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Abstract

Study on Homogeneous Polymerization of 1-Hexene
with Zirconocene/Methylaluminoxane Catalysis
and
Synthesis of Oscillating Zirconocene Catalysts
By: Xia Zhao

Adviser: Professor George Odian
Part A: Homogeneous Polymerization of 1-Hexene with Zirconocene/MAO
catalysis

The kinetics of 1-hexene polymerization initiated by rac-dimethyisilyl
bis[4,5,6,7-tetrahydro-1-indenyljzirconium dichloride / methyaluminoxane (MAOQ)
catalysis was investigated. Polymerization rate was proportional to [Zr][MAO]'?
[M])'2 The fractional orders to which polymerization rate depends on monomer
and MAO concentrations changed with temperature. Polymerization rate
constant k, and activation energy E, were determined. Three types of
unsaturated end groups were studied. The relationships between chain transfer
rates to form these three types of end groups and zirconocene concentration,
MAO concentration and monomer concentration were determined. Chain transfer
to the coordinated monomer was predominating. At low temperature, catalyst
species participated chain transfer reactions. The MAO effect on chain transfer
was complicated as that in propagation. Kinetic model of polymerization and

chain transfers was proposed based on the kinetic results. The results of
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polymer molecular weight support the kinetic resuits.

Isotacticity was investigated on both %mmmm and %mmmmmm levels.
Isotacticity decreased tremendously with the increase of temperature. With the
increase of monomer concentration, isotacticity increased and then leveled off.
Isotacticity decreased with the increasé of zirconocene concentration and MAO
concentration. Regioreglarity was only slightly affected by reaction conditions.
Part B: Synthesis of Oscillating Zirconocene catalysts

Bis[2-phenylindenyl]zirconium dichioride (Cat.1), bis[1,2-diphenyl]zirconium
dichloride (Cat.2), bis[2-methyl-1-phenyljzirconium dichioride (Cat.3), [2-
phenylindenyl][1,2,3-triphenylindenyi]zirconium dichloride (Cat.4) and bis[1,2-
dimethylindenyl]zirconium dichloride (Cat.5) were synthesized as oscillating
metallocene catalysts and were characterized. The polymerization of 1-hexene
with the catalysis of the above catalysts was performed at different
temperatures, respectively. The isotacticity of polymers was investigated by °C
NMR at both pentad and heptad levels. Cat.1 could only produce atactic polymer
at higher temperature and stereoblock polymer with small to medium amount of
isotactic sequances at 20 and 0 °C. Cat.2 could produce polymer with almost the
same high amount of isotactic sequances at 20, 50 and 80 °C. Cat.3 produced
polymers with isotactic sequances and syndiotactic sequances at both 0 °C and
80 °C, but produced polymer only with syndiotactic sequances at 20 °C. Cat.4
could produce polymer with high amount of isotactic sequances. Cat.5 could
only produce atactic polymer at all temperatures. However, the activities of

Cat.2, Cat.3 and Cat.4 were pretty low.
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Part. A Homogenous Polymerization of 1-Hexene with Zirconocene/MAO
Catalysis
1.0 Introduction
1.1 Potential of Metallocene Catalysts

In 1950's and 1960's, the discovery of Ziegler-Natta catalysts caused the
plastics industry to flourish. These catalysts made possible the inexpensive and
easily controlled production of linear polyethylene, stereospecific polypropylene
and various poly(a-olefins)"®. The Ziegler-Natta catalysis systems have
developed quickly. They were developed by the interaction of an organometallic
compound or hydride of a Group I-lll metal with a halide, hydroxide, alkoxide or

[®. Ziegler-Natta catalysts are

other derivative of a Group IV-VIil transition meta
also called coordination initiators, which show the greatest power in
stereospecific polymerization. There are two most remarkable successes for
Ziegler-Natta catalysts: accomplishment of polymerization of «-olefins and
creation of the stereospecific polymerization. Propylene is an oil-derived gas
which is plentiful and inexpensive. Before the discovery of the Ziegler-Natta
catalysis system, it was only a useless gas. But today, our daily contact with
stereospecific polypropylene is inevitable. It is found in appliances, bottles,
carpeting, clothing, insulation, drinking glasses and everywhere. More than 80
billion pounds of polymers are produced worldwide with Ziegler-Natta technology

Therefore, these two great successes ushered in the tremendous development

of the plastics industry since the 1950’s and won the 1963 Nobel Prize for
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Ziegler and Natta.

While Ziegler-Natta catalysts have been useful, some newer catalysts,
such as homogeneous metallocene catalysts, may be even more efficient.
Homogeneous metallocene catalysts are being developed with the hope to
improve upon Ziteer-Natta catalysts. The typical metallocene catalysts consist
of a transition-metal atom sandwiched between ring structures to form a
sterically hindered site. Metallocene catalysts have several potential advantages
over Ziegler-Natta catalysts. First, because Ziegler-Natta catalysts are
heterogeneous catalysts, only the catalyst molecules on the surface are used.
So, instead of using 100% of the catalysts in the polymerization, only some of
the catalysts are used. The use of catalysts soluble in polymerization solution,
also called homogeneous, may increase the utilization ratio of catalysts to 100%,
which will improve the catalyst activity. The second advantage arises from the
fact that the chirality of the Ziegler-Natta catalysts results from the chirality of the
crystal structure, whereas the chirality of metallocene catalysts results from the
chirality of the molecule as a whole because of this, it would be possible to use
metallocene catalysts to refine, even design, the structure of the polymer. This
would enable controlling the properties of the polymer to a greater degree than
is possible with Ziegler-Natta catalysts.

The third advantage arises because metallocene catalysts enable us to
more easily control the molecular weight of the polymers. This is because

metallocene catalysts have well-defined single catalytic sites and well-
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understood molecular structures, while Ziegler-Natta catalysts have multi-
catalytic sites and complicated structures related with crystal surface structures.
Further, molecular weight distribution is much narrower by using metallocene
catalysts instead of Ziegler-Natta catalysts. Usually, MWD is between 2 to 3 for
the polymers prodhced by metalliocene catalysts, but is in the range of 5 to 20 for
those polymers produced by Ziegler-Natta catalysts. Fourth, it is much easier to
study and understand homogeneous catalysis than heterogeneous catalysis.
Based on the above advantages, metallocene catalysts are predicted to initiate a
new era in polymer synthesis'. Polymers synthesized by metallocene catalysts,
ranging from crystalline to elastomeric materials, have been available
commercially since about 1991. They tend to have features such as increased
impact strength and toughness, better melt characteristics (because of the
control over molecular structure), and improved clarity in films. Most early
applications have been in specialty markets where there is a demand for higher
priced, value-added polymers.

The first metallocene catalyst, bis(n°-cyclopentadienyl)titanium dichloride

(Cp.TiCl,) (see Scheme 1), was discovered by Natta'' in the 1950's, almost as

Scheme | Bis(recyclopentadienyljtitanium dichloride
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early as the discovery of Ziegler-Natta catalysts. But they were not developed
with the same enthusiasm. The homogeneous polymerization by this catalyst
with group IA-IlIA metal halide or group IA-IllA organometallic compounds as
cocatalysts showed very low catalyst activity and non-stereospecificity.
Meanwhile, in contrast to metallocene catalysts, Zieglar-Natta catalysts were
developed with more enthusiasm and speed because they showed superior
activity and stereospecificity. It seemed no other catalysts could replace them.
From the 1950's through the 1980’s, scientists all over the world busily searched
for better Ziegler-Natta catalysis systems, rather than spend time or effort
developing metallocene catalysts. Still, a few chemists thought it worthwhile to
search for homogeneous catalysts. In early 1980s, Waiter Kaminsky found that
methyialuminoxane (MAQ) used as cocatalyst could achieve high catalyst
activity'2. Although the activity of metallocene catalysis was greatly improved,
only atactic polypropyiene was produced by achiral metallocene'>"®. Meanwhile,
meso metallocene/MAO catalysis systems, namely meso-ethylene bis(n’-
indenyl)zirconium dichloride/MAO" and meso-ethylene bis(n’-indenyl) titanium
dichloride/MAO'®, produced only atactic polypropylene. But the atactic
poiypropylene was of little value.

The breakthrough in homogeneous isospecific polymerization was brought
by Kaminsky and Kiilper's work in 1985. Highly isotactic polypropylene was
obtained by using rac-ethylene bis(ns-tetrahydroindenyl) zirconium dichloride

(rac-CoH4H.Ind],ZrCl,) as catalyst activated with MAO'%. The isotactic index of
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the polypropylene polymerized from -10°C to 20°C was as high as 99% - 99.8%.
High-resolution 13C NMR spectroscopy affords an insight into the pattern of the
sequences in the polymer chain. Isotactic sequences (mm triads) were found to
be present to the extent of 95%, heterotactic sequences (mr triads) to the extent
of 3.2 %, and sydiotactic sequences (rr triads) to the extent of 0.9%. On the
other hand, the high activity of this chiral catalyst was remarkable. Less than 10°
mols/L sufficed for the production of 7700 kg polypropylene per mole of Zr per
hour at 60°C. However, under comparable conditions, only 2,730 kg of atactic
polypropylene was formed per mole of Zr per hour with Cp,ZrCl, as catalyst. The
chiral zirconocene rac-C,Hs[H4Ind].ZrCl, afforded highly isotactic polypropylene,
and also had a polymerization activity 2 to 3 times greater towards propylene
than those catalysts that formed only atactic polymer. in addition, the properties
of the polypropylene thus formed were also very remarkable. In contrast with the
industrial polypropylene of that time, which had a molecular weight distribution of
at least 5, polypropyiene was produced with molecular weight distribution of only
1.9 to 2.6 at the polymerization temperature between ~10°C to 20°C with rac-
C,H4[HsInd},ZrCl, as catalyst. Meanwhile, in independent studies by Ewen with
C.H4HqInd],TiCl, / MAO, highly isotactic polymer and high polymerization were
obtained ™.

Due to the remarkable advantages of homogeneous metallocene catalysts,

much research has been done on homogeneous polymerization in the last ten
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years. In the following section, we shall briefly talk about the previous work done

on the stereospecific polymerization of olefin with metallocene catalysts.

1.2 Stereospecific Polymerization of Olefin with Metallocene Catalysts
Catalyst stereoselectivites were studied by '*C NMR. Isotactic

polypropyiene prdduced by modern heterogeneous Ziegler-Natta catalysts®' is

highly stereoregular with above 95% of mmmm pentad. At ambient

temperatures, typical MAQO-activated chiral ansa-metallocene catalysts yield

9223  However, at increased

polypropylene with 80% to 90% of mmmm
polymerization temperatures, most of these homogeneous catalysts are distinctly
less stereoselective than typical heterogeneous Ziegler-Natta catalysts®. The
BC NMR signals associated with occasional stereoerrors in the isotactic
polymers produced by metallocene catalysts indicate that stereoregularity is
controlled by the chirality of the metallocene catalyst and not by the asymmetry
of the last inserted unit®.

How the stereoselectivities of chiral catalysts depend on the structures of
these catalysts, in particular on different bridging units and substituent patterns,
has been the subject of comparative studies in several research groups®¥. In
investigations of this kind, it is crucial to take into account the polymerization
temperature T,. A short interannular bridge will necessarily restrict rotation of the
5-member ring ligands. Accordingly, high stereoselectivities are with one-atom

bridges, at least at lower polymerization temperatures. Incorporation of the

ethylene bridge of C,H4[Ind,ZrCl; into a carbocyclic system® or its replacement
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27.3233 increases stereo-

by a one-atom silanediyl or germanediyl bridge
selectivities, but only to a limited extent™.

With respect to the substituent effects on polymer stereoregularities, the
substituents in B-position to the bridgehead atom of an ansa-zirconocene are the
most interesting. These B-substituents are in close proximity to the coordination
sites at which the growing polymer chain and the a-olefin substrate are bound.
In the chiral complexes C,HJInd]:.ZrCl,, C.H [H4Ind].ZrCl, and Me,Si{Ind}.ZrCl,,
CH or CH; groups of the annelated six member ring function as B-substituents
and flank each of the adjacent coordination sites. If the B-substituents are very
bulky, as in Me;Si[2-Me-4-tBu-CsHL.ZrCl,>"™ or in [Me.Si(2-SiMes-4-tBu-
CsH.).YHL®, or particularly protruding, as in Me;Si[2-Me-4-aryl-1-ind},ZrCI,>",
polypropylene with stereoregularities of %mmmm above 95% are generated
even at polymerization temperatures of 70-80 °C. On the other hand, it was also
shown that chirally substituted ansa-zirconocene catalysts with a-CH; groups at
each 5-member ring do indeed show increased stereoselectivities?* .

Chiral ansa-zirconocene complexes with two identical ligand moieties have
C. symmetry (The molecuie possesses only one twofold symmetry axis). Both
coordination sites of such a C,-symmetric complex are thus equivalent; each is
framed by the B-substituents in such a manner that olefin insertions at the Zr
center occur with equal enantiofacial preference at both sites. Unilateral
coverage of each coordination site is essential for this stereoselectivity; this is

documented by the observation that atactic polypropylene is produced if both
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coordination sites are flanked by two B-substituents, as in C,H.[3-Me-ind},ZrCl,
or in its silyl-bridged analogue Me,Si[3-Me-ind],ZrCl.>’**. The bilateral coverage
of each coordination site in these complexes, by a CH and a CH; group, appears
to render them indifferent with respect to the enantiofacial orientation of an
entering olefin. Thé same result, production of essentially atactic polymers, was
also observed for the meso isomers of each ansa-metallocene catalyst'.

The relationship between the stereoselectivity of ansa-metaliocene
cataiysts and the spatial disposition of their B-substituents has been discovered
by Ewen et al®® in a series of studies on Me,C-bridged fluorenyl complexes.
Syndiotactic polypropylene was produced by Me.C(Cp)(9-fluorenyl)ZrCio/MAO,
which is a Cs-symmetric structure (The molecule possesses only one symmetry
plane). Introduction of a B-CHj; on the 5-member ring results in the formation of a
hemiisotactic polymer in which every other repeat unit is randomly configured.
Introduction of a B-tert-butyl group gives highly isotactic polypropylene.

The mechanisms by which chiral ansa-metaliocenes control the
stereochemistry of polymer growth are reasonably well-understood today. The
first important clues as to the factors governing the stereoselectivity of C.-
symmetric, chiral metallocene catalysts were obtained by Zambelli et al from c
NMR studies. They followed the course of propylene and 1-butene insertions
into *C-enriched CHs and CH,CHs end groups, which were introduced into
MAO-activated C,H,[Ind],TiMe, catalyst by alkyl exchange with Al(**CHs)s or
Al(**CH,CHs3)s>°. The results of these studies can be summarized as following:

1. Propylene inserts into C,H[Ind.Ti-'*CHs bonds without significant

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

stereoselectivity, as shown by signals of diastereomeric end groups with almost
equal intensity.

2. 1-Butene insertion into C,H.[Ind],Ti-"*CHs bonds occurs with slight (2:1)
selectivity.

3. Complete -stereoselectivity prevails when either propylene or 1-butene
inserts into C,H.{ind],Ti-">CH,CH; bonds.

4. All these results resemble those obtained before with analogously
activated heterogeneous polymerization catalyst systems.

Efficient control of the chiral catalyst over the enantiofacial orientation of
the entering olefin is thus clearly contingent on the presence of a metal-alkyl
segment with at least two C atoms. The nature of this stereocontrol mechanism
was clarified by molecular mechanics calculations by Corradini, Guerra et. al”.
As previously proposed for heterogeneous Ziegler-Natta catalysis”, repulsive
interactions were shown to force an olefin into that enantiofacial approach to the
metal-alkyl unit which places the olefin substituent trans to the B-C atom of the
metal-bound alkyl chain. The metal-alkyl chain, in turn, was proposed to favor an
orientation in which its C(a)-C(B) segment (see Scheme I} is in the most open
sector of the chiral ansa-metallocene ligand framework. Experimental proof for
this catalytic-site control by means of chain-segment orientation was provided by
Pino et al®.

The origin of stereoselectivity in ansa- metallocene catalysts was further

examined by use of a-deuterated olefins. Stereokinetic isotope effects of ku/kp
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B o
—c|:H—CHZ--2r+

R

Scheme Il C(a)-C(B) segment

about 1.4 were observed for hydrodimerization of (E)- and (Z)-1-[D]-1-hexene
by chiral ansa-zirconocene and scandocene catalyst systems*>*'. This indicates
that the insertion reaction favors a transition state in which the a-H and not the
a-D atom of initially formed Zr-CHD-R unit is in a position suitable for a-agnostic
interaction with the metal center (The interaction between the protons on C(a)
and the metal center). Recently stereokinetic isotope effects of ku/kp about 1.3
were determined directly for isotactic propylene polymerizations catalyzed by
C2H4[H4ind],ZrCl,/MAO and other chiral ansa-zirconocene catalysts from the
mean chain lengths of polymers produced from either (E)- or (Z)-1-[Di}-
propylene. These results indicate that a-agnostic interactions control the stability
of alternative transition states for the insertion of an olefin into a metal-alkyi
bond.

Chain-end isomerization was discovered by Leclerc and Brintzinger from a
study of D-label distributions in isotactic polypropylene obtained from (E)- or (Z)-
1-[D1])-propylene with chiral ansa-zirconocene catalysts*’. The appearance of
CH.D instead of CH; groups in the mrrm stereoerror positions indicates that
most of these errors arise from the isomerization.

It was interesting that the polymerization with chiral ansa-zirconocene

catalysts, such as rac-C,HsH.ind].ZrCl, and even the sterically strongly
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congested chiral catalyst rac-Me,Si[2-Me-4-tBu-CsH.],ZrCl,, showed higher
catalyst activity than that of the stereochemically unselective, unsubstituted
catalyst Cp,TiCl.. Apparently, bridged catalysts have higher activity than
unbridged ones. Considering the effects of different bridging units linking the 5-
member ring Iigahds, it is found that zirconocenes with the one-atom bridge

Me,Si yield somewhat more active catalysts than comparable complexes with the

R Meridional centroid-Zr-centroid plane

Bridge
Scheme Il Coordination gap and Meridional centroid-Zr-centroid plane

two-atom bridge C.Hs. And zirconocenes with three-atom or four-atom bridges
have so far all been found to be practically inactive for propylene polymerization

0% |t seems that a short bridge widens the

in the presence of MA
coordination-gap aperture (see Scheme lil. The two unparalle! five member rings
form a gap in which the transition metal M coordinates with the two rings. This
gap is called coodination-gap aperture)®. Structural studies on these inactive
complexes reveal that a substituent on the five member ring close to the
meridional centroid-Zr-centroid plane (see Scheme Ill. The coordination bond

between the center of a five member ring and Zr is called centroid-Zr bond. The

plane containing both centroid-Zr bonds, which cuts the catalyst molecule into
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two parts, is called meridional centroid-Zr-centroid plane.) appears to block the
insertion of a-olefins but not ethylene.
1.3 Addressing the Remaining Problems with Metallocene Catalysts

Lots of kinetic studies have been done on the polymerization of ethylene

and propylene by both chiral or achiral metallocenes®*.

But so far, no
systematic kinetic studies on both chain propagation and termination have been
done. In this thesis, the kinetics of one polymerization system will be
investigated by determining the rates of polymer propagation and termination as
functions of temperature, concentrations of ziconocene, MAO and monomer.
Olefin copolymers whose total production volume is comparable to that of
the homopolymers are of great practical interest. LLDPE is obtained by
copolymerization of ethylene with 1-butene, 1-hexene and/or 1-octene”’. Its
mechanical properties, which surpass those of the long-chain branched LDPE
produced by high-pressure radica! polymerization, make LLDPE one of the
largest volume polyolefin products. As one of the significant comonomer, 1-
hexene will be chosen as the main monomer in the study of this thesis.
Understanding its behavior in homopolymerization will help the understanding of
its behavior in copolymerization. The main reason why 1-hexene was chosen as
monomer in our study was that it was a liquid monomer. It is easier to get
reproducible results by using aAquuid monomer instead of a gas monomer. Only

a little bit has been reported on 1-hexene polymerization by metallocene

catalysts so far.
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Odain and Zhang™ once proposed the mechenism for the polymerization of
1-butene with rac-Me;Si[H4Ind],ZrCl,. It was assumed that MAO methyiated the
zirconium chloride ligands to form the initial polymerization species with Zr-Me
sites. Most polymer chains were subsqently initiated by Zr-H sites which were
formed by various'B-hydride (or BH) transfer reactions during the polymerization.
Propagation involved insertion of 1-butene into Zr-C sites with almost exclusively
1,2-addition coupled with isospecificity. The unsaturated end groups (vinylidene,
vinylene and trisubstituted end groups) were formed by BH transfer from
propagation sites. Chien et al*® also proposed a chain termination mechanism
for polymerization of 1-hexene with rac-C,H,[Ind].ZrCl, catalysis by studying the
microstructure of poly(1-hexene). They estimated that the three kinds of end
groups (vinylidene, vinylene and trisubstituted end groups) were formed by
various rearrangement and fH transfer from the propagation sites (see Scheme
V). But our studies showed the chain transfers in homogeneous polymerization
are much more complicated.

The catalyst we used is rac-Me,Si[HsInd).ZrCl. which has high activity and
high stereoselectivity. Scheme V shows the two enantimers of this catalyst
obtained from the general synthesis in 1:1 ratio. Both of the two enantimers
produce isotactic polymer. MAO was used to activate the catalyst to achieve
high activity.

Besides kinetics, we will also study end groups of polymers, the molecular

weight of polymers and the polymerization condition’s effects on the polymer
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microstructure in this thesis. We wish that our study will bring a further

understanding of homogeneous polymerization of a-olefins by metallocene

catalysts.
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2.0 Experimental
2.1 Purification of Solvents and Reagents

1-Hexene (b.p 63 - 64 °C, J.T. Baker) was dried overnight over a 3-4 : 1
(wiw) mixture of activated 4A molecular sieves and aluminum oxide. Anhydrous
toluene (Aldrich) -was dried overnight over activated 4A molecular sieves.
Dimethylsilyl bis[tetrahydroindenyl]zirconium dichloride (or Me,Si[H4Ind].ZrCl.)
was supplied by Exxon Chemical Company and used directly without further
purification. MAO (10wt-% solution in toluene) was purchased from Albemarle
Corporation and used without further purification. Hexanes (GR reagent) was
purchased from Fisher Scientific Company. Tetrahydrofuran (THF) (HPLC
grade, Fisher Scientic) was filtered through 0.5um filter (FHLP-013-00, Millipore)
before used as GPC solvent. Methylene-d, chloride (99.9% D) and chloroform-d
(99.8% D) were from Cambridge Isotope Laboratory. Sodium hydroxide (Fisher)
was used without further purification.
2.2 Preparation of Solutions for Polymerization

All the glasswares here were dried at above 120°C for at least two days and
then kept in the glove box for overnight before being used. The following
procedures were completed in a glove box (Labconco, Model 51218-00). A
nitrogen environment is established inside the drybox. The pressure range
inside is between 0.6 to 3.0 inches water column higher that the atmosphere.

MAQ washing solution Add 0.5 ml of 10% MAO solution in toluene into

100 ml of dried toluene.
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MAQ spike solution Add 10 ml of 10% MAO solution in toluene into 100 ml

of dried toluene.

Zirconocene catalyst solution Add 10 ml of 10% MAQ solution in toluene
into 90 ml of dried toluene. Let it stand for 15 minutes. And then dissolve 100mg
(0.218 mmols) of catalyst.

