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Abstract: The functionalization and cross-linking of polyethylene
is synthetically challenging, commonly relying on highly optimized
radical based postpolymerization strategies. To address these
difficulties, a norbornene monomer containing Meldrum’s acid is
shown to be effectively copolymerized with polyethylene using a
nickel R-iminocarbaxamidato complex, providing high-melting,
semicrystalline polymers with a tunable incorporation of the
functional comonomer. Upon heating the copolymer to common
polyethylene processing temperatures, the thermolysis of Meldrum’s acid to ketene provides the desired reactive group. This
simple and versatile methodology does not require small molecule
radical sources or catalysts, and the dimerization of the in situ
generated ketenes is shown to provide tunable cross-linking
densities in polyethylene. Subsequent rheological and tensile
experiments illustrate the ability to tune cross-linked polyethylene
properties by comonomer incorporation and elucidate valuable
structure/property relationships in these materials. This study
illustrates the power of well-defined and synthetically accessible
functional groups in polyolefin synthesis and functionalization.

The ability to reactively process and/or postmodify polyolefins
is a major challenge in synthetic polymer chemistry.1 The continuing interest in overcoming this challenge is driven by the wide range
of applications afforded by cross-linked or functionalized derivatives
of polyolefins. For example, the introduction of cross-links into
polyethylene (PE) is prominently exploited in the design of high
voltage cable insulation, biomedical joint replacement parts, and
hot-water piping.2,3 In addition, the grafting of polymer or small
molecules onto PE provides access to new materials with improved
physical and mechanical properties, such as increased affinity for
polar surfaces/interfaces, efficient compatibilizing agents for commodity plastic blends, etc.4 Synthetic hurdles to the controlled
introduction of cross-links and functionality remain, however, due
to the low reactivity of the C-H bonds along the polyolefin
backbone coupled with the sensitivity of typical olefin polymerization catalysts to reactive functional groups.
The most commonly used strategy for controlling postpolymerization modification of polyolefins is a multicomponent, processingdriven approach which relies on inducing main-chain radicals
through high energy irradiation5 or reactive processing in the
presence of peroxides,6 followed by uncontrolled radical-radical
coupling or addition reactions.1 While commercially successful, this
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Scheme 1. Synthesis of Meldrum’s Acid Functionalized
Norbornene (3) and Subsequent Copolymerization with Ethylene
Employing the Nickel R-Iminocarbaxamidato Complex 4

strategy leads to poorly defined polymeric structures and requires
highly optimized conditions, extra processing steps/additives, and
significant energy input. In contrast, development of a synthesisdriven, molecular approach involving the controlled introduction
of reactive functional groups into the backbone of PE and other
commodity polyolefins would allow for precise tailoring of polymer
reactivity and final physical properties. The ultimate goal is the
development of modular, well-defined, and synthetically accessible
building blocks that provide for robust and efficient cross-linking
and/or functionalization of polyolefins.
The key to this strategy is the incorporation of a stable building
block into the polyolefin backbone that not only is compatible with
the polymerization chemistry but also allows for the subsequent
quantitative generation of reactive functional groups. Recently, we
demonstrated the utility of Meldrum’s acid based building blocks
as a thermolytic precursor to dialkyl ketenes in vinyl polymer
synthesis and functionalization.7 The chemistry of ketenes, specifically their ability to provide cross-linking Via dimerization and
functionalization Via nucleophilic addition, suggests that this
versatile chemistry can provide access to reactive sites on a variety
of polymer backbones. Formation of the ketene intermediates
involves thermal treatment of 5,5-dialkyl-2,2-dimethyl-1,3-dioxa4,6-dione (or 5,5-dialkyl Meldrum’s acid),8 which forms dialkyl
ketene derivatives after loss of acetone and carbon dioxide9 at
temperatures compatible with the thermal stability and low reactivity
of polyolefin backbones. Herein, we show that this strategy is
particularly useful in commodity polyolefin systems, as thermolytic
generation of reactive moieties takes place without the use of smallmolecule radical sources or sensitive catalysts, and it is well-suited
to the thermal treatment required for PE melt processing.
Traditionally, the introduction of functional groups is difficult
for polyolefin systems, as polar groups deactivate conventional
10.1021/ja1060643  2010 American Chemical Society
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Table 1. Physical and Molecular Properties of Copolymers
Entry

