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ABSTRACT: Thermoplastic elastomers (TPE) can be easily molded, extruded, and reused like plastics and exhibit typical elastic
properties like rubbers. They are widely used in the automotive sector and household appliances sector. The synthesis of
thermoplastic polyolefin elastomers using only ethylene as feedstock in a single step is a fascinating concept. The synthesis of
polyethylene thermoplastic elastomers through α-diimine nickel catalyzed ethylene polymerization has been successfully achieved in
recent years. However, the utilization of α-diimine palladium catalysts for this purpose is much more challenging due to their greater
chain-walking tendency versus the nickel counterpart, thereby leading to the formation of highly branched polyolefins with poor
mechanical properties. In this contribution, we report the direct synthesis of polyethylene thermoplastic elastomers through α-
diimine palladium catalyzed ethylene polymerization. With exquisite catalyst design and polymerization regulation, polyethylene
thermoplastic elastomers with great mechanical and elastic properties can be obtained. Most importantly, polar functionalized
polyethylene thermoplastic elastomers bearing great elastic properties can be generated through copolymerization of ethylene with
biomass-derived comonomers.

■ INTRODUCTION

Thermoplastic elastomer (TPE) is a class of polymeric material
that exhibits rubber elasticity at room temperature and can be
plasticized at high temperature. Therefore, such polymers have
some of the characteristics of both thermoset rubbers and
thermoplastics. They are widely used in industry as spanning
tires, rubber, clothing, insulators, and many others.1,2 The
distinguishing structural feature of thermoplastic elastomer is
that the polymer chains are connected in series or grafted with
some chemically different plastic segments (hard segments)
and rubber segments (soft segments).3 The majority of
polyolefin-based TPEs are generated by the copolymerization
of ethylene with higher α-olefins by using metallocene
catalysts.4−7 Most of these copolymers are composed of
crystalline polyethylene or polypropylene as “hard” segments
to create physical cross-links needed for elastic recovery and
amorphous atactic polypropylene or ethylene−higher α-olefin
copolymer as the “soft” segments with low Tg value.
Thermoplastic polyolefin elastomers are essentially branched
polyethylene. Some late-transition-metal-based catalysts exhibit
unique “chain walking” properties, generating branched

polyethylene in ethylene homopolymerization.8,9 Recently,
the Ricci group10 and Coates group11 developed a multiple-
step strategy for the synthesis of thermoplastic polyolefin
elastomers using α-diimine nickel catalysts, in which higher α-
olefins (1-decene or 1-dodecene) are required. The synthesis
of thermoplastic polyolefin elastomers in one step using only
ethylene as the feedstock is a fascinating concept and holds
great potentials for practical applications. For example, some
asymmetric α-diimine nickel catalysts (Scheme 1, A and
B)12,13 led to the formation of polyethylene elastomers with
great elastic properties (strain-at-break values of 300%−1800%
and elastic recovery of 42%−85% after 10 cycles at 300%
strain). Some highly sterically hindered acenaphthene-based α-

Received: January 13, 2020
Revised: March 3, 2020
Published: March 23, 2020

Articlepubs.acs.org/Macromolecules

© 2020 American Chemical Society
2539

https://dx.doi.org/10.1021/acs.macromol.0c00083
Macromolecules 2020, 53, 2539−2546

D
ow

nl
oa

de
d 

vi
a 

IS
T

A
N

B
U

L
 U

N
IV

 -
 C

E
R

R
A

H
PA

SA
 o

n 
N

ov
em

be
r 

7,
 2

02
2 

at
 1

4:
44

:3
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.