2.3 Polymerization of 1-Hexene

Reaction tubes were dried at above 120°C for over 6 hours and then kept in
the glove box for overnight before being used. Rinse all the reaction tubes and
syringes with MAO washing solution immediately before each experiment. The
purpose of this washing is to completely remove all traces of water, which would
destroy the catalyst. Add 1-hexene (5ml) into a 15 ml pressure tube (see Figure
A-1), which is followed by the addition of the MAO spike solution (100 pl). The
purpose of adding spike solution is to completely remove all traces of water from
the monomer, which, again, would destroy the catalyst. After thorough mixing,
add 10% MAO solution (180ul) and 100 ul of zirconocene catalyst solution.
Polymerization were carried out at various temperatures (100°C, 80°C, 50°C,
room temperature and 0°C, + 2°C) for a certain time and was quenched by the
addition of 2% NaOH aqueous solution (5mi) into the polymerization tube. The
viscous reaction mixture was diluted by hexanes and transferred into a
separatory funnel. The diluted mixture was washed with 2% NaOH until no more

white solid was left and then washed three times with water. Residual monomer
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and solvent were removed overnight in a Speed Vac (Savant, SC110) at ~45°C
and 120 millitorr. The poly(1-hexene) was weighed.
2.4 End-group Equilibrium Study

a) 1-Hexene was polymerized at 80°C and 0°C as described in Section 2.3.
The polymerizatiohs were terminated at four different times (80°C: 30 mins, 1
week, 2 weeks and 1 month; 0°C: 2 days, 1 week, 2 weeks and 1 month). The
shortest time used corresponded to the minimal time for complete conversion.
The polymerization mixtures in other tubes were kept at the same temperature
for a certain time before termination. The polymer was isolated and dried as has
been described before. The double bond end-group compositions were
determined by NMR and compared. The polymerization conditions were:
[Zr]=56uM, [M]=8.0M and [MAO]=62mM.

b) Polymerizations were finished by keeping the reaction mixture at 80°C
for 40 mins and 0°C for 3 days, respectively, as described in Section 2.3. The
reaction mixtures polymerized at 80°C were brought to 0°C without isolation of
polymer and kept at 0°C for certain time (1 day, 1 week, 2 weeks and 1 month)
before 1wt-% aqueous NaOH was introduced and the polymer was isolated.

c) 1 g of dried poly(1-hexene) which was polymerized at 0°C was dissolved
into 2 ml of toluene followed by the addition of 60ul of MAO spike solution, 110pl
of 10% MAO and 78ul of zirconocene catalyst solution. The mixture was kept at
80°C for 24 hours and washed once with 1% aqueous NaOH and twice with

water. The polymer was isolated. The end-group compositions of the polymer
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was determined by NMR and compared with the same polymer without this
process.

d) Model compounds were used to mix with monomer before
polymerization. 2-Heptene was used as the model compound of vinylene double
bond, 2-methyi-1 -hexene as the model compound of vinylidene double bond and
3-methyl-2-pentene as the model compound of trisubstituted double bond. Since
the model compounds caused the precipitation of MAO, toluene was used as
polymérization solvent. Polymerizations were run at 0°C, 50°C and 80°C,
respectively for a certain time, the total volume of polymerization mixture was
4ml, and the concentration of zirconocene catalyst and MAO were the same with
the polymerization in Section 2.3. The vol ratio of monomer, model compound

and toluene are listed as the following:

# Monomer Model Compound Toluene
1 1 0 3
2 1 1 (2-heptene) 2
3 1 1 (2-methyl-1-hexene) 2
4 1 1 (3-methyl-2-pentene) 2

The polymer was isolated as before and the end-group compositions were
determined by NMR and compared.
2.5 'H and *C NMR Spectroscopy

For '"H NMR, samples were dissolved in CDCl; as 10% (wt/vol) solution,

5mm probe, 40°C, 30° pulse, 1s acquisition time, 2s delay between puises, 500
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scans and TMS as internal reference were used on Varian Unity Plus 600 MHz
spectrometer. For *C NMR, samples were dissolved in CDCls as 10% (wt/vol)
solutions with 15mg of Cr(AcAc)s per mililiter added, 10mm probe, 40°C, 90°
pulse, inverse gated decoupling with 3s delay between pulses, 10,000 scans
and CDCl; as internal reference were used on Varian Unity Plus 300 MHz
spectrometer.
2.6 Molecular Weight Measurements
2.6.1 Gel Permeation Chromatography

The molecular weight and molecular weight distribution of the poly(1-
hexene) was measured at 40°C on a Waters 150C instrument using
tetrahydrofuran (THF) as the mobile phase at a flow rate of 1.0 ml/min. A set of
four ultrastyragel columns (with 10°, 10°, 10° and 10° Angstrom pore sizes) were
used as the stationary phase. The GPC calibration for molecular weight
determination was based on polystyrene standards with molecular weight
ranging from 500 to 290,000.
2.6.2 'H NMR Spectroscopy

The conditions of '"H NMR spectroscopy measurement has been described
before. Molecular weight was calculated from the ratio of the integrals of protons
on saturated carbons and proton on unsaturated carbons based on the

assumption that each polymer chain contains one double bond end group.
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3.0 Results and Discussion on Kinetic Studies
3.1 Propagation in Polymerization of 1-Hexene
3.1.1 Simplest Propagation Rate Expression

From the experiments, it was found that the propagating rate of
homogeneous pdlymerization is dependent on the catalyst (zirconocene)
concentration, cocatalyst (MAQ) concentration, and monomer (1-hexene)
concentration. In the following sections, we will discuss respectively the effects
of catalyst concentration, cocatalyst concentration and monomer concentration
in detail.

Assume that there is the following expression for R;:

dm]
Ro= = gt = kel ZPIMAOPEMIe (1)
Rp = propagation rate [MAQ] = cocatalyst concentration
[Zr] = catalyst cocentration [M] = monomer concentration

The value k;,, A, B and C are all called pseudo values because the rate
expression here only shows the overall relationship between R, and [Zr], [MAQ]
and [M]. However, it is possible that there are several successive or/and parallel
simple kinetic steps involved, which are called elemental kinetic steps. An
equation like Equation (1) does not show how many elemental kinetic steps
involved in propagation and what these elemental kinetic steps are. In fact, from
the discussion in the following sections, it can be proven that more than one kind

of mechanism is involved in propagation.
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3.1.2 The Effect of Catalyst Concentration on Propagation

At certain temperatures, the polymerization of 1-hexene was run at different
catalyst concentrations with other conditions remaining the same. The
polymerization was quenched after a certain time. Figures A-2 - A-5 show the
relationship of mohomer concentration decrease versus time at different catalyst
concentrations and at temperatures of 100°C, 80°C, 50°C and 0°C, respectively.
In these figures, only the linear part was considered as the initial propagation
rate because the propagation rate slowed down significantly after a certain time
when monomer concentration decreased to a certain level. The slope of each
curve is the propagation rate (R,). Table A-1 lists the propagation rates at
different temperatures and catalyst concentrations. Figure A-6 shows the
relationship of LnR, and Ln[Zr] at the four different temperatures. The slope of
each curve gives the A value in Equation 1 at the corresponding temperature. All
the A values are listed in Tables A-2. B and C values in Equation 1 are also
listed in Table A-2, which will be discussed later.

Table A-2 shows that there is first-order dependency of propagation rate on
catalyst concentration at all these four temperatures, which means that each
propagating species contains only one catalyst species.

Experiments showed that there is a minimum concentration of catalyst
below which polymerization could not go to high conversion. This minimum
concentration changes with temperature. For example, when the catalyst

concentration was decreased to 1.0 uM, polymerization did not go further than
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10% conversion at 50°C, but to as high as 60% conversion at both 100°C and
80°C. It is possible that small amounts of catalyst poison(s) exist(s) in the
reaction system which show(s) higher inhibiting capability at lower temperature
than at higher temperature.
3.1.3 The Effect of Monomer Concentration on Propagation

The polymerization of 1-hexene was run at certain temperatures with
different monomer concentrations and with other conditions remaining the same.
Figures A-7 - A-10 show the relationship of the monomer concentration
decrease versus time at different monomer concentrations and temperatures of
100°C, 80°C, 50°C and 0°C, respectively. The slope of each line is the
propagating rate (R;) at certain conditions. Table A-3 lists R, values obtained
from Figure A-7 to Figure A-10. And Figure A-11 shows that Ln(R;) changes as
a linear function of Ln[M] at different temperatures. The slope of each line gives
the C value in Equation 1. The C values at different temperatures are listed in
Table A-2.

it can been seen that C is about 1.0 at 0°C but 1.3 at higher temperature.
There are several possible explanations for it. First, propagation step consists of
the growth of propagation species by the succesive additions of large numbers
of monomer molecules. It is possible that at temperature higher than 0°C, the
addition of first monomer molecule is slower than the additions of other monomer
molecule. In that case, C becomes more than 1.0. The second possibility is that

the propagating rate is so fast at these higher temperatures relative to low

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



temperatures, such as 0°C here, that the monomer concentration around
propagating species is lower than the overall monomer concentration in the
reaction system. At this moment, the monomer diffusion rate is slower than the
propagating rate. The rate determination step is not only propagation but also
monomer diffusion. This result is consistent with Herfert and Fink's results®®.
They found that the order of the propylene polymerization reaction concerning
the monomer concentration is 1.3 at a constant ratio of [MAQ] to [Zr] and 25°C.
Other literature™ *' also showed that the order of propagating rate in a-olefin
polymerization with respect to monomer concentration was between one and
two, even in different catalysts/MAO systems.

Another possible explanation for the above result is that, at a temperature
higher than a certain value, the insertion reaction of monomer into Al-C bond
occurs as shown in (2). Therefore some V participates in the alkylation of

zirconocene catalyst.

lBu
CH3 Bu |CH20 HCH3

—fO—J\Hﬁ + CH2=c|:H —  <O0-AK; (2)

m v '}

This assumption is supported by the following observed reactions™
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/C H,CH.R

ARz + CH,=CH, — A\l—R (3)
R

AR; + 3nCH;=CH, —  AI(CH,CHy).Rls (4)

The insertion readtion of monomer into MAO can also give a possible reason for
high kinetic order of propagation rate with respect to MAO concentration, which
will be further discussed in the next section.

3.1.4 The Effect of MAO Concentration on the Propagation

The polymerization of 1-hexene was run at different MAO concentrations.
Figures A-12 - A-15 show the relationship between monomer concentration
decrease and time. The slope of each straight line is the propagating rate at
certain conditions. Table A-4 is the summary of the R, data from Figures A-12 to
A-15. Figure A-16 shows the relationship of Ln(R;) and Ln[MAQO] based on the
data in Table A-4.

It is very interesting to see in Figure A-16 that at high temperatures, R,
increases with MAO quickly in the beginning, and then levels off with further
increases of MAO concentration, after the ratio of MAO to catalyst is about 600.
At 50°C, R, is propartional to MAO. However at high temgeratures like 80°C and
100°C, the relationship of R, and [MAQO] can be expressed as a quadratic
equation. The B values in Table A-2 were obtained by the slopes in the linear
part of these curves. B changes with temperature. It is 0.59 at 0°C, increases

with temperature, and becomes 1.8 at 100°C. The possible explanation is that
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there are two equilibriums in the initiation step (see section 3.1.6). Because
there are two chlorides on the catalyst, it is possible that during the initiation,
one chioride is methylated by a MAO molecule to form Me,Si[H4Ind).ZrCICHa,
and the other one is activated by another MAO molecule to form a zirconium
cation, MeZSi[H4lhd]zZrCH3*'(CIMAO‘). At low temperature, one equilibrium is
much faster than the other, therefore, only one equilibium is the rate-determining
step. However at high temperature, the two eqilibriums have similar rates, and
so both of them become rate-determining steps. Another explanation is that
reaction (2) occurs at high temperature and V acts as activated monoomer.

Although B value at 0°C is obtained as 0.59, it will be roughly treated as 1
in the further calculation of k; and E, because at this temperature, R, is very
small (~ 10" M/min) and the order cannot be determined to good.

The ratio of [MAQ] to [Zr] is needed to be much higher than 1:1.
Experiments showed that no polymerization occurred when the ratio of [MAO] to
[Zr] was lowered to 141:1 at both 80°C and 100°C. The result of Chien's™
investigation of propylene polymerization by C,H,[Ind).ZrCl, catalysis system
was that no polymerization occurred when the ratio of [Al]:[Zr] was lower than
350:1. However, with this ratio, polymerization occurred at 50°C but with no more
than a 20% conversion in our experiment. MAO exists as an oligmer (MAO), with
n around 4 to 26™. In addition, unlike the catalyst which can be recycled, MAO is

a reagent which is used up during the polymerization.
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Although MAQ is a powerful cocatalyst for metallocene catalysts, it still
remains a “black box” due to the presence of muitiple equilibria in solution. TMA
is used to produce MAO. It was reported by Howie™ that there were always
equilibria between MAO and TMA in toluene solution and the relative
compositions of MAO and TMA change with time and temperature. MAO
composition increases with time and decreases with increasing temperature.
Resconi et al*® reported that the equilibrium shown in Equation (5) must occur in

toluene solution.
MAONnTMA & MAO(n-m)TMA + (m/2)(TMA), (5)

They also proposed that the actual cocatalyst in the metallocene-MAO system
was TMA itself, with MAO acting as a soluble carrier-activator of the ion pair
formed upon reaction of the metallocene with TMA.

Giannini et al*’ reported the exist of Equation () also with 'H NMR study.

Cp.ZrCl; + MAO'XAI(CH3); —

(1-x)Cp2ZrCl, + xCp,ZrCH;Cl + MAO'XAI(CH3).Cl  (6)

They proved that Cp.ZrCl, was monoalkylated by Al,(CHs)s present in MAO.
Meanwhile, they found that the Cp,ZrCHsCl likely formed, with an excess of
MAO, highly polarized species, which were decomposed by a complexing agent
of MAO such as KCI.

If it is true that Cp,MCl, is monoalkylated to form Cp,MCHsC! during the

polymerization, Cp,MCI; and Cp.MCHCl shouid have aimost the same activities.
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However, Kaminsky® once reported that the activity of Cp,TiCHsCl was only as
high as half of the activity of Cp,TiCl..
3.1.5 Effect of Temperature on Propagation

As with most polymerizations, the propagation rate of 1-hexene
polymerization inéreases with temperature increases. The ky's at different
temperatures are obtained and listed in Table A-5. Figure A-17 shows the
relationship between Lnk, versus the reciprocal of temperature (1/T). E; and A,
are obtained from Figure A-17 according to the following Equation 5 and are
listed in the same table.

Lnk, = -Eo/RT + LnA; (7)
The overall activation energy E, here is reasonable compared with the

other research results. The E, in the polymerization of 1-propylene using
C.H4[H4Ind)ZrCl, catalyst system was 10.6 kcal/mol®. Actually, the E, value
changes with monomer and catalyst used. In the polymerization of propylene, it
was 12.9 kcal/mol catalyzed by Me.Si[2-Me-Benzindenyl],ZrCl;, and was 6.7
kcal/mol catalyzed by Me,Si[Benzindenyl),ZrCL.°*"®. And E, was 7.4 kcal/mol for
ethylene polymerization by n°-(NMeCp),ZrCl,*". In radical polymerization E, is
4.4 kcal/mol for ethylene and 6.2 kcal/mol for styrene in their radical
polymerization®®. E, is higher in stereospecific homogeneous polymerization
than that in radical polymerization, but is comparable with Ziegler-Natta
polymerization. The overall E, for the rates of most Ziegler-Natta polymerizations
fall in the range 4.8 kcal/mol - 16.7 kcal/mol®®. However, E, and A, are not real

in our case because B and C vary with temperature.
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A, is comparable with those in radical polymerization. It is 3.3 x 10° M"'s™
for vinyl chloride and is 4.5 x 10° M"'s™ for styrene.
3.1.6 Mechanism of Initiation and Propagation

No previous literature have reported in determining the rate of polymer
formation as a function of the concentrations of zirconocene, MAO and
monomers so far, though some literatures reported that polymerization rates
depend on olefin concentration to a fractional order between 1 and 2 (see
Section 3.1.3).

We tried to determine the propagation rate as a function of the
concentrations of zirconocene, MAO and monomer and get the following
equation (1):

R, = [Zr]"[MAO]°[M]° 1
A, B and C constants at four different temperatures are listed in Table A-2. From
this table, we can see that at all these four temperatures, the fractional order to
which R, depends on zirconocene concentration is always around 1. This tells
us that only one molecule of catalyst is involved in the propagation transition
states.

However, the fractional order to which R, depends on monomer
concentration changes with temperature. It is 1 at 0°C, but between 1 and 2 at
the other three higher temperatures. We have discussed the possible reasons in

section 3.1.3.
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The fractional order to which R, depends on MAQO concentration is very
complicated. At 0°C and 50°C, it is almost 1, and at 80°C and 100°C, it is
between 1 and 2. Besides, it increases with the increase of temperature. It is
possible that the activation of catalyst consists of more than one step, possibly
two steps as dicussed in section 3.1.4. MAO is needed in each step. The relative
reaction rates are controlied by reaction temperature. At lower temperature, one
reaction is much faster than the other and only the slow reaction is the rate-
determining step. As the increase of temperature, the difference between the two
reaction rates decreases. So, at certain high temperature, the two reaction rates
become comparable and both steps are rate-determining steps.

Based on the above observed results and concerned discussion, we tried
to make the kinetic model for the initiation and propagation of homogeneous
polymerization. In the initiation (see Scheme VI), we assume that there are three
steps. The first two steps are equilibria which involve in the activation of catalyst.
The first equilibrium is the monomethylation of catalyst by MAO. Maybe the
methylation agent is Al(CHs)s. Since there is direct equilibrium between MAO

and Al(CHs;)s, we may just use MAO to represent the methylation agent here.

Scheme VI
Kit
ZCl, + MAO ==== 2ZrCHCI (8)
K' + -
ZICH,Cl + MAO =—2= CHyZr'-MAOCI (9)

+ - ki + -
CH3Zr -MAOCI + ?H= CH, — CH3C|)HCH22r -MAOQOCI (10)
Bu Bu
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At low temperature, (8) is much slower than (9), (8) and (10) will be rate-
determining steps and initiation rate R; can be expressed by

Ri = kiKi[ZrCL]MAQ]M] (11)

At very high temperature, (8) and (9) occur in comparable rates, initiation
rate R; can be expfessed by

Ri = kKaKa[ZrClo[MAOTM] (12)

At mediate temperature, initiation rate R; can be expressed by

R = kiKaKa[ZrCl[MAO]M] (13)

Propagation consists of the growth of CH;BuCHCH:Zr"MAOCT in Equation
(10) by the successive additions of monomer molecules. It is shown in Scheme
VIl. Each addition creats a new propagation species which has the same identity
as the one previously, except that it is larger by one monomer unit. Also the rate

constants for all the propagation steps are the same.

Scheme VI

MCEHCHZZF-MAOCI' + C'3H==CH2 _kL> m(f‘,HCHZCHCH22r+-MAOCI' (14)
Bu Bu Bu

At low temperature like 0°C, two possible situations can be concerned to
result in the propagation rate expression obtained from the experimental resuit.
One is that k; and k, are aimost the same. Then the propagation rate can be
simply expressed by

Rp = koKi[ZrClL][MAO]M] (15)
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The other possibility is that between k; and k,, one is much bigger than the other.
In this case only one reaction out of these two is the rate-determining step. We
can also get Equation (15), except that the rate constant could be either k,Ki; or
kiKi;. Equation (10) and Equation (14) are similar in enthalpy change because in
each of these two .equations, a C-Zr bond and a C-C = bond are broken followed
by the formation of a new C-Zr bond and a C-C o bond. The first possibility
seems more reasonable here.

However, at higher temperature, it is possible that the reaction (10) became
slightly slower than reaction (14). The fractional order to which R, depends on
monomer concentration becomes bigger than 1. R, can be expressed by

Rp = kokiKiiKo[ZrClJ[MAO]"3M]™ (16)

3.2 Chain Transfers in Polymerization of 1-Hexene
3.2.1 'H NMR Assignments of Double Bond End Groups

Figure A-18 is a 'H NMR spectrum of poly(1-hexene). The resonances
between 0.9 ppm to 1.4 ppm are from three kinds of saturated protons in the
polymer: -CHs, -CH,- and -CH<. Chemical shifts depend on chemical
environments around protons. Usually, methyl group appears at higher field
which shows at 0.9 ppm here, and methylene and methine protons appear at
1.0-1.4 ppm.

Besides the saturated resonances, there are three kinds of very small
resonances appearing in the double bond proton range 4.0-6.0 ppm. Figure A-

19 shows the expanded spectrum. The relative integral ratios between these
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three kinds of double bonds vary with polymerization conditions. These three
kinds of double bonds are assumed to be the end-groups of poly(1-hexene)
which result from various chain transfer reactions.

The studies on model alkene compounds provide a detailed chemical shift
assignments of different types of double bond protons. The terminologies used
for double bond groups which contain proton(s) are: vinyl for CH,=CH-,
vinylidene for CH,=C<, vinylene for -CH=CH- and trisubstituted for -CH=C<.
Table A-6% shows the detailed chemical shift ranges for different types of double
bond protons.

Doubie bond end groups of poly(1-hexene) were assigned according to the
assignments in Table A-6 (see Figure A-19). Vinylidene end group appears as a
doublet at 4.68 ppm and 4.74 ppm, trisubstituted end-group appears as a triplet
at 5.11 ppm and as a multiplet at 5.16 ppm, and vinylene end group appears as
a broad multiplet at 5.30-5.41 ppm. It seems there are two kinds of trisubstituted
end groups. At low temperature, only the triplet at 5.11 ppm appears, which
seems that the double bond is next to -CH,-; And at higher temperature both
signals appear. The previous mechanism described for vinylidene, vinylene and
trisubstituted end group was shown in Scheme V.

3.2.2 Pseudo Expression Equation for Chain Transfer Reactions

The experiments showed that the ratios of three kinds of end-groups varied

significantly with changes in the polymerization conditions such as zirconocene

catalyst concentration, monomer concentration, MAO concentration and
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temperature. Assume the following relationship between chain transfer rates and
conditions:
Ry = ke[ZrT[MAO]'[MF (17)

From Equation (17), we can not see how many kinds of chain transfers involved
and how many evlemental kinetic steps occur in each chain transfer. In the
following several sections, we will discuss the effects of polymerization
conditions on chain transfers.

According to the previously proposed chain termination mechanism® *,

which is simplified and shown in Scheme Vill, X=1, Y=1 and Z=0-1 are expected.

Scheme Vil
z_+
M ——» HZr + PolymerwithC=C  (18)
H
zt +M

— HMZr + PolymerwithC=C (19)
H

However, we got some unexpected X, Y and Z data in our experiment, which are

shown in Table A-8. In the following several sections, we will discuss them

respectively. |

3.2.3 The Effect of Zirconocene Catalyst Concentration on Chain Transfers
Figures A-20 - A-22 show the concentrations of three kinds of end groups

versus time at 100°C and different catalyst concentrations, respectively. Figures

A-23 - A-25, A-26 - A-28 and A-29 - A-31 are for 80°C, 50°C and 0°C,
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respectively. The slope of each curve is the value of one kind of chain transfer
rate Ry. Table A-7 is the summary of catalyst concentration effect on chain
transfer rates at the above four temperatures. Figures A-32 to A-35 show the
relationship between LnR, versus Ln[Zr] for three types of end-groups at these
temperatures, resbectively. The slopes are the X values in Equation (17), which
are listed in Table A-8.

