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ABSTRACT: Ethylene-co-styrene polymers have been
synthesized using the new catalyst system [norbornane-
7,7-bis(1-indenyl)]titanium dichloride, and characterized by
SEC, 13C-NMR, DSC, and dynamic-mechanical analysis.
The copolymers have higher average molecular weights
compared with those produced in our group with other
single-site catalysts systems in the same conditions. More
specifically, the homopolymers are ultra high molecular
weight polyethylenes (molecular weight higher than 106

g mol21) and with a narrow molecular weight distribution.
All samples have shown an unprecedented homogeneous
chemical composition with a random incorporation of the
comonomer during the polymerization. The expected rela-
tionship between thermal properties and the amount of
comomoner related to the exclusion of the phenyl units
from the crystalline structure has been found, but the cor-

relation is slightly different from those found in other
copolymers. This is likely due to the different molecular
features of the copolymers. In addition, intense and nar-
row mechanical relaxations have been found in the sam-
ples tested, pointing towards an extremely homogeneous
microstructure. The materials obtained show a conspicu-
ous strain hardening during tensile deformation at high
strains, not only related to the constrain imposed by the
bulky phenyl group in the amorphous region, but addi-
tionally to the extremely high number of entanglements in
this region as a consequence of the high molecular mass of
the samples. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
106: 1421–1430, 2007
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INTRODUCTION

The design and the modification of catalysts struc-
ture to enhance their abilities during polymeriza-
tion are challenging in polymer science. This is spe-
cially interesting in the case of a-olefin copolymer-
ization as a way to afford potential new materials
with modified properties, better process ability,
and compatibility with existing polymers.1,2 The
random copolymerization of ethylene with styrene
has become possible with the use of single site cat-
alysts (SSC). In this context, it was found 15 years
ago constrained geometry catalysts (CGC) to be
very active for the copolymerization of ethylene
with a variety of comonomers, including styrene.3–7

This fact is crucial since modifying the comonomer
content, a wide range of material properties can be
obtained.8–14 In a recent study, we have demon-
strated that the inclusion of the norbornane bicycle

in the structure of an ansa-metallocene catalysts
hinders the movement of the indenyl ligands. As a
result, a highly stereorigid catalyst is obtained in
which the geometry of the active center remains
fixed all along the catalytic process. Details about
the preparation and characteristics of this new cata-
lyst can be found elsewhere.15 The activity of this
catalyst, [norbornane-7,7-bis(1-Ind)]TiCl2(NIT), in
ethylene/styrene copolymerization is one order of
magnitude higher than with the commercial CGC
catalyst, [(h5-C5Me4)SiMe2(Ntert-Bu)]TiCl2. The NIT
catalyst is also much more active than other ansa-
titanocenes and ansa-zirconocenes in the same poly-
merization conditions.16 In addition, this new cata-
lyst yields completely linear chains (without long
chain branching), in contrast to the CGC catalyst,
which seems to produce long chain branched (LCB)
species under certain conditions.17,18

The present study concerns to the relationship
between molecular architecture and thermal and me-
chanical properties of the ethylene-co-styrene poly-
mers obtained with this new catalyst system. We
also show the results obtained for a family of
copolymers obtained in the same polymerization
conditions using the half-sandwich CGC system.
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EXPERIMENTAL

Materials, synthesis, and preparation
of the samples

We have carried out ethylene/styrene copolymeriza-
tion with both NIT and CGC catalysts activated by
methylaluminoxane (MAO) purchased from Witco
(Germany, 10 wt % MAO in toluene) at several
monomer-feeding ratios. The copolymerizations have
been carried out in HPLC grade toluene (from Schar-
lau Chimie, France). Ethylene and nitrogen (pur-
chased from Air Liquid, France) as well as toluene
were further purified by passing through a series of
columns containing molecular sieves and Al2O3, to
remove residual traces of moisture and oxygen. All
materials were handled and stored under dry nitro-
gen atmosphere. Polymerizations were performed in
toluene and the required MAO co-catalyst under
nitrogen atmosphere, in a 1 L glass autoclave
(Büchi). The conditions used for all the experiments
were [cat] 5 20 lmol/L, Al:Ti 5 2000, ethylene pres-
sure 5 3 bar, polymerization temperature 5 358C.
Detailed polymerization procedures can be found
elsewhere.15–18

The copolymers were stabilized using a mixture
1.0 wt % of Irganox 1010 and Irgafos 168 by mixing
the copolymer and the antioxidants during compres-
sion molding. The copolymer was compression
molded into a 1-mm thick plate. The polymer plates
were sandwiched between metallic sheets, heated at
1508C, held for 3 min under a nominal pressure of
100 kg/cm2, and cooled in the press from 150 to
308C at a rate of 158C/min. The same heating/cool-
ing program was used to achieve a similar thermal
history for all the compression-molded samples.

