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’ INTRODUCTION

In the early days of ethene/1-olefin copolymerizations pro-
moted by single center metallocene-based catalysts, it was
proposed the correlation between metallocene symmetry and
comonomer distribution along the polymer chain.1 Upon com-
paring the behavior in ethene/propene copolymerization of
aspecific C2v, isospecific C2, and syndiospecific Cs organometallic
complexes, it was reported that “the nonbonded interactions of
the incoming monomer with some carbon atoms of the growing

chain”were responsible of the relative comonomer reactivity and
it was also hypothesized that the considered some carbon atoms
could not protrude toward the incoming monomer when a
metallocene had a C2 symmetry. Moving from this intuition,
research activity was performed over the elapsed years, that led to
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ABSTRACT: This work presents novel and, to some extent,
surprising information on ethene/4-methyl-1-pentene (E/Y)
copolymers prepared with C2 symmetric single center metallo-
cene catalysts: the moderately isopecific rac-ethylenebis-
(tetrahydroindenyl)zirconium dichloride (EBTHI) and the
highly isospecific rac-dimethylsilylbis(2-methyl-4-phenylinde-
nyl)zirconium dichloride (MPHI). Blocky E/Y copolymers
from EBTHI, with relatively long sequences of both comono-
mers, underwent a thorough structural and thermal character-
ization, performed by combining WAXD, DSC and SSA
thermal fractionation. The presence of crystallinities arising from both comonomers, as a function of the copolymer composition
led to figure out the simultaneous presence of two populations of thin and defective crystals due to sequences of both
comonomers, in samples with almost equimolar composition. Themost isospecific metallocene,MPHI, was used exactly with the
aim of finally preparing block E/Y copolymers, with long crystalline sequences of both comonomers, whose simultaneous
presence could be clearly detected. The easiest 1-olefin propagation ever observed in E/Y copolymerization was obtained with
MPHI. However, surprisingly, short sequences of Y were detected in the presence of short E sequences as well. Chain generation,
performed for copolymers from both EBTHI andMPHI, revealed, in the latter case, a novel and unique microstructure, with very
short sequences of both comonomers almost randomly distributed along the polymer chain. An amorphous nature of these
copolymers was revealed by thermal analysis. This paper proposes thus an apparent paradox: on one side, it is confirmed that the
1-olefin propagation becomes easier by increasing the catalyst isoselectivity and, on the other side, short 1-olefin sequences are
formed with the most isospecific metallocene. A way to come out from this impasse is proposed, taking into consideration the low
steric hindrance of the most isospecific metallocene and the consequent higher reactivity for the 1-olefin, that leads to a lower
concentration of 1-olefin in the polymerization bath and of 1-olefin sequences in the copolymer chain. For the first time it seems
possible to tell apart the influence of isoselectivity and steric hindrance of a single center C2 symmetric catalyst on structure and
properties of ethene/1-olefin copolymers. This work reveals the existence of unexpected degrees of freedom for tuning micro-
and macro-structures of ethene/1-olefin copolymers from C2 symmetric metallocenes and wants to be a contribution for
developing polymerizations able to control the monomer sequences, proposed as the Holy Grail in polymer science.
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establish that a C2 symmetric highly isospecific metallocene, having
a remarkable steric hindrance, is able to promote an ethene/propene
copolymerization characterized by a high r1r2 product of reactivity
ratios, unusually arising from relatively high values of both r1 and r2.
The use of a comonomer bulkier than propene, such as 4-methyl-
1-pentene, led then to apply, for the first time to an insertion
copolymerization, the concept that the enantioselectivity of a
catalytic center is given by the cooperation of the intrinsic chirality
of the organometallic complex and of the consequent placement of
the growing chain. In fact, the bulkiness of 4-methyl-1-pentene as
comonomer unit in the polymer chain was able to cause the upsurge
of the catalyst stereoselectivity and ethene/4-methyl-1-pentene
copolymers with relatively long sequences of both comonomers
were prepared also from moderately isopecific metallocenes, such
as rac-ethylenebis(indenyl)zirconium dichloride [rac-(EBI)ZrCl2]
(EBI) and rac-ethylenebis(tetrahydroindenyl)zirconium dichloride
[rac-(EBTHI)ZrCl2] (EBTHI).

2

The high isoselectivity and the steric hindrance were thus
shown to be the key features of non living single center catalysts
for the preparation of blocky copolymers, allowing an easy
propagation not only of ethene, but also of the 1-olefin. Thorough
13C NMR copolymer characterization and a statistical elaboration
of experimental data, that led to copolymer chains generation,
were the red lines of the whole research.3,4

These results are of relevant interest, from both academic and
industrial points of view, because of the importance of block
copolymers, materials that have indeed large commercial appli-
cations, mostly as thermoplastic elastomers and surfactants. The
existing routes for the synthesis of block copolymers rely on both
step- and chain-polymerizations.5 The latter ones are tradition-
ally based on a living polymerization reaction, typically promoted
by anionic,6 cationic,7 or radicalic catalytic systems.8 Living co-
ordination catalysts are also available for the preparation of
olefin-based block copolymers, by applying a sequential como-
nomer feed9 or degenerative chain-transfer conditions.10 As far
as non living coordination catalysts are concerned, they were
reported to form blocks in a polyolefin homopolymer: a poly-
propene with stereoblocks and an appreciable amount of fully
atactic polymer was prepared by using fluxional metallocenes
endowed with an oscillating geometry during chain growth.11

Block ethene based copolymers were prepared through the so-
called “chain shuttling polymerization” process,12 with a transfer
of growing chains between catalysts endowed with different
selectivities, namely stereoselectivity13 or monomer selectivity.14

This work explored to the depth the potentialities of a syn-
thetic route based onC2 symmetric metallocenes to obtain blocky
ethene (E) based copolymers with 4-methyl-1-pentene (Y) as
the comonomer. The characteristics of the ensuing E/Y copoly-
mers and the correlation between catalyst features, such as
enantioselectivity and steric hindrance, and copolymer micro-
structure were investigated.

