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ABSTRACT: This paper presents a novel microstructure for an ethene/1-olefin copolymer. Ethene/4-methyl-1-
pentene copolymers were found to be essentially made of sequences of ethene alternating with sequences of
4-methyl-1-pentene, with a minor amount of isolated ethene units distributed in the 1-olefin sequence. This
microstructure is produced by highly isospecific catalytic sites and can be explained on the basis of a penultimate
unit effect in copolymerization. Two isospecific organometallic complexes were used to prepare said copolymer:
a sterically hindered, highly regio- and stereospecific metallocene,rac-[methylenebis(3-tert-butyl-1-indenyl)]-
zirconium dichloride [rac-H2C-(3-tBuInd)2ZrCl2] (TBI), and the prototypical moderately isospecific hydrogenated
metallocene without any substituent on the indenyl ligand,rac-ethylenebis(tetrahydroindenyl)zirconium dichloride
[rac-(EBTHI)ZrCl2] (EBTHI). As a comparison, copolymers were also prepared with the so-called “constrained
geometry” half-sandwich complex,{η1:η5- [(tert-butyl-amido)dimethylsilyl)(2,3,4,5-tetramethyl-1-cyclopentadienyl)}-
titanium dichloride [Me2Si(Me4Cp)(N-tBu)TiCl2] (CG). Comonomer sequences at the triad level were determined
through13C NMR analysis, and reactivity ratios of copolymerizations were elaborated through a statistical method,
investigating the effect of ultimate and penultimate inserted comonomer units. Values ofr1r2 products larger
than 1 were calculated for copolymerizations from both the isospecific metallocenes, with relatively high values
of bothr1 andr2. The investigation of the penultimate-unit effect brought to calculate high values of bothr11 and
r22 and unprecedented contemporary low values ofr12 and, surprisingly,r21 to indicate the occurring of comonomer
sequences and the unusual absence of alternate comonomers. In particular, the lowr21 value indicates that the
4-methyl-1-pentene unit in the penultimate position causes a remarkable decrease of the ethene reactivity, with
the insertion of a minor amount of isolated units in 4-methyl-1-pentene sequences. A product of reactivity ratios
r1r2 close to 1 was obtained with CG as the catalyst precursor, not only confirming the tendency of this
organometallic complex to promote almost random ethene/1-olefin copolymerizations, already observed with
propene as the 1-olefin, but also suggesting that the isospecificity of the catalytic site plays a key role in affording
the novel copolymer microstructure. With 4-methyl-1-pentene as the comonomer, for the first time long 1-olefin
sequences are observed in an ethene copolymer obtained with a catalytic system poorly isospecific in propene
homopolymerization, such as EBTHI. This seems to suggest that the branched comonomer 4-methyl-1-pentene
contributes to the formation of a highly isospecific site, whose stereospecificity is once more confirmed to arise
from the cooperation of the catalyst and of the growing chain. These findings seem also to indicate that when a
catalytic site becomes highly isospecific, it is likely to form sequences of both comonomers in an ethene/1-olefin
copolymer.

Introduction

The development of the so-called single center catalysts (SSC)
has paved the way for the production of ethene (E) copolymers
with homogeneous comonomer distribution,1 along with con-
trolled comonomer content, even when nonconventional bulky
and/or branched comonomers, such as 4-methyl-1-pentene (Y),
are used.2 In previous works, it was shown that highly isospecific
metallocenes were able to give rise to copolymers of ethene
and propene (P) with a high product of reactivity ratiosr1r2

and, as a consequence, with the contemporary presence of long
sequences of both comonomers.3 In particular, with a highly isospecific metallocene, such asrac-[methylenebis(3-tert-butyl-