Characterization of the samples

Molecular features and microstructure

Average molecular weights Mw and Mn and molecu-
lar weight distributions were determined by size

exclusion chromatography (SEC) in a 150 CV Waters
GPC coupled with refractive index RI and viscosity
detectors. The solvent used for the analysis was
1,2,4-trichlorobenzene (TCB), the flow rate was 1.0
mL/min and the temperature was 1458C. The SEC-
viscosity system was calibrated using polystyrene
standards. Mw and polydispersity index of the sam-
ples are listed in Tables I and II.

All the samples were analyzed by 13C-NMR. Spec-
tra were recorded at 1008C on a Bruker DRX 500
spectrometer operating at 500 MHz. The samples
were dissolved in hot TCB and d6-benzene. Carbon
signals and styrene contents (Tables I and II) were
assigned according to the literature.12

Chemical composition distributions of the copoly-
mers were determined with a CRYSTAF/TREF
instrument model 2001 (Polymer ChAR, Spain)
equipped with five separate crystallization vessels
for simultaneously analyze five different samples.
Samples of 21 mg were dissolved in 30 mL of TCB
at a temperature of 1608C for a total time of 135 min.
Then the solutions were allowed to reach the ther-
mal equilibrium at 958C for another 45 min. After-
wards, the solutions were cooled at cooling rate of
0.28C/min to 358C. The different solutions were
sampled 30 times at temperature intervals between
95 and 358C, and the concentration of the remaining
copolymer in the solutions was measured with a
dual-wavelength infrared detector.

Thermal properties

A Perkin–Elmer DSC7 was used for the thermal
analysis with indium as a calibration standard. For
measurements, 7–10 mg round samples were
punched out of the compression-molded polymer
plates. The diameter of the samples (c.a. 4 mm) was
adjusted to that of flat-based DSC pans, to achieve a
constant geometry and good contact between the
sample and pan. Melting exotherms were recorded

TABLE I
Molecular Properties of the Ethylene-co-Styrene Samples

Obtained from the NIT Catalyst

Sample
Styrene

content (% mol)
Mw

(kg mol21) Mw/Mn

NIT000 0.0 2300 2.5
NIT010 1.0 610 2.9
NIT014 1.4 560 2.3
NIT019 1.9 660 2.6
NIT021 2.1 620 2.5
NIT024 2.4 395 2.0
NIT026 2.6 560 2.4
NIT029 2.9 340 2.0
NIT035 3.5 449 2.1
NIT041 4.1 325 1.9

TABLE II
Molecular Properties of the Ethylene-co-Styrene Samples

Obtained from the CGC Catalyst

Sample
Styrene

content (% mol)
Mw

(kg mol21) Mw/Mn

CGC000 0.0 273 2.6
CGC004 0.4 212 2.2
CGC009 0.9 173 2.1
CGC020 2.0 138 3.2
CGC023 2.3 170 2.2
CGC031 3.1 91 2.0
CGC047 4.7 159 2.9
CGC053 5.3 164 2.3
CGC103 10.3 n.d. n.d.
CGC115 11.5 120 2.0
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by heating the samples from 25 to 1608C at a heating
rate of 108C/min. Melting temperatures were
obtained and crystallinity values were calculated
from the heat of fusion using the area of the melting
peak; a value of 288.4 J/g was used as the reference
melting enthalpy for 100% crystalline polyethylene.19

Dynamic-mechanical analysis

For the dynamic-mechanical analysis, a Perkin-Elmer
Dynamic Mechanical Analyzer DMA7 in the flexural
mode coupled with dual cantilever geometry was
used. Temperature calibrations were performed
using the melting onset of water and indium. The
storage and loss moduli, E0 and E00, and the loss tan-
gent, tan d, at a frequency of 1 Hz were obtained in
the temperature range from –60 to 1208C at a heating
rate of 28C min21. The applied dynamic strain am-
plitude was below 0.2%.