Scheme 1. α-Diimine Nickel Catalysts with Capabilities of Generating Thermoplastic Polyethylene Elastomer from Only
Ethylene as Feedstock

Scheme 2. Ethylene Copolymerization with 10-Undecenoic Acid and Its Derivatives Derived from Castor Oil

Scheme 3. (a) Synthesis of the tBu-Substituted α-Diimine Ligands (L1 and L2) and the Corresponding Palladium Complexes
(1 and 2); (b) Selected α-Diimine Palladium Catalysts That Can Generate Polyethylenes with Different Branching Densities
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diimine nickel complexes catalyzed ethylene polymerization to
generate thermoplastic polyethylene elastomers (Scheme 1, C,
D, and E).14−17 The thermoplastic polyethylene elastomer
produced by these catalysts have high molecular weight (Mw
up to 450.5 × 104 g mol−1) and great elastic properties. Sun
and co-workers also reported some α-diimine nickel catalysts
with similar properties.18

Currently, most polymeric materials are derived from
nonrenewable fossil resources. With the shortage of fossil
resources and the deterioration of the environment, the use of
biorenewable compounds for polymer synthesis is receiving
increasing attention.19−21 Among various renewable resources,
plant oils and their derivatives have become more and more
popular in the field of polymer synthesis.22−25 10-Undecenoic
acid (UA) can be obtained by the pyrolysis of ricinoleic acid
derived from castor oil (Scheme 2).26,27 It has been used in the
manufacture of many pharmaceuticals, personal hygiene
products, cosmetics, perfumes, and polymers such as nylon-
11.26,28 The “soft” long alkyl structure of UA might result in
low glass transition temperature (Tg) of the polymers derived
from it. A series of 10-undecenoic acid derivatives can be
obtained by chemical transformations such as esterification and
amidation, which serve as important starting materials in the
preparation of biodegradable elastomers, hydrogels, adhesives,
emulsifiers, and photosensitive materials.29,30

Compared with α-diimine nickel catalysts, α-diimine
palladium counterparts possess a much higher tendency to
chain walk, thereby leading to the formation of highly
branched polyethylenes with poor mechanical/elastic proper-
ties.31,32 One superior feature of α-diimine palladium catalysts
over the nickel counterparts is their good copolymerization
capability with polar comonomers. Although some α-diimine
nickel catalysts have been shown to be able to copolymerize
ethylene with polar comonomers, a large amount of aluminum
cocatalyst is required. Moreover, the presence of polar
comonomers will greatly reduce polymer molecular weights
for the case of nickel catalysis,15,33,34 which is detrimental to
mechanical and elastic properties. In this work, we reported the
synthesis of thermoplastic polyethylene elastomers using some
specially designed α-diimine palladium catalysts (Scheme 3).
Furthermore, the synthesis of polar functionalized thermo-
plastic polyethylene elastomers was demonstrated through
ethylene copolymerization with 10-undecenoic acid and its
derivatives.

■ RESULTS AND DISCUSSION

Catalysts Synthesis. 2,6-Bis(di-p-tert-butylphenyl)-4-
methylaniline and 2,6-bis(di-p-tert-butylphenyl)-4-methoxyl-
aniline were prepared according to the literature procedures.35

Ligands L1 and L2 were prepared from the reactions of
anilines with 0.5 equiv of 2,3-butanedione at 78% and 65%
yields by using the method developed by our group (Scheme
3).36,37 The palladium complexes 1 and 2 were obtained at
61% and 55% yields from reactions of the corresponding
ligands with 1 equiv of (COD)PdMeCl (COD = 1,5-
cyclooctadiene). These palladium complexes were character-
ized by 1H and 13C NMR spectroscopy, elemental analysis, and
mass spectrometry. For comparison, the previously reported
palladium complexes 3−737,38 were prepared to screen the
optimum catalysts for the synthesis of polyethylene thermo-
plastic elastomers. The molecular structure of complex 2 is
shown in Figure 1. The Pd center adopts a slightly distorted

square-planar geometry, and the effective blockage of the axial
positions of the Pd center can be observed from the structure.