1-indenyl)]zirconium dichloride (rac-H2C-(3-tBuInd)2ZrCl2)
(TBI), it was possible to prepare an E/P copolymer with
sequences of both comonomers long enough to give rise to
crystalline domains even in a composition range typical for the
formation of fully amorphous elastomeric materials.4 Results
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suggested that the key role was played by the isospecificity of
the catalytic system and that copolymers with relatively long
sequences of both comonomers could be prepared only with
catalytic systems able to prepare a polypropene with an
isotacticity index as high as at least 91%.1a,3In the present work,
we have studied the copolymerization of E and Y promoted by
two metallocenes, greatly differing in isospecificity, representa-
tive of different copolymerization statistics and also endowed
with different catalytic activity. They are the following: the
stereorigid, racemic, and sterically hindered (rac-H2C-(3-t-
BuInd)2ZrCl2) (TBI), designed by Resconi for the synthesis of
highly regio- and stereo(iso)specific polypropene5 and able to
promote ethene/propene copolymerization with relatively high
reactivity ratio product (r1r2 ) 1.8),6 and the prototypical
hydrogenated metallocene without any substituent on the indenyl
ligand,rac-ethylenebis(tetrahydroindenyl)zirconium dichloride
[rac-(EBTHI)ZrCl2] (EBTHI), moderately isospecific and that
gives rise to relatively low reactivity ratio product (r1r2 ) 0.49)3

in E/P copolymerization. EBTHI appeared to be more active
than TBI,4 and this could allow the investigation of a potential
effect due to monomer diffusion phenomena. The main objective
of the work here presented was to further investigate the
correlation between the isospecificity of the catalytic system
and the microstructure of an ethene/1-olefin copolymer, when
the 1-olefin was higher than propene. In particular, the deter-
mination of copolymerization reactivity ratios was seen as a
tool to describe and hence to tune at the nanoscale level the
structure of the copolymers, eventually with the aim to prepare
polymers with different crystalline phases. To better clarify the
role of the stereospecific ability of the catalytic system, a further
single center catalyst was used for E/Y copolymerization, the
so-called “constrained geometry” half-sandwich complex,{η1:
η5-[( tert-butyl-amido)dimethylsilyl](2,3,4,5-tetramethyl-1-
cyclopentadienyl)}titanium dichloride [Me2Si(Me4Cp)(N-tBu)-
TiCl2] (CG),7,8 that gives rise to an essentially atactic (slightly
syndiotactic) polypropene and to E/P copolymerizations with a
reactivity ratio product very close to 1, which indicates a
tendency of this catalyst to give a nearly random comonomer
distribution.9

The investigation of copolymer microstructure at the triad
level, through13C NMR analysis, is presented as well as the

application of a statistical method able to investigate the
influence of the ultimate and of the penultimate inserted
comonomer units.

Results and Discussion

Three series of E/Y copolymers in a wide range of chemical
composition were synthesized with the organometallic com-
plexes shown in Scheme 1, in combination with polymethyl-
alumoxane (MAO).

In Table 1, data on E/Y copolymerizations and on the
obtained copolymers are reported.

Copolymerization conditions were optimized to obtain co-
polymer samples with homogeneous comonomer composition,
suitable for microstructure investigation. In particular, to
maintain nearly constant the comonomer concentration in
solution throughout the whole course of the reaction, conversion
of both comonomers was kept in most cases below 2% and
had a maximum value of 5%, following an experimental
approach already reported.3,6,9 A wide range of E/Y ratios in
the polymerization bath was adopted allowing the preparation
of copolymers with a Y content ranging from about 1 to about
44 mol %.Mw/Mn values close to 2 were determined for samples
prepared with any of the catalytic system and for different
chemical compositions, as clear indication of the single center
nature of the three catalytic systems.

13C NMR Characterization of Copolymers.All copolymers
were carefully examined through13C NMR analysis. A restricted
number of E/Y copolymer sequences had been assigned in a
pioneering work by Kimura et al.,10 through the analysis of a
copolymer obtained with an isospecific heterogeneous titanium-
based Ziegler-Natta catalyst: the raw copolymer, containing
about 2 mol % of Y, and the solvent-extracted fractions that
had a maximum Y content of 19 mol % were investigated.

