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ABSTRACT: In this research, we describe the application
of the complexes 0-CsHa(NSiMe3),ZrCl, (1), 0-CeHa(INSi-
M83)2TiBr2 (2), O—C6H4(NSIMG3)2T1C12 (3), C2H4(NSI—
Me;),ZrCl, (4), in the ethylene polymerization with
different Al/M ratios and temperatures. These complexes
presented significant catalytic activities in the presence of
methyaluminoxane (MAO) as cocatalyst and toluene as
solvent, producing high molecular weight linear polyethy-
lenes. Zirconium complexes were more active at 60°C and

titanium complexes at 40°C. Zirconium complex (1)
showed the best values of activity (347 kg PE/mol Zr h
atm) for Al/Zr ratio of 340 and 60°C of temperature. In
ethylene-1-hexene copolymerization, the best result was
also reached with catalyst 1, at the same conditions. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 110: 270-275, 2008
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INTRODUCTION

Olefin polymerization by homogeneous transition
metal catalysis attracts particular attention in the
field of organometallic chemistry, catalysis, and
polymer chemistry.'> The organometallic chemistry
of zirconium in the +4 oxidation state has been
dominated by complexes formed by cyclopenta-
dienyl ligands. Within this class of compounds, cati-
onic metallocene derivates of the type [Cp,ZrR]"
exhibit high activity in the polymerization of ethyl-
ene and o-olefins. The bent Cp,Zr framework
restricts coordination of olefins to a site cis to the
Zr-R bond, whereas the formally 14-electron count
results in a highly electrophilic metal center. Studies
in this area have been concerned with the way in
which the stereoregularity, catalytic activity, and
comonomer incorporation can be altered with
changes to the Cp ligands.*® However, in an effort
to create electron-deficient group 4 transition metal
centers for catalytic transformations, linked diamides
have been considered by many researchers as alter-
natives to the ubiquitous metallocenes. A variety of
diamide ligands based on naphthalene, propylene,
and substituted propylene diamines have been stud-
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ied. The success of these ligands can be attributed to
the hard nature of the N donor atoms, the diversity
and relative easy manipulation of ligand topology,
chirality, and coordination number, as well as the
“tunability” of the associated steric factors.®”

Park and coworkers® reported titanium(IV) and
zirconium(IV) complexes containing rigid diamide
ligands derived from N,N-disilylated 1,8-diamino-
naphthalene.When the lithiated diamide was reacted
with titanium or zirconium tetrachloride, a bis(dia-
mide) titanium(IV) or zirconium(IV) complex, [1,8-
CioHg(NSiMe3),],M (M = Ti, Zr), and a mono(dia-
mide) titanium(IV) or zirconium(IV) dichloride, [1,8-
C1oHg(NSi(i-Pr)3),]MCl, (M = Ti, Zr), were obtained.
The dichloride titanium complex showed moderate
activity in ethylene polymerization, but the zirconium
complex was not active. The same author reported
later,” an amine elimination reaction leading to the
less bulky mono(diamide) complex [1,8-C;oHg(NSi-
Mej3),]ZrCl, and this complex presented a moderate
catalytic activity (90 kg PE/molc,: h atm at 60°C) in
ethylene polymerization. They have also prepared zir-
conium(IV) complexes bearing a flexible propylene
diamide ligand ([RN(CH2);NR],-; R = SiMe3, Si(i-Pr)s)
which showed to be less active than the rigid linkage.

Nomura et al.!?!2 reported that the complex [1,8-
C10H6(NR)2]T1CI2 (R = SiiPrg, SitBuMez, SlMeg)
showed remarkable catalytic activities in ethylene
polymerization and in ethylene-1-hexene copolymer-
ization in the presence of cocatalysts such as methyl-
aluminoxane (MAO), methylisobutilaluminoxane
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Scheme 1 Synthesis of the titanium(IV) and zirconium(IV) diamide complexes.

