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The TpTiCl2(OR) (where Tp = hydrotris(pyrazolyl)borate; R = Me, Et,i-Pr, n-Bu) and TpTiCl3 complexes activated with very lo
oncentration of MAO (≥200 Al/Ti) showed very high activity in the ethylene polymerization. The substitution of one chlorine
n the TpTiCl3 for one alkoxyl ligand increases the catalytic activity up to 76 times and 3.4 times respect to Cp2ZrCl2 at the sam
eaction conditions. The TpTiCl2(OR) precatalysts activity decreases in the following order: TpTiCl2(OEt) > TpTiCl2(On-Bu)≈ TpTiCl2(Oi-
r)� TpTiCl2(OMe) > TpTiCl3.
The alkyl chain size of the alkoxyl ligands strongly affects the catalytic activity and the molecular weights of the polymers, prev

teric effect over the electronic effect. The resulting polymers can be classified as ultra-high molecular weight polyethylenes with
inear structure.

2005 Elsevier B.V. All rights reserved.

eywords:Hydrotris(pyrazolyl)borate; Alkoxyl; Titanium; Polyethylene; Ultra-high molecular weight

. Introduction

Since the discovery of the poly(pyrazolyl)borate ligands
y Trofimenko in 1967[1], the main application of these kind
f ligands has been in transition metal coordination chem-

stry studies[2–4]. Other significant areas of application,
hich have received attention, are homogeneous catalytic

ransformation of organic molecules[5–13]and olefin poly-
erization[14–25].
The hydrotris(pyrazolyl)borate (Tp) and the hydrotris(3,5-

imethyl pyrazolyl)borate (Tp*) are the most commonly
sed of the tris(pyrazolyl)borate ligands, since they are

he simplest and the easiest to synthesize. In general,
ris(pyrazolyl)borate ligands are very useful due to their

∗ Corresponding author. Tel.: +58 212 5041638; fax: +58 212 5041350.
E-mail address:akaram@ivic.ve (A. Karam).

10 possible substituting positions for electron dona
or withdrawing groups and for sterically hindered gro
which offer wider possibilities for studying their effec
on reactivities, catalytic activities and stability of me
centers.

Although it is well known that the tris(pyrazolyl)bora
ligands with transition metals (TpRVCl2(NAr) (R = H, Me;
Ar = 2,6-i-Pr-C6H3) [14]; TpRYR1(THF)x (R = H, Me, Ph
R1 = C6H5, CH2SiMe3); TpRLn(alkyl)n(THF)x (Ln = La3+,
Nd3+, Sm2+; R = H, Me)[15]; TpRRh(cod) (R = Me, Ph,i-Pr)
[16]; TpRuCl(=C=CHPh)(PPh3) [17]) are able to polymeriz
olefins, little information is available concerning the str
tural performance of tris(pyrazolyl)borate nor the role of
secondary ligands which complete the metal coordina
sphere on the catalytic responses of a particular metal.

In this context, Nakazawa et al. found in ethyle
polymerization by TpRMCln(OR1)3−n (n= 1, 2, 3; M = Ti,

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.05.032
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Zr; R = H, Me; R1 = Me, t-Bu, Ph, C6H4Me-4) [18] that
when the Tp ligand of TpRMCl3 complexes are substituted
by Tp*, the activity for Tp*ZrCl3 is enhanced, but not so for
Tp*TiCl3.

However, when all secondary ligands (chlorines)
of TpZrCl3 were substituted byt-butyloxy (Ot-Bu) or
p-methylphenoxy (OC6H4Me-4) groups, the activity
decreased considerably. The substitution of one chlorine
ligand of Tp*TiCl3 by onet-butyloxy or p-methylphenoxy
does not provide an important beneficial effect on the
activity.