First, thermal and structural features of blocky E/Y copolymers
from EBTHI (Chart 1), with relatively long sequences of both
comonomers able to crystallize were studied, with a particular
attention for samples containing a comparable amount of the two
comonomers, to investigate the simultaneous presence of crys-
tals arising from homosequences of the two different comono-
mers. Copolymers homogeneity was analyzed through gel
permeation chromatography (GPC) and solvent fractionation.
The presence of microcrystalline domains, assessed by means of
differential scanning calorimetry (DSC), successive self-nuclea-
tion and annealing (SSA)15 thermal fractionation, and wide
angle X-ray diffraction (WAXD), was correlated with the chemi-
cal nature of the comonomer sequences. This manuscript pre-
sents thus a complete characterization of blocky ethene/4-methyl-
1-pentene copolymers, investigating the ability of the comono-
mers sequences to simultaneously crystallize. Preliminary data
showed the melting of ethene and 4-methyl-1-pentene sequences
in copolymers rich in E and Y, respectively.2b

Moreover, ethene/4-methyl-1-pentene copolymers in a wide
range of chemical composition were also prepared with the most
isospecific,C2 symmetric, metallocene so far used for the synthesis
of ethene/1-olefin copolymers, with the purpose of obtaining a
block E/Y copolymer, with longer crystallizable sequences of both
comonomers, whose simultaneous presence could be more easily
detected. The C2 symmetric rac-dimethylsilylbis(2-methyl-4-phe-
nylindenyl)zirconium dichloride [rac-Me2Si(2-Me-4-PhInd)2ZrCl2]
(MPHI), Chart 1, able to prepare a polypropene with 99.5%
as isotacticity index,16 was used as the metallocene and micro-
and macro-structural characterization of the ensuing copoly-
mers was carried out.

Surprising results are reported in this manuscript, that not
only allow a better understanding of the correlation between
catalyst features and copolymer characteristics, but also indicate
the existence of unexpected degrees of freedom for the ethene/
1-olefin copolymerizations promoted byC2 symmetric metallocenes.

’EXPERIMENTAL SECTION

Materials. Toluene (Aldrich) was dried by distillation from
sodium under nitrogen atmosphere. Methylaluminoxane (MAO)
(Witco, 10 wt % solution in toluene) was used after drying under
vacuum to remove solvent and unreacted trimethylaluminum
(TMA). [rac-(EBTHI)ZrCl2] (EBTHI) and [rac-Me2Si(2-Me-
4-PhInd)2ZrCl2] (MPHI) were provided by Basell Poliolefine Ita-
lia Srl. Theirmolecular structure is shown in Chart 1.Nitrogen and
ethene were purified by passage through columns of BASF RS-11
(Fluka) and Linde 4 Å molecular sieves.
Copolymerization. The synthesis of the ethene/4-methyl-

1-pentene (E/Y) copolymers from EBTHI here discussed were
previously reported.2 The series of E/Y copolymers fromMPHI/
MAO catalytic system was prepared as reported in the following
section.
Low-Pressure Copolymerizations. The copolymerizations

were typically performed at 45 �C, in a 250 mL glass reactor
equipped with a magnetic stirrer. The reactor was fed with

Chart 1. Isoselective C2 Symmetric Metallocenes: (a) [rac-
(EBTHI)ZrCl2]; (b) [rac-Me2Si(2-Me-4-PhInd)2ZrCl2]

http://pubs.acs.org/action/showImage?doi=10.1021/ma102914r&iName=master.img-001.png&w=209&h=142
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anhydrous toluene, a fixed amount of 4-methyl-1-pentene, and
10 mL of a MAO solution in toluene (6 mmol of MAO). The
total amount of toluene and 4-methyl-1-pentene was 100 mL.
After thermal equilibration of the reactor system, ethene was
continuously added until saturation. Polymerization was started
by adding a solution containing 2 μmol of MPHI. The pressure
of ethene was kept constant at 1.03 bar for all the experiments.
The copolymerization was terminated by adding a small amount
of ethanol and dilute hydrochloric acid, and polymers were then
precipitated by pouring the whole reaction mixture into an
ethanol excess (1.5 L) to which a proper amount of concentrated
hydrochloric acid had been previously added. The adopted
reaction conditions allowed to have a very low conversion of
4-methyl-1pentene and, as a consequence, an almost constant
ethene/4-methyl-1-pentene ratio throughout the whole copo-
lymerization reaction. Copolymers were collected by filtration
and dried under vacuum at 70 �C.
Copolymer Fractionation. The fractionation of the copoly-

mers was performed by using solvents with increasing solubility
power, at their boiling points. In a round-bottomed flask, equip-
ped with a mechanical stirrer, typically 100 mL of a mixture ethyl
ether/ethanol 80/20 v/v and 1.0 g of polymer were introduced.
The mixture was allowed to reflux for 1 h and then to reach room
temperature under stirring. The solution was then separated
from the residual solid polymer by centrifugation for 20 min. The
soluble polymer fraction was recovered by drying at 40 �C at
reduced pressure for about 12 h and weighed. The unsolved
fraction was further fractionated by using n-hexane, which has a
solubility power higher than that of the ethyl ether/ethanolmixture.
NMR Analysis. 13C NMR spectra of the copolymers were

recorded in C2D2Cl4 at 103 �C on a Bruker Avance-400 spectro-
meter operating at 100.58 MHz (internal chemical shift refer-
ence: 1% hexamethyldisiloxane). Conditions: 10 mm probe; 90�
pulse angle; 64K data points; acquisition time 5.56 s; relaxation
delay 20 s; 3K�4K transients. Proton broadband decoupling was
achieved using bi_waltz16_32 power-gated decoupling.
Thermal Analysis. Thermal behavior of the copolymers was

investigated by differential scanning calorimetry (DSC). Heating
and cooling curves were recorded on a Mettler DSC 821e

calorimeter, under nitrogen. All samples were treated as follows:
after destroying the nascent crystallinity at 260 �C, the specimens
were cooled down to�100 �C at a cooling rate of 20 �C/min. A
second heating run, again at 20 �C/min, was imposed up to
260 �C to acquire information on the melting behavior of these
systems.
To better develop crystallinity, successive self-nucleation and

annealing (SSA)15 thermal fractionation was performed in the
same Mettler 821e DSC instrument on selected copolymer
samples. In a typical SSA treatment, specimens were first held
at 200 �C for 5 min then cooled at 10 �C/min up to a minimum
temperature (e.g., 0 �C), related to the starting of the endother-
mal phenomena in a “normal” DSC heating run. After holding
the samples at the minimum temperature for 5 min, they were
heated (10 �C/min) up to a selected self-nucleation temperature,
TS, located slightly above the end of the melting endotherm.
After holding at TS for 5 min, the samples were cooled again to
the minimum temperature. These steps were repeated several
times, each time reaching a maximum temperature 10 �C lower
than that of the previous cycle, until the whole melting range was
covered. Thermal fractionation takes place according to the length
of crystallizable sequences and the final melting curve obtained
after a SSA procedure shows a sequence of well-separated peaks,

each one corresponding to a set of crystallizable sequences shar-
ing the same average length.
Structural Analysis. Room temperature wide-angle X-ray

diffraction (WAXD) measurements were carried out on melt-
crystallized samples by using a Siemens diffractometer model
D-500 equipped with a Siemens FK 60�10, 2000 W Cu tube
(Cu KR radiation, = 0.154 nm) in the 2θ range between 5 and
35�. In order to favor the development of crystallinity, the
specimens were submitted to the SSA treatment above specified,
obviously except for the final melting step.

