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Abstract

Thermal and mechanical properties of ethylene/a-olefin copolymers (LLDPE) produced over bis(2-methyl indenyl)zirconium dichlor-
ide((2-MeInd)2ZrCl2) were compared with those of LLDPEs synthesized with a conventional heterogeneous Ziegler–Natta (Z–N) catalyst,
titanium tetrachloride supported on magnesium diethoxide with diisobutyl phthalate as an internal donor(Mg(OEt)2/DIBP/TiCl4). DSC
thermogram of LLDPE by the Z–N catalyst showed that the melting peak moved to a lower temperature region and the peak became
broader as the density of LLDPE decreased. On the other hand, in case of LLDPE produced over (2-MeInd)2ZrCl2, the melting peak shifted to
a lower temperature zone with the decreasing copolymer density without a significant loss in the peak sharpness. The density of LLDPE was a
decreasing function of mole fraction ofa-olefin, and the decrease was more pronounced as the molecular weight of the incorporateda-olefin
increased. However, when the density was plotted against weight fraction ofa-olefin, a similar declining curve was observed irrespective of
the type ofa-olefins except the LLDPE made by the Z–N catalyst in which morea-olefin units were required to reach the same density as
that of LLDPEs by (2-MeInd)2ZrCl2. LLDPE made by the Z–N catalyst had lower tensile strength but similar elongation and elastic modulus
compared to those of poly(ethylene-co-1-dodecene) and poly(ethylene-co-1-octadecene) synthesized by (2-MeInd)2ZrCl2. Poly(ethylene-co-
1-hexene) by (2-MeInd)2ZrCl2, however, exhibited lower elastic modulus and higher elongation compared with the other LLDPEs. Measure-
ment of dynamic mechanical properties of LLDPEs revealed thatb-transition peak appeared at a lower temperature and became more
intense, as the density decreased, until the crystallinity of LLDPEs disappeared completely when theb-transition peak became fixed around
2458C. g-transition was monitored at around21258C and was thought to be induced by the limited motion of the main backbone chain.
q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The reactivity of the conventional heterogeneous
Ziegler–Natta (Z–N) catalysts towards ethylene is much
higher than that towarda-olefins [1–6]. Owing to these
characteristics it is not easy to copolymerize ethylene with
a-olefins larger than 1-octene to prepare ethylene/a-olefin
copolymers (LLDPEs) containing long chain branches.
Heterogeneity of active sites in the Z–N catalysts caused
the formation of the copolymer with broad polydispersity
and comonomer composition distribution. In the copoly-
mers from the Z–N catalyst, a lower molecular weight frac-
tion has a higher content ofa-olefin units, and a higher
molecular weight fraction has a lowera-olefin units,
which broadens the melting temperature spectrum,
increases extractables and smell, and thus limits

applicability and processability of the copolymers [7–10].
Contrary to low density polyethylene (LDPE) which
contains short chain branches as well as long chain ones,
LLDPE produced by the metallocene catalysts can be
endowed only with long chain branches because metallo-
cene catalysts could be designed to show a high reactivity
towards long chaina-olefins as well as towards ethylene.
The metallocene LLDPE has polydispersity and composi-
tion distribution much narrower than LDPE or the Z–N
LLDPE. The narrower polydispersity and composition
distribution allow the metallocene LLDPE to have better
transparency, fewer local weak points and level of tension
stiffening equivalent to that of LDPE. The tension-stiffening
behavior in elongational viscosity comes from the fact that
the chain branches anchor the chain motion. In terms of
viscosity branched polymers have lower zero-shear viscos-
ity than linear homologues of the same total molecular
weight when the branches are shorter than those needed
for chain entanglement�Mb , Me�: When Mb . Me; the
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Table 1
Characteristics of LLDPE

Code Comonomer type Mw ( × 105) Mw=Mn Tm (8C) Xc (%) Density
(g/cm3)

E modulus
(GPa)

Yield stress
(MPa)

Maximum stress
(MPa)

