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Incorporation of alkyl branches into the polyethylene
chain giving rise to so-called “linear low-density poly-
ethylene”, LLDPE, is usually obtained by ethylene
copolymerization with 1-alkenes. In principle, such a
result can be also gained by chain growing isomerization
during ethylene homopolymerization.

A few evidences have been reported in the literature
indicating the presence of some amount of branches in
polyethylene produced by homopolymerization with a
variety of homogeneous catalysts. The significant for-
mation of about 2 mol % ethyl branches has been
recently found by some of us1 using the meso isomer of
the ethylenebis(1-indenyl)zirconium dichloride (EBI-
ZrCl2) while a not specified amount of the same branch-
ing was found by Wang et al.2 in polyethylene obtained
with other asymmetric zirconocenes. An isomerization
mechanism for the ethyl branches formation has been
proposed involving â-hydrogen transfer to the incoming
monomer. This reaction should be in competition with
the back skip when the growing chain is in the inward
site, where the conformation suitable for insertion
should have higher energy, according to the calcu-
lations of Guerra et al.3 for the propene polymeri-
zation with meso-ethylenebis(4,5,6,7-tetrahydro-1-inde-
nyl) ligands. On the basis of this hypothesis, the
branching mechanism should be more or less active
depending on the constraints of the meso ligands’
environment.

In the investigation of several meso-zirconocene-based
catalysts, we have found the remarkable behavior of the
title zirconocene, which has been isolated from the
meso-racemic mixture4 by crystallization from toluene
and characterized by 1H NMR.5 Actually the 13C NMR
spectrum of polyethylene synthesized at 50 °C and 1
atm monomer pressure shows a complex series of peaks
in addition to the signal of polymethylene sequence at
29.9 ppm and to the signals of ethyl branches. The
sample obtained at lower polymerization temperature

(20 °C) shows a simplified NMR spectrum with reso-
nances assigned to ethyl branches (11.2, 26.6, 27.2, 30.3,
33.8, and 39.5 ppm), to n-alkane chain end (14.1, 22.8,
and 32.1 ppm), to vinylidene chain end (12.7, 28.3, 29.1,
36.5, 107.8, and 152.1 ppm), and with the unprec-
edented pattern of signals at 7.9, 23.4, 28.8, 31.0,
36.4,and 37.6 ppm.6 In Figure 1 is reported the 13C NMR
spectrum of the polyethylene7 obtained at 0 °C where
all the above signals are present. The relative intensities
of the signals of the unprecedented pattern increase
with decreasing the polymerization temperature. In the
polymer produced at -20 °C they become the more
intense signals besides the peak of polymethylene
sequence. To identify the structural feature accountable
for the unassigned pattern of resonances, oligomeric
products have been isolated from the reaction mixture
at -20 °C and analyzed by GC mass and NMR. The
oligomers mixture has the general formula (C2H4)n, with
n ranging from 7 to 14, and the 13C NMR spectrum is
substantially identical to that of the polymer but for
reduced intensity of the signal of polymethylene se-
quence. The 1H NMR spectrum, in CDCl3 at 25 °C,
shows resonances at δ ) 0.72 t, 0.86 t, 1.02 t, 1.10 bs,
1.18 q, 1.26 s, 1.40 m, and 2.01 m.

Extensive 1H and 13C NMR chemical shift assign-
ments have been carried out using a combination of
mono- (DEPT) and two-dimensional (COSY-DQF,8
HSQC,9 and HMBC10) experiments. In particular, the
connectivities at the branching point were deduced
through unambiguous rationalization of the key cross-
peaks observed in the HMBC experiment. Correlation
between the signals at δ ) 0.72 (CH3, t) and 1.18 (CH2,
q) with that belonging to the quaternary carbon, reso-
nating at 37.3 ppm, strongly suggests a bis-ethyl
branched hydrocarbon chain. This conclusion is also
corroborated by comparing the 13C NMR chemical shift
values of our double branched polyethylene chain with
those calculated using the known additivity rules.11 The
13C NMR chemical shifts assignment is reported in
Figure 2. On the basis of the relative intensities of the
above-described patterns of resonances, a structure can
be hypothesized with a n-alkyl chain end arising from
initiation through ethylene insertion into the Zr-H
bond, a vinylidene chain end arising from termination
(detachment of unsaturated chain from the metal), the
ethyl branching, and the typical double branching in the
inner part of the chain.

The mechanism responsible for the formation of
such a branching could be the simple prolongation of
the process previously proposed1 for the formation of
ethyl branches. In Figure 3 where the overall pathway
is reported is shown the intermediate 4 with the
branched chain in the inward site transferring the
â-hydrogen to the incoming monomer. Then the unsat-
urated chain end should give insertion through ethyl
migration from the outward site to form the quaternary
carbon.* Corresponding author. E-mail oliva@chem.unisa.it.

2 Macromolecules 2001, 34, 2-4

10.1021/ma0015119 CCC: $20.00 © 2001 American Chemical Society
Published on Web 12/08/2000



It is worth noting that no evidence of the presence of
this double branch was found by analyzing the poly-
ethylene obtained with meso-(EBIZrCl2). The compari-
son between the behavior of the two zirconocenes
suggests that the â-branched growing chain (intermedi-
ate 4) evolves toward insertion with the more crowded
EBIZrCl2 whereas either insertion or â-hydrogen trans-
fer occurs with the title zirconocene. In this picture the
monomer insertion occurs possibly after skip of the â
branched growing chain to the outward site. The
frequency of such a skip should decrease with decreas-
ing the temperature and correspondingly should in-

crease the â-hydrogen transfer and the quaternary
carbon centers formation.

Figure 1. 13C NMR spectrum of the polyethylene prepared at 0 °C (see text and note 6). The lines indicated by asterisks are the
unprecedented resonances.

Figure 2. Chemical shift assignment of the unprecedented
pattern of resonances.

Figure 3. Proposed mechanism for the formation of the
quaternary carbon.
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As a final remark we would like to stress that from
the above-described isomerization arises a kind of
branching lacking in chemically vulnerable tertiary
carbons and as a consequence a LLDPE with higher
stability toward oxidative degradation.
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