’RESULTS AND DISCUSSION

E/Y Copolymers Obtained with [rac-(EBTHI)ZrCl2]. As
mentioned in the Introduction, this manuscript presents two
new aspects of E/Y copolymers from C2 symmetric metallo-
cenes: a complete characterization of blocky E/Y copolymers
with both types of sequences able to crystallize and the behavior
of the most isospecific metallocene so far used for E/Y copoly-
mers preparation. This first part of the manuscript is focused on a
series of E/Y copolymers, having a remarkable amount of both
comonomers homosequences and an unusually low alternate
comonomer distribution, prepared with the prototypical mod-
erately isospecific metallocene rac-ethylenebis(tetrahydroinde-
nyl)zirconium dichloride, EBTHI, used to prepare the first pre-
vailingly isotactic polypropene (mmmm =91.5%) from a single
center catalyst.17 The behavior of EBTHI in ethene/1-olefin
copolymerization emphasizes the powerful action exerted by the
bulkiness of a branched 1-olefin, such as 4-methyl-1-pentene, on
the comonomer distribution along the polymer chain, as shown
by the copolymerization statistics. Indeed, EBTHI promotes
ethene/propene copolymerizations with a relatively low reactiv-
ity ratio product (r1r2 = 0.49),

18 that turns into a quite high value
(r1r2 = 4.5)

2 when Y is used as the comonomer. As commented in
the Introduction, this was attributed to the enhancement of the
stereospecific ability of the catalytic center, thanks to the co-
operation between the intrinsic chirality of the EBTHI organo-
metallic complex and the growing chain containing the bulky
comonomer. Copolymerization reactions leading to this original
copolymer are presented elsewhere.2 Discussion in the following
aims at illustrating how such unique microstructure reflects upon
the structuring of the material.
Macro- and Microstructural Properties of E/Y Copolymers

from [rac-(EBTHI)ZrCl2]. In Table 1, data arising from macro-
and microstructural characterizations are shown. Copolymers
are available in a very broad range of chemical composition, from
about 1 to about 95%, as Y molar content. The molecular mass
distribution (MMD), i.e. the ratio between weight-average (Mw)
and number-average (Mn) molecular mass, of the copolymers
was investigated by GPC, whereas the chemical composition
distribution (CCD) was determined from solvent fractionation.
GPC analysis provided MMD values close to 2 (Table 1),

as should be expected for copolymers from a single center cat-
alytic system prepared in a polymerization bath with a constant
chemical composition. CCD of the copolymers was investigated
through a fractionation method19a based on the use of solvents,
pure or in mixture, with different solubility power and with a
standard extraction time (see the Experimental Section). Such a
fractionation method, which does not work at the thermody-
namic equilibrium and takes advantage of the kinetic aspects of
copolymer dissolution, was specifically selected with the aim of
separating fractions having even very similar chemical compositions.
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In previous fractionations performed by applying this method,2a,19

it was shown that it was possible to separate fractions having very
close chemical composition and intramolecular comonomer dis-
tribution (r1r2 values).
InTable 2 fractionation data for two copolymers (runs 5 and 12,

Table 1) having very different chemical composition are shown.
The fractions obtained from each copolymer exhibit very

similar chemical compositions. Moreover, the ethyl ether/etha-
nol insoluble fractions are fully soluble in boiling n-hexane, thus
demonstrating that traces of either E or Y homopolymers are not
formed under the adopted copolymerization conditions. All the
samples with Y ranging from 30 to 70 mol % were treated with
boiling ethyl ether and they were found to be completely soluble.
The values of r1r2 products are clearly higher than 1, revealing the
blockiness of any copolymer fraction.
These experimental evidence demonstrate that the adopted

experimental approach is suitable to prepare copolymers with a
narrow intermolecular distribution of molecular properties and
allows to assume that the characterization data, namely the 13C
NMR data, are representative of the polymer microstructure and
are not simply the average of a blend of copolymer chains.
Triad distributions collected in Table 1, derived from 13C

NMR spectra, indicate that E/Y copolymers from EBTHI are
characterized by relatively long homosequences of both como-
nomers, with only a minor presence of alternate comonomer

units. In fact, Y homotriad signal was detected even for a
copolymer having only 2.1 as mol % of the 1-olefin and the E
homotriads were present in all of the investigated copolymers.
The sum of the Y and E homotriads was found to be greater than
at least 54% (run 11 in Table 1). A comparative analysis of the
relative abundance of E rich and Y rich triads leads to the
following comments: (i) the EEE/E ratio appears to be higher
than the YYY/Y one: for example, run 11 with 69.8 mol % as Y
content has a YYY content of 43.3%, whereas run 6 with 70.3 mol
% of E has a EEE content of 48.9%; (ii) as far as the alternate
triads are concerned, it is worth mentioning that for samples with
Y content of at least about 50% by moles (runs 7�13 in Table 1)
the amount of YEY triad is higher than that of EYE triad;
(iii) taking again into consideration runs 11 and 6, it appears
from Table 1 that YEY triad is 14.4% in run 11 while EYE triad is
8.9% in run 6.
A clear picture of the copolymer microstructure appears thus

from the copolymer triad distribution. As mentioned above, both
the comonomers tend to preferentially form homosequences
and, in the case of Y, the homosequences are, to a minor extent,
interrupted by single ethene units.
Statistical Approach.Copolymerization data were elaborated

with a statistical model, the 2nd order Markov model, able to
discriminate the influence of both ultimate and penultimate
inserted comonomer units.20 In Table 3, the obtained reactivity

Table 1. E/Y Copolymers from EBTHI: Chemical Composition, Molecular Mass and Molecular Mass Distribution, Triad
Distributiona

run fb (mol/mol) Yc (mol %) Mw
d (10-3 g/mol) MMDd YYY YYE EYE YEY EEY EEE

1 1.885e 0.95 116 2.2 0.00 0.00 0.95 0.00 1.80 97.25

2 0.934e 2.16 135 2.1 0.60 0.00 1.56 0.00 2.98 94.86

3 0.470e 5.22 71 2.0 1.28 1.21 2.72 1.09 4.64 89.06

4 0.111e 10.85 24 2.2 1.67 2.96 6.22 2.60 10.69 75.86

5 0.094 18.44 8 1.7 4.97 5.93 7.54 5.85 12.51 63.19

6 0.060 29.66 21 2.0 11.22 9.62 8.85 7.31 14.09 48.93

7 0.035 45.78 10 1.8 23.48 13.39 8.91 10.63 11.90 31.68

8 0.025 54.35 13 1.8 30.89 16.08 7.38 9.74 9.63 26.28

9 0.024 59.92 19 1.9 36.90 14.98 8.04 10.71 9.50 19.87

10 0.022 63.88 15 1.9 41.03 16.10 6.74 11.56 8.00 16.56

11 0.019 69.82 24 2.3 43.27 18.69 6.49 14.36 6.36 10.83

12 0.010 84.56 12 1.8 67.41 14.11 3.04 8.56 2.83 4.06

13 0.005 94.36 18 2.0 81.33 11.49 1.55 4.68 0.00 0.96
a Polymerization conditions: total volume =100 mL, [catalyst] = 2 μmol, Al/Zr = 3000 (mol/mol), T = 45 �C, P = 1.03 bar. Polymerization conditions:
total volume =100mL, [catalyst] = 3÷ 10μmol, Al/Mt = 1000 (mol/mol),T= 45 �C, P= 2.5 bar. bE/Y feed ratio (mol/mol) in liquid phase. c From 13C
NMR analysis. dMolecular weight and molecular mass distribution from GPC analysis. eReference 2a.

