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Abstract—A variety of branched polyethylenes (PE), ranging from semicrystalline linear low density polyeth-
ylene to completely amorphous low density polyethylene and rubbery PE, can be produced from ethylene alone

by tandem catalysis using as oligomerization catalysts the (imino)pyridyl Co(II) complexes NBTCoCl, (1)
({ 6-(benzo[b]thiophen-2-yl)-2-(imine)pyridyl) } CoCl,), NETC0C12 ?2) ({6-(4-ethylthiophen-2-yl)-2-
(imine)pyridyl) } CoCl,), or NP'CoCl, (3) ({6-(phenyl)-2-(imine)pyridyl) }CoCl,) and as a copolymerization cat-
alyst [n°-CsMe,)SiMe,(-BuN)]TiCl, (4). The catalytic activity of the systems 1/4/MAO, 2/4/MAO, and
3/4/MAO has been evaluated under comparable experimental conditions (T = 30°C, [ethylene] = 0.35 mol/l),
varying the molar fraction of the cobalt precursors. A positive comonomer effect was observed for all the sys-

tems investigated. The maximum productivity (4570 kg PE (mol Ti)"' h™!) was obtained for the benzothiophe-
nyl-substituted cobalt complex. An effective control of the branching in the polymer backbone was achieved by
varying either the oligomerization catalyst or its molar fraction. Completely amorphous materials with 7}, as

low as —60°C could be obtained.
DOI: 10.1134/S002315840602008X

Over the past two decades, research has increasingly
been directed towards the development of single-site
catalytic systems, as they can produce polyethylenes
(PE) with a tailored microstructure [1, 2], especially in
terms of branching control. Branching affects many
properties of PE, such as density, rigidity, permeability,
and environmental stress-crack resistance [3-5].

In addition to radical processes at an elevated tem-
perature and pressure [4], branched PE can be prepared
either by the insertion polymerization of ethylene with
o-diimine Pd(IT) and Ni(II) catalysts [5] or by the copo-
lymerization of ethylene with o-olefins by metal-
locenes and related catalysts [2, 3—5]. A third, innova-
tive approach to branched PE is provided by the combi-
nation in the same reactor of oligomerization and
copolymerization catalysts. This method is known as
Concurrent Tandem Catalysis (CTC) [6].

In this paper, we describe three new CTC systems
for the effective conversion of ethylene into a variety of
materials, ranging from linear low density polyethylene
(LLDPE) to rubbery PE. These systems comprise the
(imino)pyridyl  Co(Il) oligomerization catalysts
NBTCoCl, @ ({6-(benzo[b]thiophen-2-y1)-2-
(imine)pyridyl) }CoCl,), NETCoCl, (2) ({6-(4-ethyl-
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thiophen-2-yl)-2-(imine)pyridyl) } CoCl,), NP"CoCl, (3)
({6-(phenyl)-2-(imine)pyridyl) } CoCl,) and the con-
strained  geometry  copolymerization  catalyst
[n°-CsMe,)SiMe,(-BuN)]TiCl, (4) (CGC) (Scheme).
The latter complex represents a milestone in ethylene
homopolymerization [7] and copolymerization with
a-olefins [8—10] and has already been employed in suc-
cessful CTC processes in conjunction with both early
and late metal catalysts [11-15]. The cobalt complexes
are a recent discovery: upon activation with methyalu-
minoxane (MAO) they catalyze the oligomerization of
ethylene to o-olefins. In the case of 1 and 2, the reac-
tions give o-olefins with Schulz-Flory distribution
(essentially, butenes 82.0%, hexenes 14.8%, and
octenes 2.7%) and turnover frequencies (TOF) as high
as 10% (mol of C,H, (converted) (mol Co)™! h™!), while 3
is selective for butene production with a TOF of ca
10° [10].

EXPERIMENTAL
Materials

Argon (299.996% from Linde) was deoxygenated
and dried with an oxysorb cartridge from Messer
Griesheim prior to use. Ethylene (Messer Greisheim
299.95%) was deoxygenated and dried through two
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+<CHZCH2>m—<CH2—CIH>x+
(CH,CH,),—CH,CHj3

Scheme.

columns containing the BASF. catalyst R3-11 and acti-
vated molecular sieves (10 A), respectively, prior to
use. Toluene (299.5% from Merck) was dried over
KOH overnight, filtered, degassed under vacuum, and
purified under argon through two columns filled with
the BASF catalyst R3-11 and activated molecular
sieves (10 A), respectively, prior to wuse. The
imino(pyridine) cobalt complexes 1, 2, and 3 were syn-
thesized according to a published procedure [10]. The
catalyst precursor 4 was purchased from Boulder Sci-
entific and used as received. The cocatalyst MAO for
polymerization was prepared by removing toluene and
AlMe; from a commercially available MAO toluene
solution (10 wt % aluminum, Crompton). The MAO
solution was filtered on a D4 funnel and evaporated to
dryness at 50°C under vacuum. The resulting white res-
idue was heated further to 50°C under vacuum over-
night. A stock solution of MAO (100 mg/ml) was pre-
pared by dissolving solid MAOQ in toluene. The solution
was used within 3 weeks to avoid self-condensation
effects of the MAO. All manipulations of the air- and/or
moisture-sensitive materials were carried out under a
dry argon atmosphere in a glove box or using standard
Schlenk-type techniques.

