the observed melting
points can be represented by a common curve. There is no
discernable difference between the two types of copolymers.

The normalized level of crystallinity, as obtained from
the enthalpy of fusion, is plotted against the mol% comono-
mer in Fig. 4 for the long-chain branched and unbranched
copolymers. Within the experimental error one can not
discriminate between the two types of copolymers. A simi-
lar conclusion is reached when the level of crystallinity, as
calculated from the density, is plotted against the mol% of
branch points as shown in Fig. 5. These results, showing that
there is no difference in thermodynamic properties between
the copolymers, with or without long-chain branches, differ
from those reported by Bensason et al [22]. The long-chain
branched polymers in both studies were from the same

source. The reason(s) for the difference between the two
works is not clear. In both studies the same constants were
used to determine the levels of crystallinity and the same
type of density gradient column was used. The work
reported here and earlier were metallocene type copoly-
mers. Thus, the difference in the two works can not be
attributed to polydispersity effects.

A comparison has been made also of tensile properties by
means of force–elongation measurements. A set of force–
elongation curves are shown in Fig. 6 for a matched pair of
ethylene–octene copolymers, one that has long-chain
branches (B) and one without (U). The molecular weights
and compositions of the two copolymers have been closely
matched. In this figure, the two curves have been displaced
by 10 MPa for clarity. Except for minor differences in the
yield region, the shapes of the two curves are very similar to
one another. This similarity is emphasized by the data in
Table 2 where the values of the key tensile properties are
compared. Within experimental error, the yield stress, ulti-
mate tensile stress and draw ratio at break,lB, are identical
with one another. One can conclude that the introduction of
long-chain branches into the chain does not affect the tensile
properties of the rapidly crystallized copolymers.

The overall crystallization kinetics of two pairs of
matched ethylene–octene copolymers were studied by
DSC using the endothermic method. As mentioned in the
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Table 2
Comparison of tensile properties of ethylene octenes

Polymer Mw × 1023 Mole % branch pts. (12 l)DH Tm8C Yield stress Ult. ten. stress lB

Branched 84.5 1.5 0.32 111.1 10.51 27.34 6.5
Unbranched 79.0 1.4 0.27 110.4 10.80 27.54 6.5

Fig. 7. Plot of ln of crystallization rate (1/t0.2) against crystallization temperature for indicated matched pairs of ethylene–octene copolymers. B represents
copolymers with long-branches; U represents copolymers without long branches.



experimental part, the polymers were purified from residual
catalyst before the crystallization kinetics were carried out.
The results are shown in Fig. 7. Here the crystallization rate,
expressed as ln(1/t0.2), wheret0.2 is the time for 20% of the
transformation to be completed, is plotted against the crys-
tallization temperatureTc. The molecular weights and mol%
of branch points are indicated in the figure. The temperature
coefficients of the crystallization rates of the copolymers in
each pair are close to one another, as they are between pairs.
When analysed according to nucleation theory the products
of the interfacial free energiessensun are close to one
another, independent of copolymer composition and
whether or not long-chain branches are incorporated into
the chain. There is, however, a major difference in the crys-
tallization rate that depends on the presence or absence of
long-chain branches. At a given crystallization temperature,
the copolymer that contains the long-chain branches crystal-
lizes at an appreciably slower rate, in each matched pair.
This is a consequence of the influence of the long-chain
branches on the transport term that appears in the general
expression that describes crystallization kinetics [23]. A
similar effect of long-chain branches on the crystallization
kinetics has been observed in three-arm star polymers [24].
Among all of the solid state properties of copolymers that
have been studied here, only the crystallization kinetics are
influenced by the presence of long-chain branches. The
other properties studied, such as thermal properties, crystal-
linity levels, and tensile properties are indistinguishable
between the two copolymer types.

One can also compare the lamellar and supermolecular
structures of the long-chain branched and unbranched ethy-
lene–1-alkene copolymers. Much of the pertinent data has
been reported already in the literature by several research
groups [5,19,22,25]. In addition to the comparison, the data
themselves contain important structural information that has
applicability to other problems. A set of TEM for a series of
hydrogenated poly(butadienes), whose composition varied but
have a fixed molecular weight,Mw � 108;000 g=mol; have
been published [19]. The weight to number average ratio, of
what are ethylene–butene copolymers, is 1.1–1.2 and the
composition distribution is extremely narrow as indicated by
their TREF analysis. A copolymer with 2.2 mol% branch
points still yields a lamellar type structure. However, the
lamellae are not as well developed as those found in the
corresponding homopolymers and they are not stacked in a
regular array. Thus, at this composition the lamellar morphol-
ogy is quite different from that expected and observed in
homopolymers. For a hydrogenated poly(butadiene) with
3.2 mol% branch points, lamellae are still observed. However,
at this composition, they are small in the lateral direction and
curved. For a 4.5 mol% copolymer of this kind the crystallites
are very small and non-lamellar although the crystallinity is
still in the range 10–15%. Thus, as the co-unit is increased
there is a significant deterioration of the lamellar structure. A
composition is reached, between 3.2 and 4.5 mol% branch
points, where crystallization is observed without the associa-

tion of any lamellar structures. The fact that even at low co-
unit content the lamellae are not well developed, presents
problems if when properties are analysed it is assumed that
the lamellae are well developed, stacked in a regular array and
connected one to the other by disordered regions.