Also flexural dynamic stress-strain behavior of the
samples was obtained by dynamic mechanical spec-
troscopy analysis in a Perkin–Elmer Dynamic Me-
chanical Analyzer DMA7 with double cantilever ge-
ometry at 208C. Complex flexural modulus, |E*|,
and loss angle d, at a frequency of 1 Hz were
obtained in a range of flexural strain from 0.01 to
1%. For this investigation, rectangular shaped sam-
ples of about 15 mm 3 5 mm 3 1 mm were cut
from the compression-molded sheets.

Mechanical properties

The stress–strain behavior in uniaxial tension at
room temperature was also studied with a MTS uni-
versal testing machine with specimens cut from the
plaques of about 1-mm thickness. The grip separa-
tion was 12 mm. Specimens were stretched at 2
strain rates (1 and 10 mm/min) at room tempera-
ture. Engineering strain was calculated from the
crosshead displacement. Engineering stress was
defined conventionally as the force per initial unit
cross-sectional area.

RESULTS AND DISCUSSION

Molecular and microstructural features and
chemical composition

Tables I and II summarize the molecular features of
the copolymers studied. The molar mass distribution
of all polymers investigated shows a low polydisper-
sity index of Mw/Mn � 2–3, as it is characteristic of
SSC. The products differ in weight mass average
Mw, which in general slightly decreases as the incor-
poration of styrene in the copolymer increases, irre-
spective of the catalyst system used in the polymer-
ization. The main difference between both set of

polymer lies on the average molecular weight val-
ues. The copolymers obtained with NIT catalyst
show much higher molecular weight than those
obtained with CGC. The result obtained for the
homopolymer (NIT000) is especially interesting. In
this case, a very high molecular weight (>106 g
mol21) is obtained. This is an ultra high molecular
weight polyethylene (UHMWPE), which is suitable
for very interesting applications, as this material has
a unique combination of properties for the strongest
wear and environmental circumstances and for its
use as a wear face in orthopedic implants in joint
replacements.

The 13C-NMR spectra of the copolymers show the
characteristic peaks with a chemical shift of 27.87,
29.98, 37.19, and 46.42 ppm, associated respectively
to Sbd, Sgd (Sdd, Sgg), Sad, and Tdd carbons of ethyl-
ene–ethylene sequences with isolated styrene units.
These characteristic signals are observed in Figure
1(a) for the copolymers obtained using the NIT cata-
lyst, and correspond to pure random distributions of
styrene units. However, in those copolymers
obtained with the CGC catalyst whose styrene con-

Figure 1 13C-NMR spectra of ethylene-co-styrene copoly-
mers obtained from (a) NIT catalyst and (b) CGC catalyst.
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tent is above 3.0 mol %, other resonances appear at
25.66, 36.99, and 46.15 ppm attributed to Sbb, Sag,
and Tdd carbons of ethylene–styrene alternating
sequences, and signals at 34.56 and 46.42 ppm corre-
sponding to Sab and Tgd carbons [Fig. 1(b)]. These
latter additional signals observed in the CGC copoly-
mers can be assigned to two coupling types of sty-
rene units: tail to tail or head to head bridged by an
ethylene unit, already reported in the literature.8,9

These results have been confirmed by computational
studies carried out in our group.20 Thus, on the basis
of the energy profiles, theoretical calculations
showed that the secondary styrene insertion into Ti-
1,2S species, giving rise to the tail to tail enchain-
ment, is a process with a little probability from a ki-
netic point of view but is likely thermodynamically.
Therefore, ethylene insertion into Ti-2,1S followed by
a primary styrene insertion to give head to head sty-
rene units bridged by an ethylene unit is also a
likely process from a thermodynamically point of
view with an energy barrier very similar to the latter
mechanism. So, it is not possible to establish clearly
the assignment of Sab and Tgd carbons since these
resonances could be due to both insertion mecha-
nisms. All these facts indicate styrene is distributed
in such a way the copolymer architecture is
‘‘pseudo-random’’ in the case of CGC copolymers.