Ethylene Polymerization. Palladium complexes 1−7 are
highly active in ethylene polymerization when activated by the
addition of 2.0 equiv of sodium tetrakis(3,5-bis(trifluoro-
methyl)phenyl)borate (NaBAF) (Table 1). For complexes 1
and 2, polymerization parameters are not very sensitive toward
ethylene pressure (Table 1, entries 1−6). Complex 2 exhibited
decreasing polymerization activities over 3 h, while the
polyethylene molecular weights increased from 14.29 × 104

to 45.43 × 104 Da (Table 1, entries 7−9 and 5). The most
notable feature of these two catalysts is the production of
moderately branched and high-molecular-weight polyethylenes
(B = ca. 60/1000C,Mn > 300 kDa) with low Tg values (−64 to
−43 °C). The low melting enthalpies (24−45 J/g) of these
polyethylenes are attributed to the branched polymer micro-
structures. The ethylene pressure and ligand electronic effect
can slightly affect polymer branching density, with the higher
pressure and electron-donating substituent favoring the
formation of lower branching polymer products. Complexes
3−7 were strategically selected for comparison because they
afford polyethylenes with similar molecular weights as 1/2 but
with varied branching densities (Table 1, entries 10−14).

Ethylene/Polar Monomer Copolymerization. The α-
diimine palladium catalysts have been widely used in
copolymerization of ethylene with polar comonomers due to
their great polar group tolerance.36−40 The incorporation of
polar comonomers can modify many important properties of
nonpolar polyethylenes such as surface properties, adhesion,
and compatibility with other materials.41−49 In this system, 1
and 2 can mediate efficient copolymerizations of ethylene with
10-undecenoic acid (UA) and its derivative 10-methyl
undecanoate (MU) at 6 atm and 30 °C. These catalysts
showed moderate activities (ca. 104 g/(mol Pd·h)), producing
high-molecular-weight copolymers (Mn up to 341 kDa) with
moderate comonomer incorporations (ca. 1%) (Table 2,
entries 1−4). Catalyst 2 produced copolymers with slightly
higher molecular weights and slightly higher comonomer

Figure 1. Molecular structure of complex 2 in the solid state.
Hydrogen atoms have been omitted for clarity. Atoms are drawn at
30% probability level. Selected bond lengths (Å) and angles (deg):
Pd1−N1 2.057(2), Pd1−C0 2.088(19), Pd1−N2 2.045(3), Pd1−Cl1
2.253(3), C0−Pd1−N2 92.4(5), N2−Pd1−N1 79.10(10), N1−Pd1−
Cl1 97.61(10), and C0−Pd1−Cl1 91.4(5).
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Table 1. Ethylene Homopolymerization Using Palladium Complexes 1−7a

entry cat. time (h) P (atm) yield (g) activityb Mn
c (×10−4) PDI Bd Tm

e (°C) enthalpye (J/g) Tg
e (°C)

1 1 3 2 3.10 1.03 33.58 1.97 63 33 24 −63
2 1 3 4 4.30 1.43 45.58 1.95 62 38 32 −64
3 1 3 6 4.12 1.37 31.74 2.00 59 42 41 −45
4 2 3 2 3.15 1.05 42.29 1.82 67 28 34 −52
5 2 3 4 3.96 1.32 45.43 1.94 65 35 45 −50
6 2 3 6 4.37 1.46 44.48 2.44 64 38 40 −43
7 2 0.5 4 2.08 4.16 14.29 1.91
8 2 1 4 2.70 2.70 28.92 1.81
9 2 2 4 3.53 1.77 31.34 1.84
10 3 3 6 4.37 1.46 23.96 1.97 75 −13 14 −65
11 4 3 6 5.67 1.89 27.67 2.28 63 28, 63 39 −63
12 5 3 6 6.24 2.08 48.56 1.99 44 61 44
13 6 3 6 7.28 2.43 47.09 1.86 28 85 44
14 7 3 6 8.97 2.99 53.78 1.77 17 107 68

aConditions: 10 μmol of precatalyst, 2.0 equiv of NaBAF, 2 mL of CH2Cl2, 40 mL of toluene, 30 °C. bActivity = 105 g/(mol Pd·h). cMolecular
weight was determined by GPC in trichlorobenzene at 150 °C by using polystyrene standards. dB = branches per 1000 carbons, determined by 1H
NMR spectroscopy. eDetermined by differential scanning calorimetry, second heating.

