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ABSTRACT: Branched polyethylene (PE) was prepared with a novel («-diimine)nick-
el(Il) complex of 2,3-bis(2,6-dimethylphenyl)-butanediimine nickel dichloride {[2,6-
(CH3),CcH;—N=C(CH,)C(CH;)=N—2,6-(CH,),C;H;INiCL,} activated by methylalu-
minoxane in the presence of a single ethylene monomer. The influences of various
polymerization conditions, including the temperature, Al/Ni molar ratio, Ni catalyst
concentration, and time, on the catalytic activity, molecular weight, degree of branch-
ing, and branch length of PE were investigated. According to gel permeation chroma-
tography, the weight-average molecular weights of the polymers obtained ranged from
1.7 X 10° to 6.0 X 10°, with narrow molecular weight distributions of 2.0-3.5. The
degree of branching in the polymers rapidly increased with the polymerization temper-
ature increasing; this led to highly crystalline to totally amorphous polymers, but it was
independent of the Al/Ni molar ratio and catalyst concentration. At polymerization
temperatures greater than 20°C, the resultant PE was confirmed by *C-NMR to
contain significant amounts of not only methyl but also ethyl, propyl, butyl, amyl, and
long branches (longer than six carbons). The formation of the branches could be
illustrated by the chain walking mechanism, which controlled their specific spacing and
conformational arrangements with one another. © 2002 Wiley Periodicals, Inc. J Appl Polym
Sci 84: 1123-1132, 2002; DOI 10.1002/app.10398

Key words: late transition-metal catalysts; (a-diimine)nickel(IT) complex; methyla-
luminoxane; polyethylene (PE); branched polyethylene; ethylene polymerization;
branching

INTRODUCTION

Metallocene and late-transition-metal catalysts
for ethylene polymerization have attracted con-
siderable attention in academia and industry.'~®
Usually, the polyethylene (PE) produced by these
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single active species catalysts has a narrower mo-
lecular weight distribution and displays excellent
properties, but this can make such a polymer
difficult to process.'®!! Chain branching is one of
the preferred methods for providing PE with good
processability.'>71* The copolymerization of eth-
ylene with a-olefin has commonly been used to
prepare branched PE.}5-19

Recently, the synthesis of branched PE by eth-
ylene homopolymerization with certain structure
metallocene or later transition-metal catalysts
has attracted much attention because of the re-
sultant properties and applications.?’~2° Never-
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theless, different structure catalysts lead to dif-
ferent specificities of the branching mechanism
and ultimately control the polymer structures,
including the molecular weight, molecular weight
distribution, degree of branching, branch length,
and branch distribution. Constrained-geometry
catalysts?' 2% and monotitanocene catalysts®° of-
fer the possibility of yielding long-chain-branched
PE from only ethylene polymerization. The re-
sults have been discussed in terms of a mecha-
nism in which ethylene is copolymerized with
macromonomers of «a-olefin, which can be ob-
tained via B-hydride elimination or chain transfer
to ethylene monomers.?3° Although there is only
a very low degree of long-chain branching, the
rheology and processability of PE are essentially
improved. Pellecchia et al.®' found that the
Cp*TiMes/B(CgF5)5 catalytic system polymerized
ethylene at high Ti concentrations to afford
branched PE without any added comonomers.
Products containing significant amounts of butyl
branches were achieved by the copolymerization
of ethylene and hexene-1 produced by a cationic
Ti(II) species through a mechanism involving
metallocycloheptane of Ti(II) intermediates. We
examined ethylene polymerization with a monoti-
tanocene/methylaluminoxane (MAO) catalyst in
heptane used as a polymerization medium, from
which the polymers obtained contained isolated
ethyl and/or butyl branches.?? Brookhart and co-
workers®®3* reported on a novel class of catalysts
based on Ni(II) and Pd(II) diimine complexes for
the production of PE containing mainly short-
chain branches, particularly methyl branches.
With variations in the catalyst structures and
polymerization conditions, the resultant PE mi-
crostructures could be changed from being low
branched to highly branched, giving rise to highly
crystalline to totally amorphous polymers. These
branches were suggested to be formed via a chain
walking mechanism?®3 rather than via ethylene
copolymerization with oligomers produced in situ.
With MAO as a cocatalyst, the reported Ni(II)-
based catalysts for ethylene polymerization were
almost all (a-diimine)nickel dibromide complexes.
In this study, a novel nickel(II) catalyst, 2,3-
bis(2,6-dimethylphenyl)-butanediimine nickel
dichloride {[2,6-(CH;),CcsHs—N=C(CHj3)C(CH3)=
N—2,6-(CH;3),CcH3INiCl,; 1} was synthesized
and activated by MAO for ethylene polymeriza-
tion. The effects of the polymerization conditions
on the catalytic activity and PE molecular struc-
ture, that is, the molecular weight, degree of
branching, and branch type, were investigated.

