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ABSTRACT

The complex of Brookhart Ni(a-diimine)Cl, (1) (a-diimine = 1,4-bis(2,6-
diisopropylphenyl)-acenaphthenediimine) has been characterized after impregnation on silica
(S1) and MAO-modified silicas (4.0, 8.0 and 23.0 wts.% Al/SiO, called S2, S3 and S4,
respectively). The treatment of these heterogeneous systems with MAO produces some active
catalysts for the polymerization of the ethylene. A high catalytic activity has been gotten
while using the system supported 1/S3 (196 kg of PE/mol[Ni].h.atm; toluene, AI/Ni = 1000,
30°C, 60 min and atmospheric pressure of ethylene). The effects of polymerization conditions
have been tested with the catalyst supported in S2 and the best catalytic activity has been
gotten with solvent hexane, MAO as cocatalyst, molar ratio AI/Ni of 1000 and to the
temperature of 30°C (285 kg of PE/mol[Ni].h.atm). When the reaction has been driven
according to the in situ methodology, the activity practically doubled and polymers showed
some similar properties. Polymers products by the supported catalysts showed the absence of
melting fusion, results similar to those gotten with the homogeneous systems by DSC
analysis. But then, polymers gotten with the transplanted system present according to the
GPC’s curves the polydispersity (MwD) varies between 1.7 and 7.0.

A polyethylene blend (BPE/LPE) was prepared using the complex Ni(a-diimine)Cl,
(1) (a-diimine = 1,4-bis(2,6-diisopropylphenyl)-acenaphthenediimine) and {TpMs*}TiCl; (2)
(TpMs* = hydridobis(3-mesitylpyrazol-1-yl)(5-mesitylpyrazol-1-yl)) supported in situ on
MAO-modified silica (4.0 wts. -% Al/SiO,, S2). Reactions of polymerization of ethylene have
been executed in the toluene in two different temperatures (0 and 30°C), varying the molars
fraction of nickel (Xni), and using MAO as external cocatalyst. To all temperatures, the
activities show a linear variation tendency with Xn; and indicate the absence of the effect

synergic between the species of nickel and the titanium. The maximum of activity have been

XVII



found at 0°C. The melting temperature for the blends of polyethylene produced at 0 °C
decrease whereas Xy; increases indicating a good compatibility between phases of the
polyethylene gotten with the two catalysts. The melting temperature for the blends of
polyethylene showed be depend on the order according to which catalysts have been
supported on the MAO-modified silica. The initial immobilization of 1 on the support
(2/1/S2) product of polymers with a melting temperature (Tm) lower to the one of the
polymer gotten when the titanium has been supported inicially (1/2/S2). The observation of
polyethylenes gotten with the two systems (2/1/S2 and 1/2/S2) by scanning electron
microscopy (SEM) showed the spherical polymer formation showing that the spherical
morphology of the support to been reproduced.

Are described the synthesis, the characterization and the catalytic properties for the

" with ligands

oligomerization of the ethylene of four organometallics compounds of Cr
([bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]amine] chromium (III) chloride (3a), [bis[2-(3,5-
dimethyl-1-pyrazolyl)ethyl]benzylamine] chromium (IIT) chloride (3b), [bis[2-(3,5-dimethyl-1-
pyrazolyl)ethyl]ether] chromiun(IIT)chloride (3c), [bis[2-(3-phenyl-1-
pyrazolyl)ethyl]ether]chromiun(Ill)chloride (3d)). In relation of the oligomerization, at
exception made of the compounds 3a, all complex of the chromium showed be active after
activation with MAO and the TOF gotten have one effect differentiated to those formed with
CrCls(thf)s. The coordination of a tridentate ligand on the metallic center doesn't provoke any
considerable changes on the formation of the C4 and Cg, but the amount of Cg are decrease
and the Cjo and Cj,+ have increased. The Polymers produced by the catalyst 3a to 3 and 20
bar of ethylene have, according to analyses by DSC, the temperatures of fusion of 133,8 and
136°C respectively. It indicates that in the two cases the production of high density

polyethylene. The molar mass, gotten by GPC, is 46647 g/mols with MwD = 2,4 (3 bar). The

system 3C/MAO showed values of TOF, activity and selectivity to different a-olefins
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according to the pressure of ethylene uses. Himself that shown a big sensibility to the

concentration of ethylene solubilized.
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RESUME

Le complexe de Brookhart Ni(a-diimine)Cl, (1) (a-diimine = 1,4-bis(2,6-
diisopropylphenyl)-acenaphthenediimine) a été caractérisé¢ apreés impregnation sur silice (S1)
et a silices modifi¢ avec MAO (4,0, 8,0 et 23,0 wt.% Al/SiO, appelé S2, S3 et 5S4,
respectivement). Le traitement de ces composés greffé avec MAO produit des catalyseurs
actifs pour la polymérisation de 1'é¢thyléne. Un haute activité catalytique a été obtenue en
utilisant le systéme supporté¢ 1/S3 (196 kg de PE/mol[Ni].h.atm; toluene, Al/Ni = 1000, 30°C,
60 min et pression atmosphérique d'éthylene). Les effets des conditions de la polymérisation
ont été testés avec le catalyseur greffé S2 et la meilleure activité catalytique a été¢ obtenue
avec le solvant hexane, MAO comme cocatalyseur, la proportion molaire Al/Ni de 1000 et a
la température de 30°C (285 kg de PE/mol[Ni].h.atm). Quand la réaction a été conduite selon
la méthodologie in situ, l'activité a pratiquement doublé et les polyméres ont montré des
propriétés semblables. Les polymeres produits par les catalyseurs supportés ont montré
I'absence de température de fusion, resultats senblables a seux obtenus avec les systéms
homogene par analyse DSC. En revanche, le polyméres obtenus avec les systéme greffé
presentent selon les courbes GPC une (MwD) polydispersité qui varie de 1,7 a 7,0.

Un mélange de polyéthyléne lineaire et ramifi¢ (BPE/LPE) préparé utilisant les
complexes  Ni(a-diimine)Cl, (1) (a-diimine = 1,4-bis(2,6-diisopropylphenyl)-
acenaphthenediimine) et {Tp™ }TiCl; (2) (Tp™" = hydridobis(3-mesitylpyrazol-1-yl)(5-
mesitylpyrazol-1-yl)) greffés in situ sur silice modifiée avec MAO (4,0 wt. -% Al/SiO,, S2).
Les réactions de polymérisation ont été exécutées dans le toluéne a deux températures
différentes (0 et 30°C), variant la fraction molaires du nickel (Xy;i), et utilisan MAO comme
cocatalyseur externe. A toutes les températures, les activités montrent une tendence de

variation linéaire avec Xy; et indiquent 1’absence d’effet synerque entre les espéces de nickel



et du titane. Des activités les plus elévees ont été trouvées a 0°C. Les températures de fusion
pour les mélanges de polyéthyléne produits a 0 °C diminuent alors que Xn; augmente
lI'indiquant une bonne compatibilité entre les phases du polyéthyléne obtenues avec les deux
catalyseurs. La température de fusion des mélanges de polyéthyléne dépendre de 1'ordre selon
lequel les catalyseurs ont ét¢ greffés sur la silice modifiée avec MAO. L'immobilisation
initiale de 1 sur le support (2/1/S2) produit des polymeéres avec une temperature de fusion
(Tm) inférieure a celle des polymére obtenus lorsque le titane a ete greffé inicialment 1/2/S2.
L’observation des polyéthylénes obtenus avec les deux systéms (2/1/S2 et 1/2/S2) par
microscopie electronique a balayage (SEM) a montré la formation de polymére sphérique
montrant que la morphologie sphérique du support a été reproduite.

Sont décrits la synthése, la caractérisation et les proprictés catalytique pour
l'oligomerization de I'éthyléne de quatre composés organometalliques du Cr'" possédante les
ligands (([bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]amine]chromiun(Ill)chloride (3a), [bis[2-
(3,5-dimethyl-l-pyrazolyl)ethyl]  benzylamine]chromiun(Ill)chloride  (3b), [bis[2-(3,5-
dimethyl-1-pyrazolyl)ethyl]ether] chromiun(IIT)chloride (3c), [bis[2-(3-phenyl-I1-
pyrazolyl)ethyl]ether]chromiun(IlI)chloride (3d)). Concernent 1'oligomerization, exception
faite du composé 3a, tous les complexe du chrome se sont montré actif aprés activation avec
MAO et les FR obtenues ont une effet differencie a celles atteintes avec CrCls(thf);. La
coordination d un ligand tridentateé sur le centre metallique ne provoque pas de changements
considérables sur la formation des Cy4 et Cq, mais la montanté de Cg est diminuée et celles des
Cyo et +Cj, ont ¢t¢ augmentees. Les polymeres produits par le catalyseur 3a a 3 et 20 atm
d'éthyléne possédent, selon les analyses par DSC la températures de fusion de 133,8 et 136°C
respectivement. Ceci indique que dans les deux cas la production de polyéthyléne de haut
densité. Effectivement le masse molar moyenne, obtenus par GPC, est de 46647 g/mol avec

Mw/Mn = 2.4 (3 atm). Le systeme 3c/MAO a montré des valeurs de FR, activité et sélectivité
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a a-olefins differents selon la pression d’éthyléne utilisée. Se qui montré une grand sensibilite

a la concentration d’éthyléne solubilisé.

XXII



I. INTRODUCTION




The plastics represent one of most important market of chemical products in the
world. In this reality, the development of different polyolefins occupies an important part of
that market and it comes being very important to produce materials with properties and
characteristics more specifics. To the polyethylene, the researches for new materials are
basing on 3 great areas that are the production of new class of catalysts, the heterogeneization
of the homogeneous catalysts and the mixture of known catalysts, to create blends.

Industrially, the production of polyethylene is based on the heterogeneous catalysts,
such as: (i) Phillips type catalysts, (i) Ziegler-Natta catalysts and (iii) single-site
homogeneous catalysts or supported homogeneous catalysts; with this, comes being searched
for the best reaction conditions to support catalysts, known for possess high activities in a
phase homogeneous, in order to they be used in production plants.

Considering the necessity to adapt the homogeneous catalysts to the existent
industrial technology, through the process of heterogeneization, we decided to carry out the
immobilization of NiCl,DAD (1) catalyst in silica and MAO-modified silica and investigate
his performance in ethylene polymerization varying some polymerization parameters.

Considering that the complexes NiCLDAD (1) and {TpMs }TiCl; (2) when used
mixed in a polymerization reaction present an effect called “synergic effect” in homogeneous
phase, what provokes an increase of the catalytic activity, being compared to the reaction of
both separately, we decided to test if these effect is proven in heterogeneous phase. To make
this study, the complexes were supported in silica modified with MAO and tested in
polymerization of ethylene. The effect in the polymer properties was elucidating by CGP
DSC and NMR.

Parallel to that study, it was also tested the ethylene polymerization using the

combination of the complexes NiCLDAD (1) and {TpMs }TiCl; (2) supported in situ on



silica modified with MAO. The influence of yn; and polymerization temperature on catalyst
activity and the polymer morphology was tested.

The chromium complexes are very used industrially for the oligomerization (mainly
millstone process of trimerization) of ethylene as the Phillips catalysts, we decided to
investigate the influence of a new class of ligands tridentades actives in the polymerization,
when linked to metals of transition of the groups IV, with the chromium. We started by the
synthesis and characterization of these ligands and chromium complexes to later test in the

polymerization of the ethylene.
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1.1  GENERAL ASPECTS

Every day, the plastics come being used more and more in the most differentiated
areas of the society, presenting several usefulness and characteristics. The polymeric materials
are used in the production of sacs, coatings, food processing (conveyor belt chains for high-
speed beverage and food processing lines) and transportation (until recently, carbon fiber
composites only appeared on concept cars or very high priced “super cars”) even in the most
specific as in the medicine, or in the electronics, like the in-car fiber optic data network or the
electronically communicating label.

After the discovery of olefin polymerization catalysts in the early 1950s by Ziegler
and Natta, the industrial production of polyolefins presented a great evolution until the current
days, as the fourth generation Ziegler-Natta catalysts and metallocene-based “single site”
catalysts. These catalysts present activity and stereoselectivity close to those of enzymatic
processes. The industrial processes work at low costs and are environmental friendly. When
the polyethylenes (PEs) lost their performance, they can be recycled for energy production.'
Three classes of olefin polymerization catalysts can be distinguished as follows: (i) Phillips
type catalysts, which are composed of a chromium oxide supported on an amorphous material
such as silica;” (ii) Ziegler-Natta catalysts, which consist of a transition metal compound and
an activator (AIR3;, MAO, etc.) whose function is to introduce an alkyl group in the
coordination sphere of the metal;® and (iii) single-site homogeneous catalysts or supported
homogeneous catalysts, like metallocene catalysts™* and incompletely condensed
silsesquioxane,” which also need an activator.

The production of polyolefins is nowadays a multibillion dollar industrial activity.
The polyolefins represents 60% of the world demand of thermoplastics approximately, where

the polyethylenes are inserted in the landing of the 40%. Annually more than 100 million



metric tons of polyolefins are produced. These processes use different conditions (Figure I1.1)
in high pressures, bulk or gas phase using autoclaves, tubular, loop or reactor types designed
for gas polymerization, the world production of polyolefins can bee represented in the Figure
II.1, where catalyst Ziegler-Natta is responsible for 43% of production and the catalytic
precursors based on Cr for 20%. Almost all processes require a catalytic system for the
activation of the monomer, exceptionally for high pressures of ethylene and temperatures.

The field of olefin polymerization catalysis has experienced on acceleration in
research activity over the past 10 years, with many academic and industrial research
laboratories engaging in the design of coordination and organometallic precatalysts for the

controlled synthesis of polyolefin products.®

LLDPE - ZN

20%
MDPE - HDPE (Cr)

Figure I11.1: PE overview.

The development of the history of mankind is strictly linked to material and these
really marked in the main steps or eras in that history. With more scientific and modern
approach with respect to the past generations, we could say that one ideal material has to

fulfill the new challenging and demanding needs of mankind, so the scope of the challenge for



a new material today, and more in the future, has to follow a very committing but unavoidable

rule:
e Imagine the concept;
e Identify scientifically;
e Create industrially;

e Produce economically and with total respect for the environment.

We can see one representation of these characteristics in the Figure I1.2:

IMAGINE

IDENTIFY
SCIENTIFICALLY

CREATE
INDUSTRIALLY

MANUFACTURE

ECONOMICALLY

SEEKING TOTAL
FRIENDLINESS

Figure 11.2: Representation of scope of the challenge for a new material today.

The polyolefins were leveled with the poorest commodities. However, although
“commodities” has been considered as the appropriate term to define polyolefins in their first
30 years; in the last 15 years, this has been protagonist of an excellent innovation process

though a continuous development of new process and products.



The Brazilian market of polyolefins represents about 65%, of which 43% correspond
to the polyethylenes and grows twice in a rhythm superior to the gross domestic product
(GDP). Between 1999 and 2000, the sales increased in more than 150 thousand tons (about
10% of the national production) and the total market of polyethylenes in the country is 1.6
million tons and it has been growing to a reason of 5% a year. That rate means an increment
of 80 thousand tons by year. Staying in this rhythm, in 2008 the production capacity has been
reached, being necessary the amplification of the existent plants of polyethylene. The market
of linear polyethylene moves strongly forward in relation to the conventional low density
resin, whose sales are static and its production presents fall tendency.’

In this context, the search for new technologies for the polyolefins development has
been intense in the last years. Besides, the heterogeneization of these new developed
homogeneous catalysts is necessary taking into account that the most of the existent industrial

plants use the heterogeneous catalysts.



1.2 CATALYTIC SYSTEMS BASED ON NICKEL/a-DIMINE COMPLEXES FOR

OLEFIN POLYMERIZATION

11.2.1 Nickel/a-diimine complexes in homogeneous processes

The first polymerization process using high temperature and pressure was
development by ICI researchers in 1930s. This process was commercialized in 1939 where
the ethylene is converted, via a radically initiated polymerization mechanism, to polyethylene
chains having broad polydispersity (MwD) and large number of side branches with different
sizes. The branches are produced in situ according to the mechanism called “back-biting”.
The low density polyethylene (LDPE) produced by this process has shown density between
0.91 —0.93 g/em’.

The polyethylenes structures produced by different types of catalyst can be

summarized in the Figure 11.3.

L 1 bk
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Free Radical Phillips Ziegler-Natta Metallocene

Figure 11.3: Evolution of polyethylene structure®



Typical PE’s produced by metallocene catalysts show MwD around 2.0 and from
0.9 to 1.2 methyl groups per 1000 carbon atoms. Bimodal MwD can be achieved by mixing of
different types of catalysts. Furthermore, the molecular weight can be readily decreased either
by increasing the temperature of polymerization, raising then metallocene/ethylene ratio or by
adding small amounts of hydrogen in the polymerization medium.’ Melting temperatures of
these polymers are around 134 - 140°C, and the density increases after initial melt passing to
0.947 - 0.953 g/em’.

Besides, the well-defined metallocene catalysts, during the first half of the 1990s,
interest grew in developing new generation “non-metallocene” catalysts, partly to avoid the
growing patent minefield in Group 4 cyclopentadienyl systems, but also to harness the
potential of other metals to polymerize ethylene on its own and with other olefinic monomers.
It was a discovery in the mid-1990s that was to have a galvanizing effect on researchers in the
polyolefin catalysis field. Although some earlier work on nickel catalyst systems of the type
employed in the Shell Higher Olefin Process (SHOP) had revealed the potential for late
transition metals to polymerize ethylene, it was the discovery of highly active (a-diimine)
nickel catalysts (Figure I1.4) capable of polymerizing ethylene to either linear or highly
branched polyethylene (PE), depending on the ligand backbone and reaction conditions, that
dramatically demonstrated the possibilities for expanding the commercially useful metals

beyond the first half of the transition series. "
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Figure 11.4: General structure of the Brookhart complex.

