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ABSTRACT: Copolymers of ethene and 1-octene, 1-dodecene, 1-octadecene, and 1-hexa-
cosene were carried out with [Ph2C(2,7-di-

tertBuFlu)(Cp)]ZrCl2/methylalumoxane as a
catalyst to obtain short-chain branched polyethylenes with branch lengths of 6–26 car-
bon atoms. This catalyst provided high activity and a very good comonomer and hydro-
gen response. In this study, the influence of the length and number of the side chains
on the mechanical properties of the materials was investigated. The crystalline meth-
ylene sequence lengths of the copolymers and lamellar thicknesses were calculated
after the application of a differential scanning calorimetry/successive self-annealing
separation technique. By dynamic mechanical analysis, the storage modulus as an
indicator of the stiffness and the loss modulus as a measure of the effect of branching
on the a and b relaxations were studied. The results were related to the measurements
of the polymer density and tensile strength to determine the effect of longer side
chains on the material properties. The hexacosene copolymers had side chains of 24
carbons and remarkable material properties very different from those of conventional
linear low-density polyethylenes. The side chains of these copolymers crystallized with
one another and not only parallel to the backbone lamellar layer, depending on the
hexacosene concentration in the copolymer. The side chains crystallized even at low
hexacosene concentrations in the copolymer. A transfer of these results to 16 carbons
side chains in ethene–octadecene copolymers was also possible. VVC 2006 Wiley Periodicals,

Inc. J Polym Sci Part A: Polym Chem 44: 1600–1612, 2006

Keywords: differential scanning calorimetry (DSC); fractionation of polymers;
mechanical properties; metallocene catalysts; microstructure; polyethylene (PE)

INTRODUCTION

Ethene copolymers with higher a-olefins, such as
1-butene, 1-hexene, and 1-octene, are industrially
important materials. Compared to polymers made

with Ziegler–Natta (Z–N) catalysts, metallocene-
catalyzed copolymers have several advantages;
linear low-density polyethylenes (LLDPEs) have
excellent physical properties such as high strength,
high clarity, and good heat sealability.1 This is
due to the narrow composition distribution and
random distribution of the comonomers. The amount
of the comonomer and the length of the side
chains influence the material properties. The pres-
ence of short-chain branches disturbs the crystalli-
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zation kinetics; still, metallocene copolymers have
narrower lamellar thickness distributions than
Z–N copolymers.2 It is generally agreed that
these side groups are concentrated in amorphous
regions, and at most, only a small proportion of
the ethyl groups are located inside crystallites.3,4

Metallocene catalysts enable the production of
a new family of materials, which are eliminating
the differences between commodity and engineer-
ing polymers and between thermoplastics and
elastomers. Consequently the mechanical and
physical properties of polyethylene (PE) are dras-
tically changed by copolymerization with small
amounts of a-olefins. This change depends not only
on the number of comonomer units but also on
their distribution along the chain and the nature
of the side branches arising from the a-olefin.

Thermal fractionation techniques offer quick
and practical ways to evaluate chain heterogene-
ities in semicrystalline thermoplastic materials
by employing carefully designed thermal cycles in
a differential scanning calorimeter. These techni-
ques are particularly useful for studying the de-
gree and distribution of short-chain branches pro-
duced by the copolymerization of ethylene with
a-olefins. Thermal fractionation provides an alter-
native to experimentally more time-consuming
and complicated fractionation techniques that
involve preparative or analytical fractionation in
solution. In a recent review by Müller and Arnal,5

a particular emphasis is made on the two techni-
ques most commonly applied in the literature:
step crystallization from the melt and successive
self-nucleation and annealing (SSA). The numer-
ous applications that have been recently devel-
oped are also reviewed.5

Segregation studies by stepwise annealing
with differential scanning calorimetry (DSC)
have been applied to different types of Z–N-6–10

and metallocene-catalyzed ethene copolymers.8–12

The results show that differences in the ethylene
sequence distributions can be seen when the poly-
mers are annealed in steps at successively lower
temperatures. The multiple endothermic peaks
observed in the melting curves after this treat-
ment correspond to a fraction of segregated mole-
cules that crystallized at a certain temperature.

Dynamic mechanical analysis (DMA) is a very
useful tool for characterizing relaxations in both
amorphous and semicrystalline copolymers. The
influence of the structure and morphology on the
dynamic mechanical behavior of PEs has been
discussed in a number of publications,11–17 An
understanding of the principles involved is of

value in predicting the response of these poly-
mers in various product applications. In general,
linear and branched PEs exhibit up to three tran-
sitions, which are labeled a, b, and c in order of
decreasing temperature. The mechanism of these
relaxation processes has been discussed in terms
of the crystalline and amorphous phases pres-
ent18 and, in many cases, in terms of a third inter-
facial phase19–22 that is of intermediate character
and may have some structural order.23,24

However, to our knowledge, LLDPEs with side
chains longer than 18 carbons (ethene–eicosene
copolymers) were not investigated before these
studies. Copolymers of ethene and 1-octene, 1-
dodecene, 1-octadecene, and 1-hexacosene (a-olefin
wax fraction with over 91 wt % hexacosene and
octacosene) were made with [Ph2C(2,7-di-

tertBu-
Flu)(Cp)]ZrCl2/methylalumoxane (MAO) as a cat-
alyst to obtain short-chain-branched PEs with
branch lengths of 6–26 carbon atoms. This cata-
lyst provided high activity and a very good como-
nomer and hydrogen response.25 Comonomers
were incorporated in a high order, and the regula-
tion of the molar masses was possible without a
reduction of the catalyst’s activity. The influence
of the length and amount of the side chains on the
mechanical properties of the materials was inves-
tigated in this study. The amount of the comono-
mer in the copolymer within one series and the
molar mass of the copolymer remained constant.