EXPERIMENTAL

All operations were performed with Schlenk tech-
niques under a dry nitrogen atmosphere. Poly-
merization-grade ethylene and extra-pure-grade
nitrogen were further purified before being fed
into the reactor by passage through a DC-IB gas
purification instrument. Toluene was refluxed
over metallic sodium for 24 h and distilled under
a nitrogen atmosphere before use.

The catalyst complex 1 was synthesized ac-
cording to the literature.?®3% Solid MAO was pre-
pared first by the controlled reaction of trimethy-
laluminum (TMA) with H,O from Al,(SO,)q
- 18H,0 dispersed in toluene for several hours,
then by filtration, and finally by evaporation in
vacuo. The TMA content retained in MAO was
about 26.8 mol % as determined by "H-NMR.36

The polymerization runs were carried out un-
der a purified ethylene atmosphere in 150-mL
glass flasks equipped with magnetic stirrers. The
solid MAO and toluene were introduced into the
reactor at the desired temperature from —20 to
60°C (regulated by a water bath). After the solu-
tion was saturated with the ethylene monomer,
the (a-diimine)nickel(II) complex 1, dissolved and
suspended in toluene, was rapidly injected into
the reaction mixture, and the pressure was main-
tained at 0.13 MPa during full runs for 1 h. The
polymerizations were terminated by the addition
of 5 wt % HCI in ethanol. The polymers were
washed with ethanol and dried in vacuo at 60°C
to a constant weight.

The viscosity-average molecular weights of the
polymers were calculated by [n] = 6.67 x 10 *
M, %" (where M, is the weight-average molecu-
lar weight), with [n] measured in decahydronaph-
thalene at 135°C.'5 Gel permeation chromatogra-
phy (GPC) analysis of the obtained polymers was
performed on a Water 150C at 100°C with stan-
dard polystyrene as a reference and o-dichloro-
benzene as a solvent. *C-NMR spectra of PE
were recorded at 100°C in o-dichlorobenzene with
an Inova 500-MHz spectrometer and were refer-
enced against TMS with the resonance of the
carbons of the PE sequences (8 = 30.00 ppm) as a
secondary standard. The PE samples were dis-
solved in o-dichlorbenzene/benzene-dg to form a
15 wt % solution. Differential scanning calorime-
try (DSC) was conducted with a PerkinElmer
DCS-7 system at 10°C/min.
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Table I Influences of T, on Preparation of Branched PE with 1/MAO Catalyst

Activity X 107° Degree of
Run T, (°C) (g of PE/mol of Ni h) M,* X 10°° M, M,? Branching® T, (°C)
1 -20 Trace — — — —
24 —-20 1.5 6.0 2.1 — 138.3
3 -10 2.8 5.6 2.0 Trace 135.2
4 0 7.3 4.8 2.3 12.6 125.8
5 10 7.0 4.3 2.7 21.2 118.5
6 20 6.1 4.0 2.6 39.1 66.5, 95.8
7 40 3.2 2.9 3.5 69.5 No
8 60 3.1 1.7 3.2 92.1 No

Polymerization conditions: [Ni] = 1.3 X 10~* mol/L, AI/Ni = 600 mol/mol, P(C,H,) = 0.13 MPa, ¢, = 1 h.

2Determined by GPC.

PNumber of branches per 1000 carbon atoms in PE main chain determined by *C-NMR.

‘Determined by DSC.
dComplex 1 reacted with MAO for 10 min at 30°C.

RESULTS AND DISCUSSION

As shown in Table I, the combination of the (a-
diimine)nickel(II) complex of 1 with MAO, with
respect to the ethylene homopolymerization, cat-
alytic activity, and polymer microstructure, was
extremely sensitive to the polymerization temper-
ature (7,). Except for run 2, in which active spe-
cies were generated in situ by the MAO activation
of 1 in the presence of ethylene, runs were per-
formed according to the description in the Exper-
imental section. Under low temperatures, such as
—20°C, the catalyst exhibited hardly any activity
for ethylene polymerization. The maximum cata-
lytic activity of 7.3 X 10~ ® g of PE/mol of Ni - h
appeared at 0°C. Increasing T, further led to the
catalytic activity decreasing as a result of an en-
hancement in the acceleration of chain-transfer
reaction at the same time that the solubility of
ethylene decreased with increasing temperature.
In addition, the 1/MAO catalyst produced PE at
—20°C (run 2) with an activity of 1.5 X 107° g of
PE/mol of Ni - h after the complex 1 was reacted
with MAO for 10 min at 30°C and ethylene was
introduced. This suggests that the active cationic
species could not be formed from the 1/MAO sys-
tem at too low a reaction temperature. The mo-
lecular weight of the obtained PE was observed to
drop from M,, = 6.0 X 10 °to M,, = 1.7 X 10~ ° as
T, increased from —20 to 60°C. The result implied
that, at a higher temperature, the rate of chain
transfer was likely to increase. The degree of
branching increased sharply with increasing T,
which caused a corresponding decrease in the
melting temperature (7,,) and broadened the