In Table A-8, the dependency of three kinds of chain transfer rates on
catalyst concentration are varied with temperature. At high temperature such as
100°C and 80°C, the fractional kinetic orders of three kinds of chain transfer
rates with respect to catalyst concentration are all almost one, which is
expected. However, these fractional kinetic orders are increased with the
decrease of temperature. This is especially so with the formation of vinylidene
end group. The fractional order of the chain transfer rate to form vinylidene end
group with respect to catalyst concentration increases from 1.1 at 100°C to 2.4 at
0°C. Whereas the kinetic study on propagation shows the first-order of
propagation rate on catalyst concentration at all of these four temperatures. The
first conclusion which can be made here is that catalyst molecules must
participate in chain transfer reactions at a low temperature but not at a high
temperature.

At high temperatures, the molecular motion is so fast that the bulky catalyst
species have difficulty attacking the active polymer chain. On the other hand, at

high temperature, BC-H bond and C-Zr bond are easily broken, which is called
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and BH elimination mechanism (see Scheme |V in section 1.3 and Scheme Vill).
Therefore at high temperature, BH elimination® could be the main chain transfer
mechanism. But at lower temperatures, BC-H, C-Zr bonds are harder to break
and BH elimination becomes very difficult. In addition, the reaction mixture
becomes so viscoﬁs (The solutions became thick in the experiments at 0°C.) that
the molecular motion slows down. Although in this situation, another catalyst
species have less chance to ‘meet’ a polymer propagating chains, they have a
longer time to stay together once they meet. This would give the catalyst species
enough time to find its attacking target on the propagating chains and result in a
chain transfer. If another catalyst species may attack the polymer chain, the
question is where it will attack the chain. It could be gH. BH is more nucleophilic
than other hydrogens on the polymer chain because the aC, which is directly
connected with Zr of the catalyst species, has partially negative charge. The
difference from the BH elimination mechanism shown in Scheme IV and Vill is
that BH elimination here occurs under the help of another zirconocene species
companied with the leaving of the catalyst species which is connected with oC.
The main question for this mechanism is whether it is possible in space because
it would be very crowded for two catalyst species to be so close. By considering
the spatial effect, it is more likely that the catalyst species drops from the end of
propagating chain first foliowed by the leaving of BH under the help of another

catalyst species.
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The dependency on catalyst concentration varies for different kinds of
chain transfer reactions; even for the same type of chain transfer reaction, it
varies with temperature. This indicates that different chain transfer reactions are
involved with different orders with respect to catalyst concentration to form the
same type of end group. Because different reactions show different temperature
dependency, the overall dependency of one kind of chain transfer rate on
catalyst concentration changes with temperature. The possible mechanism will
be derived later.

3.2.4 The Effect of Monomer Concentration on Chain Transfers

Figures A-36 - A-38 show the concentrations of three types of end-groups
versus time, respectively, at 100°C and different monomer concentrations.
Figures A-39 - A-41, A-42 - A-44 and A-45 - A-47 show the same relationship at
80°C, 50°C and 0°C. Ry obtained from these figures are listed in Table A-9. And
Figures A-48 to A-51 show the relationship between LnR, and Ln[M] for three
kinds of end-groups at the above four temperatures, respectively. The slope of
each line is a Z value in Equation (17), which is listed in Table A-8.

Table A-8 shows that Z is close to one in most of the cases. The exceptions
are that Z is bigger than one in the chain transfer to form vinylene at 100°C,
80°C and 50°C, and Z is smaller than one in the chain transfer to form vinylidene
at 50°C and 0°C and in the chain transfer to form trisubstituted end group at 0°C.

Since it is a coordination polymerization, there are two coordinating

positions in each catalyst molecule. One is connected with a polymer
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propagating chain and the other is with a monomer molecule. Therefore, there
are two kinds of ‘active’ propagating species existing in this polymerization
mixture. One is the catalyst connecting with both a polymer chain and a
monomer molecule, which can be expressed as MZrP; And the other is the
catalyst only connécting with a polymer chain with an unoccupied site, which can
also be called semi active propagating species and expressed as PZr. The latter
has to catch a monomer molecule before another step of propagation occurs.
The chain transfer reactions, however, could happen for both kinds of these
species. It is likely that in most cases in Table A-8, chain transfer reactions
occur on MZrP in which chains transfer to the coordinated monomer because the
kinetic orders of chain transfer reaction rates with respect to monomer
concentration are one. Only in those cases in which these orders are between O
and 1, chain transfer reactions occur for not only MZrP but PZr. Under the range
we studied, no O order of chain transfer reaction rate was obtained. In the cases
in which these orders are bigger than one, chain transfer could happen between
a MZrP and a noncoordinated monomer.

On the other hand, like X, Z varies with temperature. This also indicates
that there are multiple kinds of reactions, with different kinetic orders, with
respect to monomer concentration, to form the same type of end-group.

3.2.5 The Effect of MAO Concentration on Chain Transfers
Figures A-52 - A-54 show the relationship between the concentration of

three types of end groups versus time at 100°C and different MAO
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concentrations, respectively. In the same way, Figures A-55 - A-57, A-58 - A-60
and A-81 - A-63 show the situation at 80°C, 50°C and 0°C, respectively. R,
values are listed in Table A-10.

From Figures A-64 - A-67, we can see Ry is not no longer directly
proportional to [MAO]Y at high temperatures. This is why no Y value can be
listed in Table A-8 at 80 and 100 °C. This is similar with the MAO effect on
propagation rate. Rather, R, can be roughly expressed as a function of MAO
concentration with some quadratic equations. There seems to be some
maximum for R, at certain MAO concentration value. In additions, the MAO
concentration values at which R, reaches maximum value are various with
temperature. The MAO concentration we use here is very big compared with the
catalyst concentration, which could be the reascn why the reactions are not
sensitive to MAO concentration.

3.2.6 Temperature Effect on Chain Transfers

Table A-11 shows temperature effect on chain transfer rates. k, values at
50°C and 0°C can be calculated according to Equation (17) and Table A-8,
respectively, and are listed here. We can not get k, for 80 and 100 °C because
there are no Y values for these two temperatures in Table A-8. Although there is
no doubt that Ry, for a specific type of end group is increased with the increase of
temperature, k, does not change in the same way with Ry, which further proves
that the mechanism at high temperature is different than that at low temperature.

It is hard to believe that there are absolutely different chain transfer mechanism
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at different temperatures,.However it is very possible that there are several
parallel chain transfer reactions to form the same type of end-group. Because
they have different dependencies on catalyst concentration, monomer
concentration, MAO concentration and temperature, the overall dependencies
show different behaviors from the normal radical, ionic or step polymerization. ki
values obtained are only pseudo values which are the overall value of different
chain transfer reactions. They cannot supply any valuable information about the
ki in the real mechanism but from them, we can derive the possible mechanism
of chain transfer.

3.2.7 Mechanism for Chain Transfer Reactions

From our kinetic study on the chain transfer reactions of homogeneous
polymerization, it is seen that the chain transfer mechanism for homogeneous
polymerization is different from, and much more complicated than, either chain
or step polymerization. Through the results we obtained, the kinetic model of
chain transfer reactions can be constituted. All these three kinds of chain
transfers will be derived as the same general model first and then discussed

~ individually.

Based on the discussion through section 3.2.1 to section 3.2.6, we can
conclude that there are three types of end groups caused by chain transfers.
The mechanisms of chain transfers to form these three kinds of end groups are
different somehow because the relationships between R, and reaction

conditions are different. Chain transfer to monomer is exclusive at higher
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temperature and predominating at lower temperature. The chain transfer to
monomer could occur inside MZrP or between PZr and M, or even between
MZrP and M. M means monomer here. At lower temperature, chain transfer to
catalyst species (expressed as Zr here) occurs and even becomes
predominating. Scheme IX proposes the possibilities of chain transfers as
general model. Equation (20) to (22) are chain transfers to monomer. Equation
(23) and (24) are chain transfers to catalyst. Equation (20) is the chain transfer
to the coordinated monomer within the active propagation species MZrP.

Equation (21) is the chain transfer from semi active propagation species PZr to

Scheme X
MZP — HMZr + P withC=C (20)
PZr + M —> HMZr + PwithC=C (21)
MZP + M —» HMZM + PwithC=C (22)
MZE . +Z
MzP Zp P e Hz + PwithC=C (23)
2zt .+ .
PZr —» P —» HZr + PwithC=C (24)

noncoordinated monomer. Equation (22) is the chain transfer from active
propagation species to noncoordinated moonomer. Equaion (23) is chain
transfer to catalyst species starting from active propagation species MZrP.
Equaion (24) is chain transfer to catalyst species starting from semi active

propagation species PZr.
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a) Chain transfers to form vinylidene end group

Equation (20), (21) (23) and (24) seem to be the possible chain transfer
reactions to form vinylidene end group because X is between 1 to 2 and Z is
between 0 and 1. Equation (22) is not considered as a possibility in which Z is 2.
Within the possible four reactions, different reactions are favored at different
temperatures. At high temperature like 80 and 100 °C, chain transfers to
monomer, reaction (20) and (21), are favored and Ry is proportional to [Zr]'[M]™".
At low temperature like O °C, chain transfers to catalyst, reaction (23) and (24),
are mainly favored and Ry is proportional to [ZrY[M]™°. At medium temperature
like 50 °C, chain transfers to catalyst and chain transfers to monomer are equally
favored and Ry is proportional to [Zr]"qM]*".

b) Chain transfers to form vinylene end group

Equation (20), (21) and (22) seem to be favored in chain transfer to form
vinylene end group because X is around 1 at all temperatures and Z is between
1 and 2. At temperature as low as 0 °C, reaction (20) and (21) seem to be the
only possibilities which make Ry proportional to [Zr]'[M]'. At temperature higher
than 0 °C, all three reactions are possible and Ry is proportional to [Zr]'[M]'2.
The reason why chain transfer to catalyst species could not occur to form
vinylene end group is probably the steric hindrance on both carbons.

c) Chain transfers to form trisubstituted end group

Equation (20) to (24) all seem to be possible for chain transfer to form

trisubstituted end group because X is between 1 and 2 and Z is between around
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1. At high temperature like 80 and 100 °C, reaction (20) and (21) are
predominating and reaction (22) is possible at 80 °C because R, proportional to
[Zr]'[M]' at 100 °C and to [Zr]'[M]""® at 80 °C. At low temperature, all five

reactions seem to be possible and Ry is proportional to [Zr]" 3 [M]*>"*.
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Table A-1. Catalyst Concentration effect on R,

T (°C) Zr] (uM) Ry (M/min)
- 52 1.7x10°
100 26 5.8x 10"
5.2 1.5x10"
1.0 2.7x10"
52 9.4x10"
80 26 51x10"
5.2 8.2x 10"
1.0 2.5x 10"
99 8.7 x 10"
50 26 29x 10"
13 8.7 x 10*
52 26x10"
99 2.0x 10"
0 52 9.1 x 10°
26 55x10°

*Note: The other polymerization conditions are: [M]=8.0 M and [MAQ]=62 mM.
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Table A-2. Summary of A, B and C’s in Eq.(1)

T (°C) A B C
100 1.0 1.8 1.3
80 0.95 1.5 1.4
50 1.1 0.98 1.3
0 0.94 0.59 .96
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Table A-3. Monomer Concentration Effect on R,

T (°C) M} (M) R, (M/min)

8.0 1.7x10°

100 4.0 6.2x10"
2.0 2.9x 10"

0.80 8.4x10”

8.0 | 9.4x 10"

80 4.0 3.9x 10"
0.80 48x 10*

8.0 49x10"

50 4.0 1.6x 10"
20 - 7.0x 107

0.80 2.4x10*

8.0 9.1x10°

0 4.0 53x 107
20 3.2x10°

0.80 1.0x 107

*Note: the other polymerization conditions are: [Zr]=52 uM and [MAO]=62 mM.
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Table A-4. MAO Concentration Effect on R,

T (°C) [MAO] (mM) Ry (M/min)
. 62 1.7x10°
100 34 1.5x10°
18 48x10"
62 9.4x 10"
80 34 8.8x 10"
18 3.5x 10"
62 49x10"
50 31 25x10"
16 16x10"
3.9 3.2x 107
62 9.1x10”
0 34 8.4x10°
18 45x10°

*Note: The other polymerization conditions are: [Zr]=52 uM and [M]=8.0 M.
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Table A-5 List of k;,, A and E,

T (°C) R, (M/min) ko A, E, (kcal/mol)
100 17x10° 33x10°
80 9.4x10" 48x10° 3.6x10° 1.4 x 10’
50 49x10" 2.6 x 10
0 9.1 x10° 2.1x10°

*Note: The other polymerization conditions are: [2r]=52 pM, [M]=8.0 M and
[MAQ]=62 mM.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A-6 'H Chemical Shifts of H of Double Bonds

49

Structure 'H Chemical Shift
R+ CHs3
\C___C/
Ry \ﬂ 5.2 ppm
R4 CHy—
\C=C/
R/ \ﬂ 5.1 ppm
R1\ /H
C=
RZ N 4.6-4.9 ppm

R c b 5.6-5.9 ppm (1H,)
H g, 4.8-5.0 ppm (2Hs)
R1\C /H
ﬂ’ \Rz 5.4 ppm
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Table A-7. [Zr] Effect on Chain Transfer Rates at 100°C, 80°C, 50°C & 0°C*

T (°C) 21 (uM) | Reya (MImin)™ | Ricen (M/Min)™ | Reen (M/min)™
G Y TRk L BT R
100 26 2.8x 107 1.9x10° 48x10°
5.2 48x10° 46x10° 96x10°
1.0 7.2x10° 7.5x10° 1.6x 10
52 3.8x10° 53x10° 56x10°
80 26 59x10° 1.0x10° 14 x 107
5.2 1.3x10° 2.9x 107 2.7 x10°
1.0 2.1 x10* 6.9x10° 1.0x10*
99 79x10° | 29x10° 16x 107
50 52 2.3x10° 2.8x10° 1.1x10°
26 5.0x 10° 40x10* 1.9x10*
5.2 8.1x10° 7.1x10° 3.0x10°
99 2.1x10” 9.3x 107 1.2x10°
0 52 6.0 x 10° 43x107 3.0x10°
26 8.4x10” 2.0x 107 1.6x10°

*Other polymerization conditions: [MAO]=62 mM, [M]=8.0 M.
“*Ryva. chain transfer rate to form vinylidene end-group; Rywm: Chain transfer rate to form
vinylene end-group; Ry,: chain transfer rate to form tri-substituted end-group.
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Table A-8. X, Y and Z at 100°C, 80°C, 50°C and 0°C

T (°C) End Group X Y Z
.CH2=C< 1.1 0.80
100 -CH=CH- 1.2 1.6
-CH=C< 1.0 1.0
CH=C< 1.2 1.0
80 -CH=CH- 1.0 1.3
-CH=C< 1.0 1.2
CH;=C< 1.6 0.37 0.60
50 -CH=CH- 1.2 0.64 1.5
-CH=C< 1.4 0.84 1.1
CH;=C< 24 0.46 0.28
0 -CH=CH- 1.2 0.85 0.99
-CH=C< 1.5 1.1 0.75
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Table A-9 [M] Effect on Chain Transfer Rates at 100°C, 80°C, 50°C & 0°C*

T (°C) Ml (M) Ruve (Mimin) | Ryvn (M/Min) | Ry (M/min)

55 46x10° 89x10° 78x10°

100 4.0 3.4x10° 1.8x10° 56x10°
2.0 16x10* 6.6 x10° 2.3x10°

.80 7.8x10 2.2x10* 8.0x 10

8.0 38x10° 53x10° 56x10°

80 4.0 1.4x 10 1.2x10° 22x10°
.80 32x10° 26x10° 3.2x10°

8.0 2.3x10° 28x10° 1.1%10°

50 4.0 1.5x 107 9.1 x 10 2.8x10*
2.0 1.0x10" 3.1x10° 1.6x10°

.80 5.7 x 10" 9.0x10° 8.4x10°

8.0 6.0x10° 43x10° 3.0x10°

0 40 32x10° 29x10” 26x10°
2.0 36x10° 2.1x10° 1.3x10°

.80 2.8x10° 42x10° 58x107"

*Note: Other polymerization conditions: [Zr] = 52 uM, [MAQ] = 62 mM.
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Table A-10 [MAOQ] Effect on Chain Transfer Rates at 100°C, 80°C, 50°C & 0°C*

T (°C) | [MAO] (mM) | Ruya (M/min) | Riwn (M/min) | Riygs (M/min)
520 46x102 | 89x10° 78x10°
100 34.4 1.4 x10™ 8.4 x 107 1.4 x 10~
18.5 49x10* 48 x10° 56x10°
62.0 38x10° 53x10° 56x10° |
80 34.4 3.6x10” 5.1 x10° 40x10°
18.5 9.0x 10° 1.8 x 10° 9.1 x10™
62.0 2.3%x10° 28x10° 11x10° |
50 31.0 1.9x10° 1.5x 107 47 x 10°
15.5 1.4x10° 1.2x 107 35x10°
62.0 6.0x10° Z3x107 3.0x10°
0 34.4 47 x10° 34x10° 24x107
18.5 3.5x10° 16x10° 7.5x10°

*QOther polymerization conditions: [M]=8.0 M, [Zr]=52 uM.
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Table A-11 Temperature Effect on Chain Transfer Rates*

54

T (°C) Rer.va . Rerm Rer,tr Ker,va Kirvn Kir,tri
(M/min) (M/min) (Mlmin)
100 [ 46x10°[89x10° | 7.8x10°
80 |38x10°|53x10°|56x10°
50 |23x10°|28x10° [ 1.1x10° | 82x10° | 1.4x10° | 1.4x10°
0 6.0x10° | 43x10° | 26x10”" | 28x10° | 1.0x10° | 23x10°

*Other polymerization conditions: [M}=8.0 M, [Zr]=52 uM and [MAQ}=62 mM.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




6 - 26 uM

52 u

5.2 uM
1.0 uM

Monomer Concentration Decrease (moles/l)

0 T T T T T T T T T T
O 20 40 60 80 100 120 140 160 180 200

Time (minutes)

Figure A-2. Monomer concentration decrease as a function
of time at 100°C and different catalyst concentrations

Polymerization conditions: [MAQO}=62mM, [M]=8.0M, T=100°C
Catalyst concentration is labeled on each curve.
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Figure A-3. Monomer concentration decrease as a function
of time at 80°C and different catalyst concentrations

Polymerization conditions: [MAQO]=62mM, [M]=8.0M, T=80°C
Catalyst concentration is labeled on each curve

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7
_ 99 uM
B 6
Q9
£ 26 UM
3 m
o 2
(7]
o
'g 4 - 13 uM
0
S
'g 3 — 5.2 p.M
€ A
8
S 24
&)
2
R T ¥
=

0 —

T T T T T T
0 20 40 60 80 100 120

Time (minutes)

Figure A-4. Monomer concentration decrease as a function
of time at 50°C and different catalyst concentrations

Polymerization conditions: [MAO]=62mM, [M]=8.0M, T=50°C
Catalyst concentration is labeled on each curve.
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Figure A-5. Monomer concentration decrease as a function
of time at 0°C and different catalyst concentrations

Polymerization conditions: [MAO]=62mM, [M]=8.0M, T=0°C.
Catalyst concentration is labeled on each curve.
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Ln(Rp) (M/min)

100 °C
80°C 50°C

Ln[Zr] (uM)
Figure A-6. Ln(Rp) as a function of Ln[Zr] at different temperatures

Polymerization conditions: [MAO] = 62mM, [M] = 8.0M (bulk)
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Figure A-7. Monomer concentration decrease as a function
of time at 100°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAQO]=62mM, T=100°C
Monomer concentration is [abeled on each curve.
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Figure A-8. Monomer concentration decrease as a function
of time at 80°C and different monomer concentrations

Polymerization conditions: [MAQ]=62mM, [Zr]=52uM, T=80°C
Monomer concentration is labeled on each curve.
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Figure A-9. Monomer concentration decrease as a function
of time at 50°C and different monomer concentrations

Polymerization conditions: [MAQO]=62mM, [Zr]=52M, T=50°C
Monomer concentration is labeled on each curve.
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Figure A-10. Monomer concentration decrease as a function
of time at 0°C and different monomer concentrations

Polymerization conditions: [Zr]= 52uM, [MAQ]=62mM, T=0°C
Monomer concentration is labeled on each curve.
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Figure A-11. Ln(R ) as a function of Ln[M] at different temperatures

Polymerization Conditions: [Zr] = 52uM, [MAO] = 62mM
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Figure A-12. Monomer concentration decrease as a function
of time at 100°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M]=8.0M, T=100°C
MAO concentration is labeled on each curve.
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Figure A-13. Monomer concentration decrease as a function
of time at 80°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M]=8.0M, T=80°C
MAO concentration is labeled on each curve.
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Figure A-14. Monomer concentration decrease as a function
of time at 50°C and different MAO concentration

Polymerization conditions: [M]=8.0M, [Zr]=52uM, T=50°C
MAO concentration is labeled on each curve.
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Figure A-15. Monomer concentration decrease as a function
of time at 0°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M]=8.0M, T=0°C
MAO concentration is labeled on each curve.
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Figure A-16. Ln(R) as a function of Ln[MAOQ]
Polymerization conditions: [Zr] = 52uM, [M] = 8.0M (bulk)
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Figure A-17. Lnk,as a function of 1/T
Polymerization conditions: [Zr}=52 uM, [M]=8.0 M, [MAO]=62 mM.
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Figure A-18 'H NMR spectrum of poly(1-hexene)
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Figure A-20. Vinylidene end-group concentration as a function
of time at 100°C and different catalyst concentrations

Polymerization conditions: [MAO=62mM, [M]=8.0M and T=100°C
Catalyst concentration is labeled on each curve.
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Figure A-21. Vinylene end-group concentration as a function
of time at 100°C and different catalyst concentrations

Polymerization conditions: [MAQ]=62mM, [M]=8.0M and T=100°C
Catalyst concentration is labeled on each curve.
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Figure A-22. Trisubstituted end-group concentration as a function
of time at 100°C and different catalyst concentrations

Polymerization conditions: [MAQO]=62mM, [M]=8.0M and T=100°C
Catalyst concentration is labeled on each curve.
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Figure A-23. Vinylidene End-group Concentration as a function
of time at 80°C and different catalyst concentrations

Polymerization conditions: [M]=8.0M, [MAO]}=62mM and T=80°C
Catalyst concentration is labeled on each curve.
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Figure A-24. Vinylene end-group concentration as a function
of time at 80°C and different catalyst concentrations

Polymerization conditions: [M]=8.0M, [MAO]=62mM and T=80°C
Catalyst concentration is labeled on each curve.
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Figure A-25. Trisubstituted end-group concentration as a function

of time at 80°C and different catalyst concentrations

Polymerization conditions: [M]=8.0M, [MAQ]=62mM and T=80°C
Catalyst concentration is labeled on each curve.
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Figure A-26. Vinylidene end-group concentration as a function
of time at 50°C and different catalyst concentrations

Polymerization conditions: [MAQO]=62mM, [M]=8.0M, T=50°C
Catalyst concentration is labeled on each curve .
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Figure A-27. Vinylene end-group concentration as a function
of time at 50°C and different catalyst concentrations

Polymerization conditions: [MAO]=62 mM, [M]=8.0M and T=50°C
Catalyst concentration is labeled on each curve.
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Figure A-28. Trisubstituted end-group concentration as a function
of time at 50°C and different catalyst concentrations