A valuable contribution for understanding the structural
effect of tris(pyrazolyl)borate ligands on the ethylene
polymerization was done by Jordan and co-workers[19].
They synthesized a set of TpRTiCln(OR1)3−n (n= 1, 2,
3; R = H, Me, 2,4,6-trimethylphenyl (Ms); R1 = t-Bu,
C6H4-t-Bu-2) precatalysts with bulky substituents in the
pyrazolyl rings (3 and/or 5 positions) which were acti-
vated with MAO. At the reaction conditions used in this
work, the following catalytic activity tendencies were
obtained.

First, the steric substituents enhance the activity over the
less hindered substituents in the order TpMs* > TpMs > Tp*
> Tp (where TpMs* = HB(3-mesitylpyrazolyl)2(5-mesityl-
pyrazolyl); TpMs = HB(3-mesitylpyrazolyl)3).

Second, the substitution of one chlorine ligand of
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2. Experimental

2.1. General

All manipulations of air and/or moisture-sensitive com-
pounds were carried out under nitrogen using standard
Schlenk line techniques or a glove box. Toluene was dried
over sodium/benzophenone and distilled under nitrogen
prior to use. MAO was purchased from Akzo Corp. Ethy-
lene was purchased from BOC Gas and used after pass-
ing through columns packed with BASF oxygen scavenger
and 4Å molecular sieve. The compounds TpTiCl3 [26] and
TpTiCl2(OR) (R = Me, Et,i-Pr,n-Bu) [27] were synthesized
as previously described.

2.2. X-ray photoelectron spectroscopy characterization

The complexes TpTiCl3 and TpTiCl2(OR) (OR = OMe,
OEt, Oi-Pr, On-Bu) were evaluated by X-ray photoelectron
spectroscopy (XPS) with a XL 220I VG Scientific spectrome-
ter with monochromated Al K� X-ray radiation (1486.6 eV).
Acquisition was carried out at room temperature under high-
resolution mode for the B 1s, N 1s, Cl 2p and Ti 2p regions.
The samples were prepared in a glove box and mounted on
an aluminum support. After, the samples were introduced
into a transfer chamber and later evacuated at 10−6 Torr
u , an
i mber
u ced
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p*TiCl3 by one bulky alkoxy group as Ot-Bu or
C6H4-t-Bu-2 slightly increases the activity. In ad

ion, the work confirms that in general the syste
pRMCln(OR1)3−n/MAO are very sensitive to the ste
roperties of the tris(pyrazolyl)borate ligands.

Recently, the use TpRTiCln(OR1)3−n (n= 1, 2, 3; R = H
e; R1 = Me) complexes for homopolymerization
thylene was reported. In this work, they studied the e
f the alkoxyl ligand number present at the complex,
teric effect of the tris(pyrazolyl)borate ligands (Tp ver
p*) and cocatalysts type (MAO versus MMAO). Under
eaction condition used, the following trends were fou
irst, an increase of cone angle from 199◦ for Tp to 236◦

or Tp* conduces to a significant decrease of the cata
ctivity.

Second, the addition of one methoxy group to TpT3
lightly increases the activity and a second methoxy ha
pposite effect. For Tp*TiCl3 the substitution of one chlorin
y one methoxy group causes an activity reduction, and
second methoxy the reduction became significant. T
AO is a more effective cocatalyst for TpTiCl2(OCH3) than
MAO [20].
Continuing with our studies in order to und

tand the relation between structural modification of
ris(pyrazolyl)borate complexes and their catalytic respon
erein, we report the steric and electronic effects of
lkoxyl ligands (OR = OMe, OEt, Oi-Pr, On-Bu) on the
pTiCl2(OR) catalytic behavior on the ethylene polymer

ion as well as the effect over the physical properties o
olyethylenes obtained.
sing a turbomolecular pump. During data collection
on-getter pump kept the pressure in the analysis cha
nder 10−9 Torr. Accurate binding energies were referen

o an energy scale with binding energies for C 1s at 285.
he resultant material from the reaction of the comple
TpTiCl3 and TpTiCl2(OR)) with MAO were analyzed b
PS. These materials were prepared in toluene, under
en atmosphere using Al/Ti ratio of 200 and were su
uently washed several times with toluene and vacuum d