PC2H4c

[3]0d

Ae

Mnf

PDI

mol % 3g

Tmh

Xci

PE1
PE2
PEC1
PEC2
PEC3
PEC4b
PEC5
PEC6
PEC7
PEC8b
PEC9
PEC10

50
100
50
50
50
50
100
100
150
150
175
200

0.000
0.000
0.002
0.005
0.008
0.008
0.008
0.011
0.015
0.015
0.015
0.015

560
240
280
100
15
75
130
30
30
50
70
50

124
110
79
54
15
61
106
87
25
79
57
93

1.5
1.4
2.1
2.3
2.7
2.2
1.9
1.9
2.6
2.4
2.4
1.7

0.00
0.00
0.09
0.46
0.70
0.30
0.32
0.56
0.79
0.44
0.45
0.50

125
128
125
123
115
121
125
123
121
123
124
123

0.44
0.45
0.39
0.29
0.26
0.31
0.38
0.24
0.31
0.44
0.32
0.37

a
Reaction time of 15 minutes unless noted. b 30 min reaction time.
Pressure of ethylene (psi). d Concentration of 3 in M. e Activity (kg/
mol · h). f Mn (kg/mol) determined by GPC with polystyrene standards.
g
mol % of 3 determined by 1H NMR spectroscopy. h Melting point (°C)
determined by DSC. i Degree of crystallinity (%) determined by DSC.
c

olefin polymerization catalysts. In response, late transition metal
catalysts have been developed which can incorporate polar comonomers into polyolefins.10 Specifically, nickel R-iminocarbaxamidato
complexes have been shown to be adept at copolymerizing ethylene
and functionalized norbornenes with low to moderate levels of
incorporation.11,12 Thus, we anticipated that the same catalyst could
also incorporate a Meldrum’s acid functionalized norbornene, 2′,2′dimethyl-spiro [bicyclo[2.2.1]-hept-5-ene-2,5′-[1,3]dioxane]-4′,6′dione, 3.4 The monomer, 3, was prepared Via a low temperature
Diels-Alder cycloaddition from the methylene Meldrum’s acid
precursor 213 and cyclopentadiene, as described previously.4
Copolymerization of ethylene with the functionalized norbornene,
3, using [N-(2,6-diisopropylphenyl)-2-(2,6-diisopropylphenylimino)isobutanamidato] Ni(η1-CH2Ph) (PMe3), 4, activated with
bis(1,5-cyclooctadiene) nickel, 5, was then investigated (Scheme
1). In these reactions, ethylene was continuously fed to a solution
of 4 and 5 (0.24 and 0.6 mM, respectively) in the presence of 3 at
20 °C to generate the copolymers described in Table 1. The
concentration of 3, ethylene pressure, and reaction time were
systematically varied in order to determine the optimal reaction
conditions to generate ethylene-co-norbornyl Meldrum’s acid (PEco-MelA, 6), with the incorporation of 3 determined by 1H NMR
(Supporting Information). Although the incorporation of 3 can be
increased by increasing the initial concentration of 3 in the reaction
mixture, as illustrated in PEC3, this also has the detrimental effect
of decreasing polymerization activity and molecular weight and
increasing the polydispersity (PDI). Conversely, increasing ethylene
pressure and reaction time results in an increase in number average
molecular weight (Mn) and a decrease in PDI.
This synthetic study illustrates the subtle balance that is required
to obtain copolymers with both high comonomer content and high
Mn. The optimal copolymers (PEC5, PEC6, and PEC10), with
respect to high Mn, moderate Meldrum’s acid incorporation, and
minimal disruption of melting point and crystallinity, were achieved
with higher pressures of ethylene and a concentration of 3 of 0.01
to 0.015 M. These conditions yield polymers with molecular weights
at or above 90 kg/mol, PDIs below 2, and incorporations of 3 around
0.5 mol %, resulting in approximately 15-20 Meldrum’s acid units
per polymer chain. It is also significant to note that the PE-coMelA copolymers preserve the beneficial properties of the parent
PE material, specifically a high melting point and degree of crystallinity, while inheriting the functionality provided by thermolytically generated ketenes.
Having successfully incorporated the reactive Meldrum’s acid
units into PE through the use of a nickel-based catalyst, it was

Scheme 2. Cross-Linking of PE-co-MelA, 6, through the
Dimerization of Thermally Generated Ketenes

important to understand the thermolysis behavior of the norbornane
building block. Employing a small molecule analogue (see Supporting Information) of the functional polymer backbone unit, full
thermolysis to the desired ketene was observed after heating for
30 min at 185 °C. This temperature profile is compatible with
polyethylene systems, as standard processing temperatures are in
the range of 180-220 °C.1 Accordingly, the gel content of the crosslinked polyethylene was determined by heating pellets of 6 (derived
from samples PEC2-10) at 185 °C for 1 h followed by rigorous
extraction of the cross-linked materials with refluxing chlorobenzene
and subsequent drying (Scheme 2, Figure S2). The gel content, a
representative measure of the cross-linking efficiency of the PEco-MelA polymers, was shown to scale with the concentration of
Meldrum’s acid units along the backbone. Significantly, it was
found that above one Meldrum’s acid unit per 300 ethylene repeat
units (i.e., 10 units for a PE chain of Mn ) 100 000 a.m.u.), the
cross-linking efficiency is over 90%. Such cross-linking efficiency
is in stark contrast to conventional radical-induced cross-linking,
where 15 mol % of a small molecule radical source, relative to
PE, and extensive processing are needed to produce cross-linked
polyethylene with a gel content above 90%.14
This new strategy, where tuning comonomer incorporation allows
for accurate control of the cross-linking density for polyethylene,
holds considerable potential in developing fundamental structure/
property relationships of cross-linked polyolefin materials. To
demonstrate this point, a rheological study which tracked the storage
and loss moduli (G′ and G′′) in a series of materials was performed
to monitor the viscoelastic response of the polymers as a function
of cross-linking (Figure 1). The consequence of cross-linking
becomes apparent above the melting point of the materials (150
°C). As expected for cross-linked materials, the storage modulus
is significantly higher than that of the un-cross-linked PE and
increases with comonomer incorporation (Figure 1).15 For example,