melting transition. No branches were detected in
the PE produced at —10°C by *C-NMR, and it
had a higher T,, value at 135.2°C. Completely
amorphous ethylene homopolymer was produced
at 40 or 60°C.

Data for ethylene polymerization with the
1/MAO catalyst at various AI/Ni molar ratios are
presented in Table II. The catalytic activity in-
creased with the increasing Al/Ni molar ratio, but
the highest activity was observed around 600.
According to previous work, with MAO as a co-
catalyst and (a-diimine)nickel(IT) dibromide cata-
lysts, the best AI/Ni molar ratio for higher cata-
lytic activity is greater than 1000.2° This can be
explained by the fact that it is easier for MAO to
activate catalyst 1 than the (a-diimine)nickel(II)
dibromide complex. At lower AI/Ni ratios, a sharp
drop in activity was noticed, and a minimum
value of Al/Ni (ca. 200 mol/mol) was required with
MAO used as a cocatalyst, the activation of 1
involved successive alkyation and cationation. In
contrast, some of the Ni(II) active species would
be deactivated at excessively high Al/Ni molar
ratios; this would result in a relevant decrease in
the polymerization activity. It is much more likely
that, because MAO is a chain-transfer agent, a
decrease in the molecular weight of PE would be
found with increasing Al/Ni molar ratios and with
a corresponding decrease in the catalytic activity.
In addition, AI/Ni molar ratio charges do not dis-
tinctly affect the microstructure of branched PE.

The change in the polymerization rate (R,)
with the polymerization time (¢,) for the 1/MAO
catalyst is illustrated in Figure 1. R, was calcu-
lated from the rate of ethylene addition to the
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Table II Influences of the AI/Ni Molar Ratio on Ethylene Polymerization with 1/MAO Catalyst

Al/Ni Activity X 107° Degree of
Run (mol/mol) (g of PE/mol of Ni h) M,*x10° Branching® T, (°C)
13 200 2.3 5.9 — 126.0
14 400 4.4 5.8 20.6 122.2
5 600 7.0 4.9 21.2 118.5
15 800 3.2 3.9 22.9 116.4

Polymerization conditions: [Ni] = 1.3 X 10~* mol/L, P(C,H,) = 0.13 MPa, T, = 10°C, t, = 1 h, toluene used as polymerization

medium.
2Determined with a viscometer.

PNumber of branches per 1000 carbon atoms in PE main chain determined by *C-NMR.

‘Determined by DSC.

polymerization reactor. For a lower T,, R,
reached a maximum value within a short ¢,, and
then R, decreased steeply. At a higher T,, R,
decreased less after the maximum value. The de-
pendence of the catalytic activity on the molar Ni
catalyst concentration was investigated, and the
results are shown in Table III. When ethylene
was polymerized, with Ni concentrations of 1.0
X 107% t0 2.0 X 10 * mol/L and a constant Al/Ni
molar ratio of 600, the catalytic activity almost

remained constant. This suggested that R, was
first-order in the Ni concentration. Too low a con-
centration would make catalyst poisoning by im-
purities from the toluene and monomer signifi-
cant. Beyond 2.0 X 10~ % mol/L, R, was so fast
that the polymer became rapidly viscous. The de-
gree of branching of PE slightly increased with
the increase in the Ni concentration.