Table 2. Solvent Fractionation

run fraction no. solvent(s) and relative amounts fraction (wt %) Ya (mol %) r1r2

5 raw polymer 18.44 5.25

1 ethyl ether/ethanol =80/20 61 21.53 3.80

2 n-hexane 39 15.25 4.25

residue 0 - -

12 raw polymer 84.56 4.30

1 ethyl ether/ethanol =80/20 72 82.91 3.27

2 n-hexane 28 87.46 8.00

residue 0 - -
a From 13C NMR analysis.
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ratios rij, as well as the Comonomer Distribution Index (CDI =
(r11

2r22
2r12r21)

1/3), are reported.2 The CDI value derived from a
2nd orderMarkovmodel corresponds to the product of reactivity
ratios r1r2 obtained from a 1st order Markov model and provides
information on the comonomer distribution along the polymer
chain.19c CDI values greater than 1 indicate the presence of
relatively long sequences of both comonomers.
A remarkably high r11 value is shown in Table 3, in agreement

with the presence of long ethene sequences. Moreover, as already
commented,2 the sequence r11 > r21 > 1/r12 > 1/r22 indicates that
the E/Y relative reactivity decreases when a Y comonomer is
inserted as one or both of the two last inserted comonomer units,
confirming the tendency of the catalytic system to form not only
ethene (high r11 value) but also 1-olefin sequences. The CDI
value derived from these reactivity ratios is thus, as expected,
larger than 1 and reveals the blocky nature of the investigated
copolymers.
To provide a sort of fingerprint of the microstructure of such

copolymers, the probabilities of having sequences composed of n
E units, [Y(E)nY], or of nY units, [E(Y)nE], were calculated for
run 8 in Table 1 (Y = 54.4 mol %) (see Supporting Information
for the calculation method). The calculations were performed
using the experimental values of reactivity ratios (r11, r12, r21, and
r22) given in Table 3, for bath composition f = 0.025. The
resulting bar chart is shown in Figure 1.
Both comonomers are prevailingly present along the polymer

chain either as isolated units (n = 1) or in sequences of more than
12 units. The amount of isolated E units [Y(E)1Y] is higher than
25%while, on the other hand, more than 85% of the total amount
of Y gives rise to homosequences. The almost even distribution
of homosequences with n spanning from 2 to 11 really appears
as a fingerprint of E/Y copolymers prepared with an isospecific
single center catalytic system. The simultaneous presence of
sequences of both comonomers that, in principle, should be able
to crystallize (n > 12)21 is an intriguing feature of this copolymer
that was further investigated in this work. Indeed, it is known
that the minimum crystallizable sequence length for linear low

density polyethene copolymers range from 8 to about 16 ethene
units, depending on crystallization conditions.21

Solid State Properties of E/Y Copolymers from [rac-
(EBTHI)ZrCl2]. Solid state properties of the E/Y copolymers
with the above-described peculiar microstructure were investi-
gated through thermal and structural characterization.
Thermal Characterization. The thermal behavior of the

copolymers listed in Table 1, as well as that of the two reference
homopolymers, was first investigated by traditional DSC anal-
ysis. The values of glass transition, crystallization and melting
temperatures (Tg, Tc, and Tm, respectively) as well as of the
corresponding crystallization and melting enthalpies (ΔHc and
ΔHm) are reported in Table 4 for all the samples.
As expected, the glass transition temperature of the copoly-

mers increases with the Y content. The actual Tg values are
appreciably higher than those predicted by the Fox�Flory
equation for random copolymers; this is likely due to the
presence of ordered nanodomains, formed by the longer se-
quences of ethene units, which result in an amorphous matrix
richer in the high Tg component.
In Figure 2, the melting enthalpy values recorded during the

second heating run are plotted as a function of copolymer
composition. In line with the classical behavior of crystallizable
random copolymers, the presence of small amounts of counits
has a large impact on melting enthalpy of E/Y copolymers, at
both ends of the composition range. This is particularly evident
for copolymers with a small Y content, as the polyethene
crystalline lattice cannot accommodate the highly hindered Y
counits. On the other hand, for Y rich copolymers, the tetragonal
form I, typical of melt crystallized isotactic poly(4-methyl-
1-pentene),22 can, at least to some extent, host ethene counits
with minor lattice distortion and without paying a large enthalpy
penalty.
As already commented, the rij reactivity ratios shown inTable 3

indicate that the insertion of Y as one or both of the two last
inserted comonomer units, in particular as the penultimate
inserted unit, remarkably increases the probability of a further
Y insertion. It is thus obvious that an increase of Y concentration
in the polymerization bath increases the probability for the
formation of Y rich sequences and of E sequences with a very
minor number of Y units. For example, in the case of the
copolymer with 55 mol % of Y, it has been evaluated that around
15 mol % of E and ca. 20 mol % of Y are engaged in the formation

Table 3. Reactivity Ratios for E/Y Copolymerizations from
EBTHI

r11 r22 r21 r12 CDI ref

134.1( 13.7 0.09 ( 0.01 19.6( 3.7 0.03( 0.01 4.5( 1.2 2a

Figure 1. Probabilities of sequences of n comonomer units for run 8 in Table 1 (Y = 54.4 mol %).

http://pubs.acs.org/action/showImage?doi=10.1021/ma102914r&iName=master.img-002.jpg&w=316&h=171
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of homosequences containing at least 12 units (see Figure 1). As
alreadymentioned, theminimum length of a crystallizable ethene
sequence is in the range between 8 and 16 ethene units.21