In DSC, an SSA separation technique was ap-
plied. The crystalline methylene sequence lengths
(MSLs) of the polymer and lamellar thicknesses
were calculated. By DMA, the storage modulus as
an indicator of stiffness and the loss modulus as a
measure of the effect of branching on the a and b
relaxations were studied. The results were related
to the measurements of the polymer’s density and
tensile strength to determine the effect of longer
side chains on the material properties.

EXPERIMENTAL

Polymerizations

All procedures were performed under nitrogen
(grade 5.0; Messer) with Schlenk techniques.
MAO (Crompton) was used as a 10 wt % solution
in toluene. Ethene (grade 3.5; Messer) and tol-
uene (Merck) were purified by passage through
columns with Cu catalyst (R3-11, BASF) and 3-Å
molecular sieves (Merck). 1-Octene, 1-dodecene,
and 1-octadecene (all from Sigma–Aldrich) were
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degassed and stored under nitrogen and 3-Å
molecular sieves. Hydrogen (grade 5.0; Messer)
was employed without further purification. The
comonomer 1-hexacosene was a commercially avail-
able a-olefin wax fraction [mainly C26 (50–62 wt %)
to C28 (30–42 wt %) olefins; Chevron Phillips
Chemical]; we named it for simplicity by its main
fraction. The metallocene complex [Ph2C(2,7-di-

tert

BuFlu)(Cp)]ZrCl2 was synthesized in our group26

according to the general procedure reported in
the literature.27,28 The catalyst was stored under
an inert gas atmosphere, and freshly prepared
solutions in dry toluene were used for polymer-
izations.

Polymerizations were carried out in a 3-L
Büchi steel reactor equipped with a magnetic
stirrer. For the standard experiment, the reactor
was evacuated at 90 8C for 1 h, flushed several
times with nitrogen, and charged subsequently
with 2000 mL of toluene, 1000 mg of MAO, and a
defined amount of one comonomer. After a poly-
merization temperature of 60 8C was reached,
13.4 mmol of hydrogen and ethene were added.
The monomer concentrations were calculated with
literature data,29 and the total monomer concen-
tration was 0.37 mol/L. The polymerization was
started by the addition of 8 � 10�7 mol of a tol-
uenic metallocene solution. During the reaction,
the total pressure was kept constant by a supply of
ethene, and the ethene flow was recorded cons-
tantly. The polymerization was quenched by the in-
jection of 1 mL of ethanol after approximately 20 g
of the polymer was produced. The polymer solu-
tion was stirred overnight in an ethanol/HCl/
water solution, filtered, and washed with plenty

of ethanol; this was followed by the evaporation
of the solvents and drying of the polymer
in vacuo at 60 8C overnight. The ethene–hexaco-
sene copolymers were in addition two times dis-
solved in warm toluene and filtered afterwards
at room temperature and washed with ethanol
before being dried to wash out residues of the
comonomer. The experimental details are given
in Table 1.

Analytics

13C NMR spectra were measured with a Varian
Gemini 2000 300-MHz spectrometer. Polymer
samples were measured at 75 MHz at 100 8C
from 300 mg of polymer in 2.5 mL of 1,2,4-tri-
chlorobenzene and 0.5 mL of benzene-d6. Three
thousand scans were taken with the Waltz-16
decoupling method.

DSC curves were recorded on a PerkinElmer
DSC-7 instrument with a heating and cooling
rate of 10 K/min for all experiments and steps.
Five to six milligrams of the polymer was taken
for measurements. For the melting and crystalli-
zation curves of the thermally untreated materi-
als, the results of the second thermal cycle are
presented exclusively. The SSA measurements
were performed according to the principles of
Müller and Fillon.30,31 To destroy any thermal
history, the samples were first heated to 160 8C,
cooled to 30 8C again, and held there for 1 min.
Subsequently, heating was performed up to a
selected self-nucleation and annealing tempera-
ture (Ts), at which the sample was isothermally
kept for 5 min before it cooled again to 30 8C. At

Table 1. Experimental Detailsa

Number Comonomer
Feed

(mol %)b
Yield
(g) Activityc

Conversion
(%)d

Reference 1PE None 0 21.9 55,000 0
Series 1 2C8 1-Octene 15 21.2 15,000 10.1

3C12 1-Dodecene 15 20.7 20,000 8.8
4C18 1-Octadecene 15 22.9 26,000 8.8
5C26 1-Hexacosene 15 20.8 21,000 7.1