Recently, some of the authors reported on a wide13C NMR
analysis of E/Y copolymers synthesized with TBI/MAO catalyst,
as fully regioregular and highly isotactic Y sequences are ideal
for spectral assignment analysis. In fact, the spectral multiplicity
could be ascribed only to differences in comonomer sequences,
and an exhaustive assignment of NMR signals was performed.11

In Figure 1, the spectra of three copolymers with about 30
mol % of Y obtained with TBI (a), EBTHI (b), and CG (c)

Table 1. Ethene/4-Methyl-1-pentene (E/Y) Copolymerization with Different Organometallic Complexes and MAO as the Catalytic Systema

catalyst run f b (mol/mol) yield (g)
activity × 10-3

(mgpol/(mmolMt h)) Y%c (mol) PDId
monomer
conv (%)

rac-H2C-(3-tBuInd)2ZrCl2 1 1.883 0.659 790.8 1.18 n.d.e 1.69
2 0.932 0.370 888.0 2.76 n.d.e 0.90
3 0.457 0.680 136.3 5.19 n.d.e 1.81
4 0.224 0.338 67.7 8.49 n.d.e 0.79
5 0.131 0.072 7.2 13.66 n.d.e 0.15
6 0.075 0.096 38.4 33.66 2.3 1.35
7 0 0.659 134.4 100 1.9 -

rac-(EBTHI)ZrCl2 8 1.885 1.215 2917.2 0.94 2.2 2.32
9 0.934 0.402 964.8 2.16 2.1 0.77

10 0.470 0.387 121 5.21 n.d.e 0.92
11 0.146 2.037 815 5.57 n.d.e 3.09
12 0.111 4.073 1629 10.8 2.3 5.59
13 0.072 1.245 498.0 28.85 2.0 2.29
14 0 4.475 894.3 100 n.d.e -

[Me2Si(Me4Cp)(N-tBu)TiCl2] 15 3.510 0.531 106.2 3.92 2.8 3.19
16 1.887 0.367 73.4 8.18 n.d.e 2.25
17 1.249 0.502 100 9.28 1.9 2.51
18 0.693 0.386 77 15.48 n.d.e 1.90
19 0.466 0.191 19.1 18.43 2.8 0.73
20 0.310 0.482 96 24.83 n.d.e 1.70
21 0.226 0.556 27.8 34.46 2.0 1.89
22 0.107 0.527 52.7 43.93 2.7 1.25

a Polymerization conditions: toluene) 100 mL, Al/Mt ) 1000 (mol/mol),T ) 45 °C, [catalyst]) 10 µmol; t ) 5-30 min. b E/Y feed ratio (mol/mol)
in liquid phase.c From 13C NMR analysis.d PDI ) polydispersity index.e n.d. ) not determined.
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based catalytic systems are shown (runs 6, 13, and 21 of Table
1). Denomination of resonance peaks follows that of Carman
and Wilkes: primary (methyl), secondary (methylene), and
tertiary (methine) carbons are denoted as P, S, and T, respec-
tively.12 The position of a carbon relatively to its nearest methine
group was labeled by two Greek subscripts, whereδ indicates

all methines four bonds far from the methylene carbon of interest
andδ+ farther than four bonds. Methylene and methine carbons
in the side chains are designated by the symbols CH2(sc) and
CH(sc).13

Noticeable differences appear between the spectra of copoly-
mers obtained with the two isospecific metallocenes (Figure
1a,b) and the spectrum of the copolymer obtained with CG
catalyst (Figure 1c), particularly as far as the relative abundance
of comonomer sequences is concerned. The resonance at 42.50
ppm, corresponding to EYE sequence (centered on the CH2 of
Y side chain), has a minor intensity in the spectra of copolymers
from the isospecific metallocenes, whereas it is clearly evident
in the spectrum of the copolymer obtained with CG catalyst.
This alternate EYE sequence gives also rise to the signal at
21.18 ppm (centered on the two methyls of Y side chain), which
is evidently less intense in the spectra of E/Y copolymers from
the isospecific metallocenes. On the other hand, the signals at
43.66 and 40.22 ppm, assigned to YYY and YYYY homose-
quences, respectively, are intense in the spectra of the copoly-
mers obtained with TBI and EBTHI catalysts and hardly
detectable in the spectrum of the copolymer from the CG
catalyst. Also, the EEE sequence is definitely more abundant

Figure 1. 13C NMR spectra of ethene/Y copolymers with similar comonomer content: (a) 33.66 mol % content prepared withrac-H2C-
(3-tBuInd)2ZrCl2/MAO catalyst (run 6 in Table 1), (b) 28.85 mol % content prepared with [rac-(EBTHI)ZrCl2]/MAO (run 13 in Table 1), and (c)
34.46 mol % content prepared with [Me2Si(Me4Cp)(N-tBu)TiCl2]/MAO (run 21 in Table 1).