Elongation at
break (%)

b-transition peak
temperature (8C)

b-transition
peak strength

HDPE 939 – 7.06 3.07 135.0 55.0 0.939 0.74 25.96 33.99 1019.8 – –
MH 923 1-Hexene 25.78 2.29 116.5 35.4 0.923 0.21 13.13 31.29 865.5 – –
MH 918 1-Hexene 23.23 2.54 111.3 29.8 0.918 0.15 10.98 29.65 886.0 28 0.067
MH 912 1-Hexene 25.66 2.71 104.1 22.4 0.912 0.099 9.41 31.45 879.9 210 0.082
MH 905 1-Hexene 23.01 2.63 86.5 13.7 0.905 0.098 7.12 34.07 822.3 218 0.103
MH 894 1-Hexene 3.05 3.66 – 22 0.894 0.062 – 37.67 954.5 238 0.262
MH 879 1-Hexene 2.17 2.72 – – 0.879 0.043 – 29.97 936.2 240 0.32
MH874 1-Hexene 2.25 2.89 – – 0.874 0.039 – 26.01 943.5 236 0.338
MD 918 1-Dodecene 46.71 2.31 118.5 29.3 0.918 0.32 – 31.06 731.6 216 0.07
MD 916 1-Dodecene 48.23 2.32 113.0 26.4 0.916 0.24 – 37.22 788.5 214 0.082
MD 913 1-Dodecene 12.33 1.78 109.3 23.4 0.913 0.23 – 32.66 776.3 210 0.096
MD 911 1-Dodecene 12.55 1.78 105.2 21.0 0.911 0.18 – 32.44 753.2 22 0.104
MD 910 1-Dodecene 18.76 2.72 104.8 19.9 0.910 0.14 – 29.97 807.1 226 0.104
MD 907 1-Dodecene 3.72 2.28 98.8 17.6 0.907 0.11 – 25.67 781.0 228 0.111
MO 919 1-Octadecene 24.16 3.02 118.0 30.3 0.919 0.34 – 41.54 745.5 210 0.067
MO 915 1-Octadecene 24.61 2.76 111.3 25.3 0.915 0.25 – 43.10 705.2 214 0.082
MO 912 1-Octadecene 23.33 2.57 101.1 22.8 0.912 0.20 – 43.94 784.1 214 0.101
MO 904 1-Octadecene 20.18 2.58 98.8 15.0 0.904 0.18 – 38.39 797.6 216 0.125
ZH 924 1-Hexene 2.43 4.09 122.9 36.2 0.924 0.50 14.19 25.16 832.5 – –
ZO 919 1-Octene 3.24 4.39 122.3 32.0 0.919 0.31 10.02 22.53 806.0 218 0.07
ZH 918 1-Hexene 2.96 4.40 122.1 28.1 0.918 0.31 9.65 17.48 815.3 220 0.06
ZB 900 1-Butene 3.91 4.38 – 7.4 0.900 0.12 – 15.77 797.3 222 0.101



branched chain viscosities overtake those of the equally
massive linear chains [11].

Polyolefins with narrow molecular weight distribution
generally exhibit poor processibility, but INSITEw resin
from Dow’s CGCT(constrained geometry catalyst technol-
ogy), where ethylene and 1-octene are copolymerized, was
claimed to show high pseudoplasticity and good processi-
bility despite their narrow polydispersity [9,12–15].

When the relationship between structure and properties of
LLDPEs is established, it is expected to be possible to
design the metallocene catalyst structure and comonomer
type to produce LLDPEs possessing specific desired proper-
ties [12–20].

In this study, LLDPEs were prepared with the unbridged
metallocene catalyst (2-MeInd)2ZrCl2, which showed a high
reactivity toward long-chaina-olefins. (2-MeInd)2ZrCl2
produced polypropylene(PP) with [mm] triad fraction of
0.33 and [mr] triad fraction of 0.47 at2208C, indicating
that the exchange rate between racemic state and meso state
of the catalyst was so fast that the PP was almost atactic
[21]. Therefore (2-MeInd)2ZrCl2 can be thought to be a
single site catalyst, and synthesize LLDPEs with narrow
composition distribution, even though the catalyst activity
in racemic state is different from that in meso state.

Chain length of the side branches in LLDPEs was varied
by copolymerizing ethylene witha-olefins of different chain
length. The copolymer composition distribution was esti-
mated by measuring the melting peak broadness, and the
depression in the melting temperature and density according
to the content ofa-olefins.

Thermal and mechanical properties of the copolymers
were investigated using UTM, Rheovibron and DSC, and

compared to those of LLDPEs produced with the
conventional heterogeneous Z–N catalysts.