Series 2 6C8 1-Octene 30 18.5 37,000 8.8
7C12 1-Dodecene 30 15.7 33,000 7.3
8C18 1-Octadecene 30 25.1 37,000 9.8
9C26 1-Hexacosene 30 23.0 23,000 7.7

a The copolymers are denoted with a running number and the carbon length of the comonomer.
b Comonomer content in the feed.
c kgpolymer(molZr h mol/Lmonomer)

�1.
d Conversion of the comonomer.
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the end of the first cooling, the polymer was self-
nucleated. Then, the sample was heated again to
the next Ts, which was 6 8C lower than the pre-
vious Ts. This means that the unmelted crystals
at this lower Ts annealed during the 5 min at this
temperature, and some of the melted species iso-
thermally crystallized (after being self-nucleated
by the unmelted crystals), whereas the rest of
the molten, crystallizable chains (or chain seg-
ments) only crystallized during the subsequent
cooling from Ts. The procedure was then repeated,
with Ts again being lowered at 6 8C intervals with
respect to the previous step. The chosen Ts range
was 140–56 8C for PE, 122–44 8C for series 1, and
110–44 8C for series 2; for both ethene–hexacosene
copolymers, the last step was Ts ¼ 38 8C. Finally,
the melting behavior was recorded by a normal
melting run at 10 8C/min when the thermal con-
ditioning was over. When comparing a series of
similar samples, we used a constant initial Ts

values for all samples of the series. The advant-
age of this method is that all samples will have
the same thermal history and the comparison of
the final curves can be more meaningful from
that point of view.

Size exclusion chromatography was carried
out on a Waters GPCV 2000 Alliance system eq-
uipped with a refractive-index detector, viscosi-
metric detector, and set of four columns (Styragel
HT2, HT3, HT4, and HT6). 1,2,4-Trichloroben-
zene was used as a solvent, and 2,6-di-tertbutyl-4-
methylphenol was used as a thermostabilizer. The
analysis was performed at 140 8C and 1.0 mL/min.
The columns were calibrated with narrow molar
mass distribution polystyrene standards. Themasses
were calculated with the universal method and
both detectors.32

A Fontune TP 400 table press and a special
mold were used for the compression molding of
the DMA specimens and plates with the dimen-
sions of 2 � 80 � 80 mm3. From these plates, the
tensile test specimens according to ISO 527-2:1993
(type 5A) were made with a stamping press. The
polymers were thermostabilized via mixing with
0.4 wt % Irganox 1010 FF and 0.2 wt % Irgafos 168
(both Ciba products) before melting. The polymers
were molded for 5 min at 200 8C without pressure,
compressed for 5 min at 200 8C and a maximum of
150 kN, and afterwards cooled for 5 min under
compression.

DMA measurements were performed with a
PerkinElmer DMA-7. The experiments were car-
ried out with three-point-bending geometry. All
specimens were scanned at a frequency of 1 Hz

over a temperature range of �100 to 90 8C at a
rate of 4 K/min under helium flow. The rectangu-
lar specimen dimensions were 2 � 4 � 17 mm3

(by a special mold with the Fontune table press).
Every sample was measured at least three time
with three different specimens, and the average
curves were taken for interpretation.

Tensile tests were performed on a Instron
4204 universal testing machine equipped with a
force transducer with a maximum of 1 kN. The
crosshead speed was 20 mm/min at constant 50%
humidity and 23 8C. The yield stress and Young’s
modulus were calculated according to ISO 527-1:
1993(E).

For density measurements, the DMA specimens
were taken (before DMA measurements), and a
Sartorius LA230S balance equipped with the den-
sity determination kit YDK01 was used. The
Archimedean principle was applied for determin-
ing the specific gravity of a solid; ethanol was
used as a liquid. Every sample was measured at
least three times with three different specimens,
and the mean values are presented here.

RESULTS AND DISCUSSION

Polymerizations

The polymerizations of these series were all per-
formed under very similar conditions, and the
obtained copolymers differed only in the length
and number of the side chains. Two series of co-
polymers were synthesized, containing about 1.5
or 3 mol % comonomer. In addition, a reference
PE was made to compare the properties of the
copolymers with those of pure PE. The lengths of
the side chains were 6 carbons (1-octene), 10 car-
bons (1-dodecene), 16 carbons (1-octadecene), and
24 carbons (1-hexacosene). 1-Hexacosene was, to
our knowledge, not used as a comonomer before.
The polymerization results are presented in
Table 1. The polymerization behavior of the cata-
lyst with respect to the molar masses, comonomer
incorporation, activity, and hydrogen response
has been discussed by us in detail elsewhere.25

Polymer Densities

The density of the pure PE was the highest, and
the density of the copolymers decreased with
increasing contents of 1-octene, 1-dodecene, and
1-octadecene, respectively. This was in accord-
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ance with the results of Yoon et al.16 for their
metallocene-based LLDPEs. The copolymers con-
taining hexacosene as a comonomer exhibited a
different behavior; a higher hexacosene content
in the copolymers increased the density. Obvi-
ously, the long side chains influenced the poly-
mer density; crystallization could be assumed.
The influence of the molar masses, given in Table
2, on our investigations was negligible within a
certain area and was checked by another series
of polymers with higher masses, which are not
presented here. In DSC thermograms, the melt-
ing peak shifted to a lower temperature zone
with decreasing copolymer density without a sig-
nificant loss in peak sharpness. The density of
LLDPE was a decreasing function of the molar
fraction of the a-olefin, and the decrease was
more pronounced as the molecular weight of the
incorporated a-olefin increased.