Table 2. Ethylene/Polar Comonomer Copolymerizationa

entry cat. time (h) P (atm) comon
[M]

(mol/L) yield (g) activityb XM
c (%)

Mn
d

(×10−4) PDI Be Tm
f (°C)

enthalpyf

(J/g) Tg
f (°C)

1 1 12 6 UA 0.5 1.58 1.32 1.2 6.65 2.25 53 33 37 −64
2 1 12 6 MU 0.5 1.77 1.48 1.3 25.40 1.52 61 20 43 −50
3 2 12 6 UA 0.5 2.68 2.23 1.3 16.25 2.15 61 24 10 −65
4 2 12 6 MU 0.5 1.17 0.98 1.4 34.09 1.38 64 14 41 −48
5 2 12 6 UA 1.0 1.02 0.85 3.2 3.71 2.30 70 g g g
6 2 12 4 UA 0.5 1.43 1.19 2.8 4.12 2.15 72 g g g
7 2 12 2 UA 0.5 0.47 0.39 3.8 1.17 1.98 76 g g g
8 2 2 6 UA 0.5 0.72 3.60 3.30 2.47
9 2 4 6 UA 0.5 1.12 2.80 5.11 1.83
10 2 6 6 UA 0.5 1.66 2.77 6.08 2.25
11 2 8 6 UA 0.5 1.92 2.40 12.31 1.90
12 2 10 6 UA 0.5 2.36 2.36 14.04 2.27
13 2 2 6 MU 0.5 0.18 0.90 5.11 1.67
14 2 4 6 MU 0.5 0.46 1.15 8.75 1.28
15 2 6 6 MU 0.5 0.68 1.13 14.48 1.44
16 2 8 6 MU 0.5 0.92 1.15 18.21 1.51
17 2 10 6 MU 0.5 1.08 1.08 23.74 1.48

aConditions: 0.010 mmol of precatalyst, 2.0 equiv of NaBAF, 2 mL of CH2Cl2, total volume of toluene and polar monomer: 20 mL, 30 °C.
bActivity = 104 g/(mol Pd·h). cXM = comonomer incorporation (mol %). dMolecular weight was determined by GPC in trichlorobenzene at 150
°C by using polystyrene standards. eB = branches per 1000 carbons; branching numbers were determined by using 1H NMR spectroscopy; the
branches ending with functional groups are added to the total branches. fDetermined by differential scanning calorimetry (DSC). gNot observed at
the temperature range of −50 to 120 °C.

Figure 2. Plots of (a) yield vs time and (b) Mn vs time for 2-catalyzed ethylene copolymerization with UA (red) and MU (blue).
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incorporations, along with slightly higher branching densities
and lower melting points comparing with those produced by
catalyst 1 under the same conditions (Table 2, entry 3 vs 1 and
entry 4 vs 2). As expected, increasing comonomer concen-
tration from 0.5 to 1.0 M led to higher incorporation (3.2 mol
%) along with decreased catalytic activity and molecular weight
(Table 2, entry 5). When the ethylene pressure was decreased
from 6 atm through 4 atm to 2 atm, the comonomer
incorporation (up to 3.8 mol %) increased gradually while the
catalytic activity and molecular weight decreased dramatically
(Table 2, entries 3, 6, and 7). Importantly, the incorporation of
UA or MU unit can efficiently improve the surface properties
of the thermoplastic elastomer even at low comonomer
incorporation. As can be seen from Figure S1 (see the
Supporting Information), the water contact angle (WCA) was
105° for homopolyethylene (Table 1, entry 6). In contrast, the
incorporation of 1.3% UA comonomer (Table 2, entry 3) can

induce a ca. 20° WCA reduction, and the incorporation of
1.4% MU comonomer (Table 2, entry 4) can induce a ca. 14°
WCA reduction.
To investigate the influence of polymerization time, ethylene

copolymerizations with UA and MU catalyzed by 2 were
conducted in 2, 4, 6, 8, 10, and 12 h at 6 atm and 30 °C. The
copolymer yields increased nearly linearly as a function of time
over 12 h (Table 2, entries 3−4 and 8−17, Figure 2a).
Moreover, the copolymer molecular weights also increased
nearly linearly with polymerization time and reached over
16.25 × 104 g mol−1 for UA and 34.09 × 104 g mol−1 for MU
(Table 2, entries 3−4 and 8−17, Figure 2b). This feature is
characteristic of living polymerization, yet the PDI values
(1.83−2.47 for UA and 1.28−1.67 for MU) are considerably
greater than those expected for a living polymerization. This
behavior is likely due to rapid precipitation of the high-
molecular-weight polymers resulting in inhomogeneous