Ethylene Polymerization
with 1/4/MAO, 2/4/MAO, 3/4/MAO

All polymerizations were performed in a double-
walled Biichi AG glass reactor (11) equipped with a
magnetic driven mechanical stirrer and a temperature
and pressure controller. The autoclave was dried under
vacuum at 95°C for 1 h and then cooled to room tem-
perature under an argon atmosphere. Toluene (197 ml)
was transferred into the autoclave under argon. After-
ward, 2 ml of a stock toluene solution of MAO
(100 mg/ml) was syringed into the autoclave, which
was thermostated to 30°C and saturated under 3 bar of

ethylene. After complete temperature and pressure
equilibration, appropriate volumes of toluene stock
solutions of the precatalysts (both 2.5 x 10~ M, overall
toluene volume 1 ml) were injected into the autoclave
in rapid sequence (cobalt always first) to start the con-
current ethylene oligomerization and polymerization
processes. Generally, the exothermic heat of the reac-
tions led to a temperature increase of the reaction mix-
tures of 1-2°C. The catalyst (Ti + Co) concentration
was 1.25 x 107 M for all polymerizations. After 1 h, the
reaction was quenched by injecting 5 ml of ethanol into
the autoclave, which was disconnected from the gas
reservoir and vented. The reaction mixture was washed
with 200 ml of a solution containing hydrochloric acid
(200 ml), ethanol (425 ml), and water (1450 ml) and
stirred overnight and dried at 60°C under vacuum.
When the polymer was a rubbery solid, it was separated
along with the toluene phase from the water phase. The
solid/liquid mixture was washed with a saturated water
solution of NaHCO; and water and then evaporated to
dryness at 60°C under vacuum.

Polymer Characterization

BC{'H} NMR spectra of polymer materials were
recorded on a Bruker Advance 400 MHz instrument
(100.6 MHz) at 100°C. Polymer samples of 300—
500 mg were dissolved in a mixture of 1,2,4-trichloroben-
zene and 1,1,2,2-tetrachloroethane-d, (6 = 74.24 ppm) in
10-mm NMR tubes. Pulse width: 30°; pulse delay: 5 s;
acquisition time: 0.65 s; scansion number: 1024. The
spectra were elaborated by using the ACD/SpecViewer
program. Glass-transition (7,) and melting (7;,) tem-
peratures of the polymer materials were determined by
differential scanning calorimetry (DSC) with a Mettler
Toledo DSC 821¢ instrument equipped with an intrac-
ooler and calibrated with the melting transition of
indium (156.1°C). The polymer sample mass was
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Ethylene polymerization with the tandem catalytic system 1/4/MAO, 2/4/MAO, 3/4/MAO
. . d e
vstem. RO i | ot | Xeo AVCOAVE| A | Mo larsa| T (75, ol (S5 4
4/MAO 1 | 0.00 | 2.50 | 0.00 1380 | 960 570 | 1.99 |[1369| - 0 0 0 0
1/4/MAO| 2 | 0.13 | 2.37 | 0.05 |27580| 1450 | 632| 551 | 2.14 |110.6| - 27 83 17 0
3 1038 | 212 | 0.15 | 9190| 1620 [1510| 458 | 2.40 |104.8| - 74 82 15 3
4 | 063 | 1.87 | 0.25 | 5520| 1840 |2650| 270 | 1.92 - |-60.0| 189 85 13 2
5| 125 | 1.25 | 0.50 | 2760| 2760 {4570 147 | 2.03 - |-55.0] 249 86 12 2
6 | 1.88 | 0.62 | 0.75 | 1840| 5520 (4560| 172 | 2.14 - | -53.7 254 85 13 2
2/4/MAO| 7 | 0.13 | 2.37 | 0.05 |27580| 1450 | 640| 532 | 1.97 | 98 - 35 90 10 1
8 1038 | 2.12 | 0.15 | 9190| 1620 |1010| 556 | 1.78 | 47 |-62.3| 46 91 8 1
9 | 063 | 1.87 | 0.25 | 5520| 1840 |1131| 565 1.50 - |-60.0| 101 92 7 1
10 | 1.25 | 1.25 | 0.50 | 2760| 2760 |1430| 374 | 2.21 - |-54.3] 156 91 8 1
11 | 1.88 | 0.62 | 0.75 | 1840| 5520 | 670| 332 | 2.8 -52.0| 161 93 6 1
3/4/MAO| 12 | 0.13 | 2.37 | 0.05 |27580| 1620 | 625| 530 | 1.92 | 97 - 24 | 100 0 0
13 | 0.38 | 2.12 | 0.15 | 9190| 1840 |1090| 534 | 193 | 52 |-61.8| 56 | 100 0 0
14 | 0.63 | 1.87 | 0.25 | 5520| 2760 |1250| 567 | 1.54 - |-60.2|1 57 | 100 0 0
15 | 1.25 | 1.25 | 0.50 | 2760| 5520 |1540| 549 | 1.79 - |-552] 88 | 100 0 0
16 | 1.88 | 0.62 | 0.75 | 1840| 1450 |1430| 452 | 1.85 - |-52.3] 119 | 100 0 0