Polymer Microstructures

NMR Study

The comonomer content was calculated with eq
1; the branching carbon signal, I(*), and all the
resolved secondary carbon signals of the polymer
backbone were used. It was corrected by the sub-
traction of the side-chain carbons (ncom. � 7,
where ncom. is the number of carbons of the como-
nomer), which were included in the integration
area of the main signal of the CH2 chain, I(d,dþ).
We were able to resolve 5 backbone carbons and
5 side-chain carbons by our measurements. The

chemical shifts and nomenclature are taken from
the literature:34

Contentcomonomer

Equation 1: ðmol %Þ is the resulting unit

¼ Ið�Þ
IðaÞ þ IðbÞ þ IðcÞ þ ½Iðd; dþÞ � ðncom: � 7Þ � Ið�Þ�

� 1000 � 0:2 ðmol%Þ ð1Þ

where I(a) is the integrated peak area of carbon a
and so forth.

The molar fraction of the incorporated como-
nomer into the polymer chain was rather simi-
lar for all polymers within one series. However,
the difference in the weight fraction between
the various comonomers was very pronounced;
both are given in Table 2. The longer comono-
mers made a much higher contribution to the
polymer’s weight.

DSC Analysis

All the copolymers showed rather similar melting
behavior (see Table 2); the melting and crystalli-
zation temperatures were almost the same. For
the ethene/1-hexacosene copolymers (5C26 and
9C26), a second melting peak at the melting peak
temperature (Tm) of 53 8C appeared and was very
pronounced in the case of higher comonomer con-
tent. In Figure 1, the melting curves of these two
polymers and the melting curve of 1-hexacosene
are shown; the second melting peak of the copoly-

Table 2. Polymer Characteristics

Number

Incorporationa

Mw

(kg/mol)b MWDc Tm (8C) Tc (8C)
d

Crystallinity
(%)e

Density
(kg/m3)mol % wt %

Reference 1PE 0 0 368 2.13 139.0 115.6 65.6 939.7
Series 1 2C8 1.57 6.00 321 2.19 115.2 100.6 41.3 912.8

3C12 1.44 8.09 316 2.05 116.5 100.2 40.5 910.9
4C18 1.32 10.79 328 2.08 116.5 102.9 41.3 915.5
5C26 1.21 14.21 352 2.22 118.7 99.7 42.9 917.4

Series 2 6C8 3.25 11.83 269 2.02 103.3 85.4 31.3 902.0
7C12 3.46 17.73 280 1.94 103.3 86.1 31.1 903.6
8C18 3.00 21.82 276 1.98 104.1 86.9 30.0 905.7
9C26 2.71 27.35 335 2.00 103.3 85.9 40.2 921.6

a Comonomer content in the polymer.
b Weight-average molecular weight.
c Molecular weight distribution.
d Crystallization peak temperature.
e The enthalpy of fusion of perfectly crystalline PE was taken to be 290 J/g.33
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mers originated from the comonomer 1-hexaco-
sene. The pure 1-hexacosene showed two endo-
therms, one at 37.3 8C and one at 52.6 8C, which
could be referred to partly crystalline material.
The zoomed area in Figure 1 makes visible that
also for the polymer containing a low amount of
1-hexacosene, a second melting peak occurred. To
be sure that no impurities such as unincorpo-
rated comonomer caused this, the polymer was
recrystallized several times, but this treatment
did not cause any changes in the intensity of the
second peak. The side chains crystallized mainly
among themselves. The intensity of the side-
chain melting peaks depended on the molar frac-
tion of the comonomer. Therefore, the side chains
crystallized as agglomerates and were not each
separated and parallel to the polymer main chain;
then there was no extra endotherm in the melting
curve.

Walter et al.35 found for ethene–eicosene co-
polymers similar melting behavior. The melting
temperature decreased with increasing incorpora-
tion of 1-eicosene (0–50 mol %), and side-chain
crystallization occurred at 1-eicosene contents over
39 mol %. With 1-hexacosene, very much less co-
monomer was necessary to show this effect.

In general, the crystallinity of an LLDPE de-
creases with higher comonomer content, and this
was also the case with the copolymers of these ser-
ies containing octene, dodecene, and octadecene.
Interestingly, the 1-hexacosene copolymers again
were different, and the crystallinity increased for
polymer 9C26.

The thermal fractionation technique SSA was
applied to all the samples to get information on
the comonomer distribution. The most important
parameters for the SSA method are the first Ts

value to be used, the temperature interval
between Ts values, the residence time at Ts, and
the heating rates during the thermal conditioning
steps.36 A spacing of 3 8C instead of 6 8C probably
gave a slightly better separation and more peaks,
but increases in the measuring time were enor-
mous. An increase in the holding time did not pro-
mote a higher number of signals, but more perfect
crystals were expected at higher time consump-
tion.9,37 The melting curves obtained after the SSA
treatment of the LLDPEs are plotted in Figure 2.
As for the untreated samples, the melting peaks of
series 1 are again higher than those of series 2.
The shapes of the curves are similar within each
series, but the two copolymers 8C18 and 9C26
exhibited an additional smaller peak in the high
temperature region. These peaks are most likely
species corresponding to the fractions with the
thickest lamellae within the distribution produced
by the SSA treatment, although, as described later,
the average lamellar thickness of 9C26 was lower
than that of the others.