Three key features of the original a-diimine polymerization catalysts are (i) highly
electrophilic, cationic nickel and palladium metal centers; (ii) the use of sterically bulky o-
diimine ligands; and (iii) the use of noncoordinating counterions or the use of reagents
thought to produce noncoordinating counterions.''

The Brookhart’s catalyst when activated with MAO in reaction at 25 °C shows
activity of 11000 kg of PE/mol[Ni].h.atm. Besides the ethylene polymerization, this catalyst
type is capable of polymerizes a-olefins producing polymers with high molecular weight.
This catalyst is able to produce polymers with an enormous variety of structures, from
amorphous materials highly branched to linear ones, just for the simple variation of pressure,
temperature or by modification of the groups presents in the ligands.

The selectivity in the distribution of methyl branches separated by one or two
ethylene units and the formation of bimodal molecular weight distributions should be
included in a mechanism that describes the ethylene polymerization in the presence of
cationic nickel-diimine complexes. Figure II.5 shows a possible mechanism which explains
the formation of linear and branched polyethylenes, as previously proposed by Okuda'?,

taking into account the “chain walking” process.
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1.3  SUPPORTS FOR HETEROGENEOUS CATALYSTS

While these new Ni(Il) catalysts show great performance in homogeneous medium,
most of the existing polymerization plants run a slurry- and gas-phase process with
heterogeneous catalysts, such homogeneous ones must be heterogeneized on a support for the
application in those processes. Furthermore, the heterogeneization of catalysts is necessary to
avoid reactor fouling with finely dispersed polymer crystals, to prevent excessive swelling of
polymer, and to produce polymer particles of a desired regular morphology.

Several immobilization routes for homogeneous systems have been described in the
literature, considering that the major of them is related to the heterogeneization of
metallocene compounds.

This process, normally, can be classified in three groups: (i) the direct impregnation
of catalysts in the support; (ii) systems modified with MAO, and (iii) immobilization in
supports chemically modified.

Several types of organic and inorganic supports such as silica, alumina, alumina-
silicates (also called zeolites), composed of magnesium (MgCl, and MgO) and even the
methylaluminoxane (MAO)'* have been used in the immobilization of homogeneous
catalysts, but the choice of those should be based on some aspects'” such as:

0 Specific area of the support;
O Access easy to the fixation ranches and;
0 Stability in the conditions of polymerization.
Based on these aspects mentioned above, silica has been elected as a main inorganic

support applied in the heterogeneization of soluble catalysts.
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11.3.1.1 Silica

The chemical properties of amorphous silica are mostly governed by the chemistry
of its surface, especially by the presence of silanols groups. In the surface of silica we can
identify diverse functional groups, differing either by the number of hydroxyl groups per Si
atom or by their spatial proximity (Figure I1.6). Then, the OH groups can be divided in: (i)
isolated free or single silanols, represented by =SiOH; (ii) geminal free or geminal silanols or
silanediols, represented by =Si(OH),; and (iii) vicinal, or bridged, or OH groups bound
through the hydrogen bond or H-bonded single silanols, H-bonded geminals, and their H-
bonded combinations. On the SiO, surface, there also exist surface siloxane groups or =Si-O-

Si= bridges exposing oxygen atoms on the surface.

Geminai

Interacting
Figure 11.6: Structural schemes of various OH sites found at the hydrated amorphous silica

surface.

In the SiO, the pore size distribution is very narrow being between 1 to 20 nm.'® The
classification of these pores is micro- and mesopores'’ and they are responsible for the high

specific surface which ranges from 250 to 1000 m*/g.
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The properties of silica can be altered by thermal or subsequent chemical treatment.
We can found, in the surface of pure Si0, even a maximum concentration of 8 Broensted acid
OH groups per nm®.'® They hydroxylated surface is hydrophilic and easily adsorbs moisture
from the air. At temperature of 100 - 200°C this physically adsorbed water can be desorbed.
This heating cause a partial dehydroxylation of the silica gel, reducing the number of OH
groups per nm’ to approximately 5.5 (approximately 5 wt % silanol groups attached to 300
m’/g silica). Rising more the temperature the number of hydroxyl groups decreases
continuously, until a 600-800°C and almost completely dehydroxylated silica with
approximately 1 OH group per nm? is left. From this silanol concentration onward the surface
is hydrophobic.'® This sequential alteration of properties of silica by thermal treatment can be
seeing in the Figure I1.7.
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Figure 11.7: Schematic representation of the dehydration of a silica gel surface.'’
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11.3.1.2 Silica modified with MAO

Many approaches for supporting homogeneous catalysts have been reported in the

1320 and the methods based on the silica chemical treatment with MAO or

literature
trimethylaluminium (TMA) prior to catalyst immobilization are believed to generate more
active supported catalysts (in comparison with direct grafting). In such systems, it has been
proposed that complexes be bonded to the support by loosely ionic interaction.?'

In the polymerization reaction, the role of MAO is not completely elucidated. We
know that MAO alkylates the precursor catalyst, generating coordinatively unsaturated
cationic species. That process is made through the substitution of one halogen atom by an
alkyl group and extraction of the second halogen atom. There are evidences that this type of
compounds comprise the catalytic active species for olefin polymerization. MAO works as a
counterion, keeping the catalytic species in a cationic state and playing the role of a non-
coordinating anion. Trialkylaluminum (AlR3) may work in the same way, but the resulting
anion too strongly coordinates to the catalyst cation, making the active site not available for
the olefin insertion. Other functions have been attributed to MAO including the stabilization
of the active species (counterion), prevention of bimolecular deactivation and water and
oxygen milieu scavenger.*

Barron® characterized some alkylaluminoxane [(R,Al),O], and (RAIO),, containing
t-Bu groups through some structural studies in the crystalline state, but the structure of
aluminoxanes with other alkyl groups, especially with methyl and ethyl ones, are still to be
solved.”® Tt is believed that the MAO possesses two or three acidic centers which are
responsible for the reactions leading to oligomer formation, reaction with electron donors.
Moreover, the direct elucidation of the structure and of the function of MAO is hindered by

the presence of multiple equilibriums such as disproportionation reactions between oligomeric

chains as we can see in the Figure I1.8. For the sake of simplicity MAO has been usually
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represented as having linear chain or cyclic ring structures [Al(Me)-O—], containing three-

coordinate aluminum centers.

Figure 11.8. Structure of the MAO.

Commercially, the MAO is produced by the partial hydrolysis of TMA, also forming
oligomeric molecules of MAO, and usually a significant amount of TMA associated with
MAO.? This is evidenced by the equilibrium between both species, proposed by Eilertsen et
al.”® on FT-IR spectroscopy. Monitoring by DRIFTS and mass-spectrometric methods has
evidenced that solid MAO releases TMA under heating between 20 and 250°C.%’

Dos Santos et co-workers™ studied silicas modified with MAO corresponding to
0.5-20.0 wt.% Al/SiO, and compare with commercial MAO-modified silica. Through that
work, it was possible to conclude that the amount of Al supported in the surface of silica
increases to a maximum of 10.0 wt.%. For values higher than the saturation level (higher than
10.0 wt.% Al/SiO,), the density of Al remains about 10-13 Al.nm* values. It is worth
mentioning that silicas treated at 450°C under vacuum present OH density close to 1.5
OH.nm 2.* In such case, for loadings below the surface saturation, there are roughly 1 or 2 Al
atoms for each isolated silanol group. Nevertheless, such ratio is much higher for higher Al

loadings, indicating that most of the Al atoms are not directly bound to silica surface.
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Submitting the supports to in situ thermal treatment for 1 h at 80 and 130°C, was
evaluated the thermal stability of MAO-modified silicas. That temperature was chosen due to
being employed for metallocene immobilization uses to polymerize in industrial plants.*
Analyzing by IR, values smaller than the saturation level (10.0 wt.% Al/Si10,) its possible
observe a reduction in the intensity of the bands corresponding to isolated OH and methyl
groups. It seems that the presence of isolated silanol groups can promote the decomposition of
surface methyl groups, probably by evolving of methane. No significative modification was
perceived in the case of 10.0 wt.% Al/SiO,, probably due to the absence of free silanol
groups, but the intensities of the bands of the silanol groups present an reduction. It is worth
mentioning that during catalyst immobilization, part of such residual silanol groups might be
consumed, reducing therefore such thermal instability in the case of MAO content lower than
10.0 wt.% Al/SiO;.

The Lewis acid sites on TMA- and MAO-modified silica were measured by CO
adsorption at 77 K using transmission infrared spectroscopy.’’ The use of CO as probe
molecule in our samples using DRIFTS measurements did not provide evidences of chemical
interaction at 298 K. The CO generated species observed between 2300 and 2100 cm™ were
promptly removed by vacuum.

Comparing the silica and the MAO-modified silica (small than 10.0 wt.% Al/Si0,),
it is possible to conclude that the morphology of the supports is roughly kept identical.
Nevertheless, for amount of Al at the saturation level it’s observed the presence of abundant
irregular fine particles. By EPMA analysis, it observed that the fine particles are constituted
by practically pure aluminum. Similar results were reported for commercially high loaded
silica (23 wt.% Al/Si0,).*

Casagrande et al. studied the immobilization and the in situ impregnation of the

complexes tris(pyrazolyl)borate of vanadium®® and titanium®* on silica and MAO-modified
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silicas. To the complex tris(pyrazolyl)borate imido vanadium the metal content in the
supports, determined by XRF, remained between 0.045 and 0.098 mmol V/g support. An
example for the immobilization of the catalyst in the MAO-modified silica is showed in the
Figure I1.9. These systems were shown to be active in ethylene polymerization using MAO or
TiBa/MAO as activator (molar ratio of 1:1000). The catalyst activity was shown to depend of
the support nature, being between 8.1 and 88.0 Kg of PE/mol[V].h.atm. To the in situ
immobilization the catalyst activities increase, even in the presence of common
alkylaluminum co-catalyst (TiBA). Resulting polyethylenes showed Mw higher than
2.7 x 10° g/mol, suggesting the production of ultra-high molecular weight polymers. Other
important question was bimodal distribution to GPC. Which indicates the presence of

different actives sites, as showed in the Figure I1.9.
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Figure 11.9. Representation of the immobilization of the complex tris(pyrazolyl)borate imido

vanadium to the MAO-modified silica.
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In the case of the Ti complex, the catalyst {Tp™*}TiCly (Tp™" = HB(3-mesityl-
pyrazolyl),(5-mesityl-pyrazolyl)’) was active for ethylene polymerization when immobilized
on silica and MAO-modified silicas. The amount of the catalysts in the supports, analyzed by
XRF spectroscopy, varied between 0.10 and 0.18 mmol Ti/g support, these variations
suggested that the complex preferably binds to the MAO present on the surface. The systems
showed actives to the ethylene polymerization reactions using a combination of TiBA and
MAO as cocatalyst (1:1). The activities varied between 24.4 and 113.5 kg of
PE/mol[Ti].h.atm and the supported catalyst generated in situ (under ethylene atmosphere) is

roughly four times more active than supported. The viscosity-average molecular weights

(Mv) of the PE’s produced with the supported catalysts varying from 1.44 to 9.94 x 10°

g/mol with melting temperatures in the range of 125 — 140°C.

11.3.2 Nickel/a-diimine complexes in heterogeneous processes

There are several recent overviews of the area of olefin polymerization. Academic

10£,35 - - e 36
7 complement other, more industrial perspectives.

reviews of the a-diimine chemistry
The considerable additional activity in a number of industrial and academic laboratories has
generated a body of literature of sufficient size that a review is now appropriate. It should be
noted, however, that a very high percent of the information appears in the patent literature.
With free, on-line patent databases, this material should now be readily available to most
research labs in the world.

Recently, Ni(Il) catalysts bearing a-diimines ligands were supported on silica and
utilized in the ethylene polymerization using toluene or hexane as solvent in the presence of

MAO as cocatalyst. Those reactions using the catalyst pre-polymerized produced a polymer

with density in the order of 0.40 g.cm™.’” Besides, researchers of the Exxon reported the use
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of the supported catalyst Ni(a-diimine)Cl, immobilized in MAO/silica and their application
in polymerization of the ethylene in a reactor continuous of fluidized bed, producing
polyethylene with Tm of 91°C and only 34 ramifications/1000 atoms of C, suggesting that
these catalysts can be used to prepare particles regular morphologically without coalition risk
or fouling.

Brookhart et al. also investigated the catalytic activity of the Ni(II) precursors (1 to
4, Figure I1.10) grafted on silica support pretreated with trimethylaluminium, and using
chlorides (Et3Al>Cls) as cocatalyst (Figure 11.11). The supported catalysts were tested in slurry
polymerization runs at 150 psig ethylene in pentane at temperatures between 30 and 80 °C for
2 h (this time was chosen to simulate a common residence time in commercial polymerization
processes). The resulting productivities of up to 820 kg of PE/mol[Ni].h.atm in 2 h at 60 °C
and 150 psig of ethylene, equivalent to an activity of around 2330 Kg of PE/mol[Ni].h.atm.™®
The polymers obtained showed molecular weights in the range of 10° and polydispersities
around 3.5. The melting points of the polymer drop with increasing polymerization
temperature. The same behavior had been observed with the unsupported catalysts.''*

The complexes 5 to 8 (Figure 11.12) were prepared by Chadwick et al. and tested in
the polymerization of ethylene with MgCl,/0.24.AlEt; 3(OEt)o 7 as support. These supported
catalysts showed catalytic activities between 1190 and 7158 kg of PE/mol[Ni].h.atm (450 mL
of light petroleum, 1 mmol of TiBA, at 50°C and an ethylene pressure of 5 bar for 1 h).** The
polyethylenes obtained showed melting temperature between 114 and 127°C and 7 to 26
branches/1000 atoms of C where the proportion of methyl branches amounting to 82-87% of
the total branching, is higher than has been reported for homogeneous systems.*' The
polymers obtained were free-flowing powders and there was no evidence of reactor fouling,

and by scanning electron micrographs of the polymer particle morphology, demonstrating
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retention and replication of the spherical morphology of the original support during catalyst

immobilization and polymerization.
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Figure 11.10: Structures of the complexes Ni(a-diimine) of Brookhart.
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Figure 11.11. Synthesis of Supported Complex 2.
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Figure 11.12: Structure of the complexes of Brookhart.
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1.4  POLYMER BLENDS

11.4.1 General Aspects

A large range of polyolefins with innovative chemical and physical characteristics

42,10e,101,43

have been produced by several classes of olefin catalyst precursors since the

30,3¢,44 - -
" However, the industrial development

discovery by Ziegler-Natta just over 40 years ago.
of new polymers is expected to be rather limited in the future, and blending existing polymers
seems to be the most effective way to design new polymeric materials with the desired
combination of properties. Usually, polymer blends can be obtained either by a mechanical
mixture of two or more melted polymers or by dissolving and mixing polymers at the desired
composition followed by solvent evaporation.

Applications of polymer blends and multiphase polymer materials continue to enjoy
growth in terms of market share, consumption, and employment within the plastics industry.
This growth challenges the flexibility of materials suppliers to meet customer needs with new
materials and reduced product development cycles. The futility of trial and error approaches
to address these challenges led industry to solicit measurement tools and methods of analysis
which enhance their efforts to understand and control resin compatibility, phase morphology,
and blend material properties.

Polymer blends are mixtures of at least two macromolecular species, polymers and/or
copolymers. For practical reasons, the name blend is given to a system only when the minor
component content exceeds 2 wt%. Depending on the sign of the free energy of mixing,
blends are either miscible or immiscible. In a global sense, polymer/polymer miscibility does
not exist observed miscibility is always limited to a "miscibility window," a range of

independent variables, composition, molecular parameters (viz., molecular conformation and

configuration, molecular weight, molecular weight distribution, etc.), temperature, pressure,
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and others. More than 1600 of these "miscibility windows" have been identified for two, three

or four component blends.

In general, high-density polyethylene (HDPE) is used for applications that require
hard products, and linear low-density polyethylene (LLDPE) is usually blended to improve
flexibility.* Furthermore, LLDPE has been blended in small amounts (5-10 wt %) to reduce
extruder back-pressure and increase output.*® More recently, the concept to blend different
polymers (two or more) in order to obtain a new product, with unique properties has been
received special attention from academic and industrial field. This is consequence mainly of a
large variety of applications of these polymeric materials, the low costs and great easiness to

obtain them.

11.4.2 Preparation methods

The polymerics blends can be obtained by different methods, which control the
values of Mw and MwD as:
(i) The first one involves the physical mixture of polymers of different Mw.*” This widely
used solution show problems like the energy consumption, operational costs, and miscibility
limitations.
(i)  The second method involves the use of a series of reactors (multi-stage reactors), each
one run under different polymerization reaction conditions.*® This method can be used at pilot
plant level, but it was considered as expensive, cumbersome and time consuming for
industrial use.
(ili)  The third method utilizes the variation of operation conditions, such as temperature,
comonomer concentration, and hydrogen pressure (non-steady-state polymerization), in a
single reactor during polymerization.* This process is effective for laboratory-scale reactors,

but is unlikely to be applied to the production of commodity polyolefins.
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(iv)  Finally, the fourth method consists of combining two or more types of catalysts to
produce polymers with different and controlled Mw and MwD in a single reactor, this process
is denominated of blends "in situ".>® The advantages of this latter method, which is capable of
producing more easily polymers with good properties by using just a single polymerization
process, have received considerable attention by industrial laboratories as can be seen by the
number of patents issued in recent years.”'

This last process presents advantages in relation to the conventional methods as, for
example, generate blends with different chemical and mechanical properties through the
variation of the conditions reactionals in the polymerization process (temperature,
concentrations molars, pressure, co-catalyst, etc.) and to promote more effective mixtures of
the components than they decrease the incompatibility between the phases and they release
thermal and mechanical treatments, which can generate some degradation of the polymers.
Recently, studies revealed that the combination of two types different from catalysts promotes
the formation of polymer with compared different characteristics than those obtained of the

use of the catalysts separately.’***?
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1.5 THE IN SITU IMPREGNATION OF HETEROGENEOUS CATALYSTS

All well-know procedures for the impregnation of a complex to a support are time
demanding, involving reaction and washing steps and final catalyst characterization. One
problem present in this method is the effect of molecular deactivation that could happen when
the catalytic precursor is supported and not used soon after, causing an decrease in the
catalytic activity with time.