Therefore, even close to equimolar composition, both the E
and Y homosequences can be long enough to crystallize,
provided that suitable conditions are met. Actually, upon cooling
(at 20 �C/min) from the melt, the copolymers in the composi-
tion range between 45 and 70 mol % of Y practically do not show
any appreciable endothermic signal. Instead, in the same com-
position range, two small peaks characterize the DSC trace of as-
polymerized samples, isolated by the precipitation from polymer
solution. As shown in Figure 3, the two endotherms, which are
centered at about 50 and 80 �C have comparable and low
intensities (ca. 5 J/g each), and could be assigned to melting of
crystals formed by short E and Y sequences, respectively.
Thermal Fractionation through SSA. Thermal fractionations

based on the use of DSC are powerful methods to “fractionate”
polymers from the melt according to the crystallizability of chain
segments. In particular, the successive self-nucleation and an-
nealing (SSA) technique, which is based on sequential applica-
tion of self-nucleation and annealing steps, results in a final
melting curve composed of a series of well separated endotherms,

each one corresponding to a set of crystallizable chain sequences
sharing the same average length.15 SSA and, in general, thermal
fractionation techniques were applied to provide valuable infor-
mation on the amount and distribution of short chain branches
interrupting the crystallizable polyethene homosequences in
ethene/1-olefin copolymers, with 1-olefins varying from C4 to
C26.15,23 A recent work reports on the fractionation by a
combination of dissolution/precipitation and temperature gra-
dient extraction of an ethene/propene copolymer synthesized
with a Ziegler�Natta catalyst,24 i.e., a copolymer in which each
comonomer unit can, to some extent, be hosted in the crystal
lattice of the other comonomer.25 In fact, after multistep crystal-
lization, single fractions containing relatively long sequences of
ethene and propene exhibit WAXD spectra in which the reflec-
tions characteristic of the orthorhombic polyethene crystals are
present together with those of the R- and γ-polypropene.24

The presence of microcrystalline domains in our systems, in
particular for the copolymers in the range of equimolar composi-
tion, was carefully investigated by means of SSA. The final
melting curves resulting from SSA fractionation of a series of
selected E/Y copolymers are shown in Figure 4. The broad
melting endotherms obtained by classical DSC analysis are
replaced by a series of narrow peaks corresponding to themelting
of crystallizable sequences of different length.
It is worth noting that at any composition, including those in

the equimolar range, endothermic signals corresponding to
melting of crystals with a variety of compositional and morpho-
logical features appear in the final DSC trace. Taking into account
the temperature ranges in which the multiple endotherms appear
for the different compositions, it can be reasonably assumed that
these peaks correspond to melting of either E or Y short
sequences. Moving from DSC traces a and i, relating, respec-
tively, to copolymers with the highest E and Y content, toward
DSC traces e and f, corresponding to copolymers with nearly
equimolar composition, it can be observed a clear decrease of the
overall crystallinity and a gradual shift of the melting range to
lower temperatures. This is a straightforward consequence of the
shortening of both types of homosequences, which reflects upon
the formation of progressively thinner lamellae. A close look at e
and f curves, corresponding to copolymers with ca. equimolar
composition, shows evidence of endothermic effects in two
temperature ranges: one above 50 �C, and the other extending
to subambient temperatures. In the light of the other traces
reported in Figure 4 and in particular of the above commented
shift to lower temperature of melting ranges, endotherms above
50 �C could be assigned to melting of Y crystals, whereas
endotherms extending to subambient temperatures could cor-
respond to melting of crystals formed by short E sequences.

Figure 2. Melting enthalpy of melt crystallized E/Y copolymers vs Y
molar content..

Table 4. Thermal Characterization of E/Y Copolymers and
of the Reference Homopolymers

run Y (mol %) Tg
a (�C) Tm

a (�C) ΔHm
a (J/g) Tc (�C) ΔHc (J/g)

PE 0 n.d.b 140 222 112 219

1 0.95 n.d.b 126 131 104 133

2 2.16 n.d.b 118 116 103 118

3 5.22 n.d.b 114 104 99 103

4 10.85 n.d.b 89 72 74 70

5 18.44 �51 60c 60 40c 60

6 29.66 �42 40c 23 12c 23

7 45.78 �34 18 1 3d 1d

8 54.35 �23 - - - -

9 59.92 �18 - - - -

10 63.88 �14 - - - -

11 69.82 �8 100 2 - -

12 84.56 �3 154 13 139 12

13 94.36 6 182 29 164 28

PY 100 26 208 49 191 49
aMeasured on 2nd heating. bNot detectable. cBroad peak. dCold
crystallization on 2nd heating.

Figure 3. DSC heating curves of as-polymerized copolymers. The
mol % of Y are as follows: (a) 45.8; (b) 54.3; (c) 59.9; (d) 63.9.

http://pubs.acs.org/action/showImage?doi=10.1021/ma102914r&iName=master.img-003.png&w=159&h=129
http://pubs.acs.org/action/showImage?doi=10.1021/ma102914r&iName=master.img-004.png&w=143&h=108
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Traces e� g in Figure 4 refer to samples whose DSC first heating
curves are shown in Figure 3 (traces a�c). It seems possible
to observe, in particular for trace e of Figure 4, corresponding to
run 7 of Table 1, the contemporary presence of small endotherms
in the two mentioned temperature ranges, leading thus to hy-
pothesize the simultaneous existence of crystals due to the two
different comonomers, as already done observing the corre-
sponding trace a in Figure 3. However, it has to be born in mind
that, for compositions approaching the equimolar one, the
overall melting enthalpy related to the series of endotherms at
low temperatures, likely pertaining to polyethene crystals, is in
the order of a few J/g, thus indicating that only a fraction of the
E sequences forms thin and defective crystals, difficult to be
detected.
X-ray Diffraction Characterization. WAXD patterns were

collected at room temperature from copolymer samples sub-
mitted to the same SSA thermal treatment except the final
heating run. They are shown in Figure 5, in which the diffracto-
grams acquired on specimens of the two homopolymers after
direct melt crystallization are also reported as references. Reflec-
tions at 2θ equal to 21.5� and 24.0�, typical of orthorhombic
polyethene crystals,26 are detectable in copolymer samples
containing up to 20 mol % of Y (trace c). The constant value
of the Bragg spacing confirms that Y does not enter in the
polyethene crystal lattice. In fact, in this case, reflections of
pseudohexagonal cell should be observed.27 In spite of the
evidence of crystallinity acquired by DSC in the copolymer with
29.7 mol % of Y, the corresponding WAXD pattern (not shown)
does not reveal any discrete reflection, likely as a consequence of
the small size of the crystallites and of the fact that part of them
melt at subambient temperatures.
Isotactic poly(4-methyl-1-pentene) is known to give rise to

a rich polymorphism: five different structures are reported in the
literature, depending on crystallization conditions, e.g., from
solutions in different solvents or from the molten state after
different thermal, pressure or stress histories.22 The tetragonal
form I is the most stable polymorph and is directly obtained
by cooling from the molten state.28 In Figure 5, the reflections

