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ABSTRACT: Bimodal polyethylene is generated from a single
immobilized catalyst on a single support under a single set of reaction
conditions without introducing chain transfer agents. Using rac-
ethylenebis(1-indenyl)zirconium dichloride [(EBI)ZrCl2] immobi-
lized on a nickel-containing layered double hydroxide (LDH) support
produces two distinct molecular weight distributions. The ratio of
these two distinct fractions can be tuned by varying the LDH support
as well as by changing the reaction conditions.

The material properties of a polymer are intrinsically linked
to the molecular weight distribution (MWD) of the

individual chains.1 High molecular weight polyethylenes have
high tensile strength and abrasion resistance,2 while low
molecular weight polyethylenes are easily processed due to a
low melt viscosity3 and rapid crystallization.4 Blending of these
polymers with distinct MWDs allows for tailoring of the
material properties to allow for improved mechanical proper-
ties and/or enhanced processability.5−8

Classical polyethylene catalysts such as Ziegler−Natta and
Phillips systems produce polymers with (very) broad MWDs
due to the multisite nature of these catalysts. By comparison,
the single site nature of metallocenes and other well-defined
homogeneous catalysts produce narrow monomodal MWDs,
where one catalyst produces one polymer material.9

Tuning a single well-defined catalyst to produce multiple
polymer microstructures under different conditions is therefore
of considerable academic and industrial interest.10−12 Solvents
can play a key role through influencing ion pairs,13 directly
interacting with the metal center,14 or inducing the formation
of clusters with multiple centers.15,16 Addition of species such
as chain-transfer agents,17−19 reducing and oxidizing
agents,20−22 Lewis acids and metal salts,23−27 and polar
additives28,29 can allow for the production of distinct polymer
architectures from a single catalyst precursor.
However, for industrial gas- or slurry-phase polymerization,

many of these methods are not yet commercially realized.
Instead, polymer blends are either produced by using reactor
cascades or by using blends of catalysts.30,31 Catalyst blends
can be used in solution32 but are typically immobilized on a
single support. Using two or more catalysts on a single support
can allow for the production of polymers with unique material
properties;33 however, care must be taken that the two
catalysts do not affect one another in a detrimental fashion.34

Recently, Mülhaupt and co-workers demonstrated that by
varying the amount of methylaluminoxane (MAO) used to
immobilize a chromium catalyst, distinct MWDs could be
obtained.35 A conceptually similar approach would be to create
a support with a range of sites, so that one metallocene might
behave in very different ways when immobilized on the surface.
A classical support for immobilizing metallocenes is silica,
often by using MAO as a cocatalyst.36,37 Silica lacks significant
chemical tunability, with typical methods focusing on
controlling the surface silanol concentrations by calcination,38

control of the physical properties such as pore size,39 and
reactions with surface silanols.40,41

By contrast, layered double hydroxides (LDHs) are a class of
highly tunable inorganic materials with the chemical
composition [M1−xM′x(OH)2]

y+[An−
n/y]·z(H2O), consisting

of layers of brucite-like metal hydroxides containing a mixture
of divalent (M) and trivalent (M′) metal ions in varying ratios
(0 < x < 1), with anions (A) intercalated between the layers to
balance the charge.
The concentration of hydroxide groups at the surface can be

controlled by calcination,42 and they have previously been used
as supports for slurry-phase polymerization.43−45 They can also
be templated onto silica46,47 and other inorganic materials,48,49

and these core−shells have also been used as supports for
polymerization catalysis.50

Here we demonstrate the potential of this tunable support
by varying the metallic composition of the LDH; this radically
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changes the molecular weight distribution of the polyethylene
produced by rac-ethylenebis(1-indenyl)zirconium dichloride
[(EBI)ZrCl2] immobilized on these supports. Two series of
LDHs were produced by a coprecipitation method, where the
theoretical ratio of M2+:Al3+ was fixed at 2:1 (Nix(Mg2−x)Al)
and 3:1 (Nix(Mg3−x)Al). In these series, the nickel content was
varied while other factors such as the coprecipitation pH (pH
10) and the intercalated anion (CO3