.3. Polymerization procedure

The polymerization runs were carried out in a th
ostated reactor (Buchi-Glauster) fitted with a 500 mL g

essel, using toluene as solvent. The polymerization c
ions were adjusted (25◦C; 1–3 bar; stirring 400–600 rpm
s required. The reactor was charged with an alumino
Al/Ti: 1500–100) toluene solution (80 mL) and after 10 m
toluene solution (20 mL) of the catalyst (1–3 mg) was ad
he polymerization was started by injection of ethylene to
eactor and was stirred for the time required (10 min,
he ethylene pressure was kept constant during polyme

ion by a continuous supply of ethylene. The reaction
uenched by addition of 1% HCl solution in methanol.
olymer was stirred in distilled water overnight and filter
fterward, the polymer was vacuum dried to constant we

.4. Polyethylenes characterization

Viscosity-average molecular weights were establishe
ne-point determination of intrinsic viscosity measured f
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Scheme 1. Synthesis of precatalysts TpTiCl2(OR).

an Ubbehlode dilution viscosimeter in decalin stabilized with
0.2% (v/v) of SANTONOX® at 135◦C. The results were
analyzed using the Schulz–Blaschke correlation[28].

The melt flow index (MFI) of the polymers was deter-
mined using the standard test method ASTM D1238-79 at
190◦C with 2.16 kg standard charge.

The thermal properties of the polymers were studied in a
METTLER TOLEDO, DSC822e calorimeter, calibrated with
Indium. Samples of polyethylene (5–10 mg) were sealed in
an aluminum pan and were subjected to the following proce-
dures: heating at 10◦C/min starting at 25–170◦C, and after
5 min at 170◦C isothermally, cooling at 5◦C/min from this
temperature to 25◦C, and finally heating at 5◦C/min from 25
to 170◦C to obtain the melting peak temperature (Tm). Melt-
ing enthalpies were converted to levels of crystallinity (Xc)
from the ratio (�Hsample/�Htheoric) × 100, with �Hsample
and�Htheoricbeing the apparent and the complete crystalline
heats of fusion, respectively. The value of 293 J/g was taken
as the enthalpy of a polyethylene crystal�Htheoric.

Films for Fourier transform infrared (FTIR) analysis were
compression-molded at 190◦C for 5 min. FTIR spectra were
obtained on a NICOLET Magna-IR 560 E.S.P. spectrometer
at a resolution of about 2 cm−1 after 16 scans.

The polymers were characterized by13C NMR using a
JEOL 270 Spectrometer operating at the following param-
eters: 67.93 MHz, 100◦C, 6.88 s of acquisition time, 1 s
o etra-
c

3. Results and discussion

Scheme 1shows the synthesis of TpTiCl2(OR) (R = Me,
Et, i-Pr, n-Bu) precatalysts which were tested for ethylene
polymerization using MAO as co-catalyst.

3.1. Optimization of polymerization conditions

The Al/Ti ration was optimized under the following
polymerization conditions: TpTiCl2(OR) = 3 mg; solvent =
toluene (100 ml); co-catalyst = MAO; Al/Ti = 1500–100;
P= 3 bar;T= 25◦C; t= 60 min; RPM = 400. The results are
summarized inTable 1and represent averages of two or in
some cases three polymerization runs, which showed good
reproducibility between them.