2. Experimental

Copolymers of ethylene/1-hexene, ethylene/1-dodecene
and ethylene/1-octadecene were synthesized using (2-
MeInd)2ZrCl2/MAO catalyst.

All polymerization reactions were carried out in a 500 ml
glass reactor with a magnetic stirrer. 100 ml of toluene was
employed as the reaction medium and the reaction tempera-
ture was 08C. Ethylene gas was first introduced at 1 atm and
a-olefin was added using a syringe. The polymerization was
initiated by addition of MAO and (2-MeInd)2ZrCl2. Al/Zr
ratio was maintained at 2000. The reaction time was 30 min
and the reaction was terminated by adding a mixed solution
of methanol and HCl. The products were washed three times
with plenty of methanol and dried in a vacuum oven (308C)
until constant weight was attained. Ethylene/1-butene, ethy-
lene/1-hexene and ethylene/1-octene copolymers were
prepared with Mg(OEt)2/DIBP/TiCl4–TEA (provided by
the physical milling method by Korea Petrochemical Co.)
for the purpose of comparison. Triethylaluminum (TEA)
and Mg(OEt)2/DIBP/TiCl4 were added to the reaction
medium in this order. Polymerization was carried out at
708C for 1 h with Al/Ti mole ratio of 150.

Table 1 summarizes the characteristics of the LLDPEs
obtained. Densities of the copolymers were measured by a
density gradient column prepared using isopropanol and
distilled water. Calibration was achieved using LLDPEs
of known density. Each density was measured four times
and the average was taken. Composition ofa-olefin units
was determined from NMR spectra recorded at 1308C on a
Bruker AC-250 FT–NMR spectrometer. 20–50 mg of the
polymers was dissolved in 0.3 ml of 1,2,4-trichloroben-
zene(10 wt% of 1,2 dichlorobenzene-d4 mixed solvent) and
was subjected to the NMR measurements. Molecular weight
and molecular weight distribution were measured using
GPC (Waters 150C plus with a differential refractometer
detector and a column composed of Styragelw HT6E, HT5
and HT3) with 1,2,4-trichlorobenzene (1.0 ml/min) as an
eluent at 1358C using polystyrene(Showadenko SL-105)
as a standard. Thermal properties of the polymers were
obtained using DSC (Perkin Elmer DSC 7). The DSC ther-
mogram was obtained for 7 mg of the sample sheet by scan-
ning from room temperature to 1608C at a rate of 108C/min.
Crystallinity was represented as the ratio of melting
enthalpy of the DSC thermogram to that of a perfect poly-
ethylene crystal(290 J/g) [16]. The stress–strain behaviors
were measured for specimens�40 mm× 10 mm× 0:2 mmt�
according to ASTM D 882(thin plastic sheeting) using an
universal testing machine(UTM, model H25K-S, Houns-
field Co.). The distance between the grips was 20.0 mm
and the test rate was set at 50 mm/min. The dynamic
mechanical properties were measured with Rheovibron
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Fig. 1. DSC thermograms of LLDPEs produced over a Ziegler–Natta cata-
lyst (Mg(OEt)2/DIBP/TiCl4–TEA).



(DDVII, Toyo Baldwin Co.). The dimension of the sample
was 40 mm× 5 mm× 0:2 mmt and the properties were
measured in the range between2150 and 1008C at the
frequency of 3.5 and amplitude factor of 30.

Specimens were prepared by pressing the polymerized
powder on a hot press at 1708C under 275 psi for 5 min
and subsequently under 690 psi for 1 min and finally
quenching into ice water.