Soares and co-works™® proposed an alternative methodology (called in situ
impregnation) which uses a commercial immobilized cocatalyst. This approach consists in the
direct addition of the catalyst solution to the MAO-supported silica inside the reactor, just
before pressurizing with monomer. Normally, in these procedure it isn’t required additional
MAO as cocatalysts, because the activation of precursor are made in situ, by the Al present in
the support. Therefore, this procedure avoids time consuming steps or addition of external
MAO. Supported catalysts prepared by this in situ immobilization technique have been
evaluated for ethylene homo- and copolymerization.

Soares and dos Santos™ carried out the propylene polymerization with
Me;Si(Ind),ZrCl, immobilized on commercial MAO-modified silica by the in Situ supporting
technique. A determination of adsorption isotherm for this system indicated that the saturation
level is achieved at 2.0 wt.% Zr/SMAO. Catalyst systems were shown to be active in the
absence of external MAO, being activated by common alkylaluminum cocatalysts as TEA,
IPRA and TIBA. Best catalyst activity was observed in low concentration of IPRA (1.4 kg
PP/g cat h). The resulting polymers showed MwD close to 2.1 and a variation of melting point
between 135 and 140°C, showing higher molecular weights to the in situ supported systems

than those synthesized with the homogeneous catalyst at the same Al/Zr ratio.
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Park et al.® compared the in situ supported catalyst [(CH,)s(CsH4)2][(CoH7)ZrCl],
(Figure I1.13) with Cp,ZrCl, and rac-Et(Ind),ZrCl, (also in situ supported) in a ethylene/1-

hexene copolymerization.

Cly,, | Cly,
'Z
a”

Figure 11.13. Structure of the catalyst [(CH;)s(CsHa),][(CoH7)ZrCl,]»

In homogeneous phase the catalyst [(CH2)s(CsHa)2][(CoH7)ZrCly]> when used in the
copolymerization, showed a negative comonomer effect, i.e. the activity decreased with
comonomer incorporation, and it produced copolymer with a lower comonomer content than
other catalysts, both of which were ascribed to the steric effect of the catalyst. In contrast to
the homogeneous catalysts, when are used the in situ supported catalysts, the activity did not
change much with the increase of 1-hexene content. The in situ supported catalysts produced
copolymers with higher content of 1-hexene and lower melting point and crystallinity. The
changes in the molecular weight and its distribution of the copolymer with in situ supporting
became lower at low comonomer content but reached higher values at high concentrations
than those from homogeneous catalyst.

Soares et al.”® used the Brookhart catalyst Ni(diimine) (complex 5 of Figure II.12)
supported in situ in MAO-modified silica and tested the catalytic activity and the polymer

properties. The results demonstrate that the in situ supported catalyst is highly active, with
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productivities reaching values close to 3000 Kg of PE/mol[Ni].h.atm. There is a maximum
attainable activity when the temperature is raised. Thus, it implicitly considers the efficiency
of catalyst activation on the support surface. The temperature dependence reported herein is
similar to the observed for equivalent unsupported systems.'>>’ The authors could conclude
that the in situ supported catalyst works as a heterogencous system, producing polyethylene
particles that replicate the support morphology very well. As see by SEM images the

geometry presented by the polymers was predominately spherical.
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1.6 OLEFIN OLIGOMERIZATION PROCESSES

11.6.1 General Aspects

Linear alpha olefins (LAOs) are useful intermediates for amongst others the
manufacture of co-polymers>*>’, detergents, synthetic lubricants and plasticizer alcohols.
Currently, LAO producers may broadly be grouped into two main categories, i.e. full range
producers and on-purpose producers®, depending on the chemistry of the processes. More
specifically, as the 1-C¢g can be used as additives for lubricants, the 1-Ce_19 provides odd-
numbered linear primary alcohols and they can be converted to polyvinylchloride (PVC)
plasticizers. The 1-C;o.;2 can be epoxies to bifunctional derivatives or ethoxylates as nonionic
surfactants. The 1-Ci4.16 can be employed as surfactants as well as lubricant oil additives.

Industrially, the a-olefins is obtained by thermal and catalytic cracking of paraffins
(first for C,.5 olefins and the second for higher Co.3 a-olefins manufactured in large scale),
oligomerization of ethylene, dehydrogenation of paraffins, dimerization, metathesis of olefins
and dehydrogenation of alcohols.’ The three largest full range producers of LAOs via
ethylene oligomerization are Shell, British Petroleum (BP) Amoco and Chevron Phillips.*

An inherent characteristic of the ethylene oligomerization processes catalyzed by
transition metal is that they produce a mathematical distribution to the alpha olefins (Schulz -
Flory or Poisson), these aspect does not match market demand. As are know, the alpha olefin
market have different characteristics in terms of market size, growth, geography,
fragmentation, technical services and logistics requirements and these product distribution
provides a serious challenge to the producers. Nevertheless attempts have been made to
change the mathematical distribution of olefins in favor of the higher value comonomer range

(i.e. 1-C4 and I—Cg),63 but these modifications involve increased capital expenditure and
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operational complexity. Actually, there are only a few on-purpose routes to LAOs due to the
fundamentally different nature of the chemistry involved:®

(i) In the Middle East is made the ethylene dimerisation to produce 1-butene.

(i)  After 2003 Chevron Phillips (in the plant Q-Chem I of the project in Qatar) made the
ethylene trimerization to produce comonomer grade 1-hexene.

(i)  The Sasol facilities (in Secunda, South Africa) extract 1-hexene and 1-octene from
Synthol streams. The effective difference between this process and the above-mentioned
processes since it is not based on selective ethylene oligomerization, but though this can be

regarded as an on-purpose route to specific LAOs.

11.6.2 The discovery of the ethylene trimerization

Manyik, Walker and Wilson, in Union Carbide Corporation (UCC), discover the
process of the production of 1-hexene via ethylene trimerization, but the first to
commercialize the technology was Chevron Phillips. Almost 40 years ago these researchers
filed a patent® on continuous processes for the production of PE. They observed the
trimerisation of ethylene to 1-hexene during the polymerization reaction using Cr(III) 2-
ethylhexanoate (Cr(III) 2-EH) when activated by partially hydrolyzed tri-isobutylaluminium
(PIBAO), which then co-polymerises with ethylene forming a polymer having butyl side
chains. The publication of the results (using the same catalytic system) was made many years
later by Manyik et al.®*. In this work, it was possible to detect by a detailed chromatographic
analysis of the solvent from these polymerization reactions revealed that 1-Cs4, 1-Cg, 1-Cg and
1-Cyo were produced with 1-Cs being predominant. The ratio 1-Cg¢:1-C4 was about 25:1, but
the 1-Cq content was, however, only about 1.1% of the liquid sample. The analysis shows a

production of additional 1-C; and a greatest number of branched decene isomers.
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The rate of polymerization and 1-hexene formation suffers marked differences in
relation of the dependence in pressure and temperature, being more sensitive to ethylene
pressure than the rate of polymerization. Furthermore, the rate of 1-hexene formation seemed
to be dependent on the square of the ethylene pressure, implying a second order reaction in
ethylene. The authors concluded based on these results, that the production of 1-hexene would
be via a metallocycle mechanism, to explain this second order dependence, not by a linear
chain growth mechanism. The formation of the branched decene isomers can be also
explained by this metallocycle mechanism, by the co-trimerization of two ethylenes and a 1-
hexene molecule.

A large number of additives were also evaluated as possible poisons or promoters of
the catalyst system. Isoprene, piperyline and chloroprene as well as conjugated dienes such as
2-methoxybutadiene, cyclohexadiene and 3-ethylidenecyclohexene poisoned the reaction.
Addition of 1,2-dimethoxyethane (DME), however, led to a marked increase in 1-hexene

formation.

11.6.3 Homogeneous trimerization catalysts based on chromium

The development of homogeneous trimerization catalysts based on chromium is

summarized by the two major classes of ligands anionic and neutral multidentate ligands.

11.6.3.1 Cyclopentadienyl ligands

If we analyze in relation to the effects electronic and steric, the Cp ligands and
pyrrolyl ligands are very similar.®® By analogy, they should also be good ligands for

chromium catalysed olefin trimerization. However, up until recently, chromium based
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cyclopentadienyl complexes have only been shown to be active polymerization catalys‘ts.mf’67

Jolly et al.*®® used complexes of chromium metallocycle model with the ligand Cp to propose
the potential existence of the metallocyclopentane and -cycloheptane intermediates for the
trimerization mechanism. On the other hand, these Cp chromium metallocycle complexes
were found to be very active ethylene polymerization catalysts, giving activities of 5.92 Kg of
oligomer/mol[Cr].h.atm.

The Sasol Technology, to the contrary, showed that the introduction of bulky
aromatic substituents onto the Cp ring can generate a highly active trimerization catalyst.*” In
terms of overall 1-C¢ selectivity, the best results were achieved using a catalyst prepared with
Cr(Ill) 2-EH:ligand:hexachloroethane: TEA (molar ratios of 1:3:2.5:45) using 5-(4-t-
butylphenyl)-1,2,3,4-tetraphenylcyclopentadienyl as ligand. The reaction conditions were
temperature of 100°C and an ethylene pressure of 50 bars (Figure I1.14). The catalyst activity
was 1.11 Kg of oligomer/mol[Cr].h.atm. This gave a reaction mixture containing 99.5%
liquid products comprising 0.5% Ca, 93.5% Cs (83% 1-C6, 77.2% 1-Cs overall), and 6% Cios.

During these catalytic runs it was also formed a considerable quantity of internal
hexenes, indicate that the selectivity to a-hexenes was highly dependent on the substituents of
the Cp ring. For example, the wuse of 5-(4’-t-butylphenyl)-1,2,3,4-tetraphenyl-
cyclopentadienyl as ligand yielded to 83% 1-hexene whereas using 1,2,3,4-tetraphenyl-
cyclopentadienyl yielded only 61.7% 1-hexene. Another parameter that influence the
selectivity/activity is the reaction temperature, the lower of the temperatures promote a higher
activity and 1-hexene selectivity in the Cq fraction, but also promoting more PE and lower Cs
selectivity. For example, carried out a reaction of the Figure I1.14, but at 70 °C, produced an
overall 1-Cg selectivity of 73.4% with a catalyst activity of 1.80 Kg of

oligomer/mol[Cr].h.atm.
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1.11 Kg of
Cr(IIT) 2-EH . g
Hexachloroethane oligomer/mol[Cr].h.atm
Ph Bh TEA, Cyclohexane a-C6 (77.2%)
100 °C, 50 bar of C,H,
Ph Ph

Figure 11.14. Trimerization of ethylene made with Cr(IIl) 2-EH and the ligand 5-(4-t-

butylphenyl)-1,2,3,4-tetraphenylcyclopentadienyl activated by TEA.

Due the high cost of substituted Cp ligands and the low 1-Cg¢ selectivity within Cg
fraction (17% internal hexenes) the system can be considered unviable to an economic
viewpoint and the difficult separation of 1-Cg¢ from other Cg isomers would influence

negatively the process economic.

11.6.3.2 Chromium systems based on multidentate heteroatomic ligands

The general characteristic of multidentate heteroatomic ligands is that they contain
donor sites which form coordinate bonds with chromium. The tridentate systems can be
subdivided into two systems were the pro-catalyst has a meridional or facial arrangement of
the ligand. The first system yielding donors allowing for facile association— dissociation
equilibrium and in general these systems provide very selective ethylene trimerization

catalysts. An additional characteristic of these multidentate systems is that many are activated
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by alkyl aluminoxanes, which due to their high cost, necessitate catalyst systems which are

extremely active and selective for an economically practicable technology.

11.6.3.3 Ligands based on oxygen donors

The first really selective ethylene trimerization system was patented more than a
decade after Manyik’s discovery that ethylene could be trimerized to 1-hexene. Briggs’™®
(Long Range Catalyst Group of UCC) patented an ethylene trimerization catalyst system
containing a chromium compound, a hydrolyzed hydrocarbylaluminium compound and a
donor ligand (selected from hydrocarbyl isonitriles such as t-butyl isonitrile, amines such as
tetramethylethylene diamine and ethers of the general type CH3;0(CH,CH,0),CHj3), picking
up the indication of Manyik et al. for donor ligands, such as dimethoxyethane (DME), to
promote the reaction. Though, the best ethylene trimerization activities and selectivities were
obtained still using DME as donor ligand. Briggs’" later published the development of this
catalyst, and in the best example, it used Cr(Ill) 2-EH, PIBAO and DME (molar ratio of
1:2:10) at 95 °C and 28 to 35 bars of ethylene in heptane as solvent to gave 74% generally 1-
hexene selectivity and a catalyst activity 4.0x10 Kg of oligomer/mol[Cr].h.atm (TOF of 1.2
Cr's™). The residue of the product was PE with small quantities of C4 and Cs, the analysis of
PE revealed no 1-hexene incorporation.

. 72
Levine and Karol

(UCC), studding the same system, showed that the presence of
CO; could increase the efficiency of the trimerization catalyst toward 1-Cs formation. The
Idemitsu Chemical Company filed two patents in the mid 1990s related from UCC’s
discoveries about DME as donor ligand, but the difference between the systems is the

activators used are an aluminum alkoxides. For example,73 a solution of Cr(Ill) 2-EH and

aluminum t-butoxide in cyclohexane was reacted with ethylene at 100 °C and 34 bar to give
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the product containing 84% 1-Cs, 3% 1-Cg, 2% Cjo+ and 11% PE. The catalyst activity was

10.1x10? Kg of oligomer/mol[Cr].h.atm.

11.6.3.4 Ligands based on nitrogen donors

11.6.3.4.1 Triazacycloalkane ligands

For the oligomerization of ethylene, the coordination facially to the chromium are
sterically demanding when used the nitrogen-based ligands, such 1,4,7-trimethyl-1,4,7-
triazacyclononane ligands. This was suggested by Wu'®, reasoned that these ligands would
permit both the trimerization and oligomerization of ethylene as, at the same time, inhibit
polymerization. Wu describes, in a patent to Albemarle Corporation,”* a process for the
selective oligomerization of ethylene. The catalyst system contains complexes of Cr
triazacyclononane using aluminoxanes as activators. The alpha olefins produced with this
process afford a Schulz—Flory distribution, which is selectively augmented in 1-hexene,
without the simultaneous formation of PE and excessive quantities of vinylidine olefins. The
same reaction made in the absence of substitution on the nitrogens only gave PE, showing
necessity of steric bulk for oligomerization over polymerization as well as the high reaction
temperatures (ca. 30 °C) also favored oligomerization process.

As is observed for the Phillips catalyst system,” the catalyst lifetime was extended
by the combination of catalyst components in Situ in the reactor under ethylene pressure. As
see in the Figure II.15, the catalyst [1,4,7-trimethyl-1,4,7- triazacyclononane]CrCl; and n-
hexylaluminoxane (NHAO) (molar ratio of 1:80) was used to oligomerize ethylene at 105°C
and 29 bar in toluene to give 9.4% Ca, 39.3% Cs, 10% Cg and 41.3% Cjo+ as a product. The

selectivity for linear alpha olefins was 85 - 95% giving an activity of around 23.2x10” Kg of
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oligomer/mol[Cr].h.atm. The major product impurities were internal olefins, cyclic olefins

and paraffins.

N oligomer/mol[Cr].h.atm
\/ NHAQO, Toluene

\ 105°C, 29 bar of C,H,  a-C6 (33.4 - 37.3%)
CrCl:;

\

N
( \/\ 23.2x102 Kg of
N
/

Figure 11.15. Trimerization of ethylene made with [1,4,7-trimethyl-1,4,7-

triazacyclononane]CrCls activated by NHAO.

11.6.3.4.2 Tris(pyrazolyl)methane ligands.

Usually, the tris(pyrazolyl)methane ligands are uses as complexes of copper(]),
silver(I), cadmium(Il), lead(I) and thallium(II),”® however, Tosoh Corporation see that
chromium complexes of these ligands, when activated by MAO or trialkyl aluminums, gave
active and selective ethylene trimerization catalysts. To a patent '' were synthesized four
complexes (tris(3,5-dimethyl-1-pyrazolyl)methane chromium trichloride, tris(3-phenyl-5-
methyl-1-pyrazolyl)methane  chromium trichloride, tris(3-phenyl-1-pyrazolyl)methane
chromium trichloride and tris(3-(4-tolyl)-1-pyrazolyl)methane chromium trichloride)and
tested in ethylene trimerization upon activation with MAO or mixtures of MAO and n-
octyl;Al or i-BusAl, gave active and selective catalysts. These complexes were prepared by
reacting the respective tris(pyrazolyl)methane ligands with CrCl3(THF); in THF as solvent

and were found to coordinate facially to the chromium.
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In relation at the catalytic activity, the best result was accomplished using tris(3,5-
dimethyl-1-pyrazolyl)methane chromium trichloride complex activated by MAO (molar ratio
of 1:360) at 80°C and 40 bar ethylene pressure (Figure I1.16). This gives a reaction mixture of
0.1% C4, 99.6% Cs (99.1% 1-C¢) and 0.3% Cg: and showed the catalytic activity of the

77.1x10% Kg of oligomer/mol[Cr].h.atm.

—N 77.1x102 Kg of

N
| orcCl MAO, Toluene  oligomer/mol[Cr].h.atm
= C * 80°C, 40 bar of C,
— 0 — 5 ar OfC2H4
/N | N\ N a-C6 (99.1%)
—
N H N—

Figure 11.16. Trimerization of ethylene made with tris(3,5-dimethyl-1-pyrazolyl)methane

chromium trichloride activated by MAO.

The tests systems provide relatively remarkable 1-hexene selectivities and good
catalyst activities. In contrast to many other nitrogen-based ligand systems, tris(pyrazoly)

methane ligands are stable and easy to handle.