The TpTiCl2(OMe) precatalyt was activated with MAO
using Al/Ti molar rations from 100 to 1500 (entries 1–5).
In general, the catalytic activity of TpTiCl2(OMe) increases
when the Al/Ti ratio decreases and the best activity was
obtained with a 100/1 ratio (entry 5). In this case, mass
transfer problem and occlusion of precatalyst in the mid-
dle of the reaction were present, forcing us to stop the
polymerization at 15 min. These results are in concordance
with previous reports which found that at low Al/Ti ration
(200) the TpRTiCl (OR ) (n= 1, 2, 3; R = H, Me, 2,4,6-
t s
s

T
O

E ressur

1 3
2 3
3
4
5

P

f delay. The polymer samples were prepared in t
hloroethane in a 5 mm NMR tube.

able 1
ptimization of Al/Ti ratio using TpTiCl2(OMe)/MAO

ntry Precatalyts (mg) Al/Ti Temperature (◦C) P

3 1500 25
3 1000 25
3 500 25 3
3 200 25 3
3 100 25 3

olymerization conditions: solvent = toluene (100 mL); RPM = 400.
n 1 3−n

rimethylphenyl (Ms); R1 = t-Bu, C6H4-t-Bu-2) precatalyst
how higher activities than Cp2ZrCl2 [19].

e (bar) Time (min) Yield polymer (g) Activity× 10−6 (g
PE/(mol Ti h atm))

60 1.25 0.051
60 0.59 0.024
60 1.38 0.056
15 1.68 0.275
15 2.74 0.448
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Table 2
Optimization of polymerization conditions using TpTiCl2(Oi-Pr)/MAO

Entry Precatalyts (mg) Stirring (rpm) Pressure (bar) Time (min) Yield polymer (g) Activity× 10−6 (g
PE/(mol Ti h atm))

6 3 400 3 15 2.69 0.474
7a 3 400 3 15 3.09 0.545
8a 3 600 3 15 15.83 2.79
9 1.5 600 3 15 14.37 5.06

10 1 600 3 10 11.79 9.33
11 1 600 1 10 6.61 15.31
12 0.5 600 1 10 5.33 25.34

Polymerization conditions: solvent = toluene (100 mL); Al/Ti = 200;T= 25◦C.
a Toluene (200 mL).

At Al/Ti ratio of 1500 the activity is 0.051× 106 g PE/(mol
Ti h atm) while at 100 is 0.448× 106 g PE/(mol Ti h atm), this
increasing tendency implies that the chain transfer reactions
to MAO or Al(CH3)3 of the co-catalyst predominant in the
termination step.

In order to reach better activities, and to avoid the prob-
lems mentioned above, the other polymerization conditions
were optimized using TpTiCl2(Oi-Pr) as precatalyst. The
results are shown inTable 2. When the solvent volume was
increased from 100 to 200 mL (entry 6 versus 7) a small
improvement of the activity was observed. However, a very
significant improvement was achieved when the stirring was
raised at 600 rpm (entry 7 versus 8). At this point, poly-
mer precipitation and exothermic reaction became important
which compelled us to change the precatalyst mass and
reaction time (entry 8 versus 9 and 10). At these condi-
tions the TpTiCl2(Oi-Pr) exhibits an activity of 9.3× 106 g
PE/(mol Ti h atm). Finally, the ethylene pressure was reduced
from 3 to 1 bar (entry 10 versus 11) producing an important
increase of the activity up to 15.3× 106 g PE/(mol Ti h atm).
At these gentle reaction conditions 1�mol of TpTiCl2(Oi-Pr)
affords an activity of 25.3× 106 g PE/(mol Ti h atm) (entry
12). At the conditions used in reaction 11, mass transfer prob-
lem and occlusion of precatalyst were not present.

3

ns
w
( -
v 0;
P -

rizes the influence of alkoxyl ligands on ethylene polymer-
ization. It is worthy to mention that the values reported are
averages of two or in some cases three polymerization runs,
which showed good reproducibility between them.