Figure 2. Expanded plot of13C NMR spectrum of ethene/Y copolymer
with 43.93 mol % prepared with [Me2Si(Me4Cp)(N-tBu)TiCl2]/MAO
(run 22 in Table 3).
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in copolymers from isospecific metallocenes, as it can be
appreciate in the three spectra by the relative intensity of the
signal at 27.73 ppm.

Besides, one can easily observe that the spectrum of Figure
1c shows a few supplementary resonances (starred in the figure)
that are completely absent in the spectrum of the copolymer
from TBI catalyst and only hardly detectable in that of the
copolymer from EBTHI: these never reported resonances are
assigned to regioirregularities.14 These signals become even
more evident in the expanded plot of Figure 2 of a copolymer
with higher Y content (43.93 mol %, run 22 of Table 1) prepared
with the same CG catalyst. In Chart 1, the possible sequences
arising from the inverted Y units are reported; the exhaustive
assignment of regio- and stereoirregular sequences will be the
subject of a forthcoming paper.14

Triad distribution data arising from13C NMR analysis of all
the three series of copolymers are collected in Table 2 for the

isospecific metallocenes and in Table 3 for the CG catalyst.
Table 3 also shows the E-centered regioirregular triads QEE
and QEY (where Q indicates the 2,1 comonomer inserted unit).
The QEE triad is easily evaluated from the integrated peak area
of the Tγδ carbon. The QEY triad is calculated asSRâ/4, when
the Y content is below 20 mol %; at higher Y content, as being
SRâ partially unresolved from the Tââ carbon (see Figure 2),
the QEY triad is evaluated from the Tγγ carbon. The index of
regioirregularity, i.e., the sum of the relative concentration of
even (2 and 4) methylenes sequences, was calculated according
to Randall, from eq 1:15

Chart 1

Table 2.13C NMR Characterization of E/Y Copolymers Prepared with Metallocenes and MAO as the Catalytic System

metallocene sample no. f a (mol/mol) Y%b (mol) YYY YYE EYE YEY YEE EEE

rac-H2C-(3-tBuInd)2ZrCl2 1 1.883 1.18 0.00 0.23 0.95 0.69 1.99 96.14
2 0.932 2.76 0.00 0.68 2.02 0.50 3.42 93.39
3 0.457 5.19 0.35 1.96 2.88 1.84 4.93 88.03
4 0.224 8.49 1.32 3.89 3.28 3.6 5.47 82.07
5 0.131 13.66 3.52 6.05 4.09 4.13 4.97 77.24
6 0.075 33.66 12.44 14.63 6.59 10.60 7.23 48.51

rac-(EBTHI)ZrCl2 8 1.885 0.94 0.00 0.00 0.94 0.00 1.80 97.26
9 0.934 2.16 0.60 0.00 1.56 0.00 2.98 94.86

10 0.470 5.21 1.28 1.21 2.72 0.85 4.63 89.31
12 0.111 10.8 1.66 2.95 6.19 2.59 10.94 75.97
13 0.072 28.85 10.72 8.87 9.26 6.94 13.55 50.66

a E/Y feed ratio (mol/mol) in liquid phase.b From triad distribution as Y) (YYY + EYY + EYE).

Table 3.13C NMR Characterization of E/Y Copolymers Prepared with “Constrained Geometry” Half-Sandwich Catalyst and MAO as the
Catalytic System

sample noa
f b

(mol/mol)
Y%c

(mol)
Q%d

(mol) YYY YYE EYE QEE QEY YEY YEE EEE
regioirrege

(%)