11.6.3.5 Ligands based on phosphorus donors, the polydentate phosphine ligands

The ethylene trimerization catalyst involving chromium complexes of polydentate

phosphines (represented by R,P(CH,),P(R’)(CH2)mPR>) and aluminoxane as co-catalyst was
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developed by Amoco Corporation.”® The x-ray structural analysis discovered an octahedral
geometry of the complexes with meridional arrangement of the ligand.

The best catalytic results are showed in the Figure II.17, were obtained using as
ligand (2-dimethylphosphinoethyl)(3-dimethylphosphinopropyl) phenylphosphine to forme
the chromium complex that was activated by butylaluminoxane (BuAO) (molar ration of
1:214) at 42 bar of ethylene and 80°C in toluene. This afforded a reaction mixture of 1% Ci,
97.7% Cs (96.5% 1-Cs), 1% C1o and 0.3% PE, showed the catalytic activity of 65.2x107 Kg

of oligomer/mol[Cr].h.atm.

>

P Butylaluminoxane

\

65.2x102 Kg of
oligomer/mol[Cr].h.atm

o

Toluene a-C6 (96.5%)

, 80 °C, 42 bar of C,H,

\L
/

C

\

i
a
Cl

Cl

Figure 11.17. Trimerization of ethylene made with (2-dimethylphosphinoethyl)(3-

dimethylphosphinopropyl) phenylphosphine chromium trichloride activated by BuAO.

11.6.3.6 Ligands based on mixed P and N donors

11.6.3.6.1 Diphosphazane ligands — (R,PN(R)PR,)

The ligands diphosphazane have earlier been related as complexes of Pd to give

ethylene/CO copolymerization catalysts’ and as complexes of Ni to give ethylene
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polymerization catalysts.*® Recently the British Petroleum has patented®' and published®” the
first catalyst system of chromium-based with diphosphazane ligands (Ar,PN(Me)PAr, where
Ar i1s an 0-methoxy-substituted aryl group) that when activated with MAO provide very active
and selective ethylene trimerization catalysts.

Incredibly, the best catalytic activities for trimerization of ethylene were finding
with very low concentrations of Cr and ligand. For example, using 0.0025 mmol CrCl;(THF);
and (2-methoxyphenyl),PN(Me)P(2-methoxyphenyl), activated by MAO (molar ration of
1:300) at 80°C and 20 bar in toluene (Figure I1.18) the catalyst gave 90% C¢ (89.9% 1-Cs),
1.8% Cg and 8.5% Cjo, not accounting PE formation and the catalyst activity was,
extraordinarily, 19.8 Kg of oligomer/mol[Cr].h.atm, some two orders of magnitude superior

than various systems.

CH,4

19.8 Kg of
/N\ CrCI,THF; MAO oligomer/mol[Cr].h.atm
P P —
Toluene a-C6 (89.9%)
2 2 80°C, 20 bar of C,Hy

OCH, H,CO

Figure 11.18. Trimerization of ethylene made with CrCl3(THF); and (2-

methoxyphenyl),PN(Me)P(2-methoxyphenyl), activated by MAO.

11.6.3.6.2 Bis-phosphinoamine ligands — (R,PCH,CH;NHCH,CHPR)).

The Cr(Ill) complexes of tridentate ligands of the type bis-phosphinoamine
(R,PCH,CH,;N(H)CH,CH,PR;,) were recently pattented83 and published84 by Sasol

Technology on a trimerization of ethylene reaction. These complexes are synthesized by
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reaction of the bisphosphino amine ligands with CrCl;(THF); at room temperature, as seemed

in the Figure I1.19.

H
| CrCI,THF, _

N THF N
RZP/\/ \/\PR RO\ LT >R

2 1N

Figure 11.19. Synthesis of Cr(Ill) complexes with the ligand bis-phosphinoamine

(R,PCH,CH,N(H)CH,CH,PR,).

They are extremely active and selective for the production of 1-C¢ when activated
with MAO. The initial efforts to augment the activity of the system are focus on the
modification of the R groups on the phosphorous atoms. With a reduction of sterically bulky
led to increased activity and excellent 1-Cg selectivities and the augmentation of sterically
bulky decreased activity and increased PE production.

In terms of the catalytic activity for trimerization of ethylene, the best was achieved
using [bis-(2-diethylphosphino-ethyl)amine]CrCl; activated by MAO (molar ratio 1:850) at
100°C and 40 bar ethylene in toluene. This afforded a reaction mixture containing 94% Cg

(93.2% 1-Ce) and 2.1% PE as see in the Figure 11.20.
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N 71.9x10°2 Kg of
MAO, Toluene oligomer/mol[Cr].h.atm

/pj 100°C,40barof CoHy 6 (93.2%)
¢

Cl

Figure 11.20. Trimerization of ethylene made with [bis-(2-diethylphosphino-

ethyl)amine]CrCl; activated by MAO.

11.6.3.7 Ligands based on mixed S and N donors, the bis-sulphanylamine ligand -
(RSCH,CH;NHCH2-CH,SR).

Bollmann et al.,* searching for options to P-based ligands, reasoned that, as the
phosphine pendents of the bis-phosphinoamine system (Figure 11.20) act as soft donor atoms
capable of facile association—dissociation equilibria, the donor properties of thioether groups
should be similar. Primarily, alkyl SNS ligands with low steric demand were searched due to
being similar structurally and that the substituents on the PNP systems gave good results.

Inexpensive reagents are uses to prepare the [bis-(2-alkylsulphanyl-ethyl)-
amine]CrCl; complexes in good yields, the reaction of the SNS ligand with CrCl3;(THF)s is
made at room temperature to give the corresponding complex in high yields as see in the

Figure 11.21.

42



| CrCl,THF,

N _ i

Figure 11.21. Synthesis of Cr(Ill) complexes with the SNS ligand bis-(2-alkylsulphanyl-

ethyl)- amine.

The [bis-(2-decylsulphanyl-ethyl)-amine]CrCl; complex, activated with MAO
(molar ratio of 1:280), were used to trimerization reaction of the ethylene at 90°C and 40 bar
ethylene in toluene, giving 98.4% Cs (98.1% 1-Cs) as see in the Figure 11.22. The quantity of

PE produced was 0.16% and the catalyst activity was 3.1 Kg of oligomer/mol[Cr].h.atm.

H
N 3.1 Kg of
MAO. Toluene  ©ligomer/mol[Cr].h.atm
- A 90 °C, 30 bar of C,H a-C6 (98.1%)
R—S S—R 2ty
\CI‘/
a”” | Da
Cl
R = decyl

Figure 11.22. Trimerization of ethylene made with [bis-(2-decylsulphanyl-ethyl)-amine]CrCl;

activated by MAO.

In relation of the sterics effects, if compare the groups R as ethyl or decyl, the results

were superior to the complex with the decyl group at those obtained using the less soluble
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[bis-(2-ethylsulphanyl-ethyl)-amine]CrCls complex. Other point appreciably, was that more
soluble complexes could be activated with very low quantities of MAO (molar ratio between
1:30 - 100). Due to the high cost of MAO, this has positive implications for the process

economics.

11.6.3.8 Ligands based on mixed PNP and PNS imines

Ethylene trimerization results, using Cr(III) complexes of mixed N, P, O and S

containing imines and amines, have been reported by Bluhm et al.*®

. These catalysts when
activated by MAO gave 1-hexene in reasonable selectivity (though at low activity), or
produced mostly PE.

In the best trimerization catalyst, the PNP imine complex of Cr activated with MAO
(molar ratio 1:100) at 22 - 31°C and 30 bar ethylene to afford 83% Cs (81.3% 1-Cs) and 17%
PE as see in the Figure I1.23. The catalyst activity was 5.9x10° Kg of

oligomer/mol[Cr].h.atm.

Xy 5.9x102 Kg of
AO oligomer/mol[Cr].h.atm
P//(ir\\P 22 310C 30 bar OfC2H4 a-C6 (813%)
ph Cl Cl Ph

Figure 11.23. Trimerization of ethylene made with PNP imine complex of Cr activated by

MAO.

Other complex tested in ethylene trimerization was the PNS imine complex of Cr

activated with MAO (molar ratio 1:100) at 22 - 31°C and 30 bar ethylene to give 82% Cs¢
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(80.4% 1-C¢) and 18% PE as see in the Figure 11.24. In this case, the catalyst activity was

lower, incoming at 0.23x10 Kg of oligomer/mol[Cr].h.atm.

XN 0.23x102 Kg of
MAO oligomer/mol[Cr].h.atm
P//Cf\s 22 -31°C, 30 bar of C,H, a-C6 (80.4%)
S IEAATREN
Ph Cl Et

Figure 11.24. Trimerization of ethylene made with PNS imine complex of Cr activated by

MAO.

11.6.4 Mechanistic considerations and molecular modelling

11.6.4.1 Historical development of the metallocycle mechanism

The oligomerization of ethylene to linear alpha olefins was well understood before
to the discovery of ethylene trimerization. Normally, the product distribution of the linear
alpha olefin processes forms a statistical series of oligomers following a Schulz—Flory®’ or
Poisson distribution. Cossee and Arlman,® proposed a mechanism that explained these
distribution by chain growth via ethylene coordination pursued by insertion into a transition
metal alkyl bond. The chain termination occurred via -hydrogen transfer to the metal to form

a metal hydride species, liberating the linear alpha olefin as see in the Figure 11.25.
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Figure 11.25. Mechanism of formation of linear alpha olefins proposed by Cossee and

88
Arlman.

1.% in the

The existence of Pt(Il) metallocycles was demonstrated by McDermott et a
early 1970s, in that way showing in principle that metallocyclic reaction intermediates could
exist. Based in these advance, Manyik et al.** proposed in 1977 the first metallocycle-based

oligomerization mechanism for the selective chromium catalyzed trimerization of ethylene to

1-hexene as see in the Figure I1.26.
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Figure 11.26. Mechanism of trimerization of ethylene metallocycle-based proposed by

Manyik et al.*®

The first step of the mechanism involved the coordination of two ethylene
molecules, followed by the formation of the chromacyclopentane, been not identified a bigger
metallocycle. The authors proposed a -hydrogen transfer from the chromacyclopentane to a
third coordinated ethylene to yield an intermediate called chromium butenyl ethyl. The
liberation of 1-hexene occurs via a reductive elimination from this di-alkyl intermediate.
Kinetic experiments conducted by these same authors indicated that the reaction was second
order with respect to ethylene, and thus the formation of the chromacyclopentane was

proposed as the rate-determining step.
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The mechanism involving the chromium metallocyclopentane species were also
invoked in the activation of the commonly known Phillips CrO;/SiO, catalyst for ethylene
polymerization.”® Briggs’' postulated the in place of a B-hydrogen transfer to ethylene, fast
insertion of ethylene into the metallocyclopentane species occurs to form a
metallocycloheptane. At this stage, ring opening occurs via the formation of a chromium
hexenyl hydride species, which undergoes reductive elimination to liberate 1-hexene and the

active catalytic species (Figure 11.27).

2]
> D

Cr Cr

NN
|
2+
CI‘W Cr\/j
A

L

Figure 11.27. Mechanism of trimerization of ethylene for the Phillips CrOs/SiO; catalyst

proposed by Briggs.”
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The oxidation state of the chromium, during the various stages of the catalytic cycle,
is an important aspect of the mechanism. Oxidative addition of the first two ethylene
molecules to form a metallocyclopentane species involves an increase in the formal oxidation
state from Cr to Cr*". In contrast, 1-hexene liberation via reductive elimination involves a
decrease from Cr? to Cr. This is not yet well understood, but Cr(III)/Cr(V),”
Cr(I)/Cr(I11),>** and Cr(I)/Cr(IV)** couples have been proposed to date.

Espelid and Berve™,” performed the abinitio calculations to shown the ethylene

trimerization to 1-hexene in the Phillips CrOs/SiO, catalyst, when used the tetrahedral

CrOsSi;Hs mononuclear cluster. The mechanism is presented in the Figure 11.28.

Figure 11.28. Mechanism of trimerization of ethylene for the tetrahedral CrOs;SiHq4

mononuclear cluster, here only partially reproduced as a -O-Cr-O- fragment of the ring.”>*®
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1.1 General Procedures

All manipulations were performed using standard vacuum line and Schlenk
techniques under an argon atmosphere. Dimethylformamide (DMF), tetrahydrofuran (THF),
toluene and hexane were distilled from sodium benzophenone ketyl. Diglyme (2-
methoxyethylether) was distilled with potassium. All solvents were stored under argon or in
vacuum before wuse. Ni(diimine-a)Cl, (diimine-a = 1,4-bis(2,6-diisopropylfenyl)-
acenaftenodiimine) (1) and Tp™TiCl; (Tp™" = tris[(3-mesitilpyrazolil), (5-
mesitilpyrazolil)Jborate) (2)°” were prepared according to procedures published in the
literature. Silica (Grace 948, 255 mz.g'l) was activated under vacuum (P < 10™* mbar) for 16
hours at 100°C. The support was then cooled to room temperature under dynamic vacuum and
stored under dried argon. The commercial silica (Witco) modified with 23% of
methylaluminoxane (MAO) was used as received. Ethylene (polymer grade, White Martins)
and argon were deoxygenated and dried by passage through columns of BTS (BASF) and
activated molecular sieves (3 A) prior to use. MAO (Witco, 5.21 wt.% toluene solution) was

used as received.

I11.2  Preparation of the supported Catalysts

111.2.1 Preparation of SiO»/MAO (4.0 and 8.0 wt.-% Al/SiO,)®®

MAO-modified silica was prepared by impregnating 1.0 g of thermally treated silica
Grace 948 with a solution of MAO in toluene corresponding to 4 and 8 wt.% Al/Si0; at room
temperature for 3 h under stirring. The solvent was removed under vacuum and the solid was

dried.
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111.2.2 General procedure for preparation of Ni(ll) supported catalysts

In a typical support catalyst procedure, Ni(diimine-o)Cl, toluene solution corresponding to
0.5 wt.% V/support was canulla-transferred at room temperature onto inorganic support (1.0
g) toluene slurry. After 3h, the slurry was then filtered through a fritted disk. The resulting
solids were washed several times (ca. 5 x 10 mL) with toluene at 50°C (until resulting in a

colorless eluate), with hexane, and finally dried under vacuum for 24 h.

The amounts of Ni calculated by XRF for the heterogeneous systems were:
. Ni(diimine-o)Cl,/SiO; (S1): 128 umol of Ni/g of SiO».
. Ni(diimine-o)Cl,/MAO/Si10; (4.0 wt.% Al/g support) (S2): 145 pmol of Ni/g of SiO,.
o Ni(diimine-o)Cl,/MAO/SiO; (8.0 wt.% Al/g support) (S3): 165 pumol of Ni/g of SiO,.

. Ni(diimine-o)Cl,/MAO/Si10; (23.0 wt.% Al/g support) (S4): 71 pumol of Ni/g of Si0,.

111.3  Synthesis of Chromium compounds

111.3.1 Syntheses of Ligands

Bis[2-(3,5-dimethyl-1-pyrazolyl)ethyllamine.”'®
\m/
H N—N
[Cl\/\IL/\/CI HCI
DMF/THF Ne—H
K NaH (3.5 eq)
N J
i O
N—N
N, / P
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Under an argon atmosphere, 3,5-dimethylpyrazole (3.66 g, 0.038 mol) was slowly added to a
suspension of NaH (1.61 g, 0.066 mol) in a mixture of DMF (35 mL) and THF (25 mL). The
reaction mixture was stirred at 70 °C for 2 h. To the resulting solution was added a solution of
bis(2-chloroethyl)amine hydrochloride (3.40 g, 0.019 mol, previously dried in vacuum at
40°C for 5 h to remove traces of water) in DMF (10 mL). Strong evolution of H, was
immediately observed, followed after some minutes by the precipitation of NaCl. The reaction
mixture was stirred for 30 h at 70°C, yielding a cream white suspension that was cooled and
filtered. The filtrate was evaporated to dryness in vacuum, the wine-red oily residue resulting
was dissolved in CHCIl; (25 mL), washed with saturated aqueous NaCl (3 x 25 mL) and with
water (3 x 25 mL). The solution was dried over MgSQOy, concentrated in vacuum and the oil
was solubilized in methanol and added to hot water (80 °C). Crystallization occurred upon
slow cooling to give white needles of Bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]amine (2.63 g,
53%). "H NMR(CDCls, 298 K): 8 2.17 (6 H, s), 2.19 (6 H, s), 2.95 (4 H, t, ] = 6.09 Hz), 4.00
(4 H,t,J=6.11 Hz), 5.74 (2 H, s). °C NMR: § 10.92, 13.37, 48.29, 49.17, 104.75, 138.96,

147.34.

Benzylbis[2-(3,5-dimethyl-I-pyrazolyl)ethylJamine.”

DR,

N—H —/——————— N

N_NJ "N N_NJ
SN
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To a solution containing bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]amine (0.34 g, 1.30 mmol) in
acetone (3.5 mL) was added benzyl chloride (0.16 g, 1.30 mmol) and triethylamine (0.12 g,
1.20 mmol). The reaction mixture was refluxed for 3 h. The solvent was evaporated in vacuo,
and the resulting oil was dissolved in dichloromethane (9 mL), washed 2 times with brine (7
mL) and dried over Na,S04. After filtration, dichloromethane was evaporated and the
resulting oil was purified by column chromatography. The solvent was then removed on a
rotary evaporator to give a benzylbis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]amine as brown oil
(0.33 g, 72%). '"H NMR (CDCl;, 298 K): & 2.14 (6H, s), 2.21 (6H, s), 2.91 (4H, t, ] = 7.16

Hz), 3.66 (2H, s), 3.93 (4H, t, ] = 6.84 Hz), 5.76 (2H, s), 7.25 (5H, s).

Bis[2-(3,5-dimethyl-I-pyrazolyl)ethyl]ether.”