As can be seen in theTable 3, the TpTiCl2(OR) (R = Me,
Et, i-Pr, n-Bu) precatalysts showed higher catalytic activi-
ties than none substituted TpTiCl3 complex (entry 13 versus
14–17). This general trend has been reported in the syn-
diospecific polymerization of styrene by the catalytic systems
IndTiCl2(OR1)/MAO (R1 = Me, Et,i-Pr, cyclohexyl)[29,30]
and CpTiCl2(OR1)/MAO (R1 = Me, Et,i-Pr)[31–33]. In both
cases the higher activity was attributed to the weakening of
the Ti–Cl bond, which makes the methylation and ligand
abstraction easier, causing an increase of the active species
([LTiMe] +; L = Cp, Ind) formation rate. Considering that the
indenyl (Ind) and cyclopentadienyl ligands are isolectronic to
tris(pyrazolyl)borates ligands[34] we can assume a similar
explanation for the activity behavior of TpTiCl2(OR) precat-
alysts.

Additionally, these results show that the electronic and
steric effects of the alkoxyl ligands play an important role
in the catalytic behavior of the TpTiCl2(OR) precatalysts.
When a chlorine ligand is substituted by a OMe group the
activity of TpTiCl2(OMe) is 4 times higher than TpTiCl3
(entry 14 versus 13) while for the OEt group the activity
increases 76 times (entry 15 versus 13). However, when the
a
d
v
i nd
4 di-
t y

T
E

E

1
1
1
1
1
1

P L); Al
.2. Ethylene polymerization by TpTiCl2(OR)

From the optimization study the following conditio
ere chosen to evaluate the behavior of TpTiCl2(OR)

R = Me, Et, i-Pr, n-Bu) series: TpTiCl2(OR) = 1 mg; sol
ent = toluene (100 mL); co-catalyst = MAO, Al/Ti = 20
= 1 bar;T= 25◦C; t= 10 min; RPM = 600.Table 3summa

able 3
thylene polymerization by TpTiCl2(OR)/MAO

ntry Precatalyts Yield polymer (g)

3a TpTiCl3 0.52
4 TpTiCl2(OMe) 0.71
5 TpTiCl2(OEt) 12.75
6 TpTiCl2(Oi-Pr) 6.61
7 TpTiCl2(On-Bu) 6.80
8 Cp2ZrCl2 4.84

olymerization conditions: TpTiCl2(OR) = 1 mg; solvent = toluene (100 m
a 3 mg.
lkyl chain size is increased toi-Pr or n-Bu, the activity
ecreases almost in half as respect to TpTiCl2(OEt) (entry 15
ersus 16 and 17), but in comparison with TpTiCl3 the activ-
ty rises 40 times for Oi-Pr ligand (entry 16 versus 13) a
2 for On-Bu substituent (entry 17 versus 13). At the con

ions used in this work the TpTiCl2(OEt) exhibits an activit

Activity× 10−6 (g PE/(mol Ti h atm)) Mv × 10−6 (g/mol)

0.38 0.29
1.57 1.94

29.12 2.33
15.31 3.48
16.73 2.56
8.60 0.59

/Ti = 200;P= 1 bar;T= 25◦C; t= 10 min; RPM = 600.
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Table 4
Electron binding energies of the titanium core of complexes without MAO
treatment

Precatalyts BEa (eV)

Ti (2p1/2) Ti (2p3/2)

TpTiCl3 465.1 459.4
TpTiCl2(OMe) 465.9 460.2
TpTiCl2(OEt) 464.9 459.2
TpTiCl2(Oi-Pr) 464.9 459.1
TpTiCl2(On-Bu) 464.8 459.1
aReference:C(1S).

of 29.12× 106 g PE/(mol Ti h atm) which is 3.4 times higher
than Cp2ZrCl2 (8.60× 106 g PE/(mol Ti h atm)) at the same
reaction conditions (entry 15 versus 18) and with the excep-
tion of TpTiCl2(OMe) all the TpTiCl2(OR) (R = Et, i-Pr,
n-Bu) showed higher activity than Cp2ZrCl2 (entries 15–17
versus 18). In comparison with metallocene-MAO polymer-
ization systems, which require large excess of MAO to show
high activity, the TpTiCl2(OR) (R = Et,i-Pr,n-Bu)/MAO sys-
tems can afford very high activities at very low concentration
of MAO (Al/Ti: 200, 100).