featuring this polymorph, at 2θ = 9.80, 16.50, and 18.35�, are
present in the WAXD pattern of the homopolymer as well as of
the copolymer containing ca. 15mol % of ethene: see traces b and
g, respectively. Reflections of form I are also present in the sample
containing ca. 30 mol % of ethene units, the peak at 2θ = 9.80�,
which corresponds to the (007) plane, being the only one clearly
distinguishable in trace f. Beside this reflection, two other peaks at
2θ = 8.05 and 12.25� emerge from the broad amorphous halo in
trace e, which refers to the copolymer with about 55 mol % of Y.
According to literature, these new reflections are indicative of the
presence of crystals in the hexagonal modification (form IV)
which was reported to develop under pressure,29 and from
cyclopentane solutions.30 We suggest that increasing amount
of ethene units in the copolymers favors the formation of this
polymorph, either by acting as “solvent molecules” for the Y blocks
or, by shortening the length of isotactic sequences,31 in analogy
with the role of defective units in the development of R and
γ polymorphs of isotactic polypropene. For the copolymer
containing about 45 mol % of Y only reflections typical of form
IV are detectable in the WAXD spectrum (trace d). The
occurrence of detectable crystalline reflections of Y crystals even
in this sample, which according to the statistical calculations
contains no more than 10% of relatively long Y sequences, is
likely due to the inclusion in the crystal lattice of isolated ethene
units, thus increasing the number and the length of actually
crystallizable sequences.
The very low melting point of thin polyethene crystals formed

in the final steps of the SSA fractionation would necessitate to
acquire WAXD signals under conditions in practice identical to
those used with DSC. This would require to perform the SSA
treatment in a temperature controlled environment, directly
under the X-ray beam, i.e., through an experimental apparatus
not available for this work. It was thus not possible to provide
undisputable WAXD evidence for the contemporary presence of
crystallites formed of homosequences of both components.
The comparative analysis of results from DSC, SSA, and

WAXD characterization allows to assume, albeit not to clearly
assess, the contemporary presence of small and defective crystal-
lites formed of homosequences of both comonomers. A blocky
E/Y copolymer with longer comonomer sequences could be thus
required to clearly demonstrate that it is possible to obtain
simultaneous crystallinities from two comonomer sequences
molecularly connected in the same copolymer chain.
E/Y Copolymers Obtained with rac-Me2Si(2-Me-4-PhInd)2

ZrCl2/MAO.The secondpart of this work had exactly the objective
to prepare a real block ethene/4-methyl-1-pentene copolymer, by
using the most isospecific C2 symmetric metallocene so far used

Figure 5. WAXD patterns of a selection of E/Y copolymers: (a) pol-
yethene and (b) poly(4-methyl-1-pentene) homopolymers. The mol %
of Y are as follows: (c) 18.4; (d) 45.8; (e) 54.4; (f) 69.8; (g) 84.6. The
curves are shifted vertically for sake of clarity.

Figure 4. Final melting curves obtained after SSA thermal fractionation
of E/Y copolymers at increasing Y content. The compositions expressed
in 4-methyl-1-pentene mol % are as follows: (a) 5.2; (b) 10.8; (c) 18.4;
(d) 29.7; (e) 45.8; (f) 54.3; (g) 59.9; (h) 69.8; (i) 84.6. The curves are
shifted vertically for sake of clarity.

http://pubs.acs.org/action/showImage?doi=10.1021/ma102914r&iName=master.img-005.png&w=135&h=98
http://pubs.acs.org/action/showImage?doi=10.1021/ma102914r&iName=master.img-006.png&w=135&h=189
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for E/Y synthesis: rac-Me2Si(2-Me-4-PhInd)2ZrCl2, that was
reported to prepare a polypropene with 99.5%16 as isotacticity
index and to promote ethene/propene copolymerizations with a
relatively high reactivity ratios product (r1r2 = 2.1).18b,32 A more
general objective of the research activity here reported was to
answer the following questions: what could be the behavior in
copolymerization of an isospecific catalyst and the consequent
copolymer features, when the catalyst enantioselectivity comes
close to perfection?
Synthesis and Microstructural Characterization of Copo-

lymers from rac-Me2Si(2-Me-4-PhInd)2ZrCl2/MAO.Copolym-
erization reactionswere carried out as explained in the experimental
part, in the frame of experimental conditions discussed in previous
publications:2 a series of E/Y copolymers was prepared in a wide
range of chemical composition, from about 15 to about 67% as Y
molar content. Results arising from 13C NMR microstructural
characterization are summarized in Table 5, whereas Table 6 shows
the reactivity ratios rij and theCDI for E/Y copolymers fromMPHI
as well as from EBTHI. Data from rac-methylene(3-tert-butyl-
indenyl)zirconiumdichloride, [rac-CH2(3-tBuInd)2ZrCl2] catalyst
(TBI), used in previous works,2,18c are reported for comparison.
Data in Table 5 and 6, particularly if considered in a compara-

tive way, are partially in line with what expected but also, to an
appreciable extent, surprising. In order to attempt a comprehen-
sive explanation for these findings, it is probably better to start
from the results that could have been expected, beginning with
the CDI values. In fact, a comparison of CDI values confirms that,
in analogy with the other C2 symmetric metallocenes, rac-Me2Si
(2-Me-4-Ph-Ind)2ZrCl2 gives rise to a CDI higher than 1, i.e.
promotes the synthesis of blocky E/Y copolymers, even though
the 1.5 value appears quite lower than the one (4.5) of the
metallocene with the closer isoselectivity, TBI. Dwelling upon
data of Table 6, it is evident that rij reactivity ratios ofMPHI are
different from the ones of the other metallocenes, in particular
as far as the relative comonomer reactivities, when Y is the last
inserted unit, are concerned. In fact, both r12 and r22 values
are higher for MPHI, and in the case of r22, the value is more
than twice. This emphasizes the correlation between isoselectiv-
ity of the catalytic center and the easy 1-olefin propagation: the
most isospecific metallocene has the highest tendency to insert