-

N—N
Cl\/\ /\/Cl
(6)
DMF/THF

+ — 0

NaH
) 2
2 \ N—N

N—N
\, / P

Under an argon atmosphere, 3,5-dimethylpyrazole (3.20 g, 0.033 mol) was slowly added to a
suspension of NaH (1.21 g, 0.050 mol) in dry DMF (35 mL) and dry THF (25 mL). The
solution was stirred at 60 °C for 2 h. To the resulting solution was added dropwise under
stirring a solution of bis(2-chloroethyl) ether (1.97 mL, 0.017 mol) in dry DMF (10 mL). The

mixture was allowed to stir for 18 h at 60 °C, cooled, and treated cautiously with H,O (18
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mL) to decompose excess NaH. The solvents were then evaporated under reduced pressure.
The residue was extracted with ethyl acetate (4 x 50 mL), washed with of 10% NaOH (2 x 35
mL), H,O (2 x 35 mL), and then dried over MgS04. The solvent was evaporated to give a tan
solid (3.96 g, 90%), which was crystallized from ethyl acetate to give bis[2-(3,5-dimethyl-1-
pyrazolyl)ethyl]ether as white needles (3.54 g, 80%). '"H NMR (CDCls, 298 K): & 2.14 (6 H,
s), 2.18 (6 H, s), 3.69 (4 H, t, J = 5.84 Hz), 4.02 (4 H, t, J = 5.87 Hz), 5.72 (2H, s). °C NMR:

0 10.94, 13.46, 48.36, 70.27, 104.76, 139.62, 147.54.

Bis[2-(3-phenyl-I-pyrazolyl)ethyl]ether.”

N

cl cl \
N N N—N~>
DMF/THF

+ —_— O

NaH :
X N—N

zk_N //

Under an argon atmosphere, 3-phenylpyrazole (4.06 g, 0.028 mol) was slowly added to a
suspension of NaH (1.02 g, 0.042 mol) in dry DMF (30 mL) and dry THF (20 mL). The
solution was stirred at 60 °C for 2 h. To the resulting solution was added dropwise under
stirring a solution of bis(2-chloroethyl) ether (1.69 mL, 0.014 mol) in dry DMF (10 mL). The
mixture was allowed to stir for 18 h at 60 °C, cooled, and treated cautiously with H,O (15

mL) to decompose excess NaH. The solvents were then evaporated under reduced pressure.
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The residue was extracted with ethyl acetate (4 x 40 mL), washed with of 10% NaOH (2 x 30
mL), H,O (2 x 30 mL), and then dried over MgS04. The solvent was evaporated to give a tan
solid (4.31 g, 86 %), which was crystallized from ethyl acetate to give bis[2-(3-phenyl-1-
pyrazolyl)ethyl]ether as white needles (3.91 g, 78%). 'H NMR (CDCls, 298 K): & 3.79 (4 H, t,

J=4.88Hz),4.26 (4 H,t,J=4.92Hz), 645 (2 H,s), 7.32 (8 H, m), 7.75 (4 H, m).

111.3.2 Complexes of Cr (I111):

All chromium complexes were prepared following the same experimental procedure as

described below.**

[bis[2-(3,5-dimethyl-1-pyrazolyl)ethylJamine]chromiun(l11)chloride (3a):

N N
\ \\\\\Cl/
N—Cr—N
\ .\ |r \ /
Cl
3a

Under an argon atmosphere, one solution of bis[2-(3,5 dimethyl-1-pyrazolyl)ethyl]amine
(41.8 mg, 0.16 mmol) in THF (10 mL) was added to a solution of CrCl;(THF); (54.9 mg, 0.14
mmol) in THF (15 mL). This mixture was allowed to stir for 30 min at room temperature, the
solvent was evaporated at ca. 1/3 and pentane (8 mL) was added to this mixture. The title
compound precipitates and the solvents were removed by canula. The compound was dried

under reduced pressure to give 3 as a green solid (52.8 mg, 89%). Anal. Calc. for
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C14H2uNsCLCr (%) C, 40.16; H, 5.30; N, 16.73; Found (%): C, 39.88; H,5.56; N,16.44; ESI-
HRMS: 347.0972 [M-2CI]" (Cale. for C14H2NsCICr 347.0969); IR (KBr, cm™): 2341, 2359

(C=N, pyrazolyl).

[bis[2-(3,5-dimethyl-I-pyrazolyl)ethyl]benzylamine]chromiun(l11)chloride (3b):

A solution of bis[2-(3,5 dimethyl-1-pyrazolyl)ethyl]benzylamine (85.2 mg, 0.24 mmol) in
THF (15 mL) was added in one solution of CrCl3(THF); (83.2 mg, 0.22 mmol) in THF (25
mL). The complex 4 was recovered as a green solid (112 mg, 92%). ESI-HRMS: 473.1171

[M-C1]+ (Calc. for C21H29N5C12CI' C14H22N5C1CI' 473.1 189)
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[bis[2-(3,5-dimethyl-I-pyrazolyl)ethyl]ether]chromiun(l11)chloride (3c):

N
\ \\\\\Cl/
N—Cr—N
\ yo\d |r \ /
Cl
3c

One solution of bis[2-(3,5 dimethyl-l-pyrazolyl)ethyl] ether (77.5 mg, 0.29 mmol) in THF
(18 mL) was added in one solution of Cr(THF);Cl; (101.5 mg, 0.26 mmols)in THF (25 mL).
The complex 5 was recovered as a red wine solid (98.4 mg, 90%). Anal. Calc. for
Ci14H2oN4OCL:Cr (%) C, 39.97; H, 5.27; N, 13.32; Found (%): C, 36.96*; H, 5.65*; N, 11.49*
(* This analysis was carried out of the glovebox.); ESI-HRMS: 384.0554 [M-CI]" (Calc. for

C14H2N;OCLCr 384.0577). IR (KBr, cm’™): 2355, 2362 (C=N, pyrazolyl).

[bis[2-(3-phenyl-I-pyrazolyl)ethyl]ether]chromiun(l11)chloride (3d):

P

N
\ \\\\\\Cl/
N—Cr—nN

\ Ja” | \ /

Cl
pn 39 ph

One solution of bis[2-(3-phenyl-1-pyrazolyl)ethyl]ether (154.7 mg, 0.43 mmol) in THF (15
mL) was added in one solution of Cr(THF);Cls (148.1 mg, 0.39 mmols)in THF (20 mL). The

complex 6 was recovered as a red wine solid (175.3 mg, 87%). Anal. Calc. for
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CnH2N4OCLICr (%) C, 51.13; H, 4.29; N, 10.84; Found (%): C, 48.99%*; H, 5.48*; N, 9.26*

(* This analysis was carried out of the glovebox.).

I11.4 Characterization of the supported catalysts

111.4.1 X-Ray Fluorescence Spectroscopy

The metal contends on the resulting supported catalysts were determined by X-ray
fluorescence spectroscopy (XRF) using a Rigaku (RIX 3100) wavelength dispersive XRF
spectrometer tube operated at 50 kV and 70 mA, bearing a LiF 200 crystal and a scintillation
counter. Samples were pressed as homogeneous tablets of the compressed (12 MPa) powder

of the catalyst systems.

I11.5 Polymerization reactions

The polymerization reactions were performed in 300 mL of hexane/toluene in a 1L
Pyrex glass reactor (Reactor (a), Figure III.1) connected to a constant temperature circulator
and equipped with mechanical stirring and inlets for argon and the monomer (ethylene). It
was added in the reactor a solution of hexane with TMA (trimethylaluminium) (3.0 mL) to
remove the impurities, like traces of water and others impurities of the reaction. After 30
minutes, 300 mL of the dry solvent (hexane or toluene) was added. After the thermal
stabilization the cocatalyst was added (MAO, TMA or TiBA). The polymerizations were
performed at atmospheric pressure of ethylene at 0, 30 and 50°C temperature for 1 h.
Acidified (HCI) ethanol was used to interrupt the process, and the reaction products were
separated by filtration, washed with distilled water, and finally dried under reduced pressure

at 60°C.
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In the case of the in situ heterogeneization and polymerization reactions, all
polymerization reactions were performed in Fisher-Porter bottle (100 mL) (Reactor (b),
Figure III.1) equipped with a magnetic stirrer bar and a stainless steel pressure head fitted
with inlet and outlet needle valves, a septum-capped ball valve for injections, and a pressure
gauge. Under ethylene atmosphere, the appropriate amounts of toluene and S2 were
introduced sequentially. After complete thermal equilibration, the catalyst precursor (1 and/or
2) corresponding to 0.1 wt.% transition metal/support was added as toluene solution with
stirring. The slurry suspension was stirred for 30 min and then the polymerization reaction
was started by the addition of external MAO. For the polymerization reactions using a
combination of 1 and 2 we have adopted a general procedure where, initially, a pre-contact
reaction between the first catalyst precursor and S2 was carried out for 30 min and then the
second catalyst was added, allowing the pre-contact reaction to proceed for an additional 30
min. The polymerization reactions were started by adding external cocatalyst solution to the
reactor. The volume of the reaction mixture was 60 mL for all polymerization runs. The total
pressure (3 atm) was kept constant by a continuous feed of ethylene. The polymerization runs
were stopped introducing 1 mL of methanol.

In the case of the oligomerization reactions, at high pressure of the ethylene, these
were performed in a 250 ml double-walled stainless steel reactor (Reactor (c), Figure II1.1)
equipped with mechanical stirring and continuous feed of ethylene (for reactions using
ethylene pressure until 20 atm) and the temperature was controlled by a thermostatic
circulation bath. A typical reaction run was performed by introducing in the reactor, under
argon, the quantities the alkylaluminum cocatalyst and solvent. The system was saturated
with ethylene and the oligomerization reaction was started by introduction of the proper
amount of the complex dissolved in 10 mL of toluene. Ethylene was continuously fed in order

to maintain the ethylene pressure at the desired value. After 15min, the reaction was stopped
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by cooling the system at -20°C and depressurization. The solution was prepared to injection
in the gas chromatographic analysis. After the analysis was added 1 ml of ethanol/HCI to
precipitate the polymer.

In all cases, the polymers were washed with acidic ethanol, then ethanol and water,
and dried in a vacuum oven at 60°C for 12 h. On the basis of the results of multiple runs, we

estimate the accuracy of the activity numbers to be §%.

I11.6 Characterization of the polymers and oligomers

111.6.1 Differential Scanning Calorimetry

Polymer melting points (Ty,) and crystallinities () were determined in a Thermal
Analysis Instruments DSC-2010 calibrated with Indium, using a heating rate of 10°C.min™" in
the temperature range 40-180°C. The heating cycle was performed twice, but only the results
of the second cycle are reported, since the former is influenced by the mechanical and thermal

history of the samples.

111.6.2 Gel Permeation Chromatography

Molecular weight (Mw) was evaluated by high-temperature gel permeation
chromatography (GPC) with a 150CV, equipped with 3 columns Styragel (103, 104, and 106)
working to 140°C, with refractive index and viscosity detectors. Analyses were undertaken
using 1,2,4-trichlorobenzene solvent (with 0.5 ¢ N L™ of Irganox 10/10 as antioxidant). Mw
distributions were calculated using a universal calibration curve built with polystyrene

standards.
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Reactor (a): Glass reactor Reactor (b): Glass reactor (60 mL) Fischer-Porter.

(1 L) of continuous flow.

Reactor (c): Stainless steel reactor

(250 mL) double-walled

Figure 111.1. Reactors used in the polymerization reactions.

62



111.6.3 Nuclear Magnetic Resonance

The analysis of >C NMR spectroscopy were obtained in a spectrometer Varian it
Innovates 300 operating at 75 MHz, at 80 or 120°C, with 71.7° flip angle, acquisition time of
1.5 s and delay of 4,0 s. Sample solutions of the polymer were prepared in 0-dichlorobenzene

and posterior addition of benzene-d® (10% w/v) using tubes of 5-mm.

111.6.4 Intrinsic Viscosities

Intrinsic viscosities were determined with an Ubbelohde type viscometer using
decalin as solvent at 135°C with a concentration of 0.1 dL/g. The weight molar viscosimetric
is calculated leaving of the experimental intrinsic viscosity [n], the agreement with the

following formula [n]=k(M.)* fork=6,7 x 10™* dL/g and 0. = 0,67.%"*'""

111.6.5 Scanning Electronic Microscopy

SEM micrographs of the supported catalyst systems and polymers were made using
a Scanning Electron Microscope (JEOL JSM 5800). For the blend morphology studies, the
samples were fractured under liquid nitrogen and the fractured surfaces were coated with

gold.

111.6.6 Gas Chromatographic Analysis

The gas chromatographic analysis of the reaction products has been done on a
Varian 3400CX equipment with a Petrocol HD capillary column (methyl silicone, 100 m

long, i.d. 0.25 mm and film thickness of 0.5 um) working at 36°C for 15 minutes and then

heating at 5 °C.min"" until 250°C.
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IV. RESULTS AND DISCUSSION




IV.1 Ni(a-diimine)Cl, SUPPORTED ON MAO-MODIFIED SILICA: INFLUENCE
OF POLYMERIZATION PARAMETERS ON ACTIVITY AND POLYMER

PROPERTIES

In the last years new late transition metal catalysts for the polymerization of olefins
have attracted attention in academia and industry. In particular, aryl-substituted o-diimine
nickel(Il) complexes in combination with different cocatalysts show remarkably high
activities in polymerization of ethylene.''”® With these catalysts, the microstructure of the
polymers can be varied by changing the bulk of ortho substituents on the aryl rings and by

. 10e,102
changing pressure or temperature. 0e.10

This combination of high activities and unique
polymer structures make the nickel(Il) catalysts desirable for applications in commercial
polymerization processes. However, in despite of these interesting properties, as most of the
existing polymerization plants run slurry or gas-phase processes with heterogeneous catalysts,
such homogeneous ones must be impregnated on a support for the application in those
processes. Furthermore, the heterogeneization of catalysts is necessary to avoid reactor
fouling with finely dispersed polymer crystals, to prevent excessive polymer swelling, and to
produce polymer particles of a desired regular morphology. In this context, the
immobilization of a soluble Ni(a-diimine)Cl, (1) (a-diimine = 1,4-bis(2,6-
diisopropylphenyl)-acenaphthenediimine) catalyst on support seems to be extremely

important in order to overcome some problems such as the loss of catalytic performance and

reduction of molecular weight at elevated polymerization temperatures.
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IV.1.1 Preparation of the supported catalysts

It is well-known that the number of silanol groups on the silica surface depends on the
thermal treatment, varying from ca. 5.0 OH-nm™ (110°C) to 1.5 OH-nm™ (450°C).'%%1%4% 1p
the present study silica was preheated at 100°C since at this thermal treatment temperature its
surface bears a larger number of silanol groups rendering more likely the immobilization of
nickel species on the support. Then, the reaction between silica and 1 (1 wt.% Ni/support) was
initially performed in toluene at room temperature for 3 h. In this case, the analysis of
supported catalysts (S1) by XRF showed that the nickel content on the silica was 0.59 wt.%
Ni/SiOs.

For metallocene catalysts, studies have revealed that the silica chemically modified
with MAO allow to impregnate a higher amount of catalytic species on the surface resulting
in a more active supported catalysts in comparison with that using bare silica.'” Taking into
account this fact we decided to immobilize the nickel complex on MAO-modified silicas
containing 4.0, 8.0 and 23.0 wt.% Al/SiO,. The supported catalysts (S2-S4) were prepared by
reaction of 1 (1 wt.% Ni/support) with MAO-modified silica in toluene at room temperature
for 3 h. Table IV.1 shows the resulting nickel content determined by XRF expressed in terms
of wt.% Ni/Si0,. The nickel content on the MAO-modified silicas varied from 0.31 to 0.81
wt.% Ni/support, being the highest value attained for the MAO-modified silica containing 8.0
wt.% Al/SiO».

The Figure IV.1 shows the dependence of the nickel amount on the Al content present
on the silica surface. Comparing nickel contents among S1-S3 systems, it was observed that
as the Al content increases, from 0.0 to 8.0 wt.% Al/SiO,, more nickel species are adsorbed
on the support suggesting that 1 bound preferably to the MAO present on the surface.
According to Table IV.1, in the case of commercial MAO-modified silica, in spite of bearing

higher Al content, lower grafted Ni species was observed. Similar results were reported for
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grafted (nBuCp),ZrCl,'*® and TpMS*TiClg34 in which lower metal content was observed in the
case of MAO-modified commercial silica in comparison to those results noticed for silica

modified with lower Al contents.

Table 1V.1 Resulting Ni content in the supported catalysts.

System Support umol Ni/support wt.% Ni/support

1/S1 Si0, 128 0.59
1/S2 Si0,/MAO(4%) 145 0.70
1/S3 Si0,/MAO(8%) 165 0.81

1/54 (commercial) Si0,/MAO(23%) 71 0.31
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Figure 1V.1 Correlation between nature of the support and Ni content (wt.%).
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IV.1.2 Ethylene polymerization using the supported catalysts S1-S4

In order to verify the influence of Al content on the support to the activity, some
polymerization reactions were performed at 30°C, in toluene and using a molar ratio

Al/Ni = 1000. The results are presented in the Table IV.2.

Table 1V.2: Ethylene polymerization, using the catalytic precursor 1 immobilized in silica

and MAO-modified silica.?

Cat. e Mw
Entry Support (umol) Polymer (g) Activity (@/mol)x10° Mw/Mn
1 S1 3.62 - - - -
2 S2 3.74 0.42 113 362 7
3 S3 3.71 0.73 196 413 1.7
4 S4 3.62 0.64 177 332 1.9
5 Homogeneous 5.00 5.15 2100 180 2.0

Polymerization Conditions: ? Glass reactor (1L); toluene (350 mL), AI/Ni = 1000, 30°C, 60 min, atmospheric
pressure of ethylene; ° Glass reactor (1L); toluene (350 mL), AI/Ni = 1095, 30°C, 30 min, atmospheric pressure
of ethylene © Kg of PE/mol[Ni].h.atm.