Thus, the catalytic activity of the TpTiCl2(OR)
precatalysts on ethylene polymerization decreases in
the order: TpTiCl2(OEt) > TpTiCl2(On-Bu)≈ TpTiCl2(Oi-
Pr)� TpTiCl2(OMe) > TpTiCl3.

The above tendency suggests that when a chlorine lig-
and of TpTiCl3 is substituted by an alkoxyl ligand, the
formation of the active species is promoted and might be
better stabilized by� donation from the oxygen atom to
the titanium center (electronic effect). This� donation to
the titanium center causes the bond distance of Ti–Cl to
become longer than in none substituted TpTiCl3, mak-
ing the methylation and ligands abstraction steps easier.
This weakening of the Ti–Cl bond had been reported in

IndTiCl2(OC6H10) (Ti(1)–Cl(1) 2.2526(10)̊A; Ti(1)–Cl(2)
2.2719(10)̊A) and IndTiCl2(OMe) (Ti(1)–Cl(1) 2.274(1)̊A;
Ti(1)–Cl(2) 2.479(2)̊A) [30,35]. In the case of IndTiCl3
the Ti–Cl bonds (Ti(1)–Cl(1) 2.2248(8)Å; Ti(1)–Cl(2)
2.2319(8)̊A; Ti(1)–Cl(3) 2.2355(8)̊A) are stronger than
alkoxide derivatives[29]. Also, this tendency was observed
in the case of Tp*TiCl2(Ot-Bu) (Ti(1)-Cl(1) 2.333(9)̊A;
Ti(1)–Cl(2) 2.31(1)̊A) [19] in comparison to Tp*TiCl3
(Ti(1)–Cl(1) 2.271(1)̊A; Ti(1)–Cl(2) 2.258(1)̊A) [36]. Over
TpTiCl2(OEt) the steric effect of the alkyl chain size
became important. Thus, TpTiCl2(On-Bu) and TpTiCl2(Oi-
Pr) decrease their activities, since the coordination and inser-
tion of the olefin to the metal center might be more sterically
impeded than in TpTiCl2(OEt) (steric effect).

The analysis of X-ray photoelectron spectroscopy of
TpTiCl2(OR) (R = Me, Et, i-Pr, n-Bu) and TpTiCl3 com-
plexes (Table 4) indicates that the TpTiCl2(OR) complexes
almost have the same electronic environment around the tita-
nium center (Ti 2p3/2), which suggests that the steric effect
of the alkyl chain size might be controlling the catalytic
responses.

In general, this study proves that TpTiCl2(OR) derivatives
with more electron donating and less steric alkoxyl ligand
are more effective to enhance the catalytic response of
TpTiCl3.
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Table 5
Electron binding energies of the titanium core of complexes after MAO treatm

P eV) de

1/2)

T .1
.9

T .6
.2

T .7
.2

T .6
.2

T .9
.9

a

recatalyst Tin+ species BEa (eV) BEa (

Ti (2p1/2) Ti (2p3/2) Ti (2p

pTiCl3 Ti3+ 466.1 460.9 464
Ti4+ 467.1 461.9 465
Ti4+ 468.3

pTiCl2(OMe) Ti3+ 466.3 460.8 464
Ti4+ 467.1 461.7 466
Ti4+ 468.1

pTiCl2(OEt) Ti3+ 464.9 459.3 462
Ti4+ 465.9 460.5 465
Ti4+ 466.7

pTiCl2(Oi-Pr) Ti3+ 465.3 459.6 463
Ti4+ 466.2 460.4 465
Ti4+ 467.2

pTiCl2(On-Bu) Ti3+ 467.7 462.2 464
Ti4+ 469.1 463.7 467
Ti4+ 470.4

Reference:C(1S).
To date information about the active species invo
n these kinds of systems is still limited. However, Jor
nd co-workers reported that the tris(pyrazolyl)borate
nds remain coordinated to the metallic center and a
oordinate [Tpx]Ti(alkyl) species is responsible for the hi
ctivity exhibit by TpRTiCln(OR1)3−n (n= 1, 2, 3; R = H
e, 2,4,6-trimethylphenyl (Ms); R1 = t-Bu, C6H4-t-Bu-2).
epending on AlMe3 and MAO concentration, the acti
pecies undergoes or not efficient chain transfer to AlM3,
hich explains the broad polydispersities observed[19].