3. Results and discussion

3.1. Melting behavior

Fig. 1 shows a DSC thermogram of LLDPE prepared with
the Z–N catalyst. Z represents that samples were prepared
by the Z–N catalyst. H, O and B represent that 1-hexene, 1-
octene and 1-butene were copolymerized, respectively, with
ethylene. The numbers on the sample code correspond to the
density of copolymers in kg/m3. Melting point and heat of
fusion tended to decrease as the density of the copolymer
decreased. The copolymer with lower density started to melt
at a lower temperature, but the upper bound of the melting
peak was nearly fixed at 1208C irrespective of the copoly-
mer density. It is to be noted that ZO 919, a copolymer of
ethylene and 1-octene whose density is 0.919 g/cm3,
showed a much broader bimodal melting peak than ZH
918, a copolymer of ethylene and 1-hexene, indicating the
former LLDPE had broader composition distribution than
the latter. The broadening of melting peaks could be attrib-
uted to the coexistence of low molar mass highly branched
copolymer molecules with high molar mass copolymer
molecules containing a lower content ofa-olefin units
[2,22–28]. Figs. 2–4 show, respectively, DSC thermograms
of copolymers of ethylene/1-hexene, ethylene/1-dodecene
and ethylene/1-octadecene, synthesized using (2-
MeInd)2ZrCl2. In the case of poly(ethylene-co-1-hexene),
the melting peak shifted to lower temperature region with-
out a significant broadening of the melting peak as the
copolymer density decreased. The decrease of the melting
point of LLDPEs by (2-MeInd)2ZrCl2 could be, at least in
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Fig. 2. DSC thermograms of poly(ethylene-co-1-hexene) produced over (2-
MeInd)2ZrCl2/MAO.

Fig. 3. DSC thermograms of poly(ethylene-co-1-dodecene) produced over
(2-MeInd)2ZrCl2/MAO.

Fig. 4. DSC thermograms of poly(ethylene-co-1-octadecene) produced over
(2-MeInd)2ZrCl2/MAO.



part, ascribed to the lower molecular weight of LLDPEs
containing higher content ofa-olefin units. However an
empirical equation for melting point of polyethylenes as a
function of molecular weight has been given by Wunderlich
[29] as Tm � �414:1–2071�=�number of carbons�: Hence it
can be said that the molecular weight of LLDPEs in Table
1 are high enough for the melting point to be in the plateau
region.

Figs. 3 and 4 demonstrate that copolymers with narrow
composition distribution were formed by (2-MeInd)2ZrCl2,
in view of the fact that the melting peak remained sharp
even though large sizeda-olefins such as 1-dodecene or
1-octadecene were copolymerized with ethylene, as

compared with the broad melting peak of LLDPEs from
the Z–N catalyst.

Fig. 5 shows the dependence of the density of LLDPEs on
the a-olefin content. As the chain length of thea-olefin
increases, the density of LLDPEs as a function of mole
fraction of thea-olefin decreases more rapidly. However,
as shown in Fig. 6, when the density was plotted against
weight fraction of thea-olefin, the density of LLDPE by (2-
MeInd)2ZrCl2 declined following almost identical curve
regardless of the types of thea-olefins.

It is generally accepted that the crystallinity, and thus the
density, of polyethylenes depend strongly on the short chain
branches. As for the long chain branches, they have little
effects on the crystallinity, as far as the long chain branches
are long enough to be co-crystallized with the main back-
bone chains, though the rate of crystallization may be
affected [30]. The more pronounced effect of 1-octadecene
units on the copolymer density, compared to that of 1-
hexene or 1-dodecene units, indicates that the 16-carbon
side chain branches are not long enough to co-crystallize
effectively. For isotactic polypropylene, the minimum
number of isotactic units in a sequence required for crystal-
lization of polypropylene was determined to be 14, i.e. 28
carbons, from transmission electron microscopy
observations [31].

Since the plot of the copolymer density vs. weight frac-
tion of branching units followed almost identical curves
irrespective of the type ofa-olefins, it can be said that the
decrease of density of metallocene LLDPEs is almost
proportional to the number of carbons in thea-olefin
units, unless the side chains co-crystallize spontaneously.

The density of the Z–N LLDPEs declined more slowly
and required morea-olefins units to attain the same density
values as that of LLDPEs produced by (2-MeInd)2ZrCl2.
This was ascribed to the fact that the high molecular weight
fraction in the Z–N LLDPEs, which constituted the bulk of
the crystalline phase, was not as much branched as that in
the LLDPEs from (2-MeInd)2ZrCl2.

3.2. Stress–strain behavior

Extensive studies have been done on the stress–strain
behavior of polyolefins [32–38]. Table 1 summarizes elastic
modulus, yield stress, maximum stress and elongation at
break of LLDPEs produced by (2-MeInd)2ZrCl2 and by
the Z–N catalyst. The data were taken as average of at
least five measurements and the standard deviation is
shown as an error bar in Figs. 7–9. Elastic modulus
decreased more rapidly than maximum stress or elongation
as thea-olefin content increased. As polymer molecular
weight increases, the sum of the attractive forces between
adjacent polymer molecules increases correspondingly, and
eventually the sum of the attractive forces exceeds the
strength of the primary covalent bonds within the individual
molecules. Further increase in molecular weight does not
contribute any more to the mechanical properties. Thus
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Fig. 5. Plot of comonomer mole fraction vs. density of LLDPEs.