All the supported systems were shown to be active in ethylene polymerization with
exception of S1. The non-activity of supported catalyst S1 can be probably attributed to the
formation of inactive catalytic species. In this case, we could suggest that the nickel
compound 1 reacts with hydroxyl on silica surface to form a stable Si—{DAD}Ni(O-Si=)Cly
compound which is not converted to a catalytic species upon reacting with external cocatalyst.

The supported catalysts S2-S4 displayed activity varying from 113 to 196 kg of
PE/mol[Ni].h.atm. In addition, higher activity was obtained using the supported catalysts S3
containing 8.0 wt.% Al/SiO; (entry 3, 196 kg of PE/mol[Ni].h.atm). Catalysts prepared with

supports containing more than 8.0 wt.% Al/SiO, showed similar activity. For instance, the
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activity found for S4 which contain 23.0 wt.% Al/SiO, is 177 kg of PE/mol[Ni].h.atm). It
should be pointed out that the Ni content in S4 is lower than S3 suggesting that the presence
of higher amount of Al on the support determines a better distribution of the Ni metal on the
surface affording higher amount of the species actives. This observation is better visualized

correlating the Ni contents and type of supports with the activities as shown in Figure I[V.2.
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Figure 1V.2. Correlation between the activity, wt.% Al/SiO, and the yn; immobilized in the

silica modified with MAO in the polymerization reactions for 30°C, in toluene and using a

molar ratio AI/Ni = 1000.

Comparing the performance of the homogeneous system with the supported ones, a
reduction in the activity is clearly observed in the latter cases. For instance, the most active

supported system S3 (196 kg of PE/mol[Ni].h.atm) is 11 times less active than the
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homogeneous (2100 kg of PE/mol[Ni].h.atm). This reduction might be due to the decreasing
of the number of active species generated on the support surface. Similar results have been
reported in the case of supported zirconocenes, where only ca. 1% of the supported species
are believed to be active.'”’

The polymer properties have been evaluated by means of differential scanning
calorimetry (DSC), and Gel Permeation Chromatography (GPC). Characteristics of the
resulting polymers are shown in Table IV.2. The polymers produced by the supported
catalysts showed the absence of melting temperature peaks in the DSC curves indicating the
formation branched polyethylenes. In this case the immobilization of 1 on the surface of the
MAO-modified silica is not enough to produce more crystalline polymers if compared with
the homogeneous system. On the other hand, the influence of the support on the molecular
weight (Mw) of the polyethylenes is clear considering that the supported catalysts (S2-S4)
produce PE with higher molecular weight than that one presented by the Ni homogenous. For
instance, the PE’s produced by S2-S4 presented Mw in the range of 332.000-413.000 g/mol
while that one produce by Ni homogeneous showed Mw of 180.000 g/mol. The higher Mw
obtained with the supported catalysts can be attributed to a decrease of B-hydride elimination
rate.””"

It should be pointed out that, in all cases the GPC curves displayed monomodal
molecular weight distributions (MwD’s) with polydispersities varying from 1.7 to 7.0. The
broad MwD obtained using S2 can be assigned to the formation of at least two different active
species on the support. It is not clear at this moment the reason why the supported catalysts S3

and S4 showed different behavior related to S2.
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1V.1.3 Effects of the polymerization conditions using the supported catalyst S2

Based on the preliminary ethylene polymerization studies involving the supported
catalysts S1-S4, we decided to carry out some additional studies using S2 in order to evaluate
the influence of some polymerization parameters namely solvent, temperature, AI:Ni molar

ratio, and nature of cocatalyst on the activity and the polymer properties..

The ethylene polymerization reactions were carried out using MAO-activated system
with S2 in hexane/toluene at 0, 30, and 50°C. The Table IV.3 shows the polymerization

results by varying the Al/Ni molar ratio from 200 to 2000.

Table 1V.3. Ethylene polymerization using S2.?

AlNi Temp. Polymer Activity Tm  y Mw Mw/
Entry  Solvent _ . d 3

Ratio (C) (g) (°C) (%) (g/mol)x10 Mn
6 Hexane 200 30 0.34 92 - - 283 10
7 Hexane 500 30 0.59 161 - - 293 7
8 Hexane 1000 0 0.45 125 119 24 752 1.9
9 Hexane 1000 30 0.94 285 - - 194 6
10 Hexane 1000 50 0.55 149 - - 134 1.6
11 Hexane 2000 30 0.56 177 - - 311 11
12 Toluene 1000 30 0.42 112 - - 362 7

Polymerization Conditions: a Glass reactor (1L); approximately 3.62 umol of Ni; MAO as cocatalyst; 60 min;
atmospheric pressure of ethylene, b reactor of steel inox (75 mL); pressure of ethylene of 30 atm, for 5 minutes;
¢ 1 homogeneous, reactor of steel inox (75 mL); pressure of ethylene of 30 atm, for 5 minutes; d kg of
PE/mol[Ni]-atm-h.

To get an initial survey of the polymerization activity of S2 the ethylene
polymerizations have been investigated in hexane and toluene at 30°C and using the molar
ratio [Al]/[Ni] = 1000. Higher activity was obtained using hexane as solvent (Table 1V.3,

entry 9 vs 12). The available data for this catalytic system are very limited at present,
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however, based on the studies performed by McConville et al. related to non-metallocene
titanjum compounds,'® we speculate that the lower activity of this catalytic specie in toluene
could be associated to the coordination capacity of toluene to nickel, which might engender a

competition between the coordinating olefin and the solvent itself.

Considering the higher activity of S2 in hexane, an additional study was carried out
aiming at evaluating the influence of the [AI]/[Ni] molar ratio on activity. One set of
experiment was performed using hexane as solvent at 30°C, utilizing MAO as activator
system. As can be observed in Figure IV.3, the use of low concentrations of Al determines the
formation of active catalytic species. Polymerization runs varying the [Al]/[Ni] molar ratio
from 200:1 to 2000:1 revealed that the system is active at [Al]/[Ni] molar ratio as low as
200:1 (entry 5, 92 kg of PE/mol[Ni].h.atm). Maximum activity was attained using [Al]/[Ni]
molar ratio of 1000:1 1 (entry 8, 285 kg of PE/mol[Ni].h.atm). Increasing the Al
concentration to 2000 resulted in lower activity 1 (entry 10, 177 kg of PE/mol[Ni].h.atm.)
According to these results, the optimum Al concentration required to obtain an excellent

performance of the nickel catalyst has been found using 1000:1.
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Figure IV.3. Effect of the ratio AI/Ni about the catalytic activity for the system S2.

In general, the influence of the polymerization temperature on activity of S2
demonstrates a significant increase of the polymerization conversion by an enhancement of
the temperature from 0 to 30°C as a consequence of higher solubility of the activator at this
temperature (30°C) (Figure 1V.4). A further increase to 50°C leads to a decrease of the
polymerization conversion, indicating a reduced complex stability. Similar results have been

found for Ni catalyst in homogeneous medium.'*
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Figure 1V.4. Effect of the temperature in the catalytic activity of the system S2.

As expected, the GPC results showed that the use of different [Al]/[Ni] molar ratios
do not influence the Mw of the PE’s taking into account that the main chain-transfer pathway
using Ni catalysts is through B-H transfer to metal. For the polymerization reactions varying
the temperature, it was observed a significant reduction of the Mw as the polymerization
temperature increase [from 752.000 at 0°C to 134.000 at 50°C]. This reduction is associated to
higher B-H elimination rate at higher polymerization temperature.

The DSC curves of the polyethylene’s produced at 30 and 50°C do not show melting
peaks as results of the formation of branch PE. On the other hand, the PE produced at 0°C was

found to exhibit melt transition (Ty,) of 119°C.
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To investigate the effects of the ethylene pressure on activity and polymer
properties, polymerizations of ethylene were performed with catalyst precursor S2 in toluene
and hexane at 60°C, and using [Al]/[Ni] molar ratio of 1000. Representative data for ethylene
polymerizations are summarized in Table IV 4.

Similarly found for the polymerization runs at low pressure, higher activity was
obtained in hexane (compare entry 13 vs 15). Furthermore, it was observed that the
polymerization reactions using 1 in homogeneous medium showed higher activities related to
the supported catalysts. As mentioned before, this reduction can be associated to the
decreasing of the number of active species generated on the support surface.

Polyethylenes produced by S2 were firstly characterized by differential scanning
calorimetry (DSC). DSC curves of the PE produced by the supported catalyst showed Ty, in
the range from 90 to 114°C. In general, these values are higher than those ones obtained using
Ni homogeneous (entry 14, hexane, 109°C; entry 16, toluene, 64°C) indicating that the
immobilization of 1 on the support provokes the formation of more crystalline PE.
Exceptionally, the DSC curve of the PE produced by S2 in hexane (entry 13) shows clearly
the appearance of two peaks in distinct temperature regions suggesting the formation of two

different catalyst species in the polymerization medium Figure IV.5.
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Table 1V.4. Results of ecthylene polymerization at high pressures using the catalytic

precursors 1 and S2.*

Polymer o Tm X Mw Mw/
Entry Solvent Activity 3
(2) (°0) (%) (g/mol)x10 Mn
N 90 8
13 Hexane 1.98 219 1,052 54
114 3
14© Hexane 10.40 1149 109 0.6 201 3.5
15® Toluene 1.60 171 101 22 369 2.7
16© Toluene 8.78 970 64 4 510 1.9

* Polymerization Conditions: ° reactor of steel inox (75 mL); approximately 3.62 pumol of Ni; pressure of

ethylene of 30 atm; molar ratio Al/Ni = 1000; MAO as cocatalyst; 60°C for 5 minutes. © 1 homogeneous, reactor
of steel inox (75 mL); pressure of ethylene of 30 atm, for 5 minutes; d kg of PE/mol[Ni].h.atm.

The GPC results show that the Mw of the polyethylene’s produced using S2 are
higher than those ones produced in homogenous medium as consequence of a decrease of [3-
hydride elimination rate after immobilization of 1 on the support as discussed previously. The
effect of the support is more pronounced when we compare the Mw of the PE produced in
hexane where the PE obtained using S2 (entry 13, 1,052.000 g/mol) is 5 times higher than that
one obtained using 1 (entry 14, 201.000 g/mol).

The Figure IV.6 shows the image of the PE’s produced at 60°C using 30 atm of
ethylene pressure in homogeneous (a) and heterogeneous (b) medium. Comparing both
images is evident the formation of more branching PE produced by 1 (rubber-like PE) related

to more linear PE produced by S2.
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Figure IV.5. DSC curves of polymers using the catalytic precursors 1 and S2. Polymerization
Conditions: reactor of steel inox (75 mL); pressure of ethylene of 30 atm, ratio [Al]/[Ni] =

1000 at 60°C for 5 minutes.

Figure 1V.6. Polyethylene produced using 1 (a) and S2 (b) (60°C, 30 atm, toluene, [Al]/[Ni] =

1000).
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Objecting to get some insights related to the influence of cocatalyst type on activity
and polymer properties, a preliminary study involving S2 was performed in toluene at 30°C
under ethylene atmosphere pressure. The results are summarized in Table IV.5.

The use of other Lewis acid cocatalysts such as trimethylaluminum (TMA) resulted
also in active ethylene polymerization catalyst with activity similar related to achieve using
MAO. For instance, the polymerization reaction using MAO showed activity of 11 kg of
PE/mol[Ni].h.atm while that employing TMA was 14 kg of PE/mol[Ni].h.atm. It is worth
noting that polymerization reaction using only TMA as cocatalyst showed that this resulting
supported catalysts is active in the absence of external MAO. Thus, it seems that the MAO
present on the support might act as cocatalyst, generating active species during the
polymerization reaction. In the polymerization reaction carried out using triisobutylaluminum

(TiBA) no production of polyethylene has been observed.

Table IV.5. Ethylene polymerizations with different cocatalyst using the system S2.*

Polymer b Mw
Entry Cocatalyst Activity ;,  Mw/Mn
(g2) (g/mol)x10
17 MAO 0.04 11 165 6
18 TMA 0.05 14 533 1.9

19 TiBA - - - -

* Polymerization Conditions: Glass reactor (1L); approximately 3.62 pmol of Ni; 60 min;
atmospheric pressure of ethylene; molar ratio Al/Ni = 200; 30°C. ° kg of PE/mol[Ni]-atm-h

DSC results show the absence of melting peak as consequence of the formation of
branch PE. The GPC results showed that the molecular weight of the polyethylene depends on
alkylaluminum type, increasing from MAO to TMA. Furthermore, it was observed that the
use of TMA instead of MAO provokes a narrowing of the polydispersity suggesting that the

use of the former cocatalyst generates only one active species on the support.
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IV.1.4 “In situ™ heterogeneization of NiDADCI; on MAO-modified silica

The polymerization reactions using supported catalysts are time demanding,
involving reaction and washing steps and final catalyst characterization. Soares et al.
proposed an alternative methodology (in situ supporting) which uses an immobilized
cocatalyst.53 This approach consists in the direct addition of the catalyst solution to the MAO-
supported silica inside the reactor, just before pressurizing with monomer. Furthermore, UV-
visible studies performed by Deffieux,''’ using (o-diimine)NiBry/MAO catalyst system,
showed that this system is not stable in absence of olefin. In this context, considering the
instability of the catalytic species formed by interaction Ni(a-diimine)Cl; (1) and MAO in the
absence of monomer, we decided to perform some polymerization reactions using supported
catalyst generated in situ by reacting directly in the reactor 1with MAO-modified silica
containing 4.0 wt.% Al/SiO; under ethylene atmosphere.

Studies employing the catalytic precursors 1 and in situ ethylene polymerization
reactions were performed by established pre-contact of 1 with S2 for 30 min (vide
experimental section) determining the formation of catalytic system namely 1/S2. All
ethylene polymerization reactions were carried out using an amount of catalyst precursors 1
corresponding to 0.10 wt.% Ni/support. Table IV.6 shows the results of polymerization runs.

The polymerization reactions using in situ supported catalyst carried out in hexane
or toluene exhibited activities of 201 and 603 kg of PE/mol[Ni].h.atm respectively. These
values are two times higher than that displayed using the supported catalyst S2 taking into
account the solvent utilized in the polymerization reaction (113 and 285 kg of
PE/mol[Ni].h.atm). These data are in accord with the UV/VIS spectroscopy results'"
suggesting that the most part of the nickel species are deactivated during the grafting process
after reaction with MAO. Similar results have been observed for another non metallocene

complexes supported on MAO-modified silica.'"!
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Table 1V.6. Ethylene polymerization results using Ni(diimine-a)Cl, (1) catalyst supported in

situ on S2.°
S2 Mw
Entry  Solvent Polymer (g) Activityb Mw/Mn

(2) (g/mol)x107

20 Toluene® 0.253 0.42 113 362 7

21 Toluene" 0.251 0.75 201 290 2.2

9 Hexane® 0.250 0.94 285 194 6

22 Hexane' 0.252 2.18 603 482 2.3

3 Polymerization conditions: Fischer Porter bottle (100 mL), [Ni] = 2 umols, solvent= 75 mL, [Al]/Ni] =
1000, PC2H4 =3.0 atm, 30°C, polymerization time = 1h, MAO as external cocatalyst, pre contact of 1 with

SMAO for 30 min; ” kg of PE/mol[Ni]-h-atm; © polymerization reactions using S2; ¥ Polymerization
reactions using in situ supported nickel catalyst.

The resulting polyethylenes were characterized by DSC and GPC. The DSC results
show the absence of melting peak indicating, in all case, the formation of branched PE. The
Mw of the PE produced in toluene via in situ supported catalyst is very similar to those
obtained using S2. On the other hand, the polymers produced in hexane via in situ supported
catalyst exhibited higher Mw than those obtained with S2. In this case, the Mw increases 2.5
time using in situ supported catalyst (entry 9, 194.000 g/mol; entry 22, 482.000 g/mol). It is
interesting to note that the MwD become narrow using the in situ polymerization process with
polydispersities around 2.0 suggesting that this process generates only one active specie on

the support.
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IV.2 ETHYLENE POLYMERIZATION USING COMBINED Ni AND Ti

CATALYSTS SUPPORTED IN SITU ON MAO-MODIFIED SILICA

A large range of polyolefinic materials with interesting properties have been

disclosed in the last decades as a result of the development of new classes of olefin

42a,112 113

polymerization catalysts as well as of blending existing polymers. Furthermore, a
new approach has been introduced that is based on catalyst systems that combine, in a single
reactor, two or more types of catalysts that produce polymers with different and controlled
molecular weight averages (Mw) and molecular weight distributions (MwD).""* This method
has been successfully used to produce linear low density PE (LLDPE),'"” branched

117

polyethylenes,''® polyethylenes with long chain branches (LCB-PE),""” ethylene/1-hexene

50d

copolymers,'"® and polyethylene blends™™. Furthermore, some binary catalyst systems have

been supported onto inorganic supports in order to produce polyethylene with bimodal
molecular weight distribution.'"”

In the last few years we have developed homogeneous binary catalyst systems for
the production of polyethylene blends'*” and LLDPE '*'. Our studies demonstrated that the
variation of polymerization parameters such as solvent, cocatalyst, temperature of
polymerization as well as metal mole fraction strongly influences the activity and polymer
properties. Particularly, for the binary catalytic system composed of Ni(a-diimine)Cl; (1) (a-
diimine = 1,4-bis(2,6-diisopropylphenyl)-acenaphthenediimine)/TpMS*TiClg (2) (TpMs* =

12 .
% we have found evidences of

hydridobis(3-mesitylpyrazol-1-yl)(5-mesitylpyrazol-1-yl))
synergistic effects between the two catalytic species. Previous studies involving the single
supported catalyst precursors Ni(a-diimine)Cl,'** and {Tp™"}TiCl:** on MAO-modified

silica (SMAO) revealed that these systems have low activity for ethylene polymerization

because of the instability of the catalytic species formed by interaction of 1-2 and MAO in the
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absence of monomer. On the other hand, polymerization carried out using these catalysts
supported in situ show activities 4-fold higher than those found when they were immobilized
on MAO-modified silica.**

In the present investigation, we decided to carry out ethylene polymerizations using
combined Ni and Ti catalysts supported in situ on MAO-treated silica (S2) in order to see if
the synergistic effects between the Ni and Ti species observed in solution were also present
after heterogenization, and also to produce polymer particles of a desired regular morphology.
Studies related to the effect of polymerization temperature, immobilization order, and nickel

mole fraction (xxi)'> on the activity and polymer properties will be described below.