15 3.510 3.92 0.29 0.00 0.31 3.61 0.10 0.20 1.04 6.28 88.15 3.3
16 1.887 8.18 0.47 0.00 1.02 7.15 0.07 0.39 1.41 11.46 77.99 1.7
17 1.249 9.28 0.89 0.00 1.48 7.80 0.63 0.25 2.82 12.67 73.45 5.1
18 0.693 15.48 1.92 0.00 3.39 12.09 1.40 0.51 4.71 16.72 59.25 4.2
19 0.466 18.43 2.39 1.92 6.07 10.42 1.79 0.59 6.92 12.70 57.17 7.5
21 0.226 34.46 5.19 3.91 11.87 17.12 4.09 0.86 12.38 17.83 26.94 9.4

a The numbers of the samples are those of the corresponding runs.b E/Y feed ratio (mol/mol) in liquid phase.c From triad distribution as Y) (YYY +
EYY + YEE). d Q ) 2,1 4-methyl-1-pentene inserted unit.e Calculated according to Randall as [100(1/2SRb +1/2Sâg)/(SRR +1/2SRb + Sââ +1/2Sâg + Sγγ
+1/2Sγδ) from 13C NMR spectrum.

X2 + X4 )
1/2(SRâ + Sâγ)

SRR + 1/2SRâ + Sââ + 1/2Sâγ + Sγγ + 1/2Sγδ

× 100 (1)
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13C NMR spectra and the derived calculated triad distributions
collected in Tables 2 and 3 indicate that E/Y copolymers from
TBI and EBTHI isospecific metallocenes are characterized by
relatively long homosequences of both comonomers, with only
a minor presence of alternate comonomer units, whereas a more
evenly distributed abundance of comonomer sequences that will
be herein below demonstrated as random seems to describe a
copolymer from the CG catalyst, thus suggesting that, at least
for the explored catalysts, there could be a correlation between
the stereospecific ability of the catalyst and the E/Y comonomer
distribution.

Determination of Reactivity Ratios of Comonomers.Data
on comonomer sequences were elaborated through a statistical
method, reported in previous publications,3,9 successfully applied
to E/P copolymerizations from a single center catalytic system,
based either on a metallocene or on a constrained geometry
complex. Said method allows one to identify the statistical model
suitable for describing the copolymerizations as well as for
deriving the reactivity ratios between the comonomers. It is
known that when the insertion of a comonomer is influenced
by the last (ultimate) inserted unit, a first-order Markovian
statistical model (ultimate effect) is adopted to determine the
reactivity ratios.16 From the first-order Markovian model,r1 ()
k11/k12) andr2 () k22/k21) reactivity ratios are derived, wherekij

is the rate constant of the reaction for the addition of the
comonomerj to a growing chain bearing the comonomeri as
the last inserted one. In particular, 1 and 2 indicate E and Y,
respectively. A second-order Markovian model describes a
copolymerization when the insertion of a comonomer is
influenced by both the two last inserted units (penultimate
effect).17 As a consequence of the adoption of the second-order
Markovian model, the following reactivity ratios can be derived:

wherekijk is the rate constant of the reaction for the addition of
the comonomerk to a growing chain bearing the comonomers
i and j as the penultimate and the ultimate inserted units,
respectively.

The presence of regioirregularities in copolymers from the
CG catalyst sensibly affects the correct determination of triad
distribution. Therefore, the statistical treatment was applied only
to samples with relatively low regioirregularity content, less than
10%.

In Table 4,r1 and r2 values are collected together with the
confidence intervals from the least-squares at the minimum point
and are compared with those reported in the literature for E/P
copolymerization carried out under comparable experimental
conditions.

For any of the catalysts,r1 and r2 values are respectively
higher and lower than 1, thus indicating a preferred insertion
of ethene regardless of the last inserted comonomer unit.
However, a remarkable difference can be observed between the
reactivity ratios of the isospecific metallocenes and those of
the CG catalyst. In fact, much higher values ofr1 are obtained
with metallocenes, with a noticeable increase with respect to
ethene/propene copolymerizations, whereas ther1 value obtained
with the constrained geometry catalyst is 1 order of magnitude
lower. This CG catalyst was reported as a first example of a
catalytic system able to give a true random E/P copolymeriza-
tion.9 In a random copolymerization, the insertion of a comono-
mer is independent of the last inserted comonomer unit, and
hencek11/k12 ) k21/k22, i.e. r1 ) 1/r2, which brings tor1r2 ) 1.
With the CG catalyst,r1 and 1/r2 for E/P copolymerization were
found to be 1.3 and 1.2, respectively, thus indicating an almost
ideal copolymerization. But also in the case of Y as the 1-olefin,
r1 and 1/r2 are very close to each other, being 7.5 and 9,
respectively, and this reveals that the ability of CG catalyst to
give rise to random ethene/1-olefin copolymerizations holds
moving from propene to a higher branched 1-olefin.