Theoretical equations are employed to quanti-
tatively compare the particular results with the
theory for the crystallization and melting of ran-
dom copolymers. These theoretical equations are
derived from an equilibrium theory. Therefore,

Figure 1. Melting curves of virgin 5C26, 9C26, and
1-hexacosene.

Figure 2. Melting curves of LLDPEs after the SSA
treatment.
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predictions derived from the equations represent
a limit typically not approached by real random
copolymers.

To get quantitative information out of the SSA
measurements, we had to analyze the curves by
peak picking, calculating a relative index (DI38)
for each peak, and/or integrating each peak. We
subtracted from every DSC thermogram a base-
line (from x ¼ 40 to x ¼ 130 8C), calculated the
peak areas, and divided them by the highest
peak to get a relative value for comparison and
further calculations.

The lamellar thickness of crystals (Lc) can be es-
timated with the Gibbs–Thomson equation (eq 2)
from Tm. This equation is useful as a rough guide
for estimating Lc. The returned values of Lc are
smaller than the real values for any Tm(Lc), other
than the final melting temperature of crystals (Tm

f)
formed in isothermal crystallization.39 Also, the
Flory equation (eq 3) is only applicable to the equi-
librium melting of copolymers, which requires
infinitely thick crystals of composition Xe to ob-
serve the copolymer melting temperature (Tm

c).
Because the very thick copolymer crystals do not
exist, Tc

m is unobservable. This is in contradistinc-
tion to the equilibrium melting temperature (T0

m)
for homopolymers (Xe ¼ 1); that temperature may
be approached from homopolymers, for which
essentially infinitely thick crystals do exist:39,40

Tm ¼ Tc
m � 1� 2re

DHuLc

� �
: ð2Þ

where re ¼ 0.09 J/m2 is the basal surface free
energy, DHu ¼ 2.96 � 108 J/m3 is the volumetric
heat of fusion, T0

m ¼ 418.7 K is the equilibrium
melting temperature of PE, and R ¼ 8.314 Pa m3

K�1 mol�1. Tc
m of a copolymer with Xe is obtained

from the following equation:

1

Tc
m

¼ 1

T0
m

� R

DHu
lnXe: ð3Þ

The ethylene sequence length (ESL) can be calcu-
lated from each lamellar thickness if it is assumed
that an ethylene unit is 0.254 nm long.39 Flory’s
theory of melting can also be used for calculating
the number of consecutive carbons in the crystal-
line area and from that the lamellar thickness. A
comparison of the different calculations was given
by Zhang et al.41 Alternatively, and used in this
study, ESL or MSL for each fraction can be ob-
tained with Keating et al.’s method.42 In the case
of random ethylene copolymers, the melting point

depression is caused not by molecular weight var-
iations but by MSL variation. They recrystallized
the commercially available hydrocarbons with the
same program and measured the subsequent
melting point. The plot of ln(CH2 molar fraction)
against the reciprocal of the temperature (1/T)
shows a linear relationship (eq 4), and from this
curve, the MSL of fractionated ethene copolymers
can be assigned from the melting temperatures of
the fractions:

� lnðCH2 molar fractionÞ ¼ �0:331þ 135:5=Tm

ð4Þ
The statistical terms arithmetic mean (Ln), weighted
mean (Lw), and broadness index, most often used to
describe molecular weight distributions and poly-
dispersity in polymers, were employed by Keating
et al. to describe the polydispersity of MSL in
ethene copolymers:

Ln ¼ n1L1 þ n2L2 þ � � � þ niLi

n1 þ n2 þ � � � þ ni
¼

X
fiLi

Lw ¼ n1L1
2 þ n2L2

2 þ � � � þ niLi
2

n1L1 þ n2L2 þ � � � þ niLi
¼

P
fiLi

2P
fiLi

ð5Þ

where ni is the normalized peak area and Li is the
MSL, ESL, or lamellar thickness for each fraction.

From the ethylene molar fraction, the MSL
and degree of branching can be easily calculated
with eqs 6 and 7,43 or with the data from NMR
measurements, it can be used vice versa:

MSL ¼ 2 � X
1� X

ð6Þ

where MSL is the methylene sequence length
(number of carbons) and X is the CH2 molar frac-
tion. Moreover

C ¼ 1000

MSL þ iþ 1
ð7Þ

where C is the number of short-chain branches
per 1000 carbons in total (SCB/1000TC) and i is
the number of carbons in the side chain (e.g.,
octene, i ¼ 6).

To differentiate between the different branch-
ing calculations, we used SCB/1000C (the number
of short-chain branches per 1000 backbone car-
bons) and SCB/1000TC. The calculated C value is
SCB/1000TC; SCB/1000C, as calculated from NMR
data (eq 1), can be obtained with eq 7 and i¼ 0.