IV.2.1 Influence of xn; and polymerization temperature on catalyst activity.

Before run the polymerizations reactions we made a test to certificate that the all
metal (M = Ni + Ti) present on the reactor are immobilized in the silica (S2) on the reactions
conditions. These are the impregnation of the catalysts (in a Schlenck with atmosphere of
ethylene) with Xni = 0.50 (with 30 min of pre-contact for Ni and for Ti) followed by the
filtration of the solution to the polymerization reactor and addition of external MAO. The
polymerization was carried out for 1 hour and is not found PE. That indicated that the catalyst
1 and 2 met fixed to the support (S2).

The ethylene polymerization reactions using combined Ni and Ti catalysts supported
in situ on S2 were performed in toluene at 0 and 30°C adopting the methodology introduced
by Soares et al.”> All ethylene polymerization reactions were carried out using an amount of
catalyst precursors 1 and 2 corresponding to 0.10 wt.% M/support (M = [Ni] + [Ti]). This
concentration was chosen considering that it is much lower than those found for the isolated
Ti and Ni species present on the S2 determined by X-ray fluorescence spectroscopy (XRF).

(0.70 wt.% Ni/support ; 0.80 wt.% Ti/support). Therefore, all the Ni and Ti present in solution
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might have immobilization sites available on the support. The Table IV.7 shows the results of
polymerization runs for several nickel molar fractions (Xy;).

The ethylene polymerization reactions performed at 0°C showed that the in situ
supported catalyst 1/S2 is more active than 2/S2 as can be seen comparing entries 5 (673 kg
of PE/mol[Ni].h.atm) and 1 (430 kg of PE/mol[Ti].h.atm). The polymerization runs carried
out at higher temperature (30°C) showed lower activities for both systems (compare entries 6
and 10). The lower activities at these polymerization conditions can be attributed to the lower
thermal stability of the catalytic species formed by interaction of 1 and 2 with the MAO-
modified silica.

Studies employing the combination of catalytic precursors 1 and 2 and in situ
ethylene polymerization reactions were performed by established pre-contact of 1 with S2 for
30 min followed by addition of 2 (vide experimental section) determining the formation of
catalytic system namely 2/1/S2.

In the polymerization reactions performed at 0°C, it was observed that the activity
increased slightly in the presence of a minimum amount of 1 in the polymerization medium
(xni = 0.25, 633 kg of PE/mol[M].h.atm) compared to the predicted one (491 kg of
PE/mol[M].h.atm)."** Nevertheless, it is worth pointing out that the presence of a higher
concentration of nickel catalyst did not cause a significant increase in activity (Figure IV.7).
For instance, the polymerization reactions using Xy; in the range of 0.50 to 1.00 exhibited

similar activities with the values ranging from 644 to 673 kg of PE/(mol[M].h.atm).
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Table I1V.7. Ethylene polymerization results using combined Ni(diimine-a)Cl, (1) and

{Tp™"} TiCl; (2) catalysts supported in situ on S2.

S2 time T Polymer .y Tm % M]
Entry  Xni Activity.

(€9) (min)  (°C) (2 CC) (%) (gdD)
1 0.00 0.1862 10 0 0.43 430 134 18 7.47
2 0.25 0.1824 10 0 0.63 633 127 22 9.22
3 0.50 0.1872 10 0 0.64 644 124 22 5.78
4 0.75 0.1839 10 0 0.65 649 121 24 5.83
5 1.00 0.1887 10 0 0.67 673 119 23 4.81
6 0.00 0.1869 30 30 1.03 342 138 40 7.43
7 0.25 0.1817 30 30 0.95 317 134 34 5.49
8 0.50 0.1850 30 30 0.88 294 134 31 8.83
9 0.75 0.1882 30 30 1.07 356 134 28 6.00
10  1.00 0.1847 30 30 1.08 361 - - 3.81
11 0.25° 0.1869 10 0 0.66 658 130 24 9.85
12 0.50° 0.1852 10 0 0.62 621 127 20 7.10
13 0.75° 0.1874 10 0 0.69 694 127 22 6.95

& Polymerization conditions: Fischer Porter bottle (100 mL), [M] = 2 pmols, toluene = 75 mL, [Al]/[M] = 300,

PC2H4 = 3.0 atm, blank MAO runs were carried out every 5 normal runs, MAO as external cocatalyst; ® kg of

PE/mol[M]-h-atm; © pre contact of 2 with SMAO followed, after 30 min, by addition of 1.

At higher temperature (30°C), the activities remained nearly constant as Xyj
increased in the polymerization medium as consequence of the similar activities found for
1/S2 and 2/S2 when used as single catalyst (Figure IV.7). Moreover, no evidence of a
synergistic effect between the catalytic species after immobilization on MAO-modified silica
could be detected. In this context, we can speculate that the absence of a synergistic effect can
be associated to the presence of MAO on the surface that acts as spacer keeping the Ti centers

away from the Ni species.
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Figure IV.7. Influence of polymerization temperature on the activity for 1/2/S2 varying X;.

In order to determine if the immobilization order influences catalyst activity, some
additional studies were carried out in which the more sterically demanding catalyst
TpMS*TiCh (2) was initially immobilized onto S2, followed by Ni(a-diimine)Cl, (1) (catalytic
system namely 1/2/S2). For all nickel molar fractions investigated (Xni = 0.25-0.75), very
similar activities were found for 1/2/S2 and 2/1/S2 (compare entries 11-13 with 2-4),
suggesting that for such systems, there is no influence of the supporting order on catalyst

activity.
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IV.2.2 Influence of xnij and polymerization temperature on the polymer properties.

The influences of Xxj, immobilization order and polymerization temperature on
polyethylene microstructure have been evaluated by means of differential scanning
calorimetry (DSC), and intrinsic viscosity. The results are summarized in Table IV.7. As
expected, the branched polyethylene (BPE) produced by 1/S2 (xni = 1.00) has a Tm of 119°C
while the linear polymer (LPE) produced by 2/S2 (Xni = 0.00) has a Tm of 134°C. In contrast
to the thermal behavior of the PE blends produced at 0°C using the homogeneous binary

catalyst system Ni(a.-diimine)Cly/rac-etilenebis(IndH,)ZrCl,, 2%

single melting and
crystallization peaks were observed in the blends produced by both 2/1/S2 and 1/2/S2 catalyst
systems, indicating a good compatibility between the branched and linear PE phases (Figure
IV.8). Furthermore, Tm is strongly influenced by the nickel molar fraction mainly for 2/1/S2
whereas the values varied from 121°C (Xn; = 0.75) to 127°C (xni = 0.75).

Surprisingly, the supporting order affects the melting temperature of the polymer
blends as can be seen in Figure IV.9. The initial immobilization of 1 on the support (2/1/S2)
leads to polymers with lower T, than those obtained using 1/2/S2. For instance, the Ty, of the
polymer produced by 2/1/S2 (Xni = 0.75) is 121°C while that one obtained using 1/2/S2 is
127°C (compare entries 4 and 13). It can be speculated that the lower Tm’s found for
polymers produced by 2/1/S2 can be associated to the presence of higher amount of Ni active

species on the surface compared to 1/2/S2 which determine formation of higher quantity of

BPE.
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Figure 1V.8. DSC thermograms of the polyethylenes produced by 2/1/S2 at 0°C.

At higher polymerization temperature (30°C), only a slightly decrease of Tm (from
138°C, xni = 0.00; to 134°C, xni = 0.75) with crystallinity varying from 28 to 40 % were
observed. At this temperature, the polyethylenes formed by 1 are totally amorphous due to the

57b

higher branch content’"” and apparently they do not interfere in the crystallization process of

the linear polyethylenes.
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Figure 1V.9. Influence of the immobilization order and Xy; on the melting temperature of the

polyethylene blends produced at 0°C.

As expected, the polyethylenes produced by 2/S2 showed higher intrinsic viscosity

[n] values (0°C, 7.47 dL/g; 30°C, 7.43 dL/g) than those obtained using 1/S2 (0°C, 4.81 dL/g;

97,125

30°C, 3.81 dL/g), since catalyst 2 produces higher molecular weight PE. In contrast with

120a,b

the results obtained with homogeneous catalysts, the intrinsic viscosity values for the

polymer produced using 2/1/S2 at 0 and 30°C do not show a direct correlation with Xy;.

I1VV.2.3 Morphology studies

The morphology of the polymer blends was investigated using scanning electron

microscopy (SEM). SEM micrographs made on cryo-fractured surfaces of the polyethylene
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blend samples produced at 0°C are shown in Figure IV.10. In the SEM micrograph of the
blend sample, it was not possible to distinguish the presence of two polymer phases (Figure
IV.10a) indicating good dispersion between the polyethylene phases as consequence of the
presence of low branch PE produced by nickel catalyst at this polymerization temperature. In
order to evaluate the distribution of the PE phases in the matrix, the cryo-fractured surface
was etched with hot 0-xylene and studied by SEM. The Figure IV.10b shows the formation of
holes distributed on LPE matrix as a consequence of the extraction of the branched PE
produced by 1.

SEM micrographs in the Figure IV.11 show the morphology of supported catalyst
precursors, and the polyethylene produced by 2/1/S2 catalytic system. We observed that the
spherical morphology of the in situ activated Ni and Ti catalyst precursors immobilized on
MAO-modified silica is replicated in the polymer blend. The final size of polyethylene

particles is about 287 um (Figure IV.11b) in diameter, larger than the original support, which

has a diameter around 70 um (Figure II.1a).
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Figure 1V.10. SEM micrographs of BPE/HDPE blends crio-fractured surfaces produced by

2/1/S2 at 0 °C: (a) Xn; = 0.50; (b) Xn; = 0.50 after etched with o-xylene at 80 °C.

63 um
P——

Figure 1V.11. SEM micrographs: (a) 2/1/S2 (xxi = 0.50, 1500 x); (b) polyethylene blend

produced by 2/1/S2 at 0°C (xn; = 0.50, 1500 x).
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IV.3 SYNTHESIS, CHARACTERIZATION Of Cr'"' COMPOUNDS HAVING
TRIDENTATE LIGANDS AND THEIR USE IN ETHYLENE OLIGOMERIZATION

REACTIONS

IVV.3.1 General Aspects

Catalytic oligomerizations are used in the SHOP process to produce a variety of linear
a-olefins (C6-C20-LAO).10b’126 The increasing demand especially of 1-hexene as comonomer
for the production of linear low density polyethylene (LLDPE) recommends selective
methods in the production of 1-hexene.'”” As previously mentioned in the introduction
section, several classes of Cr'" have been disclosed in the open literature and patents objecting
to generate highly selectivity catalyst to produce 1-hexene. Based on these aspects, we report

111

new complexes of Cr with tridentate ligands containing pyrazolyl groups that produce in

combination with methylaluminoxane either selectively a-olefins or polyethylene.

IVV.3.2 Synthesis and characterization of Cr'" complexes

The chromium complexes 3a-d have been prepared by reaction of CrCls(thf); with the
stoichiometric amount of the corresponding tridentate ligands | in THF at room temperature
(Figure IV.12). These compounds are partially air-stable and slightly soluble in most polar
solvents such as dichloromethane and THF and totally insoluble in toluene. They are isolated
as green or red wine solids in high yield (89-92%, Figure IV.13) and were characterized by
elemental analysis, FAB mass spectrometry, and IR. Complex 3¢ was further characterized by
X-ray crystallography.

The elemental analyses as well as the FAB mass spectrometry data of 3a-d are in

agreement with the proposed formula CrCLl;L (L= tridentate ligand I).
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Figure 1V.12. Synthesis of the Cr'" catalysts 3a-d.
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Figure 1V.13. Structures of the Cr catalysts 3a-d.
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Crystals of complex 3c suitable for an X-ray diffraction study were grown by slow
evaporation of ethyl acetate solution of the complex at —4°C. Crystal data for 3C is
summarized in, the atomic coordinates and equivalent isotropic displacement parameters are
presented in Table IV.9 and selected bond distances and angles are listed in Table IV.10.
Molecular geometry and atom-labeling scheme are shown in Figure IV.14.

The crystal structure of 3¢ (Figure IV.14) confirms both the monomeric nature of the
complex and k’-coordination of the ligand. The geometry around the chromium atom could
be described as a distorted octahedron with the chlorine ligands in a mer disposition. The
CI-Cr-Cl and N-Cr-N angles are 94.836 (17), 176.269 (18), and 88.227 (17)° and 172.51°,
respectively. The chelate bite angles of the N-O-N ligand in 3c [85.54(5)° and 87.06(5)°]
compare similarly to those in CrCls {HN(CH,CH,PPh,),}** {PNP ligand, 81.08(8)°,
82.07(8)°]. and CrCl;{HN(CH,CH,SR),}*** [SNS ligand, 83.07(5)°, 82.90(5)°] complexes.
The Cr-N distances [2.1221(14), 2.1163 (14) A] are longer than those in copper(I) complex
having the identical ligand Cu{O(CH,CH,Pz),} [1.877 (5), 1.874 (4) A]”’. On the other hand,
the Cr-O distance of 2.0757(12) A is shorter than those in copper complex (2.197 (4) A).

" and Cu' is associated mainly the

These differences in the bond distances between Cr
oxidation state and van der Waals radii of the metal centers
The Cr-Cl,y (2.316 A) bond distances are comparable to those found in similar

chromium compounds having tridentate ligands such as CrCl;3L (L = bis(carbene)pyridine, Cr-

Clay = 2.327 A)'*® and CrCl3; {HN(CH,CH,SEt),} (Cr-Cly, = 2.312 A).
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Figure 1V.14. Molecular structure of compound 3c (the hydrogen atoms was omitted for

clarity).
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Table 1V.8. Summary of Crystallographic Data for the complex 3c.

C16 H25 C13 CI'N5 O
Violet

Empirical formula
Color

Formula Weight 461.76 g mol'l

Temperature 100 K
Wavelength 0.71073 A
Crystal system Triclinic
Space group PI, (no. 2)

a=858212) A
b=9.5447(2) A
c=13.1028(3) A

Unit cell dimensions o= 110.1040(10)°
B=90.7560(10)°

v = 97.3420(10)°

Volume 997.76(4) A3

Z 2

Density (calculated) 1.537 Mg m-3
Absorption coefficient 0.991 mm-!

F(000) 478 e

Crystal size 0.18 x 0.09 x 0.05 mm>

0 range for data collection
Index ranges
Reflections collected

Independent reflections

3.00 to 31.01°

-12<h<12,-132k<13,-18<1<18

25620
6350 [Rip¢ = 0.0333]

Reflections with [>26(1) 5618
Completeness to 6 = 27.75° 99.7 %
Absorption correction None

Refinement method

Data / restraints / parameters

Full-matrix least-squares on F2

6350/0/239

Goodness-of-fit on F2 1.090
Final R indices [I>20(I)] Ry =0.0293 wR2 = 0.0903
R indices (all data) Ry =0.0399 wR2 =0.1286

Largest diff. peak and hole

0.777 and -1.370 ¢ A3
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Table 1V.9. Atomic coordinates and equivalent isotropic displacement parameters (A2). (Ueq

is defined as one third of the trace of the orthogonalized Uij tensor.)