Another remarkable difference, definitely more intriguing for
the interpretation of the copolymerization mechanism, appears
from the comparison of the reactivity ratios obtained with
metallocenes and with the CG catalyst. While with the CG
catalyst, moving from E/P to E/Y copolymerization, the increase
of r1 value goes along with a reduction ofr2 value, with
metallocenes bothr1 and r2 increase to values that indicate a
higher presence of sequences of both comonomers along the
macromolecular chain, as clearly experimentally observed and
above commented in the13C NMR spectra. As mentioned in
the Introduction, highly isospecific metallocenes, such as TBI,
were already reported as able to give rise to sequences of both
comonomers, i.e., to a high product of reactivity ratios, in E/P
copolymers.6 Conversely, this result is definitely surprising for
copolymerizations promoted by EBTHI, as the tendency to the
formation of 1-olefin sequences was not observed when propene
was the 1-olefin, not even at a high polymerization temperature,
when the increase ofr1r2 value was a consequence of the
increase ofr1.4 By considering all the data available on ethene/
1-olefin copolymerizations, one can say that once more a high
r1r2 value with relatively high values of bothr1 and r2 arise
from an isospecific metallocene, but for the first time, in the
case of EBTHI, the organometallic complex is moderately
isospecific in propene homopolymerization.

Penultimate Unit Effect in Ethene/4-Methyl-1-pentene
Copolymerization. With the aim to base any consideration on
parameters with a better fitting of the experimental data and,
most of all, to have a better insight into the copolymerization
mechanism, triads of Table 2 were elaborated through a second-
order Markovian model. This approach was not applied to
copolymerizations from CG catalysts, which were already
commented as nearly random. Table 5 reports thus the values
of the second-order Markovian reactivity ratios for copolymer-
izations from the two isospecific metallocenes together with the

Table 4. Reactivity Ratios for E/Y Copolymerizations with Different Organometallic Complexes and MAO as the Catalytic System

metallocene comonomers r1 ( δr1 r2 ( δr2 r1r2 ( δ(r1r2)a ref

rac-H2C-(3-tBuInd)2ZrCl2 E/Y 93.9( 15.6 0.18( 0.05 17.2( 8.1 this work
E/P 17.4( 1.3 0.10( 0.02 1.8( 0.5 6

rac-(EBTHI)ZrCl2 E/Y 91.2( 16.1 0.11( 0.05 9.8( 6.2 this work
E/P 10.4( 0.7 0.05( 0.01 0.5( 0.1 3

[Me2Si(Me4Cp)(N-tBu)TiCl2] E/Y 7.5 ( 1.3 0.11( 0.04 0.8( 0.4 this work
E/P 1.3( 0.1 0.82( 0.05 1.1( 0.1 9

a δ (r1r2) ) r1δr2 + r2δr1.

r11 ) k111/k112

r21 ) k211/k212

r22 ) k222/k221

r12 ) k122/k121

1108 Losio et al. Macromolecules, Vol. 41, No. 4, 2008



comonomer distribution index (CDI), i.e., an index derived from
r11, r21, r22, andr12 that has the same meaning of the classical
product of reactivity ratiosr1r2, derived from the first-order
parameters.3

One can first comment an evident increase of data fitting.
Moreover, CDI values larger than 1 are observed for both
metallocenes, analogously to what reported by elaborating data
with the first-order Markovian model. More interesting hints
on copolymerization mechanism obviously arise from the
examination of reactivity ratios. The values ofr11 andr22, larger
than those ofr21 andr12, confirm the tendency of both isospecific
metallocenes to give an E/Y copolymer with a prevailingly
sequential enchainment of comonomers. To help the interpreta-
tion of data of Table 5, the relative reactivity of E with respect
to Y is shown in the bar chart of Figure 3 and Figure 4 for TBI
and EBTHI, respectively, as a function of chain end sequences,
i.e., when the chain end sequences are EE-Zr, YE-Zr, EY-
Zr, YY-Zr, and is compared to values obtained in a previous
work for E/P copolymerization.4 This type of representation was
selected as a fingerprint of the sequential nature of an ethene/
1-olefin copolymer.4 In fact, for E/P copolymerizations promoted
by TBI, the ethene reactivity was found to decrease in the
following order: EE-Zr, PE-Zr, EP-Zr, PP-Zr, as shown
in Figure 3: propene as the last inserted unit(s) favors the
insertion of further propene units. However, this trend was not
observed for E/P copolymers from EBTHI, as shown in Figure
4.