2−) were fixed. To ensure
all LDH supports had a large surface area, they underwent an
aqueous miscible solvent treatment by stirring in ethanol for 4
h.51 Nix(Mg2−x)Al and Nix(Mg3−x)Al can therefore be
represented by the general formulas Nix(Mg2−x)Al-
(OH)6(CO3)0.5(H2O)y(C2H5OH)z and Nix(Mg3−x)Al-
(OH)8(CO3)0.5(H2O)y(C2H5OH)z, respectively.
The purity of the LDH can be seen in the XRD powder

patterns (Nix(Mg2−x)Al shown in Figure 1; for Nix(Mg3−x)Al

see the Supporting Information; the TGA curves (Nix(Mg2−x)
Al are shown in Figure 2; for Nix(Mg3−x)Al and DTGA curves
for all samples, see the Supporting Information) and the good
agreement between the theoretical and actual nickel contents
(Table 1).
The XRD powder patterns show the expected Bragg

reflections associated with a crystalline LDH. There is a
small shift in position of the 110 Bragg reflection to higher 2θ
values as the Ni2+ content is increased. This is observed for

both the NixMg3−xAl and the NixMg2−xAl series and is
consistent with a decrease in the average metal−metal distance
(Table 1) as the larger Mg2+ ion is replaced with the smaller
Ni2+ ion.52 The a lattice parameters for both NixMg3−xAl and
the NixMg2−xAl vary linearly with Ni2+ content (Vegard’s law)
(Figure S2), thus indicating they form solid solution phases.
The TGA curves show the expected weight losses associated

with calcination of an LDH. Below 200 °C, there is loss of
interlayer solvent molecules (ethanol and water) seen as
distinct maxima in the DTGA at approximately 90 and 170 °C,
respectively. As the nickel content changes the ratio between
these two peaks changes, suggesting a change in the
composition of the interlayer solvents. Above 200 °C,
dehydroxylation of OH bonds in the LDH occurs; this is
associated with the partial loss of the carbonate anion and
formation of semiamorphous mixed metal oxides (also called
layered double oxides, LDO).53,54 The dehydroxylation
temperature has been previously shown to be dependent on
the nature of the M(OH)M2 sites (among other factors), and
as nickel content increases, the dehydroxylation temperature
decreases.55 For both series as the nickel content increases, the
residual weight at 800 °C increases as the magnesium ions are
replaced by heavier nickel ions.
Importantly, the residual weight at 800 °C correlates with

the theoretical Ni2+ content (Figure S5), suggesting there are
no amorphous impurities in the samples which were not
observed in the powder XRD patterns. In combination these
measurements suggest that the nickel supports are synthetically
pure and suitable for use in studying the influence of the nickel
content on polymerization.
To generate an appropriate mixed metal oxide support, the

LDH were calcined at 400 °C under vacuum for 3 h.53,54 The
resulting Layered Double Oxide (LDO) was then treated with
d-MAO (40 wt %), and (EBI)ZrCl2 was immobilized onto the
support. Polymerizations were performed by using hexanes as
the diluent and triisobutylaluminum (TiBA) as a scavenger. A
silica-based catalyst support (PQ-ES70X) calcined at 400 °C
for 6 h was also used for comparison purposes.
All catalysts were active for ethylene polymerization; no

clear trend was observed for the influence of nickel content on
productivity, but all catalysts were more active than the silica
reference under the conditions used here (see Table S1 for full
details of all polymerizations). However, the dramatic change
comes in the MWD of the polymer produced. While a broad
MWD (Mw/Mn > 5) is obtained for nearly all the supports
used here, a much broader MWD can be obtained for the LDO
series containing nickel, especially at higher temperatures.
While an approximately monomodal MWD is obtained for