A representative *C-NMR spectrum of PE,
prepared with the 1/MAO catalyst at 40°C, is

32.0
1 A Tp=0C
28.0 A * Tp=10C
J ¢ Tp=207C
24.0 e Tp=40TC
€ 20.0 1
£ |
=
O -
£ 16.0
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4.0 T
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Polymerization time (min)

Figure 1 Variations in the R, value of ethylene versus the polymerization time with
the 1/MAO catalyst. [Ni] = 1.3 X 10~* mol/L; AI/Ni = 600 mol/mol; P(C,H,) = 0.13

MPa.
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Table IIT Influences of Catalyst Concentration on Ethylene Polymerization with 1/MAO Catalyst

[Ni] x 10* Activity X 107° Degree of
Run mol/L (g of PE/mol of Ni h) M, % 10°° Branching® T, (°C)
9 0.75 4.9 5.0 20.0 120.1
10 1.00 6.8 5.1 — 1194
5 1.30 7.0 4.9 21.2 118.5
11 2.00 6.6 4.6 — 118.8
12 2.70 4.2 4.7 25.6 115.9

Polymerization conditions: AI/Ni = 600 mol/mol, P(C,H,) = 0.13 MPa, T, = 10°C, ¢, = 1 h, toluene used as polymerization

medium.
2Determined with a viscometer.

PNumber of branches per 1000 carbon atoms in PE main chain determined by *C-NMR.

‘Melting temperature Determined by DSC.

shown in Figure 2. According to the assignments
of each resonance peak, based on chemical shift
calculations performed with the method of Lin-
derman and Adams,?” the PE contained primarily
not only methyl branches but also ethyl, propyl,
butyl, amyl, and long branches (longer than six
carbons), as listed in Table IV. The nomenclature
used to designate the different carbon types is

:ww‘-r.wmv»»J‘)\"jm L&\. U

that of Usami and Takayama.?® The carbon in
branches is denoted xB,,, where n is the length of
the branch and x is the carbon number starting
with the methyl group as 1. xB,, is also used to
mark the carbon of the methylene or branch point
in the main chain, whereas x is replaced by Greek
letters or br, respectively. For paired-branch pre-
fixes, 1 and m are used, where m is the number of

Y H A S
45 40 35 30

T
0 15 10 ppm

N
Izls '”2"”

Figure 2 '3C-NMR spectrum of branched PE obtained from run 7 with the 1/MAO

catalyst at 40°C.
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Table IV '3*C-NMR Chemical Shift Calculated and Observed and Their Assignments

Chemical Shift (ppm) Observed in

Chemical Shift

Figure 3(a) Figure 3(b) Figure 3(c) Figure 2 (ppm) Calculated Assignments
11.13 11.13 11.16 1B,
14.14 14.14 14.14 13.98 1B,,_,
14.65 14.55 1B,
19.90 19.92 19.92 19.91 19.93 1B,, 1,5(6)-1B,
20.02 20.02 20.02 20.11 1,4-1B,
20.24 20.30 2B,
22.88 22.88 22.88 22.76 2B, _-
23.36 23.38 23.32 2B,
24.61 24.58 1,5-8'B;
26.52 26.50 26.56 2B,
27.21 27.21 27.21 27.30 B'B,—s, n —1)B,
27.41 27.42 27.42 27.42 27.37 BB,, 1,4(4, 5, 6)-8B,
27.79 27.79 27.79 27.72 1,6-8'B;
29.40 29.45 3B,
29.58 29.58 29.58 29.61 4B, _¢
30.00 30.00 30.00 30.00 29.96 8B, _,
30.35 30.37 30.37 30.37 30.31 vB,
30.49 30.49 30.48 30.48 vB,, s
31.53 31.62 1,4-0'B,,_,
32.16 32.16 32.16 32.23 3B,_¢
32.65 32.65 3B,
33.10 33.14 33.14 33.14 33.28 brB,
33.41 33.41 33.41 33.41 1,4-brB,
33.86 33.86 33.86 33.83 aB,, 4B,
34.35 34.35 34.37 34.39 aB,,_ 5
34.78 34.78 34.73 34.72 1,4-a'B;
36.74 36.81 3B,
37.43 37.47 37.47 37.42 37.35 aBy, 1,4(5,6)-aB,
37.75 37.80 brB,
38.00 38.00 38.00 37.99 brB, _,
38.25 38.24 1,4-brB,,
39.46 39.46 39.44 brB,

carbons between two tertiary carbons, 1 being the
first tertiary carbon and m the next. The back-
bone carbons between branches are designated by
Greek letters with primes. The presence of the
6B;_, resonance of EEEE sequences at 30.00 ppm
suggests that branches with spacings longer than
seven carbons appear as isolated branches. Reso-
nances at 20.24, 24.61, and 27.90 ppm are as-
signed to 1,4-1B,, 1,5-8'B, and 1,6-8'B; carbons,
corresponding to the presence of 1,4-, 1,5, and
1,6-paired methyl branches. Scheme 1 is the pro-
posed walking mechanism for ethylene chain
propagation and branch formation.?* In view of
this mechanism, it seems significant that 1,2- and
1,3-paired methyl branches were not found in PE.
Additionally, it is generally accepted that two odd
or even carbon branches should be separated by

an even number of methylene spacers; likewise,
one odd carbon branch and one even carbon
branch should be separated by an odd number of
methylene spacers. However, it is difficult for the
walking mechanism to explain the formation of
two methyl branches separated by three methyl-
ene spacers such as 1,5-paired methyl branches.
Two interesting resonances appeared at 31.53
and 38.25 ppm that were attributed to 1,4-¢'B,,_,
and 1,4-brB, _, carbons.