(MMAO), and Al'Bus- or AlEts;- or Ph;CB(CgFs)s.
They observed that the solvent as well as the cocata-
lyst is very important to have high catalytic activ-
ities. The catalytic activities performed in heptane
(cocatalyst MMAO) were higher than those carried
out in toluene (cocatalyst MAO). The catalytic activ-
ity increased with R in the following order: Si'BuMe,
> SiMe; > Si'Prs. They also tested the catalyst system
(R = Si'BuMe;,) and cocatalyst MMAO in copolymer-
ization reactions of ethylene and 1-hexene, 1-octene,
and 1-decene. The resultant copolymers gave rela-
tively broad molecular weight distributions, consisting
of high and low molecular weight copolymers.

Scollard and McConville'>'* reported that the che-
lating diamide complex [ArN(CH;);NAr] TiMe, (Ar
= 2,6-i-Pr,C¢H3) serves as a precursor for highly
active living polymerization of a-olefins. In contrast,
the analogous zirconium compounds ([ArN(CH)s;
NAr]ZrX,, X = Me, Cl) showed little or any activity
in the polymerization of a-olefins under the same
conditions. Strong binding of the cocatalyst to the
eletrophilic, low-coordinate zirconium metal center
may preclude formation of a cationic alkyl complex,
as has been observed for other chelating diamides of
Ti and Zr."

Kim and coworkers'® showed that titanium and
zirconium complexes with a new ancillary ligand,
N,N-bis(trimethylsilyl)aminobenzylamine  activated
by modified methyaluminoxane (MMAO) and
B(C¢Fs); had moderate activities in the polymeriza-
tion of olefins.

Daniéle et al.'” polymerized ethylene using the
complex 0-C¢Hy(NSiMe,CH=CH,),ZrCl,, having a
dimethylvinylsilyl group. For the polymerization reac-

tion, they used 6.4 x 10~* mol of catalyst, MAO as
cocatalyst, 500 of Al/Zr ratio and 2.4 bar of ethylene
pressure for 15 min. They obtained a moderate activ-
ity (14.2 kg/mol.,; h bar).

In this article, we describe the use of the com-
plexes 0-CsHa(NSiMe3),ZrCl, (1), 0-CsHa(NSiMes),.
TiBrz (2), 0—C6H4(NSiMe3)2TiC12 (3), and C2H4
(NSiMe3),ZrCl, (4), in the ethylene polymerization,
at different Al/M ratios and temperatures. Com-
plexes 1 and 4 were also copolymerized with 1-
hexene.

EXPERIMENTAL
Synthesis of the complexes

All reactions were done as it is shown at Scheme 1.
The ligands 1,2-phenylenediamine (31.75 mmol) and
ethylenediamine (31.75 mmol) were reacted at
—78°C with nBuLi (63.5 mmol), which was added in
several portions during 30 min. The stirred reaction
mixture was warmed to room temperature and
stirred for more 6 h. The reaction mixture was then
cooled to —78°C and MesSiCl (64.8 mmol) was
added in several portions by using an addition fun-
nel during 30 min. The mixture was warmed slowly
to room temperature and stirred for 12 h. The solu-
tion was then warmed to 50°C and stirred for an
additional 2 h to complete the reaction. Then, the so-
lution was cooled to —78°C and added nBuLi (63.5
mmol) to remove the two remaining hydrogens,
then the solution was warmed to room temperature
and stirred for at least 10 h. The solvent was elimi-
nated under vacuum. MCl; (M = Ti or Zr) (10.54
mmol) was added drop wisely to a chilled
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Figure 1 Structure of the diamide catalysts 1, 2, 3, 4.

diethylether (—25°C, 60 mL) solution over 30 min.
To the cold ether solution (—25°C) containing
MCly(ether),, were added the ligands in several por-
tions over 30 min. The stirred reaction mixture was
warmed slowly to room temperature and was stirred
overnight (>10 h). The solution was dried under
vacuum.

The characterization of the complexes was done
by '"H NMR (VARIAN INOVA 300) using DMSO-d,
as the solvent.