X y Z Ueq

Cr(1) 0.7642(1) 0.2164(1) 0.2952(1) 0.008(1)
Cl(1) 0.5443(1) 0.0699(1) 0.3178(1) 0.013(1)
Cl(2) 0.6724(1) 0.4430(1) 0.3837(1) 0.014(1)
CI(3) 0.8650(1) -0.0054(1) 0.1982(1) 0.013(1)
C(1) 1.1408(2) 0.2419(2) 0.3767(1) 0.013(1)
C(2) 1.1069(2) 0.3802(2) 0.3537(1) 0.012(1)
0(3) 0.9722(2) 0.3397(2) 0.2764(1) 0.013(1)
C4) 0.9873(2) 0.3928(2) 0.1858(1) 0.015(1)
C(5) 0.9463(2) 0.2609(2) 0.0805(1) 0.015(1)
N(11) 0.8738(2) 0.2281(2) 0.4441(1) 0.010(1)
N(12) 1.0293(2) 0.2064(2) 0.4502(1) 0.010(1)
C(13) 1.0678(2) 0.1872(2) 0.5444(1) 0.012(1)
C(13" 1.2291(2) 0.1616(2) 0.5706(2) 0.016(1)
C(14) 0.9340(2) 0.1967(2) 0.6025(1) 0.014(1)
C(15) 0.8165(2) 0.2233(2) 0.5388(1) 0.012(1)
C(15" 0.6521(2) 0.2446(2) 0.5700(1) 0.015(1)
N(21) 0.6797(2) 0.2250(2) 0.1448(1) 0.010(1)
N(22) 0.7769(2) 0.2168(2) 0.0609(1) 0.011(1)
C(23) 0.6939(2) 0.1918(2) -0.0334(1) 0.011(1)
C(23") 0.7717(2) 0.1881(2) -0.1355(1) 0.014(1)
C(24) 0.5367(2) 0.1812(2) -0.0114(1) 0.012(1)
C(25) 0.5324(2) 0.2051(2) 0.0997(1) 0.010(1)
C(25" 0.3877(2) 0.2164(2) 0.1624(1) 0.014(1)
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Table 1V.10. Bond lengths [A] and angles [°]

Bond lengths [A]

Cr(1)-0(3)
Cr(1)-N(21)
Cr(1)-C1(2)
C(1)-N(12)
C(2)-0(3)
C(4)-C(5)
N(11)-C(15)
N(12)-C(13)
C(13)-C(13")
C(15)-C(15"
N21)-N(22)
C(23)-C(24)
C(24)-C(25)

2.0757(12)
2.1221(14)
2.3189(5)
1.457(2)
1.448(2)
1.514(3)
1.354(2)
1.351(2)
1.492(2)
1.494(2)
1.3757(19)
1.382(2)
1.395(2)

Cr(1)-N(11)
Cr(1)-CI(1)
Cr(1)-CI(3)
C(1)-C(2)
0(3)-C(4)
C(5)-N(22)
N(11)-N(12)
C(13)-C(14)
C(14)-C(15)
N(21)-C(25)
N(22)-C(23)
C(23)-C(23")
C(25)-C(25"

2.1163(14)
2.2864(5)
2.3437(5)
1.512(2)
1.443(2)
1.455(2)
1.3821(19)
1.382(2)
1.403(2)
1.351(2)
1.349(2)
1.494(2)
1.493(2)

Bond an

les [°]

0(3)-Cr(1)-N(11)
N(11)-Cr(1)-N(21)
N(11)-Cr(1)-CI(1)
0(3)-Cr(1)-C1(2)
N@1)-Cr(1)-Cl(2)
0(3)-Cr(1)-CI(3)
N@1)-Cr(1)-CI(3)
CI(2)-Cr(1)-C1(3)
0(3)-C(2)-C(1)
C(4)-0(3)-Cr(1)
0(3)-C(4)-C(5)
C(15)-N(11)-N(12)
N(12)-N(11)-Cr(1)
C(13)-N(12)-C(1)
N(12)-C(13)-C(14)
C(14)-C(13)-C(13")
N(11)-C(15)-C(14)
C(14)-C(15)-C(15")
C(25)-N(21)-Cx(1)
C(23)-N(22)-N(21)
N(21)-N(22)-C(5)
N(22)-C(23)-C(23")
C(23)-C(24)-C(25)
N(21)-C(25)-C(25")

85.54(5)
172.51(6)
92.23(4)
88.06(4)
88.88(4)
88.96(4)
88.72(4)

176.269(18)

109.27(13)

120.83(10)

109.29(14)

105.02(13)

120.75(10)

125.48(14)

106.74(15)

131.19(16)

110.05(15)

125.55(15)

131.78(11)

111.55(13)

121.67(14)

122.29(15)

106.27(14)

124.12(15)

0(3)-Cr(1)-N(21)
0(3)-Cr(1)-CI(1)
N@1)-Cr(1)-CI(1)
N(11)-Cr(1)-C1(2)
CI(1)-Cr(1)-C1(2)
N(11)-Cr(1)-C1(3)
CI(1)-Cr(1)-C1(3)
N(12)-C(1)-C(2)
C(4)-0(3)-C(2)
C(2)-0(3)-Cr(1)
N(22)-C(5)-C(4)
C(15)-N(11)-Cx(1)
C(13)-N(12)-N(11)
N(11)-N(12)-C(1)
N(12)-C(13)-C(13")
C(13)-C(14)-C(15)
N(11)-C(15)-C(15")
C(25)-N(21)-N(22)
N(22)-N(21)-Cr(1)
C(23)-N(22)-C(5)
N(22)-C(23)-C(24)
C(24)-C(23)-C(23")
N(21)-C(25)-C(24)
C(24)-C(25)-C(25")

87.06(5)
176.34(4)
95.22(4)
89.73(4)

94.836(17)
92.28(4)

88.227(17)

110.80(14)

116.78(13)

122.37(10)

111.44(15)

132.77(12)

111.64(13)

120.92(13)

122.07(15)

106.55(15)

124.40(15)

105.02(13)

121.58(10)

125.65(14)

106.81(14)

130.80(15)

110.32(14)

125.47(15)
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1VV.3.3 Oligomerization of ethylene

The chromium (III) complexes 3a-d were tested for ethylene oligomerization under
diverse sets of conditions. The oligomerization reactions were carried out in toluene at two
different temperatures (45 and 80°C) varying the ethylene pressure (3, 20 and 30 atm) and the
amount of catalyst (10 or 30 pmol), and using MAO as cocatalyst. Selected results of ethylene
oligomerization are shown in Table IV.11.

It is interesting to compare the performance of chromium complexes (3a-d) in
ethylene oligomerization in order to obtain insights concerning to the effects of the steric
hindrance on the turnover frequency (TOF) and selectivity of the catalytic system. For this
purpose, the initial oligomerization studies were performed at 80°C under ethylene pressure of
20 atm, and using 30 umol of catalyst.

As presented in Figure IV.15 with exception of catalyst 3a, all chromium complexes
showed active in the oligomerization of ethylene upon activation with methylaluminoxane
(MAO). Furthermore, the oligomerization results have demonstrated that the presence of
different tridentate ligands coordinated to Cr atom affects the TOF that varied from 606 to 41
159 h'. The catalyst 3¢ bearing oxygen ligand containing 3,5-dimethyl pyrazolyl groups
exhibited highest TOF (41 159 h™) followed by 3d with TOF of 26 736 h™'. These catalysts
show activities much higher than that one displayed by adduct. For instance, the catalyst 3cC is
68 times more active than CrCls(thf);. In this case, the higher activities presented by 3b-d
related to the adduct complex can be rationalized in terms of higher stability of the complexes
former complexes after coordination of the tridentate ligands.

Comparing the performance of the catalysts 3a-d it is observed that the presence of

oxygen (3c-d) as heteroatom confers to them higher activities related to those ones containing
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nitrogen (3a-b). This judgment become more evident comparing the TOF presented by 3b (11
374 h'") with that one displayed by 3¢ (41 159 h™).

TOF (h™)

adduct

3a 3b 3c 3d
catalyst

Figure 1V.15. Turnover frequency (TOF) varying the Cr'" catalyst (ethylene oligomerization

reaction performed at 80°C under ethylene pressure of 20 atm, and using 30 umol of catalyst).

For the system adduct/MAO it was observed the production of several oligomer
fractions including C4 (13.2 %), Ce (25.3 %), Cg (32.9 %), Ci0 (8.5 %), and +Ci2 (20.0 %). As
observed in Figure IV.16 the coordination of the tridentate ligands to Cr'" metal center does
not promote significant changes in the total C4 and Cg fractions. On the other hand, lower

amount of Cg and higher amounts of C; and +C;, oligomers fractions were produced after
coordination of the ligands.
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Table 1V.11. Results of reactions of Oligomerization/Polymerization of ethylene

Pressure  C4 Cs Cs Cio oligomer TOFY Polymer . .. (¢ g(oligom)/
Ent Catalyst C Activit
Ty y (bar) (0-Cy) (a-Ce) (a-Cg) (a-Cyp) 2 b

(mg) (h™ (mg) g (Cn)
132 253 329 85

1 CrCly(thf)s 20 & @7 @7 g 200 50.9 606 130 2.3 326.3
- - - - - - 0.07 4.8 -

3a 3 -
- - - 2 180 14.5 -

3a 20 - - - -
187 116 188 220
3 a1 (100) @45 (44 F 28 1086 280 12.4 596

12.8 18.2 19.2 16.4
5 3b 20 (100)  (100) (872) (87.6) 334 2277 11374 440 2.9 5952.9

18.7 12.7 13.6 8.4
6 3c 3 (782)  (100) (674) (66.7) 46.6 77.4 299 520 23.1 202.3

(a) 8.8 11.3 30.5 20.6
7 3c 20 (100)  (90.1) (30.6) (40.8) 28.7 1385.8 15 467 100 1.6 8323.3

13.1 17.2 19.1 16.2
8 3c 20 (98) (100) 1) (90.4) 34.5 8931 41 159 570 3.7 22188.8

(a) 16.0 19.1 23.3 17.2
9 3d 20 (72)  (O2.1)  (76.1) (92.7) 24.4 249.6 2459 110 1.6 1324.1

11.6 17.3 17.8 16.0
10 3d 20 974) (951) (98.8) (97.5) 37.3 5390 26 736 630 4.4 14400

(b) 25.5 23.3 20.2 12.9
11 3d 20 (98.8)  (100) (855) (94.2) 18.1 1952 10 223 290 2.2 5069.7

B~ W N

Reactional Conditions: 80°C, 20 bar, 50 mL of toluene, 30 pmol Cr, Al/Cr = 300 (MAO). @ 80°C, 20 bar, 50 mL of toluene, 10 umol Cr, Al/Cr = 300 (MAO). (b) 45°C, 20
bar, 50 mL of toluene, 10 umol Cr, Al/Cr = 300 (MAO). (c) kg PE/mol Cr.h.bar. (d) mol of ethylene converted.(mol Cr)" h™.
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Figure 1V.16. Selectivity (%) for olefin total varying the Cr'"

catalyst (ethylene
oligomerization reaction performed at 80°C under ethylene pressure of 20 atm, and using 30

pmol of catalyst).

The influence of the ligands on the selectivity is more evident comparing the
oligomerization results considering just the percentage of a-olefin produced in each oligomer
fraction. As can be seen in Table IV.11 and Figure IV.17 the catalysts 3b-d (entries 5, 8, and
10) show high selectivity for production of a-olefin. In all case, the selectivity varied from
87.6 to 100 %. For instance, the complex 3¢ when activated with MAO was found to give C,4
(13.1 %, selectivity for a-Cs = 98 %), Cs (17.2 %, selectivity for a-Cs = 100 %), Cg (19.1 %,
selectivity for a-Cg = 91 %), and Cyo (16.2 %, selectivity for a-Cip = 90.4 %). The
oligomerization results using the complexes 3b and 3d show that both catalysts follow the
same trend i.e. higher selectivity for a-olefins. In these cases, the total value oa-olefin

produced by 3b-d does not change significantly and remain around of 61 %. This result
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indicated that among the tridentate ligands used in this study, the influence of them is
restricted to the performance of the catalysts in terms of TOF and non in terms of selectivity.
It is noteworthy to mention that in these values are not computed the fraction +Ci;
considering that is not available in our internal standards which could be used to certify the
presence of higher a-olefins. In this context, the total value of a-olefin can be higher that one

presented in Figure IV.17.

70
60 |
_ 501
S
> 404 Oalpha C4
2 M alpha C6
§ 30 Oalpha C8
A 20, Oalpha C10
M alpha total
10
0,
adduct 3b 3c 3d
Catalyst

111

Figure 1V.17. Selectivity (%) for a-olefin varying the Cr catalyst (ethylene oligomerization

reaction performed at 80°C under ethylene pressure of 20 atm, and using 30 umol of catalyst).

The Figure IV.18 represents the total amount of a-olefins produced by 3b-d and
adduct taking into account the selectivity for a-olefin and TOF. As can be seen the mass of

oligomers (a-olefins) produced by is much higher than that one produced by adduct. For
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instance, the total amount of a-olefin produced by 3¢ (5 537 mg) is 274 times higher than the

adduct (20.2 mg).
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Figure 1V.18. Mass of a-olefin produced varying the Cr - catalyst (ethylene oligomerization

reaction performed at 80°C under ethylene pressure of 20 atm, and using 30 umol of catalyst).

Under these oligomerization conditions (20 atm, 80°C, 30 umol of catalyst) both
adduct as well as the complexes 3a-d produced polyethylene (PE). For the adduct, the amount
of PE (130 mg) represents 72 % of the total mass, for 3b this value decreases for 16 % (440
mg), followed by 3d (13 %, 290 mg), and 3c (6 %, 570 mg). In the case of 3a, this catalyst
produces exclusively PE with an activity of 4.8 (entry 2, at 3 atm) and 14.5 kg of
PE/mol[Cr]-atm-h (entry 3, at 20 atm). The PE’s properties have been evaluated by means of
differential scanning calorimetry (DSC), and gel permeation chromatography (GPC).

The DSC curves of the polyethylenes produced at 3 and 20 atm of ethylene (Figure
IV.19) show that the polymers are essentially linear with melting temperature peaks at 133.8

and 136 °C respectively indicating in both cases the production of high-density PE. The PE
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produced at low ethylene pressure (3 atm) show Mw of 46 647 g/mol with narrow
polydispersity (Mw/Mn = 2.4) indicating a single-site nature of 3a upon activation with

MAQO. The PE produced at high ethylene pressure (20 atm) was insoluble in trichlorobenzene

(TCB) at 145°C.

2 . M- 136.0°C
= Vo 352%
= -10- ‘\‘ !
S .
T .
L 15- "
————— 3 bar V
204 —— 20 bar — +~133.8°C
61.2%
! | ! | ! | ! | ! |
60 80 100 120 140 160

Temperature (°C)

Figure 1V.19. DSC curves of the polyethylenes produced by 3a at 80°C varying the ethylene,

and using 30 umol of catalyst).

The influence of oligomerization temperature on TOF and selectivity can be better
visualized comparing the performance of 3d/MAO at 45 and 80°C (entry 10 and 11). The
oligomerization reaction carried out at 45°C showed lower TOF than that one at 80°C

indicating that this catalyst shows high performance at high temperature similarly found in
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111 85a

another Cr~ oligomerization catalysts. The enhancement of the oligomerization
temperature has roughly no effect on the selectivity for a-olefin. However, it was observed
that use of lower oligomerization temperature determines higher percentage of oligomers total

as can be seen in Figure IV.20.
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Figure 1V.20. Effect of temperature on the selectivity using 3d.

For the system 3¢c/MAO the enhancement of the ethylene pressure (from 3 to 20
atm) gives an enhancement of the turnover frequency from 299 to 41 159 h™' at 80 °C. This
result was expected as an effect of the increased ethylene concentration in the solvent. The
enhancement of the ethylene pressure has slightly affected the selectivity in dimers (Cs: ca. 19

% at 3 atm; ca. 13 % at 20 atm), trimers (Ce: ca. 13 % at 3 atm; ca. 17 % at 20 atm), tetramers
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(Cg: ca. 14 % at 3 atm; ca. 19 % at 20 atm), and pentamers (C,o: ca. 8 % at 3 atm; ca. 16 % at
20 atm). These results indicated that the use of higher ethylene pressure promotes higher
selectivity. This trend is also observed when is compared the selectivity for a-olefins. In this
case, for all oligomer fractions it was observed an increase in selectivity at 20 atm. For
instance, the selectivity for butene-1 varied from 78.2 (at 3 atm) to 98 %, for octene-1 from
67.4 (at 3 atm) to 91 %, and for decene-1 from 66.7 (at 3 atm) to 90.4 %. The Figure IV.21

represents the effect of the ethylene pressure on the selectivity.
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Figure 1V.21. Effect of the ethylene pressure on the selectivity using 3c.
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V. CONCLUSIONS
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The complex Ni(a-diimine)Cl, (1) was impregnated and characterized on the
supports S1, S2, S3 and S4, which presented some activity in the ethylene polymerization.
The amount of nickel in the support increases with the increase of the quantity of aluminum
up to 8.0% wt of Al/SiO,, suggesting that 1 are associated, preferentially, to the MAO present
in the surface. The activities of the supported catalysts, in the ethylene polymerization are
influenced by the amount of aluminum in the support. S1 showed be not active, in relation to
S2 and S3, the high catalytic activity was obtained using the supported system 1/S3 (196 kg
of PE/mol[Ni].h.atm) indicate the formation of a stable catalytic species. The polymers
produced by the supported catalysts showed are similar to the Ni homogenous. The best
polymerization conditions, using the supported catalyst S2, was for hexane, MAO as
cocatalyst, molar ratio Al/Ni of 1000 and temperature of 30°C (285 kg of PE/mol[Ni].h.atm).
The DSC curves induced that the immobilization of 1 on the support provokes the formation
of more crystalline than the Ni homogeneous.

Larger activities are obtained with the catalyst supported using the in situ
methodology, under ethylene atmosphere, with which it was verified that the catalytic species
formed starting from the reaction among the composed of nickel as composed alkylaluminium
is not stable under atmosphere of argon. The catalyst supported in situ presents activity almost
two times bigger than the systems prepared before the polymerization and the PEs produced
showed similar properties, but with polydispersities around 2.0 suggesting that this process
generates only one active specie on the support.

The in situ immobilization of precursor catalysts 1 and 2 on MAO-modified silica
generates an effective heterogeneous catalyst for ethylene polymerization. Different types of
polyethylene blends can be produced depending on the polymerization temperature, grafting
order, and Xni. The absence of synergistic effect between the 1 and 2 species after

immobilization on support can be associated to the presence of MAO that acts as spacer
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keeping the Ti centers away from the Ni species. Catalyst activity was shown to be
independent on the grafting order. On the other hand, this parameter has a strong influence on
the melting temperature of the polymer blends. SEM micrograph showed that this
heterogeneous catalytic system is able to produce PE blend with the improved morphology.
The spherical shape of the PE particles corresponded to that of the silica support is in
accordance with the known replication effect.

It was prepared and characterized a new complex of Cr'

compounds having
tridentated ligands (catalysts 3a-d) which presented activity in the ethylene oligomerization.
The crystal structure of 3¢ confirms both the monomeric nature of the complex and k-
coordination of the ligand and the geometry around the chromium atom could be described as
a distorted octahedron with the chlorine ligands in a mer disposition.

When compared to CrCls(thf);, with exception of 3a, all chromium complexes
showed active upon activation with (MAO) showing a differentiated effect in the TOF and not
promote significant changes in the total C4 and Cg fractions. We found a production of lower
amount of Cg and higher amounts of C;p and +C;, oligomers fractions. The a—olefins quantity
increase when the ligands are uses. For the selectivity, was possible see a increase of o—
olefins quantity when the ligands are uses. The catalyst 3a was not showed be active in the
oligomerization reaction, but some activity in polymerization and the PE produced, at 3 and
20 atm of ethylene, showed by the DSC curves melting temperature peaks of 133.8 and 136
°C respectively indicating in both cases the production of high-density PE, and presented Mw
of 46 647 g/mol with Mw/Mn = 2.4 (3 atm). The system 3c/MAO was tested in different
ethylene pressure (3 to 20 atm) showing slightly influence in the selectivity in dimmers,
trimers, tetramers and pentamers. These results indicated that the use of higher ethylene

pressure promotes higher selectivity.
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