4 Reaction conditions: glass-reactor, 1 1; (Co + Ti) precatalyst, 2.5 X 107 mol; MAO cocatalyst, 3.5 X 1073 mol; toluene, 200 ml, polymer-
ization time 1 h; stirrer rate 450 rpm; C,H, pressure 3 bar, temperature 30 £ 2°C.

b %co = [Col/([Co] + [Ti]).

¢ Activity expressed as kg polymer (mol Ti) ' h.
4 Determined by GPC.

¢ Determined by DSC.

f Number of branches per 1000 C atoms calculated from 13C{ lH} NMR.

£ a-Olefin incorporation calculated from 13C{ 1H} NMR.

10 mg and aluminum pans were used. Any thermal his-
tory in the polymers was eliminated by first heating the
specimen at a heating rate of 20 K/min to 200°C, cool-
ing at 20 K/min to —100°C, and then recording the sec-
ond scan from —100 to 200°C. The molecular weight
(M,,) and molecular weight distribution (M,,/M,) of the
polymers were evaluated by gel permeation chromatog-
raphy (GPC) with a Waters GPC 2000 system equipped
with a set of three columns Styragel HT6, HTS5, and
HT3, and refractive index detector. The analyses were
performed at 140°C using 1,2,4-trichlorobenzene as a
solvent with an elution time of 1 ml/min and standard
polystyrene as the reference.

RESULTS AND DISCUSSION

The catalytic activity of 1, 2, and 3 towards ethylene
was separately investigated to check the compatibility
of each precursor with the CGT catalyst 4. For an effec-
tive tandem system two components are, in fact,
required, exhibiting a catalytic activity of the same
order of magnitude.

Under the experimental conditions adopted in this
work, the oligomerization catalysts were more active
than the CGC 4 that gave an essentially linear high-den-
No. 2 2006
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sity product (HDPE) with a melting temperature of
136.9°C (table). Under comparable conditions, the
cobalt catalysts were more efficient than the titanium
one, yet they were within the same order of magnitude
(10°-10%. All oligomerization catalysts reached the
maximum activity within the first five minutes. There-
fore, 1 h was chosen as the reference time for the tan-
dem reactions.

The table summarizes the results obtained. The
molar fraction of cobalt ()¢,) was varied from O to 1,
while the overall metal concentration (Co + Ti) was
fixed at 1.25 X 10 mol/l. The amount of MAO was
200 mg for each reaction. From a perusal of the data
reported in the table, one can readily discern that ), is
the key factor controlling the amount of o-olefins pro-
duced, hence the productivity in copolymer and the
material properties. For %o, = 0.15, the productivity
increased as compared to the homopolymer produced
by 4 under the same conditions. In the case of 1/4/MAO
a maximum of 4570 kg (mol Ti)~' h~! was achieved for
Xco = 0.50. Beyond this value, a slight decrease in pro-
ductivity was observed. A positive “comonomer effect”
features many copolymerization reactions of ethylene
with o-olefins by early transition metal catalysts
[16-20] as well as tandem catalytic processes [1, 2, 8, 9].
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13C{ lH} NMR spectra of the polymers produced by the tandem 1/2/MAO system at ), values of 0.05 (a), 0.15 (b), 0.25 (c),

0.50 (d), and 0.75 (e).

It is generally agreed that the comonomer effect is orig-
inated by an improved diffusion of the monomers, in
consequence of an improved solubility of both the
polymer and propagating metal alkyl, due to the
reduced crystallinity resulting from o-olefin incorpora-
tion. The higher solubility apparently compensates for
the negative effect on chain propagation caused by the
disfavored insertion of o-olefins as compared to ethyl-
ene. Within this context, the “negative comonomer
effect” observed at ¢, < 0.15 may be accounted for by
the too low incorporation of o-olefins in the macromol-
ecule chain, which would not improve the solubility
while chain propagation decreases.