Polymerization conditions: [MAO]=62mM, [M]=8.0M and T=50°C
Catalyst concentration is labeled on each curve.
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Figure A-29. Vinylidene end-group concentration as a function
of time at 0°C and different catalyst concentration

Polymerization conditions: [MAO]=62 mM, [M]=8.0 M, T=0°C
Catalyst concentration is labeled on each curve.
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Figure A-30. Vinylene end-group concentration as a function
of time at 0°C and different catalyst concentrations

Polymerization conditions: [MAQ]=62mM, [M]=8.0M, T=0°C
Catalyst concentration is labeled on each curve.
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Figure A-31. Trisubstituted end-group concentration as a function
of time at 0°C and different catalyst concentrations

Polymerization conditions: [MAQO]=62mM, [M]=8.0M and T=0°C
Catalyst concentration is [abeled on each curve.
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Figure A-32. LnR, as functions of Ln[Zr] at 100°C
Polymerization conditions: [M]=8.0M, [MAO]=62mM and T=100°C
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Figure A-33. LnR, as functions of Ln [Zr] at 80°C

Polymerization conditions: [M}=8.0M, [MAO]=62mM and T=80°C
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Figure A-34. LnR, as functions of Ln[Zr] at 50°C
Polymerization conditions: [MAQ]=62mM, [M]=8.0M and T=50°C
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Polymerization conditions: [MAO]=62mM, [M]=8.0M and T=0°C

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

160
S 140 -
e 120 - 40M
c
O
& 100
€
8
S 80
&)
% 60 o
o 2.0M
le)]
E
T 40 -
@
c 0.80M
8 20
=
=
> 0 -

-20 j l T T

0 1 2 3 4 5

Time (minutes)

Figure A-36. Vinylidene end-group concentration as a function
of time at 100°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO}=62mM and T=100°C
Monomer concentration is labeled on each curve.
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Figure A-37. Vinylene end-group concentration as a function

of time at 100°C and different monomer concentrations

Polymerization conditions: [2r]=52uM, [MAQ]=62mM and T=100°C
Monomer concentration is labeled on each curve.
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Figure A-38. Trisubstituted end-group concentration as a function
of time at 100°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAQO]=62mM and T=100°C
Monomer concentration is labeled on each curve.
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Figure A-39. Vinylidene end-group concentration as a function
of time at 80°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAQ]=62mM and T=80°C
Monomer concentration is [abeled on each curve.
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Figure A-40. Vinylene end-group concentration as a function
of time at 80°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO}=62mM and T=80°C
Monomer concentration is labelled on each curve.
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Figure A-41. Trisubstituted end-group concentration as a function
of time at 80°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=80°C
Monomer concentration is labeled on each curve.
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Figure A-42. Vinylidene end-group concentration as a function
of time at 50°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=50°C
Monomer concentration is [abeled on each curve.
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Figure A-43. Vinylene end-group concentration as a function
of time at 50°C and different monomer concentrations

Ploymerization conditions: [Zr]=52uM, [MAO]=62mM, T=50°C
Monomer concentration is labeled on each curve.
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Figure A-44. Trisubstituted end-group conentration as a function
of time at 50°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=50°C
Monomer concentration is labeled on each curve.
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Figure A-45. Vinylidene end-group concentration as a function
of time at 0°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=0°C
Monomer concentration is labeled on each curve.
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Figure A-46. Vinylene end-group concentration as a function
time at 0°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=0°C
Monomer concentration is labeled on each curve.
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Figure A-47. Trisubstituted end-group concentration as a function
of time at 0°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=0°C
Monomer concentration is labeled on each curve.
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Figure A-48. LnR, as functions of Ln[M] at 100°C
Polymerization conditions: [Zr]=52uM, [MAQO}=62mM and T=100°C
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Figure A-49. LnR_ as functions of Ln[M]

Polymerization conditions: [Zr]=52uM, [MAQ]=62mM and T=80°C

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

-6 —
— -7 ]
p= Vinylidene
o Trisubstituted
5

-8 -

Vinylene
-9 -
-10 | | T
-1 0 1 2 3
Ln[M] (M)

Figure A-50. LnR,, as functions of Ln[M] at 50°C
Polymerization conditions: [Zr]=52M, [MAO]=62mM and T=50°C
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Figure A-51. LnR, as functions of Ln[M] at 0°C

Polymerization conditions: [Zr}=52uM, [MAO]=62mM and T=0°C
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Figure A-52. Vinylidene end-group concentration as a function
of time at 100°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M]=8.0M and T=100°C
MAO concentration is labeled on each curve.
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Figure A-53. Vinylene end-group concentration as a function
of time at 100°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M]=8.0M and T=100°C
MAO concentration is labeled on each curve.
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Figure A-54. Trisubstituted end-group concentration as a function
of time at 100°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M]=8.0M and T=100°C
MAO concentration is labeled on each curve.
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Figure A-55. Vinylidene end-group concentration as a function
of time at 80°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M}=8.0M and T=80°C
MAO concentration is labeled on each curve.
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Figure A-56. Vinylene end-group concentration as a function
of time at 80°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M]=8.0M and T=80°C
MAO concentration is labeled on each curve.
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Figure A-57. Trisubstituted end-group concentration as a function
of time at 80°C and different MAO concentrations

Polymerization conditions: [Zr]=52uM, [M]=8.0M and T=80°C
MAO concentration is labeled on each curve.
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Figure A-58. Vinylidene end-group concentration as a function
of time at 50°C and different MAO concentrations

Polymerization conditions: [M]=8.0M, [Zr]=52uM and T=50°C
[MAOQ] is labeled on each curve.
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Figure A-59. Vinylene end-group concentration as a function
of time at 50°C and different MAO concentration

Polymerization conditions: [M]=8.0M, [Zr]=52uM and T=50°C
[MAO] is labeled on each curve.
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Figure A-60. Trisubstituted end-group concentration as a function
of time at 50°C and different MAO concentrations

Polymerization conditions: [M]=8.0M, [Zr]=52uM and T=50°C
[MAQ] is labeled on each curve.
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Figure A-61. Vinylidene end-group concentration as a function
of time at 0°C and different MAO concentrations

Polymerization conditions: [M]=8.0M, [Zr]=52uM and T=0°C
[MAQ] is labeled on each curve.
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Figure A-62. Vinyiene end-group concentration as a function
of time at 0°C and different MAQO concentrations

Polymerization conditions: [M]=8.0M, [Zr]=52uM and T=0°C
[MAQ] is labeled on each curve.
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Figure A-63. Trisubstituted end-group concentration as a function
of time at 0°C and different MAO concentrations

Polymerization conditions: [M]=8.0M, [Zr]=52uM and T=0°C
[MAOQ] is labeled on each curve.
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Figure A-64. LnR, as functions of Ln[MAQ] at 100°C

Polymerization conditions: [2r]=52uM, [M]=8.0M and T=100°C
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4.0 End-group Investigation

From kinetic studies on the chain transfer reactions, we saw that
polymerization conditions such as catalyst concentration, monomer
concentration, MAO concentration and temperature, affect chain transfer to form
three types of end-éroups quite differently. in the following several sections, we
will put the data togéther for three types of end-groups under each change of
polymerization conditions so that we can compare them directly instead of
separately.
4.1 Temperature Effect on End-group Composition

Figures A-68 - A-70 show the temperature effect on the relative amount of
three types of end-groups. It is very obvious that end-group composition
changes very significantly with temperature in polymerization of 1-hexene. The
composition of vinylidene end-group increases with temperature and the
composition of vinylene end-group decreases with temperature, whereas, the
composition of trisubstituted end-group only slightly changes with temperature
between 10% to 15%. We used the data at medium conversion (~ 50-60%) to
draw the curve of end-group compositions versus temperature in Figure A-71.

From the kinetic data of chain transfer rates (see Table A-7), we can see
that Ry, decreases with the decrease of temperature much faster than R, .. For
example, when temperature decreases from 100°C to 0°C, R4 decreases about

8,000 times but only Ry., decreases about 200 times. This can explain the
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reason why the relative ratio of vinylidene end group decreases but that of
vinylene increases.

Similar temperature effect on end-group compositions was observed in the
polymérization of 1-pentene (see Figures A-72 - A-75). One difference between
poly(1-hexene) and poly(1-pentene) is that vinyl end-group (CH,=CH-) was not
shown in 'H NMR spectrum of poly(1-hexene) but was in poly(1-pentene). Vinyl
end-group appears at §5.88ppm (1H) and at 54.92ppm (2H) The study on poly(1-
butene) showed that there is only very small amount of vinylene end group at
high temperature whose relative composition increases with the decrease of
temperature. However, there is much bigger composition of vinylene end-group
in poly(1-hexene) and poly(1-pentene).

4.2 Catalyst Concentration Effect on End-group Composition

- Figures A-76 - A-78 show-the catalyst concentration effect on three types of
end-groups respectively at 100°C, and, Figures A-80 - A-82, A-84 - A-86 and A-
88 - A-90 show the same effect at 80°C, 50°C and 0°C, respectively. At medium
to low temperature such as 50°C and 0°C, vinylidene end-group composition
increases with catalyst concentration increasing. In contrast, vinylene end-group
composition decreases with catalyst concentration increasing at these two
temperatures. The composition of trisubstituted end-group changes very slightly
with catalyst concentration change. However, at higher temperature, end-group
compaositions almost do not change with catalyst concentration. The above

results are consistent with our kinetic model. At high temperature, chain
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transfers to monomer are predominating and so, end group compositions almost
do not change with catalyst concentration. But at lower temperature, chain
transfers to form vinylidene involve in chain transfers to catalyst. This is why at
lower temperature vinylidene end group composition increases with catalyst
concentration incréasing. Trisubstituted end group has the similar situation with
vinylidene end group. Although chain transfers to form vinylene are independent
of catalyst concentration, its relative composition decreases with vinylidene and
trisubstituted end group compositions increasing. We used the end-group
compositions at around 60% conversion to show in Figures A-79, A-83, A-87
and A-91 the relationship of end-group composition versus catalyst
concentration at 100°C, 80°C, 50°C and 0°C, respectively.
4.3 Monomer Concentration Effect on End-group Composition

Figures A-92 - A-94 show the monomer concentration effect on end-group
compositions at 100°C, and, Figures A-96 - A-98, A-100 - A-102 and A-104 - A-
106 show the same effect at 80°C, 50°C and 0°C, respectively. We used the end-
group composition data at around 60% conversion in Figures A-95, A-99, A-103
and A-107 to show the end-group compositions as functions of monomer
concentration at the above four temperatures, respectively. At all temperatures,
with monomer concentration increasing, vinylidene composition decreases,
vinylene composition increases and trisubstituted end group composition
increases slightly. The trends show stronger at low temperature than at high

temperature. This can also be explained by our kinetic model. The fractional
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order of chain transfer rate with respect to monomer concentration is bigger in
formation of vinylene than in formation of vinylidene. Especially at low
temperature like 0°C, chain transfer to form vinylidene is almost independent of
monomer concentration.
4.4 MAO Concentration Effect on End-group Composition

MAO concentration has little effect on end-group compositions. Figures A-
108 - A-110 show that, at 50°C, the compositions of all three kinds of end-groups
almost do not change with MAO concentration. The same holds true at 0°C, 80°C
and 100°C, which are not shown here. The MAO we used is in greatly excess
and the change in its concentration would not bring sensitive changes.
4.5 Equilibrium Study on End-groups

From the results of end-group study, we can see that the end-group .
compositions depend to a great extent on the polymerization conditions. For
example, the composition of vinylidene end-group increases with the increase of
temperature, the increase of catalyst concentration and the decrease of
monomer concentration. The behavior of the vinylene composition shows the
opposite trend. The question arises whether there are equilibria directly between
these three types of end-groups during the polymerization active system. To find
out, a series of experiments was performed. The experimental detail has been
described in Section 2.4. The results are described below.

The first experiment was described in Section 2.4a. The polymerization of

1-hexene was completed at 80°C and 0°C, and the polymerization mixtures were
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kept at the same temperature with their polymerization temperature for a certain
time (indicated in Table A-12) before termination. The end group compositions of
polymers were determined. The results listed in Table A-12 tell us that there is
no direct thermodynamic equilibrium between these three end-groups as long as
they are formed. Because if there was equilibrium between these three end-
groups, the end group compositions should have changed with the sitting time.
However, these results showed that the end group compositions do not change
with sitting time at all. Certainly, further information is needed to prove there is
no equilibrium between these three end groups.

To prove whether there are any direct equilibriums between these three
kinds of end groups, further experiments were performed. In Section 2.4b, we
completed the polymerization at one temperature (80°C) and without
deactivating the catalyst/MAO species, sat the polymerization mixture at another
temperature (0°C) for a certain long time. If there was any equilibria between
these three kinds of end groups, the temperature change must result in a shift of
equilibria and a change of end group compositions would be observed. And in
Section 2.4c, we mixed the polymer which was synthesized at one temperature
(0°C), catalyst and MAO together, and kept this mixture at another temperature
(80°C). If the end group compositions were different before and after the
process, there must be some reactions occuring on the polymer at the new
temperature. The results from experiment 2.4b and 2.4c are shown in Table A-

13. In 2.4b, polymerization was finished at 80°C and the reaction mixture was
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brought to 0°C without isolation of polymer. in 2.4c, a polymer, which was
polymerized at 0°C for 2 days and isolated from monomer and solvent, was
dissolved in toluene followed by additions of catalyst and MAO. The
concentrations of catalyst and MAO are the same with those in polymerization.
The mixture of pdlymer, catalyst, MAO and toluene was kept at 80°C for 1 day.
The polymer was isolated again. In both of these experiments, there is no
significant change in end-group compositions after the polymerization mixtures
were sitten at a different temperature. These results show that there is no direct
equilibrium between different end-groups as long as they are formed. Even the
polymerization at 0°C are under the same conditions in both Table A-12 and A-
13, the relative end-group compositions are somehow different because of the
limits of accuracy of 'H NMR analysis method.

Table A-14 shows the results of end-group study 2.4d. In this series of
experiments, model compounds were used to mix with monomer before
polymerization. Catalyst and MAO were added into the mixture to polymerize the
monomer. If there was equilibrium during the formation of these three types of
end-groups, the addition of model compounds would make the equilibrium shift
towards the direction getting less of the end-group which has the same double
bond with the added model compound. For example, if we added 2-hexene into
the monomer, as a result of equilibrium, the vinylene end-group composition
would be decreased, and instead, higher compositions of vinylidene and

trisubstituted end-groups would be obtained. However, the experimental results
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showed that there was no significant change in the end-group composition. So,
from this experiment, we conclude that there is no equilibrium during the
formation of three types of end-groups. Meanwhile, Monomer concentration is
responsible for different end-group compositions in Table A-14 at 0°C versus in
Table A-12.

In summary, the conclusions drawn from the above experiments are: 1)
there is no direct equilibrium between these three types of end-groups after they
are formed; 2) there is no equilibrium between the intermediates which will result

in different end-groups during the formation of end-groups.
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Table A-12 Effect of Reaction Time on End-group Composition®

T (°C) | Reaction Time Vinylidene Vinylene Trisubstituted

30 minutes” 79% 10% 11%

80 1 week 79% 8% 12%
2 weeks 81% 7% 12%

1 month 78% 9% 13%

2 days” 22% 72% 6%

0 1 week 24% 64% 12%

2 weeks 28% 62% 10%

1 month 26% 70% 4%

? Polymerization conditions: [Zr]=56uM, [M]=8.0M and [MAQ]=62mM.
® These are the shortest reaction times required for complete conversion.
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Table A-13 Polymerization at One Temperature

129

Followed by Equilibration at Different Temperature®

added Zr/MAO and kept

at 80°C

Sample Time | Vinylidene | Vinylene | Trisubstituted
0 79% 10% 11%

40 Mins polymn. at 1 day 78% 10% 12%

80°C followed by 8 days 79% 10% 11%

indicated time at 0°C 2 weeks 81% 9% 1%
1 month 79% 10% 12%

Isolated polymer after 16% 73% 10%

polymned. at 0°C for 2

days

Isolated polymer

polymned. at 0°C,

dissolved in toluene, 1 day 18% 72% 9%

? Polymerization conditions: [Zr]=56uM, [M]=8.0M and [MAQ]=62mM.
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Table A-14 End-group Study in Section 2.4d°

T&t Reactant Mixture® Vinylidene | Vinylene | Trisubstituted
13 1-HexTol 85% 3.9% 1%
80°C | 1:1:2 1-Hex2-Hex:Tol 85% 5.6% 9.0%
1hr |1:1:2 1-Hex:2-Me-1-hep:To! 87% 4.0% 8.9%
1:1:2 1-Hex:3-Me-2-pen:Tol 85% 57% 8.8%
1:3 1-Hex:Tol 82% 8.8% 9.4%
50°C | 1:1:2 1-Hex:2-Hex:Tol 76% 17% 7.2%
2hrs | 1:1:2 1-Hex:2-Me-1-hep:Tol 81% 13% 6.5%
1:1:2 1-Hex:3-Me-2-pen:Tol 83% 9.4% 6.9%
1:3 1-Hex:Tol 41% 48% 11%
0°C |1:1:2 1-Hex:2-Hex:Tol 44% 51% 5.0%
1wk |1:1:2 1-Hex:2-Me-1-hep:Tol 54% 41% 4.5%
1:1:2 1-Hex:3-Me-2-pen:Tol 43% 48% 9.9%

? Polymerization conditions: [ZrjJ=56uM and [MAO]=62mM.

b 1-Hex: 1-Hexene; Tol: Toluene; 2-Hex: 2-Hexene; 2-Me-1-hep: 2-Methyl-1-heptene; 3-
Me-2-pen: 3-Methyl-2-pentene.
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Figure A-68. Molar percent composition of vinylidene end-group
versus % coversion at different temperatures

Polymerization conditions: [Zr]=52uM, [M]=8.0M, [MAO]}=62mM,
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Figure A-69. Molar percent composition of vinylene end-group
versus % conversion at different temperatures

Polymerization conditions: [Zr]=52uM, [M]=8.0M and [MAQO]=62mM
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Figure A-70. Molar percent composition of trisubstituted end-group
versus % conversion at different temperatures

Polymerization conditions: [Zr]=52M, [M]=8.0M and [MAQ}=62mM
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Figure A-71. Percent composition of end-group as function of
temperature

Polymerization conditions: [Zr]=52M, [M]=8.0M and [MAQO]=62mM
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Figure A-72. Molar percent composition of vinylidene end-group
versus % conversion at different temperatures in polymerization
of 1-pentene

Polymerization conditions: [Zr]=52uM, [M]=9.1M and [MAQO]=62mM
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Figure A-73. Molar percent composition of vinylene end-group
versus % conversion at different temperature in polymerization

of 1-pentene

Polymerization conditions: [Zr]=52uM, [M]=9.1M and [MAQO]=62mM,
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Figure A-74. Molar percent composition of trisubstituted end-group
versus % conversion at different temperature in polymerization of
1-pentene

Polymerization conditions: [Zr]=52uM, [M]=9.1M and [MAO]=62mM

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



138

100
S 90 -
S
@
T 80
1§
Z 70 -
S
s 60
S
= 50
o]
3
€ 40 -
&
E 30+
3
()
o 20
®
5 50°C
10 .
2 — ! = .
@- o°C
0 I L I o [ | 7”

0 10 20 30 40 50 60 70 80

Reaction Conversion (%)

Figure A-75. Molar percent composition of vinyl end-group versus %
conversion at different temperatures in polymerization of 1-pentene

Polymerization conditions: [Zr]=52uM, [M]=8.0M and [MAO]=62mM
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Figure A-76. Molar percent composition of vinylidene end-group
versus % conversion at 100°C and different catalyst concentration

Polymerization conditions: [MAO]=62mM, [M}=8.0M and T=100°C
Catalyst concentration is labeled on each curve.
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Figure A-77. Molar percent composition of vinylene end-group
versus % conversion at 100°C and different catalyst concentration

Polymerization conditions: [MAO]=62mM, [M]=8.0M and T=100°C
Catalyst concentration is labeled on each curve.
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Figure A-78. Molar percent composition of trisubstituted end-group
versus % conversion at 100°C and different catalyst concentration

Polymerization conditions: [MAO]=62mM, [M]=8.0M and T=100°C
Catalyst concentration is labeled on each curve.
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FigureA-79. Molar percent compositions of end-groups as function

of catalyst concentration

Polymerization conditions: [MAO]=62mM, [M]=8.0M and T=100°C

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

90

30 -

20

Molar Percent Composition of Vinylidene End-group

10 -

0 T I I T | | T
0 10 20 30 40 50 60 70 80

Reaction Conversion (%)

Figure A-80. Molar percent composition of vinylidene end-group
versus % conversion at 80°C and different catalyst concentration

Polymerization conditions: [MAO]=62mM, [M]=8.0M and T=80°C
Catalyst concentration is labeled on each curve.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



144

100

90 -

80 -

70 —

60 -

52 uM

Molar Percent Composition of Vinylene End-group

0 10 20 30 40 50 60 70 80

Reaction Conversion (%)

Figure A-81. Molar percent composition of vinylene end-group
versus % conversion at 80°C and different catalyst concentration

Polymerization conditions: [MAQO]=62mM, [M]=8.0M and T=80°C
Catalyst concentration is labeled on each curve.
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Figure A-82. Molar percent composition of trisubstituted end-group
versus % conversion at 80°C and different catalyst concentration

Polymerization conditions: [MAO]=62mM, [M]=8.0M and T=80°C
Catalyst concentration is labeled on each curve.
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Figure A-83. Molar percent compositions of end-groups as function
of catalyst concentration

Polymerization conditions: [MAO]=62mM, [M]=8.0M and T=80°C
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Figure A-84. Molar percent composition of vinylidene end-group
versus % conversion at 50°C and different catalyst concentration

Polymerization conditions: [MAQO}=62mM, [M]=8.0M and T=50°C
Catalyst concentration is labeled on each curve.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



148

100

90

80 -

70 -

60

50

40 -

30

20 - 99 uM

10

Molar Percent Composition of Vinylene End-group

0 T T l L a T T T
0 10 20 30 40 580 60 70 80 90

Reaction Conversion (%)

Figure A-85. Molar percent composition of vinylene end-group
versus % conversion at 50°C and different catalyst concentrations

Polymerization conditions: [M]=8.0M, [MAQ]=62mM and T=50°C
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Figure A-86. Molar percent composition of trisubstituted end-group
versus % conversion at 50°C and different catalyst concentration

Polymerization conditions: [M]=8.0M, [MAO]=62mM and T=50°C
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Figure A-87. Molar percent compositions of end-groups as function
of catalyst concentration

Polymerization conditions: [M]=8.0M, [MAO]=62mM and T=50°C
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Figure A-88. Molar percent composition of vinylidene end-group
versus % conversion at 0°C and different catalyst concentrations

Polymerization conditions: [M]=8.0M, [MAO]=62mM and T=0°C
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Figure A-89. Molar percent composition of vinylene end-group
versus % conversion at 0°C and different catalyst concentrations

Polymerization conditions: [M]=8.0M, [MAO]=62mM and T=0°C
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Figure A-90. Molar percent composition of trisubstituted end-group
versus % conversion at 0°C and different catalyst concentrations

Polymerization conditions: [M]}=8.0M, [MAQO]=62mM and T=0°C
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Figure A-91. Molar percent composition of end-groups as function
of catalyst concentration at 0°C

Polymerization conditions: [M]=8.0M, [MAQO]=62mM and T=0°C
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Figure A-92. Molar percent composition of vinylidene end-group

versus % conversion at 100°C and different monomer concentration

Polymerization conditions: [Zr]=52uM, [MAO=62mM and T=100°C
Monomer concentration is labeled on each curve.
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Figure A-93. Molar percent composition of vinylene end-group
versus % conversion at 100°C and different monomer concentration