ent

convoluted Total area Percentage (%) Ti3+ vs. Ti4+ (%)

Ti (2p3/2)

459.0 20545.0 41.34 41.3
461.1 14472.3 29.12 56.7

462.7 14672.6 29.54

458.9 16956.8 49.24 49.2
460.8 8495.9 24.67 50.8

462.7 8987.4 26.09

457.1 16978.7 45.57 45.6
459.7 12249.6 32.87 54.4

461.2 8035.5 21.56

457.9 6918.0 28.44 28.4
459.2 6680.1 27.46 71.6

461.6 10730.3 44.10

459.2 3526.7 11.63 11.6
462.3 12543.4 41.37 88.4

465.2 14248.3 46.99
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Table 6
Physical properties of synthesized polyethylenes by TpTiCl2(OR)/MAO

Entry Precatalyts Mv × 10−6 (g/mol) Tc (◦C) Tm (◦C) �Hm (J/g) (Xc) (%)

13 TpTiCl3 0.29 117,1 134.5 93.9 32
14 TpTiCl2(OMe) 1.94 119,7 135.3 127.7 44
15 TpTiCl2(OEt) 2.33 117,6 134.7 120.0 41
16 TpTiCl2(Oi-Pr) 3.48 117,8 136.1 136.5 47
17 TpTiCl2(On-Bu) 2.56 117,6 137.0 135.4 46

On the other hand, Nakazawa et al. proposed the formation
of more than one active species as [TpZrMe2]+ for unsubsti-
tuted TpZrCl3 derivative. While for Tp*TiCl2(OR1) (R1 = Ph,
C6H4CN-4, C6H4Me-4) was assumed to be [Tp*TiR(OR1)]+

which may be stabilized by� donation from the alkoxy group
to the titanium center[18].

In the styrene polymerization by IndTiCl2(OR1)/MAO
(R1 = Me, Et, i-Pr, cyclohexyl) and CpTiCl2(OR1)/MAO
(R1 = Me, Et,i-Pr) systems, It was assumed that a really active
species can be represented as [LTiMe]+.[MAOX] −·nMAO
(L = Cp, Ind; X = Cl, OR1) which activates the polymeriza-
tion as a whole[29–33].

In order to have an idea about the active species num-
ber present in the ethylene polymerization process, the
TpTiCl2(OR) (R = Me, Et, i-Pr, n-Bu) and TpTiCl3 com-
plexes were treated with MAO (Al/Ti = 200) in a nitrogen
atmosphere and evaluated by XPS. The area under the curve

for peaks Ti 2p1/2 and Ti 2p3/2 were deconvoluted (Table 5).
Theses results show that at least two actives species can be
formed which involve Ti3+ and Ti4+. For the all precatalyst,
the predominant active species is Ti4+.

3.3. Polyethylene characterization

Under the conditions of the standard test method ASTM
D 1238-79 the polyethylenes obtained from TpTiCl2(OR)
(R = Me, Et, i-Pr, n-Bu) did not show melting flow index.
Some properties such as crystallization temperatures (Tc),
melting enthalpies (�Hm), crystallinity (Xc) and the vis-
cosimetric molecular weights are shown inTable 6. The
polyethylenes showed melting temperatures in the interval
from 135 to 137◦C and crystallinities between 41 and 47%.
The viscosimetric molecular weights are in the range of
Fig. 1. 13C NMR of polyethylene
 produce by TpTiCl2(On-Bu).
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1.94–3.48× 106 g/mol. All these properties correspond to an
ultra-high molecular weight polyethylene (UHMWPE).