The lamellar thickness of each fraction of each
LLDPE was calculated with eq 2, and the num-
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ber averages of these values (eq 5) are given in
Table 3. The molar fractions of the comonomer,
the MSL, and the degree of branching were calcu-
lated from NMR and DSC data and are also given
in Table 3. From the NMR data, SCB/1000TC can
be determined with eq 8:

SCB=1000TC

¼ Ið�Þ
IðaÞþIðbÞþIðcÞþIðd; dþÞþIð1ÞþIð2ÞþIð3ÞþIð4Þ

� 1000 ð8Þ
DSC is a powerful and fast tool for determining
the comonomer content in LLDPEs if the right
calibration is available. Comparing the two dif-
ferent methods, we find that there are only slight
differences in the calculated molar fractions of
the comonomer. If an integration of the DSC
curves is used in calculation, a correction be-
comes necessary. The calculated values for the
branching and for the MSL, presented in Table 3,
differ from the NMR data, particularly for series
1 with low comonomer incorporation. The DSC
heat flow depends on the amount of material
melted at a certain temperature. The specific heat
capacity also depends on the temperature, and this
should be taken into account: DHf (enthalpy of
fusion) changes significantly with temperature
over the melting range. The peak area at lower
temperatures is less intensive than at higher tem-
perature, and therefore the number-average val-
ues are, depending on the calculations, too high

(SCB/1000TC or SCB/1000C) and too low (MSL).
A way to of correcting this was described recently
in a review article by Müller and Arnal.5 Here
we forego these corrections because the relative
differences within and between these two series
would not change and this is the main focus of
our work.

The average lamellar thicknesses of the LLDPEs
are thicker if the polymers contain less comono-
mer. For material 9C26, a lower average lamellar
thickness was calculated than for the other mate-
rials in series 2. Here the fact that the side
chains also showed a melting peak at a lower
temperature comes into account. This increased
the peak area in the SSA curves with lower
lamellar thicknesses and therefore lowered the
average value.

Figure 3 shows the relationships of the short-
chain branching and MSL with the lamellar
thickness. The comonomer chain length had for
both series no influence on the MSL; the lamellar
thickness of the crystalline parts was determined
by the MSL. On the other hand, the degree of
branching (SCB/1000TC) was strongly influenced
by the comonomer type: longer side chains led to
lower branching and therefore had a different
influence on the lamellar thickness. This was
most pronounced for high branching (low lamel-
lar thickness) and higher comonomer incorpora-
tion, but it was caused by the way of calculating
the branching. If one looks at SCB/1000T, it be-
comes clear that the length of the MSL was de-

Table 3. Branching Information by NMR and DSC–SSA

Number

NMR DSC

mol
%

SCB/
1000TCa

SCB/
1000Cb MSLc

mol
%d

SCB/
1000TCe

SCB/
1000Cf MSLg

Lc

(nm)h

Series 1 2C8 1.57 7.6 7.9 120 1.78 12.5 11.5 86 7.01
3C12 1.44 6.7 7.2 128 1.66 11.3 10.8 92 7.30
4C18 1.32 6.0 6.6 134 1.66 10.2 10.8 92 7.36
5C26 1.21 5.3 6.1 140 1.47 9.8 10.9 91 7.25

Series 2 6C8 3.25 15.2 16.2 55 2.85 17.6 18.2 54 5.06
7C12 3.46 14.8 17.3 47 2.85 16.6 18.5 53 5.01
8C18 3.00 12.3 15.0 50 2.78 15.3 18.2 54 5.09
9C26 2.71 10.2 13.6 49 2.85 14.1 19.2 51 4.83

a Number-average SCB per 1000 carbons in total (eq 8).
b Number-average SCB per 1000 backbone carbons (SCB/1000C ¼ eq 1/0.2).
c Number-average MSL from NMR (eqs 5 and 6).
d Equation 4 from a virgin melting curve peak (comonomer molar fraction ¼ 1 � CH2 molar fraction).
e Number-average SCB per 1000 carbons in total (eqs 4–7).
f Number-average SCB per 1000 backbone carbons (eqs 4–7; i ¼ 0).
g Number-average MSL from DSC (eqs 4–6).
h Number-average lamellar thickness (eqs 2 and 5).
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termined just by the amount of branching points
and not by the type of comonomer, which can
easily be imagined.

Mechanical Properties

DMA

The results of the mechanical tests for both
LLDPE series and the homopolymer PE are sum-
marized in Table 4. The storage modulus of the
copolymers of series 1 was generally higher than
that for the corresponding copolymers of series 2.
As expected, a lower density led to lower moduli.
The higher the comonomer content was in the
copolymers, the more amorphous (less stiff) the
material was in the case of the octene, dodecene,
and octadecene copolymers. In each series, the
octene and dodecene copolymers had rather simi-
lar properties. Poly(ethene-co-octadecene) at a
high enough comonomer incorporation showed a
deviating behavior in the temperature range from
�30 to þ30 8C (series 2). The hexacosene copoly-
mers exhibited in both series a very different
behavior than the other copolymers. Especially
from �30 to þ60 8C, the hexacosene copolymers
were much stiffer. This was due to the crystalline
side chains (C24H49), which toughened the mate-
rial. When the crystalline side-chain agglomera-
tions started to melt (at ca. 20 8C), the storage
modulus curves came closer to the others again. At
a temperature of about 60 8C, all side chains were
molten, and the material behaved like the other
copolymers (see Fig. 4).