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=100°C
Monomer concentration is labeled on each curve.
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Figure A-94. Molar percent composition of trisubstituted end-group

versus % conversion at 100°C and different monomer concentration

70

Polymerization conditions: [Zr]=52uM, [MAQO]=62mM and T=100°C
Monomer concentration is labeled on each curve.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



158

-
o
(@

c

o

2

(7]

>

c N

8 80 — Vinylidene

X

o

©

©

@ 60 -

>

o

4

2

w 40

©

c

0

8_ 20 Trisubstituted

E k”""/_—_-"i

o

% Vinylene

o 04

e

7]

(2

8

§ I T T T T T T T
0 1 2 3 4 5 6 7 8 9

M (M)

Figure A-95. Molar percent compositions of end-groups as function
of monomer concentration

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=100°C
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Figure A-96. Molar percent composition of vinylidene end-group
versus % conversion at 80°C and different monomer concentration

Polymerization conditions: [Zr]=52uM, [MAO}=62mM and T=80°C
Monomer concentration is labeled on each curve.
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Figure A-97. Molar percent composition of vinylene end-group
versus % conversion at 80°C and different monomer concentration

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=80°C
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Figure A-98. Molar percent composition of trisubstituted end-group
versus % conversion at 80°C and different monomer concentration

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=80°C
Monomer concentration is labeled on each curve.
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Figure A-99. Molar percent compositions of end-groups as function
of monomer concentration

Polymerization conditions: [Zr]=52uM, [MAQO]}=62mM and T=80°C
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Figure A-100. Molar percent composition of vinylidene end-group
versus % conversion at 50°C and different monomer concentrations

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=50°C
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Figure A-101. Molar percent composition of vinylene end-group
versus % conversion at 50°C and different [M]

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=50°C
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Figure A-102. Molar percent composition of trisubstituted end-group
versus % conversion at 50°C and different monomer concentration

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=50°C
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Figure A-103. Molar percent compositions of end-groups as
function of [M] at 50°C

Polymerization conditions: [Zr]=52uM, [MAO}=62mM and T=50°C
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Figure A-104. Molar percent composition of vinylidene end-group
versus % conversion at 0°C and different [M]

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=0°C
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Figure A-105. Molar percent composition of vinylene end-group

versus % conversion at 0°C and different [M]

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and T=0°C
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Figure A-106. Molar percent composition of trisubstituted end-group
versus % conversion at 0°C and different [M]

Polymerization conditions: [Zr}=52uM, [MAO]=62mm and T=0°C
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



171

70 -

60 s 155mM
50 _ 62 mM

o n M
40 - 31m

30
20 -

10 1

Molar Percent Composition of Vinylidene End-group

0 T T T I T
0 20 40 60 80 100

Reaction Conversion (%)

Figure A-108. Molar percent composition of vinylidene end-group
versus % conversion at 50°C and different [MAQ]

Polymerization conditions: [Zr]=52uM, [M]=8.0M and T=50°C
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Figure A-109. Molar percent composition of vinylene end-group
versus % conversion at 50°C and different [MAQ]

Polymerization conditions: [Zr]=52uM, [M]=8.0M and T=50°C
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Figure A-110. Molar percent composition of trisubstituted end-group
versus % conversion at 50°C and different [MAO]

Polymerization conditions: [Zr]=52uM, [M]=8.0M and t=50°C
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5.0 Results and Discussion on Molecular Weight Study

Molecular weight is very important in homogeneous polymerization. The
goal is to control the molecular weight, and to adjust it for various purposes.
Here, we studied how various polymerization conditions control the molecular
weight of poly(1 -héxene).

5.1 Comparison of GPC and NMR results in molecular weight

In the calculation of molecular weight from 'H NMR results, we assumed
that, on average, every polymer chain contains one double bond end group. This
assumption was supported by the **C NMR resuits. In the >C NMR spectra of
poly(1-hexene), the amount of saturated end group and the amount of double
bond end group were equal, within 10% NMR integral error. Meanwhile, we used
GPC to determine the molecular weights of some samples and compare these
two methods. It is known that GPC does not accurately measure the molecular
weight of poly(1-hexene), because there are no standards of poly(1-hexene) in
GPC. Instead, we used polystyrene standards. The hydrodynamic volume of
poly(1-hexene) is not exactly the same as that of polystyrene. Table A-15 lists
the results from both methods.

From this table, we can see that the difference between the molecular
weights obtained from these two methods are in a reasonable range. Either of
them can be picked up to measure the polymer molecular weight.

It also can been seen from the GPC method that the poly(1-hexene)

obtained from homogeneous polymerization has very narrow molecular weight
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distribution. The MWD is only very slightly affected by the reaction conversion.
This is one of the greatest advantages of homogeneous polymerization besides
high polymer tacticity and high activity because metallocene catalysts have well-
defined single catalytic sites.
5.2 Temperature.Effect on Molecular Weight

As in most polymerizations, in homogeneous polymerization the molecular
weight of the polymer decreases with the increase of temperature. Figure A-111
shows the relationship between M, and T. Since molecular weight increases with
the increase of %conversion because of the decrease of monomer
concentration, molecular weight data are picked up within three different ranges
of %conversion. There is no simple relationship between M, and T. When the
temperature decreases 20°C from 100°C to 80°C, molecular weight almost does
not change; However, when temperature drops another 30°C from 80°C to 50°C,
molecular weight almost doubles. The same holds true when the temperature
continues to drop from 50°C to 0°C. The molecular weight almost triples. The big
temperature effect here is due to the double effects of temperature on chain
transfer reactions. These are the effect on rate constants and the effect on the
kinetic orders of chain transfer rates with respect to catalyst concentration,
monomer concentration and MAO concentration. As in any polymerization, the
number-average degree of polymerization is obtained as the propagation rate
divided by the sum of chain termination rates.

Xq = Ry/ZRy (25)
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Molecular weight of the polymer can be obtained as X, multiplied by the
molecular weight of monomer
Mn = (Rp / R, overan) X MWmanomer unit (26)

Since there are three kinds of chain transfers here, M, can be expressed by

My = (Ko[ZrIAIMAOTEMI Tk [ZF ' [MAO] ' [MPZ' + ki ZrPIMAO] (M +

kia[ZrT°[MAO] " *[M]*) X MWimanomer uni (27)
From our results, temperature effects not only on k, and k, but also X, Y and Z
values, which makes the temperature effect much more complicated.

1987 once reported that the mean molecular weights are strongly

Kaminsky
dependent on reaction temperature in the propylene polymerization using rac-
C2H4[Iind},ZrCl, and rac-C,H4[H.Ind).ZrCl; as catalysts. The relationship between
molecular weight and polymerization temperature was pretty similar with what we
got. With the elevation of temperature, molecular weight decreases quickly in
the beginning, then slows down, and finally aimost levels off. Polypropylene was
yielded with molecular weights ranging from Mw =~ 50,000 g/mol at ambient
polymerization temperatures down to Mw ~ 10,000 g/mol at 60-70 °C. These
molecular weights are almost two orders of magnitude higher than those of the
atactic polypropylene obtained under otherwise identical conditions with
Cp.2ZrCl,. This effect is probably due, at least in part, to an increased rate of
chain propagation R, for ansa-metallocene catalysts.® In addition to an

increased R,, B-substituents in these complexes might also cause a decreased

rate of chain transfer R,, for example by sterically hindering the tertiary p-CH
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group of the growing chain in its approach to the Zr Center. Bulky B-tert-buty!
substituents as in Me;Si[2-Me-4-tBu-CsH,].ZrCl; lead to rather fow molecular
weights at elevated temperature.**
5.3 Catalyst Concentration Effect on Molecular Weight

Figure A-1 12 shows the relationship of M, versus [Zr] at 100°C, 50°C and
0°C, respectively. It can be seen that the catalyst concentration effect is
temperature dependent, which means that X values in (27) vary with
temperature. At 100°C, M, is proportional to [ZT®, at 50°C, M, is proportional to
[2r7°° and at 0°C, M, is proportional to [Zr®°. Generally, with catalyst
concentration increasing, catalytic activity decreases and molecular weight
decreases too. However, this cannot explain why at different temperatures, the
molecular weight decreases with catalyst concentration increasing at different
rates. At these temperatures, the order of the propagation with respect to the
catalyst concentration is smaller than the overall order of chain transfers with
respect to catalyst concentration. Temperature effects the dependency of chain
transfer rates on catalyst concentration differently though its effect on
propagation is almost the same at different temperature. Because X values are
temperature dependent, no better analysis can be done.

Catalyst concentration effect on molecular weights of atactic polypropylene
only was studied by Kaminsky®' with Cp,ZrCl,. It parallel that on catalytic

activities: molecular weights increased substantially as catalyst concentration
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were decreased. Our situation is more complicated because the fractional order
of catalyst concentration in chain transfer rate is not one.
5.4 Monomer Concentration Effect on Molecular Weight

Figure A-113 shows the relationship versus monomer concentration at 100,
50 and 0 °C. It seéms that there is no simple relationship between M, and [M].
M, is proportional to [M]** at 100°C, to [M]°* at 50°C and to [M]*? at 0°C. It is
because of change in temperature effects chain transfer reactions in such a
complicated way that Z values in Equation (27) vary with temperature. In
addition, Z1, Z2 and Z3 are different from each other. in Equation (27), C is 1-2
(Table A-2) and Z1, Z2 and Z3 are 0-2 (Table A-8).

15® derived the overall for X, form

Resconi et a

Xn = (K'pa[M]+ K o2 M)/ (K'wiet + K's[M] + K'o[M]?) (28)
The results we obtained are consistent with Equation (28). Different catalysts
were found to result in different relationship between monomer concentration
and molecular weight because of the different chain transfer mechanisms.
Stehling et al® reported that in ansa-zirconocene catalysts without a-methyi
substituents, direct 3-H transfer from the growing polymer chain to a coordinated
olefin did indeed appear to predominate, as indicated by a near-constancy of
molecular weights with increasing olefin concentration. But for ansa-metallocene
catalysts with a-methyl substituents, a strong increase of molecular weight

almost proportional to olefin concentration indicated that the remaining chain

termination arose almost exclusively from B-H transfer to the metal. a-Methyl
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substituents thus appeared to block a relatively large fraction of chain
termination that would otherwise arose from p-H transfer directly to a
coordinated olefin.

5.5 MAO Concentration Effect on Molecular weight

Figure A-1 14 shows the relationship between M, and MAO concentration.
At 50 and 0 °C, M, almost does not change with MAO concentration. At 100°C,
M, is proportional to [MAO]*2. At the first two temperatures, [MAO] effects on
both propagation and overall chain transfer are the same and cancel each other
in the calculation of M, according to Equation (27). But at 100°C, they can not
cancel each other any more.

Kaminsky®' reported that molecular weight of polypropylene obtained with
MAO activated Cp,ZrCl, system increased with the concentration of the MAO
concentration. He changed MAO : Zr from 1,000 to 100 and then to 10. However
the ratio of MAO : Zr we used changed pretty small, which resulted in no
significant change in molecular weight.

5.6 Summary from the Molecular Weight Studies

From the above results and the discussion based on these results, we find
that temperature effects molecular weight in two ways instead of one way: first,
the change of temperature results in the change of rate constants, which is the
same with other polymerizations; second, the change of temperature also
changes the kinetic orders of rates with respect to catalyst concentration,

cocatalyst concentration and monomer concentration, which is not normal in
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other polymerizations. These two effects of temperature make the temperature
effect on homogeneous polymerization much more complicated.

Since the temperature effect is complicated, the concentration effects will
become more complicated too. The concentration effects will depend on

temperature to a great extent.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A-15 Experimental Molecular Weight Values
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Sample M, GPC Results

Conditions | % .Conv. ('H NMR) M, M., MWD

10.4% 1.0x10* | 1.2x10° | 2.7x10° 2.2
50°C 20.3% 70x10° | 83x10° | 1.9x10° 2.4
[Zr]=99uM 30.3% 54x10° | 66x10° | 1.5x10° 2.2
[M]=8.0M 40.6% 51x10° | 58x10° | 1.4x10° 2.4
[MAO]=62 58.7% 34x10° | 42x10° 1.1 x 10° 26
mM 80.6% 34x10° | 42x10° | 96x10° 2.3

86.2% 21x10° | 30x10° | 86x10° 2.9

15.3% 12x10° | 12x10° | 4.2x10° 3.5
0°C 27.9% 13x10° | 1.8x10° | 4.1x10° 2.3
[Z2r]=99uM 38.0% 13x10° | 1.8x10° | 4.2x10° 2.3
[M]=8.0M 44.5% 13x10° | 19x10° | 45x10° 2.4
[MAQ]=62 53.2% 1.1x10*° | 1.7x10° | 3.9x10° 2.4
mM 65.5% 1.3x10° | 1.5x10° | 3.7x10° 2.4
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6.0 Results and Discussion on Microstructure of Poly(1-hexene)

3C NMR was used to study the microstructure of poly(1-hexene). Our
attention here is on how the polymerization conditions effect isotacticity
stereochemistry. To this end, we focus on the saturated carbon region.

6.1 °C NMR Chemical Shift of Saturated Carbon

The saturated carbon atoms in alkanes show absorption in the range of
around 0-50ppm downfield from TMS.

For polypropylene, poly(1-butene) and other poly(x-olefins), the PC NMR
tacticity assignments of all carbons have been reported in detail previousely®,
and thus only brief assignments for poly(1-hexene) are shown here. Chemical
shifts of the six major resonances have been estimated using two different
methods®. Calculated values using the CSPEC program® are based on the
Grant and Paul® additivity rules for hydrocarbon substituents. The second set of
calculated shifts is from the spectral estimation feature of the SPECINFO
database®. This program calculates chemical shifts based on a comparison of
the given structure to carbons in the database which have the most similar
substituents on a, B, v, and 6 carbons attached to the carbon of interest.

Comparison of the calculated and observed values shows the empirical
values from the SPECINFO database are better for some carbons, while the

calculated values based on additivity effects fare better for others. The estimated
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[CH;~CH—~(CH2—-CH;—-CH,--CH3)],
1 2 3 4 5 6

CSPEC calc 40.4 31.3 35.1 30.1 23.0 13.6
SPECINFO calc 43.4 33.8 33.9 29.2 23.0 141
obsd . 404 32.4 34.7 286 23.2 14.1

errors for the SPECINFO calculation are mostly under 1 ppm, except for the C1
of the backbone, for which the error is 3 ppm. The failure of SPECINFO to give
better values indicates the absence of carbons with aimost identical substituents
in the database. Actually the observed chemical shift values are slight different.
For example, the chemical shift of the C3 was 34.4 ppm reported by Chien®,
was 34.9 ppm reported by Asakura® and is 34.7 ppm obtained here.

The *C NMR spectrum of an isotactic poly(1-hexene) is shown in Figure A-
115. Since C3 is the carbon on the substituent group which is directly attached
on the chiral center C2 on the polymer chain, its resonance tells the most
detailed information about the tacticity of poly(a-olefins). We will focus on this
resonance to compare the tacticity. The chemical shift intensity of the C3 at 34.7
ppm indicates that this polymer is highly isotactic; the C3 in atactic and
syndiotactic triads occurs between 0.4 and 1.0 ppm upfield from 34.7 ppm®.
Therefore, small peaks are observed at upfield of C3, indicating the tacticity of
the polymer chain. Asakura et al*® reported the tacticity assignment of *C NMR
spectra of poly(a-olefins). They calculated the '>*C NMR chemical shifts at the
heptad level and pentad level on the basis of the *C NMR y-shielding effect and

the RIS model. Table A-20 summarizes chemical shifts relative to the chemical
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shift of mmmmmm calculated for C3 of poly(x-olefins) and the observed C3
chemical shifts of poly(1-hexene)
6.2 Temperature Effect on Isotacticity

Isotacticity of poly(1-hexene) decreases with the increase of temperature
(see figure A-116.). From Figure A-116, we see not only that stereochemistry
decreases at the pentad level but also at the heptad level. With the increase of
temperature from 0°C to 100°C, a resonance splits from the main resonance
which is at 34.7 ppm. The chemical shift of the split resonance is -0.06 relative to
the main isotactic (mmmmmm+mmmmmr) resonance, indicating the decrease of
isotacticity. The split signal is possibly due to rmmmmr. Table A-21 summarizes
the quantitative integral results of isotacticity from Figure A-116 to A-119 at both
pentad level and heptad level.

Busico et al®® and Resconi et al®® investigated the effect of polymerization
temperature on the structural details of isotactic polypropylene produced with
two C, symmetric zirconocenes (rac-C,H,[Indl.ZrCl> and rac-C,H,[3-Me-
ind],ZrCl,). The results were similar with our result in the polymerization of 1-
hexene that the %mmmm decreased with the increase of temperature. It was
reported that in the polymerization of propylene, increasing polymerization
temperature from 20 to 70 °C, rac-C.H4[Ind).ZrCl; yielded polypropylenes with
%mmmm from 92% to 82%, and increasing polymerization temperature from O to
70 °C, rac-C,H4[3-Me-Ind],ZrCl, yielded polypropylenes with %emmmm from 36%

to 14%. In our polymerization of 1-hexene, increasing polymerization

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



189

temperature from O to 100 °C, rac-Me,Si[ind].ZrCl, yields poly(1-hexene) with
%mmmm from 97% to 47%. In addition, %emmmmmm + %mmmmmr decreases
from 97% to 21%.

The increase of temperature causes the increase of propagation rate and
also resullts in the increase of error in stereochemistry. The possible explanation
for the above results is that there are two steps involved in this kind of
coordination polymerization: The first step is that the catalyst connecting with a
propagating chain will coordinate a monomer molecule; The second step is that
the monomer molecule coordinated with the catalyst will be added to the
propagating chain to finish the propagation process. The stereochemistry
selection by the catalyst could either occur in the first step or in the second one.
If this selection occurs in the first step, it takes a certain time for the catalyst to
choose one side, instead of the other, of the monomer when it approaches the
monomer molecules. When the temperature increases, the rate of the second
step increases and the catalyst can not get enough time to make the selection
because of the increased desire of monomer molecules. Stereochemical error
occurs very easily. The higher the temperature, the faster the propagating rate,
the more the stereochemical errors. If the stereochemical selection is made in
the second step, the monomer molecules are added onto the propagating chain
from their one side instead the other. The selectivity decreases due to the faster

addition of monomer onto the propagating chain when temperature increases.
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1% was that the possible reason

Besides, the explanation from Busico et a
for the strong temperature effect on the stereospecificity of homogeneous
catalysts was the competition between the chain propagation and the
epimerization of the last-inserted monomeric unit. If the active energy of
epimerization is much higher than that of chain propagation, increase of
temperature will greatly favor the epimerization.

6.3 Monomer Concentration Effect on Isotacticity

The influence of monomer concentration on the stereospecificity of

propylene polymerization with C, symmetric ansa- or rac-metallocene catalysts

d*®* |t was found that isotacticity (%m and %mmmm)

have been studie
decreased by decreasing the monomer concentration. In our study on the 1-
hexene polymerization with catalystMAO, isotacticity of poly(1-hexene) also
decreases with the decrease of monomer concentration (see Figure A-117 and
Table A-21). At 50°C, isotacticity of poly(1-hexene) increases greatly at both
pentad and heptad levels with the increase of monomer concentration when
monomer concentration is under a certain level. Then mmmm% levels off after
monomer concentration reaches a certain level and mmmmm% increases
slightly with monomer concentration. Overall, the monomer concentration effect
on the stereospecificity in our polymerization system is not as great as that
shown in the previous reported polymerization system.

To explain the loss of stereospecificity with the decrease of monomer
|62b

concentration, Resconi et al™ postulated an equilibrium between an isospecific
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site C;*M having a coordinated monomer and an aspecific one C,* without a
coordinated monomer:

C."+MCM

Kea = [CM)C,"]IM] [CM*] = Ke[Co"][M] (29)
C.* was experimeﬁtally proven to be an epimerization catalyst®”® which is able to
racemize the chiral carbon of the last inserted unit. From his experimental
results, Resconi concluded that the active center needs a coordinated monomer
molecule in order to retain its stereospecificity.

Another possible explanation from Busico et al®® is that a slow reaction of
epimerization of the last-inserted monomeric unit competes with that of chain
propagation. It should be admitted that the reaction order with respect to
monomer concentration, which is almost 1 for chain propagation, is O for
epimerization. Therefore, between the compitition of propagation and
epimerization, increasing monomer concentration favors propagation.

6.4 Catalyst Concentration Effect on Isotacticity

The isotacticity of poly(1-hexene) increases with the decrease of catalyst
concentration. Figure A-118 and Table A-21 shows the increase of %mmmm and
%mmmmmm+%mmmmmr with the decrease of catalyst concentration. However,
Busico et al® and Resconi et al® once reported that the stereospecificity of
polypropylene was independent of catalyst concentration in the normal range of
1 x 10 to 1 x 10° mol/L. The catalyst they used included the catalyst we used.

The only difference between our experiment and his was that we used 1-hexene
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as the monomer and he used propylene as the monomer. If there exists the
competition of epimerization and propagation at the end of the active growing
chain, the higher ratio of [M] : [active species] should favor propagation. The
[active species] is proportional to [Zr]. Thus in another word, high [M] : [Zr]
favors propagatioﬁ and results in higher isotacticity.
6.5 MAO concentration Effect on Isotacticity

Figure A-119 and Table A-21 show that the isotacticity increases with the
decrease of MAO concentration only at heptad level but not at pentad level. This
effect has not been reported that much so far, but is very small. The higher the
concentration of MAO, the higher the concentration of activated catalyst species,
the lower the ratio of [M] . [active species]. Therefore high [MAO] favors
epimerization.
6.6 Regiospecificity

Regiospecificity of Poly(1-hexene) was determined by °C NMR. If inverse
insertion (or 2,1-addition) occurs, the chemical shift of the C1 (methylene
carbon) and C2 (methine carbon) of the 2,1-inserted repeat units should be
different from those on 1,2-inserted repeat units. The calculation® of carbon
chemical shifts for the 2,1-inserted repeat units gives 830.8ppm for C1 and
537.58ppm for C2. The chemical shifts for C1 and C2 of 1,2-inserted repeat units
are 540.4ppm and 831.1ppm, respectively, which were shown in Section 6.1.
The experimental chemical shift value of C2 on 2,1-inserted unit was §35.6ppm.

The ratio of signal integral at §35.6ppm (HHHHH) to signal integral of repeat unit
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C2 represents the percentage of reverse repeat units. Table A-22 and Figure A-
120 summarize the polymerization temperature effect on the percentage of
reverse repeat units. Overall, the regiospecificity of poly(1-hexene) here is very
high, even at high temperature. It slightly decreases with the elevation of
temperature. At pblymerization temperature of 100°C, the reverse repeat unit
comprises of about 4.1% of entire repeat units. With the decreasing of
polymerization temperature, the percentage of reverse repeat units decreases.
When the polymerization temperature drops to 0°C, the percentage of reverse
repeat units becomes only 0.32%. Our observation was consistent with the
general trend for the polymerization temperature effect on regiospecificity, which
is that the lower the polymerization temperature, the higher the regiospesificity in
terms of monomer 1,2-insersion because less mistakes will make when the
reaction rate is slower.