As a first remarkable difference between E/P and E/Y
copolymerizations, it is evident in the bar charts of Figures 3
and 4 that the relative reactivity of ethene decreases when Y is
inserted for both the isospecific metallocenes. Moreover, an

unusual low value ofr21 can be observed for copolymers from
both the metallocenes and particularly from TBI. This indicates
that the relative reactivity of ethene with respect to 4-methyl-
1-pentene dramatically decreases not only when two Y comono-
mer units are the last inserted ones, as shown by the low 1/r22

values, but also and very interestingly when one Y unit is located
only in the penultimate position. These findings clearly reveal
that a penultimate effect steers the microstructure of an ethene
copolymer with 4-methyl-1-pentene, when isospecific metal-
locenes are used to promote the copolymerization. These values
of the reactivity ratios are unusual in the field of ethene/1-olefin
copolymerization and seem to suggest that a novel copolymer
microstructure has been formed. In particular, for E/Y copoly-
mers from TBI, values of reactivity ratios typical for alternate
sequences are extremely low. To have a visual representation
of the copolymer microstructure, chain generation was per-
formed adopting the Monte Carlo approach18 (see Supporting
Information). A chain segment having 200 units and a 50/50
molar composition was generated, using the reactivity ratios
determined for TBI, reported in Table 5, and a corresponding
theoretical copolymerization bath compositionf ) 0.0516. A
picture of the generated copolymer chain is shown in Figure 5.
Two main features strike the attention. Sequences made of
ethene and essentially of 4-methyl-1-pentene alternate them-
selves along the macromolecular chain. Moreover, a 4-methyl-
1-pentene sequence is interrupted by only isolated units of
ethene.

Rationalization of Results and Statistical Elaborations.To
attempt a rationalization of these experimental findings and
statistical elaborations, taking also into account the results
obtained in the case of E/P copolymers,4 one can comment as
follows. (i) Sequences of both comonomers in ethene/1-olefin
copolymers, and thus copolymers with a high product of
reactivity ratios, are obtained only when a highly isospecific
organometallic complex is employed because only a highly
isospecific catalyst allows an easy propagation of the 1-olefin
and thus increases its probability in the presence of ethene. (ii)

Figure 3. Comparison of ethene/comonomer relative reactivity (r11,
r21, 1/r12, and 1/r22) obtained for E/Y and E/P copolymerizations
promoted by [rac-H2C-(3-tBuInd)2ZrCl2]/MAO.

Figure 4. Comparison of ethene/comonomer relative reactivity (r11,
r21, 1/r12, and 1/r22) obtained for E/Y and E/P copolymerizations
promoted by [rac-(EBTHI)ZrCl2]/MAO.

Figure 5. Chain segments generated using the Markovian parameters
obtained from the reactivity ratios of Table 5 relative to TBI catalyst.
f1/f2 ratio was set at 0.0506 mol/mol to produce a chain with 50/50
comonomer molar ratio.
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It is of a high interest to observe that when Y is the 1-olefin,
also a moderately isospecific catalyst, such as EBTHI, is able
to give rise to a sequential copolymer, whereas this ability was
not observed in any of the experimental conditions adopted for
E/P copolymerization. (iii) It is known that the stereospecificity
of a catalyst in 1-olefin insertion polymerization arises from
the cooperation of the catalytic system and of the growing
chain.18 (iv) It is thus clear that a key role is played by the
inserted branched 1-olefin that much contributes to the ste-
reospecific ability of the catalytic system: EBTHI becomes a
more isospecific catalyst when Y is inserted in the growing
chain, and the branched 1-olefin exerts a powerful isospecific
induction also when occupies the penultimate position. When
the 1-olefin hydro(deuterium) oligomerization promoted by
metallocene-based catalytic systems was applied to 4-methyl-
1-pentene, the highest value of enantiomeric excess was
calculated,20 to confirm that this monomer favors per se a higher
isospecificity. (v) The very high isospecificity of the catalytic
site, which promotes 1-olefin propagation, could be in line with
the unusually low alternate distribution of comonomers, key
features of the novel copolymer microstructure here presented.