all catalysts at 70 °C (see Figure 3 for an example), catalysts
based on supports with a high nickel content (e.g., Ni2Al) have
clearly become bimodal at 90 °C, while those based on nickel-
free LDO supports (Mg2Al and Mg3Al) and the silica reference
retain their monomodal distribution (see Figure 4). Note that
all these distributions are consistent with a multisite catalyst as
can be shown by deconvolution of the narrowest (Mw/Mn =
3.6) and broadest (Mw/Mn = 12.4) MWDs into multisite
models (5 and 7 sites, respectively). For this reason, it was
decided to represent the broadening of the MWDs simply in
terms of Mw/Mn (for more details on the deconvolution see
the Supporting Information).
Polymerization of ethylene using nickel and other late-

transition-metal catalysts is well established. A range of
molecular weights can be produced; however, they are typically

Figure 1. XRD powder patterns of Nix(Mg2−x)Al LDH.

Figure 2. TGA curves of Nix(Mg2−x)Al LDH.
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lower than those produced by metallocene catalysts due to
their propensity for β-H elimination and chain transfer, which
must be suppressed via sophisticated catalyst design.56−61 This
propensity for β-H elimination also leads to nickel-based
catalysts often producing highly branched polyethylene via
chain-walking processes.62 By contrast, the polymers produced
here are clearly linear and display sharp melting and

crystallization curves with peak melting temperatures typical
of HDPE produced by metallocenes, even when a clearly
bimodal polyethylene is produced (Figure 5). Reference

experiments performed at 90 °C using the support prior to
the immobilization of the metallocene did not produce
polyethylene, clearly demonstrating the role of the zirconocene
in producing the low molecular weight fraction (see Table S2
for more details).
This bimodality is clearly temperature sensitive (see Figure

6), but it can also be tuned by the nickel content of the support
(see Figures 6 and 7). As the nickel content is increased, the
bimodality increases; as is indicated by the change in dispersity
(Mw/Mn), this triples from ∼4 (for Mg2Al) to over 12 (for a
Ni2Al LDO support at 90 °C).
Clearly, when (EBI)ZrCl2 is immobilized on an LDO

containing nickel, a lower molecular weight fraction is
produced. This low molecular weight fraction must still be
generated by the metallocene and is likely the result of a
distinct ion pair forming under polymerization conditions,
which has distinct reactivity with (for example) the scavenger
TiBA. The influence of ion pairing on the kinetics of olefin
polymerization has been extensively demonstrated by using
well-defined activators,63−67 and it has been shown that
different types of MAO produce distinct cation−anion pairs
which undergo termination via transfer to aluminum alkyls at
different rates.68

Table 1. LDH Supports Synthesized in This Study and Their Composition

support sample
name

theoretical Ni:Mg
ratioa

actual Ni:Mg
ratiob

theoretical M(II) Ni
content (%)c

actual M(II) Ni content
(%)d

residual weight at 800
°C (%)e

metal−metal
distance (Å)f

Mg2Al 0:2 0:1.82 0 0 52.1 3.0362
NiMgAl 1:1 0.98:0.99 50 49.6 56.9 3.0302
Ni2Al 2:0 1.95:0 100 100 60.1 3.0186
Mg3Al 0:3 0:2.87 0 0 52.4 3.0576
NiMg2Al 1:2 0.94:1.92 33.3 32.9 55.7 3.0546
Ni2MgAl 2:1 1.92:0.96 66.7 66.8 58.9 3.0470
Ni3Al 3:0 2.89:0 100 100 62.3 3.0408

aBased on molar ratios of metal nitrates used in the synthesis, relative to Al. bDetermined by ICP-MS, relative to Al. cBased on ratios of metal
nitrates used in the synthesis. dAs determined by ICP-MS. eAs determined by TGA, 30−800 °C, 5 K min−1. fDetermined from the position of 110
Bragg reflection in the XRD powder pattern.

Figure 3. MWD of polyethylene produced by using two selected
catalysts based on Ni2Al and Mg2Al LDOs and the silica reference at
70 °C.

Figure 4. MWD of polyethylene produced by using two selected
catalysts based on Ni2Al and Mg2Al LDOs and the silica reference at
90 °C.