4-methyl-1-pentene, as shown by data in Table 6 that indeed
show a correlation between r22 value and polypropene isotacti-
city index. Moreover, it is worth observing that, for MPHI, the
same relative Y/E reactivity (r12 ≈ r22) was determined when
either E or Y was the penultimate inserted unit, suggesting that a
last inserted Y unit is the key to enhance the Y olefin reactivity.
Indeed, from the data of Table 6, it appears that a catalytic center
based on a highly isospecific metallocene such as MPHI with a
bulky 1-olefin as the ultimate inserted unit has a unique behavior:
it has not the need of a further bulky olefin in penultimate
position to increase the 1-olefin reactivity, as in the case of the
moderately isospecific EBTHI. However, the effect of a Y unit, in
the penultimate position of an E/Y chain growing onMPHI, for
increasing the Y reactivity, is shown by the lower value of r21 with
respect to r11, even in the presence of a particularly low r11 value.
The particularly low r11, that appears to be responsible of the low
CDI, seems also to indicate a low concentration of ethene triads.
Triads distribution from 13CNMR analysis is the experimental

source to derive the reactivity ratios. What commented above
should be thus easily demonstrated through the analysis of the
triad distribution. Instead, surprisingly, a comparative analysis of
triad distributions in E/Y copolymers, prepared with metallo-
cenes whose reactivity ratios are in Table 6, shows that this is not
the case, as it can be observed in Figure 6, where the relative
concentration of homotriads EEE/E and YYY/Y is plotted versus
the 4-methyl-1-pentene content for copolymers from EBTHI
and MPHI.
It is clear that MPHI promotes the formation of shorter Y

sequences. Data in Table 1 and 5 of this manuscript allow the
following quantitative comparison: a sample from EBTHI with
69.8 mol % as Y content (run 11 in Table 1) has 43.3 mol % as
YYY content, whereas a sample fromMPHI and with 66.8 mol %
as Y content (run 18 in Table 5) has only 20.6 mol % as YYY
content.
Moreover, MPHI promotes as well the formation of shorter

ethene sequences, as demonstrated by the very low r21 value,
particularly in samples with the larger Y content. Run 11 inTable 1,
from EBTHI and with 69.8 mol % of Y content, has 10.8 mol % as
EEE content, whereas run 18 in Table 5, from MPHI and with
66.8 mol % of Y content, has only 7.93 mol % of EEE content.

Table 5. 13C NMR Characterization of E/Y Copolymers from MPHIa

run fb (mol/mol) Yc (mol %) YYY YYE EYE YEY YEE EEE YY YE EE

14 0.658 15.04 1.57 5.23 8.24 6.48 11.54 66.94 3.70 21.75 74.56

15 0.372 37.62 8.39 16.52 12.72 11.56 12.08 38.73 17.38 37.44 45.18

16 0.288 46.20 12.00 21.14 13.06 14.52 13.05 26.24 25.51 42.81 31.69

17 0.259 50.64 11.27 23.65 15.72 16.06 16.67 16.63 20.52 56.55 22.92

18 0.149 66.81 20.60 32.58 13.62 17.14 8.12 7.93 42.45 47.37 10.18
a Polymerization conditions: total volume = 100 mL, [catalyst] = 2 μmol, Al/Zr = 3000 (mol/mol), T = 45 �C, P = 1.03 bar. b E/Y feed ratio (mol/mol)
in liquid phase. c From triad distribution as Y = (YYY þ YYE þ EYE).

Table 6. Polypropene Isotacticity Index (I.I.), R and rij Reactivity Ratios, and CDI Values in E/Y Copolymerizations for EBTHI,
TBI, and MPHI as the Catalysts Precursors

I.I. (mmmm %) Ra r11 r21 r12 r22 CDI

EBTHI 91.5 36.7 134.1( 13.7 19.6( 3.7 0.029( 0.006 0.094( 0.008 4.5( 1.2

TBIb 97.0 28.7 109.7( 25.4 7.0( 3.0 0.116 ( 0.064 0.096( 0.013 4.5( 2.6

MPHI 99.5 4.5 14.3( 2.3 1.4( 0.3 0.23( 0.05 0.22( 0.04 1.5( 0.6
aR = (E/Y) copolymer/(E/Y) feed. bReference 2a.
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The relatively low concentration of E and Y homotriads in the
copolymer chain has, as an obvious consequence, the high
concentration of heterotriads such as, for example, YYE. For
example, run 7 in Table 1, from EBTHI and with 45.8 mol % of Y
content, has 13.39 mol % of YYE content, whereas run 16 in
Table 5, fromMPHI and with 46.2 mol % of Y content, has 21.14
mol % of YYE content. It is important to underline that, in E/Y
copolymers from MPHI, Y presents itself in the form of YYE
rather than in YYY sequences, whatever the comonomer content
is. The particularly slight increase of the average sequences length
n(Y) on increasing Y content, shown by the data in Table 7,
accounts for this observation.
Data so far discussed from MPHI seem to present a paradox:

the increase of catalyst isoselectivity and reactivity for the 1-olefin
causes an easier 1-olefin propagation but, at the same time,
shorter 1-olefin sequences. An explanation of these unexpected
findings can be proposed by considering the R parameter, that
gives the E/Y relative reactivity and it is calculated through the
following expression:

R ¼ ðE=YÞcopolymer=ðE=YÞpolymerization bath

By examining the R values in Table 6, it is clear thatMPHI has
a particularly low R value. This implies that, to prepare E/Y
copolymers with MPHI, a relatively low Y concentration has to
be used in the polymerization bath. The low Y homotriads
content seems thus to be due to a low Y concentration in the
polymerization bath and can be justified even in the presence
of a high r22 value. The high reactivity of MPHI for a bulky

comonomer such as 4-methyl-1-pentene can be explained with
the relatively low steric hindrance of this organometallic com-
plex, definitely lower than the one of TBI.
Since the first works on blocky ethene/1-olefin copolymers

from C2 symmetric metallocenes,18a the high isoselectivity and
the steric hindrance of the catalyst precursor were indicated as
the causes for the formation of blocky copolymers. Results
reported in this manuscript allow for the first time to tell apart
the influence, on the comonomer sequence along a copolymer
chain, of high isoselectivity and steric hindrance of the catalyst
precursor: the former catalyst feature is the prerequisite for
having an easy 1-olefin propagation, whereas the latter one
promotes the formation of 1-olefin sequences.
A Unique Microstructure of E/Y Copolymers from rac-

Me2Si(2-Me-4-PhInd)2ZrCl2/MAO. The detailed comparative
analysis proposed in the previous paragraph allows to conclude
that the most isospecific MPHI metallocene, endowed with a
lower steric hindrance, gives rise to a unique behavior in copo-
lymerization and to a unique copolymermicrostructure. This latter
aspect can be clearly visualized by comparing chain segments,
shown in Figure 7, of E/Y copolymers from EBTHI and from
MPHI, obtained through chain generation.2b,18 d E/Y copolymers
from MPHI are characterized by the presence of (very) short E
and Y sequences randomly distributed along the polymer chain.
Thermal Properties of E/Y Copolymers from rac-Me2Si(2-

Me-4-PhInd)2ZrCl2/MAO. The peculiar copolymer microstruc-
ture described in the previous paragraph can not but have con-
sequences on the copolymers thermal properties, that were
investigated through DSC, by performing a heating�cooling�
heating cycle, as for the previous series of investigated copolymers.
Differently from the E/Y copolymer series from EBTHI,

which showed a certain crystallinity even in proximity of equi-
molar composition, the copolymers from MPHI result to be
amorphous in the investigated composition range, as testified by
the presence of the only glass transition phenomenon. Glass
transition temperatures are reported in Table 8.
While for the copolymer from EBTHI containing 46 mol % of

Y units melting endotherms were still detectable (see Figures 3
and 4), in the case ofMPHI catalyst already the copolymer with
15 mol % of Y shows an almost amorphous behavior, more
similarly with what expected for random copolymers (A comparison

Figure 6. Relative concentration of homotriads EEE/E (a) and YYY/Y (b) vs 4-methyl-1-pentene content for E/Y copolymers from EBTHI and
MPHI.