Literature regiospecificity studies of a-olefin polymerization with
metallocene catalysis revealed that the polymerization effect on regiospecificity

1.5 reported the similar trend of

depended on catalysis system. Resconi et a
polymerization temperature effect on the regiospecificity of propylene
polymerization by using catalysis systems of rac-CH,[Indenyl].ZrCl./MAO and
rac-C,Hs[3-Me-Indenyl],ZrCI,/MAO. They reported that in their polymerization of
propylene,with the polymerization temperature increasing from 20 to 70 °C, the

overall fraction of regioirregularities increased from 0.3% to 0.7% when rac-

C.H4[Indenyl].ZrCl,/MAQ was used, but no regioirregularities could be detected
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when rac-C,H,[3-Me-Indenyi],ZrCI,/MAO was used. But so far, no literature
studied the effect of polymerization temperature on regiospecificity in
homogeneous 1-hexene polymerization.

Table A-23 and Figure A-121 show the catalyst concentration effect on the
regiospecificity of' poly(1-hexene) at polymerization temperature of 50°C. With
the decrease of catalyst concentration, regiospecificity increases. There are no
literature reports on the effect of catalyst concentration on regiospecificity in a-
olefin polymerization.

Table A-24 and Figure A-122 summarize the monomer concentration effect
on the regiospecificity of poly(1-hexene) at polymerization temperature of 50°C.
When the monomer concentration decreases from 8.0M to 4.0M, the 2,1-
insersion percentage aimost does not change. But with the further decrease of
the monomer concentration to 2.0M, the 2,1-insersion percentage increases to
1.7%. And when the monomer concentration continuely decreases to 0.80M, the
2,1-insersion percentage increases to 3%. The overall trend of monomer
concentration effect on regiospecificity is: the lower the monomer concentration,
the lower the regiospecificity.

There are literatures reported on the monomer concentration effect on the
regiospecificity in propylene polymerization using metaliocene catalysts. Reconi
et al® reported that regiospecificity is independent from monomer concentration
in propylene polymerization using rac-C;H,[Indenyl]ZrCl,. They also reported

that these 2,1-inserted units were gradually converted into 1,3 propylene units
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as the monomer concentration is lowered. Acually it was Busico et al®” who first
reported the transformation of 2,1-inserted units into 1.3 propylene unit in
propylene polymerization with rac-C,H4[Indenyl]ZrCl, and rac-Me,Si[Indenyl]-
ZrCl; catalysts.

Table A-25 and Figure A-123 summarize MAO concentration effect on the
regiospecificity of poly(1-hexene) at polymerization temperature of 50°C. When
the MAO concentration decreases, regiospecificity of poly(1-hexene) increases
slowly. This result is consistant with the catalyst concentration effect because
the higher the catalyst concentration or/and the higher the MAO concentration,
the higher the concentration of catalystMAO complex, the lower the ratio of
catalyst active species concentration to monomer concentration.
6.7 Conclusions From the Microstructure Studies

From the above sections, we can get the following conclusions:
1. Isotacticity of the polymer decreases with the increase of temperature;
2. Isotacticity of the polymer increases with the increase of monomer
concentration;
3. Isotacticity of the polymer slightly increases with the decrease of zirconocene
catalyst concentration;
4. |Isotacticity of the polymer slightly increases with the decrease of MAO
concentration;
5. The lower the polymerization temperature, the higher the regiospecificity of

poly(1-hexene);
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6. The lower the catalyst concentration, the higher the regiospecificity of poly(1-
hexene);
7. The lower the monomer concentration, the lower the regiospecificity of poly(1-
hexene);
8. The lower the MAO concentration, the higher the regiospecificity of poly(1-

hexene).
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Table A-16 '>C NMR Chemical Shifts of the C3 Carbon of Poly(a-olefins)
( in ppm Relative to the Chemical Shift of mmmmmm )®

Heptad Pentad PHEX obsd
m(mmmm)m 0.000 0.000 0.00
m(mmmm)r i 0.000
ri(mmmm)r -0.116
m(mmmr)m -0.135 -0.192 -0.18
m(mmmr)r -0.135
r(mmmr)m -0.248
r(mmmr)r -0.250
m(rmmr)m -0.382 -0.348 -0.18
m(rmmr)r -0.382
r(rmmr)r -0.280
m(mmrr)m -0.328 -0.383 -0.21
m(mmrr)r -0.328
r(mmrr)m -0.443
r(mmror -0.431
m(mmrm)m -0.438 -0.469 -0.42
m(mmrm)r -0.438
r(mmrm)m -0.546
r(mmrm)r -0.455
m(rmrr)m -0.576 -0.545 -0.58
m(rmrr)r -0.566
r(rmrr)m -0.472
r(rmrr)r -0.566
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Table A-16 (continued)

m({rmrm)m -0.684 -0.660 -0.65
m(rmrm)r -0.689
r(rmrm)m _ -0.684
r(rmrm)r -0.584
m(rrre)m -0.671 -0.733 -0.71
m(rrrr)r -0.763
r(rrreo)r -0.763
m(mrrr)m -0.887 -0.860 -0.78
m{mrrr)r -0.882
r(mrrr)m -0.789
r(mrrr)r -0.882
m(mrrm)m -1.011 -0.943 -0.82
m(mrrm)r -0.909
r(mrrm)r -0.909

? The pentad chemical shifts were obtained by averaging over the heptad
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Table A-17 Effects of Polymerization Conditions on the Isotacticity

Temp. M] 2n [MAQ] mmmm mmmmmm +

(°C). (M) (uM) (mM) (%) mmmmmr_(%)
8.0 52 62 47 21
100 8.0 . 1.0 62 54 27
8.0 52 7.4 58 27
80 8.0 52 62 58 43
8.0 1.0 62 74 52
8.0 104 62 76 55
8.0 52 62 84 67
8.0 26 62 88 76
S0 8.0 52 62 90 83
4.0 52 62 84 65
2.0 52 62 82 59
0.8 52 62 69 42
8.0 52 18 92 83
8.0 52 40 92 92
0 8.0 52 62 97 97
2.0 52 62 89 89
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Table A-18 Polymerization Temperature Effect

on the Regiospecificity of Poly(1-hexene)*

Polymerization ;I'emperature (°C) | Percentage of Reverse Repeat Units
100 4.1
80 3.9
50 1.4
0 0.32

*Polymerization conditions: {Zr] = 52 uM, [MAQ] = 62 mM and [M] = 8.0 M.

Table A-19 Catalyst Concentration Effect

on the Regiospecificity of Poly(1-hexene)

Catalyst Concentration (uM) o "Pe'r'centageof ‘Reverse Repeat Units
= IR TN e ' —
52 1.4
26 1.0
52 0.94

*Polymerization conditions: T=50°C, [MAO] = 62 mM and [M] = 8.0 M.
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Table A-20 Monomer Concentration Effect

on the Regiospecificity of Poly(1-hexene)

Monomer Concentration (M)

Percentage of Reverse Repeat Units

8.0 1.4
4.0 1.4
2.0 1.7
0.80 3.0

*Polymerization conditions: T=50°C, [Zr] = 52 uM, and [MAQ] = 62 mM.

Table A-21 MAO Concentration Effect

on the Regiospecificity of Poly(1-hexene)

™ WA Concentration (M

16

3.7

1.1

0.85

*Polymerization conditions: T=50°C, [Zr] = 52 uM, and [M] = 8.0 mM.
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Figure A-115 °C NMR of an isotactic poly(1-hexene)

Polymerization conditions: {Zr]=52uM, [M]=8.0M, [MAO]}=62mM and T=800C.

a) six saturated carbons; b) C3 expended spectrum.
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Figure A-116 Isotacticity of poly(1-hexene) as a function of
temperature

Polymerization conditions: [Zr}=52uM, [MAO]=62mM and [M]=8.0M
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Figure A-117 Isotacticity of poly(1-hexene) as a function of
monomer concentration

Polymerization conditions: T=50°C, [Zr]=52uM and [MAO]=62mM

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



205

95
90 -
85 -
[ |
80 %mmmm
g
75
=
8
§ 70
O
@
65 -
Yommmmmm
60 0 +
ommmmmr
55 —
50 ] | ] 1 B
0 20 40 60 - 80 100 120
[Zr] (uM)
Figure A-118 Isotacticity of poly(1-hexene) as a function of
catalyst concentration

Polymerization conditions: T=50°C, [MAO]=62mM and [M]=8.0M
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Figure A-119 Isotacticity of poly(1-hexene) as a function of
MAO concentration

Polymerization conditions: T=50°C, [Zr]=52uM and [M]=8.0M
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Figure A-120 Temperature effect on regiospecificity

Polymerization conditions: [Zr]=52uM, [MAO]=62mM and [M]=8.0M
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Figure A-121 Catalyst concentration effect on regiospecificity
Polymerization conditions: T=50°C, [MAO]=62mM and [M]=8.0M

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



209

5
4__
9
3._.
=
&
e |
g
E 5.
=
@
—e
1 -
OIIIFIITF
o 1 2 3 4 5 6 7 8 9

M M)

Figure A-122 Monomer concentration effect on regiospecificity

Polymerization conditions: T=50°C, [Zr]=52uM and [MAO]=62mM
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Figure A-123 MAO concentration effect on regiospecificiity

Polymerization conditions: T=50°C, [Zr]=52uM and [M]=8.0M
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Part. B Synthesis of Oscillating Metallocene Catalysts
1.0 Introduction
1.1 Stereochemistry of Poly(a-olefin) and Their Influences on Polymer
Properties

The stereochémistry of poly(c-olefin) is critical for their application. Iin 1963,
Ziegler and Natta won the Nobel Prize for their work in stereoregular
polypropylene' and opened a gate for commercial use of polypropylene. There
are three kinds of stereochemistry for poly(a-olefin), isotactic, syndiotactic and
atactic polymer, distinguished by the overall order (tacticity) of the polymer
chain®. Here, we use polypropylene, which is the simplest poly(c-olefin), as an
example. The structure A is termed atactic if the Me groups on successive
stereocenters are randomly distributed on the two sides of the planer zigzag
polymer chain and the polymer does not have order. Two types of stereoregular
or tactic structures can be distinguished. The structure B is termed Isotactic
structure because the stereocenter in each repeating unit in the polymer chain
has the same configuration and all the Me groups will be located on the same
side of the polymer chain. And the structure C is syndiotactic when the
configuration of the stereo center alternates from one repeating unit to the next
with the Me groups located alternately on the opposite sides of the plane of the
polymer chain.

The properties of poly(a-olefin) are influenced strongly by their

stereochemistry. Isotactic polypropylene is a crystalline thermoplastic, whereas
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atactic polypropylene in an amorphous gum elastomer. Polypropylene consisting
of blocks of atactic and isotactic stereosequences is a rubbery material with
properties of a thermoplastic elastomer (see structure D). This kind of rubbery
polypropylene was first produced by Natta and the elastomeric properties of this
material was interbreted in terms of a stereoblock structure consisting of biocks

of crystallized stereosequences and amorphous atactic stereosequences®.

1.2 The Key to Control Stereochemistry--Catalysts

Polypropylene can be used widely today as a plastic because this polymer
is dominated by only one type of tactic form (mainly isotactic form). The key to
produce tactic polypropylene is the Ziegler-Natta catalyst. The chemistry begins
with a fixed chiral (stereoregular) center found within the catalyst itself, and this
center initiates a chain reaction of tens of thousands of propylene molecules to
produce the polymer. The catalyst structure permits the insertion of the monomer

molecules into the propagating species exclusively from one side of the
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monomers. The amazing aspect of Zieglar-Natta chemistry is that each insertion
of propylene occurs with nearly perfect stereochemical precision, thereby
producing the same stereocenter each time in isotactic polymerization, and the
alternating stereocenters in syndiotactic polymerization. An enormous amount of
work has been done in this field since the Ziegler-Natta discovery®. However, it
is not the end of the story.

We are experiencing an evolution of new generations of catalysts and
polyolefin materials, which originate from studies on homogeneous,
metallocene-based polymerization catalysts. Numerous subsequent studies on
homogeneous catalysts and their polymerization have been summarized
previous!”®. Chiral metallocenes were found to be able to produce highly

° some meso metallocenes can form highly syndiotactic

isotactic polymers**
polyolefins'®, and achiral meso metallocenes can get atactic polyolefins'. Since
metallocene-based polymers range from crystalline to elastomeric materials, it is
predicted to lead the plastics industry into a new era'®.
1.3 Oscillating Catalysts--A New Twist for Plastics’

it was mentioned before that the rubbery material polypropylene, consisting
of blocks of atactic and isotactic stereosequences, was first produced by Natta.
Subsequently, Collette et al reported improved catalysts for the synthesis of
polypropylene with elastomeric properties based on the use of Zr and Ti alkyls

on aluminum supports®®?'. It was first reported by Chien et al that elastomeric

polypropylene was synthesized using a stereorigid titanocene catalyst®**. It was
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proposed that polymerization occurs alternately at aspecific and isospecific
coordination sites to give a stereoblock structure. Although these catalyst
systems represent significant advances for the synthesis of elastomeric
polypropylene, it has so far difficult to control the polymer structure and
properties.

Oscillating stereocontrol is a strategy proposed by Waymouth and his co-
workers for the synthesis of polypropylene rubbery material, which consists of
blocks of atactic and tactic stereosequenceszs. As it has been described that
chiral racemic ansa-metallocenes like | produce isotactic polyolefins, whereas

achiral meso isomers as Il form atactic polyolefins. If a metallocene can be

designed to oscillate between chiral rac-like and achiral meso-like geometries,
which are called conformational isomers, stereoblock polymers can be produced
under control. Since the rotation of the catalysts can be controlled through a
rational modification of the catalysts or reaction conditions, the lengths of the
stereoblocks in the polymers can be controlied. These kinds of catalysts were
called oscillating metallocene catalysts. The first oscillating metallocene [l was

designed by Waymouth et al. In lll, a phenyl substituent on the indene ligand
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was chosen to inhibit the rate of ligand rotation between two extreme
conformational isomers llla and lllb such that it would be slower than that of
monomer insertion yet faster than the time required to construct one polymer

chain in order to produce atactic-isotactic stereoblock copolymers.

ia b
l kpi l kpa
Isotactic block Atactic block

Although this catalyst did not show significant results in the polymerization
of propylene, it did point the way for the development and application of
metallocenes in a new direction.

1.4 Present work

To find metallocenes forming polyolefins with stereoblocks, a series of
metallocenes were designed and synthesized. The basic modification is ligand
substitution. IV is the general structure of ligands designed to be used in our
work. Table B-1 summarizes the substituents we will put on indene rings.

The bonding orbitals on the center metal zirconium are sp® hybridized

orbitals. The geometry of the compound ZrX,X;XsX, should be tetrahedral if all
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four ligands are identical. However, in zirconocenes, two of the ligands are bulky
groups containing substituted cyclopentadienes, which form n-complex bonds

with zirconium; and the other two ligands are small groups such as halides or

R4 =-Ph, -Me
R2 =-H, -Ph, -Me
R3 =-H, -Ph

v

small alkyl groups. The tetrahedral geometry is deformed and no longer
symmetric. The angle between two bulky groups will be larger than 109.5° and
smaller than 180°. Since the purpose is to slow down the rotation of the n-Zr
bond and make the catalyst stay in one kind of conformational isomers longer,
two effects of substituent groups should be considered. First, since the larger the
size, the slower it rotates, a substituent group should be chosen to make the
rotating radius longer and efficiently slow down the rotation. Based on this
consideration, lll was designed. The second effect we considered was: since two
rings are not completely paraliel, in fact, the angle of Ce-Zr-Ce is 131° for Ml
(note: Ce means the center of the five member ring), rotation toward one
direction can be stopped at certain positions if we put substituent groups on
positions such as C1 and C3. Then the rotation will change its direction and turn
toward the reverse direction. During this changing period, the polymerization can
get enough time to produce certain length of one kind of stereoblocks. The

purpose of our work is to put suitable substituents on the indene ring and set
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Table B-1 Substituents on indene ring in different catalysts

225

Catalyst Indene ring Substituted position Substituent
R, Ph
. Indene ring 1 R, Ph
Cat.2 Rs; H
R, Ph
Indene ring 2 R> Ph
R, H
R, Ph
indene ring 1 R2 CHs
Cat.3 R H
R, Ph
indene ring 2 R2 CH;
Rs H
R H
Indene ring 1 R: Ph
Cat4 Rs H
Ry Ph
Indene ring 2 R2 Ph
Rs Ph
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R, CHs
Indene ring 1 R, CH;
Cat5 R, H
R, CH;
Indene ring 2 R: CH;
R, H

some restriction on the rotation.
1.4.1 Bis[1,2-Diphenylindenyl]zirconium Dichloride (Cat.2)

V is the structure of Cat. 2. The synthesis of this catalyst could cause two
stereoisomers because the substituted indene ring here is no long symmetric
and has two unidentical sides. The two stereoisomers have different structures
as the following: in one of the stereoisomers, two indene rings coordinate with
zirconium from the same side; and in the other stereocisomer, two indene rings
coordinate with zirconium from different sides. Va and Vb are two extreme
conformational isomers for the first stereoisomer, whereas, Ve and Vd are for
the second stereoisomer. By examining the structures below, we can see that in
Va substitution positions 3 on the bottom indene ring and substitution position 3’
on the top indene ring are closest in space. Since there is not any substituent
group on either of these two substitution positions, both indene rings rotate

freely, either clockwise or counterclockwise. Vb is the structure when the top
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indene ring stays in the position as it is in Va, but the bottom indene ring rotates

180°. In Vb, the substitution positions 1 on the bottom indene ring and 3’ on the

top indene ring are closest in space. So for Vb, the top indene ring can not
rotate freely because whichever direction it rotates in, the rotation will be
stopped by the phenyl group which is on substitution position 1 of the bottom

indene ring. However, the rotation of the bottom indene ring towards either
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direction is not restricted. Considering that Va and Vb are only two of the
different conformational isomers for the same compound, the rotation of two
indene rings will be slowed down as the total effect of the substitution of pheny!
groups on substitution position 1 and 1'.

For the othe} stereoisomer, in V¢, substitution position 3 on the bottom
indene ring and substitution position 1' on the top indene ring are closest in
space. The top indene ring can rotate without any restriction. However, the
rotation of the bottom indene ring towards either direction will be restricted by
the phenyl group on substitution position 1'. Whenever the rotation of the bottom
indene ring is stopped by the phenyl ring, it has to change direction in which it
can also go nowhere. Whereas, in Vd, both rings can rotate freely.

The separation of two sterecisomers through the synthesis path has not
been attempted in my project. But it is worthwhile to study because the
polymerization result by this catalyst was a big improvement in stereochemistry
compared with Waymouth’s catalyst lil.

1.4.2 Bis[2-Methyl-1-Phenylindenyl]zirconium Dichloride (Cat.3)

The structures of Cat.3 are shown on the next page. This catalyst is
designed based on Cat.2. Since the activity of Cat.2 in the polymerization of 1-
hexene was very low though it gave pretty good stereoblock sequences, we
replaced one phenyl group with methyl group. The consideration of the rotation

restriction of the indene rings is pretty much the same as that for Cat. 2, except
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that the methyl group is smaller than the phenyl group and the restriction is

decreased for VI.

Vic Vid

The same problem of the separation between the two stereoisomers of

Cat.3 has also not been solved in this project.
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1.4.3 [2-Phenylindenyl]}[1,2,3-Triphenylindenyl)zirconium Dichloride (Cat.4)
VIl is the structure of Cat.4. This catalyst solved the problem in the
synthesis of the previous two catalysts that there are two stereoisomers. Since

both ligands in Cat.4 are symmetric, itis the same from which side the indene

Vila Vilb

rings coordinate with zirconium. In addition, the rotation of the top indene ring is
restricted either in Vlia or in VlIb, whereas the bottom indene ring can rotate
freely. As a total effect, the transformation from one isomer to the other is slowed
down in a greater extent than that in V or VI.
1.4.4 Bis[1,2-Dimethylindenyl]zirconium Dichloride (Cat.5)

Cat.5 is designed to improve the catalyst activity in the polymerization of
atactic polyolefin. It is assumed that the methyl group on position 1 are not long
enough to block the rotation of two indene rings. The use of this catalyst is to

prove if the assumption is reasonable or not.
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Villa Viilb
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Vilie Viiid

1.4.5 The Polymerization System

The polymerization of 1-hexene was chosen because the homogeneous
isotactic polymerization of 1-hexene was studied in Part A. It is convenient to
compare the results from the polymerization by new catalysts with that by the

stereobridged metallocene catalyst.
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2.0 Experimental
2.1 Materials and Their Purification

2-indone, 2,3-diphenyl-1-indenone, (+)-2-methyl-1-indone, methyliithium
(1.4M solution in diethyl ether), n-butyllithium (1.6M solution in hexanes),
methylmagnesium.bromide (3.0M solution in Diethyl ether), phenyimagnesium
bromide (3.0M solution in diethyl ether), sodium hydroxide, sodium chloride,
magnesium sulfate, sodium, calcium hydride, zinc, mercury(ll) chloride,
aluminum oxide(activated, neutral), hydrochloric acid (37%, ACS reagent),
hydrogen chloride (99+% gas) and 1,4-dioxane, were purchased from Aldrich
Chemical Co. and were directly used without further purification. 44 molecular
sieves (1.6mm pellets) from Aldrich Chemical Co were activated by heating at
~320 °C for above 24 hours. Toluene (Aldrich, anhydrous reagent) used in
polymerizaticn and benzene (Aldrich, anhydrous reagent) were dried over 4A
molecular sieves for at least overnight. Tetrahydrofuran (THF) (Aldrich,
anhydrous reagent) and toluene (Aldrich, anhydrous reagent) used in catalyst
synthesis were refluxed and then distilled over calcium hydride and sodium,
respectively. Polymerization monomer, 1-hexene (b.p 63 ~ 64 °C, J.T. Baker),
was dried over a 3~4 : 1(%w/w) mixture of 4A molecular sieves and aluminum
oxide. Hexanes (GR reagent) was purchased from Fisher Scientific Co.. MAO
(10% solution in toluene) was purchased from Ethyl Co. and used without further
purification. Methylene-d, chloride (99.9% D) and Chloroform-d (99.8% D) were

from Cambridge Isotope Laboratory.
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2.2 Synthesis of catalyst ligands
2.2.1 Synthesis of 2-Phenylindene

Add a solution of 2-indone (13.47 g, 102 mmol) in a dried benzene (100 ml)
into phenylmagnesium bromide (3.0 M in Et;O, 50 ml, 150 mmol) at 3 ~ 5 °C over
2.5 hrs. Allow the reaction to warm to room temperature over 40 minutes. Cool
down the solution to 0 °C and add water (100 ml). Dilute the resultant mixture
with hexanes (200 ml). Add 5M HCI to neutralize it and wash it twice with brine
(100 ml). Extract the aqueous layer twice with hexanes (50 ml). Combine all of
the organic solvents and dry it over MgSO.. Remove solvent in vacuo and get
brown oil. Dissolve the above oil and p-toluenesulfonic acid (0.25 g) in benzene
(200 ml) in a round-bottom flask below a Soxlet extractor containing 4a
molecular sieves. After refluxing the solution for 2.5 hrs, filter it and cool to 5 °C
overnight. A white flaky solid, 2-phenylindene, was coliected by filtration and
was washed with cold benzene (50 ml). Additional product was obtained by
removing the solvent from the filtrate, crystallizing the solid with acetone-water
pair, and collecting the crystals (11.74 g, 60.0% yield based on 2-indone).
2.2.2 Synthesis of 1,2-Diphenylindene

Cover 20 g of Zn dust with 15% NaOH aqueous solution (~80 mi) and warm
it until hydrogen is vigorously evolved. Dilute with water (50 mi) to siow down the
reaction and decant the aqueous solution. Wash the zinc three times with water
(100 ml). Add 60 mi of 1% HgCIl, to cover the zinc and stand it for 30 ~ 60

minutes with occasional shaking. Pour off HgCl, aqueous soiution and wash the
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solid twice with water (100 ml). Add 50 m! of conc.HCI and 10 m! of water. The
Zinc amalgam is ready to be used.