A comparison between the electron micrograph results
and the SALS patterns of the same copolymers allows for
a correlation to be made between lamellar and supermole-
cular structures. A morphological map for the hydrogenated
poly(butadienes), and ethylene–butene, non long-chain
branched copolymers has been reported [25]. Copolymers
with M . 100,000 g/mol, which correspond to the electron
micrographs, are devoid of spherulitic, or any super-
molecular structure, when the mol% of branch points is
greater than 2%.

A similar correlation has been reported by Minick et al
[5], and Bensason et al [22] for ethylene–octene copolymers
that contained long-chain branches. For these copolymers,
the pattern of lamellar degradation and the eventual disap-
pearance of spherulitic structure is very similar to that found
with the hydrogenated poly(butadienes). A major differ-
ence, however, is that with the hexyl branched copolymers
the disappearance of lamellar structure occurs at a lower
short-chain branch content than was found for the ethyl
branched ones. It is not surprising that the longer hexyl
branch retards the perpetuation of the lamellar crystallites,
since the probability of the return of a sequence to the crys-
tallite of origin is reduced.

The correlation between lamellar structure, as described
by electron microscopy, and the supermolecular structure
deduced from SALS or optical microscopy has also been
found for ethylene–vinyl acetate copolymers [26]. Low
density polyethylene, which contains a significant concen-
tration of long-chain branches relative to the metallocene
copolymers, shows a similar relation between the lamellar
and supermolecular structure. Electron microscopy studies
have shown that as the concentration of long-chain branches
increases the lamellar character of the crystallites progres-
sively deteriorates [27,28]. Concomitantly, the superstruc-
ture becomes less well-defined and eventually the
supermolecular structure is no longer observed [29]. A simi-
lar correlation scan be made for linear polyethylene frac-
tions. Thin section electron microscopy studies have shown
that there are systematic variations in the lamellar structure
with molecular weight that correlate quite well with the
changes in the supermolecular structure [26,30]. At low to
moderate molecular weights, well-developed lamellae that
are straight and long are observed, while well-organized
supermolecular structures are formed. With an increase in
the molecular weight the lamellae become curved and short
as the spherulite structure continually deteriorates. At high
molecular weights,,106 and greater, the lamellae become
highly segmented and there is no evidence of any organized
superstructure. Only randomly arranged, segmented lamellae
are observed. It can be concluded that, for the polyethylenes
at least, the key factor in determining the supermolecular
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structure, or the lack thereof, is how well the lamellar crystal-
lites are developed. Therefore, in analysing and interpreting
the different superstructures that evolve, focus should be
given to the basic nature of the lamellar crystallites.

Since it has been shown that a range in morphological struc-
tures from spherulitic to micellar can be formed by varying the
copolymer composition, one has an unique opportunity to
ascertain what influence, if any, such structures have on the
overall crystallization kinetics. Such studies with the hydro-
genated poly(butadienes) have shown that there is a very
marked negative temperature coefficient to the process, indi-
cating nucleation controlled crystallization [31]. To analyse the
kinetics, a specific type of nucleation has to be assumed. For
illustrative purposes, we have taken a Gibbs type coherent,
unimolecular nucleusasbeing operative. Themajorconclusion
that is reached does not depend on the particular nucleation
process selected for the analysis. The same results are obtained
irrespective of whether homogeneous, or various types of
heterogeneous nucleation processes were chosen for the analy-
sis. The purpose here is not to establish the specific type of
nucleation that is involved but rather to learn whether the
nucleation parameters, i.e. the appropriate interfacial free ener-
gies depend on the morphological structures that eventually
evolve.

We define the overall crystallization rate here as 1/t0.1,

wheret0.1 represents the time for 10% of the transformation
to be completed. In standard fashion ln(1/t0.1) is taken to be
proportional toDGp, the critical free energy of forming a
nucleus. For the type of nucleus that is being assumed [31]

DGp � 4sensun=�DGu 1 RT ln XA�: �1�
Heresenandsunare the interfacial freeenergiesof thesurfaces
that are normal and parallel to the chain axes, respectively.
These interfacial free energies are not, and should not, be a
priori identified with the corresponding surfaces of the mature
crystallites that eventually evolve from the nucleus. The quan-
tity DGu is the free energy of fusion per repeating unit of the
corresponding homopolymer andXA the mole fraction of crys-
tallizable units. Therefore, according to nucleation theory a
plot of ln(1/t0.1) against 1=TC�DGu 1 RT ln XA� should be
linear. The slope is directly related to the product of the inter-
facial free energies for nucleation. Such a plot is given in Fig. 8
for the hydrogenated poly(butadienes) of varying composi-
tions and an ethylene–hexene copolymer (EH) that has a
lower small-branch concentration. A family of straight lines
results, that are displaced according to composition, reflecting
the changing time scale. The values of the slopes are given in
Table 3andare constantwithinexperimental error.Thus, it can
be concluded that the productsensun is independent of the
superstructures that eventually evolve and on the perfection
of the lamellar crystallites. The same values for the interfacial
free energies are found irrespective of whether or not reason-
ably well-developed lamellae are developed at all. It is
assumed that the lamellar structure in this range of crystalliza-
tion temperature are the same as in slow cooled samples.