As previously mentioned, the %, value greatly
influences the material properties (table). Indeed,

copolymers prepared at a lower ), than 0.15 appeared
as rigid white solids, while with increasing %, color-
less rubbery materials were obtained. Hence, both the
extent of a-olefin incorporation and the number and
type of branches are strictly related to y,, as it deter-
mines the concentration of o-olefins in the reactor. The
relationship between ¢, and the level of branching for
the catalyst system 1/4/MAO is clearly shown in the fig-
ure [14, 21], which also shows the assignment of the
BC{!H} NMR chemical shifts. The nomenclature
adopted for the polymer backbone and branching car-
bons is that defined by Randall [24]. Methylene car-
bons are identified by a pair of greek letters to indicate
the distance to branches in either direction, whereas the
methyne carbons are identified by “br.” Carbons in the
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side chains are identified by “xB,,” where the subscript
“n” indicates the length of the branch in terms of the
number of carbon atoms and “x” denotes the carbon
number starting with the methyl carbon in position 1
[24].

Increasing %, from 0.05 to 0.75 increases the num-
ber of branches from 27 and 254 per 1000 carbon atoms
for the system 1/4/MAO, from 35 to 160 for 2/4/MAO,
and from 24 to 119 for 3/4/MAO, which is consistent
with the specific activity of the three oligomerization
catalysts [10]. It is noteworthy that the distribution of
the branches in the polymer backbone is in excellent
accord with the molar distribution of the at-olefins pro-
duced [10]. For instance, the system 3/4/MAQO pro-
duces only ethyl branching and reflects the specific
selectivity of 3 for butenes, while in the case of the sys-
tems 1/4/MAO and 2/4/MAO, the distribution of the
branches is in accord with the molar distribution of the
o-olefins (1/4/MAO = ethyl 85%, butyl 13%, hexyl
2% 2/4/MAO = ethyl 91%, butyl 8%, hexyl 1%). The
DSC analysis of the copolymers showed that T}, varies
from 136.9 to 47°C for the semicrystalline materials,
while 7, varies from —60 to —54°C for the amorphous
materials [20, 2224, 25].

Unlike o-olefin incorporation and branching, the
molecular weight of the copolymers decreased with
increasing Y, In the case of 1/4/MAO, the value
decreased from 570 kg/mol for the homopolymer pro-
duced by 4 to 147 kg/mol for %o, = 0.50 (table). This
trend is typical for ethylene-o-olefin copolymerization
and has been rationalized by considering that the inser-
tion of an o-olefin into the propagating alkyl chain
gives rise to the formation of ethyl, butyl, or hexyl side
chains depending on whether the inserted a-olefin is
1-butene, 1-hexene, or 1-octene. If the next o-olefin
approaches the metal center immediately after an
o-olefin insertion, its coordination will be disfavored
for steric reasons, thus favoring the chain transfer. In
this picture, the higher the number of o-olefins avail-
able for each titanium center, the higher the probability
that low-molecular weight macromolecules will be pro-
duced. An analogous effect was found for the systems
2/4/MAO and 3/4/MAO.

It is worth observing that the polydispersity
(M, /M.,,) was close to 2 for all copolymers (table). This
indicates that, despite the presence of a dual catalytic
system, the effect of the cobalt catalyst is exclusively
that of producing o-olefins, whereas the PE is selec-
tively obtained by an insertion reaction at the CGC cat-
alyst. In terms of macromolecular topology, the present
tandem systems promote a better control as compared
to the so-called “chain walking” catalysts, which gen-
erally lead to the production of low density polyethyl-
ene with long branching and non-linear structure [26].
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CONCLUSIONS

Tandem catalysis for the production of branched PE
has grown considerably since its discovery by Bazan
and coworkers in 1998 [27]. By an appropriate choice
of catalysts and experimental conditions, it is now pos-
sible to exert a control over the polymer microstructure
and topology, which is hardly achievable by traditional
systems involving ethylene/o-olefin copolymerization
by metallocenes or ethylene polymerization by chain-
walking Ni and Pd catalysts [26, 28].

The new tandem systems described in this work
allow one to produce a variety of branched polyethyl-
enes, ranging from semicrystalline LLDPE to amor-
phous, rubbery products, under experimental condi-
tions that allow for an actual industrial scale-up. It is
noteworthy that, for the first time, linear polyethylene
rubbers have been produced by tandem copolymeriza-
tion catalysis, with a precise control of branching.

Studies are in progress to develop other
(imino)pyridyl cobalt catalysts that are capable of pro-
ducing o-olefins with different Schulz—Flory distribu-
tions in order to form new tandem systems in conjunc-
tion with either 4 or other copolymerization catalysts.
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