Into the above flask, introduce a bright red solution of 2,3-diphenyl
indenone (5.00 g, 17.71 mmol) in dioxane (100 ml). Stir the mixture by mechanic
stirring and pass in a slow stream of HCI gas while warming the flask by means
of a small flame until the red color turns light yellow. It took about 6 hours. Allow
the resulting mixture to stand for overnight. Steam distill the reaction mixture
until a piece of yellow solid instead of oil was floating on the top of aqueous
layer. Decant liquid. Wash the solid once with 5% of NaOH and twice with water.
Crystallize and recrystallize the solid with hexanes. The product is white needle
crystals (2.98 g, 63% yield based on 2,3-diphenylindenone).

2.2.3 Synthesis of 2-Methyi-3-Phenylindene

Add a solution of 2-methyl-1-indone (5.00g, 34.2mmol) in dried benzene
(40 ml) into phenylmagnesium bromide (3.0 M in Et,0, 19 ml, 57 mmol) at 3 ~ 5
°C over 1.5 hrs. Allow the reaction to warm to room temperature over 30 minutes.
Cool down the solution to ~0 °C and add water (40 ml). Dilute the resulting
mixture with hexanes (50 mi). Add SM HCI to neutralize it and wash it twice with
brine (100 ml). Extract the aqueous layer twice with hexanes (15 ml). Combine
all of the organic soivents and dry it over MgSO,. Remove solvent in vacuo and
get yellow oil. Dissolve the above oil and p-toluenesulfonic acid (0.20 g) in
benzene (120 ml) in a round-bottom flask below a Soxlet extractor containing 4A

molecular sieves. After refluxing the solution for 2.5 hrs, filter it and remove
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solvent in vacuo. The brown oil was purified by crystallization from
water/acetone and white crystals were obtained (4.18 g, 59% yield based on 2-
methyl-1-indone).

2.2.4 Synthesis of 1,2,3-Triphenylindene

Dissolve 2,3;diphenylindenone (11.00 g, 38.96 mmol) into benzene (100
ml) and add PtO, (122 mg). Hydrogenation was carried out at room temperature
and started from 4 atms of hydrogen pressure in a hydrogenator. Stop the
reaction when the hydrogen pressure no longer decreased and the bright red
solution turned into light yellow with a lot of white needle-like crystals. Filter and
separate the solid and the solution. Concentrate the filtrate and cool it to 5 °C
overnight. Filter and get white crystals, Dissolve the solid part into benzene and
filer it to get rid of PtO,. Concentrate the solution and cool to 5 °C overnight.
Filter and get white crystals. The total product, 2,3-diphenylindone, is 10.23 g
(93% yield based on 2,3-diphenylindenone).

Add a solution of 2 3-diphenylindone (4.03 g, 14 mmol) in anhydrous
benzene (100 ml) to phenylimagnesium bromide (3.0 M in Et,0, 10 ml, 30 mmol)
at 3 ~ 5 °C over 2.5 hrs. Warm the reaction to room temperature over 30
minutes. Cool the solution to 0 °C and add water (20 ml). Dilute the resultant
mixture with hexanes (40 mi) and add 5M HCI (25 mi). Wash the organic layer
twice with brine (20 ml). Extract the aqueous layer twice with hexanes (10 ml),
and dry the combined organic layers over MgSO4. Filter and remove solvent in

vacuo and get a yellow solid residue. Dissolve the residue and p-toluenesulfonic
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acid (0.11 g) in benzene (100 ml) in a flask below a Soxhlet extractor containing
4A molecular sieves and keep the mixture refluxing for 3 hrs. Hot filter and cool it
to 5 °C overnight. Filter and get dark orange yellow crystals (3.57 g, 74% yield
based on 2,3-diphenylindone).
2.2.5 Synthesis of 2,3-Dimethylindene

Add a solution of 2-methyl-1-indone (5.00g, 34.2mmol) in dried benzene
(40 ml) into methylmagnesium bromide (3.0 M in Et,0, 20 ml, 60 mmol) at 3 ~ 5
°C over 1.5 hrs. Allow the reaction to warm to room temperature over 30 minutes.
Cool down the solution to 0 °C and add water (40 ml). Dilute the resultant
mixture with of hexanes (50 ml). Add 5M HCI to neutralize it and wash it twice
with brine (100 ml). Extract the aqueous layer twice with hexanes (10 ml).
Combine all of the organic solvents and dry it over MgSO,. Remove solvent in
vacuo and get light yellow oil. Dissolve the above oil and p-toluenesuifonic acid
(0.2 g) in benzene (120 ml) in a round-bottom flask below a Soxlet extractor
containing 4A molecular sieves. After refluxing the solution for 2.5 hrs, filter it
and remove solvent in vacuo. A orange oily liquid was obtained (4.93 g, 90%
yield based on 2-methyl-1-indone).
2.3. Synthesis of Metallocene Catalysts
2.3.1 Bis[2-phenylindenyl]zirconium Dichloride (Cat. 1)

Add a solution of n-butyllithium (1.6 M in hexanes, 1.31 mi, 2.10 mmol) into
a solution of 2-phenylindene (0.400 g, 2.10 mmol) in dried THF (20 ml) at -78 °C

over 2 minutes. Warm the orange solution to room temperature over 35 minutes
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and stir for 30 more minutes at room temperature. Remove solvent in vacuo and
get light yellow solid. Add ZrCl, (0.246 g, 1.05 mmol) and mix them up. Suspend
them in toluene (25 ml). Stir the suspension at room temperature overnight.
Warm it to 80 °C and filter. Cool the solution to -20 °C overnight. Filter and get
orange-colored crystals (0.182 g, 32% yield based on ZrCl,).

2.3.2 Bis[1,2-diphenylindenyl]zirconium Dichloride (Cat. 2)

Following the procedure described for Cat.1 (0.50 g (1.86 mmol) of 1,2-
Diphenylindene, 12 mi Of THF, 1.32 ml of MeLi (1.4 M in Et,0, 1.85 mmol), 0.216
g (0.93 mmol) of ZrCl,, and 25 mi of toluene) yielded Cat. 2 as a orange crystal
(0.13 g, 50% yield based on ZrCl,). Cat. 2 has much smaller solubility in toluene.
Another 45 mi of toluene was added to dissolve more product before hot filtration
and the celite was washed twice with 5 ml of toluene for each time. Combine
toluene solutions, concentrate it and cool it down to -20°C to get crystal.

2.3.3 Bis[1-phenyl-2-methylindenyl]zirconium Dichloride (Cat. 3)

Following the procedure described for Cat.1 (0.52 g (2.50 mmol) of 2-
methyl-3-phenylindene, 20 mi of THF, 1.78 ml of MeLi (1.4 M in Et,O, 2.49
mmol), 0.291 g (1.25 mmol) of ZrCl,, and 20 ml of toluene) yielded Cat. 3 as a

orange yellow crystal (0.13 g, 45% yield based on ZrCl,).
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2.3.4 [2-Phenylindenyl][1,2,3-Triphenylindenyi]zirconium Dichloride (Cat. 4)

Add a solution of MeLi (1.4 M in Et,O, 0.72 ml, 1.0 mmol) into a solution of
2-phenylindene (0.19 g, 1.0 mmol) in dried THF (7 ml) in flask A at -78°C over 2
mins. Warm up the brown solution to room temperature over 30 mins and stir for
30 more minutes ét room temperature. Remove solvent in vacuo and get yellow
solid. Add ZrCl, (0.223 g, 1.0 mmol) and mix them up. Suspend them in toluene
(15 ml). Stir the suspension at room temperature overnight.

In flask B, add a solution of MeLi (1.4 M in Et,0, 0.72 ml, 1.0 mmol) into a
solution of 1,2,3-triphenylindene (0.35 g, 1.0 mmol) in dried THF (10 ml) at -78°C
over 2 mins. Warm up the dark red solution to room temperature over 30 mins
and stir for 30 more minutes at room temperature. Remove solvent in vacuo and
get a bright red solid. Transfer the red solid into flask A with 10 mi of toluene.
Stir the mixture at room temperature overnight. Heat the mixture to 85°C and
filter it through Celite. Wash the Celite with CH,Cl,. Precipitate product with
hexanes and get a solid (NMR showed the solid was not pure).

2.3.5 Bis[1,2-dimethylindenyl]zirconium Dichloride (Cat. 5)

Following the procedure described for Cat.1 (0.81 g (5.62 mmol) of 2,3-
dimethylindene, 25 mi Of THF, 4.0 ml of MeLi (1.4 M in Et,O, 5.55 mmol), 0.654 g
(2.81 mmol) of ZrCls, and 25 ml of toluene) yielded Cat. 5 as a yellow crystal

(0.50 g, 34% yield based on ZrCl,).
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2.4 Polymerization of 1-Hexene by the Synthesized Catalysts
2.4.1 Preparation of Solution

All of the procedures were compieted in a glove box (Labconco).

MAO washing solution Add 0.5 ml of 10% MAO solution in toluene into
100 mi of dried tolﬁene. Mix it throughout.

MAOQ spike solution Add 10 mi of 10% MAO solution in toluene into 100 mi
of dried toluene. Mix it throughout.

Catalyst solution Add 1 ml of 10% MAO solution in toluene into 9 ml! of
dried toluene. Mix it throughout and then stay for 15 minutes. Dissolve mmol of
catalyst into the above solution.

2.4.2 Polymerization of 1-Hexene

Rinse all the glassware with MAO washing solution right before each
experiment. Add 1-hexene (5ml) into a 102 mm pressure tube, which is followed
by the addition of the MAO spike solution (100 ul). After thorough mixing, add
10% MAOQO solution (180ul) and 100 ul of catalyst solution. Polymerization was
carried at various temperatures (80°C, 50°C, room temperature and 0°C) for
certain time and was quenched by the addition of 2% NaOH aqueous solution
(5mi). The mixture was washed by 2% NaOH until no more white solid was left
and then washed by water for three times. The left monomer and solvent were
removed in a Speed Vac (Savant, SC110) at ~45°C for at least overnight. The

poly(1-hexene) was weighted.
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2.5 'H and ">C NMR Spectroscopy

For 'H NMR, samples were dissolved in CDCI3 as 10% (wt/vol) solution,
5mm probe, 40°C, 30° pulse, 1s acquisition time, 2s delay between puises, 500
scans and TMS as internal reference were used on Varian Unity Plus 500 MHz
spectrometer. For-“C NMR, samples were dissolved in CDCl; as 10% (wt/vol)
solutions with 15mg of Cr(AcAc)s per mililiter added, 10mm probe, 40°C, 90°
pulse, inverse gated decoupling with 3s delay between pulses, 10,000 scans
and CDCI; as internal reference were used on Varian Unity Plus 300 MHz
spectrometer.
2.6 Infrared Spectroscopy (IR)

Fourier Transfer Infrared (FT-IR) spectra were recorded by a Nicolet FT-IR
spectrometer, Model Magna-IR 550.
2.7 Elemental Analysis

The samples of Cat.1, Cat.2, Cat.3 and Cat.5 were sent to Desert Analytics

Laboratory for elemental analysis.
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3.0 Results and Discussion on the Catalyst Synthesis
3.1 Synthesis and Characterization of Bis[2-phenylindenyljzirconium
Dichloride (Cat.1)

3.1.1 Synthesis of 2-Phenylindene

P PhMgBr OH  Ho -

(D I ) e () e

N~ ~=~~ Ph T~ (1)
IX X XI

2-Phenylindene (XI) was prepared from 2-indone (IX) and phenyi-
magnesium bromide (X) followed by a dehydration step. 2-Phenylindene was a
purplish white flaky crystal after crystallization from acetone-water solvent pair.
The crystal changed color to dark brown after staying in air for a couple of
weeks, but the NMR spectra did not show any difference.
3.1.2 Characterization of 2-Phenylindene

The chemical structure of 2-phenylindene was determined by 'H and °C
NMR spectroscopy and FT-IR spectroscopy.

The 'H NMR spectrum in CD,Cl, (Figure B-1) supports structure XI.

3 2 7 8

4 N
A\ g
@0x©)
6 1(1) T 8
Xi

The singlet at 83.78 ppm is assigned to proton 1 and 1’ because these two
proton are the only protons which are not on aromatic rings or double bond
which is conjugated with aromatic. All the signals between §7.64 - 7.25 ppm are

belong to those protons on aromatic rings or on the double bond which is
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Figure B-1 'H NMR spectrum of 2-phenylindene
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conjugated with aromatic rings. The integral ratio of the signals between §7.64 -

7.25 ppm : the signal at §3.78 ppm is 10 : 2.

4 3 10 11

Table B-2 Chemical Shifts of the Signals

in ®C NMR Spectrum of 2-Phenylindene

Carbon Numbers Chemical Shift (ppm)
1 146.65
1 145.60
1 143.38
1 136.26
2 128.89
1 127.74
1 126.84
1 126.75
2 125.88
1 124.98
1 123.88
1 121.19
1 39.23
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Figure B-2 *C NMR spectrum of 2-phenylindene
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The *C NMR spectrum (Figure B-2) in CDCI; supports the structure X as
shown in Table B-2.

IR spectrum (Figure B-3) proves the completion of the reduction of ketone.
There is no absorption at around 1700 cm™ (>C=0 stretching) in 2-phenylindene
IR spectrum. The absence of the absorption at 3200 ~ 3550 cm” (-O-H
stretching) showed the completion of dehydration from 2-phenyi-2-indenol to 2-
phenyiindene.

3.1.3 Synthesis of Bis[2-phenylindenyi]zirconium Dichloride (Cat. 1)

A~ MeLi AN 0.5 ZrC| .
7 —Ph —— [ )5)—Pn = [2phindpZrCL
L \\_a_/-\ — A 4

Xl Xil m

One proton on 2-phenylindene (XI) was taken away by a strong base MeLi
and an aromatic anion (XIl) was formed. Xli continued to react with ZrCl, in a
ratio of 2 : 1 without purification. A dark yellow powder of bis[2-phenylindenyl]
zirconium dichloride (lil) was obtained and separated by crystallization.

3.1.4 Characterization of Bis[2-phenylindenyl]zirconium Dichloride
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'H NMR spectrum in CD,Cl, (Figure B-4) supports structure lila and llib.
Comparing the 'H NMR spectrum of 2-Phenylindene (Figure B-1) with Figure B-
4, a significant change can be found between these two spectra that the signal
at 83.78 ppm in Figure B-1 almost disappears in Figure B-4 and a new signal
appears at §6.64. 'One of the proton 1 and 1’ in X was taken away and the five
member ring became an aromatic ring in which proton 1 and 2 in Ill are
symmetric. The new signal of proton 1 and 2 in lil should show at the location
between the two signals of proton 1(1') and 2 in XI. The integral ratio of the
peaks at 57.55 - 7.12 ppm to the peak at 56.64 ppm is 9 . 2. Because of the
quick rotation of the Zr-cetroid single bond, llla and llib cannot be distinguished
here.

The elemental analysis of C and H percent compositions is in agreement

with structure HiI (Cat.1):

C (%) H (%)
Elemental Analysis Result 66.12 408
Theoretical Value 65.46 4.07
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3.2 Synthesis and Characterization of Bis[1,2-diphenylindenyl]zirconium
Dichloride (Cat.2)

3.2.1 Synthesis of 1,2-Diphenylindene

o Ph
~ Zn/Mg, HCl
Qpr == QO o
Ph

xn Xiv

1,2-Diphenylindene (XIV) was prepared from 2,3-diphenylindenone by the
Clemmensen reduction of carbonyl group. 2,3-Diphenylindene was supposed to
obtained as the product of this reduction step. However, it is very interesting that
the double bond was completely shifted after the reduction and 1,2
diphenylindene was obtained as the product. This was caused by the very strong
acidity in the reaction system. The yield of this step depended seriously on the
control of reaction condition such as temperature, the current speed of HCI gas,
stirring rate and the quality of the zinc amalgam. 1,2-Diphenylindene was a white
fine needle-like crystal after crystallization from hexanes with melting point of
178.3-179.6 °C.
3.2.2 Characterization of 1,2-Diphenylindene

The chemical structure of 1,2-phenylindene was determined by melting
point, 'H and *C NMR spectroscopy and FT-IR spectroscopy.

The melting point of our product was 178.3-179.6 °C. This is the first

evidence that we can confirm our product is 1,2-diphenylindene instead of 2,3-
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diphenylindene. According to the reference®®, the melting point of 1,2-
diphenylindene is 177-178 °C and the melting point of 2,3-diphenylindene is
108-109 °C.

The 'H NMR spectrum in CD,Cl, (Figure B-5) supports structure XIV.

Proton 1 is the only proton on a saturated carbon. All the other protons are
connected with aromatic carbons or with carbons on a conjugated double bond
with aromatic rings. The only signal shown at higher field is at §5.03 ppm, which
is assigned to proton 1. The overlapped signals in aromatic region from 57.55 to
87.07 ppm are proton 2-13. The integral ratio of the signals between §7.55 -
57.07 ppm to the singlet signal at §5.03 ppm is 15 : 1. Figure B-5 is the second
evidence which proves our product is 1,2-diphenylindene instead of 2 3-

diphenylindene. Proton 1 in of 2,3-diphenylindene should show at higher field
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Figure B-5 'H NMR spectrum of 1,2-diphenylindene
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around 84.00 ppm according to the 'H NMR spectrum of model compound,

1,2,3,4-tetraphenyl-1,3-cyclopentadiene®.

Table B-3 Chemical Shifts of the Signals

in *C NMR Spectrum of 1,2-Diphenylindene

Carbon Numbers

Chemical Shift (ppm)
1(4°%) 150.14
1(4°) 149.39
1 (4% 143.47
1(4° 140.28
1 (4°) 1356.27
2 (3% 129.07
2 (3% 128.66
1(3°% 128.24
2 (3°) 128.08
1(3°) 127.55
1(3°) 127.20
1(3%) 126.87
2 (3% 126.91
1(3°) 125.68
1(3%) 124.07
1(39) 121.30
1(3°) 56.52
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Figure B-6a '’C NMR spectrum of 1,2-diphenylindene

[3%]

h



o)

Bulidnooep o/m suspuyAueydip-z' | 0 wnoeds YWN O, q9-8 eunB)y

wdd 0z ov 09 08 oot 0zt vt 091

v RTRH N R AN NN W EN W) IR WY _ ettt e g e e Lo gy L gg Lol

»,h”__\ . .,_~._. Vo

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiuad noyym pagiyosd uononpoidas seyung “Isumo JyBLAdod ay} 4o uoissiuad yIm paonpoldoy

ONSIDT 00O

REERTEEEER

-
-

-
[=]

e © :
[-- [i-]
AEERELEETER

(=]
~
!
—m——

o
»

o
-

e
=]

v bbbty

VNW”MW/ L_\,AWMM .

[

o

-
|

&
N
'

—

L 1 1 |
4000 3500 3000 2500 2000
Figure B-7 IR spectrum of 1,2-diphenylindene

Wavenumbers (cm-1)

-

()

h



256

The "*C NMR spectrum in CDCls (Figure B-6a) supports structure XIV as
shown in Table B-3. Figure B-6b is the C NMR spectrum of XIV without
heteronuclear decoupling. It supplies another evidence that our product is 1,2-
diphenylindene instead of 2,3-diphenylindene. The signal of saturated carbon 1
at 656.52 ppm is éplit to a doublet instead of a triplet because there is only one
proton connected with it.

IR spectrum (Figure B-7) proves the completion of the reduction of ketone.
There is no absorption at around 1700 cm® (>C=0 stretching) in 1,2-
diphenylindene IR spectrum.

The elemental analysis of C and H percent compositions also supports the

completion of Clemmensen reduction step.

C (%) H (%)
Elemental Analysis Result 94.03 6.12
Theoretical Value 93.99 6.01

3.2.3 Synthesis of Bis[1,2-diphenylindenyi]zirconium Dichloride (Cat. 2)

O~ 0

Ph
Xiv Xv v

0.
ph _052ZCL [1.2<diptind22rCl,  (4)

One proton on 1,2-phenylindene (XIV) was taken away by a strong base
MeLi and an aromatic anion (XV) was formed. XV continued to react with ZrCl, in

a ratio of 2 : 1 without purification. An orange powder of bis[1,2-diphenylindenyl]
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zirconium dichloride (V) was obtained and separated by crystallization. The
reaction itself is very easily completed. Since V has pretty small solubility in
toluene, more toluene should be added to dissolve the product before filtration.
Otherwise, only very low yield can be obtained.

3.2.4 Characterization of Bis[1,2-diphenylindenyl]zirconium Dichloride

'H NMR spectrum (Figure B-8) supports the structure V. Theoretically, Va &
Vb are stereoisomers of V¢ & Vd. They are supposed to be distinguished in
NMR spectra. However, Va and Vb, or Vec and Vd are conformational isomers for

each other and should be identical in NMR spectra when the rotation
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is fast. In fact, Figure B-8 shows that there are two stereoisomers formed during
the synthesis. One isomer is in predominating amount.

Comparing the 'H NMR spectrum of 1,2-diphenylindene (Figure B-5) with
Figure B-8, it can be seen that the proton 1 signal in XIV at §5.03 ppm
disappears in Figﬁre B-8. Proton 1 was taken away by Meli to form anion XV.
The negative charge on the five member ring makes the chemical shift of proton
2 in XV shifted to higher field (from above §7.00 ppm shifted to around §6.60
ppm). A big peak at 86.54 ppm and a tiny peak at 66.58 ppm show that there are
two stereoisomers in which proton 2 is in different chemical circumstance. The
reason that we say these two isomers are stereocisomers instead of
conformational isomers is that the integral ratio of these two peaks is almost
constant within a big range of temperature. This experiment will be discussed
separately later.

Since V is very unstable in CD.Cl; and CDCIs, we could not set up a longer
NMR experiment to confirm which isomer is predominating.

The elemental analysis of C and H percent compositions proves the

synthesis of V (Cat.2).

C (%) H (%)
Elemental Analysis Result 72.39 4.35
Theoretical Value 71.87 417
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3.3 Synthesis and Characterization of Bis[2-methyl-1-phenylindenyl]
zirconium Dichloride (Cat.3)

3.3.1 Synthesis of 2-Methyl-3-phenylindene

o HO o Ph
QO == Q5= 22- QD= ©
XVi XVil xvin

2-Methyl-3-phenylindene (XVIll) was prepared from 2-methyl-1-indone (XVI)
and phenyimagnesium bromide followed by a dehydration step. 2-Methyl-1-
phenylindene was a white crystal after crystallization from acetone-water solvent
pair. The melting point of this crystal was 57.21 - 59.00 °C. The product was not
stable in air and was kept in vacuum.

3.3.2 Characterization of 2-Methyi-3-phenylindene

The chemical structure of 2-methyl-3-phenylindene was determined by 'H

and *C NMR spectroscopy and FT-IR spectroscopy.

The 'H NMR spectrum in CD,C!; (Figure B-9) supports structure XVIII.