Figure 1. Rheology data collected at 150 °C comparing the storage modulus
(G′) of samples cross-linked through the dimerization of ketenes to that of
native polyethylene.
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Figure 2. Elastic region of the stress-strain curve for samples of

polyethylene cross-linked through ketene dimerization-strain at break is
920%, 440%, and 170% for the samples with 15%, 85%, and 100% gel
contents, respectively.

the G′ of a cross-linked sample of PE-co-MelA with 95% gel
content is at least an order of magnitude larger than that for a PE
sample of similar molecular weight in all frequencies sampled.
Furthermore, the G′ increases with cross-linking density, as the
material with a gel content of 15% has a G′ in between that of
native PE and the more highly cross-linked sample. The relationship
of G′ to G′′ gives further evidence of cross-linking and the material’s
improved properties at elevated temperatures (Supporting Information, Figure S5). In both cross-linked samples, G′ remains almost
an order of magnitude higher than G′′ at 150 °C in all frequencies
sampled. The native PE sample in the same conditions, however,
appears very close to its crossover point, where G′ becomes smaller
than G′′ and the material is able to flow. Significantly, the same
resistance to flow evidenced here is one of the many properties of
cross-linked PE that makes it valuable in thermally demanding
applications such as high-voltage cable insulation and hot-water
piping.16 This rheological structure/property study not only provides
further evidence of cross-linking but also demonstrates that the final
properties of these cross-linked PE materials can be tuned by
controlling the comonomer content.
To gain further insight into our ability to control the mechanical
behavior of cross-linked PE, the tensile properties of the materials
were examined through stress-strain tests. As shown in Figure 2,
the change in properties after cross-linking is quite dramatic,
especially considering the low density of cross-links in these
materials. As we shift from native PE to a material with 100% gel
content,17 we observe a nearly 2-fold increase in Young’s modulus,
from 150 to 292 MPa, and a drastic decrease in elongation at break,
from 1500 to 170%. Furthermore, the samples with gel contents of
15% and 85% show intermediate values of Youngs’ moduli and
elongation at break. Although Young’s modulus should increase
and is known to do so in samples cross-linked through irradiation,3
the magnitude of the increase in Young’s modulus for our materials
is surprising and lacks significant literature precedence. The tensile
data presented demonstrate the ability to tailor the physical
properties of cross-linked polyethylene systems through polymer
synthesis.
The decrease in ductility of polymers seen in the tensile testing
is a common result of cross-linking,3,15 but such behavior in PEco-MelA shows that the chemical cross-links dominate the physical
properties even at ambient temperatures. Past work attempting to
deduce such structure/property relationships in cross-linked polyolefin systems has been convoluted by the many side reactions
inherent in the commercially employed radical-based cross-linking
14708
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process.3,18 The main chain radicals generated in these processes
can undergo the desired recombination reactions, but they also
disproportionate and fragment the PE chain, creating unsaturations
and decreasing the molecular mass of the PE material during crosslinking. The consequence of such complex reaction pathways makes
any structure/property relationship difficult to ascertain and requires
highly optimized conditions to generate commercially valuable
materials. Therefore, these results demonstrate the simplicity that
a thermally activated and efficient cross-linking strategy can have
for the generation of cross-linked polyolefin materials.19
In conclusion, the copolymerization of ethylene with a norbornene monomer containing a reactive Meldrum’s acid unit, 3,
using a nickel R-iminocarbaxamidato complex, 4, provides high
molecular weight copolymers with levels of crystallinity and melting
temperatures similar to those of native PE. By employing standard
thermal conditions used for PE melt processing, highly efficient
cross-linking is observed in these systems through the generation
of reactive ketene groups. The ability to tune the incorporation of
Meldrum’s acid in the polymer backbone provides synthetic control
of cross-linking density and subsequent rheological and tensile
properties. In addition, the ability to postmodify a PE backbone
while employing no catalysts or extra reagents is very different
from the traditional multistep processes and offers a range of
advantages.20 The modular approach inherent in this strategy also
provides the potential to understand the fundamental relationship
between polyolefin synthesis, cross-linking, and final polymer
properties in a wide range of commercially relevant polyolefin
materials.
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