The chemical homogeneity of the copolymers
obtained by means of NIT catalyst has been con-
firmed by CRYSTAF analysis. The CRYSTAF profiles
corresponding to some of the copolymers listed in
Tables I and II are shown in Figure 2 for those
obtained from the NIT catalyst, and in Figure 3 for
those produced by the CGC catalyst. The narrow
and symmetrical CRYSTAF profiles illustrated in
Figure 2 clearly indicate that no drift takes place

during the polymerization reactions irrespective of
styrene composition when the new NIT catalyst sys-
tem is used. This feature points towards an extraor-
dinary homogeneity in the chemical composition of
the materials obtained with this catalyst. In addition,
it is worthwhile to note that the copolymers obtained
with this catalyst are very homogeneous from both
molecular (polydispersity index close to 2) and
micro structural (only random ethylene and styrene
units by 13C-NMR) points of view. The chemical
composition of these copolymers seem to be much
more homogeneous that those of the copolymers
obtained by means from CGC catalyst in the same
polymerization conditions and range of styrene con-
tent. The composition distribution of each sample
can be described by means of the number and
weight averages crystallization temperatures:

Tn ¼
P

i CiP
i
Ci

Ti

; Tw ¼
P

i CiTiP
i Ci

(1)

where Ci is the concentration of the polymer in solu-
tion at the temperature Ti. A measure of the breadth
of the distribution can be measured by means of the
standard deviation r, defined as:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i CiðT2
i � T2

wÞP
i Ci

s
(2)

The standard deviation of the distribution in the
copolymers obtained from NIT catalyst remains con-
stant (r � 2) in the whole range of comonomer con-
tent [Figs. 2 and 4(a)]. On the contrary, for CGC

Figure 2 CRYSTAF profiles of some of the copolymers
obtained from NIT catalyst studied: (n) NIT000, (l)
NIT010; (1) NIT017 (~) NIT025, (!) NIT029, (3) NIT035,
and (^) NIT041.

Figure 3 CRYSTAF profiles of selected ethylene-co-sty-
rene samples studied: (&) CGC000; (~) CGC004, (!)
CGC009; (^) CGC020; (n) CGC023; (l) CGC031; (~)
CGC042; (!) CGC053.
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samples r steeply increases with increasing comono-
mer incorporation, as it can be observed in Figures 3
and 4(a). This latter trend has been also observed in
ethylene-co-1-hexene copolymers obtained by means
of other SSC catalyst systems.21–26 The increasing
breadth of CRYSTAF profiles with increasing como-
nomer amount in the copolymer has been attributed
to the broadening of the ethylene sequence lengths
distribution between comonomer units. As the como-
nomer content increases in CGC copolymers, the
chemical compositions distribution broadens, but
norbornane-derived copolymers distributions remain
very narrow. Then, the ethylene-co-styrene copoly-
mers synthesized from NIT catalyst are useful as cal-
ibration standards for CRYSTAF as they all have
narrow, monomodal composition distributions and
cover a broad range of styrene incorporation. The
linear relationship between the number average crys-
tallization temperature, Tn, and the molar composi-
tion obtained from 13C-NMR for the samples ana-
lyzed is illustrated in Figure 4(b). The figure includes
some results obtained in our laboratory for ethylene-
co-styrene copolymers.16 Similar CRYSTAF calibra-
tion curves have been generated for a-olefin copoly-
mers by other researchers. Monrabal et al. used a
series of ethylene-co-1-octene copolymers21 and Sar-
zotti et al. did the same for a family of ethylene-co-1-
hexene copolymers,22,26 both sets of materials syn-
thesized with SSC. Although the calibration curves
for CRYSTAF are likely instrument dependent it is
interesting to note that the slope of the calibration
curve found for ethylene-co-styrene (10.40) is very
close to those obtained for ethylene-co-1-hexene
(10.80 by Sarzotti et al.).22

Thermal properties

There is still a lack of systematic studies focusing on
the melting behavior of copolymers of different sty-
rene contents obtained using SSC catalysts. Arai
et al.13 and Venditto et al.,14 and more recently also
our group16 examined ethylene-co-styrene copoly-
mers prepared using different metallocene catalysts.
Veneditto et al., reported two melting points at 85
and 1258C for a copolymer containing 13 mol % sty-
rene, while Arai at al. obtained a homogeneous
copolymer with only one melting point in the ther-
mogram at 1128C for a copolymer with a styrene
content of 9 mol %. We have also found non-homo-
geneity in both the melting and crystallization ther-
mograms for copolymers obtained using SSC,
indicating that the copolymers are a mixture of ethy-
lene-co-styrene copolymers and polyethylene homo-
polymer or two ethylene-co-styrene copolymers with
different styrene content.