Figure 3. Stress−strain curves for polymers generated by (a) 1 at 2, 4, and 6 atm; (b) 2 at 2, 4, and 6 atm; (c) 2, 4, 5, 6, and 7 at 6 atm. (d) Stress−
strain curves for the polar functionalized copolymers.

Figure 4. Plots of hysteresis experiments of ten cycles at a strain of 300% for samples generated by 1 at 2 atm (a), 1 at 4 atm (b), 1 at 6 atm (c), 2
at 2 atm (d), 2 at 4 atm (e), 2 at 6 atm (f), 5 at 6 atm (g), 6 at 6 atm (h), and 7 at 6 atm (i).
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reaction conditions with a distribution of sites possessing
varying activities. The PDI values of ethylene−UA copolymers
are larger than those of ethylene−MU copolymers, which may
be due to the fact that ethylene−UA copolymers are more
likely to precipitate out of toluene. This phenomenon has been
previously encountered by Bazan and Brookhart, who have
termed this behavior as “quasi-living” polymerization.50,51

Properties of the Polymer and Copolymer Products.
The polyethylenes and polar functionalized polyethylenes
obtained by catalysts 1 and 2 are high-molecular-weight
polymers with moderate branching densities and low melting
points. Tensile strength analysis was performed for selected
polymer samples. The polymer films were melt-pressed at 150
°C under a pressure of 2.5 MPa for 10 min and cooled at a rate
of ∼6 °C/min to 25 °C. These films were subsequently cut
into dog-bone-shaped tensile bars with 12 mm gauge length, 2
mm width, and thickness of 0.5 mm. Clearly, the mechanical
properties of the resulting polyethylene and polar function-
alized polyethylene samples produced by catalysts 1 and 2 can
be modulated over a very wide range (Figure 3). These
samples exhibited low to medium stress-at-break values ranging
from 3.3 to 17.6 MPa and high strain-at-break values ranging
from 450% to 1850%. Generally, stress-at-break values and
Young’s modulus increased with increasing ethylene pressure
(Figure 3a,b and Table S1). The polyethylenes obtained by 1
have stronger ultimate tensile strength and tensile toughness
than those obtained by 2 under otherwise identical conditions.
This may originate from the fact that the electron-rich catalyst
1 produces polyethylene with lower branching density and
higher melting point than 2, which is consistent with the
above-mentioned ethylene pressure effect. The results reveal
that the mechanical properties of the obtained polyethylenes
can be modulated by varying polymerization conditions or
ligand electronic effect. For comparison, the polyethylene
samples generated from 5−7 showed stress-at-break values
ranging from 19.6 to 26.0 MPa and strain-at-break values
ranging from 500% to 860%. The samples from 5−7 showed
higher stress than those generated from 2 at the same strain
(Figure 3c), which is likely due to their lower degree of
branching and higher melting points. This is supported by the
fact that stress-at-break values and Young’s modulus increased
with increasing ligand steric bulkiness for 5−7 (Figure 3c).
The polyethylene product from 3 with high branching density
is a sticky solid, which cannot be melt-processed into a test
specimen. The sample from 4 is composed of hard and soft
components and can be easily broken during the tensile
experiment (Figure 3c). Complex 4 is a mixture of isomers,
which leads to a mixture of polyethylene chains with different
branching density, resulting in poor mechanical properties.
This is supported by the presence of two melting points for the
polymer product (Table 1, entry 11). The polar functionalized