Polymerizations

Ethylene polymerizations were performed in 0.3 L of
toluene in a 1.0 L Pyrex glass reactor connected to a
constant temperature circulator, equipped with a
mechanical stirring, and inlets for argon and the
monomer. MAO was used as cocatalyst in Al/Zr
different molar ratios. For each experiment 1 x 107>
mol of catalyst 1, 2, or 3 or 3.6 x 10~° mol of catalyst
4 were suspended in toluene and transferred into
the reactor under argon. The polymerizations were
performed at 1.6 atm of ethylene pressure at 60°C or
at 40°C for 30 min. The reagents were introduced in
the reactor in the following order: solvent, cocatalyst,
ethylene, and catalyst. Acidified (HCI) ethanol was
used to quench the process, and reaction products
were separated by filtration, washed with distilled
water, and finally dried under reduced pressure at
room temperature.

The copolymerization reactions were performed in
the same way, adding 15 mL (170 mmol) of 1-hexene
before the ethylene.

Polymer melting points (T,,) were determined in a
Perkin—Elmer differential scanning calorimeter, DSC-
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4 model, calibrated with Indium, using a heating
rate of 10°C/min in the temperature range of 30-
160°C. The heating cycle was performed twice, but
only the results of the second scan are reported.

Weight-average molecular weights and molecular
weight distributions were investigated with a Waters
high-temperature GPC instrument, CV plus system,
Model 150C, equipped with optic differential refrac-
tometer and three Styragel HT type columns (HT3,
HT4, and HT6) with exclusion limit 1 x 107 for poly-
styrene. 1,2,4-Trichlorobenzene was used as solvent,
at a flow rate of 1 L/min. The analyses were per-
formed at 140°C. The columns were calibrated with
standard narrow molar mass distribution polystyr-
enes and then universally with linear low density
polyethylenes and polypropylenes.

The '*C-NMR spectra of the copolymers were
recorded at 120°C using a Varian Inova 300 spec-
trometer operating at 75 MHz. Sample solutions of
the polymer were prepared in o-dichlorobenzene
and benzene-ds (20 v/v). Spectra were taken with a
flip angle of 74°, an acquisition time of 1.5 s, and a
delay of 4.0 s.

RESULTS AND DISCUSSION

The objective of this work was to test the use of com-
plexes 1, 2, 3, and 4 as catalysts for ethylene
polymerization and copolymerization with 1-hexene.
The complexes were tested using MAO as cocatalyst
at different Al/M ratios and two reaction tempera-
tures (40 and 60°C). The structures of the complexes
are shown in Figure 1. Complexes 1 to 4 have already
been described in the literature'®" but only complex
4 was tested in the ethylene polymerization before.*!
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TABLE I
Ethylene Polymerizations at 60°C
Entry C Al/M Rend. (g) Catalytic activity T, (°C) Xe (%) M,, (g/mol) M,/ M,
1 1 80 0.31 38.5 133.3 77 863,000 6.3
2 1 170 2.10 263.0 133.9 49 973,000 4.0
3 1 340 2.78 347.0 133.6 46 1,038,000 3.7
4 1 670 2.46 307.2 133.3 41 935,000 5.6
5 1 1340 2.05 255.8 128.8 10 1,264,000 3.0
6 2 80 0.07 8.4 130.9 35 - -
7 2 170 0.06 7.4 132.5 70 - -
8 2 340 0.05 6.5 1324 50 - -
9 2 500 0.06 8.0 132.5 50 - -
10 2 670 0.04 5.3 131.4 33 - -
11 2 1340 1.58 197.3 133.2 19 - -
12 3 80 0.02 2.6 132.3 44 - -
13 3 170 0.03 43 133.4 62 - -
14 3 340 0.02 32 133.3 54 - -
15 3 500 0.03 3.8 132.7 43 - -
16 3 670 0.02 2.4 133.6 66 - -
17 3 1340 0.06 7.8 131.8 20 - -
18 4 2000 0.78 324.4 1342 43 320,300 1.9
20 4 3000 0.45 187.2 131.1 36 375,800 2.1
21 4 4000 4.05 1685.8 134.1 47 340,400 1.8

Al/M, cocatalyst/catalyst; catalytic activity (kg/moly h atm); T,, melting temperature; X, crystallinity; M,, weight-
average molecular weiﬁht,‘ polymerization conditions: time = 0.5 h; ethylene pressure = 1.6 atm; cat1, 2, 3 = 1 X 10~°
mol and 4 = 3.6 x 107°; solvent = toluene (300 mL); —, not determined.