The second melting thermograms of the some of
copolymers produced using both catalysts are
observed in Figure 5. It can be seen that the shape of
the melting thermograms are influenced by the
amount of styrene comonomer and catalyst type.
This figure shows homogeneity in the melting peaks
for NIT copolymers indicating homogeneous micro-
structure, even for the highest styrene contents. On
the contrary, the copolymers obtained using the
CGC catalyst show broader melting peaks, especially
for the highest styrene content, for which a clear
shoulder appears at low temperatures, indicating a
more complex microstructure in agreement with 13C-
NMR results and CRYSTAF analysis.

Figure 4 (a) Breath of the distributions and (b) number–average crystallization temperature obtained from CRYSTAF pro-
files for ethylene-co-styrene copolymers: (n) NIT copolymers; (&) CGC copolymers; (1) other copolymers obtained from
metallocene catalysts.15–18 Lines in (a) are drawn to guide the eye. The line in (b) has been determined by linear regression
for NIT copolymers.
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The changes observed in melting peak tempera-
tures obtained from the first heating thermograms
versus the molar comonomer content are shown in
Figure 6(a). As expected, a systematic decrease is
shown in the melting temperature dependence on
comonomer content in the copolymers generated
using this new SSC catalyst system. The comparison
with other ethylene-co-styrene copolymers obtained
from SSC in our laboratory and from the literature,
gives rise to very similar results.11,15–17,27–29

Figure 6(b), showing the plot of crystallinity against
molar comonomer content, reveals the characteristic
exponential dependence in both families of copoly-

mers, but also some important differences. The cris-
tallinity follows the empirical equation a 5 a0

exp(2bXs), with Xs the molar comonomer fraction,
where the constant b is 0.27 for NIT samples and
0.19 for CGC samples. This means that the melt en-
thalpy of the samples obtained from NIT catalyst
decreases with respect to the CGC catalyst counter-
parts with the same styrene content. Even the
homopolymers obtained from the NIT catalyst
shows a characteristic low value of the crystallinity.
The crystal content was measured in samples with
the same thermal history, which means that none-
quilibrium conditions are present. The crystalliza-
tion time is the same for all samples, but due to the
extremely large number of entanglement per mole-
cule in the NIT samples (Mw increases 3–4 times
with respect to those obtained from the CGC cata-
lyst), the quasi-equilibrium crystallization would
take very long time, as chain movements are much
more restrained. For the samples obtained with the
CGC catalyst, the crystallization time is probably
sufficient to reach a quasi-equilibrium state, in spite
of these samples also contain a fraction of long
chain branches (i.e. a fraction of molecules with
very long relaxation times), as it has been recently
demonstrated by us in a separate work.17,18

The ethylene-co-styrene samples used in the studies
of the group of Baer and coworkers,27–29 are also plot-
ted in Figure 6(b). These materials have substantially
‘‘pseudo random’’ incorporation of styrene as shown
by 13C nuclear magnetic resonance (13C-NMR) analy-
sis in their studies, and as occurs in the samples
obtained by us using the CGC catalyst. Moreover, the
samples studied by these authors also contained a cer-
tain amount of styrene homopolymer (PS) (up to 10

Figure 5 DSC melting thermograms of poly(ethylene-co-
styrene) with different styrene contents produced by dif-
ferent catalysts: solid lines corresponds to polymers
obtained from the NIT catalyst and dashed lines corre-
sponds to polymers produced by the CGC catalyst.

Figure 6 (a) Melting temperature versus molar comonomer fraction in ethylene-co-styrene samples: (n) NIT copolymers;
(&) CGC copolymers; (115–17, 313,27–29) SSC copolymers from the literature; (b) Crystallinity versus molar comonomer
fraction in ethylene-co-styrene samples. The symbols are the same as in (a).
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wt %), and inorganic additives in some cases, which
can substantially alter the microstructure of the sys-
tems. Anyway, the general trends observed in Figure
6(a,b) reflect the progressive and similar decrease in
the concentration and length of crystallizable ethylene
sequences in both types of copolymers. This behavior
is the expected for polymeric systems where comono-
mer was excluded from the crystal.