The FTIR spectrum for the polyethylenes showed bands
at 2950–2800, 1500–1350 and 720 cm−1. Absorption bands
from 850 to 1000 cm−1 were not observed, which indi-
cates absence of vinyl groups (RCH = CHR′, RCH = CH2,
RR′C = CH2) [28].

The13C NMR analysis of the polyethylenes showed only
one signal of methylene group (CH2 ) at 29.5 ppm (Fig. 1).
Signals corresponding to terminal methyl groups (CH3)
and methynyl groups (CH ) were not detected due to their
relatively low concentration with respect to the methylene
groups ( CH2 ), which show that all polymers were mainly
linear.

It is worthy to mention that the viscosimetric molec-
ular weight is strongly influenced by the alkoxyl lig-
and. For example, when a chlorine ligand of TpTiCl3
is substituted by methoxyl ligand theMv increases from
0.28 to 1.94× 106 g/mol (Table 6, entry 13 versus 14).
Also, when the alkyl chain size is increased in the
TpTiCl2(OR) (R = Me > Et >i-Pr) theMv increases from 1.98
to 3.48× 106 g/mol (Table 6, entry 14 versus 15–16), suggest-
ing that the alkyl chain reduces the chain transfer reactions
and increases the propagations reactions.
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. Conclusions

In this work, we proved that the substitution of one ch
ine ligand in the TpTiCl3 complex for one alkoxyl ligan
OR = OMe, OEt, Oi-Pr, On-Bu) strongly increases the pr
uctivity. The catalytic activity for ethylene polymerizati
ecreases in the order TpTiCl2(OEt) > TpTiCl2(On-
u)≈ TpTiCl2(Oi-Pr)� TpTiCl2(OMe) > TpTiCl3. The
lkyl chain size of the alkoxyl ligand strongly affects
atalytic activity and the molecular weight of the polym
hus, at higher alkyl chain size higher activities and mo
lar weights. The predominant oxidation state of ac
pecies is a Ti4+ and Ti3+ can be present in minor amou
he activation of the TpTiCl2(OR) (R = Me, Et,i-Pr,n-Bu)

equires a very low Al/Ti ratio. The polyethylenes produ
ith these systems can be classified as ultra-high mole
eight with a basically linear structure.

cknowledgements

We would like to acknowledge the Chemistry Cente
enezuelan Institute for Scientific Research (IVIC) for
nancial support of this research. Also FONACIT for
roject S1-2000000519.

eferences

[1] S. Trofimenko, J. Am. Chem. Soc. 88 (1966) 1842.
16 (1997) 4497.
17] H. Katayama, T. Yoshida, F. Ozawa, J. Organomet. Chem.

(1998) 203.
18] H. Nakazawa, S. Ikai, K. Imaoka, Y. Kai, T. Yano, J. Mol. Ca

A: Chem. 132 (1998) 33.
19] S. Murtuza, O.L. Casagrande, R.F. Jordan, Organometallic

(2002) 1882;
(a) K. Michiue, R.F. Jordan, Macromolecules 36 (2003) 9707.

20] A. Karam, M. Jimeno, J. Lezama, E. Catarı́, A. Figueroa, B.R. D
Gascue, J. Mol. Catal. A: Chem. 176 (2001) 65.

21] F.A. Kunrath, R.F. de Souza, O.L. Casagrande, Macromol. R
Commun. 21 (2000) 277;
(a) M.P. Gil, O.L. Casagrande, J. Organomet. Chem. 689 (2004
(b) M.P. Gil, J.H.Z. dos Santos, O.L. Casagrande, J. Mol. Cata
Chem. 209 (2004) 163.

22] L.G. Furlan, M.P. Gil, O.L. Casagrande, Macromol. Rapid Comm
21 (2000) 1054.

23] M.P. Gil, J.H.Z. dos Santos, O.L. Casagrande, Macromol. C
Phys. 202 (2001) 319.
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