The resultant polymers, prepared at various
temperatures, produced different '*C-NMR spec-
tra, as shown in Figures 2 and 3(a—c). On the one
hand, the degree of branching of PE increased
with the elevation of 7', (Table I). These results
strongly suggest the possibility of chain walking
increasing with increasing temperature. The rea-
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Scheme 1 Mechanism for the preparation of branched PE with the 1/MAO catalyst.

son for this behavior appears to be that chain
walking requires a higher energy of activation
than ethylene insertion. On the other hand, the
content of short branches, including ethyl, propyl,
butyl, and amyl branches, increased with increas-
ing 7,. The sample from run 3 prepared at —10°C
was a linear PE for which no branch signal was
detected in its *C-NMR spectrum The polymer
made at 0°C revealed only signals of methyl
branches [Fig. 2(a)]. It is very surprising that long
branches (longer than six carbons) were con-

firmed by the presence of the 3B, _gand 4B, _4
carbon resonances at 32.16 and 29.58 ppm in
Figure 3(b) of run 5 for the polymer produced at
10°C, whereas short branches were not found.
Some small resonances attributable to ethyl and
butyl branches can be observed in Figure 3(c) for
branched PE obtained at 20°C.

The molecular weights and molecular weight
distributions of all obtained PEs were determined
by GPC. As shown in Table I, the polymers with
higher molecular weights and rather narrow mo-
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Figure 3 '3C-NMR spectra of branched PE obtained from (a) run 4 at 0°C, (b) run 5

at 10°C, and (¢) run 6 at 20°C.

lecular weight distributions of 2.0-3.5 showed
characteristics of ethylene polymerization cata-
lyzed by a single active species.

The DSC curves of PEs with different degrees
of branching prepared with 1/MAO at various
values of T, are exhibited in Figure 4. T, de-
creased with an increased degree of branching of
PE and gave rise to highly crystalline to totally
amorphous polymers. The real linear PE pro-
duced at —10°C had a high T, value of 138.3°C
[Fig. 4(a)], whereas the highly branched PEs pre-
pared at 40 and 60°C showed no melting peak
[Fig. 4(e,f)]. The DSC curves become broader as
the degree of branching increases, as shown in
Figure 4(b,c). The DSC curve of branched PE pro-
duced at 20°C shows a much broader bimodal
melting peak. The broadening of the DSC curve,
and the appearance of the bimodal melting peak
found at high branching numbers in the poly-

mers, could be due to factors such as the different
sizes of crystals and imperfections in the crystal-
line lattice.

CONCLUSIONS

Ethylene homopolymerization catalyzed with a
novel (a-diimine)nickel(II) complex of 1 in the
presence of MAO produced branched PE. The cat-
alytic activity and molecular weight of the ob-
tained polymers depended on the Al/Ni molar ra-
tio, Ni catalyst concentration, and 7). The degree
of branching and branch length of PE were
mainly controlled by T,. Increases in T}, resulted
in increased branching and decreased molecular
weights. According to >*C-NMR characterization,
the branches were primarily formed by isolated
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Figure 4 DSC curves of branched PE obtained from (a) run 3 at —10°C, (b) run 4 at
0°C (¢) run 5 at 10°C, (d) run 6 at 20°C, (e) run 7 at 40°C, and (f) run 8 at 40°C.

methyl groups, but when the degree of branching
was high, 1,4-, 1,5-, and 1,6- paired methyl
branches could be found. With increasing T, the
different branch types became evident in the fol-
lowing order: methyl, long branch (longer than six
carbons), butyl, ethyl, propyl, and amyl. There
were only methyl and long branches in the PE
produced at 10°C. At T’s above 20°C, the result-
ant PE contained not only significant amounts of
methyl and long branches but also short branches
(ethyl, propyl, butyl, and amyl). The chain-
branching mechanism of the 1/MAO catalysts
was proposed to be a chain walking mechanism
consisting of ethylene insertion and chain walk-
ing. Most of the catalyst system’s behavior for
ethylene polymerization could be interpreted
with this mechanism; however, it was difficult to
explain with this mechanism the presence of 1,5-
paired methyl branches and long branches before
other short branches.
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