Dynamic-mechanical thermal analysis:
mechanical properties

The dynamic mechanical relaxation spectra of six
representative copolymers are shown in the form of
loss tangent in Figure 7(a–c). The materials have
been compared in order to their similar crystallinity.
Figure 7(a) shows the result obtained for the homo-
polymer cases. In these samples, the main feature is
the a transition, associated to the relaxation move-
ments of chain segments along crystalline axis. For
lower values of crystallinity than a 5 0.4, clear dif-
ferences between both types of copolymers emerge
[Fig. 7(b,c)]. For copolymers obtained from NIT cata-
lyst very sharp and narrow b transitions develop,
although in both types of copolymers the b tempera-
ture peak position remains constant around a value
of Tb 5 2108C in the styrene content range
explored. This result is clearly different from that
obtained in ethylene/a-olefins, for which strong var-
iations of Tb with comonomer content have been
obtained. In general, in this kind of samples, b tran-

sition ranges between 2258C (for low comonomer
content) and 2708C (for nearly amorphous sam-
ples).30 A more complex response is seen in the co-
polymer obtained from CGC catalyst, pointing
towards a more complicated microstructure. The
strong variation of tan d values at temperatures
above the b transition could be related to the lower
molecular weight of the samples. The wider relaxa-
tion in these samples suggests a wider distribution
of chain rigidities or different coupling within the
amorphous chains and the crystallites. The results
obtained for these CGC samples are qualitatively in
agreement to that reported in the literature for
copolymers with similar crystallinity obtained from
a similar catalyst system. The molecular weight of
the samples from the literature is higher than those
of our samples. This fact can explain the differences
found in the linear viscoelastic fingerprint.28

The tensile stress–strain curves of some of the
copolymers obtained from the two catalyst systems
can be observed in Figure 8. In general, the homopoly-
mers and copolymers studied content exhibited a
yield maximum in the tensile stress–strain curve that
coincided with the start of a well-defined neck during
tensile testing at all the testing rates. The materials
with the highest crystallinity behave as typical semi-
crystalline thermoplastics with the characteristic
yielding and cold drawing phenomena. However, the
sample with the highest molecular weight (homopoly-
mer sample obtained from NIT catalyst) develops a
characteristic strain hardening behavior at high strain

Figure 7 Loss tangent, tan d, versus temperature curves for selected materials at fixed crystal content values. (a) Homo-
polymers with a > 0.50; (b) Copolymers wit a � 0.35; (c) Copolymers with a � 0.20.
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values. The extremely large number of entanglements
in the amorphous regions in these high molecular
weight sample plays an important role, as they
impose strong restriction to deformation in the high
strain values region.31 The copolymer obtained from
NIT catalyst also shows a more pronounced strain
hardening that the observed in its CGC counterpart.
Moreover, the ethylene-co-styrene copolymers exhibit
a much more pronounced sensitivity to stress res-
ponse than ethylene-co-1-hexene copolymers obtained
with the same catalyst in the same polymerization
conditions. Chain extensibility (or flexibility) affects to
the response of the material in this region, and then
the local restrictions imposed by the bulky phenyl
groups should play a role in the case of ethylene-co-
styrene copolymers. The higher stress sensitivity of
the ethylene-co-styrene copolymers in the high strain
region becomes more pronounced as the crystallinity
decreases, indicating that the amorphous component
of the materials is increasingly involved in the defor-
mation mechanism. Being segregated from the crys-
talline regions, the styrene has a strong effect on
amorphous chain flexibility, and then chain extensi-
bility, which becomes forced. These results are in
agreement with those results obtained by Chang et al.
when compared ethylene-co-styrene and ethylene-co-
1-octene samples.29

Notwithstanding, the elastic modulus, obtained
from the linear region at very small deformations
and yield stress are the same at a given crystal con-
tent in both type of copolymers. As it is observed in
Figure 8 the stress–strain curve in this region is in-

dependent not only on the type of catalyst system
but also on the type comonomer. We have con-
firmed these results by measuring the flexural mod-
ulus in the dynamic mode within the linear visco-
elastic region at a frequency of 1 Hz. In Figure 9
the first derivative of the flexural dynamic stress,
|r�

f | versus the dynamic flexural strain, ef, is plot-
ted for some of the copolymers obtained by means
of the NIT catalyst. Two interesting features can be
obtained from these results: the elastic modulus in

Figure 8 True tension stress–strain curves for selected copolymers with comparable crystal content. (a) Solid line corre-
sponds to CGC homopolymer and symbols to NIT homopolymer. (b) Copolymers with a crystal content of a � 0.3: solid
line corresponds to CGC copolymer and symbols to NIT copolymer. The results obtained for an ethylene-co-1-hexene sam-
ple (dotted line) obtained from the CGC system is included for comparison.