In series 2, the octadecene copolymer 8C18
showed within a certain area (from �30 to þ45 8C)
also a deviation from the shorter chained LLDPEs.
The greater stiffness was in this case also most
likely a result of crystalline side chains, and so

Figure 3. Relationships of SCB/1000TC and MSL
with the lamellar thickness for the ethylene copolymers
(as determined by DSC): (a) series 1 and (b) series 2.

Table 4. Material Properties of DMA and Tensile Tests

Number

DMA Stress–Strain Behavior

Storage
Modulus
(MPa)a Tg (8C)

b

Young’s
Modulus
(MPa)

Yield Stress
(MPa)

Tensile
Strain at
Yield (%)

Break
Stress
(MPa)

Break
Strain
(%)

Reference 1PE 494 —c 318 6 2 20.3 6 0.1 23 36 6 2 1023 6 44
Series 1 2C8 108 �32.0 86 6 3 —c —c 24 6 3 819 6 74

3C12 115 �35.2 89 6 2 —c —c 24 6 2 828 6 49
4C18 83 �28.3 97 6 2 —c —c 30 6 3 1025 6 145
5C26 177 �15.5 132 6 4 10.4 6 0.2 26 26 6 3 725 6 58

Series 2 6C8 46 �37.7 30 6 2 —c —c —c —c

7C12 43 �37.5 31 6 1 —c —c —c —c

8C18 65 �25.5 47 6 2 —c —c —c —c

9C26 152 �27.2 152 6 3 11.8 6 0.2 20 26 6 1 674 6 27

a At 25 8C.
b Maximum taken from the loss modulus curve.
c Not detected.
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the material was less amorphous and stiffer at
these temperatures.

The glass-transition temperatures (Tg’s), de-
termined from the peak maximum of the loss
modulus curves, are given in Table 4. The Tg’s of
polyethene-co-octene and polyethene-co-dodecene
were in both series rather similar, but for the
octadecene copolymers, they were much higher.
In series 2, the b-transition regions were much
more pronounced because of their higher como-
nomer content. The fact that the 1-octadecene
copolymer 8C18 (series 2) had a higher transition
temperature than copolymer 4C18 (series 1) could
be explained by a possible lateral crystallization of
the relatively long branches of 1-octadiene.14 The
Tg of the hexacosene copolymer 5C26 (series 1)
was rather high, �15.5 8C, and the transition
was rather weak. This was in accordance with its
higher crystallinity and density values in com-
parison with the other copolymers of this series.

At a higher hexacosene incorporation (series 2),
Tg decreased to a temperature close to the Tg of
the corresponding ethene–octadecene copolymer
8C18. As with the storage modulus, we noticed a
temperature dependence of the loss modulus (see
Fig. 5). When all crystalline side chains were
molten, copolymer 9C26 behaved like the other co-
polymers. Again, after these conclusions, the same
trend became clear for the ethene–octadecene
copolymer 8C18. Obviously, the side chains were
long enough and concentrated enough to affect the
material properties differently than those of con-
ventional LLDPEs.

Clas et al.17 observed also by DMA a deviating
behavior between homogeneous ethene–butene,
ethene–octene, and ethene–octadecene copolymers
synthesized with vanadium catalysts: The inten-
sity of the b transition increased with the comono-
mer content in 1-butene and 1-octene copolymers
and also with the amount of interfacial material

Figure 4. Storage modulus curves of (a) series 1 and
(b) series 2 LLDPEs and the reference PE.

Figure 5. Loss modulus curves of (a) series 1 and (b)
series 2 LLDPEs and the reference PE.
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present. In ethene–1-octadecene copolymers, this
intensity was comparatively low, even though
there was about 20% interfacial material present.
In another more recent study by Starck and Löf-
gren12 on metallocene-catalyzed ethene–a-olefin
copolymers, it was shown that for 1-octadecene
copolymers, the intensity of the b-transition in the
loss modulus curves did not increase with increas-
ing branching in contrast to the situation for 1-
octene and 1-tetradecene copolymers. The DMA
measurements confirmed the decrease in the crys-
tallinity with increasing comonomer incorpora-
tion; the deviations from the stiffness curve of con-
ventional high-density PE were greatest for the
copolymers containing larger amounts of 1-tetra-
decene or 1-octadecene as a comonomer. There
were deviations from these trends observed for
some 1-octadecene copolymers, and this was as-
sumed to be due to crystallization of C16H33

branches.12

In this study, the loss tangent plots (see Fig. 6)
of the copolymers showed that the a-transitions
for the polymers of series 1 appeared at higher
temperatures than for those of series 2. This was
in accordance with studies by Benavente et al.14

on ethene–1-octadecene copolymers, which showed
that the temperature of the a-transition decreased
with an increase in the comonomer content be-
cause of the reduction in the crystal size. The a
transition of the homopolymer, 1PE, did not dis-
play a clear maximum; this was a result of the
larger crystals present in this polymer. Figure 6
shows a very pronounced a-transition region for
the hexacosene copolymer 9C26, which was in
accordance with its high crystallinity. The nearly
total absence of a b-transition peak for 9C26 and
5C26 was a further indication of the presence of
crystallizing side chains in the ethene–hexacosene
copolymers.