The singlet signal at §3.45 ppm is assigned to proton 1 and 1’ because these

two protons are in identical chemical circumstance. The singlet signal at 62.13
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Figure B-9 'H NMR spectrum of 2-methyl-3-phenylindene



ppm should be proton 6, 6' and 6". The overlapped signals between §7.50 to
57.20 ppm are all those protons on aromatic rings (proton 2 - 5 and proton 7 - 9).
The integral ratio of signals at 67.50 - 67.20 ppm : signal at 63.45 ppm : signal at
62.13 ppmis 9:2: 3.

| Table B-4 Chemical Shifts of the Signals

in *C NMR Spectrum of 2-Methyl-3-Phenylindene

Carbon Numbers - Chemical Shift (ppm)
1 (4°) , 146.66
1(4°) 142.64
1(4°) 140.74
1 (4°) 138.95
1(4°) 135.81
2(3%) 129.38
2(3°) 128.62
1(3%) 127.21
1(39) 126.39
1(3% 124.20
1(3°) 123.59
1(3°) 119.52
1(2%) 43.37
1(1°) 15.03
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The "*C NMR spectrum in CDCl; (Figure B-10) supports structure XVIIl as

shown in Table B-4.

The carbon types were determined by >C NMR spectrum without heteronuclear
decoupling.

IR spectrum (Figure B-11) proves the completion of the reduction of ketone.
There is no absorption at around 1700 cm™ (>C=0 stretching) in 2-methyl-3-
phenylindene IR spectrum. The absence of the absorption at 3200 ~ 3550 cm™ (-
O-H stretching) showed the completion of dehydration from 2-methyl-1-phenyl-1-
indenol XVII to 2-methyl-3-phenylindene XVIIl.

3.3.3 Synthesis of Bis[2-methyl-1-phenylindenyl]zirconium Dichloride (Cat.

3)

Ph
Me ——» [2-Me-1-PhindbZICh

xvii XiX vi

One proton on 2-methyl-3-phenylindene (XVIll) was taken away by a strong
base MeLi and an aromatic anion (XIX) was formed. XIX continued to react with

ZrCl, in a ratio of 2 : 1 without purification. An yellow orange powder of bis[2-
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methyl-1-phenylindenyl] zirconium dichloride (VI) was obtained and separated
by crystallization. The product was fractional crystallized by toluene.
3.34 Characterization of Bis[2-methyl-1-phenylindenyl] zirconium
Dichloride

'"H NMR spéctrum in CD,Cl, (Figure B-12) supports the structure VI. It is

like structure V that theoretically, Via & VIb are stereocisomers of Vic & VId.

They are supposed to be distinguished in NMR spectra. However, Vla and VIb,
or Vlc and Vid are conformational isomers, respectively, for each other and

should be identical in NMR spectra when the rotation is fast. In fact, Figure B-
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12a shows that there are two stereoisomers formed during the synthesis. One
isomer is in predominating amount. After fractional crystallization by toluene,
only one isomer can be obtained (see Figure B-12b). There is no further
evidence to prove which stereocisomer is the main product because the catalyst
will decompose in-C02CI2 and CDCl;. Low temperature 'H NMR was performed
to see whether two conformational isomers can be distinguished when the
rotation of centroid-Zr bond was slowed down. This experiment will be discussed
separately later.

Comparing the '"H NMR spectrum of 2-methyl-3-phenylindene XVIII (Figure
B-9) with Figure B-12, it can be seen that the proton 1&1’ signal in XVIIl at 63.45
ppm disappears in Figure B-12. Either one of proton 1 or 1’ was taken away by
MelLi to form anion XIX. The five member ring with one negative charge on
became aromatic, which made the chemical shift of the left proton shifted to
lower field. Meanwhile, the proton signal of the methyl group shifted to higher
field because in XVIil, the methyl group is connected with a double bond, but it is
connected with an aromatic ring in VI. In Figure 12a, we can see a big signal at
55.91 ppm and a small signal at §5.44 ppm. Both of them should be signed to
proton 1 (or 1') in VI. And there is a big signal at §1.92 ppm and a small signal at
52.18 ppm, which are signed to be methyl group in VI. However, both small
peaks disappear after fractional crystallization in Figure B-12b. The signals

between §7.90 - 7.30 ppm are assigned to all the protons on aromatic rings. The
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integral ratio of the signals between §7.90 - 7.30 ppm : signal at between §5.91

ppm : signal at 61.92 ppmis 9:1: 3.

The elemental analysis of C and H percent compositions proves the

synthesis of VI (Cat.3).

C (%) H (%)
Elemental Analysis Resuit 67.38 4.86
Theoretical Value 67.11 460
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3.4 Synthesis and Characterization of [2-Phenylindenyi][1,2,3-Triphenyl-
indenyl] zirconium Dichloride (Cat.4, an unsuccessful experiment)

3.4.1 Synthesis of 1,2,3-Triphenylindene

o] o]
- HAPtO2
@’/ Ph —mm Ph (7)
Ph h
XHi XX
Ph Ph
h_f’_riv‘g_BL @Q“ _H_zo_., @.\ Ph (8)
Ph

XXn

3:8

1,2,3-Triphenylindene (XXIlI) was prepared from 2,3-diphenyl-1-indenone
(XNl through two steps. The first step is reduction of 2,3 carbon-carbon double
bond by hydrogen under the catalysis of platinum dioxide. The second step is
the carbonyl group reaction with a Grignard reagent (PhMgBr) and followed by a
dehydration step. 2,3-diphenyl-1-indone XX was a white crystal after crystallized
from benzene. The melting point of this crystal was 159.26 - 167.39 °C. And
1,2,3-triphenylindene XXIl was a dark yellow crystal after recrystallization from
acetone/water solvent pair with a melting point of 129.14 - 132.01 °C.
3.4.2 Characterization of 2,3-Diphenyl-1-indone

The 'H NMR spectrum in CDCl; (Figure B-13) supports structure XX. The

doublet signal at §5.06 ppm is assigned to proton 1 and the doublet signal at
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54.43 ppm should be proton 2. The signals around 68.00 - 56.30 ppm are
assigned to all the aromatic protons. the integral ratio of the signals around

58.00 - 56.30 ppm : the signal at $5.06 ppm : the signal at 64.43 ppmis 14:1 : 1.

The *C NMR spectrum in CDCls (Figure B-14) supports structure XX as

shown in Table B-5.

According to structure XX, some of the carbons can be easily assigned. The
signal at 56205.95 ppm is assigned to carbon 1 which is a carbonyl carbon. The
signals at §155.54 ppm and 6140.49 ppm should be carbon 8 and S,
respectively. The signals at 5137.81 ppm and 5137.00 ppm are carbon 10 and
14, respectively. The signals at §60.90 ppm and 851.83 ppm are carbon 2 and 3,
respectively. All the signals corresponding to 3° carbons on aromatic rings

cannot be assigned directly f_rom the structure without further experiments.
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Table B-5 Chemical Shifts of the Signals

in *C NMR Spectrum of 2,3-Diphenylindone

275

Carbon Numbers Chemical Shift (ppm)
1(4°) 205.95
1 (4°) 155.54
1(4°) 140.49
1 (4°) 137.81
1(4°) 137.00
1(3%) 135.52
2 (3% 130.25
2 (3°) 129.57
1(3°) 128.48
4 (3 128.02
1(3) 127.62
2 (39 126.71
1(3") 124.03
1(3)) 60.90
1(39) 51.83

3.4.3 Characterization of 1,2,3-Triphenylindene

The 'H NMR spectrum in CD,Cl, (Figure B-15) supports structure XXHl. Two

doublets at §5.06 ppm and 54.43 ppm in Figure B-13 disappear in Figure B-15
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and only one singlet at 65.17 ppm can been assigned as proton 1 in structure
XXIl. In structure XXII, the chemical circumstances of these protons are pretty
close, and so, the spread range of aromatic proton signal is much narrower than
structure XX. The integral ratio of aromatic proton signals between §7.45 - §7.05

ppm : the signal at §5.17 ppm is 19 : 1.

The C NMR spectrum in CDCl, (Figure B-16) supports structure XXII as
shown in Table B-6. Total carbon number is twenty seven, including seven 4°
unsaturated carbons, nineteen 3° unsaturated carbons and one 3° saturated

carbon.
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Table B-6 Chemical Shifts of the Signals

in ®C NMR Spectrum of 1,2,3-Triphenylindene

279

Carbon Numbers

Chemical Shift (ppm)

1

148.47
145.88
145.29
141.07
140.07
135.88
135.80
129.77
129.55
128.92
128.88
128.43
128.05
127.68
127.13
126.91
126.86
125.93

124.15
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Table B-6 (continued)
1 120.75

1 58.36

Figure B-17- shows the IR spectrum of 1,2 3-triphenylindene. The
disappearance of >C=0 stretching band at around 1700 cm-1 show the
complete of the reduction of ketone to alkene.

344 Synthesis of [2-phenylindenyl][1,2,3-triphenylindenyl]zirconium

Dichloride (Cat. 4)

MeLi
@—pn —_— pn L gz
Xl b {[|

XXHI
Ph Ph ®)
MeLi
Ph ——— Ph
h [2-phind][1,2 3-triphind] ZC
bh bh
XXl XXV Vi

[2-Phenylindenyl][1,2,3-triphenylindenyl]zirconium dichloride was prepared
by two steps. In the first step, one of the four chloride anions was replaced by a
2-phenylindene anion Xl and [2-phenylindenyl]zirconium trichloride XXl was
formed. This step is similar with section 3.1.1 except that the molar ratio of Xli :
ZrCl, is 1 : 1 instead of 2 : 1. XXHl was used in the second step without
isolation. In the second step, XXIIl was mixed with 1,2 3-triphenylindene anion

XXIV in molar ratio of 1 : 1. Unfortunately, this synthesis was not that successful
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because most anion returned back to indene form. It is probably because the
phenyl substituent is too big and it is hard to coordinate with Zr. We mention
here because a tiny bit of this kind of catalyst can also make polymer with
steroeblocks.
345 Characterization of [2-phenylindenyl][1,2,3-triphenylindenyl]
zirconium Dichloride

Pure [2-phenylindenyl][1,2,3-triphenylindenyl] zirconium dichloride has not
been separated so far. The '"H NMR showed that we obtained a mixture of Cat. 5
and its two ligands, 2-phenylindene and 1,2,3-triphenylindene. The
polymerization with this mixture showed that there was active catalyst in this
mixture and the polymer microstructure was different from Cat.1 whose ligands

were two 2-phenylindene molecules.
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3.5 Synthesis and Characterization of Bis[1,2-dimethylindenyl]zirconium
Dichloride (Cat.5)

3.5.1 Synthesis of 2,3-Dimethylindene

O HO e Me
MeMgB -
@é-m _MeMgBr @i&m i mw (10)
Xvi XXV XXVI

2,3-Dimethylindene (XXVI) was prepared from 2-methyi-1-indone (XVI) and
methylmagnesium bromide followed by a dehydration step. 2,3-dimethylindene
was a light brown liquid.
3.5.2 Characterization of 2,3-Dimethylindene

The 'H NMR spectrum in CDClI; (Figure B-18(a)) supports structure XXVI.

The singlet signal at 83.22 ppm is assigned to methylene proton 1 and 1'. The
split signals at §2.03 ppm and 52.01 ppm are protons on two methy! groups. Four
aromatic protons show between §7.33 - 7.09 ppm. The integral ratio of the
signals between §7.33 - 7.09 ppm : §3.22 ppm : 2.03 ppm : 52.01 ppmis 4 : 2 :

3: 3. The singlet at §7.33 ppm is the signal of benzene.
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A series of selective homonuclear decoupling experiments were performed
for the complete assignment of the 'H NMR spectrum. Figure B-18(b) shows the
signal changes of aromatic protons when methylene and methyi are irradiated.
The basic idea of this experiment is that when one proton is irradiated, its
coupling on other protons disappears. When methylene is irradiated, the
couplings of doublet signal at §7.33 ppm and triplet signal at 7.24 ppm
decrease. So the doublet at §7.33 ppm should be proton 5 and the triplet at
67.24 ppm should be proton 3 because protons on the methylene have iong
range coupling to the protons on ortho- and para- positions. The doublet at
57.18 ppm should be proton 2 and the triplet at 57.09 ppm is proton 4 because
the irradiation on methyl groups decreases their coupling. The assignment of the
two methyl groups can be done by the irradiation on methylene. The split singlet
at 52.03 ppm is protons 7, 7' and 7" and the split singlet at 52.01 ppm is protons
6, 6’ and 6”, because the irradiation on methylene causes the reduced coupling
on the signal at 52.01 ppm. This assignment can be confirmed by Figure-18(c) in
which the four protons on the benzene ring are irradiated. When the proton at
57.33 ppm was irradiated, the coupling on the signal at 57.09 ppm decreased
which told us that these two protons are adjacent. When the proton at §7.24 ppm
was irradiated, the coupling on the signals at 67.18 ppm and 67.09 ppm
decreased which told us that these three protons are adjacent. And When the
proton at §7.18 ppm was irradiated, the coupling on the signal at 67.24 ppm

decreased which told us that these two protons are adjacent.
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The PC NMR spectrum in CDCl; (Figure B-19(a))) supports structure XXVI
as shown in Table B-7. The signal at 56128.53 ppm is benzene. The detail

assignment was finished by the selective hetereonuclear decoupling experiment.

This experiment only decoupled the selected protons and the carbon connected

Table B-7 Chemical Shifts of the Signals

in >C NMR Spectrum of 2,3-Dimethylindene

Carbon Assignments -~ | ChemucaIShtft(ppm)
co —T 147.75
C8 142.53
C2 138.15
C3 132.68
CS 126.26
C6 123.77
Cc7 123.16
C4 118.11
C1 42.66
C11 14.06
C10 10.30
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coupled by these protons would get stronger decoupling and the other carbons
do not have decoupling. Figure B-19(b) shows the selective decoupling effect on
these four 4° carbons. The assignment of 4° carbons is more difficult than the
others because they can only get long range coupling from protons instead of
direct coupling. Découpling of protons 1 and 1’ makes the signal at §142.53 ppm
stronger, which is assigned to carbon 8. The signal at §132.68 ppm gets
stronger when protons 7, 7' and 7" are decoupled, which should be carbon 3.
Since the long range coupling from protons 7, 7' and 7", the intensity of carbon 9
should be increased without this coupling. This occurs on the signal at 6147.75
ppm. The signal at 6138.15 ppm is carbon 2 because it is much stronger with the
decoupling of protons 6, 6 and 6°. Figure B-19(c) shows the selective
decoupling effect on these four -CH- carbons on the benzene ring. It is very
obviously that the signal at 6123.16 ppm is carbon 7, the signal at §126.26 ppm
is carbon 5, the signal at 5118.11 ppm is carbon 4 and the signal at §6123.77 ppm
is carbon 6. Figure B-19(d) shows the selective decoupling on these saturated
carbons. The signal at 42.66 ppm should be carbon 1, the signal at 14.06 ppm
is carbon 11 and the signal at §10.30 ppm is carbon 10.

Figure B-20 is the IR spectrum of 2,3-dimethylindene which proves the
complete reaction of reducing ketone to alkene.
3.5.3 Synthesis of Bis[1,2-dimethylindenyl]zirconium Dichloride (Cat. 5)

One proton on 2,3-dimethylindene (XXVI) was taken away by a strong base

MeLi and an aromatic anion (XXVII) was formed. XXVIHl continued to react with
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Me Me
MelLi 0.5 ZrCl, L
xxvi XXvi Vil

ZrCl, in a ratio of 2 : 1 without purification. An yellow orange powder of bis[1,2-
dimethylindenyl] zirconium dichioride (VIll) was obtained and separated by
crystallization.

3.5.4 Characterization of Bis[1,2-dimethylindenyl] zirconium Dichloride

Ville Vilid

'H NMR spectrum in CD.Cl, (Figure B-21) supports the structure VIII. It is
like structures V and VI that theoretically, Villa & VllIb are sterecisomers of Vliic

& VIlid. They are supposed to be distinguished in NMR spectra. However,
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Villa and VIHllb, or Vllic and Vllld are conformational isomers for each other and
should be identical in NMR spectra when the rotation is fast. Especially for this
catalyst, since methyl group is a small group, the rotation of Zr-centroid bond is
faster than that in the above catalysts.

Figure B-21 ‘shows the 'H NMR spectrum of Bis[1,2,-dimethylindenyl]
zirconium dichloride. It can be seen that two isomers were obtained because
there are two signals at §5.76 ppm and §5.49 ppm which are assigned to protons
on 3 and 3’ positions of the catalyst. Four methyl group protons are found in the
spectrum which are corresponding to these two isomer. The ratio of these two
isomers can be determined according to the integral ratio of the signals at 85.76
ppm : 85.49 ppm, which is 45% . 55% in this spectrum. According to the
integrals, the proton at §5.76 ppm and the methyl protons at §2.23 and 51.74
belong to one isomer; And, the proton at §5.49 ppm, the methyl protons at 2.16
ppm and §2.09 ppm belong to the other. All the aromatic protons show between
87.80 - 7.05 ppm. The overall integral ratio of the signais within the aromatic
range between 57.80 - 7.05 ppm : summation of signals at §5.76 ppm : 85.49
ppm : total summation of four methyl signalsis 4: 1 : 6.

The elemental analysis of C and H percent compositions also supports the

completion of Clemmensen reduction step.

C (%) H (%)
Elemental Analysis Resuit 58.78 5.11
Theoretical Value 59.18 4.97
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4.0 Catalyst Conformation Study

The catalyst conformation study was performed by 'H NMR. The rotation of
Zr-centroid bond should be slowed down when temperature is decreased. Cat. 2
and 3 were studied.

4.1 Confonnatibn Study on Cat. 2 (bis[1,2-diphenylindenyl)zirconium
dichloride)

It has been discussed in section 3.2.3 about the isomers of bis[1,2-diphenyl
indenyl]zirconium dichloride. Figure B-22 shows two proton 3 (3') signals of the
Cat. 2 at different temperatures. The relative integral does not change with
temperature, which means that these two signals show two structural isomers.
The chemical shifts of these two signals are changing with temperature. Even at
low temperature, there is no obvious signal splitting except that at -50°C, The
minor peak seems to be split into two. There are two conformational isomers
possibly existing. However the evidence from this experiment is not efficient to
prove the exist of conformational isomers.

4.2 Conformation Study on Cat. 3 (bis[2-methyl-1-phenylindenyl]zirconium
dichloride)

Figure B-23 shows the proton 3 (3’) signal of Cat. 3. It can been seen that
when the temperature decreases, the signal is split into two. This means that
there are two conformational isomers existing. At low temperature, the rotation of

the Zr-centroid bond siows down to such a significant extent that these two
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isomers can be “frozen”. The proton 3 (3') on different isomers can be

distinguished.
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Figure B-22 H3 signal of Cat.2 at different temperatures
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5.0 Polymerization of 1-Hexene by These New Catalysts
5.1 Catalyst Activity

Polymerizations of 1-hexene with these new catalysts were performed.
Table B-7 shows the activity of these catalysts in polymerization of 1-hexene. It
seems that the substituents on C1 (or C3) of the five member ring make the
catalyst activity decreased.

Table B-7 Catalyst Activity in the Polymerization of 1-Hexene®

Catalyst T (°C) | - Activity (kg polymer/mol Zr/hr)
80 - ' 450
Cat. 1 50 250
20 210
80 2
Cat. 2 50 1
20 04
80 0.1
Cat. 3 20 5
0 2
Cat. 5 80 100
0 13

? Other polymerization conditions: [M] = 8.0 M (bulk); [Zr] = 100 uM, [MAQO] = 62 mM
Generally, catalyst activity increases with the increase of temperature.

However, it is very interesting that the activity of Cat. 3 is higher at 20°C and 0°C
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than 80°C. It is possible that this catalyst is not stable at high temperature.

The activity of Cat. 4 could not be determined because we could not get
pure Cat. 4. The polymerization was performed by two ways. The first was that a
small piece of the catalyst mixture product was directly added into the monomer
and MAO solutioh; The second was that the catalyst was used as in toluene
solution. Polymerization occurred at 80°C in both ways and the polymer had
good stereoblock microstructure.

5.2 Microstructure of Poly(1-hexene) Synthesized by These New Catalysts

The *C NMR assignment of poly(1-hexene) has been described in detail in
section 6.1, Part A of this thesis. Since our attention is on the isotacticity of the
polymer, we only studied the C3 carbon signal of poly(1-hexene), which is the
first methylene on the substituent chain and next to the chiral center. We are
going to observe C3 for the poly(1-hexene) we synthesized on pentad level and
possibly heptad level. Because our purpose is to make stereoblock polymer by
these new catalysts, the higher tacticity level we can get, the longer the
stereoblock of the polymer will consist of.

Figure B-24 shows the C3 >C NMR of poly(1-hexene) synthesized by Cat.
1. The polymer synthesized at 80°C is completely atactic and the isotacticity on
pentad level mmmm% increases with the decrease of polymerization
temperature. Heptad level of mmmmmm% + mmmmmr% cannot be determined

until the polymerization below 20 °C.
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Cat. 1 was designed and synthesized first by Waymouth®. It was used in
the polymerization of 1-propylene. The isotacticity of polypropylene increased
with the decrease of temperature. mmmm% was only 6.3 at 45°C, 9.2 at 25°C,
and then increased to 12.3 at 0°C and 16.1 at -25°C when the pressure of
propylene was 1 atm.

Figure B-25 shows the C3 °C NMR of poly(1-hexene) synthesized by Cat.
2. Although the phenyl substituent on C3 on the indene ring decreases the
catalyst activity substantially by comparing with Cat. 1, it increases the
isotacticity on both pentad level and heptad level greatly. It can be also found
that the isotacticity aimost does not change with the polymerization temperature
within the range of 20°C to 80°C. This means that the rotation rate of the
centroid-Zr bond does not change that much within this temperature range.
Figure B-25 shows that stereoblock (isotactic block + atactic block) polymer can
been successfully synthesized by Cat. 2.

Figure B-26 shows the C3 ¥C NMR of poly(1-hexene) synthesized by Cat.
3. It is shown that Cat. 3 is an interesting catalyst. At 20°C, it produces poly(1-
hexene) with major signals at syndiotactic regions; However at 0°C, major
signals show at both isotactic region and syndiotactic region but very little
signals in atactic region; And at 80°C, signals can be seen in all three regions.
From the polymer microstructure, we can predict the rotation of centroid-Zr bond
in this catalyst. At 20°C, one conformation of this catalyst, which produces

syndiotactic polymer, has the lowest potential energy and the rotation of the
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centroid-Zr bond is restricted around this conformation. At 0°C, the catalyst
becomes an absolute oscillating catalyst which oscillates between the two
conformations, one is to produce isotactic structure and the other is to produce
syndiotactic. Because these two conformations have much lower potential
energies than all .the other intermediate conformations, the catalyst can only
oscillate between two conformation and most of the time the catalyst's
conformation should be one of these two and produce either isotactic or
syndiotactic polymer. At 80°C, these two conformations still have lower potential
energies than other intermediate conformations but the potential energy
differences between these two conformations and other conformations are much
smaller than at 0°C. So, besides these two conformations, the catalyst spends
certain time on some intermediate conformations, which produce atactic
structure.

Figure B-27 shows the C3 *C NMR of poly(1-hexene) synthesized by Cat.
4. Like we had mentioned above, although we cannot get this pure catalyst, the
polymer synthesized by it gives good stereoblock microstructure. Isotacticity of
this polymer on the pentad level is lower than that synthesized by Cat. 2,
however, they are close on the heptad level.

Figure B-28 shows the C3 *C NMR of poly(1-hexene) synthesized by Cat.
5. At 80°C, it can only produce atactic polymer. However, at 0°C, it can produce

stereoblock (isotactic + atactic) polymer.
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