The results of the polymerization reactions at 60°C
and 40°C are shown on Table I and II, respectively.

It is important to point out that all catalysts pre-
sented catalytic activity in ethylene polymerization
from low and moderates (complexes 2 and 3) to
high (complexes 1 and 4). The highest catalytic activ-
ity presented by catalyst 1, was 347 kg PE/(moly, h

atm), when Al/Zr ratio was 340 and the temperature
60°C. Complexes similar to 1 such as 0-CsHy
(NSiMe,CH=CH,),ZrCl,"” and [1,8C;oHe(NSi-
Mes),]ZrCl,’ presented catalytic activities much
lower (14.2 and 90 kg PE/(molz h atm), respec-
tively). However at 40°C the catalytic activities fell
down obtaining for this complex only moderate

TABLE II
Ethylene Polymerizations at 40°C
R C Al/M Rend. (g) Catalytic activity T, (°C) Xe (%)
1 1 80 0.08 10.0 134.7 51
2 1 170 0.10 12.5 133.1 30
3 1 340 0.18 22.5 134.0 46
4 1 500 0.26 325 132.7 25
5 1 670 0.75 93.6 134.2 29
6 1 1340 1.28 160.4 122.8 26
7 2 80 0.08 10.0 118.1 1
8 2 170 0.07 8.8 116.2 0.4
9 2 340 0.17 21.3 117.4 4
10 2 500 0.13 16.3 121.5 3
11 2 670 0.28 35.0 132.5 29
12 2 1340 0.12 15.0 131.5 23
13 3 80 0.18 225 130.7 25
14 3 170 0.16 20.0 130.3 20
15 3 340 0.24 30.0 130.8 15
16 3 500 0.09 11.3 130.9 1
17 3 670 0.16 20.0 132.5 23
18 3 1340 0.28 35.0 130.5 9

Al/M, cocatalyst/catalyst; catalytic activity (kg/moly h atm); T,, melting tempera-
ture; X,, crystallinity; polymerization conditions: Time = 0.5 h; Ethylene pressure = 1.6
atm; cat.1, 2,3 =1 x 10°° mol and 4 = 3.6 x 107% solvent = toluene (300 mL); —, not

determined.
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Figure 2 Variation of the catalytic activity of complexes
1, 2, and 3, at 60°C with the Al/M ratio. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

activities [from 10 to 160 kg PE/(molz, h atm)].
The molecular weights of the polymers obtained
with complex 1 for the reaction at 60°C (in general
at lower temperatures M, tends to increase) were
very high (from 863,000 to 1,264,000 g/mol) and
the polydispersities quite broad from 3.0 to 6.3,
suggesting the possibility of having more than one
type of catalytic site. Higher MAO concentrations
(Al/Zr = 1340 ratio) did not improve the catalytic
activity of this catalyst as it can be seen in Figure
2. The catalytic activity of the complex 1 follows a
tendency until a maximum point (Al/Zr = 340)
and after that, it decreases. This behavior was
already observed with others systems and is
believed to be a result of the large coordinative
insaturation and electrophilicity of the metal cen-
ter which drives the cationic complex to coordi-
nate with the solvent or MAO.*!