In previous work44 on ethene–octadecene copoly-
mers, the use of cross-polarization/magic-angle-
spinning 13C NMR, Raman spectroscopy, and
X-ray diffraction indicated that side branches of
1-octadecene participated in the crystalline struc-
ture. However, Benavente et al.14 claimed that it
was not quite clear if the side branches of 1-octa-
decene really could participate in the crystalline
structure of these copolymers of low comonomer con-
tents, although such a possibility exists for copoly-
mers of very high comonomer contents. Anyway,
according to our studies, the long C24H49 branches
of the ethene–hexacosene copolymers crystallized
more easily than the shorter C16H33 branches of
the ethene–octadecene copolymers.

Tensile Tests

The Young’s modulus and yield points of all the
polymers are listed in Table 4. The Young’s mod-
ulus was highest for pure PE. The Young’s modu-
lus decreased with increasing comonomer con-
tent, and this meant increasing elasticity. Many
of these copolymers did not have a yield point;
they showed an elastic behavior. The two octade-
cene copolymers 4C18 and 8C18 were slightly
stiffer than the corresponding octene and dode-
cene copolymers in both series. The hexacosene
copolymers behaved completely differently: they
showed yield points, which were more pro-
nounced for the one with a higher number of side
chains. That means that the material’s stiffness
is increasing with increasing comonomer content;
this is the complete opposite of what is known so
far for LLDPEs. Among all the copolymers, 9C26
was the stiffest material, although it had about

Figure 6. Loss tangent (tan d) curves of (a) series 1
and (b) series 2 LLDPEs and the reference PE.
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3 mol % comonomer incorporated. This was due to
more crystalline areas in the polymer. In Figure 7,
the stress–strain experiments of the LLDPEs and
the reference PE are plotted. The break stress and
break strain are also presented in Table 4. The
same trends described earlier become visible here.
The LLDPEs with higher olefin concentrations
were so elastic that the test bars did not break
unless a deformation of the whole specimen took
place. The material 9C26 was not that elastic; it
broke at a lower stress than the corresponding
5C26. The standard deviation of these break points
was rather high, although at least five different
samples were measured. This was due to the prep-
aration technique of the specimens. In this study,
the test bars were compression-molded and not
extruded and injection-molded. There were slight
differences in the structure and form of the speci-
mens of each polymer sample. They did not affect
the Young’s modulus or yield points but caused a
higher variation of data at higher strains.

CONCLUSIONS

In this study, LLDPEs, which differed only in the
length and amount of the side chains, were syn-
thesized, and the thermal and mechanical behav-
ior of the copolymers was compared. The hexaco-
sene copolymers had side chains of 24 carbons,
and both copolymers (5C26 and 9C26) showed
remarkable material properties very different
from those of conventional LLDPEs. We were
able to show that the side chains of the hexaco-
sene copolymers crystallized with each other and

not only parallel to the backbone lamellar layer.
This could be seen as an extra melting peak in
the DSC melting endotherm, whose intensity
depended on the hexacosene concentration in the
polymer. Even at low amounts of the comonomer,
a shoulder in the melting curve was visible.
These crystallizing side chains increased strongly
the material stiffness and density and changed
completely the mechanical properties in compari-
son with those of other LLDPEs. When the mate-
rial was heated to a temperature at which the side
chains were molten, the material behaved like
ethene–octene, ethene–dodecene, or ethene–octa-
decene copolymers. Because of these comparisons,
it was also possible to explain the behavior of
ethene–octadecene copolymers with higher como-
nomer incorporations. Some of the tendencies,
which were very pronounced in the case of 24 car-
bons side chains, appeared already at 16 carbons
side chains to a lower extent.

C. Piel thanks the German Academic Exchange Serv-
ice (Deutscher Akademischer Austauschdienst) for its
financial support.
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12. Starck, P.; Löfgren, B. Eur Polym J 2002, 38, 97–107.
13. Lehtinen, C.; Starck, P.; Löfgren, B. J Polym Sci
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E.; Puig, C. C.; Wang, H.; Han, C. C. Macromol
Chem Phys 2003, 204, 1497–1513.

38. Hosoda, S. Polym J 1988, 20, 383–397.
39. Mirabella, F. M. J Polym Sci Part B: Polym Phys

2001, 39, 2800–2818.
40. Flory, P. J. Faraday Soc Trans 1955, 51, 848–875.
41. Zhang, F.; Liu, J.; Fu, Q.; Huang, H.; Hu, Z.; Yao,

S.; Cai, X.; He, T. J Polym Sci Part B: Polym Phys
2002, 40, 813–821.

42. Keating, M.; Lee, I. H.; Wong, C. S. Thermochim
Acta 1996, 284, 47–56.

43. Chen, F.; Shanks, R. A.; Amarasinghe, G. Polym
Int 2004, 53, 1795–1805.

44. Russell, K. E.; McFaddin, D. C.; Hunter, B. K.;
Heyding, R. D. J Polym Sci Part B: Polym Phys
1996, 34, 2447–2458.

1612 PIEL ET AL.