Fig. 6. Plot of comonomer weight fraction vs. density LLDPEs.



tensile strength, elongation and other stress–strain proper-
ties are correlated with the degree of polymerization (DP)
asa 2 (b/DP), and increase rapidly with DP to level off at
DP of 600–700 [39]. LLDPEs in Table 1 have molecular
weight well above 1:0 × 105

: Therefore it can be said that
the difference in the molecular weight of the LLDPEs was
not the main cause for the discrepancy of the mechanical
properties.

Maximum strength of the Z–N LLDPE was lower than
that of LLDPE by (2-MeInd)2ZrCl2. However elastic moduli

and elongation of the Z–N LLDPE were almost identical
with those of the other LLDPEs.

Elastic modulus of LLDPEs decreased with decrease of
the density in the same manner regardless of the length of
chain branches except that MH was softer than the other
LLDPEs. The higher elastic modulus and the lower elonga-
tion of MD(poly(ethylene-co-1-dodecene)) or MO(poly
(ethylene-co-1-octadecene)) in comparison with those
corresponding to MH(poly(ethylene-co-1-hexene)) should
be, in part, ascribed to the presence of long chain branches
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Fig. 7. Maximum strength as a function of density of LLDPE:L ZN; B
MH; W MD; andK MO.

Fig. 8. Elongation at break as a function of density of LLDPE:L ZN; B
MH; W MD; andK MO.

Fig. 9. Elastic modulus as a function of density of LLDPE:L ZN; B MH; W
MD; andK MO.

Fig. 10. Tand curves of LLDPEs produced over heterogeneous Ziegler–
Natta catalysts.



in MD or MO, which could serve as anchors during the stress–
strain experiments. In contrast, Sehanobish et al. [40]
reported that the elastic modulus of aliphatic chain branched
LLDPE of similar crystallinity was nearly independent of
branch length and branching distribution. Meanwhile, they
observed significant enhancement of elastic modulus as the
aliphatic branches were replaced with cyclic branches such
as in the poly(ethylene-co-norbornene) copolymers.

More data are needed to draw a clear conclusion on the
dependence of the mechanical properties upon the molecu-
lar structure of LLDPEs.

3.3. Dynamic mechanical behavior

In Figs. 10–14, relationships between tand and tempera-
ture were plotted for the four types of LLDPEs. Intensity of
b-transition peak increased and the peak shifted to a lower
temperature zone with decrease in the copolymer density.
However, as the density of LLDPE decreased further, so that
the crystalline phase of LLDPE disappeared almost
completely, theb-transition peak became fixed at around
2458C (Fig. 11).b-transition of the semicrystalline poly-
mers has been reported to be dependent on crystallinity as
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Fig. 11. Tand curves of metallocene LLDPEs(ethylene/1-hexene copoly-
mer).

Fig. 12. Tand curves of metallocene LLDPEs(ethylene/1-dodecene
copolymer).

Fig. 13. Tand curves of metallocene LLDPEs(ethylene/1-octadecene
copolymer).

Fig. 14. Tand curves of LLDPEs of similar density.



well as onTg [26–28,41,42], andg-transition, though not
fully understood yet, has been attributed to the relaxation of
side chains [28,41,42]. However,g-transition peak of HDPE
939 appeared at21258C with an intensity comparable to
that of the other LLDPEs. Since HDPE 939, whose density
is lower than the usual HDPE probably due to the quenching
process during the sample preparation procedure, contains
few side chains,g-transition should be a result of the limited
motions such as the crankshaft motion involving 4, 6
bonds of the main backbone chain.

Fig. 14 compares tands of MH 918 and MD 918 with that
of ZH 918 having the same density.b-transition of ZH 918
appeared at a temperature similar to that of MH 918 and MD
918. On the contrary,g-transition was dependent of the type
of LLDPEs. g-transition peak of ZH 918 was weaker in
intensity and appeared at a lower temperature compared to
that of MH 918 or MD 918. Starck [43] also observed that a
metallocene LLDPE showed strongerb-transition andg-
transition peak intensities than a commercial Z–N LLDPE
mainly due to the difference in the homogeneity of
comonomer composition distribution.
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