copolymers generated by 1 and 2 showed lower stress-at-break
values than the homopolymer counterparts, probably due to
their lower molecular weights and melting points. The
copolymers generated by 1 displayed much higher strain at
break values and relatively lower Young’s modulus than those
from 2 (Figure 3d).
To investigate the elastic recovery properties, that is, the

capability of returning to the initial state once the force is
removed, the polymer and copolymer samples were subjected
to hysteresis testing where each sample was extended to 300%
strain over 10 cycles (Figures 4 and 5, Table S1). The strain
recovery values (SR) can be calculated by SR = 100(εa − εr)/
εa, where εa is the applied strain and εr is the strain in the cycle
at zero load after the 10th cycle. These polymer and copolymer
samples obtained by 1 and 2 exhibit a certain amount of
unrecovered strain after the first cycle, followed by minimal
deformation on each subsequent cycle. A permanent structural
change happens during the first cycle, after which better
elastomeric properties are created. Overall, the samples
obtained by 1 and 2 exhibit SR values ranging from 68% to
83%, which are comparable with previously reported elastic
polyethylene materials obtained by the α-diimine nickel
catalysts.12−18 13C NMR analysis showed that the polyethylene
prepared by 2 at 4 atm (Figure 4e) composed of various alkyl
branches from C1 to C≥4, even sec-butyl (branch on branch
structure). Interestingly, high percentages of long chain
branches were observed for this case (Table S2). The presence
of various alkyl branches and their random distribution in these
samples probably contribute to their unique properties (Figure
S2). In direct contrast, the samples from 5−7 showed very
poor elastomeric properties (with SR values ranging from 22%
to 27%), despite their great tensile performance. These results
suggest that the appropriately branched polymer micro-
structures (ca. 60/1000C, proper crystallinity) and high
molecular weight (Mn > 300 kDa, high entropy elasticity)
are critical to achieve good elastic properties of the obtained
polyethylene products.
The polar functionalized polyethylene products obtained by

catalysts 1 and 2 exhibit SR values ranging from 72% to 80%,
which are comparable to those of polyethylene samples
obtained by using the same catalysts. These copolymers also
have appropriately branched microstructure (ca. 60/1000C)
and high molecular weight (Mn > 66 kDa). The microstructure
analysis of these copolymers based on 13C NMR showed the
existence of methyl, long chain (>C4) branches, and function-
alized long chain branches. The polar functionalized group was
located at the chain-end position of the copolymers obtained
by these α-diimine palladium catalysts (Figure S3).

Figure 5. Plots of hysteresis experiments of ten cycles at a strain of 300% for copolymer samples from Table 2, entry 1 (a), Table 2, entry 2 (b),
Table 2, entry 3 (c), and Table 2, entry 4 (d).
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■ CONCLUSIONS
In summary, we reported the synthesis and characterization of
polyethylene thermoplastic elastomers and polar functionalized
polyethylene thermoplastic elastomers using some specially
designed α-diimine palladium catalysts with tert-butyl sub-
stituents. In ethylene polymerization, the α-diimine palladium
complexes 1 and 2 showed moderate activities (ca. 105 g/(mol
Pd·h)), generating polyethylene with high molecular weight
(Mn up to 45.58 × 104) and moderately branched micro-
structures (ca. 60/1000C). These branched polyethylenes
displayed characteristics of thermoplastic elastomers with great
elastic recovery properties (SR = 68%−83%). The ethylene
pressure and ligand electronic effect can efficiently tune the
mechanical properties. In ethylene−biomass comonomer
copolymerization, complexes 1 and 2 produced high molecular
weight (Mn up to 34.09 × 104) copolymers with moderately
branched microstructures (ca. 60/1000C) and moderate
comonomers incorporation (ca. 1%). The polar functionalized
polyethylenes also displayed characteristics of thermoplastic
elastomers with great elastic recovery properties (SR = 72%−
80%). The key factors contributing to the success of this
palladium system are the fine control of the polymer branching
structures and the capability of achieving high polymer
molecular weights. This work demonstrates the great potentials
of generating polar functionalized polyethylene thermoplastic
elastomers in a single step by using only ethylene and biomass-
derived comonomers as the feedstock.
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