Table 7. Sequence Average Length for E/Y Copolymers from
rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2

run Y (mol %) n(Y)a n(E)b

14 15.04 1.38 6.93

15 37.62 1.79 3.54

16 46.20 1.95 2.56

17 50.64 1.83 2.02

18 66.81 2.23 1.57
a n(Y) = Y/(EYEþ 0.5 3YYE), where Y = YYYþ YYEþ EYE. b n(E) =
E/(YEY þ 0.5 3YEE), where E = EEE þ EEY þ YEY.

http://pubs.acs.org/action/showImage?doi=10.1021/ma102914r&iName=master.img-007.png&w=452&h=176
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of the DSC traces of samples from the two catalysts is reported in
the Supporting Information).

’CONCLUSIONS

This manuscript was on ethene/4-methyl-1-pentene copoly-
mers from non living C2 symmetric isospecific metallocenes: the
moderately isospecific rac-ethylenebis(tetrahydroindenyl)zirco-
nium dichloride (EBTHI) and the highly isospecific rac-dime-
thylsilylbis(2-methyl-4-phenylindenyl)zirconium dichloride (M-
PHI) being MPHI the most isospecific catalyst precursor so
far used for the synthesis of E/Y copolymers. Characterization of
E/Y copolymers, prepared over a wide range of chemical com-
position, was performed through 13C NMR, determining the
comonomer sequences at the triad level, copolymerization
reactivity ratios and their products, obtained through a statistical
elaboration based on a 2nd order Markov model.

E/Y copolymers from EBTHI are essentially made of ethene
homosequences alternating with 4-methyl-1-pentene homose-
quences, with a minor amount of isolated ethene units distrib-
uted in the 1-olefin sequence, as shown by the values of rij re-
activity ratios and by the CDI index, clearly higher than 1. The
probabilities of sequences composed of n ethene units, [Y(E)nY],
or n 4-methyl-1-pentene units, [E(Y)nE], were calculated for a
copolymer having 54.4 mol % of Y, discovering, for both
comonomers, an almost even distribution of homosequences
with n spanning from 2 to 11 and the simultaneous presence of
sequences with n > 12. This suggested the unique possibility that
molecularly connected crystals of polyethene and poly(4-methyl-
1-pentene) could be contemporarily present in these systems. A
thorough thermal and structural characterization of blocky E/Y
copolymers was for the first time performed: evidence gathered
by combining DSC and WAXD results seem to suggest that,
upon appropriate thermal treatment, two populations of thin and

defective crystals can be simultaneously present in the copoly-
mers in the range of equimolar composition.

The most isospecific metallocene MPHI ever used in E/Y
copolymerizations was then adopted with the aim of enhancing
the blockiness of the copolymers and investigating what could
be the behavior in copolymerization of an isospecific catalyst and
the consequent copolymer features, when its enantioselectivity
comes close to perfection.MPHI revealed the highest tendency
ever detected in E/Y copolymerization for the 1-olefin propaga-
tion: the highest values for the r12 and r22 reactivity ratios were in
fact calculated, in the presence of the lowest values of r11 and r21
ratios. A low amount of ethene homotriads, i.e. short ethene
sequences, were observed in the copolymer chain, however and
surprisingly in the presence of short sequences of 4-methyl-
1-pentene as well. Chain generation was performed for copoly-
mers from both EBTHI andMPHI, revealing, in the latter case, a
novel and unique microstructure: very short sequences of both
comonomers are almost randomly distributed along the polymer
chain. As a consequence of this microstructure, an amorphous
nature was revealed for these copolymers by thermal analysis.

Results to E/Y copolymers discussed in this manuscript,
arising from a moderately and a highly isospecific metallocene,
EBTHI and MPHI respectively, propose an apparent paradox:
the 1-olefin propagation becomes easier by increasing the catalyst
isoselectivity but, at the same time, short 1-olefin sequences are
formed with the most isospecific metallocene. To solve this
apparent contradiction, the lower steric hindrance ofMPHI was
assumed to give rise to a higher reactivity for the 1-olefin and, as a
consequence, to a lower concentration of 1-olefin in the polym-
erization bath and of 1-olefin sequences in the copolymer chain.

In all the papers on blocky ethene/1-olefin copolymers it was
reported that single center catalysts required to achieve this
copolymer microstructure were based on C2 symmetric, stereo-
rigid, sterically hindered and highly isospecificmetallocenes. This
manuscript demonstrates, for the first time, that it is possible to
tell apart the influence of isoselectivity and steric hindrance and
shows the existence of unexpected degrees of freedom for tuning
microstructure and, in turn, properties of ethene/1-olefin copo-
lymers from C2 symmetric metallocenes.

In a recent review,33 polymerizations able to control the
monomer sequences were proposed as the Holy Grail in polymer
science. The author said that tools for controlling polymers
microstructures, such as sequences and tacticity, are still rudi-
mentary and that “as learned from nature, sequence-controlled

Figure 7. Chain segments generated using the Markovian parameters obtained from the reactivity ratios of Table 6 relative toMPHI (a) and EBTHI
(b) metallocene. f1/f2 ratio was set at 0.224 (MPHI) and 0.031 mol/mol (EBTHI) to produce a chain with 50/50 comonomer molar ratio. Key: ethene
unit, � ; 4-methyl-1-pentene unit, _| (in gray shading)..

Table 8. Glass Transition Temperatures of E/Y Copolymers
from rac-Me2Si(2-Me-4-PhInd)2ZrCl2

run Y (mol %) Tg
a (�C)

14 15.04 �44

15 37.62 �28

16 46.20 �26

17 50.64 �25
aMeasured on 2nd heating.

http://pubs.acs.org/action/showImage?doi=10.1021/ma102914r&iName=master.img-008.jpg&w=451&h=135
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polymers are most likely the key toward functional sub-nano-
metric materials”. This work is intended to be a contribution in
this direction.
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bS Supporting Information. Description of the procedure
adopted for the calculation of sequence length probability reported
in the text and comparison of DSC traces of copolymers from
the two catalysts. This material is available free of charge via the
Internet at http://pubs.acs.org.
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