A penultimate styrene effect has been recently reported for
the copolymerization of ethylene and styrene promoted by
constrained geometry catalysts.21 The authors propose the
hypothesis that the styrene reactivity is enhanced by the presence
of aromatic moieties in close proximity to the active site. It is
thus evident that the mechanism suggested for ethylene/styrene
copolymerizations by CG catalysts is different from the one
presented in this paper, which moves from the high isospecificity
of the catalytic site to justify the formation of 1-olefin sequences,
rather than the increase of its relative reactivity.

In conclusion, these findings seem to suggest that a typical
feature of a highly isospecific catalytic site is the formation, in
an ethene/1-olefin copolymer, of relatively long sequences of
the two comonomers, which, at least in principle, should be
both able to crystallize in a broad range of copolymer composi-
tion. The presence of ethene and 4-methyl-1-pentene crystalline
phases is under investigation and will be reported in a future
work.

Experimental Section

General Remarks. Manipulations of air- and/or moisture-
sensitive materials were carried out under inert atmosphere using
a dual vacuum/nitrogen line and standard Schlenk techniques or in
a drybox under nitrogen atmosphere (<10 ppm oxygen,<20 ppm
water). Toluene was dried by distillation from sodium under a
nitrogen atmosphere. Methylaluminoxane (MAO) (Witco, 10 wt
% solution in toluene) was used after drying in vacuum to remove
the solvent and unreacted trimethylaluminum (TMA) and was stored
under nitrogen. [Me2Si(Me4Cp)-(N-tBu)TiCl2] was provided by
Boulder Scientific, [rac-H2C-(3-tBuInd)2ZrCl2] was used as kindly
donated by Resconi, and [rac-(EBTHI)ZrCl2] was provided by
Basell Poliolefine Italia S.r.l. Nitrogen and ethene were purified
by passage through columns of BASF RS-11 (Fluka) and Linde 4
Å molecular sieves.

Ethene/4-Methyl-1-pentene Polymerizations.In a typical po-
lymerization reaction, a 0.25 L Bu¨chi autoclave equipped with a
mechanical stirrer was charged under nitrogen with a solution of
the proper amount of 4-methyl-1-pentene and 7.5 mmol of dry
methylaluminoxane (MAO) in 100 mL of anhydrous toluene. A
25 mL injector was charged with 10 mL of a solution of 10µmol
of catalyst and 2.5 mmol of MAO in toluene (total MAO/Mt molar
ratio ) 1000). After thermal equilibration of the reactor system at
45 °C, ethene was continuously added until saturation. When the
equilibrium pressure (2.47 atm) was reached, the injector with the
metallocene solution was pressurized with nitrogen, and the solution
was injected into the reactor. The reaction was terminated by
addition of a small amount of ethanol, and the polymer was
precipitated upon pouring the whole reaction mixture into ethanol
(500 mL) to which concentrated hydrochloric acid (5 mL) had been
added. The polymer was collected by filtration and dried under
vacuum at 70°C.

Nuclear Magnetic Resonance (NMR).13C NMR spectra of the
polymers were recorded in CDCl2CDCl2 at 103°C on a Bruker
Avance-400 spectrometer operating at 100.58 MHz, (internal
chemical shift reference: 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 broad-
band decoupling was achieved using bi_waltz16_32 power-gated
decoupling.

Determination of the Concentration of the Polymerization
Solutions.The vapor-liquid equilibrium for E/Y toluene mixture
was calculated from the Redlich-Kwong-Soave equations.22 This
set of thermodynamic equations was selected among those available
in Aspen Plus (commercialized by Aspen Technology Inc. Release
9) on the basis of a comparison with the experimental results. The
concentrations of the comonomers were hence calculated.
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