Titanium complexes 2 and 3 presented low activ-
ities at 60°C. Complex 2 presented catalytic activities
between 5 and 8 kg PE/(molr; h atm), except for
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high amounts of MAO (Al/Ti = 1340) and complex
3 between 2 and 7 kg PE/(molr; h atm), those activ-
ities increased to moderated activities [from 9 to 35
for complex 2 and from 11 to 35 kg PE/(moly; h
atm) for complex 3] at 40°C. In general, titanium
complexes are more active at lower temperatures
than zirconium complexes.'” The change of the halo-
gen ligand, Cl by Br, between complexes 3 and 2
did not change significantly the catalytic activity.
The melting temperatures were, practically constant,
exception of complex 2 between Al/Ti ratios of 80
and 500, where the melting temperatures and also of
the crystallinities significant decrease. It is probable
that these polymers that show low activity be conta-
minated by little amounts of cocatalyst and second-
ary products that could have not been completely
eliminated during the purification, producing these
low melting points and crystallinities.

Complex 4, at Al/Zr ratio 4000, gave a very high
catalytic activity [1686 kg PE/(molz h atm)], much
higher than the one of complex 1. However, to reach
this activity it was necessary a great amount of coca-
talyst which is not recommended due to the high
cost of MAO and also because the purification of
the polymer is more difficult. It is good to point
out that this complex has already been tested in
ethylene polymerization at 25°C, Al/Zr = 1000-
3000, P = 1 atm giving low activities [1-9 kg PE/
(moly, h atm)].*! Molecular weights were much
lower than those obtained with complex 1, on the
other hand, the molecular weight distributions
were close to 2, suggesting a single site catalyst.
Melting points and crystallinities of all the poly-
mers obtained at both temperatures are typical of
high density polyethylene.

As catalysts 1 and 4 gave the best catalytic activ-
ities among the one studied they were also tested in
ethylene copolymerization with 1-hexene (170 mmol)
at 60°C. The results are shown in Table IIL

It can be observed that the copolymers presented
a significant decrease in melting temperature, indi-
cating 1-hexene incorporation. Complex 1 continu-
ous to maintain high catalytic activities also in
copolymerization but complex 4 catalytic activities

TABLE III
Copolymerizations With 1-Hexene: Temperature 60°C
Entry C Al/Zr Rend. (g) Catalytic Activity T, (°C) Xe (%)

1 1 340 2.20 275.0 112 22
2 1 670 1.82 227.5 110 26
3 4 4000 0.08 317 a: 112.6 5

b: 126.8 1
4 4 5000 0.09 38.1 127.5 7

Al/Zr, cocatalyst/catalyst; catalytic activity (kg/molz, h atm); T,, melting tempera-
ture; X, crystallinity; polymerization conditions: time = 0.5 h; ethylene pressure = 1.6
atm; cat. 1=1 x 10 > mol and 4 = 3.6 x 107%; solvent = toluene (300 mL).
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were reduced to moderates [32 and 38 kg PE/(molz,
h atm)] by the copolymerization even using a high
Al/Zr ratio. By 13C NMR, it is possible to see that
the polymer obtained at entry 1 (Table III) has 2.1
mol % of 1-hexene in its chain. The molecular
weight of the copolymer obtained with catalyst 1 at
Al/Zr = 340 was lower (773,910 g/mol) comparing
with the homopolymerization reaction keeping the
same polydispersity, showing that the comonomer
acts as a transfer agent reducing molecular weight.
At entry 3, catalyst 4 gave a copolymer with two
melting temperatures, probably, because of the high
Al/Zr ratio used that could promote the formation
of another active site.

CONCLUSIONS

All complexes studied presented catalytic activity in
ethylene polymerization using mild conditions. The
best result was obtain with complex 1 (Zr) that was
more active than the complexes 2 and 3 (Ti). For the
zirconium complexes 1 and 4, the best reaction tem-
perature was 60°C, and for the titanium complexes
(2, 3) 40°C. Complex 1 can be used in ethylene-1-hex-
ene copolymerization reactions being the best result
reached at Al/Zr 340 and 60°C. Complex 1 with the
phenylene bridge seems more interesting that com-
plex 4 with the ethylene bridge because it can be
polymerized with high activities using lower ratios of
Al/Zr than complex 4. Complex 1 can be a good al-
ternative to obtain linear polyethylenes or copolymers
with high molecular weights with mild conditions.
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