The consequence of the analysis of these crystallization
kinetics is profound. It is demonstrated that it is not
required, or necessary, to relate the chain conformation
within the nucleus to that within the mature crystallite.
The nucleus is a relatively small entity as compared to the
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Fig. 8. Plot of crystallization rate (1/t0.1) against nucleation temperature functions for indicated copolymers.

Table 3
Comparison of slopes (proportional tosen sun) from Fig. 8 Mw .
50;000 g=mol

Copolymer Mole % branch pts. 1025 slope

EH 1.21 7.63
HPBD 2.30 7.45
HPBD 4.14 7.59
HPBD 5.68 8.28



crystallite. Their interfacial structures will be quite different.
A similar conclusion was reached in analysing both the
growth and overall crystallization rates of high molecular
weight n-alkanes [32–34]. In these instances the same
interfacial free energy for nucleation was involved
irrespective of whether extended or folded chain crystallites
were formed. Fractions of low molecular weight linear poly-
ethylene show a similar behavior [35].

The influence of the chemical nature of the branches, (short
and long) can also be analysed. As has been described above, a
comparison of TEM has shown that the beginning of the

dissipation of the lamellar structure begins at lower comono-
mer concentrations in the long-chain branched ethylene–
octene copolymers as compared to ethylene–butene or hydro-
genated poly(butadienes) that are devoid of the long branches.
SALS patterns have shown that for copolymers without long-
chain branches, at a given molecular weight, the ethylene–
butenes display respectable spherulites, which deteriorated in
the ethylene–hexenes and were not observed at all in ethy-
lene–octene and ethylene–4-methyl pentene copolymers
[25]. In particular, SALS patterns were presented in the mole-
cular weight range of 70,000 g/mol and of 100,000 g/mol, at
1.1–1.2 mol% branch points that specifically highlighted
these observations (see Ref. [25], figure 4). It has been since
shown that spherulites are not observed in ethylene–norbor-
nene copolymers with comparable molecular weights and
comonomer composition [8]. Optical microscope observa-
tions show the same pattern in the supermolecular structures
with different type co-units when the copolymers are crystal-
lized at elevated temperature.

Comparable SALS patterns for ethylene–butene and
ethylene–octene copolymers that possess long-chain
branches are illustrated in Fig. 9. These two copolymers
have molecular weights of 100,800 g/mol and 84,500 g/
mol and mol% of branch points of 1.4 and 1.5%, respec-
tively. The pattern for the ethylene–butene copolymer gives
direct evidence for a spherulitic type superstructure. On the
other hand, the ethylene–octene pattern does not give any
indication of a defined superstructure. Thus, the presence of
long-chain branches does not minimize the influence of the

J.R. Isasi et al. / Polymer 41 (2000) 8813–8823 8821

Fig. 9. SALS pattern,HV, for long-chain branched copolymers. EB is for
ethylene–buteneMw � 100;800 g=mol; 1.4 mol% branch points. EO is for
ethylene–octeneMw � 84; 500 g=mol; 1.5 mol% branch points.

Fig. 10. TEM for an ethylene–butene copolymer without long-chain
branches.Mw � 71;000 g=mol; 1.22 mol% branch points.

Fig. 11. TEM for an ethylene–hexene copolymer without long-chain
branches.Mw � 68;000 g=mol; 1.14 mol% branch points.



chemical nature and length of the short-chain branch on the
superstructures that are formed.

If the premise that correlates the lamellar and
supermolecular structures is correct then there should be
changes in the lamellar structures between ethylene–butene,
ethylene–hexene and the ethylene–octene copolymers.
TEM for such a series of copolymers without long-chain
branches, (the same as referred to above and illustrated in
Ref. [25], figure 4),Mw � 70;000 g=mol; 1.1–1.4 mol%
branch points are given in Figs. 10–12. Fig. 10, the ethy-
lene–butene copolymer, shows distinct lamellae that are,
however, curved and restricted in the lateral directions.
The micrograph for ethylene–hexene (Fig. 11) shows
much smaller lamellae but they are still discernable and
profuse. The structures for ethylene–octene, as shown in
the micrograph of Fig. 12, are quite different. Although
the level of crystallinity is still the same, about 30%, the
lamellae are now isolated and very sparse. Thus, the TEM
are consistent with the SALS patterns. Similar constituted
copolymers that have the same level of crystallinity, can
develop very different supermolecular and lamellar struc-
tures.

In summary, the microscopic and SALS studies demon-
strate a very strong correlation between the lamellar and
supermolecular structures, for the 1-alkene copolymers,
irrespective of whether or not they contain small concentra-
tions of long-chain branches. There is also a strong influence
of the length of the short chain branch on the lamellar
structure and thus in turn on the superstructure.
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