Figure 9 First derivative of the flexural dynamic stress to
the flexural strain of some of the NIT samples studied. (&)
NIT000, (*) NIT010, (~) NIT017, (!) NIT025, (^)
NIT029, and (1) NIT041. The lines are drawn to give an
estimation of the critical strain for the nonlinear behavior,
ec, as indicated by the arrows.
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the linear viscoelastic region, |E�
f | and the critical

strain, ec, for the onset of the non-linear behavior. A
systematic decrease of the elastic modulus with
crystallinity is observed in Figure 10(a), in a similar
way to other results in the literature.32–37 With the
comonomer excluded from the crystals, the crystal-
line phase contains only long enough to crystallize
methylene sequences, very active at small deforma-
tions even for elastomeric copolymers with the low-
est crystallinity. It is more interesting to note that
as the crystal content in the sample decreases the
critical deformation for the onset of nonlinear
behavior thoroughly increases. This trend is not ar-
bitrary, as a relationship exists between the flexural
modulus in the linear region and the reciprocal crit-
ical strain, as it is clearly seen in Figure 10(b). This
last result is very remarkable, and it suggests that
the deformation mechanisms and the linear visco-
elastic limit are controlled by the applied stress.
This limit is given by the slope of the straight line
in Figure 10(b), which takes a value of around 0.097
6 0.003 GPa.

Those materials with the highest Mw values seem
to deviate from the correlations. These materials
present very high values of the modulus, much
more than the expected given the relatively low
value of crystallinity. The cause of these increased
values must be in an especially complex microstruc-
ture.38 As molecular weight increases the lamellae
become shorter and randomly arranged. Moreover,
the amorphous phase in these samples is extremely
entangled and rigid, as it is shown by the strain-
hardening phenomenon observed in tensile stress–
strain measurements. This rigidity of the amorphous
zones between highly segmented crystallites prob-
ably could enhance the deformation resistance at

low strains, giving rise to these characteristic higher
values of the elastic modulus.

CONCLUSIONS

A set of ethylene-co-styrene samples obtained from a
new single-site metallocene catalyst system has
shown an extremely homogeneous molecular struc-
ture. The random and homogeneous molecular
architecture remains in the samples as the amount of
comonomer increases. This behavior clearly contrasts
with the results obtained in other copolymers
obtained by means of commercial constrained geom-
etry catalyst, for which a clear broadening of the
comonomer distribution is observed as the amount
of comonomer increases in the copolymers. Very
high molecular weight, characteristic of an ultra high
molecular weight polyethylene in the homopolymer
case, and narrow molecular weight distributions are
also features of the materials obtained using this
new catalyst system.

The molecular homogeneity leads to a characteris-
tic homogeneous microstructure, as it is proved by
the sharp and monomodal thermograms and me-
chanical transitions exhibited by these samples. The
variation of the melting temperature and crystallinity
with the styrene content suggest the exclusion of the
bulky units from the crystal structure as occurs in
other olefin-based copolymers. Tensile stress–strain
curves show a characteristic strain hardening behav-
ior as a product of the combination of the very high
molecular weight of the samples and the bulky
nature of the styrene units. These two factors, the ex-
tremely high concentration of entanglements in the
amorphous phase and the enhanced local friction
promoted by the phenyl groups, give rise to the

Figure 10 (a) Flexural modulus versus crystal content and (b) flexural modulus versus the reciprocal critical strain of all
copolymer studied in this work. The symbols are the same as in Figures 4 and 6.
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enhanced deformation resistance at high tensile
strain values.

Nice correlations are found between the micro
structural parameters and mechanical properties in
the linear limit. As expected the elastic modulus
depends on the crystal content, being modulated by
the amorphous phase for those samples with the
highest styrene content. An interesting result em-
erges when the characteristic features of the nonlin-
ear regime are studied. It seems that this limit is
mainly dependent on the stress generated in the
sample during the deformation process, independ-
ently on the crystal content.
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