Figure 5. DSC of polyethylene produced by using selected catalysts
based on Mg2Al, NiMgAl, and Ni2Al LDO supports at 90 °C.
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The Lewis acidity of the support has been previously shown
to influence how MAO and aluminum alkyls bind to protic
supports,69 while interactions with the support may influence
the stability of MAO species, the barrier to activation, and the
cation−anion separation for MAO/metallocene ion pairs.70

Recently, we demonstrated that the Lewis acidity of an LDO
surface can increase the productivity of (EBI)ZrCl2 immobi-
lized using MAO by influencing the ion-pairing.71 This Lewis
acidity can be shown by a change in the absorption of NH3,
from binding solely via hydrogen bonds (“type A” sites) to
incorporating both a hydrogen bond and a dative bond (“type
B” sites, see Figure 8).72

Upon comparison of the TPD profiles of Nix(Mg2−x)Al
LDO, it is apparent that there is a dramatic change in the
Lewis acidity of the supports. While for Mg2Al most of the
ammonia is bound via hydrogen bonds, the contribution of
Lewis acidic sites increases dramatically with the nickel content
(Figure 9). The amount of ammonia bound by the LDO
increases with nickel content, from 0.22 to 0.69 mmol g−1, and
Ni2Al binds ammonia more strongly, reflected in the higher

peak desorption temperature (171 and 190 °C for NiMgAl and
Ni2Al, respectively) and more desorption occurring at
temperatures above 200 °C.
Deconvolution of these curves suggests that for Nix(Mg2−x)

Al this is associated with an increase from 0.03 to 0.44 mmol
g−1 of ammonia being bound via type B sites (Figure 10; see
the Supporting Information for more details about the
deconvolution of TPD curves). These results are consistent
with previous studies which show that nickel, in contrast to
magnesium, can contribute to the overall Lewis acidity of the
LDO.72

Clearly the presence of a high number of acidic sites
influences the anionic structure of the MAO on the surface.
Further characterization of these changes is challenging due to
poorly defined structures of both the LDO support and the
MAO used to react with the surface and the low amount of
zirconocene used (0.5 wt %). The paramagnetic nature and
intense coloration of the nickel-containing supports also
prevent the use of ssNMR and DR−UV−vis techniques.
However, we can assume that these changes influence the ion
pairs formed when the zirconocene [(EBI)ZrCl2] reacts with
the support. Different ion pairs will have not only different
rates of reaction with the scavenger (TiBA)68 but also differing

Figure 6. Change in dispersity (Mw/Mn) with temperature for
catalysts based on Nix(Mg2−x)Al LDO supports. The reference
catalyst based on a silica support is also included.

Figure 7. Change in dispersity (Mw/Mn) at 90 °C showing an increase
with increasing nickel content for catalysts based on Nix(Mg2−x)Al
and Nix(Mg3−x)Al LDO supports.

Figure 8. Temperature-programmed desorption of ammonia from the
surface of Mg2Al LDO, showing the distinct types of sites.

Figure 9. Temperature-programmed desorption of ammonia from the
surfaces of Nix(Mg2−x)Al LDOs, showing a significant increase in the
ammonia bound via Lewis acidic “type B” sites for high nickel content
LDOs.
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activities.71 Interestingly, the nickel-containing supports dis-
play enough chemical heterogeneity to produce ion pairs,
which produce a high molecular weight polyethylene as well as
new sites that readily react with TiBA to give a low molecular
weight fraction.
In conclusion, incorporating nickel into an LDH-based

support allows the generation of bimodal polyethylene in
slurry-phase polymerization using rac-ethylenebis(1-indenyl)
zirconium dichloride, a commercial metallocene catalyst on a
single support. This results from an extreme change in the
Lewis acidity of the support surface. This bimodality can be
tuned by the degree of nickel in the support and is also
influenced by polymerization temperature. This approach of
using the chemical tunability of a support to influence the
polymer produced allows for an easily adopted approach to
produce distinct polymer blends using a single catalyst under a
single set of conditions.
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